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1. Name and surname: Grzegorz Andrzej Borowik 
 
 
2. Obtained diplomas, scientific/artistic degrees – quoting the name, place and year 
they were obtained ad the title of the PhD thesis. 
 
2002-2007 PhD studies at the Warsaw University of Technology, Faculty of Electronics and 
Information Technology, the title of PhD thesis: “Synthesis of sequential circuits in FPGA 
structures with embedded memories”, scientific degree of Doctor of Technical Sciences in 
Telecommunication, defense date: 2007-06-19, Date of awarding the degree: 2007-06-26, 
PhD thesis was considered as outstanding. 
 

The characteristics of PhD thesis 
The programmable FPLD circuits manufactured nowadays have a very complex structure. 
The FPLD circuits consist of PLA modules, FPGA modules and modules basing on 
memories. However, the lack of adequate methods of synthesis does not allow for the full 
utilization of these hardware resources. The original achievement of my thesis is a new 
method of serial decomposition with the simultaneous encompassing of the method of state 
encoding for Finite State Machines implemented in the programmable structures with 
embedded memories. The method is based on the utilization of the graph coloring 
algorithms. I applied the so-called incompatibility multigraph to map the subsequent memory 
words. As a result, a full procedure of Finite State Machines synthesis was created 
concerning Finite State Machines to be implemented in FPGA circuits with embedded 
memories. The method was included in the university software package, and the conducted 
experiments prove that it is very efficient. 
 
1996-2002 MSc studies at the Warsaw University of Technology, the Faculty of Technical 
Physics and Applied Mathematics, field: Mathematics, specialization: Mathematics in 
insurance and finance, title of the MSc: “Mean square spline approximation”, MSc 
examination passed with the result: good, defense date: 2002-09-26, title obtained: MSc, 
Engineer 
 

Characteristics of MSc thesis 
The purpose of the work was the application of splines to the approximation of function 
defined on a discrete set and examining a condition number of a Gram matrix obtained in the 
course of computations. The knowledge of the matrix form allowed for memory savings 
required by the algorithm. As a result, I elaborated the algorithm for solving large systems of 
equations which are the main constituent of the approximation process. Based on the 
conducted research I noticed that in the case of retaining the equal division of the function 
domain we obtain very well-conditioned systems of equations, which guarantees high 
accuracy of the approximation results. In the thesis I presented the way of extending the 
considered approximation model by splines into the multidimensional model. The original 
achievement of my thesis is the theoretical estimation of the condition number of a Gram 
matrix.  
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Other: 
 
2008 - 2016, Managing Editor in International Journal of Electronics and 
Telecommunications, a periodical published by the Electronics and Telecommunications 
Committee of the Polish Academy of Sciences 
 
2008 - date, Statistical Editor in the journal Przegląd Telekomunikacyjny i Wiadomości 
Telekomunikacyjne (Telecommunication Review and Telecommunication News), Publishing 
House SIGMA-NOT 
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title in the scope of art (Journal of Laws as of 2017 item 1789): 
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[Bor15a] Grzegorz Borowik, Andrzej Kraśniewski, Tadeusz Łuba, Rule Induction Based on 
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[Bor14c] Tadeusz Łuba, Grzegorz Borowik, Andrzej Kraśniewski, Piotr Rutkowski, Iwona 
Ługowska, Application of logic synthesis algorithms for data mining in medical databases, 
Lecture Notes of the ICB Seminar, Ninth International Seminar. Statistics and Clinical 
Practice: L. Bobrowski, U. Mansmann, C. Enachescu (Eds.), pp. 36-39, 06/2014, the Polish 
Academy of Sciences. International Centre of Biocybernetics, 2014-06-01 - 2014-06-04, 
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Springer International Publishing, Switzerland, 2014, ISBN: 978-3-319-01435-7, DOI: 
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Using Logic Synthesis Algorithms, Advanced Methods and Applications in Computational 
Intelligence, Topics in Intelligent Engineering and Informatics book series vol. 6: Ryszard 
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c) Discussing the scientific/artistic purpose in the a/m elaboration and the achieved 
results along with discussing their possible application. 

 
 
Introduction into the domain that this Habilitation dissertation is concerned with 
 

A vast amount of data that creates the knowledge hidden in them can be used for a 
scientific or social purpose. Currently, more than any time in the past, it is possible sensu 
largo to analyze data and make predictions, by means of analytical tools and Business 
Intelligence methods. The collected data are usually controlled by large companies, and 
99% of such data is produced by them and for them as main stakeholders. Data science1 is 
an interdisciplinary notion stemming from the amalgamation of statistics, data analysis, 
machine learning and the interwoven data mining methods for the purpose of understanding 
and analyzing the intrinsic phenomena based on data2. It utilizes the techniques and 
theories coming from many domains such as Mathematics, Statistics, IT or 
telecommuncation. 

Data originating from various sources (internal and external such as open source) 
that are characterized by a certain degree of structuring and business analytics have been 
practically applied in modeling and simulations for many years. The data analysis of a 
mining, predictive and decisive character used for the management in various cycles of the 
chain of production process and distribution of goods and services was also applied in the 
areas of technology and medicine as well as modeling the processes in time function. Such 
analytical processes as tools of data mining and knowledge recognition offer the possibility 
to identify the characteristics of phenomena observed in experimental data and practical 
data. Data mining is an activity which aims at finding knowledge hidden in the data 
structures and at further structuring this knowledge. It consists in the systematic data 
analysis by means of automatic and semi-automatic methods of machine learning in order to 
identify and describe the patterns, trends or relations in data which are significant from the 
perspective of an observer and further applications. 

The basic issues are connected with the fact that most, if not all data resources are 
gathered due to other reasons than the necessity to subsequently deal with them in the 
factor analysis, which is significantly limiting the ability of the analyst to obtain significant 
results from that data. What is more, predicting the range of data resources the analysts will 
be working on is difficult or even impossible. The structures of multidimensional data, 
including irregularly sampled processes with spatiotemporal relations and the potential size 
of data require the application of various domains from the so-called data science. 

The analysis can be conducted both by quantitative and qualitative methods. 
However, c.a. 80% of time for data mining process is dedicated to initial processing of data 
and data preparation stages, i.e. decisions concerning the manner the data is collected and 
the initial processes, which are described by the so-called ETL3 process (extract, transform, 

                                                
1 Hayashi C., What is data science? Fundamental concepts and a heuristic example, Data Science, 
Classification, and Related Methods, Springer, Tokyo 1998, pp. 40–51. 
2 Data science uses essentially the scientific methods, processes, algorithms and systems for mining 
the knowledge from data gathered in various forms, both structural and unstructured, manifested in 
the social media in the Internet (mainly Facebook, Twitter) and crowdsourcing, e.g. in the form of 
wearable electronics, IoT sensors or from the category urban computing. 
3 Bansal S.K., Towards a semantic extract-transform-load (ETL) framework for big data integration, 
IEEE International Congress on Big Data, 2014, pp. 522–529. 
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load). ETL is a process, the aim of which is preparing data to be utilized in the analysis. The 
process of extracting data during their collection from homogeneous or heterogeneous 
sources requires that they are transformed into a relevant storage format. The structuring is 
intended to create the appropriate structure for sending queries and for the analysis. The last 
process consists in loading data, i.e. entering data to the target database, warehouse or 
other superior structures, as needed. 

The correctly designed ETL system collects data from system sources, ensuring 
quality, consistency and data compliance standards, i.e. various sources of data can be 
jointly used. Analytical strategies designed to take into account specific problems connected 
with the quality of data and their availability in the absence of structuring, as well as the 
demand for a qualitatively good result significantly increase the possibilities of the entire use 
of data mining tools. 

The process of analytical approach to data in the initial stage consists in the 
identification of the general challenge and its transformation into specific questions which 
can be answered by the data mining process. The analysts utilize these questions to build a 
project plan, formulate requirements, manage the process and finally – to assess the 
usefulness and value of the project. For instance, an analyst can receive the list of financial 
transactions and can be asked to determine whether there are any indications of a fraud or 
other suspicious financial activity. 

