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Interview –  

Inventivity from the Look of Science 

Kroto, H. 

 

1. How you define inventivity and creativity? 

I define a creativity/inventivity as a new look to 

existing phenomena. Many scientists through 

centuries have been overlooking the standard 

frame of mind to see various aspects of existing 

and new inventions. Discoveries are the final 

product of creativity. We can look at discovery in 

many different ways, but the most important 

thing about discovery is what impact it has to 

mankind and environment. 

2. What was the major catalyst which 

enabled the inventivity to happen in the case 

of invention that brought the Nobel Prize to 

you? 

I think that this is a good collaboration with my 

colleagues and striving to improve education, 

science and the World as more as. I also think 

that discovery is better as the ideas and the 

goals behind it have more impact to 

improvement mankind. 

3. For small nations (like Montenegro or 

Serbia), what are the things to do to induce 

inventivity and creativity among young 

people? 

Young people are a lot of creative, but they 

could go astray. Education should be pitched 

upon a healthy basis. There is not a big 

difference between small and big countries in 

the way of inducing creativity, herewith small 

countries can organize in a better way. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

About the Author 

Sir Harold (Harry) Walter Kroto, KCB, FRS (born 

7 October 1939) is an English chemist and one 

of the three recipients to share the 1996 Nobel 

Prize in Chemistry. 

He is currently on faculty at Florida State 

University, which he joined in 2004; prior to that 

he spent a large part of his working career at the 

University of Sussex, where he holds an 

emeritus professorship. 



Fuzzy Sets and Inference as an Effective Methodology in 
the Construction of Intelligent Controllers  

 
 J. Saade 

  
ECE Department, FEA,  American University of Beirut 

P.O.Box: 11-0236, Riad El Solh 1107 2020, Beirut, Lebanon 
Fax: 961.1.744 462, e-mail: jsaade@aub.edu.lb   

 
 

Abstract- Intelligent controllers are human-like thinking 
machines. They have the objective of controlling ill-defined, 
vague and complex processes in a manner similar to the control of 
human experts. Emphasizing fuzzy sets and inference as an 
effective methodology in the construction of intelligent 
controllers is the subject of concentration. This is based on the 
fact that fuzzy inference is capable of delivering machines that 
apply the approximate reasoning principles and other important 
aspects of intelligent thinking. Case studies related to non-linear 
function representation and robot navigation are presented to 
show the success of fuzzy inference in the production of 
intelligent machines. Data-driven and other methodologies, which 
are used in the construction of intelligent controllers, are 
emphasized and the superiority of the data-driven fuzzy learning 
methodology is presented.  
 
Keywords: Intelligent controllers; Fuzzy sets and inference; 
Approximate reasoning; Vehicle navigation; Learning. 

 
 

I. INTRODUCTION 
 

The construction or design of intelligent controllers using 
fuzzy sets and inference has been an active area of research for 
quite a number of years. A part of this research has been 
concerned with the development of automatic, data-driven 
learning algorithms. The objective of these algorithms is to 
provide a fuzzy system that approximates available input-output 
data considered to model the human expert’s control actions. 
Different data-driven approaches have been published. We state 
here, for instance, the neuro-fuzzy approaches [1-7] and 
approaches based on the use of clustering, genetic algorithms and 
combined gradient-descent-least-squares [7-19]. When the 
above-noted algorithms were tested and compared using 
non-linear functions and/or control applications, the testing and 
comparison has almost relied on the sole use of data 
approximation error as a measure of performance.  

In this study, it is shown that the data approximation error 
cannot be considered as the only measure of performance. Rather, 
practical performance criteria, based on important aspects of 
intelligent human thinking, need to be defined and used to test, 
compare and determine preferences between data-driven fuzzy 
controller’s construction algorithms. This is done in Section 2.  

Section 3 reviews the literature related to the issues of noisy 
and incomplete training data as they relate to the performance 
criteria in the context of the design of fuzzy inference systems. In 

this section, emphasis is also placed on the major drawbacks of 
the existing neuro-fuzzy approaches for fuzzy system modeling 
and on the fact that these drawbacks emerge from the basic 
structure of Takagi-Sugeno type controllers and the minimization 
of data approximation error.  

Furthermore, Section 4 outlines the learning procedure 
implemented in a data-driven and purely fuzzy learning 
methodology for Mamdani-type fully-linguistic controllers [20] 
and states the advantages of this methodology compared to the 
neuro-fuzzy methods and the reasons for these advantages. In this 
section a summary of the fuzzy learning algorithm and its design 
aspects are also provided.  

Then, a typical non-linear function, which was considered in 
the literature to test existing neuro-fuzzy, clustering and other 
design approaches, is considered in Section 5. The objective is to 
use the performance criteria to test the design algorithms and give 
comparisons and preferences. Particular emphasis is placed on the 
comparison of the results obtained using the fuzzy learning 
methodology with those given by other learning approaches.  

In Section 6, use is made of the defined performance criteria to 
compare the fuzzy learning methodology with a powerful 
neuro-fuzzy approach in the area of robot navigation. Conclusive 
comments related to the superiority of the fuzzy algorithm over 
neuro-fuzzy and other approaches are offered in Section 7. 

 
 

II. PERFORMANCE CRITERIA  

Practical performance criteria are defined in this section based 
on important aspects of intelligent human thinking; such as 
approximate reasoning reflected as tolerance for imprecision and 
generalization. These criteria are then made available to test, 
compare and determine preferences between data-driven fuzzy 
controller’s construction algorithms. 
 It is true that a fuzzy controller is a non-linear controller that 
should approximate a non-linear function according to which a 
human expert performs the control of some ill-defined, vague and 
complex process. This function, however, is practically unknown 
[8, 21-24]. Thus, expert input-output data are, in fact, 
measurements of the control actions taken by a human expert in 
response to process states while a control task is being performed. 
Hence, the data are practically noisy versions of the expert’s 
actual control actions, which obey the non-linear function 
representing the process control.  

Also, the data can be incomplete or not available in some 
region(s) of the input space. This could be due to missing 
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measurements resulting from the fact that the expert has not gone 
into situations where the fuzzy system designer is willing to have 
his system able to venture and still perform satisfactorily. After 
all, an intelligent system should be one that, when trained in some 
situation, behaves satisfactorily by generalization in a related 
situation whose facts were not used in training. Such an aspect 
does, in fact, characterize the nature of human intelligence.  

Henceforth, when non-linear functions are considered to test 
the performance of fuzzy inference systems resulting from the use 
of data-driven design algorithms and establish preferences 
between these algorithms, the following practical performance 
criteria need to be adopted:  
 
(a) the value of some error function in the approximation of the 

underlying noise-free data when the training data are noisy, 
(b) the noise insensitivity, 
(c) the generalization capability, 

(d) the noise insensitivity and generalization capability, 
(e) the representation of the shape and smoothness of the 

non-linear function. 
 
Assessing the performance criteria in the presence of noise 

(points (a) and (b)) can be done as follows: The data points 
extracted from a non-linear function, or some of them, are to be 
modified to violate the function analytical equation. The modified 
data are to be used in training and the extracted data are 
considered the noise-free ones. The smaller is the value of the 
error at the noise-free data and the larger the error at the noisy 
points, the better the performance of the fuzzy system modeling 
approach. We note here that both points (a) and (b) need to be 
considered. Since as a result of introducing noise, having the 
obtained fuzzy system not responding to or staying away from the 
noisy points does not necessarily imply that it will get closer to the 
noise-free data and thus to the real control curve.  

As to generalization, data points in some boundary region of 
the input space and selected from among those extracted from a 
non-linear function are to be eliminated. Then, the fuzzy system 
obtained by training using the remaining data is to be tested based 
on its ability to extrapolate to the region of missing data. This can 
be assessed by observing whether the system obtained by training 
based on the remaining data is the same or close to the one 
obtained using the whole data set.  Also, if necessary, the error 
value at the excluded points and at the whole set of data can be 
considered in the assessment of generalization.  

Point (e) consists of testing the capability of the fuzzy system 
design approach to achieve smooth control. Point (e) can also be 
considered to assess generalization taken in the sense of 
interpolation to points within the training data. 

 
III. REVIEW OF LITERATURE  RELATED TO NOISY AND 

INCOMPLETE TRAINING DATA 
 
After raising the issues related to the performance testing and 

comparison of data-driven fuzzy controllers design algorithms 
and arguing the fact that performance criteria accounting for noisy 
and incomplete training data need to considered due to practical 
reasons (Saade, [25]) and (Saade and Al-Khatib, [26]), research 
reports in which these important matters have been approached 
started to appear. Oh and Pedrycz [27] introduced an auto-tuning 

algorithm to identify T-S type fuzzy systems using a weighted 
performance index. The objective was to provide a balance 
between the approximation and generalization aspects of fuzzy 
models. Branco and Dente [28] pointed out ignored issues in 
fuzzy models design. They addressed the appearance of noise as a 
source of ambiguity to the fuzzy model, the fuzzy model 
generalization ability and the influence of the training set size on 
the learning performance. According to the authors, the 
improvement of the data approximation error by a few 
percentages in a new algorithm could make the new model 
predictions (generalization) irrelevant.  

Furthermore, Shi and Mizumoto [15] used the fuzzy c-means 
clustering to preprocess the data, remove existing redundancies 
(noise) and extract typical data to be used for training in a 
neuro-fuzzy learning algorithm. Leski [29] recognized the 
intrinsic inconsistency of neuro-fuzzy modeling due to its zero 
tolerance to imprecision while fuzzy modeling is based on the 
premise that human thinking is tolerant to imprecision.  

Consequently, the studies reported in [15, 27-29] can be used 
to provide an additional validation of the issues raised in Section 2 
and in [25,26] and to the fact that the performance assessment of 
data-driven fuzzy systems modeling algorithms need to be done 
by accounting for noisy and incomplete training data. It can also 
be concluded from these studies that a fuzzy controller 
construction approach that is structured based on the 
minimization of data approximation error hinders the noise 
insensitivity and generalization capability of the resulting fuzzy 
model and it contradicts with Zadeh’s principle of “tolerance for 
imprecision” [30]. 

What could be added here as well is a remark about the fact 
that it is the T-S fuzzy system model that has triggered the 
appearance of the numerous neuro-fuzzy research reports in the 
area of fuzzy systems modeling. In addition to having crisp values 
or linear combinations of the system input variables as rules 
consequents, an aspect that diminishes the fuzzy system linguistic 
representation of human knowledge, T-S models supplied with 
neuro-fuzzy learning techniques also have many other 
undesirable aspects that were brought out in [5].  

Henceforth, in the next section a summary of a data-driven 
purely fuzzy learning methodology for Mamdani-type and 
fully-linguistic fuzzy controllers is provided. The learning 
algorithm enables the full linguistic representation of human 
knowledge and expertise and permits thinking tolerant to 
imprecision by not seeking error minimization. It rather seeks 
error reduction and requires that the learning stop once the error 
becomes less than or equal to some threshold value that can be set 
by the system designer. The algorithm will also be shown, as a 
result, to possess good noise insensitivity and generalization 
capability. It will in addition be compared to fuzzy clustering and 
partition approaches and most importantly to ANFIS [13] using a 
typical non-linear function and robot navigation.          
 

IV. SUMMARY OF A DATA-DRIVEN FUZZY LEARNING ALGORITHM 

The data-driven fuzzy learning algorithm for the design of 
intelligent controllers considers fully-linguistic fuzzy inference 
systems of Mamdani-type. In these systems, the fuzzy output, for 
a given crisp input value or vector, is obtained using the 
compositional rule of inference (CRI) [30] and defuzzification is 
applied to this fuzzy output to convert it into a crisp one. 
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Defuzzification in this algorithm is accomplished by applying a 
parameterized strategy that was established in [31].  

 
Consider a collection of N if-then fuzzy inference rules for a 

two-input, one-output fuzzy inference system. Let the j-th rule, 
1 j N, be:  ≤ ≤

.Ciszthen,BisxandAisxif jj2j1  

1x  and  and z are the input and output variables of the system. 
Also, ,  and  are fuzzy sets defined over ,  and z 
respectively. The fuzzy output, corresponding to some crisp input 
pair , can be obtained using the CRI as follows:  

2x

j B

x,1i

A

(x

j

2i
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)
 

(1)(z)].C)(xB)(x[Amax(z)C j2ij1ij
1
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There is a need to stress here on Zadeh’s rule of composition. 
Consider first the two variables u and v, which assume values 
respectively in spaces U and V. Let A and B be two fuzzy sets 
defined respectively over the spaces U and V. The fuzzy 
conditional statement expressed as “If u is A, then v is B” can be 
interpreted as a fuzzy relation R defined by the Cartesian product 
of A and B. That is, [If u is A, then v is B]≡R=A×B. The 
membership function of R, denoted R(u,v) can be obtained using 
some operation, called “fuzzy implication operation”, between 
A(u) and B(v), which are the membership functions of A and B 
respectively. The minimum operation has initially been suggested 
by Zadeh [30]. Now, the fuzzy relation R, as above, induces from 
a fuzzy set A’, defined over the space U, a fuzzy set B’, over the 
space V, such that B’=A’оR, where о denotes relation 
composition. If the max-min composition is used [32], then the 
following is obtained: 

))].,(),([min(max)( vuRuAvB
Uu

′=′
∈

 

When the fuzzy set A’ is a singleton; that is, A’= uo∈ U, the above 
equation becomes: B’(v)=R(uo,v). This is the case of interest in 
this study since the fuzzy controller is assumed, as is mostly the 
case, to be one that admits crisp inputs.  

Returning now to our collection of N if-then fuzzy inference 
rules for a two-input, one-output fuzzy inference system, then the 
system rules can be represented by the following fuzzy relation: 

 

].)[(

])[(...])[(])[(

1

222111
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CBA
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In this relation, the symbol ∪  is taken as a representation of the 
OR operator introduced between the rules. The symbol ∩  
represents the operator AND used in the antecedent part of the 
rules. The fuzzy controller output that corresponds to a crisp input 
pair (x1i, x2i) can, therefore, be obtained by C0i(z)=R(x1i, x2i, z). If 
the minimum operation (∧) is adopted for AND and THEN 
operators and the maximum (max) operation is used for OR, then 
Equation (1) above is obtained. Other operations, such as sum and 
product, can also be used. Also, Equation (1) can be generalized 
easily to systems with more than two input variables. 

 

Now, the parameterized defuzzification method, developed in 
[31], applies to the normalized version of C0i(z), denoted, C0in(z), 
and obtained by dividing the membership function of C0i(z) by the 
highest membership grade, as follows: 

 

[ ] [ ] )2()()1()()(
1

0 210 ααδαδδ dcczCF in ∫ −+=

δ

 

 
[c1(α), c2(α)] is the α-level set of C0in(z) and  is a parameter that 
takes values in the interval [0,1]. The defuzzification method in 
Equation (2) was derived by first reformulating the classical 
criteria; minimax, maximax and the Hurwicz criterion, which 
apply for ranking intervals, using the intervals characteristic 
functions. Then, the reformulation of the noted criteria for 
intervals permitted their natural extension to fuzzy sets by 
replacing the intervals characteristic functions by the fuzzy sets 
membership functions. The criteria, which were originally 
expressed using a defined distance measure and integration of the 
characteristic or membership functions along the real axis, were 
then expressed by an equivalent integration along the membership 
axis using the α-level set of a fuzzy set [33].  

Furthermore, the study in [31] was one that formally related 
ranking fuzzy sets to the defuzzification of the outputs of fuzzy 
controllers. It unified the two problems to make the solution for 
the first applicable to the second. Also, the benefits that could be 
obtained if the defuzzification of the outputs of fuzzy controllers 
is approached from the point of view of ranking, and through the 
use of a parameterized defuzzification formula to satisfy design 
objectives (shaping the controller input-output characteristic), 
have been emphasized. It is in this spirit that the study in [31] 
unified the criteria introduced in [33] to be represented by a single 
parameterized ranking and defuzzification formula, which is the 
one expressed in Equation (2).  

In the data-driven learning algorithm that is described below, 
and whose flow chart is shown in Figure 1, Equation (2) is used 
for tuning initial fuzzy controllers based on input-output data. 
This tuning considers the consistent modification of the parameter 
δ and the rules consequents to reduce the value of some error 
function and obtain a final fuzzy system. It is assumed that the 
system designer is able to specify the input and output variables of 
the fuzzy controller and the ranges of these variables. Then 
overlapping membership functions are assigned to cover the 
entire ranges of the variables of concern. In terms of overlap, it 
was observed that the smoothness of the controller input-output 
surface is best served whether the input membership functions, 
assigned over a single variable, are such that the sum of the 
membership grades at any crisp input is one. 

Once the input membership functions are assigned, then all 
combinations of input fuzzy sets are considered to form the 
antecedent parts of the rules. All the initial rules consequents are 
required to be equal to the left most of the fuzzy sets assigned over 
the output variable. This set needs to be formed by a flat and a 
decreasing part or a decreasing part only. This makes the 
defuzzified value of any fuzzy output, obtained by Equation (1) 
and through the application of Equation (2) with δ=1, equal to the 
smallest value of the output range.  
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 Start Initial fuzzy system 

   Store 
    rules 

Compute C0in , i=1,2,…,n 

     δ=1 

Compute F1(C0in), i=1,2,…,n 

   Compute E. Store δ, E and  
  the rules if E is the smallest  
                   error. 
                 Is E≤Ed ? 

   Stop 

   Is F1(C0in) ≤ zid , 
      i=1,2,…,n ? 

Decrease δ by a step size
               δ=δ-Δ 

Yes

No
No

         Lower by one  
  membership function  
  the consequent of each  
   rule triggering one C0j  
    such that F1(C0j) > zjd 

 Updated   
    rules 

    δ ≥ 0 ? 

Compute Fδ(C0in), i=1,2,…,n 

  Compute E. Store δ, E and  
  the rules if E is the smallest  
                   error. 
                 Is E≤Ed ? 

   Stop 

Yes 

No

  Was the raise in rules consequents 
      possible for at least one rule ? 

No 

 Raise the consequent of each rule   
     by one membership function 

No 
   Stop 

   Are the updated 
   rules identical  
  to previous ones ? 

Yes 

   Stop 

Yes 

No 

Yes

Yes 

Figure 1. Flow-chart of the data-driven fuzzy controllers design algorithm described in Section 4. 
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  Given the input-output data pairs in the form ( ix , z ), with 

i=1, 2, 3,…, n and 
id

)x,...,x,x,(xx , where p is the 
number of input variables, the learning process starts with an 
initial fuzzy system as specified above. The algorithm (see Figure 
1) computes the fuzzy outputs  for all

pi3i2i1ii =

0iC ix , i=1, 2, 3, …, n using 
the CRI (Equation (1)) and then defuzzifies their normalized 
versions, ,  using Equation (2) when  δ =1.  Here, all the 
defuzzified values will be equal to the smallest value of the output 
range. Hence, given that  are all greater than or equal to this 
value (this should always be the case), then F1[C0in(z)]≤zid. For 
these defuzzified values, the error E is computed using some error 
function and compared with a desired error value Ed. If E≤Ed,  
then the learning stops. Otherwise, δ is decreased from 1 to 0 by 
passing through discrete intermediate values.  For each δ, the error 
is computed and compared with Ed. Note here that the decrease in 
δ results in an increase in the defuzzified values of the fuzzy 
outputs. These values are then made closer to the desired outputs. 
Whether the change in δ has led to the satisfaction of the error 
goal, that is, E≤Ed has been achieved for some δ∈[0, 1], then the 
learning stops. Otherwise, the algorithm starts again from δ=1 but 
with new rules. 