The general scheme of data processing was presented in Fig. 1. The operational 
phase of initial data processing for data mining process includes data validation, cleaning, 
recurrent encoding and variable selection. The encoding stage at the time of data 
preparation includes transformation and cleaning, as well as data quality assessment. 
Another problem is the selection of attributes for analysis, because not all the variables will 
be significant or valuable in the proposed solution. The final issue is the modeling and 
selection of algorithms and methods of data analysis, as well as the proposals for 
aggregation of these algorithms and methods of data analysis. 

 

 
 

Fig. 1. Scheme of processing data for prognostic purposes 
 

The existing research takes into account linear, non-linear, discrete and continuous 
models, including the algorithms of data reduction, feature extraction, discretization of data, 
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decision rule generation, neural networks (including recurrent neural networks, e.g. LSTM4), 
frequency analysis models5 and many tools and models of statistical analysis. 

To analyze data and information obtained from various types of sources: proprietary, 
unstructured, opened, of a statistical character, one of the commonly known descriptive 
methods can be utilized, e.g. statistical (regression, analysis of main factors), Bayesian 
networks, fuzzy sets or rough sets. The mentioned statistical methods are frequently used 
for qualitative and quantitative analyses of various phenomena, as well as for supporting the 
decision-making. However, these methods cannot be applied in each case, mainly because 
of the inconsistency of the database describing specific cases. Additionally, too small 
cardinality of samples can be the problem of using statistical methods. A similar situation can 
be manifested in the case of using fuzzy sets, where an issue can be encountered that 
consists in determining the membership function. The proper solution is to consider the 
application of advanced methods of knowledge processing and its representation which 
were successfully implemented in other areas of human life. 

In this paper I discuss the application of the methods of Boolean reasoning for 
processing data according to methodology presented in Fig. 1. There are many IT areas 
where this theory is applicable [Bor14a]6. They are expert systems, decision support 
systems, image recognition, etc. The applications implemented with the use of Boolean 
reasoning can be applied in industry, medicine, social sciences, etc. The performed analysis 
is realized most frequently on incomplete and uncertain datasets. This analysis leads to 
solving such problems as: 

● finding relations among data, 
● optimizing decision algorithms, 
● data reduction, 
● data classification, 
● recognizing patterns in data, 
● example-based learning, 
● efficient hardware realization of digital circuits 

 
The basis for elaborating the model of decision-making support is to create a 

knowledge base, i.e. a set of decision rules utilized at the given stage of the conducted 
expertise. However, it must be emphasized that while the knowledge base is being created, 
there is the access to the so-called training data – sources of open or proprietary data. 
 
 
Boolean reasoning methods – the main subject-matter of the Habilitation dissertation 
 

Most of the logic synthesis methods were originally developed in the 50s and 60s of 
the 20th century for designing digital circuits. Recently, a part of these methods has been 

                                                
4 Wawrzyniak Z., Jankowski S., Pytlak R., Szymański Z., Borowik G., Szczechla E., Michalak P., 
Data- driven models in machine learning for crime prediction, Proc. 26th International Conference On 
Systems Engineering ICSEng 2018, Sydney, NSW, Australia, 18-20 December 2018. 
5 Borowik G., Wawrzyniak Z., Cichosz P., Prediction of crime from various time series data-driven 
models, Proc. 26th International Conference On Systems Engineering ICSEng 2018, Sydney, NSW, 
Australia, 18-20 December 2018. 
6 Komorowski J., Pawlak Z., Polkowski L., Skowron A., Rough Sets: A Tutorial, 1999. 
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adopted in the field of machine learning. For instance, Michie7 applies a decomposition of 
the problem and selection of objects with the use of an expert system to construct rules. In 
comparison with the standard induction technique that utilizes the decision tree, structured 
induction gives a similar efficiency of classification with the lowered computational 
complexity and the increased transparency of the obtained modules. Zupan8 presented a 
general approach to machine learning, where the attributes are transformed into new 
concepts in an iterative manner and create a hierarchy of concepts. In 2003, Lang9 used a 
binary decomposition and showed its applicability in data mining. 

The recent research carried out by me and presented in publications [Bor12, Bor13, 
Bor14a, Bor14b, Bor15a, Bor15b, Bor15c, Bor15d, Bor15e, Bor15f] demonstrated that many 
data mining problems result not only from the deficiencies of the tools and computation 
procedures, but to a large extent are caused by applying the immature and unsuitable 
algorithms. It was shown that the reason for a low efficiency of data mining algorithms lies in 
the commonly used basic mathematical model of transformation of logic formulas6 which 
exploits the basic logic properties. The use of another model [Bor14b], so far used in logic 
synthesis of digital circuits, can significantly improve the analysis of data and accelerate the 
computations. For instance, by executing the Boolean function complementation algorithm 
all reducts for the base Dermatology10 are computed in less than 2 minutes, where Rough 
Set Exploration System11 does not yield the result due to time and memory limits. These 
facts underline the significance of logic synthesis not only in digital design but also in data 
mining and knowledge discovery. 
 A characteristic and universal component that links these problems is the algorithm 
for a transformation of a logical function realized by a change from conjunctive normal form 
(CNF) to disjunctive normal form (DNF). This task can be executed by the algorithms for 
expansion and complementation of logical function12. The transformation is used in many 
standard methods of logic synthesis, e.g. in argument reduction or minimization of logic 
funtions as well as in data mining methods, e.g. feature extraction, discretization or rule 
induction [Bor14a]. An important issue is the concept of applying the discussed 
transformation for knowledge representation [Bor15b]. 
 Unfortunately, these problems are of a non-polynomial complexity13,14, and, ipso 
facto, they constitute a bottleneck of data mining algorithms6, [Bor14a]. Additionally, the 

                                                
7 Michie D., Problem decomposition and the learning of skills, in: Machine Learning: ECML-95, ser. 
Lecture Notes in Computer Science, red. N. Lavrac, S. Wrobel, Springer Berlin Heidelberg, 1995, 
vol. 912, pp. 17–31, DOI: 10.1007/3-540-59286-5_46. 
8 Zupan B., Bohanec M., Demsar J., Bratko I., Feature transformation by function decomposition, 
„Intelligent Systems and their Applications” 1998, vol. 13, no. 2, pp. 38–43,  
DOI: 10.1109/5254.671090. 
9 Lang C., Steinbach B., Bi-Decomposition of Function Sets in Multiple-Valued Logic for Circuit 
Design and Data Mining, „Artificial Intelligence Review” 2003, vol. 20, no. 3-4, pp. 233–267,  
DOI: 10.1023/B:AIRE.0000006608.31990.cd. 
10 Bache K., Lichman M., UCI Machine Learning Repository, University of California, School of 
Information and Computer Science, Irvine, CA, USA 2013 
11 Bazan J.G., Szczuka M.S., Wróblewski J., A New Version of Rough Set Exploration System, in 
Rough Sets and Current Trends in Computing, ser. Lecture Notes in Computer Science, J.J. Alpigini, 
J.F. Peters, A. Skowron, N. Zhong (Eds.), Springer Berlin Heidelberg, 2002, vol. 2475, pp. 397–404, 
DOI: 10.1007/3-540-45813-1_52. 
12 Brayton R.K., Hachtel G.D., McMullen C.T., A. Sangiovanni-Vincentelli, Logic Minimization 
Algorithms for VLSI Synthesis, Kluwer Academic Publishers, 1984. 
13 Dasgupta S., Papadimitriou C.H., Vazirani U.V., Algorithms. McGraw-Hill, 2008. 
14 Papadimitriou C.H., Computational complexity, Academic Internet Publ., 2007. 



- 10 - 

most algorithms use the discernibility matrix during the calculations, hence the memory 
complexity in not lower than O(mn2), where m is the number of attributes and n is a number 
of objects. Assuming that the typical database consists of several million of objects, 
conducting computations is not practically possible. 
 Therefore, the main purpose of this paper is to indicate other, fast methods and 
algorithms of data reduction, rule induction, data discretization, knowledge representation, 
data compression or hierarchical decision-making, utilizing in their performance the Boolean 
reasoning methods. The presented fast algorithms for data reduction, rule induction and data 
discretization do not use the discernibility matrix, and by exploiting the value statistics for 
specific attributes and decomposing the problem into smaller and less complicated chunks 
improve the efficiency of data processing. Based on the experiments it was demonstrated 
that with the support of the proposed methods it is possible to obtain a significant 
acceleration of computations with the simultaneous reduction of memory resources and the 
possible parallel computing. In comparison with traditional methods, the running time of 
algorithms is several orders of magnitude shorter, which allows for processing Big Data-type 
problems in near real-time. The algorithms were practically applied in medicine to determine 
the cut-off point for the parameter Topoisomerase II-alfa and in the efficient implementation 
of the index generator function. 

The author of this paper intends to emphasize at the same time that in spite of such 
an important application of logic synthesis methods in data mining and knowledge 
recognition there are not available numerous elaborations highlighting the importance of 
these works. Such a publication is e.g. a book15, and the works presented in my vita 
summary consitute a disjoint set with the works presented in the book15. 

Transforming conjunctive normal form into disjuntive normal form consists in finding 
all prime implicants of a given Boolean formula. The methods and algorithms of data mining 
indicated in this paper utilize the fact that finding all prime implicants of unate Boolean 
function can be reduced to the task of computing the complementation of this function, 
where the complementation is reduced to compute the column coverage of binary matrix 
representing this function12 (Fig. 2). The strength of the algorithm lies in the Shannon 
decomposition procedure of unate Boolean function. The proposed approach accelerated 
the computations and the efficient representation of the algorithm in the RAM of the 
calculating machine allows for achieving results which cannot be achieved by means of 
other published methods and systems, e.g. published in articles11,16. The matrix is 
decomposed recursively until the specific forms of obtained cofactors appear. The 
calculation of cofactors starts from selecting the decomposition variable. The relevant 
selection of variable is significant for the reduction of computations. The process of 
decomposition into cofactors is realized recurrently according to a fixed rule until cofactors of 
a special form are obtained. In the subsequent stage of computations, depending on the 
form received, the obtained cofactors are completed – the complementation is calculated. 
After computing the complementations on the specific nodes of the tree the partial results 
are aggregated [Bor14a, Bor18b]. 

                                                
15 Triantaphyllou E., Data Mining and Knowledge Discovery via Logic-Based Methods: Theory, 
Algorithms, and Applications, Springer Optimization and Its Applications 43, Springer US, 2010, ISBN: 
978-1-4419-1630-3, DOI: 10.1007/978-1-4419-1630-3 
16 Holmes G., Donkin A., Witten I.H., WEKA: a machine learning workbench, in: Proceedings of the 
Second Australian and New Zealand Conference on Intelligent Information Systems, 1994, pp. 357–
361, DOI: 10.1109/ANZIIS.1994.396988. 
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Fig. 2. The example of calculating prime implicants of unate Boolean function, where: F – 
matrix representing unate Boolean function, M – binary matrix representing F, C – matrix 
representing minimal column coverage for M, F – matrix of function F complementation 
[Bor14a] 
 
 
Methods of logic synthesis applicable to data reduction – original achievement of the 
author 

 
Many data mining approaches employ feature selection techniques to speed up 

learning and improve model quality. These techniques are especially important for datasets 
with tens or hundreds of thousands of features (attributes). That is why extensive research 
from various points of view has been made in recent years for fast and efficient attribute 
reduction algorithms17. The results of such research were presented for example in 
publications18,19,20,21,22,23,24,25,26. 

                                                
17 In literature, the terms attribute reduction, feature extraction and parameter reduction are used 
interchangeably. Each of these algorithms aims at the simplification of the model. 
18 Szemenyei M., Vajda F., Dimension reduction for objects composed of vector sets, International 
Journal of Applied Mathematics and Computer Science 27(1): pp. 169–180, 2017, DOI: 
10.1515/amcs-2017-0012. 
19 Liu H, Setiono R., Feature selection via discretization, IEEE Transactions on Knowledge and Data 
Engineering 9(4): pp.642–645, 1997, DOI: 10.1109/69.617056. 
20 Martinovic G., Bajer D, Zoric B., A differential evolution approach to dimensionality reduction for 
classification needs, International Journal of Applied Mathematics and Computer Science 24(1): pp. 
111–122, 2014, DOI: 10.2478/amcs-2014-0009. 
21 Sun L., Xu J., Li Y., A feature selection approach of inconsistent decision systems in rough set, 
Journal of Computers 9(6): pp. 1333–1340, 2014, DOI: 10.4304/jcp.9.6.1333-1340. 
22 Min F., Hu Q., Zhu W., Feature selection with test cost constraint, International Journal of 
Approximate Reasoning 55(1Pt2): pp. 167–179, 2014, DOI: 10.1016/j.ijar.2013.04.003. 
23 Korzen M., Jaroszewicz S., Finding reducts without building the discernibility matrix, Proceedings of 
the 5th International Conference on Intelligent Systems Design and Applications, ISDA’05, Wrocław, 
Poland, pp. 450–455, 2005, DOI: 10.1109/ISDA.2005.45. 
24 Zhong N., Skowron A., A rough set-based knowledge discovery process, International Journal of 
Applied Mathematics and Computer Science 11(3): 603–619, 2001. 
25 Liu H., Setiono R., Feature selection via discretization, IEEE Transactions on Knowledge and Data 
Engineering 9(4): pp. 642–645, 1997, DOI: 10.1109/69.617056. 
26 Łuba T., Rybnik J., Intelligent decision support: Handbook of applications and advances of the 
rough sets theory, in S.Y. Huang (Ed.), Rough Sets and Some Aspects of Logic Synthesis, Springer 
Netherlands, Dordrecht, pp. 181–199, 1992, DOI: 10.1007/978-94-015-7975-9_13. 
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Most existing methods represent objects with a single vectorial descriptor where it is 
assumed that each vector has the same dimension. During the reduction, the decision 
system is simplified so as to get a minimal set of features that retain the classifying abilities 
of the system. The reduction in decision systems consists in determining reducts (a formal 
definition can be found e.g. in the work6) and optionally removing redundant27 objects. The 
selection of an attribute subset plays an important role in the field of knowledge discovery – 
it constitutes a basis for methods of more efficient classification, prediction and building 
approximation models. 

As it was shown in the article28, the problems of finding all minimal reducts as well as 
those of the smallest cardinality are NP-hard29. Therefore, it is easy to point at examples that 
cannot be solved within the time expected by the user. A barrier of computational complexity 
allows only to move the “center of gravity” for computations. Thus, existing algorithms are 
both systematic in terms of methods, which allows for finding all minimal solutions, and 
heuristic, providing as a result a subset of solutions or solutions involving reducts which are 
not minimal30, but the latter are procedures operating much faster than in the case of the 
systematic methods. The significance of finding all minimal reducts and reducts consisting in 
the smallest cardinality was emphasized in publications of prof. B. Steinbach31,32,33,34. 