0inC

idz

The new rules are obtained by raising each rule consequent by 
one fuzzy set. This, however, might lead to a violation of the 
inequality F1[C0in(z)]≤zid for some values of i.  If so, the inequality 
can be reestablished by repeatedly lowering the consequents of 
the rules, which trigger one fuzzy output whose defuzzified value 
for δ=1 is greater than its desired counterpart. Once all defuzzified 
values become again smaller than or equal to the desired ones, δ 
will be decreased from 1 to 0 and for each δ value the error is 
computed and compared with Ed. This process is repeated until 
either the error goal is satisfied or no more raise in the rules 
consequents is possible or when the raise and lowering of the rules 
consequents result in a system that has already been obtained. 
When the learning stops, the algorithm delivers the final fuzzy 
system with the least error value that can be obtained under the 
described procedure, the error and the final δ value.  
 

V. PERFORMANCE TESTING USING A TYPICAL NON-LINEAR 
FUNCTION 

 
 In this section, we consider the typical non-linear function 
given in Equation (3) below to test the performance (Section 2) of 
the algorithm described in Section 4 and compare with other 
methods. This function has been considered in research studies to 
test existing data-driven techniques.  
 

(3)5.x,x1,)xx(1)x,f(xz 21
21.5

2
2

121 ≤≤++== −−  
 
This function, whose plot is shown in Figure 2, was first 
considered by Sugeno and Yasukawa [16] and then considered 
again by Delgado et al. [10] and by Lin et al [7]. Fifty input-output 
data points, listed in [16], were extracted from Equation (3) and 
considered in the noted references. These points are also given in 
Table 1.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Input-output surface of the non-linear function given in 
Equation (3). 
 
Table 1. Fifty training data points extracted from the non-linear 
function in Equation (3). 

 
In [16], a fuzzy system was determined with 0.318 as a 
mean-square error (MSE) value. The error was then reduced to 
0.01 using position gradient. In [10], which is also a study based 
on fuzzy clustering, the best-obtained MSE was 0.231. The use of 
fuzzy partition [7] gave a fuzzy system with 0.351 as an MSE 
value. This was then reduced to 0.005 by a fuzzy neural network. 

  #   x1   x2    z    #   x1   x2    z 
1 1.4 1.8 3.7  26 2 2.06 2.52
2 4.28 4.96 1.31  27 2.71 4.13 1.58
3 1.18 4.29 3.35  28 1.78 1.11 4.71
4 1.96 1.9 2.7  29 3.61 2.27 1.87
5 1.85 1.43 3.52  30 2.24 3.74 1.79
6 3.66 1.6 2.46  31 1.81 3.18 2.2 
7 3.64 2.14 1.95  32 4.85 4.66 1.3 
8 4.51 1.52 2.51   33 3.41 3.88 1.48
9 3.77 1.45 2.7  34 1.38 2.55 3.14
10 4.84 4.32 1.33  35 2.46 2.12 2.22
11 1.05 2.55 4.63  36 2.66 4.42 1.56
12 4.51 1.37 2.8   37 4.44 4.71 1.32
13 1.84 4.43 1.97   38 3.11 1.06 4.08
14 1.67 2.81 2.47  39 4.47 3.66 1.42
15 2.03 1.88 2.66   40 1.35 1.76 3.91
16 3.62 1.95 2.08  41 1.24 1.41 5.05
17 1.67 2.23 2.75  42 2.81 1.35 1.97
18 3.38 3.7 1.51  43 1.92 4.25 1.92
19 2.83 1.77 2.4   44 4.61 2.68 1.63
20 1.48 4.44 2.44  45 3.04 4.97 1.44
21 3.37 2.13 1.99  46 4.82 3.8 1.39
22 2.84 1.24 3.42   47 2.58 1.97 2.29
23 1.19 1.53 4.99  48 4.14 4.76 1.33
24 4.1 1.71 2.27  49 4.35 3.9 1.4 
25 1.65 1.38 3.94  50 2.22 1.35 3.39
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As for the algorithm described in this study, the same 50 data 
points were considered. Three membership functions were 
adopted over each of the input variables (Figures 3(a) and 3(b)). 
The error value of 0.216 was obtained with 4 output fuzzy sets as 
in Figure 3(c). The final obtained rules are as listed below and the 
final δ value is 1.  The input-output surface is shown in Figure 4.  
 

31211 Ciszthen,BisxandAisxIf  

32211 Ciszthen,BisxandAisxIf  

33211 Ciszthen,BisxandAisxIf  

31221 Ciszthen,BisxandAisxIf  

22221 Ciszthen,BisxandAisxIf  

23221 Ciszthen,BisxandAisxIf  

31231 Ciszthen,BisxandAisxIf  

22231 Ciszthen,BisxandAisxIf  

(4)Ciszthen,BisxandAisxIf 23231  
The non-linear function in Equation (3) is considered again to 

test the performance of the algorithm in complete but noisy data 
type. Since the methods noted in [7,10,16] considered only 
complete and noise-free data and the resulting error values, the 
comparison will be done with ANFIS. It is powerful enough to 
bring out the relative powers of the algorithm presented in Section 
4.  

ANFIS, introduced by Jang [13], is available under MATLAB 
and based on a combination of the least-squares and 
gradient-descent methods. For the comparison to be meaningful, 
the same number and type of the input membership functions will 
be considered in ANFIS. Also, due to the fact that the ANFIS 
results depend on the number of epochs and to a lesser degree on 
the initial step-size, the presented results will be the best ones we 
obtained after attempting different combinations of 
epoch-step-size values. The algorithm will also be examined for 
generalization and noise insensitivity plus generalization. That is, 
in the cases of noise-free but incomplete and noisy and incomplete 
data types.  

 
Let us first consider the use of the same 50 data pairs (Table 1) 

in ANFIS. A fuzzy system with MSE equal to 0.0303 was 
obtained under 100 epochs and 0.00001 as initial step-size. The 
input-output surface is shown in Figure 5. Although the error 
value is smaller than 0.216 obtained in our approach, the 
comparison of Figures 4 and 5 reveals that the described 
algorithm has a better representation of the shape of the non-linear 
function.  

 
Concerning complete and noisy data, 3 stages of modification 

of output values in the 50 points listed in Table 1 were performed. 
In each stage, 4 output values were modified to result in 4 
input-output pairs, denoted as set, not satisfying the function in 
Equation (3). First, set 1 was used in addition to the remaining 46 
noise-free data pairs. In stage 2, sets 1 and 2 were used in addition 
to the remaining 42 noise-free data. In stage 3, sets 1, 2 and 3 were 
used in addition to 38 noiseless data. The fuzzy systems obtained 

by ANFIS had the surfaces shown in Figures 6(a), (b) and (c) 
respectively.  

M e m b e r s h i p

B 1 B 2
    1

0  . 5

   0

  1                                          3                                5

M e m b e r s h i p

A 1 A 2 A 3
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     0

  1                                          3                                5

( a )  I N P U T - x 1
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   0

  0 . 5                                     3 . 7 5                                   7         

B 3

C 4

( c )  O U T P U T - Z

( b )  I N P U T - x 2

 
Figure 3.  Membership functions assigned over the input and 
output variables of the  non-linear function given in Equation (3).  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Input-output surface of the fuzzy system given in 
Equation (4) and representing the function given in Equation (3). 

 
All the above-noted 3 cases were used in the algorithm 

described in Section 4. The resulting fuzzy system was always as 
in Equation (4) and with δ=1. The input-output surface is just the 
one shown in Figure 4. The comparison of Figure 4 with Figures 
6(a), (b) and (c) reveals that the presented approach has a better 
noise insensitivity than ANFIS. This result is also supported by 
the error values at the noisy points. In terms of the error obtained 
by considering the underlying 50 noise-free data (Table 1), 
ANFIS gave 0.2292, 0.2925 and 0.3217 respectively. Comparison 
of these error values with 0.216 (obtained using the presented 
algorithm), the noise insensitivity result and also Figure 4 with 
Figures 6(a), (b) and (c), shows that our approach has a 
performance preference over ANFIS when the learning is based 
on noisy data (see Section 2). 
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                                                 (a) 
Figure 5. Input-output surface of the fuzzy system obtained from 
ANFIS using the 50 data pairs in Table 1.   

 

 
In terms of testing the generalization capability of the presented 
approach, sets of data points from among those listed in Table 1 
and located in specific boundary regions of the input space were 
excluded in succession. The remaining data were entered into the 
presented algorithm. First, data pairs such that 1< <2.5 and 
3.5< <5 were eliminated. This resulted in the exclusion of 5 
data points. Second, data points such that 1< <3 and 3< <5  (8 
points) were excluded. In both cases, the final fuzzy system turned 
out to be as in Equation (4) and δ=1. The error values were 
respectively 0.2355 and 0.2468. In both cases, the error value 
0.216 still holds for the original 50 points in Table 1. 

1x

2x

1x 2x

The presented algorithm was also tested for its ability to 
combat noise and generalize simultaneously. The data elimination 
process described in the preceding paragraph was again 
considered and noisy data from among the above-mentioned 12 
points were introduced. The introduced noisy points were those 
which survived elimination. Hence, 9 noisy points (set 1, 1 point 
from set 2 and set 3) were used among the 45 data pairs, which 
resulted from the first data exclusion. Also, 8 noisy points (set 1 
and set 3) were used among the 42 data pairs, which resulted from 
the second data elimination process. In both cases, the algorithm 
returned the final fuzzy system expressed in Equation (4) with 
δ=1. The input-output surface is therefore as shown in Figure 4. 
The proposed fuzzy system modeling approach is therefore able 
to combat noise and generalize simultaneously. 

 

VI. ROBOT NAVIGATION CASE 

In dealing with the motion-planning problem of a mobile 
robot among existing obstacles, different classical approaches 
have been developed. Within these approaches, we state the path 
velocity decomposition [34,35], incremental planning [36], 
relative velocity paradigm [37], and potential field [38]. 
Soft-computing techniques, employing various learning methods, 
have also been used to improve the performance of conventional 
controllers [39,40]. Each of the above noted methods is either 
computationally extensive or capable of solving only a particular 
type of problems or both. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                (b) 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                               (c) 
Figure 6. Input-output surfaces of the fuzzy systems obtained 
from ANFIS using: (a) 46 noise-free data pairs and 4 noisy ones 
(b) 42 noise-free data and 8 noisy points and (c) 38 noise-free data 
and 12 noisy points.   

   
  In order to reduce the computational burden and provide a 
more natural solution for the dynamic motion-planning (DMP) 
problem, fuzzy approaches, with emphasis on user-defined rules 
and collision-free paths, have been suggested [41-43]. Recently, a 
more advanced fuzzy-genetic-algorithm approach has been 
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devised [44]. The emphasis has been not only on obtaining 
collision-free paths, but also on the optimization of travel time or 
path between the start and target points of the robot. Genetic 
algorithms have, therefore, been used to come up with an optimal 
or near optimal fuzzy rule-base off-line by employing a number of 
user-defined scenarios. Although the noted fuzzy-genetic 
approach provided good testing results on scenarios some of 
which were used in training and others were not, it had its 
limitations. A different set of rules needed to be determined for 
every specific number of moving obstacles. 

The approach presented in this section considers the off-line 
derivation of a general fuzzy rule-base; that is, a base that can be 
used on-line by the robot independently of the number of moving 
obstacles [45]. This is achieved using the data-driven learning 
algorithm presented in Section 4 and by devising a method for the 
derivation of the training data based on the general setting of the 
DMP problem and not on specific scenarios. Collision-free paths 
and reduction of travel time are still within the goals considered in 
the derivation of the fuzzy logic controller (FLC). Furthermore, 
the noise insensitivity and generalization capability of the FLC 
construction algorithm are emphasized again here and tested in 
this practical control case. Comparison of the results with those 
obtained by the fuzzy-genetic one and ANFIS is also done. 

The robot needs to move from a start point S to a target point 
G located in some quadrant where the moving obstacles exist. The 
purpose is to find an obstacle-free path, which takes the robot 
from S to G with minimum time. A fuzzy controller represented 
by a set of fuzzy inference rules is to be constructed to achieve this 
objective.  

The robot moves incrementally from one point to another in 
accordance with time steps, each of duration ΔT, and at the end of 
each step it needs to decide on the movement direction. Due to the 
problem objective, once the robot is at some point it needs to 
consider moving in a straight line towards the target point unless 
the information collected about the moving obstacles tells 
otherwise due to a possible collision. Hence, the information that 
needs to be obtained has to relate, in principle, to the position of 
each obstacle and its velocity relative to the robot position; i.e., 
the obstacle velocity vector. But, since the robot knows the 
position of each obstacle at every time step, an alternative to the 
use of the relative velocity can be the present and predicted 
positions of each obstacle. The predicted position can be 
computed based on the obstacle present and previous positions. 
Ppredicted is assumed the linearly extrapolated position of each 
obstacle from its present position Ppresent along the line formed by 
joining Ppresent and Pprevious . Thus, 

 
         Ppredicted = Ppresent + ( Ppresent  - Pprevious) 

 
But, to process all this information by the robot controller is 

difficult. The procedure that can be applied here, and which leads 
to a simplification of the controller structure, consists of using the 
collected information to determine the “nearest obstacle forward” 
(NOF) to the robot [44]. Then, only the information related to this 
obstacle is used by the FLC to provide decisions. The NOF is the 
obstacle located in front of the robot and with velocity vector 
pointing towards the line joining the robot position to the target 
point. In this way it needs to constitute the most possible collision 
danger relative to other obstacles whether the robot chooses to 
move straight to the target (Figure 7). The NOF can equivalently 

be identified using the present and predicted positions of each 
obstacle. 

Therefore, what need to be used are the present and predicted 
positions of the NOF. The position has two components; angle 
and distance. The angle is the one between the line joining the 
target G to the robot position, denoted by R in Figure 7, and the 
line between the robot and the NOF. The distance is the one 
between the robot and the NOF. The FLC output is the deviation 
angle between the target-robot line and the new direction of robot 
movement, denoted by line RD (see also Figure 7). Based on the 
noted information the robot will be able to know whether the NOF 
will get close to or cross the line segment joining the present 
position of the robot and the point it reaches after ΔT time if it 
moves straight to the target. This knowledge is in fact necessary 
for the determination of the angle of deviation.  

But, to include all these variables in the conditions of the FLC 
will complicate its structure. It will also make the derivation of the 
input-output data points needed for the construction of the 
inference rules a difficult task. To make things simpler while 
maintaining the practicality of the problem, a contraint (constraint 
#4 below), which is not too restrictive, is considered in addition to 
other ones implied by the aforementioned problem description 
and adopted in [44].   
1. The robot is considered to be a single point. 
2. Each obstacle is represented by its bounding circle. 
3.The speed of each obstacle is constant with a fixed direction 

between its previous, present and predicted positions.  
4. The distance traveled by the NOF in ΔT time is comparable to 

its diameter.  
Of course, constraint 3 presupposes that the obstacles do not 
collide while moving. Also, constraint 4, with the problem 
configuration as depicted in Figure 8 and its use in the 
determination of the input-output data (see below), will reduce the 
number of FLC input variables to 2; predicted angle and distance. 
The present position of the NOF is still accounted for but not used 
explicitly in the controller conditions.  

Figure 8 considers a quadrant filled by side-to-side obstacles 
each of which may constitute the predicted position of the NOF. 
Suppose that the robot is in position R (present position) and the 
NOF predicted position is in (A22, B21). The robot initial intension 
is to move straight to G (no deviation) if collision is deemed 
impossible. Otherwise, an angle of deviation needs to be 
determined. Due to constraint 4, the present position of the NOF 
could be any of the neighboring obstacles such that the distance 
between the center of each of these obstacles and the center of 
(A22, B21) is approximately equal to the obstacle diameter. For the 
purpose of explaining how the deviation angle is to be determined 
for every possible pair of predicted angle and distance of the 
NOF, a rough representation of 8 critical neighboring obtacles is 
considered. These are: (A21, B20), (A22, B20), (A23, B20), (A21, B21), 
(A23, B21), (A21, B22), (A22, B22) and  (A23, B22).  If the segment 
between the present position of the robot and the point it reaches 
after ΔT time, if it moves straight to G, penetrates the square 
formed by the outer tangent lines to the noted 8 obstacles, a 
deviation from the straight line between the robot and target point 
is required. Otherwise, no deviation is necessary. The amount of 
deviation is to be specified based on having the robot move in a 
direction that is just sufficient to avoid hitting not only the 
predicted obstacle position, but also any possible present position  
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    Figure 7. Illustration of NOF, angle, distance 

                   and deviation. 
 

Figure 8. A general configuration of the DMP problem         
used in the data derivation.  

 
 

Ang Dist Dev Ang Dist Dev Ang Dist Dev Ang Dist Dev 
-90 0.3 33 90 1.8 0 45 1.2 0 22 1 -33 
-90 0.5 15 90 2 0 45 1.4 0 22 1.2 -25 
-90 0.7 0 90 4 0 45 1.8 0 22 1.4 -13 
-90 1 0 90 5 0 45 2 0 22 1.8 0 
-90 1.2 0 90 15 0 45 2.4 0 22 2 0 
-90 1.4 0 -45 0.3 90 45 20 0 22 3 0 
-90 1.5 0 -45 0.5 90 -22 0.3 90 22 10 0 
-90 1.8 0 -45 0.7 62 -22 0.5 90 22 20 0 
-90 2 0 -45 1 15 -22 0.7 90 0  0.3 90 
-90 4 0 -45 1.2 0 -22 1 33 0  0.5 90 
-90 5 0 -45 1.4 0 -22 1.2 25 0  0.7 90 
-90 15 0 -45 1.8 0 -22 1.4 13 0  1 57 
-90 24 0 -45 2 0 -22 1.8 0 0  1.2 45 
90 0.3 -33 -45 2.4 0 -22 3 0 0  1.4 37 
90 0.5 -15 -45 5 0 -22 10 0 0  1.8 25 
90 0.7 0 -45 20 0 -22 20 0 0  2.4 15 
90 1 0 45 0.3 -90 -22 24 0 0  3 0 
90 1.2 0 45 0.5 -90 22 0.3 -90 0  4 0 
90 1.4 0 45 0.7 -62 22 0.5 -90 0  10 0 
90 1.5 0 45 1 -15 22 0.7 -90 0  20 0 

 

  
  

Table  2. Input-output data pairs obtained using the method described in Section 6. 

  
  
  

   A  n  g  l  e A  1 A  2 A  3 A  4 A  5 A  6 A  7

D  i  s  t  a  n  c  e
D  1 V  7 V  9 V  9 V  9 V  1 V  1 V  4
D  2 V  6 V  9 V  9 V  9 V  1 V  1 V  4
D  3 V  5 V  8 V  9 V  9 V  1 V  2 V  5
D  4 V  5 V  6 V  7 V  8 V  4 V  4 V  5
D  5 V  5 V  5 V  6 V  7 V  4 V  5 V  5
D  6 V  5 V  5 V  6 V  7 V  4 V  5 V  5
D  7 V  5 V  5 V  5 V  6 V  5 V  5 V  5
D  8 V  5 V  5 V  5 V  5 V  5 V  5 V  5

 
Table 3. Final fuzzy system obtained by learning. 
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Figure 9. Input and output membership functions used in 
                learning. 

Figure 10. Control surface of the FLC constructed using the 
algorithm in Section 4 and the data in Table 2. The angle and 
deviation are in degrees and the distance is in meters.  
 
 
of the NOF; i.e., any of the above-described neighboring 
obstacles, which are guaranteed to reside inside the 
previously-noted square. Among the two movement directions 
RD1 and RD2, which lead to the avoidance of the obstacles 
positions, the one with the smallest deviation angle; i.e., RD1 is 
chosen. This serves the travel path reduction objective. 

Now, based on the problem configuration in Figure 8 and the 
described general approach for the determination of the necessary 
deviation for every possible pair of predicted distance and angle 
of the NOF, various locations of the NOF within the noted 
quadrant were considered and accordingly input-output data were 
derived. The derived data points are shown in Table 2. These are 
obtained based on obstacle diameter equal to 0.5 meters and robot 
traveled distance in ΔT time equal to 2 meters. 

The data points in Table 2 were used in the fuzzy learning 
algorithm in Section 4 and a set of inference rules (Table 3) was 
obtained using the input and output membership functions (MF’s) 
shown in Figure 9. The ranges of the distance, angle and deviation 
as considered are from 0 to 25 meters, –90 to 90 degrees and –90 

to 90 degrees respectively. These ranges are considered to account 
for all possible values. The control surface of the FLC, whose 
rules are shown in Table 3, is given in Figure 10, the root mean 
square error is 4.679 and the δ parameter value is 0.5. 

The obtained FLC is tested on various scenarios containing 
different numbers of obstacles. The cases of 3, 5, and 2 cases of 8 
obstacles are considered and the simulation results are presented 
in Figure 11. In all the cases, the robot travels from point S to 
point G without hitting any of the obstacles. Also, the traveled 
paths are optimal in the sense that the deviations which took place 
at the end of every time step are in most cases just as necessary in 
order for the robot to remain as close as possible to the 
robot-destination direct path while not colliding with the 
obstacles. Moreover, two of these scenarios (Figures 11(a) and 
11(d)) were presented in [44] and had obstacles with distinct 
diameters. Some had diameters close to the one considered in this 
study, and others with larger diameters. Despite this, the robot 
path chosen by the constructed FLC does not hit any of the 
obstacles. This shows that the constructed FLC can work properly 
for obstacles whose diameter values differ from the one used in 
the data derivation. Of course, a significant increase in the 
diameters would make the chances of having the robot hitting the 
obstacles higher.  

Table 4 shows the distance ratio (traveled distance/direct 
distance) using the presented data-driven fuzzy approach and the 
fuzzy-genetic one. The ratio in the fuzzy methodology for the case 
of 3 obstacles is a bit higher than that obtained in [44]. Thus, given 
that the robot speed in moving from one point to another in 
accordance with the previously-noted incremental time steps is 
the same in both approaches, then slightly higher time duration is 
required in our approach for the robot to reach destination. This 
result, however, is quite acceptable given the fact that the 
presented methodology is general in the sense that it can be 
applied independently of the number of moving obstacles.  
 The data points in Table 2 are used to construct a 
Takagi-Sugeno type fuzzy system by applying ANFIS [13] and 
compare the results with those obtained above using the algorithm 
presented in Section 4. Although the data in Table 2 were 
determined using measuring instruments, and they are thus, noisy, 
care has been taken to make these data points as accurate as 
possible. Due to this and the fact that the actual values of the data 
are unknown, we consider the data in Table 2 as approximately 
noise-free. To be surer of the existence of noise in the data, 
arbitrary small modifications will be introduced later to some 
angles of deviations to make the corresponding data pairs noisy. 
Under these circumstances, a comparison between the results of 
the algorithm in Section 4 and ANFIS will again be done. Testing 
the algorithm for generalization and noise insensitivity plus 
generalization will also be investigated. 

 
The ANFIS obtained FLC using the data in Table 2 and 8 

triangular membership functions over each input variable has the 
input-output surface shown in Figure 12 and RMSE equal to 
5.438. The surface in Figure 10 is much more consistent than 
Figure 12 with our expectations of the control surface as 
configured using the data in Table 2. This is especially true in the 
range of small distances where most of robot deviations are 
necessary.  
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( d )  ( c )  

 
  
  
  

 Figure 11. Paths traveled by the robot in 4 scenarios using the FLC in Table 3:  (a) 3 obstacles, 
                   (b) 5 obstacles and (c) and (d) have 8 obstacles each.  

 
OBSTACLES 3 5 8 8
DIRECT DISTANCE (m) 14 14 20 20
TRAVELED DISTANCE (m) 15 15.8 23 20.9
RATIO (OUR APPROACH) 1.07 1.286 1.15 1.045
RATIO (GENETIC) 1.046 1.05

 Table 4. Traveled distance and ratios for the presented approach and  
               the fuzzy-genetic one.  

 
 

 
Figure 12. Control Surface of the FLC constructed by ANFIS using the data in Table 2. 
                  The angle and deviation are in degrees and the distance is in meters.    
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 ( a )  ( b )  

( d )  ( c )  

 
  Figure 13. Paths traveled by the robot in 4 scenarios using the FLC obtained by ANFIS:  

                   (a) 3 obstacles,  (b) 5 obstacles and (c) and (d) have 8 obstacles each.   
 
 

Ang Dist Dev Ang Dist Dev Ang Dist Dev Ang Dist Dev 
-90 0.3 33 90 1.8 0 45 1.2 0 22 1 -31 
-90 0.5 15 90 2 0 45 1.4 2 22 1.2 -22 
-90 0.7 0 90 4 0 45 1.8 0 22 1.4 -13 
-90 1 0 90 5 0 45 2 3 22 1.8 0 
-90 1.2 0 90 15 0 45 2.4 0 22 2 1 
-90 1.4 0 -45 0.3 86 45 20 2 22 3 0 
-90 1.5 0 -45 0.5 87 -22 0.3 90 22 10 2 
-90 1.8 0 -45 0.7 58 -22 0.5 87 22 20 0 
-90 2 0 -45 1 13 -22 0.7 86 0 0.3 87 
-90 4 0 -45 1.2 -2 -22 1 33 0 0.5 90 
-90 5 0 -45 1.4 0 -22 1.2 21 0 0.7 88 
-90 15 0 -45 1.8 -2 -22 1.4 13 0 1 59 
-90 24 0 -45 2 0 -22 1.8 0 0 1.2 45 
90 0.3 -33 -45 2.4 -3 -22 3 -3 0 1.4 35 
90 0.5 -15 -45 5 0 -22 10 0 0 1.8 24 
90 0.7 0 -45 20 0 -22 20 -2 0 2.4 14 
90 1 0 45 0.3 -86 -22 24 0 0 3 0 
90 1.2 0 45 0.5 -86 22 0.3 -87 0 4 2 
90 1.4 0 45 0.7 -58 22 0.5 -90 0 10 -1 
90 1.5 0 45 1 -13 22 0.7 -87 0 20 0 

 
 Table 5. Input-output data pairs obtained by modifying the deviation in 33 data pairs in Table 3. 
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Figure 14. Control surface of the FLC constructed by ANFIS using the data in Table 5. 
                  The angle and deviation are in degrees and the distance is in meters. 

 ( a )  ( b )  

( c )  ( d )   
 Figure 15. Paths traveled by the robot in 4 scenarios using the FLC obtained by ANFIS 

                  with the data in Table 5: (a) 3 obstacles, (b) 5 obstacles and (c) and (d) have 
                  8 obstacles each. 
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The testing of the ANFIS obtained fuzzy system on the 4 
scenarios in Figure 11 gave the robot trajectories shown in Figure 
13. The ANFIS obtained trajectories lengths were respectively 
20.2, 17.3, 23.4 and 25.9 meters for cases (a), (b), (c) and (d) in 
Figure 13. These are therefore larger than the paths lengths in 
Figure 11, which were obtained using the fuzzy algorithm (Table 
4). Also, ANFIS gave two collision cases; one in (c) and another 
in (d).  
 Now, we consider the data points in Table 5. These were 
obtained from Table 2 by randomly introducing between 1 to 4 
degrees modifications to 33 of the deviation angles and in such a 
manner to adequately cover the input space. The use of the data in 
Table 5 in the algorithm described in Section 4 gave the same 
FLC as the one in Table 3 with the same parameter value. Thus, 
the control surface is the one shown in Figure 10. Hence, the robot 
paths shown in Figure 11 remain unchanged. The ANFIS obtained 
system, however, turned out to be different from the one obtained 
with the use of the original data (Table 2). It had the surface 
shown in Figure 14.  Figure 15 shows the testing of the ANFIS 
given system on the 4 scenarios in Figure 11. Regarding the robot 
paths shown in Figure 15, they have the following respective 
lengths for cases  (b), (c) and (d): 23, 26.1, and 26 meters. In case 
(a), the robot is not able to reach destination and in case (d) one hit 
occurs.  ANFIS, therefore gave here longer trajectories than those 
in Figure 13 and  in Figure 11.  

Furthermore, the fuzzy controller construction algorithm was 
tested for generalization by eliminating 8 data points from those 
listed in Table 2. The eliminated points were those with input 
pairs located in the input region for 0°<Angle≤90° and 2 meters 
<Distance≤25 meters. The learning was therefore based on the 
remaining 72 data. The fuzzy system whose rules are given in 
Table 3 was again obtained with the same parameter value. The 
control surface is, thus, as given in Figure 10. In addition, the 
same 8 points were eliminated from the data listed in Table 5. The 
learning based on the remaining 72 data points also gave the fuzzy 
system in Table 3 and the same parameter value.   

The presented results validate the fact that the algorithm is 
capable of combating noise, which is usually present in the data, 
generalizing to regions of missing data and combating noise and 
generalizing simultaneously. The comparison of Figures 12 and 
14 and also Figures 13 and 15 shows that the fuzzy systems 
constructed by ANFIS are noise sensitive. They are also sensitive 
to data exclusion and do not present a good generalization 
capability. This was concluded by looking at the ANFIS obtained 
surfaces using the above-noted 72 data points remaining after the 
exclusion of the mentioned 8 points from Tables 2 and 5. These 
surfaces, in fact, turned out to be different and no better than the 
ones presented in Figures 12 and 14 and the testing on the 4 
scenarios in Figure 11 did not lead to any improvement over those 
obtained in Figures 13 and 15.     
                                                                               

VII. SUMMARY AND CONCLUSIONS 

 In this study, performance criteria, which need to be 
considered to test and compare data-driven fuzzy system 
modeling algorithms using non-linear control functions, have 
been defined based on a practical perspective and on important 
aspects of intelligent human thinking represented by approximate 
reasoning and generalization. Hence, priority has been given to 
the criteria accounting for noisy and incomplete training data. 
Despite the extreme importance of these performance criteria, 

they have not been spelled out, discussed, validated nor tested as 
is done in this study. The following summarized results and 
conclusions are to be noted.    
 When the data pairs are noise-free and complete, the proposed 
algorithm provided lower error values than the methods based on 
clustering and fuzzy partitions. Further, the fuzzy partition 
neural-network method, clustering-position-gradient and ANFIS 
gave lower error values than the presented algorithm. In the 
example given in Section 5 and the robot navigation case, 
however, ANFIS gave an inferior function-shape representation.  
 Furthermore, when the data are noisy, which is the practical 
case (Section 2), it has been shown in the non-linear function case 
and robot navigation that the proposed fuzzy learning algorithm 
(Section 4) has a performance preference over ANFIS. The 
proposed algorithm is also capable of generalization. It 
extrapolates very reliably to regions of missing data. It is also able 
to combat noise and generalize simultaneously.  In addition, the 
algorithm provides readable fuzzy controllers. That is, controllers 
which can be interpreted linguistically in a simple manner. The 
T-S type fuzzy models, as was explained in Section 3, cannot 
furnish this linguistic aspect.  

The fuzzy learning algorithm in Section 4 has also been shown 
capable of providing fuzzy if-then rules that can be represented in 
the form of a rule-table, it has only one parameter to be tuned and 
the setting of initial rules can easily be done. The algorithm also 
permits thinking tolerant to imprecision. This can be concluded 
from the learning procedure, which is based on error reduction 
rather than error minimization and customized setting of the error 
threshold to reflect the level of precision needed in a particular 
situation. It can also be concluded from the resulting noise 
insensitivity and generalization capability of the algorithm. It is 
worth noting here as well that the learning procedure in the 
introduced algorithm is independent of the form of the error 
function and also of the shape of the fuzzy system membership 
functions.   

Further strengthening of the drawn conclusions should later on 
come up through the application of the algorithm and the other 
design methods to more non-linear functions and practical control 
cases while accounting for the criteria defined in Section 2. This 
can be done by programming the referenced methods, especially 
those that have recently accounted for the issues of noise and 
generalization, and testing them in different types of data.  
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Merging data sources based on semantics,
contexts and trust

Lovro Šubelj, David Jelenc, Eva Zupančič, Dejan Lavbič, Denis Trček, Marjan Krisper and
Marko Bajec

Abstract—Matching and merging of data from heterogeneous sources is a common need in various scenarios. Despite
numerous algorithms proposed in the recent literature, there is a lack of general and complete solutions combining different
dimensions arising during the matching and merging execution. We propose a general framework, and accompanying algorithms,
that allow joint control over various dimensions of matching and merging. To achieve superior performance, standard (relational)
data representation is enriched with semantics and thus elevated towards the real world situation. Data sources are merged
using collective entity resolution and redundancy elimination algorithms that are managed through the use of different contexts –
user, data and also trust contexts. Introduction of trust allows for an adequate trust management and efficient security assurance
which is, besides a general solution for matching and merging, the main novelty of the proposition.

Index Terms—merging data, semantic elevation, context, trust management, entity resolution, redundancy elimination.
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1 INTRODUCTION

W ITH the recent advent of Semantic Web and
open (on-line) data sources, merging of data

from heterogeneous sources is rapidly becoming a
common need in various fields. Different scenarios of
use include analyzing heterogeneous datasets collec-
tively, enriching data with some on-line data source
or reducing redundancy among datasets by merging
them into one. Literature provides several state-of-the-
art approaches for matching and merging, although
there is a lack of general solutions combining different
dimensions arising during the matching and merging
execution. We propose a general and complete solu-
tion that allows a joint control over these dimensions.

Data sources commonly include not only relational
data, but also semantically enriched data. Thus a
state-of-the-art solution should employ semantically
elevated algorithms, to fully exploit the data at hand.
However, due to a vast diversity of data sources, also
an adequate data architecture has to be employed. In
particular, the architecture should support all types
and formats of data, and provide appropriate data
for each algorithm. As algorithms favor different rep-
resentations and levels of semantics behind the data,
architecture should be structured appropriately.

Due to different origin of (heterogeneous) data
sources, the trustworthiness (or accuracy) of their
data can often be questionable. Specially, when many
such datasets are merged, the results are likely to
be inexact. A common approach for dealing with
data sources that provide untrustworthy or conflicting

• L. Šubelj, D. Jelenc, E. Zupančič, D. Lavbič, D. Trček, M. Krisper and
M. Bajec are with University of Ljubljana, Faculty of Computer and
Information Science.

statements, is the use of trust management systems
and techniques. Thus matching and merging should
be advanced to a trust-aware level, to jointly optimize
trustworthiness of data and accuracy of matching
or merging. Such collective optimization can signif-
icantly improve over other approaches.

The article proposes a general framework for
matching and merging execution. An adequate data
architecture enables either pure relational data, in the
form of networks, or semantically enriched data, in
the form of ontologies. Different datasets are merged
using collective entity resolution and redundancy
elimination algorithms, enhanced with trust manage-
ment techniques. Algorithms are managed through
the use of different contexts that characterize each
particular execution, and can be used to jointly control
various dimensions of variability of matching and
merging execution.

The rest of the article is structured as follows. The
following section gives a brief overview of the related
work, focusing mainly on trust-aware matching and
merging. Next, section 3, presents employed data
architecture and discusses semantic elevation of the
proposition. Section 4 formalizes the notion of trust
and introduces the proposed trust management tech-
niques. General framework, and accompanying algo-
rithms, for matching and merging are presented in
section 5, and further discussed in section 6. Section 7
concludes the article.

2 RELATED WORK

Recent literature proposes several state-of-the-art so-
lutions for matching and merging data sources. Rele-
vant work and approaches exist in the field of data
integration [1], [2], [3], [4], data deduplication [5],18



[6], [7], information retrieval, schema and ontology
matching [8], [9], [10], [11], and (relational) entity
resolution [1], [12], [13]. However, the propositions
mainly address only selected issues of more gen-
eral matching and merging problem. In particular,
approaches only partially support the variability of
the execution; commonly only homogeneous sources,
with predefined level of semantics, are employed; or
the approaches discard the trustworthiness of data
and sources of origin.

Literature also provides various trust-based, or
trust-aware, approaches for matching and merg-
ing [14], [15]. Although they formally exploit trust in
the data, they do not represent a general or complete
solution. Mainly, they explore the idea of Web of Trust,
to model trust or belief in different entities. Related
work (on Web of Trust) exists in the fields of identity
verification [16], information retrieval [17], [18], social
network analysis [19], [20], data mining and pattern
recognition [21], [22]. Our work also relates to more
general research of trust management and techniques
that provide formal means for computing with trust
(e.g. [23]).

3 DATA ARCHITECTURE

An adequate data architecture is of vital importance
for efficient matching and merging. Key issues arising
are as follows: (1) architecture should allow for data
from heterogeneous sources, commonly in various
formats; (2) semantical component of data should be
addressed properly; and (3) architecture should also
deal with (partially) missing and uncertain data.

To achieve superior performance, we propose a
three level architecture (Fig. 3). Standard relational
data representation on the bottom level (data level)
is enriched with semantics (semantic level) and thus
elevated towards the topmost real world level (abstract
level). Datasets on data level are represented with
networks, when the semantics are employed through
the use of ontologies.