The article [Bor18b] presents a new systematic method of reducing data represented 
by a decision table using the procedure of logic synthesis, called the Unate Complement 
procedure (UC). The UC procedure was proposed in the book12. Introductory research 
carried out in [Bor14b] proved that the Unate Complement procedure is a much faster 
method of attribute reduction than the one applied in e.g. Rough Set Data Explorer 2 (ROSE 
2)35,36 and Rough Set Exploration System 2.2 (RSES 2.2)11,37. In addition, computations 

                                                
27 On conducting attribute reduction many objects has the same descriptor, which makes them 
indiscernible. Redundant objects are usually removed, leaving one representative. Such an approach 
is adopted in the case of methods in which in the further analysis the number of objects, and, in 
particular, the proportions of the number of objects with a determined value, are not significant. Such 
a specific case are truth tables in the digital design. 
28 Skowron A., Rauszer C., The discernibility matrices and functions in information systems, in 
R.Słowiński (Ed.), Intelligent Decision Support—Handbook of Applications and Advances of the 
Rough Sets Theory, Kluwer Academic Publishers, Dordrecht, pp. 331–362, 1992. 
29 Non-polynomial 
30 Implicants which are not simple implicants 
31 Posthoff C., Steinbach B., The Solution of Discrete Constraint Problems using Boolean Models - 
The Use of Ternary Vectors for Parallel SAT-Solving, ICAART Vol. 1, pp. 487-493, 2010 
32 Posthoff C., Steinbach B., The Solution of SAT Problems Using Ternary Vectors and Parallel 
Processing, Intl Journal of Electronics and Telecommunications 57(3), pp. 233-249, 2011,  
DOI: 10.2478/v10177-011-0032-9 
33 Steinbach B., Posthoff C., Improvements of the construction of exact minimal covers of Boolean 
functions, Computer Aided Systems Theory – EUROCAST 2011, Lecture Notes in Computer Science 
6928, pp. 272–279 (2012), DOI: 10.1007/978-3-642-27579-1_35. 
34 Steinbach B., Posthoff C., Fast Calculation of Exact Minimal Unate Coverings on Both the CPU and 
the GPU, Computer Aided Systems Theory - EUROCAST 2013. In R. Moreno-Díaz, F. Pichler,  
& A. Quesada-Arencibia (Eds.), pp. 234–241, Berlin, Heidelberg: Springer Berlin Heidelberg, 2013. 
35 Predki B., Słowiński R., Stefanowski, J. Susmaga R., Wilk S., ROSE—software implementation of 
the rough set theory, in L. Polkowski and A. Skowron (Eds.), Rough Sets and Current Trends in 
Computing, Springer, Berlin/Heidelberg, pp. 605–608, 1998, DOI: 10.1007/3-540-69115-4_85. 
36 Predki B., Wilk S., Rough set based data exploration using ROSE system, in Z.W. Raś and  
A. Skowron (Eds.), Foundations of Intelligent Systems: 11th International Symposium, Springer, 
Berlin/Heidelberg, pp. 172–180, 1999, DOI: 10.1007/BFb0095102. 
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performed using the Unate Complement procedure were optimized against the RAM usage, 
which allows for analyzing larger data sets in comparison with the above mentioned expert 
systems. 
 The basic reduction method of the decision table defines the term of discernibility 
table38 (a formal definition was provided e.g. in the publication6). In the case of a binary 
decision, it is a matrix that is created by pairwise comparison of all rows of a decision table 
of different values. Each row of the discernibility table contains "1" for those arguments for 
which the compared rows differ for a given value and "*" (indeterminate value) in those 
places where the values are the same or for which at least one value is indeterminate. In the 
case of polyvalent data, where the arguments and decisions can have more than two values, 
the procedure of generating comparisons is exactly the same, i.e. rows with different 
decisions are compared and attribute diversity is marked with the value "1", otherwise the 
symbol "*" is used. 

A term that is directly related to the discernibility table is a minimal column coverage. 
It is a subset of columns in the table for which the rows contain at least one "1" and no 
proper subset of this set meets these criteria.  

One of the methods in determining all the minimal column coverages is to represent 
the discernibility table in the form of a function. Such a function is a logical product of sums 
of arguments (conjunctive normal form). Then, it is transformed into the form of the sum of 
products of arguments (disjunctive normal form)28,39. 

The article [Bor14b], and subsequently the article [Bor18b] proposes the alternative 
solutions. The proposed algorithms for processing the discernibility table utilize the unate 
complement procedure. The processing can be described in the following steps [Bor18b]: 

● Creating matrix representation of the problem 
● Verifying if the complement can be calculated directly from De Morgan laws 
● Choice of an attribute (divider variable) against which the Shannon 

decomposition will be performed 
● Decomposition using the Shannon method 
● Recursive execution of the above procedure for new matrices obtained 
● Merging results – the matrix created at the top of the recursive algorithm tree 

is the complement of the original function.  
 
In the implementation presented in [Bor18b] I focused on the efficient operational 

memory consumption by the algorithm. Despite considering the speed of the computation as 
the most important criterion, the biggest advantage of the implementation is extremely low 
memory consumption. The proposed solution allows for processing the examples which, 
when started in other programs, resulted in errors connected with the insufficient amount of 
free memory. In the proposed algorithm, realizing the modified UC procedure, the size of the 
memory used is approximately equal to the size of memory required to store the 
discernibility table O(mn2). In the algorithm, the Shannon decomposition does not perform 
matrix copying and there is not a need to increase the memory in the recurrent processing 

                                                                                                                                                  
37 Nguyen H.S., Approximate Boolean reasoning: Foundations and applications in data mining, in  
J.F. Peters and A. Skowron (Eds.), Transactions on Rough Sets V, Lecture Notes in Computer 
Science, Vol. 4100, Springer, Berlin/Heidelberg, pp. 334–506, 2006, DOI: 10.1007/11847465_16. 
38 Also referred to as the comparison table or discernibility matrix 
39 Petrick S.R., A direct determination of the irredundant forms of a Boolean function from the set of 
prime implicants, Technical report AFCRC-TR-56-110, Air Force Cambridge Research Center, 
Cambridge, MA, 1956. 
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scheme. Moreover, during the later stages of the recurrent processing, only a subset of the 
rows of the discernibility table is used, which has a significant influence on the speed of 
calculations. 

Thanks to the proposed solution, no rows are exchanged in the matrix, just values of 
pointers in the related cells – in spite of the necessity of referring to the specific rows through 
the additional intermediary table – decreases the tree traversing time. The difference in the 
computation time, in this case, is of a minor importance, while the stability of the data in the 
matrix is of primary significance. The use of pointers map on rows along with the mask 
assures complete constancy of the data during the tree traversing. Owing to that, a possible 
multi-threaded implementation can share the main memory. This is because the position in 
the tree in which the algorithm is currently working depends only on the state of the mask, 
the map, the saved size of the matrix, and the saved divider variables required to generate 
the complement. 

Computing reducts in the leaves of an algorithm tree is essential when concurrent 
programming is used to traverse the tree faster. Thanks to a vector of present divider 
variables, each node has the complete information necessary to compute the complement 
for a given part of the input matrix. In such cases, multiple threads can separately compute 
complements for different (independent) nodes in the tree. It is important that, during each 
step of the algorithm, the problem of finding the complement can be divided into two 
separate threads. Therefore, if any of the threads finished computations of their part of the 
tree, another thread can assign it computations related to another, newly created node in 
another part of the tree in order to balance the processing load. 
 Prior to efficiency tests of the final version of the algorithm implementation, the 
correctness of the proposed algorithm operation was verified using available benchmark 
solutions. They contained all the correct minimal reducts generated by an independent 
software application. Apart from checking whether the number of reducts reflects the 
expected number I made the verification for the smaller result sets to check whether the 
results (obtained reducts) are identical. In both cases the results of the proposed algorithm 
were correct.  

The operation times were measured for five programs, including a software 
implementation of the proposed algorithm. The testing machine was a PC based on an Intel 
Core i5-3210M processor with a 2.5 GHz clock, 6 GB RAM, and the MS Windows 7 
operating system. The result of the operation was a set of minimal reducts constituting the 
complement of the discernibility table created from the input function (i.e. multiple-valued 
decision table or binary truth table). 