Every dataset is (preferably) represented on data
and semantic level. Although both describe the same
set of entities on abstract level, the representation on
each level is independent from the other. This separa-
tion resides from the fact that different algorithms of
matching and merging execution privilege different
representations of data – either pure relational or
semantically elevated representation. Separation thus
results in more accurate and efficient matching and
merging, moreover, representations can complement
each other in order to boost the performance.

The following section gives a brief introduction
to networks, used for data level representation. Sec-
tion 3.2 describes ontologies and semantic elevation of
data level (i.e. semantic level). Proposed data architec-
ture is formalized and further discussed in section 3.3.

3.1 Representation with networks
Most natural representation of any relational domain
are networks. They are based upon mathematical ob-
jects called graphs. Informally speaking, graph consists
of a collection of points, called vertices, and links
between these points, called edges (Fig. 1). Let VN ,
EN be a set of vertices, edges for some graph N
respectively. We define N as N = (VN , EN ) where

VN = {v1, v2 . . . vn}, (1)
EN ⊆ {{vi, vj}| vi, vj ∈ VN ∧ i < j}. (2)

Edges are sets of vertices, hence they are not directed
(undirected graph). In the case of directed graphs equa-
tion (2) rewrites to

EN ⊆ {(vi, vj)| vi, vj ∈ VN ∧ i 6= j}, (3)

where (vi, vj) is an edge from vi to vj . The definition
can be further generalized by allowing multiple edges
between two vertices and loops (edges that connect
vertices with themselves). Such graphs are called
multigraphs (Fig. 1 (b)).

Fig. 1. (a) directed graph; (b) labeled undirected multi-
graph (labels are represented graphically); (c) network
representing a group of related traffic accidents (round
vertices correspond to participants and cornered cor-
respond to vehicles).

In practical applications we commonly strive to
store some additional information along with the ver-
tices and edges. Formally, we define labels or weights
for each node and edge in the graph – they represent
a set of properties that can also be described using
two attribute functions

AVN
: VN → ΣVN

1 × ΣVN
2 × . . . , (4)

AEN
: EN → ΣEN

1 × ΣEN
2 × . . . , (5)

AN = (AVN
, AEN

), where ΣVG
i , ΣEG

i are sets of all
possible vertex, edge attribute values respectively.

Networks are most commonly seen as labeled, or
weighted, multigraphs with both directed and undi-
rected edges (Fig. 1 (c)). Vertices of a network repre-
sent some entities, and edges represent relations be-
tween them. A (relational) dataset, represented with a
network on the data level, is thus defined as (N,AN ).19



Fig. 2. Ontology representing various classes, relations and attributes related to traffic accidents and automobile
insurance domain. Classes are colored with orange, relations with blue and attributes with green. Key concepts
of the ontology are Event, Person, Driver, Witness, Owner and Vehicle.

3.2 Semantic elevation using ontologies

Ontologies are a tool for specifying the semantics of ter-
minology systems in a well defined and unambiguous
manner [24] (Fig. 2). They can simply be defined as a
network of entities, restricted and annotated with a set
of axioms. Let EO, AO be the sets of entities, axioms
for some ontology O respectively. Dataset, represented
with an ontology on semantic level, is defined as
O = (EO, AO) where

EO ⊆ EC ∪ EI ∪ ER ∪ EA, (6)
AO ⊆ {a| Ea

O ⊆ EO ∧ a axiom on Ea
O}. (7)

Entities EO consist of classes EC (concepts), individ-
uals EI (instances), relations ER (among classes and
individuals) and attributes EA (properties of classes);
and axioms AO are assertions (over entities) in a
logical form that together comprise the overall theory
described by ontology O.

This article focuses on ontologies based on descrip-
tive logic that, besides assigning meaning to axioms,
enable also reasoning capabilities. The latter can be
used to compute consequences of the previously made

assumptions (queries), or to discover non-intended
consequences and inconsistencies within the ontology.

With the advent of Semantic Web, ontologies are
rapidly gaining importance. One of the most promi-
nent applications of ontologies is in the domain of
semantic interoperability (among heterogeneous soft-
ware systems). While pure semantics concerns the
study of meanings, semantic elevation means to achieve
semantic interoperability and can be considered as
a subset of information integration (including data
access, aggregation, correlation and transformation).

Thus one of the key aspects of semantic elevation
is to derive a common representation of classes, indi-
viduals, relations and attributes within some ontology.
We employ a concept of knowledge chunks [9], where
each entity is represented with its name and a set of
semantic relations (or attributes), their values and (on-
tology) identifiers. All of the data about a certain entity
is thus transformed into attribute-value format, with
an identifier of the data source of origin appended
to each value. Knowledge chunks, denoted k ∈ K,
thus provide a (common) synthetic representation of
an ontology that is used during the matching and20



merging execution. For more details on knowledge
chunks, and their construction from a RDF(S) (Re-
source Description Framework Schema) repository or an
OWL (Web Ontology Language) ontology, see [9], [25].

Notion of knowledge chunks is introduced also on
data level. Hence, each network is represented in the
same, easily maintainable, form, allowing for common
matching and merging algorithms. Exact description
of the transformation between networked data and
knowledge chunks is not given, although it is very
similar to the definition of inferred axioms in equa-
tion (12).

3.3 Three level architecture

As previously stated, every dataset is (independently)
represented on three levels – data, semantic and ab-
stract level (Fig. 3). Bottommost data level holds data
in a pure relational format (i.e. networks), mainly
to facilitate state-of-the-art relational algorithms for
matching. Next level, semantic level, enriches data with
semantics (i.e. ontologies), to further enhance match-
ing and to promote semantic merging execution. Data
on both levels represent entities of topmost abstract
level, which serves merely as an abstract (artificial)
representation of all the entities, used during match-
ing and merging execution.

The information captured by data level is a subset
of that of semantic level. Similarly, the information
captured by semantic level is a subset of that of ab-
stract level. This information-based view of the architec-
ture is seen in Fig. 3 (a). However, representation on
each level is completely independent from the others,
due to absolute separation of data. This provides an
alternative data-based view, seen in Fig. 3 (b).

Fig. 3. (a) information-based view of the data architec-
ture; (b) data-based view of the data architecture.

To manage data and semantic level independently
(or jointly), a mapping between the levels is required.
In practice, data source could provide datasets on
both, data and semantic level. The mapping is in that
case trivial (i.e. given). However, more commonly,
data source would only provide datasets on one of
the levels, and the other has to be inferred.

Let (N,AN ) be a dataset, represented as a network
on data level. Without loss for generality, we assume
that N is an undirected network. Inferred ontology
(ẼÕ, ÃÕ) on semantic level is defined with

ẼC = {vertex, edge}, (8)
ẼI = VN ∪ EN , (9)
ẼR = {isOf, isIn}, (10)
ẼA = {AVN

, AEN
} (11)

and

ÃÕ = {v isOf vertex| v ∈ VN} (12)
∪ {e isOf edge| e ∈ EN}
∪ {v isIn e| v ∈ VN ∧ e ∈ EN ∧ v ∈ e}
∪ {v.AVN

= a| v ∈ VN ∧AVN
(v) = a}

∪ {e.AEN
= a| e ∈ EN ∧AEN

(e) = a}.

We denote IN : (N,AN ) 7→ (ẼÕ, ÃÕ). One can
easily see that I−1N ◦ IN is an identity (transformation
preserves all the information).

On the other hand, given a dataset (EO, AO), rep-
resented with an ontology on semantic level, inferred
(undirected) network (Ñ , ÃÑ ) on data level is defined
with

ṼÑ = EO ∩ EI , (13)
ẼÑ = {Ea

O ∩ EI | a ∈ AO ∧ Ea
O ⊆ EO} (14)

and

ÃṼÑ
: ṼÑ → EC × EA, (15)

ÃẼÑ
: ẼÑ → ER. (16)

Instances of ontology are represented with the vertices
of the network, and axioms with its edges. Classes and
relations are, together with the attributes, expressed
through vertex, edge attribute functions.

We denote IO : (EO, AO) 7→ (Ñ , ÃÑ ). Transfor-
mation IO discards purely semantic information (e.g.
relations between classes), as it cannot be represented
on the data level. Thus IO cannot be inverted as IN .
However, all the data, and data related information,
is preserved (e.g. relations among individuals, and
individuals and classes).

Due to limitations of networks, only axioms, relat-
ing at most two individuals in EO, can be represented
with the set of edges ẼÑ (equation (14)). When this is
not sufficient, hypernetworks (or hypergraphs1) should
be employed instead. Nevertheless, networks should
suffice in most cases.

One more issue has to be stressed. Although IN
and IO give a “common” representation of every
dataset, the transformations are completely differ-
ent. For instance, presume (N,AN ) and (EO, AO)
are (given) representations of the same dataset. Then

1. Hypergraphs are similar to ordinary graphs only that the edges
can connect multiple vertices.21



IN (N,AN ) 6= (EO, AO) and IO(EO, AO) 6= (N,AN ) in
general – inferred ontology, network does not equal
given ontology, network respectively. The former non-
equation resides in the fact that network (N,AN )
contains no knowledge of the (pure) semantics within
ontology (EO, AO); and the latter resides in the fact
that IO has no information of the exact representation
used for (N,AN ). Still, transformations IN and IO can
be used to manage data on a common basis.

Last, we discuss three key issues regarding an ade-
quate data architecture, presented in section 3. Firstly,
due to variety of different data formats, a mutual
representation must be employed. As the data on both
data and semantic level is represented in the form of
knowledge chunks (section 3.2), every piece of data
is stored in exactly the same way. This allows for
common algorithms of matching and merging and
makes the data easily manageable.

Furthermore, introduction of knowledge chunks
naturally deals also with missing data. As each chunk
is actually a set of attribute-value pairs, missing data
only results in smaller chunks. Alternatively, missing
data could be randomly inputted from the rest and
treated as extremely uncertain or mistrustful (sec-
tion 4).

Secondly, semantical component of data should
be addressed properly. Proposed architecture allows
for simple (relational) data and also semantically
enriched data. Hence no information is discarded.
Moreover, appropriate transformations make all data
accessible on both data and semantic level, providing
for specific needs of each algorithm.

Thirdly, architecture should deal with (partially)
missing and uncertain or mistrustful data, which is
thoroughly discussed in the following section.

4 TRUST AND TRUST MANAGEMENT

When merging data from different sources, these are
often of different origin and thus their trustworthi-
ness (or accuracy) can be questionable. For instance,
personal data of participants in a traffic accident is
usually more accurate in the police record of the
accident, then inside participants’ social network pro-
files. Nevertheless, an attribute from less trusted data
source can still be more accurate than an attribute
from more trusted one – a relationship status (e.g.
single or married) in the record may be outdated,
while such type of information is inside the social
network profiles quite often up-to-date.

A complete solution for matching and merging
execution should address such problems as well. A
common approach for dealing with data sources that
provide untrustworthy or conflicting statements, is
the use of trust management (systems). These are, along-
side the concept of trust, both further discussed in
sections 4.1 and 4.2.

4.1 Definition of trust

Trust is a complex psychological-sociological phe-
nomenon. Despite of, people use term trust in ev-
eryday life widely, and with very different meanings.
Most common definition states that trust is an assured
reliance on the character, ability, strength, or truth of
someone or something.

In the context of computer networks, trust is mod-
eled as a relationship between entities. Formally, we
define a trust relationship as

ωE : E × E → ΣE (17)

where E is a set of entities and ΣE a set of all
possible, numerical or descriptive, trust values. ωE

thus represents one entity’s attitude towards another
and is used to model trust(worthiness) TE of all
entities in E. To this end, different trust modeling
methodologies and systems can be employed, from
qualitative to quantitative (e.g. [14], [15], [23]).

We introduce trust on three different levels. First,
we define trust on the level of data source, in order to
represent trustworthiness of the source in general. Let
S be the set of all data sources. Their trust is defined
as TS : S → [0, 1], where higher values of TS represent
more trustworthy source.

Second, we define trust on the level of attributes
(or semantic relations) within the knowledge chunks.
The trust in attributes is naturally dependent on the
data source of origin, and is defined as TAs : As →
[0, 1], where As is the set of attributes for data source
s ∈ S. As before, higher values of TAs

represent more
trustworthy attribute.

Last, we define trust on the level of knowledge
chunks. Despite the trustworthiness of data source
and attributes within some knowledge chunk, its data
can be (semantically) corrupted, missing or other-
wise unreliable. This information is captured using
trustworthiness of knowledge chunks, and again de-
fined as TK : K → [0, 1], where K is a set of
all knowledge chunks. Although the trust relation-
ships (equation (17)), needed for the evaluation of
trustworthiness of data sources and attributes, are
(mainly) defined by the user, computation of trust
in knowledge chunks can be fully automated using
proper evaluation function (section 4.2).

Three levels of trust provide high flexibility during
matching and merging. For instance, attributes from
more trusted data sources are generally favored over
those from less trusted ones. However, by properly
assigning trust in attributes, certain attributes from
else less trusted data sources can prevail. Moreover,
trust in knowledge chunks can also assist in revealing
corrupted, and thus questionable, chunks that should
be excluded from further execution.

Finally, we define trust in some particular value
within a knowledge chunk, denoted trust value T . This
is the value in fact used during merging and matching22



execution and is computed from corresponding trusts
on all three levels. In general, T can be an arbitrary
function of TS , TAs and TK . Assuming independence,
we calculate trust value by concatenating correspond-
ing trusts,

T = TS ◦ TAs
◦ TK . (18)

Concatenation function ◦ could be a simple multipli-
cation or some fuzzy logic operation (trusts should in
this case be defined as fuzzy sets).

4.2 Trust management
During merging and matching execution, trust val-
ues are computed using trust management algorithm
based on [15]. We begin by assigning trust values TS ,
TAs

for each data source, attribute respectively (we
actually assign trust relationships). Commonly, only
a subset of values must necessarily be assigned, as
others can be inferred or estimated from the first.
Next, trust values for each knowledge chunk are not
defined by the user, but are calculated using the chunk
evaluation function feval (i.e. TK = feval).

An example of such function is a density of inconsis-
tencies within some knowledge chunk. For instance,
when attributes Birth and Age of some particular
knowledge chunk mismatch, this can be seen as
an inconsistency. However, one must also consider
the trust of the corresponding attributes (and data
sources), as only inconsistencies among trustworthy
attributes should be considered. Formally, density of
inconsistencies is defined as

feval(k) =
N̂inc(k)−Ninc(k)

N̂inc(k)
, (19)

where k is a knowledge chunk, k ∈ K, Ninc(k) the
number of inconsistencies within k and N̂inc(k) the
number of all possible inconsistencies.

Finally, after all individual trusts TS , TAs
and TK

have been assigned, trust values T are computed
using equation (18). When merging takes place and
two or more data sources (or knowledge chunks)
provide conflicting attribute values, corresponding to
the same (resolved) entity, trust values T are used to
determine actual attribute value in the resulting data
source (or knowledge chunk). For further discussion
on trust management during matching and merging
see section 5.

5 MATCHING AND MERGING DATA SOURCES

Merging data from heterogeneous sources can be seen
as a two-step process. The first step resolves the real
world entities of abstract level, described by the data
on lower levels, and constructs a mapping between
the levels. This mapping is used in the second step
that actually merges the datasets at hand. We denote
these subsequent steps as entity resolution (i.e. match-
ing) and redundancy elimination (i.e. merging).

Matching and merging is employed in various sce-
narios. As the specific needs of each scenario vary,
different dimensions of variability characterize every
matching and merging execution. These dimensions
are managed through the use of contexts [9], [26]. Con-
texts allow a formal definition of specific needs arising
in diverse scenarios and a joint control over various
dimensions of matching and merging execution.

The following section discusses the notion of con-
texts more throughly and introduces different types
of contexts used. Next, sections 5.2, 5.3 describe
employed entity resolution and redundancy elimination
algorithms respectively. The general framework for
matching and merging is presented and formalized
in section 5.4, and discussed in section 6.

5.1 Contexts

Every matching and merging execution is charac-
terized by different dimensions of variability of the
data, and mappings between. Contexts are a formal
representation of all possible operations in these di-
mensions, providing for specific needs of each sce-
nario. Every execution is thus characterized with the
contexts it defines (Fig. 4), and can be managed and
controlled through their use.

The idea of contexts originates in the field of re-
quirements engineering, where it has been applied to
model domain variability [26]. It has just recently been
proposed to model also variability of the matching
execution [9]. Our work goes one step further as
it introduces contexts, not bounded only to user or
scenario specific dimensions, but also data related and
trust contexts.

Fig. 4. Characterization of merging and matching
execution defining one context in user dimension, two
contexts in data dimension and all contexts in trust
dimension.

Formally, we define a context C as

C : D → {true, false}, (20)

where D can be any simple or composite domain. A
context simply limits all possible values, attributes, re-
lations, knowledge chunks, datasets, sources or other,
that are considered in different parts of matching and23



merging execution. Despite its simple definition, a
context can be a complex function. It is defined on
any of the architecture levels, preferably on all. Let
CA, CS and CD represent the same context on abstract,
semantic and data level respectively. The joint context
is defined as

CJ = CA ∧ CS ∧ CD. (21)

In the case of missing data (or contexts), only appro-
priate contexts are considered. Alternatively, contexts
could be defined as fuzzy sets, to address also the
noisiness of data. In that case, a fuzzy AND operation
should be used to derive joint context CJ .

We distinguish between three types of contexts due
to different dimensions characterized (Fig. 4).

user User or scenario specific contexts are used
mainly to limit the data and control the exe-
cution. This type coincides with dimensions
identified in [9]. An example of user context
is a simple selection or projection of the data.

data Data related contexts arise from dealing with
relational or semantic data, and various for-
mats of data. Missing or corrupted data can
also be managed through the use of these
contexts.

trust Trust and data uncertainty contexts provide
for an adequate trust management and effi-
cient security assurance between and during
different phases of execution. An example of
trust context is a definition of required level
of trustworthiness of data or sources.

Detailed description of each context is out of scope
of this article. For more details on (user) contexts
see [9].

5.2 Entity resolution
First step of matching and merging execution is to
resolve the real world entities on abstract level, de-
scribed by the data on lower levels. Thus a mapping
between the levels (entities) is constructed and used
in consequent merging execution. Recent literature
proposes several state-of-the-art approaches for entity
resolution (e.g. [5], [1], [12], [13], [6]). A naive ap-
proach is a simple pairwise comparison of attribute
values among different entities. Although, such an
approach could already be sufficient for flat data, this
is not the case for relational data, as the approach
completely discards relations between the entities.
For instance, when two entities are related to similar
entities, they are more likely to represent the same
entity. However, only the attributes of the related
entities are compared, thus the approach still discards
the information if related entities resolve to the same
entities – entities are even more likely to represent the
same entities when their related entities resolve to,
not only similar, but the same entities. An approach
that uses this information, and thus resolves entities

altogether (in a collective fashion), is denoted collective
(relational) entity resolution algorithm.

We employ a state-of-the-art (collective) relational
clustering algorithm proposed in [12]. To further en-
hance the performance, algorithm is semantically el-
evated and adapted to allow for proper and efficient
trust management.

The algorithm is actually a greedy agglomerative
clustering approach. Entities (on lower levels) are
represented as a group of clusters C, where each
cluster represents a set of entities that resolve to the
same entity on abstract level. At the beginning, each
(lower level) entity resides in a separate cluster. Then,
at each step, the algorithm merges two clusters in
C that are most likely to represent the same entity
(most similar clusters). When the algorithm unfolds,
C holds a mapping between the entities on each level
(i.e. maps entities on lower levels through the entities
on abstract level).

During the algorithm, similarity of clusters is com-
puted using a joint similarity measure (equation (28)),
combining attribute, relational and semantic similarity.
First is a basic pairwise comparison of attribute val-
ues; second introduces relational information into the
computation of similarity (in a collective fashion); and
third represents semantic elevation of the algorithm.

Let ci, cj ∈ C be two clusters of entities. Us-
ing knowledge chunk representation, attribute cluster
similarity is defined as

simA(ci, cj) = (22)∑
ki,j∈ci,j∧a∈ki,j

trust(ki.a, kj .a)simA(ki.a, kj .a),

where ki,j ∈ K are knowledge chunks, a ∈ As is an
attribute and simA(ki.a, kj .a) similarity between two
attribute values. (Attribute) similarity between two
clusters is thus defined as a weighted sum of similar-
ities between each pair of values in each knowledge
chunk. Weights are assigned due to trustworthiness
of values – trust in values ki.a and kj .a is computed
using

trust(ki.a, kj .a) = min{T (ki.a), T (kj .a)}. (23)

Hence, when even one of the values is uncertain or
mistrustful, similarity is penalized appropriately, to
prevent matching based on (likely) incorrect informa-
tion.

For computation of similarity between actual at-
tribute values simA(ki.a, kj .a) (equation (22)), differ-
ent measures have been proposed. Levenshtein dis-
tance [27] measures edit distance between two strings
– number of insertions, deletions and replacements
that traverse one string into the other. Another class
of similarity measures are TF-IDF2-based measures
(e.g. Cos TF-IDF and Soft TF-IDF [28], [29]). They treat

2. Term Frequency-Inverse Document Frequency.24



attribute values as a bag of words, thus the order of
words in the attribute has no impact on the similarity.
Other attribute measures are also Jaro [30] and Jaro-
Winkler [31] that count number of matching characters
between the attributes.

Different similarity measures prefer different types
of attributes. TF-IDF-based measures work best with
longer strings (e.g. descriptions), when other prefer
shorter strings (e.g. names). For numerical attributes,
an alternative measure has to be employed (e.g. sim-
ple evaluation, followed by a numerical comparison).
Therefore, when computing attribute similarity for a
pair of clusters, different attribute measures are used
with different attributes (equation (22)).

Using data level representation, we define a neigh-
borhood for vertex v ∈ VN as

nbr(v) = {vn| vn ∈ VN ∧ {v, vn} ∈ EN} (24)

and cluster c ∈ C as

nbr(c) = {cn| cn ∈ C ∧ v ∈ c ∧ cn ∩ nbr(v) 6= ∅}. (25)

Neighborhood of a vertex is defined as a set of con-
nected vertices. Similarly, neighborhood of a cluster
is defined as a set of clusters, connected through the
vertices within.

For a (collective) relational similarity measure, we
adapt a Jaccard coefficient [12] measure for trust-aware
(relational) data. Jaccard coefficient is based on Jaccard
index and measures the number of common neigh-
bors of two clusters, considering also the size of the
clusters’ neighborhoods – when the size of neighbor-
hoods is large, the probability of common neighbors
increases. We define

simR(ci, cj) =

∑
cn∈nbr(ci)∩nbr(cj) trust(e

T
in, e

T
jn)

|nbr(ci) ∪ nbr(cj)|
(26)

where eTin, e
T
jn is the most trustworthy edge connect-

ing vertices in cn and ci, cj respectively (for the com-
putation of trust(eTin, e

T
jn), a knowledge chunk repre-

sentation of eTin, e
T
jn is used). (Relational) similarity be-

tween two clusters is defined as the size of a common
neighborhood (considering also the trustworthiness
of connecting relations), decreased due to the size of
clusters’ neighborhoods. Entities related to a relatively
large set of entities that resolve to the same entities on
abstract level, are thus considered to be similar.

Alternatively, one could use some other similarity
measure like Adar-Adamic similarity [32], random walk
measures, or measures considering also the ambiguity
of attributes or higher order neighborhoods [12].

For the computation of the last, semantic, similarity,
we propose a random walk like approach. Using a
semantic level representation of clusters ci, cj ∈ C,
we do a number of random assumptions (queries)
over underlying ontologies. Let Nass be the number
of times the consequences (results) of the assumptions
made matched, Ñass number of times the conse-
quences were undefined (for at least one ontology)

and N̂ass the number of all assumptions made. Fur-
thermore, let NT

ass be the trustworthiness of ontol-
ogy elements used for reasoning in assumptions that
matched (computed as a sum of products of trusts on
the paths of reasoning, similar as in equation (23)).
Semantic similarity is then defined as

simS(ci, cj) =
NT

ass(ci, cj)

N̂ass(ci, cj)− Ñass(ci, cj)
. (27)

Similarity represents the trust in the number of times
ontologies produced the same consequences, not con-
sidering assumptions that were undefined for some
ontology. As the expressiveness of different ontolo-
gies vary, and some of them are even inferred from
relational data, many of the assumptions could be
undefined for some ontology. Still, for N̂ass(ci, cj) −
Ñass(ci, cj) large enough, equation (27) gives a good
approximation of semantic similarity.

Using attribute, relational and semantic similarity
(equations (22), (26) and (27)) we define a joint simi-
larity for two clusters as

sim(ci, cj) =
1

δA + δR + δS
(28)

(δAsimA(ci, cj) + δRsimR(ci, cj) + δSsimS(ci, cj)),

where δA, δR and δS are weights, set due to the scale
of relational and semantical information within the
data. For instance, setting δR = δS = 0 reduces the
algorithm to a naive pairwise comparison of attribute
values, which should be used when no relational or
semantic information is present.

Finally, we present the collective clustering algo-
rithm employed for entity resolution (algorithm 1).

First, the algorithm initializes clusters C and prior-
ity queue of similarities Q, considering the current set
of clusters (lines 1-5). Each cluster represents at most
one entity as it is composed out of a single knowledge
chunk. Algorithm then, at each iteration, retrieves cur-
rently the most similar clusters and merges them (i.e.
matching of resolved entities), when their similarity is
greater than threshold θS (lines 7-11). As clusters are
stored in the form of knowledge chunks, matching in
line 11 results in a simple concatenation of chunks.
Next, lines 12-17 update similarities in the priority
queue Q, and lines 18-22 insert (or update) also neigh-
bors’ similarities (required due to relational similarity
measure). When the algorithm terminates, clusters C
represent chunks of data resolved to the same entity
on abstract level. This mapping between the entities
(i.e. their knowledge chunk representations) is used
to merge the data in the next step.

Threshold θS represents minimum similarity for
two clusters that are considered to represent the same
entities. Optimal value should be estimated from the
data.25



Algorithm 1 Collective entity resolution
1: Initialize clusters as C = {{k}| k ∈ K}
2: Initialize priority queue as Q = ∅
3: for ci, cj ∈ C and sim(ci, cj) ≥ θS do
4: Q.insert(sim(ci, cj), ci, cj)
5: end for
6: while Q 6= ∅ do
7: (sim(ci, cj), ci, cj)← Q.pop() {Most similar.}
8: if sim(ci, cj) < θS then
9: return C

10: end if
11: C ← C − {ci, cj} ∪ {ci ∪ cj} {Matching.}
12: for (sim(cx, ck), cx, ck) ∈ Q and x ∈ {i, j} do
13: Q.remove(sim(cx, ck), cx, ck)
14: end for
15: for ck ∈ C and sim(ci ∪ cj , ck) ≥ θS do
16: Q.insert(sim(ci ∪ cj , ck), ci ∪ cj , ck)
17: end for
18: for cn ∈ nbr(ci ∪ cj) do
19: for ck ∈ C and sim(cn, ck) ≥ θS do
20: Q.insert(sim(cn, ck), cn, ck) {Or update.}
21: end for
22: end for
23: end while
24: return C

Three more aspects of the algorithm ought to be
discussed. Firstly, pairwise comparison of all clus-
ters during the execution of the algorithm is com-
putationally expensive, specially in early staged of
the algorithm. Authors in [12] propose an approach
in which they initially find groups of chunks that
could possibly resolve to the same entity. In this
way, the number of comparisons can be significantly
decreased.

Secondly, due to the nature of (collective) relational
similarity measures, they are ineffective when none
of the entities has already been resolved (e.g. in early
stages of the algorithm). As the measure in equa-
tion (26) counts the number of common neighbors,
this always evaluates to 0 in early stages (in general).
Thus relative similarity measures should be used
after the algorithm has already resolved some of the
entities, using only attribute and semantic similarities.

Thirdly, in the algorithm we implicitly assumed that
all attributes, (semantic) relations and other, have the
same names or identifiers in every dataset (or knowl-
edge chunk). Although, we can probably assume that
all attributes within datasets, produced by the same
source, have same and unique names, this cannot be
generalized.

We propose a simple, yet effective, solution. The
problem at hand could be denoted attribute resolution,
as we merely wish to map attributes between the
datasets. Thus we can use the approach proposed for
entity resolution. Entities are in this case attributes

that are compared due to their names, and also due
to different values they hold; and relations between
entities (attributes) represent co-occurrence in the
knowledge chunks. As certain attributes commonly
occur with some other attributes, this would further
improve the resolution.

Another possible improvement is to address also
the attribute values in a similar manner. As different
values can represent the same underlying value, value
resolution, done prior to attribute resolution, can even
further improve the performance.

5.3 Redundancy elimination

After the entities, residing in the data, have been
resolved (section 5.2), the next step is to eliminate
the redundancy and merge the datasets at hand. This
process is somewhat straightforward as all data is
represented in the form of knowledge chunks. Thus
we merely need to merge the knowledge chunks,
resolved to the same entity on abstract level. Redun-
dancy elimination is done entirely on semantic level,
to preserve all the knowledge inside the data.

When knowledge chunks hold disjoint data (i.e.
attributes), they can simply be concatenated together.
However, commonly various chunks would provide
values for the same attribute and, when these values
are inconsistent, they need to be handled appropri-
ately. A naive approach would count only the number
of occurrences of some value, when we consider also
their trustworthiness, to determine the most probable
value for each attribute.

Let c ∈ C be a cluster representing some entity
on abstract level (resolved in the previous step), let
k1, k2 . . . kn ∈ c be its knowledge chunks and let kc

be the merged knowledge chunk, we wish to obtain.
Furthermore, for some attribute a ∈ A·, let Xa be a
random variable measuring the true value of a and let
Xa

i be the random variables for a in each knowledge
chunk it occurs (i.e. ki.a). Value of attribute a for the
merged knowledge chunk kc is then defined as

arg max
v

P (Xa = v|
∧
i

Xa
i = ki.a). (29)

Each attribute is thus assigned the most probable
value, given the evidence observed (i.e. values ki.a).
By assuming pair-wise independence among Xa

i (con-
ditional on Xa) and uniform distribution of Xa equa-
tion (29) simplifies to

arg max
v

∏
i

P (Xa
i = ki.a|Xa = v). (30)

Finally, conditional probabilities in equation (30) are
approximated with trustworthiness of values,

P (Xa
i |Xa) ≈

{
T (ki.a) for ki.a = v (31a)
1− T (ki.a) for ki.a 6= v (31b)26



Fig. 5. Entity resolution and redundancy elimination for two relational datasets, representing a group of traffic
accidents (above). One dataset is also annotated with ontology in Fig. 2.

hence

kc.a = arg max
v

∏
ki.a=v

T (ki.a)
∏

ki.a6=v

1− T (ki.a). (32)

Only knowledge chunks containing attribute a are
considered.

We present the proposed redundancy elimination
algorithm (algorithm 2).

Algorithm 2 Redundancy elimination

1: Initialize knowledge chunks KC

2: for c ∈ C and a ∈ A· do
3: kc.a = arg maxv

∏
k∈c∧k.a=v T (k.a)

∏
k∈c∧k.a6=v 1−

T (k.a)
4: end for
5: return KC

The algorithm uses knowledge chunk represen-
tation of semantic level. First, it initializes merged
knowledge chunks kc ∈ KC . Then, for each attribute
kc.a, it finds the most probable value among all
given knowledge chunks (line 3). When the algo-
rithm unfolds, knowledge chunks KC represent a
merged dataset, with resolved entities and eliminated
redundancy. Each knowledge chunk kc corresponds
to unique entity on abstract level, and each attribute
holds the most trustworthy value.

At the end, only the data that was actually pro-
vided by some data source, should be preserved. Thus
all inferred data (through IN or IO; section 3.3) is
discarded, as it is merely an artificial representation
needed for (common) entity resolution and redun-
dancy elimination. Still, all provided data and seman-
tical information is preserved and properly merged
with the rest. Hence, although redundancy elimina-
tion is done on semantic level, resulting dataset is
given on both data and semantic level (that comple-
ment each other).

Last, we discuss the assumptions of independence
among Xa

i and uniform distribution of Xa. Clearly,
both assumptions are violated, still the former must be
made in order for the computation of most probable
value to be feasible. However, the latter can be elim-
inated when distribution of Xa can be approximated
from some large-enough dataset.

5.4 General framework
Proposed entity resolution and redundancy elimina-
tion algorithms (sections 5.2, 5.3) are integrated into a
general framework for matching and merging (Fig. 6).
Framework represents a complete solution, allowing a
joint control over various dimensions of matching and
merging execution. Each component of the framework
is briefly presented in the following, and further
discussed in section 6.27



Fig. 6. General framework for matching and merging data from heterogeneous sources.

Initially, data from various sources is preprocessed
appropriately. Every network or ontology is trans-
formed into a knowledge chunk representation and,
when needed, also inferred on an absent architecture
level (section 3.3). After preprocessing is done, all
data is represented in the same, easily manageable,
form, allowing for common, semantically elevated,
subsequent analyses.

Prior to entity resolution, attribute resolution is
done (section 5.2). The process resolves and matches
attributes in the heterogeneous datasets, using the
same algorithm as for entity resolution. As all data
is represented in the form of knowledge chunks,
this actually unifies all the underlying networks and
ontologies.

Next, proposed entity resolution and redun-
dancy elimination algorithms are employed (sec-
tions 5.2, 5.3). The process thus first resolves entities in
the data, and then uses this information to eliminate
the redundancy and to merge the datasets at hand.
Algorithms explore not only the relations in the data,
but also the semantics behind it, to further improve
the performance.

Last, postprocessing is done, in order to discard all
artificially inferred data and to translate knowledge
chunks back to the original network or ontology
representation (section 3). Throughout the entire ex-
ecution, components are jointly controlled through
(defined) user, data and trust contexts (section 5.1).
Furthermore, contexts also manage the results of the
algorithms, to account for specific needs of each sce-
nario.

Every component of the framework is further en-
hanced, to allow for proper trust management, and
thus also for efficient security assurance. In particular,
all the similarity measures for entity resolution are
trust-aware, moreover, trust is even used as a primary
evidence in the redundancy elimination algorithm.
The introduction of trust-aware and security-aware
algorithms represents the main novelty of the propo-
sition.

6 DISCUSSION

The following section discusses key aspects of the
proposition.

Proposed framework for matching and merging
represents a general and complete solution, applicable
in all diverse areas of use. Introduction of contexts
allows a joint control over various dimensions of
matching and merging variability, providing for spe-
cific needs of each scenario. Furthermore, data archi-
tecture combines simple (relational) data with seman-
tically enriched data, which makes the proposition
applicable for any data source. Framework can thus
be used as a general solution for merging data from
heterogeneous sources, and also merely for matching.

The fundamental difference between matching, in-
cluding only attribute and entity resolution, and
merging, including also redundancy elimination, is,
besides the obvious, in the fact that merged data is
read-only. Since datasets, obtained after merging, do
not necessarily resemble the original datasets, the data
cannot be altered thus the changes would apply also
in the original datasets. Alternative approach is to
merely match the given datasets and to merge them
only on demand. When altering matched data, user
can change the original datasets (that are in this phase
still represented independently) or change the merged
dataset (that was previously demanded for), in which
case he must also provide an appropriate strategy,
how the changes should be applied in the original
datasets.

Proposed algorithms employ relational data, se-
mantically enriched with ontologies. With the advent
of Semantic Web, ontologies are gaining importance
mainly due to availability of formal ontology lan-
guages. These standardization efforts promote several
notable uses of ontologies like assisting in commu-
nication between people, achieving interoperability
(communication) among heterogeneous software sys-
tems and improving the design and quality of soft-
ware systems. One of the most prominent applica-
tions is in the domain of semantic interoperability.28



While pure semantics concerns the study of mean-
ings, semantic elevation means to achieve semantic
interoperability and can be considered as a subset of
information integration (including data access, aggre-
gation, correlation and transformation). Semantic ele-
vation of proposed matching and merging framework
represents one major step towards this end.

Use of trust-aware techniques and algorithms in-
troduces several key properties. Firstly, an adequate
trust management provides means to deal with un-
certain or questionable data sources, by modeling
trustworthiness of each provided value appropriately.
Secondly, algorithms jointly optimize not only entity
resolution or redundancy elimination of provided
datasets, but also the trustworthiness of the result-
ing datasets. The latter can substantially increase the
accuracy. Thirdly, trustworthiness of data can be used
also for security reasons, by seeing trustworthy values
as more secure. Optimizing the trustworthiness of
matching and merging thus also results in an efficient
security assurance.

Next, we discuss the main rationale behind the in-
troduction of contexts. Although, contexts are merely
a way to guide the execution of some algorithm,
their definition is relatively different from that of any
simple parameter. The execution is controlled with
mere definition of the contexts, when in the case
of parameters, it is controlled by assigning different
values. For instance, when default behavior is desired,
the parameters still need to be assigned, when in the
case of contexts, the algorithm is used as it is. For any
general solution, working with heterogeneous clients,
such behavior can significantly reduce the complexity.

As different contexts are used jointly throughout
matching and merging execution, they allow a col-
lective control over various dimensions of variability.
Furthermore, each execution is controlled and also
characterized with the context it defines, which can
be used to compare and analyze different executions
or matching and merging algorithms.

Last, we briefly discuss a possible disadvantage
of the proposed framework. As the framework rep-
resents a general solution, applicable in all diverse
domains, the performance of some domain-specific
approach or algorithm can still be superior. However,
such approaches commonly cannot be generalized
and are thus inappropriate for practical (general) use.