In Tab. 1 I presented the comparison of operation time for the optimized unate 
complement procedure with the method of reducing the attributes used in the known expert 
systems: ROSE235,36, RSES2.211,37, jMAF40 and with the originally published Unate 
Complement procedure [Bor14b]. For example, for the database agaricus-lepiota-
mushroom10 system ROSE2 generated after 164 seconds only the subset of reducts, 
RSES2.2 generated as a result the subset (after 266 seconds) or the entire set of reducts 
(after 1740 seconds). The jMAF system resulted in a complete reduct set after 198 seconds, 

                                                
40 Błaszczyński J., Greco S., Matarazzo B., Słowiński R., Szeląg M., jMAF-Dominance-based rough 
set data analysis framework, in A. Skowron and Z. Suraj (Eds.), Rough Sets and Intelligent Systems - 
Professor Zdzisław Pawlak in Memoriam, Springer, Berlin/Heidelberg, pp. 185–209, 2013,  
DOI: 10.1007/978-3-642-30344-9_5. 
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the Unate Complement procedure published in [Bor14b] after 287 seconds, and the 
algorithm proposed in the paper [Bor18b] in 112 seconds.  
 

 
Tab. 1. Experimental results [Bor18b] 

 
 

The computational results confirmed that, with the author’s implementation of the 
Unate Complement algorithm, it is possible to perform computations related to attribute 
reduction within a shorter time than in other expert systems. Furthermore, my assumption 
was confirmed that it is now possible to perform computations for databases that have been 
too big until now thanks to the innovative implementation saving the operational memory. 

 
 
Methods of logic synthesis applicable to Knowledge Representation – original 
achievement of the author 
 
 Knowledge Representation (KR) is a field of Artificial Intelligence which focuses on 
inventing and developing of languages and models that describe the world. It aims at 
depicting objects, object relations, types of objects, and rules and axioms that describe laws 
and constraints existing in the world. Another important element of KR is automated 
reasoning. A generic purpose algorithm allows for solving complex problems stated in KR 
language. Therefore, a combined term – Knowledge Representation and Reasoning (KRR) – 
is used.  
 One of the KR formalisms to represent Knowledge Bases (KB) is Description Logic. It 
is a subset of First Order Logic (FOL), limited to two types of predicates (unary and binary). 
The unary predicates allow for representing concepts (types of objects) and the binary 
predicates represent relationship among objects. As opposed to a generic set of statements 
in FOL, DL has decidable decision procedures that make it applicable in computer systems. 
Thus, DL is a family of languages where each language is determined by the set of 
allowable logical constructors. Some constructors, however, qualify reasoning to 
computations of non-polynomial complexity.  



- 16 - 

 Most commonly used method in DL reasoning is the First Order Logic – Tableaux. 
Using Tableaux no knowledge preprocessing is done and all reasoning is executed after 
user issues a query. In [Bor15b] I proposed an alternative approach to Description Logic 
reasoning, namely Knowledge Cartography (KC). KC employs preprocessing to convert 
knowledge into internal representation – a map of concepts, and allows fast responding 
knowledge base queries. Thus, KC is faster than Tableaux, since many DL tasks are 
reduced to binary vector operations. Nevertheless, the preprocessing phase, i.e. generation 
of map of concepts [Bor15b]. 

The algorithm for computation of map of concepts as binary signatures is exponential 
in time as well as signature length grows exponentially. For some ontologies the length of 
the concept signature may equal 2k, where k is the number of concepts in the ontology 
(assuming an ontology with 50 concepts, the size of the signature may be 250). It must be 
emphasized that the current reasoning algorithms processing the knowledge bases are 
effective mainly for very taxonomic structures (a subsumption hierarchy as the main 
connection between the concepts)41. Unfortunately, such an assumption is very rigorous and 
restricts the significance of the ontology. 

In practical knowledge bases, however, the signature can be computed. For 
example, for ontologies that are of taxonomy type the signature length grows linearly with 
the number of concepts. Since many practical knowledge bases, with some deviations, are 
taxonomies, the Knowledge Cartography method may still be exploited to process the 
knowledge. [Bor15b]. 

The article [Bor15b] focuses on preprocessing issue for KC. The research on efficient 
generation of binary signatures by employing the methods for logic synthesis confirmed that 
logic synthesis Complement algorithm is efficient when applied to the construction of the 
map of concepts. The research has shown that strategy of construction should be adjusted 
depending on ontology size. For smaller ontologies – the non-recursive approach should be 
used, on the contrary – for larger ontologies – recursive approach with bi-partitioning of the 
ontology graph. In the article I also confirmed that the recursive procedure indicated good 
scaling for large taxonomies.  
 Non-recursive procedure can only be exploited for small ontologies. For these 
ontologies, it is much faster than recursive procedure. It is due to complex graph operations 
in recursive procedures. However, non-recursive procedure cannot handle large taxonomies 
and the “divide-and-conquer” procedure is required. For large taxonomical ontologies the 
graph partitioning procedure and applying the Complement algorithm proved good scalability 
as in the algorithm TreeFusion42 which is using a similar procedure of fast graph partitioning. 
Hence, I proved that KC using Complement algorithm manifests itself as a good method for 
ontologies that are taxonomies.  

In the course of research I also noticed that the TreeFusion42 algorithm does not 
generate the most efficiently compressed DNF matrices. The proposed Boolean function 
complementation algorithm generates matrices with lesser number of rows, which implicates 
a smaller number of multiplications in the next stages of the recursive procedure, and 

                                                
41 Goczyła K., Grabowska T., Waloszek W., Zawadzki M., The Knowledge Cartography – A New 
Approach to Reasoning over Description Logics Ontologies, in: SOFSEM 2006: Theory and Practice 
of Computer Science, ser. Lecture Notes in Computer Science, ed. J. Wiedermann, G. Tel, 
J. Pokorný, M. Bieliková, 
J. Štuller, Springer Berlin Heidelberg 2006, vol. 3831, pp. 293–302, DOI: 10.1007/11611257_27. 
42 Waloszek W., Methods of structural ontology analysis based on description logic,  
PhD Dissertation (in Polish), the Gdańsk University of Technology, Gdańsk, 2007. 
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therefore, faster processing. TreeFusion benefits from the fact that examined ontologies are 
taxonomical42. That situation allows applying simple variable sorting that reduces complexity 
of fusing component trees of the ontology. However, for ontologies that are not strict 
taxonomical such sorting cannot be applied. Hence, I put forward the hypothesis that 
complementation algorithm demonstrates better performance for ontologies that are not 
strictly taxonomical. 
 
 
Fast method of feature extraction – original achievement of the author 
 

In literature solutions can be found where the feature extraction can be performed 
without the previous building the discernibility matrix23,43. It appears, however, that the 
information which is sufficient for further calculations, derived as a transformation of a unate 
function in the CNF form, can be obtained on the basis of probability distributions of attribute 
values, and in particular the frequency of attribute values appearance. It must be also 
noticed that ignoring the procedure of building the discernibility matrix, the memory 
complexity and computational complexity of which are quadratic in the number of objects, 
allows for a significant improvement of bases processing speed, including searches for 
reducts, even for very large databases. The publications23,43 were analyzed against their 
possible optimising and further applications in other fields of data analysis. The results of my 
work were published in [Bor15c, Bor15d, Bor15e]. 

Analysing the algorithm from article23, in the first step, during each iteration of the 
algorithm, attribute frequencies are counted within equivalence classes induced by the 
superreduct (superset)23,44. The task is supported by sorting the database r times (on all 
attributes present in the superreduct), with O(mnlog(n)) time complexity. Subsequently, in 
the second part of the algorithm, redundant attributes are removed from the superset with 
O(rmnlog(n)) time complexity, where r is the number of attributes in the superreduct 
produced in the first step. Summarizing, the total running time of the algorithm in article23 is 
O(rmnlog(n)) and the space complexity is O(mn). 