7 CONCLUSION

Article proposes a general framework, and accom-
panying algorithms, for matching and merging data
from heterogeneous sources. All the proposed al-
gorithms are trust-aware, which enables the use of
appropriate trust management and security assurance
techniques. An adequate data architecture supports
not only (pure) relational data, but also semantically

enriched data, to promote semantically elevated anal-
yses that thoroughly explore the data at hand. Match-
ing and merging is done using state-of-the-art col-
lective entity resolution and redundancy elimination
algorithms that are managed and controlled through
the use of different contexts. Framework thus allows
a joint control over various dimensions of variability
of matching and merging execution.

Further work will include empirical evaluation of
the proposition on some large testbeds. Next, soft
computing and fuzzy logic will be introduced for
contexts manipulation and trust management, to pro-
vide for inexactness of contexts and ambiguity of
trust phenomena. Moreover, trust management will
be advanced to a collective approach, resulting also in
a collective redundancy elimination algorithm. Last,
all proposed algorithms will be adapted to hyper-
networks (or hypergraphs), to further generalize the
framework.
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Evaluation models for e-learning platforms 
and the AHP approach: a case study 

 
Colace, F.; De Santo, M. 

 
Abstract - Our “information-oriented” society shows an 
increasing exigency of life-long learning. In such 
framework, the E-Learning approach is becoming an 
important tool to allow the flexibility and quality 
requested by such a kind of learning process. In the 
recent past, a great number of on-line platforms have 
been introduced on the market showing different 
characteristics and services. With a plethora of E-
Learning providers and solutions available in the market, 
there is a new kind of problem faced by organizations 
consisting in the selection of the most suitable E-
Learning suite. This paper proposes a model for 
describing, characterizing and selecting E-Learning 
platform. The E-Learning solution selection is a multiple 
criteria decision-making problem that needs to be 
addressed objectively taking into consideration the 
relative weights of the criteria for any organization. We 
formulate the quoted multi criteria problem as a 
decision hierarchy to be solved using the Analytic 
Hierarchy Process (AHP). In this paper we will show the 
general evaluation strategy and some obtained results 
using our model to evaluate some existing commercial 
platforms. 
 

Keywords – E-Learning, E-Learning Platform, Multiple 
Criteria Decision Making Problem 

 
Introduction 

 
The whole world is undergoing a change that 
maybe is the most important one in the last thirty 
years, and, through the spreading of new 
information technologies, is deeply modifying 
relations among countries, markets, people and 
culture. The technological revolution has clearly 
promoted a globalization process (nowadays 
Internet represents the global village) and 
information exchange. Information can be 
considered as an economical value whose 
significance is closely associated with the 
knowledge that it offers. Updated knowledge is a 
fundamental and decisive aspect of professions 
related to the New Economy but the new society’s 
dynamism does not well adapt itself to past 
training models developed in more static or slowly 
changeable contexts [1]. The continuous need of 
new knowledge and competences has really 
shattered this boundary and professional people 
have to qualify themselves and to be willing to 
acquire new knowledge. So new didactic models 
have arisen. In this scenario one of the most 
promising approaches is the E-Learning approach. 
Several enabling factors played key role in today 
developments, including, among the other, the 
wide acceptance of the concept of Learning 

Objects, the availability of several E-Learning 
platforms and the diffusion of standards, like 
SCORM, to improve interoperability. Evaluation of 
E-Learning platforms requires evaluating not only 
the implementing software package, but additional 
features as well, including, among the others the 
supported teaching and delivering schema, the 
provided QoS and so on. With respect to this 
question, both pedagogical and technological 
aspects must be carefully evaluated. In the first 
case, it is necessary to develop new training 
models clearly defining how to organize new 
training paths and the didactic contents 
associated with them, as well as how to provide 
these contents in relation to the user who benefits 
from them. As for the technological aspect, new 
tools for distributing knowledge must be created, 
tools able to reproduce as efficiently as possible 
pedagogical training models. In fact, a series of 
features should be taken into account when one 
evaluates E-Learning platforms, starting from the 
function and usability of the overall learning 
system in the context of the human, social and 
cultural organization within which it is to be used. 
Obviously, the analysis of the features of a system 
is not sufficient: it is also important to understand 
how they are integrated to facilitate learning and 
training and what principles are applied to guide 
the way the system is used. To evaluate them 
both pedagogical and technological aspects must 
be carefully evaluated. So the goal of this paper is 
to show a model for selecting the most suitable E-
Learning solution taking into account its 
technological and pedagogical aspects. In 
literature there are many approaches to the 
evaluation of E-Learning platform. A common 
approach is the introduction of some evaluation 
grids able to evaluate the various aspects of an E-
Learning platform. The weak point of this 
approach is in the subjectiveness of the 
judgements. The starting point of the proposed 
model is the formulation of a multi criteria decision 
problem to be solved by the Analytic Hierarchy 
Process (AHP). The hierarchical structure of the 
problem allows the decision maker to compare 
various features that characterize E-Learning 
platforms. The Analytical Hierarchy Process (AHP) 
is a decision-aiding method developed by Saaty 
[2][3][4]. It aims at quantifying relative priorities for 
a given set of alternatives on a ratio scale, based 
on the judgment of the decision-maker, and 
stresses the importance of the intuitive judgments 
of a decision-maker as well as the consistency of 
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the comparison of alternatives in the decision-
making process. Since a decision-maker bases 
judgments on knowledge and experience, then 
makes decisions accordingly, the AHP approach 
agrees well with the behaviour of a decision-
maker. The strength of this approach is that it 
organizes tangible and intangible factors in a 
systematic way, and provides a structured yet 
relatively simple solution to the decision-making 
problems [5][6]. So the real aim of this paper is to 
introduce the application of the AHP in E-Learning 
Platform Evaluation. The paper briefly reviews the 
concepts and applications of E-Learning platform 
and of the multiple criteria decision analysis, the 
AHP's implementation steps. Finally we the 
obtained results applying the proposed approach 
on some existing commercial and Open Source E-
Learning platforms.  

 

E-Learning Platforms 
 
The Internet offers effective tools for exchanging 
information that can be used in different ways for 
on-line learning. Chat (textual message exchange) 
and e-mail are currently the most widespread 
ones, since they have first arisen in the Internet 
world. However, new technologies and the use of 
wider transmitting bands allow to utilize 
audio/video communication tools in real time as 
well as to share multimedia contents. At first, on-
line learning platforms had to integrate such 
services. NetMeeting application developed by 
Microsoft is a useful example to understand how a 
distance learning tool was structured. NetMeeting 
offers such services as on-line textual chat, 
videoconferencing, audio chat, application sharing 
and whiteboards. At least until the first half of the 
90s, this was the predominant way of organizing 
distance education platforms. Once technological 
problems related to the delivery and 
implementation of such services was resolved, 
industries have began to improve platforms by 
introducing modules and services able to manage 
pedagogical aspects (associated with the training 
process) [7] as well as content updating and 
availability. The most part of contemporary e-
learning platform can be viewed as organized into 
three fundamental macro components: a Learning 
Management System (LMS), a Learning Content 
Management System (LCMS) and a Set of Tools 
for distributing training contents and for providing 
interaction [8]. The LMS integrates all the aspects 
for managing on-line teaching activities. The 
LCMS offers services that allow managing 
contents while paying particular attention to their 
creation, importation and exportation. The Set of 
Tools represents all the services that manage 
teaching processes and interactions among users. 
In the following, after describing in detail the 
characteristics of the LCMS, LMS, and Set of 

Tools, technological and pedagogical requisites 
for a distance learning application will be defined, 
in order to outline an evaluation model. 

 
Learning Content Management System 
(LCMS) 
 
A Learning Content Management System includes 
all the functions enabling creation, description, 
importation or exportation of contents as well as 
their reuse and sharing. Contents are generally 
organized into independent containers, called 
learning objects, able to satisfy one or more 
didactic goals. An advanced LCMS must be able 
to store interactions between the user and each 
learning object, aiming at gathering detailed 
information about their utilization and efficacy. 
When one talks about on-line learning, it is natural 
to think of interactive media-based contents. 
Actually, this is only a part of the widespread 
contents. The contents available before the 
spreading of on-line learning were mainly 
documents, and most of them have been 
proposed as didactic material in HTML format for 
on-line courses. In addition, interactive media 
have been sometimes introduced, such as audio, 
video or training resources created by using other 
multimedia tools (for example, Flash). A good 
LCMS should accurately choose the contents to 
be offered to the student during the lessons as 
well as the way in which they must be provided. 
The importance of LCMS is related to the growing 
distance learning request that is determining a 
significant increase in content production. The 
current effort is to avoid a useless duplication of 
contents by realizing learning objects consonant 
to given standards in order to reuse them in 
different contexts and platforms. All the contents 
must be appropriately stored in special 
repositories and be easily accessible and 
updatable. In fact, a LCMS must be designed so 
as to enable a constant updating of its contents, 
allowing this process (if possible) to 
semiautomatically take place. It is important to 
point out that, from our point of view, contents are 
not considered as objects external to the platform 
but as integral parts of it. This is possible thanks 
to the services that constitute the learning content 
management system. The trend towards a 
growing of training resources, though necessary 
to better characterize the training process, does 
not allow the teacher an easy consultation and 
use of these ones. At the same time, such an 
important number of resources can disorientate 
students that may run the risk of not choosing, 
during the auto-training phase, the contents more 
suitable to them. A solution to this problem is 
given by a more detailed description for each 
content so as to avoid ambiguity or duplication 
among them. In particular, some information will 
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support the content so as to better identify the 
domain in which resources are included and to 
draw LCMS and teacher’s attention to the most 
peculiar characteristics of the training content. In 
literature, this descriptive process is known as 
metadata description [9]. At present, the scientific 
community and industries engaged in this field are 
trying to define standard metadata rules, so as to 
encourage understanding of the real semantic 
content of the various training resources. From 
this point of view, such organizations as LTSC 
supported by IEEE or IMS Global Learning 
Consortium [10][11] are trying to create 
standardization rules and processes able to 
describe training resources as well as the user 
and training paths. Therefore, the aim is not only 
to facilitate and automate research and training 
resource acquisition over the web, but also to find 
the contents that better satisfy the student training 
needs [12]. 

 
 
Learning Management System (LMS) 

 
The Learning Management System (LMS) 
embraces all the services for managing on-line 
teaching activities. In particular, it aims to offer 
management functionality to training platform 
users: system administrators, teachers and 
students. From students’ point of view, a LMS 
must offer services able to evaluate and report the 
acquired skills storing the training path followed by 
them. The System administrator should have the 
possibility of drawing up statistics on the use of 
platform services in order to better organize on-
line learning service delivery. A LMS should give 
the teacher the possibility of verifying the right 
formulation of the various lessons and suggesting 
changes (in case it is semi-automatically inferred 
from student tracking) in the learning path. 
Therefore, the functionalities of a LMS integrated 
within a distance learning platform can be 
synthesized as follows: 
• Student management 
• Course management 
• Student skill assessment 
• Student activity monitoring and tracking 
• Activity reporting 
A student management system integrated within a 
LMS must manage a database containing 
standardized descriptions of student data so as to 
better identify the user and his/her characteristics. 
This type of description is generally based on the 
XML meta-language (Extensible Markup 
Language), an element that guarantees data 
portability. When we talk about portability, we 
refer to the possibility of accessing a resource, in 
this case, the students’ descriptions, 
independently of the computer type and operating 
system. This characteristic is necessary for an e-

learning platform that aims to be compatible with a 
high number of hardware platforms, operating 
systems and standard applications. Standardized 
descriptions of users can be then used within the 
platform to store personal data, training profiles 
and the most significant events characterizing 
their training path. A LMS must implement a 
functionality that adds a significant value to the 
distance learning process. This functionality is that 
enabling the student to consult, at any time, 
results he/she has reached and, consequently, to 
monitor his/her preparation level. This possibility 
allows the student to understand his/her own gaps 
and, possibly, to identify the training contents 
more suitable to his formative requirements [13]. 
As for course management, an LMS can generally 
manage self-paced, asynchronous instructor-led 
and synchronous instructor-led courses. Self-
paced courses are usually asynchronous, in 
hypertextual format, and give much freedom to 
the student who accesses a course index. The 
LMS system manages these courses starting from 
their creation. Asynchronous courses are run by 
an instructor, but they do not foresee interactive 
moments between students and instructor. Their 
design foresees delivery of strongly multimedia-
oriented contents. Synchronous courses generally 
make use of collaborative learning that is of all 
the tools that allow creating interactions in real 
time between students and instructor. The LMS 
must keep track of who is present at the courses. 
These functions are useful to students, who can 
know how they are using the course, and teachers, 
who can control student participation in the 
courses, as well as to administrators that evaluate 
the use of on-line courses in order to determine 
their efficiency and convenience. 

 
Tools for delivering and accessing 
contents 
 
On-line training efficiency is directly related to the 
tools made available by the delivery platform as 
well as to their usage easiness. The services 
should satisfy teacher and student needs and it is 
therefore necessary that the same kinds of 
services are different in accordance with the user. 
In particular, teachers should be provided with 
tools enabling them to manage teaching 
processes for single individuals or groups, as well 
as all the interactions, including asynchronous 
discussions or live events. In addition, it is 
important to provide the teacher with updated 
reports on learner or learner groups’ progresses 
so as to better manage evaluation processes and 
facilitate activities. Besides, it is necessary to give 
students the possibility of synchronously and 
asynchronously communicating with both the 
teacher and other students. We will shortly 
analyze some of the most popular services that 
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characterize on-line training platforms from a 
collaborative point of view, and that they tend to 
integrate within themselves. The Virtual 
Classroom Service is a service designed for 
distributing courses in a synchronous mode, and 
also for supporting on-line live teaching. This type 
of service aims to reproduce the mechanisms 
present in a classroom during a traditional training 
session and is considered as a kind of container 
in which all the services able to recreate a virtual 
classroom atmosphere will be included. The use 
of a virtual classroom is obviously foreseen during 
“live” lessons in order to better manage 
synchronous interactions. The synchronous 
communication systems are based on audio and 
video conferencing technologies. The possibility of 
transmitting network videoconferencing has been 
implemented through the introduction of 
compressing movie techniques that allow 
reducing the use of bandwidth during the 
transmission in comparison with the 
uncompressed movies, intelligibility being equal. 
However, it is true that compressed video stream 
representations do not generally guarantee high 
definition movie reproductions. The latter can be 
anyway obtained by using high capability 
transmitting channels (a satellite channel, for 
example), whose utilization can be more 
expensive. Audio/video conferencing tools allow 
the display and dialogue in real-time among the 
various members located in remote areas. The 
interface generally presents a window in which the 
video captured by a video camera is displayed. 
Another service enabling synchronous 
communication within e-learning platforms is 
provided by chat. This service allows participants 
to send textual messages to the other students or 
the teacher in a public mode (all the participants 
see all the things) or a private one (only who is 
directly involved receives the communication). 
Chat service surely increases collaboration within 
the environment in which it is used, but the 
teacher or tutor must continuously monitor its 
utilization, since it could lead to a lack of attention 
and confusion within the virtual classroom. In 
addition to a textual chat, the most recent 
platforms tend to implement a vocal one by using 
VoIP mechanisms. From an historical point of 
view, the whiteboard has been one of the first 
services made available by an online learning 
platform. This service makes it available and 
shareable to teachers and learners a virtual space, 
usually called whiteboard. Both teachers and 
learners can work with it by virtue of control rights. 
This tool allows to write and draw on a shared 
space and to display PowerPoint presentations 
and images. E-mail has been one of the first 
asynchronous communication tools used by e-
learning environments. Thanks to this service, 
students can send messages to a specific 
addressee only by having his/her e-mail address. 

Some platforms can include, within their own 
infrastructures, functionalities for exchanging e-
mail messages, but most of them allow the 
integration with tools developed just for this 
purpose, such as Outlook Express, Netscape 
Messenger, Eudora, etc. 
 
Characterizing distance learning platforms 
 
As previously discussed, an on-line learning 
platform can be characterized through an analysis 
that takes into account: 

 the adopted teaching methodologies 

 the level of the training path personalization 

 operative modalities and didactic interaction 
quality 

 learning assessment and student tracking 
methods 

 typology and quality of both didactic material 
and support system 

In order to meet the exigencies of distance 
training processes, support technologies should 
also have characteristics that make the training 
process functional and available. In particular, the 
student should be allowed to fully benefit from 
auto-learning, auto motivation and auto-evaluation 
methods [14], and at the same time tutor and 
teachers should be provided with a direct and 
constant contact with the learners. So distance 
learning platforms must adopt a pedagogical 
approach based on constructivism a theory that is 
based on results of Piaget's research [15]. 
Constructivist learning is based on students' 
active participation in problem-solving and critical 
thinking regarding a learning activity which they 
find relevant and engaging. They are 
"constructing" their own knowledge by testing 
ideas and approaches based on their prior 
knowledge and experience, applying these to a 
new situation, and integrating the new knowledge 
gained with pre-existing intellectual constructs. So 
a constructivist e-learning platform is an 
environment where learners collaborate and 
support each other using a variety of tools and 
resources, as well as an environment where 
knowledge is constructed and learners assume a 
central role in the cognitive process. On-line 
learning platforms can implement easily a 
constructivist approach [16] because they can 
allow easily: 

 encouragement and acceptance of student 
autonomy and initiative 

 encouragement of students to engage in 
dialogue, both with the teacher and within 
the group 

 continuous feedback 
In other words, an on-line learning platform must 
be able to efficiently and effectively manage the 
single components of the process and their 
interactions. A distance learning platform that has 
these characteristics must carry out four principal 
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functions: communication, information sharing, 
information access and co-operation. These 
functionalities characterize both the pedagogical 
and technological approach. As for technical 
requisites, the best solution to be adopted in 
platform design should be based on the utilization 
of a multilayered, web-based architecture [17][18]. 
In particular an e-learning platform must be web-
based, in this way the client can access the 
environment by simply using a web browser, 
without compelling the user to install other 
software into his/her computer. This characteristic 
should be always taken into account by industries 
producing distance training environments. Thanks 
to it, students only need a basic knowledge in 
computer science enabling them to interact with a 
browser, which also avoids difficult installations of 
not open source software. Another technical 
requisite to be considered is portability, that is, the 
possibility for a platform to rightly work 
independently of the computer and the operating 
system on which it runs. Obviously, the possibility 
of not installing open source software into the 
client machine increases system portability, since 
it guarantees that all clients can use the same 
services. A further requisite, as previously 
described, is the system compatibility with the 
most accredited descriptive standards of training 
resources and users, such as AICC [19] and IMS 
[10]. Compatibility with these standards is 
fundamental, since it allows to import and export 
contents and courses realized by different 
industries, and gives the platform the possibility of 
being equipped with a still little used tool: the 
Intelligent Tutoring System (ITS). An ITS is an 
application that can semiautomatically reach 
decisions after acquiring information by the LMS 
and LCMS. In other words, an ITS has the task of 
monitoring students’ behaviour and advise them 
on the most suitable retrieval programs [20]. 
Besides, on the basis of the acquired data, it can 
advise the teacher on a different lesson 
organization and a different technology use. In 
fact, a course designer must have the possibility 
of making the several training process modules 
interactive, of adapting the training paths to the 
specific learner needs, and defining new training 
paths by using those already existing. Such 
operations are surely speeded up by adopting 
descriptive standards, even when an ITS is still 
not used. Another aspect to be evaluated is 
related to the services integrated into the LMS 
and LCMS. As for management, services able to 
manage enrolments, training paths, and student 
tracking are really significant and add a new value. 
Platforms including such systems are surely 
ahead of others in services, as these tools will 
represent in the next future the core of an e-
learning environment. In general, at present, 
indispensable management services are the 
following: 

 services for including and updating user 
profile 

 services for creating courses and 
cataloguing them 

 services for creating tests described through 
a standard 

 user tracking services 

 services for managing reports on course 
frequency and use 

 services for creating, organizing and 
managing own training contents or contents 
provided by other producers 

The aspect related to the offered services is 
particularly interesting, because it characterizes 
the pedagogical approach. An analysis of the 
teaching tools made available by the various 
platforms is therefore necessary. These tools, as 
previously discussed, can be divided into two 
fundamental categories: 

 asynchronous communication tools 

 synchronous communication tools 
Such tools as e-mail, discussion forum or 
newsgroup surely belong to the first category. 
Asynchronous services are really important for an 
e-learning platform, since they eliminate the space 
and time limits that can exist among the 
interlocutors. Tools that belong to the second 
category are: 

 textual or vocal chat 

 whiteboard 

 live video stream 

 virtual classroom 

 application and file sharing. 
Real-time communication is used to carry out at 
distance activities that are normally performed in 
face-to-face meetings. In this way, learners can 
interact with teachers creating an atmosphere 
more similar to that of a traditional classroom. The 
use of these new technologies will lead to a 
pedagogical approach based on group’s 
interactions, where the teacher has the role of 
facilitating and organizing discussions. This 
approach debates traditional teaching methods (in 
which teachers are dominant and students are 
passive) and substitutes them for one based on 
active pedagogy. On the basis of the previous 
considerations, we have grouped the parameters 
of interest into four macro fields: 

 system requisites 

 training resources and course management 

 user management 

 services offered to users 
For each macro field, an evaluation grid has been 
designed. 
 
The Multiple Criteria Decision Analysis and the 
AHP Approach 
The selection of an E-Learning platform is not a 
trivial or easy process. Project managers are 
faced with decision environments and problems in 
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projects that are complex. The elements of the 
problems are numerous, and the inter-
relationships among the elements are extremely 
complicated. Relationships between elements of a 
problem may be highly nonlinear; changes in the 
elements may not be related by simple 
proportionality. Multiple criteria decision-making 
(MCDM) approaches are major parts of decision 
theory and analysis. They seek to take explicit 
account of more than one criterion in supporting 
the decision process [21]. The aim of MCDM 
methods is to help decision-makers learn about 
the problems they face, to learn about their own 
and other parties' personal value systems, to learn 
about organizational values and objectives, and 
through exploring these in the context of the 
problem to guide them in identifying a preferred 
course of action. In other words, MCDM is useful 
in circumstances which necessitate the 
consideration of different courses of action, which 
can not be evaluated by the measurement of a 
simple, single dimension [21].  A good solution for 
the MCDM problem is in the AHP approach. After 
a long period of debate, in fact, on the effective 
value of the AHP approach Harker and Vargas 
[22] and Perez [23] proved that the AHP approach 
is based upon a firm theoretical foundation. The 
AHP approach is composed by the following 
steps: 

1. Define the problem and determine its 
goal. 

2. Structure the hierarchy from the top (the 
objectives from a decision-maker's 
viewpoint) through the intermediate levels 
(criteria on which subsequent levels 
depend) to the lowest level which usually 

contains the list of alternatives. 
3. Construct a set of pair-wise comparison 

matrices (size NxN) for each of the lower 
levels with one matrix for each element in 
the level immediately above by using the 
relative scale measurement shown in 
Table 1. The pair-wise comparisons are 
done in terms of which element 
dominates the other. 

4. There are n(n-1) judgments required to 
develop the set of matrices in step 3. 
Reciprocals are automatically assigned in 
each pair-wise comparison. 

5. Hierarchical synthesis is now used to 
weight the eigenvectors by the weights of 
the criteria and the sum is taken over all 
weighted eigenvector entries 
corresponding to those in the next lower 
level of the hierarchy. 

6. Having made all the pair-wise 
comparisons, the consistency is 

determined by using the eigenvalue, max, 

to calculate the consistency index, CI as 

follows: CI = (max -n)/(n-1) where n is the 
matrix size. Judgment consistency can be 
checked by taking the consistency ratio 
(CR) of CI with the appropriate value in 
Table 2. The CR is acceptable, if it does 
not exceed 0.10. If it is more, the 
judgment matrix is inconsistent. To obtain 
a consistent matrix, judgments should be 
reviewed and improved. 

7. Steps 3-6 are performed for all levels in 
the hierarchy 

 
Numerical rating Verbal judgments of preferences 

9 Extremely preferred 

8 Very strongly to extremely 

7 Very strongly preferred 

6 Strongly to very strongly 

5 Strongly preferred 

4 Moderately to strongly 

3 Moderately preferred 

2 Equally to moderately 

1 Equally preferred 

Table 1: Pair-wise comparison scale for AHP preferences 

 

 

Size of matrix 1 2 3 4 5 6 7 8 9 10 

Random Consistency 0 0 0.58 0.09 1.12 1.24 1.32 1.41 1.45 1.49 

Table 1 Average random consistency (RI) 
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THE AHP APPROACH AND THE SELECTION 

OF AN E-LEARNING PLATFORM 

E-Learning platforms have to satisfy some rules in 
order to be effective and, besides, some platforms 
can be really effective only in some well defined 
scenario. Obviously this is a Multiple Criteria 
Decision Problem. So the first step is to set the 
interest scenarios; in this paper we consider the 
following cases: An ECDL course, a blended 
university course, a professional training course. 
In the following paragraphs we will describe in 
more details the selected scenarios. So now the 
first step is the definition of the AHP hierarchy. 
Obviously in this case the first level is the 
selection of the best E-Learning platform for the 
selected scenario. The second level is composed 
by features that have in account pedagogical, 
technological and usability aspects. In particular 
we have introduced five main features:  

 Management 

 Collaborative Approach 

 Management and enjoyment of 
interactive learning objects 

 Usability 

 Adaptation of learning path 

Obviously every feature involves, in their 
determination, some sub-features. In order to test 
our approach we selected the following platforms: 

 Docent [24] 

 Quasar [25] 

 Claroline [26] 

 IWT [27] 

 Running Platform [28] 

 Moodle [29] 

 ATutor [30] 

 ADA [31] 

 Ilias3 [32] 

 Docebo [33] 

Now we can describe in details the proposed 
approach for the various scenarios. We have to 
outline that the various scenarios are obtained 
from the analysis of real cases. In particular we 
have considered scenarios that are in our 
University. The first involves the selection of an E-
Learning platform for the endowment of ECDL 
courses. In this case the platform has to support 
classes composed by thirty students. These 
students are not really familiar with computers’ 
world. So the usability feature has to be highly 
and carefully evaluated. In this scenario it is very 

important the tracking of the progress of the 
students. Another characteristic of this user group 
is the not very wide internet connection 
bandwidth. The second scenario describes a 
typical situation: E-Learning platform has to 
support the activities of some courses. So in this 
scenario management tools are very important. 
Also the collaborative tools have to be considered. 
The last scenario involves the use of an E-
Learning platform in the case of professional 
training. In this case the target group is not very 
skilled on ICT technologies and needs to interact 
with very simple and clear graphic user interfaces. 
In this case the usability feature has a really 
importance. Also the tools for the adaptation of 
learning path are important because the target 
group could be very heterogeneous. So according 
to the AHP approach we have to compare the 
various platforms each other for every feature and 
scenario. First of all we have to declare the 
standing of the features ordered by importance. 
For the various scenarios we have the following 
standing (Table): 

ECDL 
Course 

Blended 
Course 

Professional 
Training 

Management Management Usability 

Management 
and 

enjoyment of 
interactive 
learning 
objects 

Management 
and 

enjoyment of 
interactive 
learning 
objects 

Adaptation 
of learning 

path 

Usability 
Collaborative 

Approach 

Management 
and 

enjoyment of 
interactive 
learning 
objects 

Adaptation 
of learning 

path 
Usability Management 

Collaborative 
Approach 

Adaptation 
of learning 

path 

Collaborative 
Approach 

Table 3: Standing of considered features ordered by 

importance for the considered scenarios 

 

After this phase in order to have a value for every 
feature we considered some evaluation grids 
introduced in [8] in order to evaluate the following 
indexes: 
Management Index 
Management Index = IM = Obtained Value for the 
supported tools / Max Value 
This index aims to evaluate how many services 
for the management of students and of their 
progress are in the various platforms. In the table 
we show the obtained results. In this table the 
column Weight indicates the relative importance 
of the feature.  
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Progress Tracking 3 3 3 3 3 3 3 3 3 3 0 

Multi Course 
Management 

2 2 2 2 2 2 2 2 2 2 2 

Student’s Group 
Management 

2 2 2 2 0 2 2 2 2 2 2 

Contents Insertion 1 1 1 1 1 1 1 1 1 1 1 

Contents Sharing 2 2 2 2 2 2 2 2 2 2 2 

Standard Contents Import 1 1 1 1 1 0 1 1 0 1 1 

Contents Import 2 2 2 2 2 2 2 2 2 2 2 

New Course Creation 1 1 1 1 1 1 1 1 1 1 1 

Course Indexing 1 1 1 1 1 1 1 1 1 1 1 

Report 2 2 2 2 2 0 2 2 2 2 2 

Assessment 
Management 

2 2 2 2 2 2 2 2 2 2 2 

Course List 1 1 1 1 1 1 1 1 1 1 1 

Assessment Report 
Analyzer 

2 2 2 2 2 2 2 2 2 2 2 

On-Line User 
Registration 

1 1 1 1 1 1 1 1 1 1 1 

Multi-User Management  1 1 1 1 1 1 1 1 1 1 1 

 

Total 24 24 24 24 22 21 24 24 23 24 21 

IM Index  1 1 1 0.92 0.87 1 1 0.96 1 0.87 

Table 4: Obtained results for the Management Index 

 
Collaborative Index 

IC = Obtained Value for the supported tools / Max 
Value 

This index aims to evaluate how many 
“collaborative” services are in the various 
platforms. With the term “collaborative” services 
we intend these platform services allowing the 
interaction among students and/or teachers. In the 
table 5 we show the obtained results. In this table 
the column Weight indicates the relative 
importance of the feature. 
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E-Mail 1 1 1 1 1 1 1 1 1 1 1 

Forum 2 2 2 2 2 2 2 2 2 2 2 

Chat 2 2 2 2 2 2 2 2 2 2 2 

Whiteboard 2 2 0 0 2 1 0 2 0 0 0 

A/V 
Streaming  

2 2 0 0 2 0 0 0 2 0 0 

Contents 
Download 

2 2 2 2 2 2 2 2 2 2 2 

Application 
Sharing 

2 2 0 0 2 0 0 0 0 0 0 

Virtual 
Classroom 

3 3 3 0 3 0 0 0 0 0 0 

 

Total 16 16 10 7 16 8 7 9 9 7 7 

IC Index  1 0.62 0.44 1 0.50 0.44 0.56 0.56 0.44 0.44 

Table 5: Obtained results for the Collaborative Index 

 

 

Management and enjoyment of 
interactive learning objects index 

MIO = Obtained Value for the supported tools / 
Max Value 

This index aims to evaluate how many services 
for the management and enjoyment of interactive 
learning objects are in the various platforms. In 
the table 6 we show the obtained results. In this 
table the column Weight indicates the relative 
importance of the feature. 
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Whiteboard 2 2 0 0 2 1 0 2 0 0 0 

A/V 
Streaming  

3 3 0 0 3 0 0 0 3 0 0 

Application 
Sharing 

3 3 0 0 3 0 0 0 0 0 0 

Virtual 
Classroom 

3 3 3 0 3 0 0 0 0 0 0 

 

Total 11 11 3 0 8 1 0 2 3 0 0 

MIO Index  1 0.27 0.00 0.73 0.10 0.00 0.18 0.73 0.00 0.00 

Table 6: Obtained results for the Management and enjoyment of interactive learning objects index 

 

 

Usability 

For the usability feature we used a questionnaire 
introduced by Nielsen [34]. The aim is to evaluate 
the use easiness of the platforms and of their 
interfaces. The obtained results are depicted in 
the table 7: 

 Usability Index 

Docent 0.65 

Quasar 0.70 

Claroline 0.85 

IWT 0.65 

Running 0.75 

Moodle 0.80 

Atutor 1.00 

ADA 0.85 

Ilias3 0.70 

Docebo 0.85 

Table 7: Obtained results for the Usability Index 

 

Adaptation of user’s formative 
learning path index 

LPA = Obtained Value for the supported tools / 
Max Value 

This index aims to evaluate how many services 
for the adaptation of user’s formative learning path 
are in the various platforms. These services have 
to allow the creation of personalized learning 
paths and the continue assessment of students. In 
the table 8 we show the obtained results. In this 
table the column Weight indicates the relative 
importance of the feature. 
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Progress Tracking 3 3 3 3 3 3 3 3 3 3 0 

Student’s Group 
Management 

2 2 2 2 0 2 2 2 2 2 2 

Report 3 3 3 3 3 0 3 3 3 3 3 

Assessment Management 2 2 2 2 2 2 2 2 2 2 2 

Multi-User Management  1 1 1 1 1 1 1 1 1 1 1 

 

Total 11 11 11 11 9 8 11 11 11 11 8 

LPA Index  1.00 1.00 1.00 0.82 0.73 1.00 1.00 1.00 1.00 0.73 

Table 8: Obtained results for the Adaptation of users formative learning path index 

 

At the end of this phase we can compare the 
“relative” obtained results of platforms in every 
feature in order to have a standing. According to 
the AHP approach we defined the “absolute” 
weight of every feature keeping in mind the 
constraints of the selected scenario. According to 
the AHP strategy we can compose the results in 
the following way:  

 

The obtained results for each scenario are the 
depicted in the next figures: 

 

 

 

 

1,..,5

Platform Final Score = *i i

i

Weight PlatformValue


  

 

0,1647

0,0996 0,1000

0,1322

0,0493

0,0942

0,1274

0,0900
0,0876

0,0550

0,0000

0,0200

0,0400

0,0600

0,0800

0,1000

0,1200

0,1400

0,1600

0,1800

Docent Quasar Claroline IWT Running Moodle ATutor ADA ILIAS2 Docebo

 

Figure 1: Obtained Results for the ECDL scenario 
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Figure 2: Obtained Results for the blended course scenario 
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Figure 3: Obtained Results for the professional training 

 

The AHP approach allows not only to evaluate the 
platforms but to test them application in a well 
defined scenario. In fact Docent platform has very 
good results in the first two scenarios while in the 
third it is not still true. In fact in the third case all 
the management or collaborative tools are not 
very important. The obtained results confirm that 
the difference between commercial platforms and 
open source in general is still very high, but our 
method shows as in some scenarios this is not 
true. In this case it can suggest the use of a 
cheaper platform.  

Conclusion  

In order to accurately evaluate the potentialities of 
an online learning platform, it is important to pay 
attention to its three main components: Learning 
Management System, Learning Content 
Management System and Virtual environment for 
teaching and services associated with it. An 
efficient system must be able to integrate into 
oneself all these components so that they can 
efficaciously interact with each other. Besides, it is 
necessary that such platforms make reporting 
data services available, so as to allow accurate 
analyses on activities carried out by users. One of 
the most interesting problem is the introduction of 

a general and objective model for the evaluation 
of E-Learning platforms. This task is not trivial 
because a good evaluation model has to take in 
account not only the platform and its services but 
also the scenario where it has to work.  So in this 
paper we have introduced an evaluation model 
based on the use of AHP approach. The AHP 
approach, in fact, is useful in circumstances which 
necessitate the consideration of different courses 
of action, which can not be evaluated by the 
measurement of a simple, single dimension. In 
this way we can evaluate an E-Learning platform 
considering both its application in the interest 
scenario, both its comparison with other 
considered platforms. We tested our approach on 
four E-Learning platforms and in three scenarios. 
The obtained results are encouraging and 
effective. The proposed method, in fact, does not 
only evaluate the platform but also its 
effectiveness in the considered scenario. In this 
paper, for example, we showed as in some 
scenario the performances of a commercial 
platform as Docent are similar to the ones of 
“academic” frameworks. We aim to extend the 
proposed approach to new scenarios and 
platforms. 
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Abstract— This paper proposes an analysis of 
the Academic Ranking of World Universities, 
published every year and gives on overview of the 
present situation in Higher Education.  The 
publication of the ―Institute of Higher Education, 
Shanghai Jiao Tong University‖ – Academic 
Ranking of World Universities 2009, the Ranking 
Web of world universities 2010 (Spain) and the QS 
World University Rankings 2009 are analyzed. The 
paper gives an analysis of the scientific journal 
publications from professors/researchers from the 
USA and Europe.     

 
Index Terms— Academic Ranking, Higher 

Education, QS World University Rankings 2009,  

Ranking Web of World universities 2010, World 
Universities.  

 

1. OVERVIEW OF THE PRESENT SITUATION IN HIGHER 

EDUCATION 

Europe has  4752 higher education institutions, 

with over 17 million students and 1.5 million 

staff.  All across Europe, countries and 

universities are in a process of modernization. 

From an EU perspective, these reforms are part 

of the Lisbon Strategy [1], [2].  

According to the publication of the well-known 

institution "Institute of Higher Education 

Shanghai Jiao Tong University” [3] the rank list 

of the top 20 Universities in the world space of 

higher education in 2009 appears in the following 

order: 
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Table 1. Shanghai World rank list of the top 20 

universities in 2009 (05. Nov. 2009) 

 

The Academic Ranking of World Universities – 

ARWU is first published in June 2003 by the 

Center for World-Class Universities and the 

Institute of Higher Education of Shanghai Jiao 

Tong University. ARWU uses the following 

indicators to rank world universities, including:  

- the number of alumni and staff winning Nobel 

Prizes and Fields Medals,  

- number of highly cited researchers selected 

by Thomson Scientific, number of articles 

published in journals of Nature and Science,  

- number of articles indexed in Science Citation 

Index - Expanded and Social Sciences 

Citation Index, and per capita performance 

with respect to the size of an institution [3]. 