Algorithm 1 published in [Bor15c] is based on the two-step algorithm presented in 
article23, in which the discernibility matrix is not used. Noticeably, for a common, practical 
database, the domain of each attribute contains only a few elements. In such a case, the 
bucket sort algorithm can be applied or counting sort algorithm of linear computational 
complexity instead of the quick sort algorithm of log-linear complexity. The use of bucket 
sorting or counting sort speeds up the calculations, reducing the time complexity of the 
feature extraction algorithm from O(rmnlog(n)) to O(rmn). 
 The speed of the presented feature extraction Algorithm 1 is possible thanks to the 
fact that building the discernibility matrix for the considered database is avoided. Instead, the 
number of 1’s in the “not existing” discernibility matrix is calculated. In algorithm 1 the value 
𝑆"# is used as a measure for attributes where at the stage of creating the superreduct these 

                                                
43 S. Jaroszewicz, M. Korzeń, Comparison of information theoretical measures for reduct finding, in 
Artificial Intelligence and Soft Computing, ICAISC 2006, ser. Lecture Notes in Computer Science,  
L. Rutkowski, R. Tadeusiewicz, L. A. Zadeh, J. M. Zurada (Eds.), Springer Berlin Heidelberg, 2006, 
vol. 4029, 518-527, DOI: 10.1007/11785231 55. 
44 J. Bazan, H. S. Nguyen, S. H. Nguyen, P. Synak, and J. Wróblewski. Rough set algorithms in 
classification problems. In Rough Set Methods and Applications: New Developments in Knowledge 
Discovery in Information Systems, Studies in Fuzziness and Soft Computing, pp. 49–88. Physica-
Verlag, Heidelberg, Germany, 2000. 
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attributes are selected in turn which have the biggest value 𝑆"#. Contrary to the text of 
article23 computations of measure were divided into two stages: calculations 𝑆	#- formula (3), 
and next 𝑆𝑃"# - formula (4), where 𝑆"# is represented by the equation (5). Since (3) does not 
depend on the attributes, it can be calculated independently. Such a solution allows for 
accelerating the calculations. 
 The first step of the algorithm is similar to the scheme presented in article23. In this 
step, an attribute of the maximal 𝑆"# value is selected, and subsequently used to partition the 
decision table into independent equivalence classes according to the symbolic value of the 
selected attribute. For each equivalence class the algorithm is repeated. Then, an attribute is 
selected for which the accumulated value ∑ 𝑆"#	

	  is maximal. The first step of the feature 
extraction is repeated until the maximal accumulated value equals 0. It must be underlined 
that this approach is fast, as it utilizes the commonly known procedure “divide and conquer”. 
In every subsequent step of the first stage of the algorithm the equivalence classes are 
noticeably smaller, which allows for rapid achievement of the final result and ensures the 
convergence of the algorithm.  
 In the second step of our feature extraction algorithm, the attributes are removed 
from the superreduct in order to achieve a minimal set of attributes. The removal procedure 
is performed in accordance with algorithm 2 from the article [Bor15c]. The algorithm is 
supported by another procedure (algorithm 3), which checks whether the new decision 
system remains consistent after removing the selected attribute. To make the attribute 
removal algorithm more efficient, the bucket sorting algorithm is used instead of quick sort 
which was used in the article23. 
 In order to examine the validity of the algorithm, speed and efficiency of activity 
(measured by the number of non-redundant attributes) appropriate experiments were 
conducted with the use of benchmarks from UCI10 repository. The dataset connect-4-30 was 
developed from the set connect-4 by limiting the number of objects to 30,000. 

The correctness of the proposed algorithm was confirmed using the method which 
calculates all minimal reducts [Bor14b]. Then, it was checked whether the resulting reduct is 
in the set of all reducts calculated earlier. In this way, the algorithm was verified for the 
following databases: breast-cancer-wisconsin, dermatology, house, trains and urology10. For 
each of the datasets, the resulting reduct was correct and, as it appeared, an exact minimal 
reduct12. 

To check the speed and efficiency of the proposed algorithm, a comparison was 
made with the software RSES211,37. The RSES2 implements the genetic algorithms 
searching for minimal reducts. The software is often used as a reference and is used by the 
scientists to check the efficiency and to compare the new data mining algorithms. The 
experiments were conducted with the use of the processor Intel Core i7-3520M 2.90GHz 
with 4GB RAM. In RSES2 the “High speed” and “Number of reducts: 1” options were 
selected. Tab. 2 presents the comparison of the algorithm implemented in RSES2 (the 
fastest version of the algorithm) with the algorithm proposed in the article [Bor15c]. As it was 
shown, the proposed algorithm works much faster for large datasets than the one which is 
built in the RSES2 software. It must be emphasised, that in every case each test results in 
the exact minimal reduct. 
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Tab. 2. Comparison of the results of the algorithm proposed in [Bor15c] with the RSES2 
results 

 
 

Afterwards, the performance tests of the algorithm depending on the number of 
objects in the decision system were carried out. For this purpose the dataset mushroom10, 
was used where the number of objects amounts to 8124. The dataset mushroom was 
duplicated 8 times, 16 times, 32 times, 64 times, 128 times and 256 times to generate new 
large datasets, knowing that the result of the algorithm is to be exactly the same set of 
attributes (minimal reduct). The computation time of the proposed algorithm for subsequent 
datasets was presented in the chart – Fig. 3. It shows, that the algorithm quickly finds the 
minimal reduct with a small number of attributes even for very large datasets. For the 
mushroom dataset duplicated 256 times – a database containing two million objects – the 
computation time of the algorithms on the processor Intel Core i7-3520M 2.90GHz with 4GB 
RAM takes 1106s. 
 

 
 

Fig. 3. The minimal reduct for the database mushroom duplicated 256 times, i.e. a base 
containing 2 · 106 objects, was calculated within 1106s [Bor15c]. 
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In the chart - Fig. 4. the same results are shown in log-log scale. The relationship 
between computation time of the algorithm and number of objects tends to be linear. A small 
discrepancy, in particular for larger databases, is caused by the operational system’s 
automatic use of hard disc cache memory.  
 

 
 

Fig. 4. Relationship between computation time and the number of objects in log-log scale 
[Bor15c] 
 
 
Logic synthesis methods applicable to decision rule induction – original achievement 
of the author 
 

One of the issues considered in the field of machine learning and knowledge 
discovery is to find decision rule that maps an object to a set called decision class. The 
decision rule is a logical expression represented in the form of “if condition then decision”. 
The expression “condition” contains a conjunction of elementary conditions and is built on 
attribute values describing objects. When these conditions are met, the decision identifies a 
decision task to which the object belongs. Decision rules provide a representation of 
knowledge that is human-readable and thus they can be used by an expert during data 
analysis45,46. Rules are usually used to build classifiers, e.g. decision trees or neural 
networks.  

The example of applications of rule induction algorithms are medical diagnosis 
support systems for various diseases. Objects stored in the patient database (training data) 
are characterized by a distinguished attribute (called decision attribute) of a finite set of 
values - decision classes, e.g., stating whether the patient is healthy or sick. Thus, the 
calculated decision rules based on the results of medical research allow for supporting the 
diagnosis of a new patient. Furthermore, rule induction algorithms find also their application 
in detection of anomalies in telecommunications systems and networks, in particular, the 

                                                
45 K. Cios, W. Pedrycz, R. Swiniarski, L. Kurgan, Data Mining: A Knowledge Discovery Approach, 1st 
ed. Springer US, 2007, DOI: 10.1007/978-0-387-36795-8. 
46 J. R. Quinlan, C4.5: Programs for Machine Learning. San Francisco, CA, USA: Morgan Kaufmann 
Publishers Inc., 1993. 
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detection of undesirable behaviour. This may be, inter alia, filtering unwanted electronic 
mails and messages, or repelling attacks on these networks47. 

Most of the algorithms construct a set of rules by inductive generalizations of training 
data45. It is expected that rules induced by an algorithm for a particular decision class cover 
(meet) the objects in this class. At the same time, rules induced should not meet any other 
object belonging to the class different than the considered one. However, in practice, due to 
the large computational complexity, one attempts to minimize the number of indicated 
objects from other decision classes.  

It should be noted that both the development of algorithms for rule induction and the 
method of evaluation of the rules induced was created to classify new objects – not 
belonging to training base (Fig. 5). In other words, rules induced use only the subset of 
arguments to determine the logic conditions and conduct classification, i.e. mapping into a 
specific decision class. Since a set of rules induced can be treated as a classifier, the 
number of the correctly classified objects is generally accepted as the measure of 
assessment (accuracy of classification)48,49. 
 As I noticed in the article [Bor14a], to simplify the table, we can apply the same 
method as for minimising the Boolean function of the logic synthesis called expansion of 
Boolean function. This “simplification” in the field of data mining means “to generalize”, since 
the methods yields the decision rules we can apply for any case, also for these cases in 
which the rules were not specified in the primary decision table.  

The analogy stems from the fact that, selecting one column in the discernibility matrix 
for decision system is the same as constructing the blocking matrix for expansion procedure. 
In the synthesis procedure, the matrix is formed for each row, for which the Boolean function 
yields the value “1” and for the whole set of rows, for which the function yields “0”. 
Subsequently, the minimal column cover is determined for this matrix. Since the blocking 
matrix is a binary matrix and the discernibility matrix for the decision system is a binary 
matrix as well, the process of rule induction is similar. 
  

                                                
47 Rondeau T.W., Bostian, C.W., Artificial Intelligence in Wireless Communications. Artech House, 
2009 
48 U. M. Fayyad, G. Piatetsky-Shapiro, P. Smyth, R. Uthurusamy (Eds.), Advances in Knowledge 
Discovery and Data Mining. Menlo Park, CA, USA: American Association for Artificial Intelligence, 
1996. 
49 U. M. Fayyad, G. Piatetsky-Shapiro, P. Smyth, From data mining to knowledge discovery in 
databases, “AI Magazine”, vol. 17, pp. 37-54, 1996. 
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Fig. 5. Rule reduction algorithm for data classification [Bor15a] 
 

In the literature the problem of rule induction is often transformed to the problem of 
finding the minimal coverage50,51,52,53,54. One of the methods to optimize the rule induction 
process is the sequential covering method55. The method consists in the rule induction for a 
selected object ui in the decision class Dk, and subsequent removing all the objects in the 
decision class Dk, which fulfil the resulting rule. The induction task for particular rules and 
removing the objects is repeated till the moment when all the rules are covered. The rule 
induction is performed by feature extraction for a selected object ui, in such a way that allows 
for covering by the resulting rule of the biggest possible number of objects that belong to the 
same decision class as the original object ui and simultaneously for not covering any other 
objects from other decision classes. The set of resulting rules constitutes a set of rules 
representing the decision class Dk. The task is repeated for all decision classes. Some 
modification of the method is applied in the algorithm LEM2 proposed by Grzymala-Busse56. 
The implementation of the method can be found in the software Weka316 and RSES211,37. 
 Another approach that utilizes the coverage is the two-stage rule selection19, 
characteristic for Boolean function minimization algorithms. In this solution, a set R(ui) 
contains all minimal rules and is created for each ui of decision class Dk. The combination in 
the form of the union of all R(ui) for each object ui in decision class Dk creates a family of 
minimal rules of that class. Next, this family of rules goes through a selection process in 
order to find a minimal family consisting in minimal rules. The rule induction procedure is 

                                                
50 Andersen T., Martinez T., Learning and generalization with bounded order rule sets. In: Proc. of 
10th Int. Symp. on Computer and Information Sciences. pp. 419–426, 1995. 
51 Maimon, O., Rokach, L.: Data Mining and Knowledge Discovery Handbook, 2nd ed., Springer 2010 
52 Skowron A., Rauszer C., The Discernibility Matrices and Functions in Information Systems. 
Słowiński R. (ed.) Intelligent Decision Support, Theory and Decision Library, vol. 11, pp. 331–362. 
Springer Netherlands, 1992, DOI: 10.1007/978-94-015-7975-9 21 
53 Stefanowski J., Rule induction algorithms for knowledge discovery (in Polish). Monograph Series 
361, Poznan University of Technology Publishing House, Poznan, 2001 
54 Stefanowski J., Vanderpooten D., A General Two-Stage Approach to Inducing Rules from 
Examples. Ziarko W.P. (ed.) Rough Sets, Fuzzy Sets and Knowledge Discovery, pp. 317–325. 
Workshops in Computing, Springer London, 1994, DOI: 10.1007/978-1-4471-3238-7_37 
55 T. Mitchell, Machine Learning. McGraw Hill, 1997. 
56 Grzymala-Busse J., Wang A., Modified algorithms LEM1 and LEM2 for rule induction from data with 
missing attribute values. In: Proc. of the Fifth International Workshop on Rough Sets and Soft 
Computing (RSSC’97) at the Third Joint Conference on Information Sciences (JCIS’97). pp. 69–72. 
Research Triangle Park, NC, Mar 1997. 
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based on a selection process performed for each decision class Dk and contains the 
following steps [Bor15a]: 
 

1. Construction of the discernibility matrix for object ui belonging to decision class Dk. 
2. As a result of a pre-induction of all the rules for object ui the set R(ui) is obtained. 
3. Induction of all minimal rules corresponding to the objects of decision class Dk. 

a. Finding the cover for decision class Dk 
 
To obtain the minimal set of rules representing decision class Dk – not 
necessarily exact – an appropriate cover has to be found. The cover is 
represented in the form of a binary matrix M of n columns (n is the cardinality 
of the union of R(ui) sets – the set of all minimal rules corresponding to the 
objects in the decision class Dk) and k rows (k is the number of objects in the 
decision class Dk). When the resultant rule ri covers object uj, element (i, j) of 
the binary matrix equals 1, in other case it equals 0. 

 
b. Finding the minimal set of rules for decision class Dk 

 
The minimal set of rules representing decision class Dk is determined by 
fiding the minimal column coverage of matrix M. 

  
A characteristic feature of the selection method is the possibility of reduction of the 

problem of rule induction (precisely Step 2 and Step 3b) to the issue of calculation of prime 
implicants of the unate Boolean function given as the conjunctive normal form and 
represented by the discernibility matrix for training data6, [Bor14a, Bor14b, Bor15a]. The 
problem of rule induction for a given decision class Dk is equivalent to the problem of 
minimization of Boolean function f = (F, R), where the vectors of the set F (ON-set) 
correspond to the objects in class Dk, and set R (OFF-set) to all the remaining objects used 
during the creation of the discernibility matrix12. Thus, computational complexity of the rule 
induction can be estimated as being similar to the computational complexity of the Boolean 
function minimization. The issue of finding the minimal set of rules which covers a given set 
of objects in training data and classifies them correctly is of NP complexity. What determines 
the combinatorial explosion of the calculations, is the computation of all minimal column 
covers of the matrix M. The complexity of these computations is determined by the rapidly 
growing cardinality of the minimal rule family with the increase of the number of attributes. 
Thus, the induction of decision rules for a large database – as proved by my preliminary 
experimental studies – must rely on heuristic algorithms. 

As I showed in the article [Bor15a] the application of the logic synthesis for the rule 
induction illustrated the key difference between the proposed procedure and the 
conventional methods of rule induction: the rules induced by means of advanced logic 
synthesis are simpler (more general). It means that a better data classification is obtained as 
a result. 

The assessment of the effectiveness of the proposed rule induction method was 
based on cross-validation. In the experiments, the “quality” was assessed by means of two 
measures: efficiency of the classification and the and original set coverage. I presented the 
results of the experiments conducted in Tab. 2 in the article [Bor15a]. The proposed 
approach significantly increases the efficiency of rule induction in comparison with the 
system RSES2. The average rule classification efficiency is by 10% higher, and the average 
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coverage of the original set by the rules is higher by 15%, reaching 81.5% and 97.0%, 
respectively. 