 

According to the latest edition of the Web 

Ranking of World Universities [4], [5] published 

by the Spanish National Research Council's 

Cybermetrics Lab, the rank list of the top 15 

universities in the world space of higher 

education (from top 8000 universities) in January 

2010 looks as follows: 
 

                                                                                     
 

Academic Ranking of World Universities 
2009/2010  

Mester, G. 
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Table 2. Web Ranking of World Universities of the top 

15 universities in January 2010 

Comparison of the main world universities' 

rankings is illustrated in Table 3. 
 

 
 

Table 3. Comparison of the main World 

Universities' Rankings 

 

Distribution by country is illustrated in Table 4. 

 

 

 
 

Table 4. Distribution by country 
 

Distribution by continent is illustrated in Table 5.  
 

 
 

Table 5. Distribution by continent 

The next table summarizes the actual 

coverage of the Ranking, in terms of number of 

countries and higher education institutions 

around the world.  

 

 
 

Table 6. Coverage of the Webometrics Ranking of 

World Universities 

 

Rank of Universities of Serbia, Slovenia and 

Macedonia 2010 are illustrated in Tables 7, 8 

and Tables 9.  
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Table 7. Rank of Universities of Serbia 2010 

 

 
 

Table 8. Rank of Universities of Macedonia 2010 

 

 
 

Table 9. Rank of Universities of Slovenia 2010 

 

For each country only the Higher Education 

Institutions ranked till the 8,000th position are 

included [4]. Complete coverage is over 17,000 

organizations 
 

The QS World University Rankings™ have 

become popular since they were launched in 

2004. The QS rank list of the top 20 universities 

in the world space of higher education looks as 

follows [6]: 
 

 

 
 

Table 10. QS World rank list of the top 20 universities 

in 2009 
 

2. PERFORMANCE RANKING OF SCIENTIFIC PAPERS 

FOR WORLD UNIVERSITIES 

According to the latest edition of the:  

2009 Performance Ranking of Scientific Papers 

for World Universities published by:  

Higher Education & Accreditation Council of 

Taiwan 

the rank list of the top 10 universities in the world 

space of higher education in October 2009 was 

the following: 
 

 
 

Table 11. Performance Ranking of Scientific Papers 

for World Universities in 2009 

 

This annual ranking project began in 2007 and 

evaluates and ranks the scientific paper 

performance for the top 500 universities 

worldwide. Three criteria represented by eight 

indicators were used to assess a university’s 

overall scientific paper performance:  

research productivity (20%),  

reseach impact (30%) and  

research excellence (50%). 

3. CONCLUSION 

On the basis of the performed analysis I think 

that we do not have enough time to achieve the 

goals of the Lisbon Declaration in the European 

Higher Education Area.  I propose the adoption 

of a new (Lisbon) strategy in the European 

Higher Education Area in the year 2010.  
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Visual and Aural:
Visualization of Harmony in Music with Colour
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ABSTRACT—Music is strongly intertwined
with everyday life, however its inner structure
may not be comprehensible to everyone. Us-
ing other senses like vision can help us to un-
derstand the music better and produce a syn-
ergy between two senses. For this purpose we
designed a prototype visualization that shows
the structure of music and represents harmony
with colour by connecting similar aspects in mu-
sic and visual perception. We improve current
visualization methods by calculating a common
colour for a group of concurrent tones based on
harmonic relationships between tones. More-
over we extend the colour calculation to broader
temporal segments to enable visualization of har-
monic structure of a piece. The basis for map-
ping of tones to colour is the key-spanning circle
of thirds combined with the colour wheel. The
resulting visualization is rendered in real time
and can be interactively explored.

Index terms— music visualization, colour, con-
current tones, MIDI

1. INTRODUCTION

Visualizing data is a challenge. Visualization helps
us to grasp, what would otherwise be difficult to

comprehend and may enable us to see patterns that
were unnoticed without visualization. It should not in-
clude redundant elements and it should be intuitive. We
have to search for appropriate mapping of source data
into visual dimensions. In this paper we focus on a spe-
cific domain of visualizing music. In the case of music
we are dealing with a stream of sound data. The basic
data unit we use is a musical tone, so the input to the
visualization is a stream of tones. The stream does not
necessary represent music – it can be a stream of arbi-
trary tones, as only a small subset of possible streams
is usually referred to as music. However the visualiza-
tion has to account for these as well and visualise them

appropriately.
As the aim is to make visualization meaningful and

useful in practice, we have to explore possibilities of dif-
ferent mappings. We try to find interconnecting aspects
of sound and visual perception. In accordance with this
idea, we developed a prototype visualization that con-
nects similar aspects of music and visual perception.
The input to the visualization tool is in MIDI format.
The basis for the visualization is a modified piano roll
notation, which uses spatial dimensions for visualising
time, pitch and instruments. Harmony, which is one the
most important aspects in tonal music, is represented
with colour. In comparison to existing related visu-
alizations that use colour to denote pitch classes or a
predefined set of chords, our visualization takes into ac-
count that concurrent sounding tones are not perceived
as separated, but also as a whole. For this purpose
the musical piece is segmented into time slices and each
segment is assigned a colour based on a method using
vector addition inside a key spanning circle of thirds
assigned to colour wheel [6, 2]. As human perception
of harmony is not limited to a moment in time we ex-
panded the method to encompass a broader time range
and used it to visualise harmonic structure of broader
temporal segments.

The resulting visualization offers a view of the com-
position as a whole. Additionally it can be observed
in real-time together with listening to the source data,
which enables the user to make a more direct connection
between the source and the visualization thus enabling
faster comprehension.

The rest of the paper is organised as follows. In sec-
tion 2 we review relevant related work, in section 3 we
give a detailed explanation of our visualization, details
about implementation are given in section 4. The re-
sulting visualization is reviewed and discussed in sec-
tion 5 and concluding remarks are in section 6.

2. RELATED WORK
There are many possibilities for mapping tonal data

or whole musical structures into visual elements. Some
of them are only aesthetically pleasing, such as transfor-
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mation of a physical property of sound like amplitude
into visual effects. However the real value is in visual-
izations of music that offer additional information that
may otherwise stay unnoticed or be difficult to under-
stand by a musically untrained listener.

A well known visualization is musical notation, how-
ever it takes years of training for someone to look at a
score and know what it sounds like. An intuitive visu-
alization is comprised of a time axis and an axis with
some other value of interest. In case of using time on
x-axis and pitch on y-axis we get a piano roll notation,
which is used as basis for some visualizations. Colour
usage also varies throughout different visualizations.

Smith and Williams [13] discussed a MIDI based visu-
alization of music in 3-dimensional space, using colour
to denote timbre1. Music Animation Machine [7] en-
compasses a number of visualizations including piano
roll and Tonnetz. It also uses colours to mark pitch
classes. The assignment of colour to pitch class is based
on assigning the colour wheel to the circle of fifths. Sim-
ilar assignment was proposed by Scriabin (beginning of
the 20th century). The basic idea of this assignment is
that closely related keys or tones are mapped into re-
lated colours. Prior to Scriabin a commonly used map-
ping was colour to pitch, used already by Newton. How-
ever is not well suited to represent harmony because ad-
jacent tones are weakly harmonically related. An out-
line of historical development of mappings of colour to
pitch classes is given by Wells [14].

The comp-i system [9] expands the piano roll nota-
tion into three dimensions to allow the user to visually
explore the source MIDI dataset and offers a view of
the structure of the music as a whole, additionally al-
low to explore the hierarchy of music using ConeTree
visualization [11]. Mardirossian and Chew [8] visualise
tonal distribution of a piece by using Lerdahl’s two-
dimensional pitch space – they divide the piece into
uniform slices and use a key-finding algorithm to deter-
mine the most likely key for the each slice. Keys are
coloured by aligning the colour wheel and the circle of
fifths. Bergstrom’s isochord [1] visualization highlights
consonant intervals between tones and chords at a given
time. It is based on Tonnetz grid and offers a view of
changing of the harmony over time. Sapp [12] visualizes
hierarchy of key regions of a given composition, where
horizontal axis represents time and vertical axis repre-
sents the duration of the key-finding algorithm’s sliding
window. Colour hues are assigned to keys by taking
a part of the circle of fifths and mapping it into the
colour wheel. A summary of visualizations is given by
Isaacson [5].

1Timbre is also called tone colour.
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Figure 1: The key-spanning circle of thirds as-
signed to the colour wheel.

3. VISUALIZING HARMONY
WITH COLOUR

3.1 Assignment of colours to musical tones
The term of harmony encompasses consonance (espe-

cially of concurrent sounding tones), but more broadly
it also involves the study of tonal progressions. The
perception of consonance and dissonance of concurrent
tones is related to the ratios of the tone frequencies [3].
In order of rising dissonance the most consonant inter-
val between two tones is unison with a tone ratio of
1:1, followed by octave (ratio of 1:2), perfect fifth (2:3),
major third (3:4), minor third (4:5) etc. Tones with
simple (small integer) frequency ratios are perceived as
similar – unison is made up of two same tones, similar-
ity of octaves is also called octave equivalence and in
consequence two tones that lie an octave apart belong
to same pitch class. Following a series of perfect fifths
from a chosen tone (belonging to a certain pitch class),
after 12 steps we arrive roughly to the same pitch class.
In this way we can generate all 12 pitch classes of the
chromatic scale. These pitch classes can be organised
in a circle of fifths where to adjacent tones are a per-
fect fifth (or perfect forth in opposite direction) apart.
Similar tones are close together and dissimilar tones are
on opposite sites. In addition of representing tones, the
circle of fifths can also represent tonalities.

Because we want to map similar tones to similar colours,
the colour wheel is assigned to the circle of fifths. In
the colour wheel the colours that are perceived simi-
lar are close together while complementary colours are
on opposite sides. With such mapping the difference
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(a) Without broader temporal segments.

(b) Visualised with broader temporal segments. Disso-
nance of the sequence is visible trough grey layers sur-
rounding the chords.

Figure 2: Visualization of C major and F] major
triads played successively.

or similarity between two colours is much more impor-
tant than the psychological meaning of the colours so
in consequence the initial orientation and alignment of
the colour wheel and the circle of fifths can be chosen
arbitrary. Our initial assignment is shown in Figure 1.

3.2 Calculating common colour for concurrent
tones

Concurrent tones are not perceived as entirely sepa-
rate, but also as a whole [10]. To model this perception
we can calculate a common colour for a group of tones.
To reflect the difference between dissonant tone combi-
nations, which are perceived as unpleasant and unsta-
ble on one side, and consonant, which are perceived as
pleasant, dissonant combinations are represented by un-
saturated colours and consonant by saturated colours.
Combinations in between are also possible. Colour hue
should represent similarity of the tone combinations.
The tones of the 12-tone chromatic scale are represented
by a vector originating in the centre of the circle and
pointing towards the appropriate pitch class. To calcu-
late a common colour for a combination of tones, the
vectors are added together. The direction of the resul-
tant vector represents the hue and the length represents
the saturation. This method does not produce satisfac-
tory for every combination because although the circle
of fifths shows the similarity of unison, octave, perfect
fifth and perfect forth, it does not show similarity of
major and minor thirds. To account for this we use a
revised method [6] for calculating colour of concurrent
tones that uses key-spanning circle of thirds [4] instead
of the circle of fifths. The key-spanning circle of thirds
is made up of two circles of fifths slightly rotated in cor-
respondence to each other, so that the clockwise neigh-
bour of a tone in the circle signed with capital letters is
its major third (Figure 1).

(a) Without broader temporal segments.

(b) With broader temporal segments.

Figure 3: Visualization of a C major triad played
as a broken chord on left and as a block chord
on the right.

3.3 Common colour of broader temporal seg-
ments

The method for calculating colours works on concur-
rent tones – the piece has to be segmented in small time
slices, with each analysed separately. But the concept
of harmony more broadly encompasses more than just
the consonance of concurrent sounding tones, it includes
tonal progressions. If we have a series of random major
chords, each chord’s colour would be fully saturated,
but the sequence itself may be dissonant (Figure 2(a)
shows C major and F] major triads being played in suc-
cession – each triad is consonant, but the sequence is
dissonant). Broken chords are coloured tone by tone,
although they are a spread out variant of a block chord
(Figure 3(a) shows C major triad being played first as
broken chord and as a block chord thereafter; the yel-
low coloured E tone in the broken chord visualization
is noticeable). To address these problems neighbouring
segments are joined to form broader segments and the
colour is calculated for each joined segment using the
method for calculating the colour of concurrent tones.
The size of the joining window can be adjusted.

3.4 Integrating colour with spatial dimensions
The basis for visualization is the piano roll notation.

In the piano roll notation the x-axis represents time
and the y-axis represents pitch. As a particular pitch
may be played by instruments with different timbre at
the same time, we extended the visualization with z-
axis representing instruments. Each tone is drawn as
a cylinder of fixed thickness with varying opacity de-
pending on the loudness of the tone in given moment –
silent tones are almost transparent, while loud tones are
opaque. Decaying tones get gradually more transpar-
ent. The colour of tones varies and depends on colours
of the segments. As very small segments are impractical
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for real-time visualization, they are extended to reduce
calculations and render time. The boundary between
two extended segments is one of following events: start
of a new tone, end of a tone, explicit change of loudness.
Colour is calculated at the beginning and at the end of
the segment, the colour values for the inside of the seg-
ment are linearly interpolated between the beginning
and the end colours. This greatly reduces calculation
time as in most cases change between two minimal seg-
ments is just gradual decay of tones.

Harmonic structure of broader temporal segments is
visualised by drawing semi-transparent layers around
the tones (Figure 2(b) and 3(b)). The colour of the layer
is determined by joining the segments with appropriate
size of the joining window and calculating the colour for
the joined broad segment. The factor of transparency of
the layers is dependent on the number of joining window
sizes to be displayed at a time (transparency of layers
increases with their number). For performance reasons
the number of layers and maximum joining window size
is limited.

4. IMPLEMENTATION
The rendering of the visualization is made in OpenGL

as the volume of data needed to be rendered in real-time
can become large for some pieces. The visualization
takes MIDI data as input, which is sufficient as colour
calculation method takes the 12 tones of the chromatic
scale as input. Tones that lie outside of the 12-tone
chromatic scale are displayed with proper height in the
3-dimensional space, however for the purpose of calcu-
lating colour they are rounded to the nearest tone in the
scale. Another reason for using MIDI is that it elim-
inates the problem of extracting tones from recorded
sound. Input data is processed and rendered in real-
time, allowing live input and observations of results.
Figure 4 shows the main window of the visualization
tool.

5. RESULTS AND DISCUSSION
The purpose of our visualization is to show harmonic

relationships with colour. For example consonant tone
combinations like C and G, C and F, C and E have sat-
urated colours, dissonant combinations like C and F], C
and C] have low saturation. Related triads like C ma-
jor, A minor, G major have similar colour hues (red to
magenta), while C major and C minor, which are not
harmonically related have distant hues (magenta and
blue respectively). Complex tone combinations involv-
ing dissonant tones result in low saturated colours.

As tone loudness is also taken into account when cal-
culating colour, the resulting visualization has smooth
transitions of colour and changes in transparency. This
is especially noticeable in the visualization of decaying
of the tones.

Figure 4: The main visualization window dis-
playing the extended piano roll visualization of
an excerpt from Smetana’s Vltava. The har-
monic relationships between concurrent tones
and broader temporal segments are shown with
colour.

As perception of harmony extends also in time dimen-
sion, colour for broader temporal segments is also calcu-
lated and displayed. This solves the problems with bro-
ken chords, arpeggios and dissonant sequences of tones
or chords as can be seen in Figure 3 and 2. In this way
tones that are played in sequence instead of concur-
rently are given properly coloured “context”. Colours
of broader temporal segments of appropriate length also
point to the possible chord for that part of the piece.

Figure 5 depicts some examples of visualization of dif-
ferent musical pieces. In Figure 5(a) we can see slowly
changing colours that indicate progression trough re-
lated chords, but at the end the colour settles in violet
of D minor in which the piece is written. The piece
in Figure 5(b) is centred around orange colour of D
major. Arpeggio in the middle has a proper coloured
context, although the constituent tones have varying
colours. Goldsmith’s Star Trek Theme employs a lot
key modulation, which can be seen as stable regions of
one dominating colour and sudden changes of hue be-
tween the regions (Figure 5(c)). The use of dissonance
depends on music styles – some avoid dissonances, some
use it in very short segments that are afterwards re-
solved to stable consonances, some use it very exten-
sively. Prokofiev’s Toccata in D minor has extensive
regions of dissonance that can be seen as grey areas
in Figure 5(d). The dissonant part consists of conso-
nant and dissonant concurrent tone combinations, but
the calculation of common colour for broader temporal
segments results in dominant grey colour.

Other types of music genres like popular music, jazz,
folk music can be visualised without problems. Sounds
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(a) Excerpt from Brahms’s Ballades, Op. 10

(b) Excerpt from Tchaikovsky’s Waltz of the Flowers

(c) Excerpt from Goldsmith’s Star Trek Theme

(d) Excerpt from Prokofiev’s Toccata in D minor, Op. 11

Figure 5: Examples of visualization of different compositions demonstrating the representation of
harmony with colour.

from instruments without definable pitch (i.e. most per-
cussion instruments) are omitted. The input to visu-
alization can be an arbitrary stream of tonal data so
performances with mistakes or even random input can
be visualised. Mistakes in performance are noticeable
when compared to properly performed pieces for exam-
ple in differences in colour. Random input results in
numerous dissonances and the dominant colour is grey.

6. CONCLUSIONS
The proposed visualization of music strives not only

to be aesthetically pleasing but to reveal the structure of
music and show harmonic relationships in music using
colour. To achieve this it uses a mapping that trans-
lates similarity in perception of tones to similarity in
perception of colour. We use a method based on vector
addition inside the key-spanning circle of thirds, which
takes a group of tones as input and calculates a common
colour for the group. This functions in similar way our
auditory system perceives a group of tones as a whole,
sometimes even completely merging the tones. How-
ever, given a resulting colour it is not possible to figure
out which tones were used to calculate it. Nevertheless
this is similar to the way colour perception works, where

light with different spectrums may produce same colour
sensation. The original method for calculating colour
considered only concurrent sounding tones. As human
perception of harmony is not limited to a moment in
time we expanded the method to encompass a broader
time range and used to visualise harmonic structure of
broader temporal segments of different lengths.

The aim of the proposed visualization is to enable eas-
ier understanding and learning of harmony in music, to
have an overview over the whole composition, compare
it with other compositions and see what we may have
missed by only listening. The visualization approaches
these goals by creating a synergy between two distinct
senses.

The approach are still open for improvement. For in-
stance, although major and parallel minor chords are
differentiated by minor differences in hue, the psycho-
logical difference is bigger. Further work could also be
done on improving the method for calculating the colour
of tones to include more than only 12 tones of the chro-
matic scale or visualising rhythm as well.
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