It can be proved [Bor15d] that, much as in the case of attribute reduction algorithm, 
the rule induction algorithm can be performed without building the discernibility matrix. The 
information derived from the transformation of unate Boolean function as the conjunctive 
normal form can be achieved on the basis of distributions of attribute values of the decision 
table. Since the discernibility matrix has quadratic space complexity in the number of 
objects, memory savings due to lack of building it are so huge that we observe in the new 
model a significant improvement of the data processing speed in order to find minimal rules 
even for large databases. 

In the rule induction algorithm, the object from a selected decision class is discerned 
with all objects belonging to the other decision classes. Therefore, algorithm 1 from [Bor15d] 
is repeated n times, where n is the number of objects in a database. The proposed rule 
induction algorithm does not build the discernibility matrix, but the number of 1’s in the 
potential binary discernibility matrix for a given attribute a stems from the equation (1) in the 
article [Bor15d]. 
 In the first step of the algorithm, the objects from the same decision class as the 
object for which the rule is built are removed (hidden). Subsequently, the attribute of the 
maximal Sa value is selected. The selected attribute is used to split the decision table into 
two classes: the first contains objects that do not differ from the object that is being deduced 
on a selected attribute a, the second – the remaining objects. Then, the procedure is 
repeated only for the first set of objects, i.e. the attribute of the maximal value Sa is selected, 
and then the set is divided into two classes. The procedure is executed until the Sa value 
equals 0. This stopping criterion means that adding additional attributes to the resulting set 
of attributes potentially forming the implicant is not needed, as the partition B is empty or 
subsequent partition B is not required. The proposed approach utilizes the “divide and 
conquer” principle. In each step of the algorithm, only the subset of objects is used. This 
subset is noticeably smaller, and in connection with that it allows for rapid achievement of 
the final result. Similarly to the feature extraction algorithm discussed earlier, in the second 
step of the rule induction algorithm the redundant attributes are removed, which guarantees 
that the rule received contains the minimal set of attributes on which it is dependable.  

The computational complexity of algorithm 1 which aims at generating a single rule is 
O(rmn), and the space complexity – O(mn). The total computational complexity to induce all 
ruls equals O(rmn2), at the same space complexity. 
 The proposed rule induction algorithm was tested in a practical example. For 
calculations I used the telecommunications database developed by Zadnik and 
Michlovsky57,58 containing data collected through the SNMP server. The purpose of the base 
is to assign the network traffic cases to five decision classes, including spam and ham59 
classes. The database consists of 58 042 instances described by 68 numeric attributes. 
More detailed information about the database can be found in the publication58. 

                                                
57 Grzenda M., Towards the reduction of data used for the classification of network flows, in Hybrid 
Artificial Intelligent Systems, Corchado, E., Snasel, V., Abraham, A., Woźniak, M., Grana, M., and 
Cho, S.-B. (Eds.), Lecture Notes in Computer Science 7209, pp. 68–77, Springer Berlin Heidelberg 
(2012). DOI: 10.1007/978-3-642-28931-6_7. 
58 Zadnik M., Michlovsky Z., Is Spam Visible in Flow-Level Statistics?, tech. rep., CESNET National 
Research and Education Network, 2009. 
59 E-mail which is not considered as spam. 
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The database was preliminarily discretized using the algorithm published in [Bor15g]. 
Subsequently, for the resulting symbolic database, decision rules were generated by means 
of the method presented in article [Bor15d]. The induction method yields 26 091 minimal 
rules, where the longest rule contains four conditional arguments only. The calculations took 
50 minutes on an Intel Core i7-3520M 2.90 GHz with 4 GB RAM. 

Summing up, the main goal of the article [Bor15d] was to propose a new 
computational method of rule induction for data mining, as well as present the results of the 
experimental tool applied to a practical example. The proposed innovative method is capable 
of improving the efficiency of data processing tasks by decomposing the computational 
problem into smaller and less complex chunks. The presented issue responds to a known 
Big Data problem connected with processing large datasets in real-time. This method offers 
a significant time reduction and improves the efficiency of pattern recognition, which was 
earlier confirmed by research published in article [Bor15a]. The proposed solution 
constitutes a new approach in the domain of knowledge discovery in databases, the results 
of which can be applied in many domains, such as medical science, telecommunications or 
automatic control systems. 
 
 
Logic synthesis methods applicable to discretization of data – original achievement of 
the author 
 

One of the most common applications of data mining algorithms is processing of 
multimedia data. This is particularly evident in biomedical engineering, where data are 
collected for hundreds of variables describing medical conditions of patients60. For example, 
in the article61 the classification of patients with Alzheimer’s disease is described. The 
practical databases often contain numeric data, which are defined by the values of attributes 
in a real domain. However, the most popular databases contain mixed data, including, inter 
alia, real values, integers, symbolic values, and even sets or ranges of values [Bor13]. The 
characteristic examples of such practical data are: the telecommunication database for e-
mail classification58 and medical databases which support diagnosis, i.e. the database 
Breast Cancer Wisconsin10 and the database Pima Indians Diabetes10,62. Most of the 
parameters of these databases are continuous, and one of the problems in executing such 
decision systems is efficient discretization of figures (numeric data) for conditional attributes. 
For example, the attributes of the Indian Pima Diabetes Database regard: the number of 
times pregnant, plasma glucose concentration in a two-hour oral glucose tolerance test, 
disastolic blood pressure (mm Hg), triceps skin fold thickness (mm), two-hour serum insulin 
(µU/ml), body mass index (weight in kg /(height in m)2), diabetes pedigree function, age 
(years), and class variable (0 or 1). Most of these features are of numeric value, so for a 
proper analysis of this database it is necessary to discretize these values. We face a similar 
                                                
60 Hunink M.G.M., Glasziou P.P., Siegel J.E., Weeks J.C., Pliskin J.S., Elstein A.S., Weinstein M.C., 
Decision Making in Health and Medicine: Integrating Evidence and Values, University Press, 
Cambridge, 2001. 
61 Cuingnet R., Gerardin E., Tessieras J., Auzias G., Lehericy S., Habert M.O., Chupin M., Benali H., 
Colliot O., Automatic classification of patients with Alzheimer’s disease from structural MRI:  
a comparison of ten methods using the ADNI database, NeuroImage 56 (2), pp. 766–781 (2011),  
DOI: 10.1016/j.neuroimage.2010.06.013. 
62 Smith J.W., Everhart J.E., Dickson W.C., Knowler W.C., Johannes R.S., Using the ADAP learning 
algorithm to forecast the onset of diabetes mellitus. In: Proceedings of the Symposium on Computer 
Applications and Medical Care. pp. 261–265. IEEE Computer Society Press., 1988. 



- 26 - 

problem in the classification of electronic mail (e-mail) where records characterizing various 
network parameters used to perform analysis and detect anomalies are often given as 
numeric values58. 

The technological development in the area of digital generating and collecting data 
imposes an absolute necessity to develop methods for the analysis of numerical data such 
as discretization that is one of the tasks of preprocessing63. The transformation of the 
continuous values of parameters into their discrete equivalents enables easier analysis of 
data, and in many cases speeds up the process of data mining. Even if symbolic data is not 
required, discretization can accelerate the process of analysis and improve the accuracy of 
forecasts64,65. According to articles [Bor13, Bor15e, Bor15g] the literature proposed many 
methods for data discretization. In practice, one of two approaches is applied: 

● The application of discretization at the initial stage of data processing, before 
the data mining algorithm; 

● The selection of the specialized algorithm of data mining that is capable of 
making the analysis directly from numerical data. 

The first approach uses discretization. Discretization is the process of converting 
numerical attributes into symbolic attributes. It involves the partitioning of the original domain 
of the attribute into a number of subintervals and assigning the symbolic values. The initial 
intervals obtained for the proposed set of cuts are subsequently analyzed in order to obtain a 
minimal set of cuts, to differentiate the objects of the distinguished decision classes. Usually, 
the selection of a minimal set of cuts is made by a transformation of Boolean formula – of a 
conjunctive normal form into a disjunctive normal form6. 

A novelty of the solution proposed in the publication [Bor13] is the application of 
Boolean function complementation algorithm to the transformation of conjunctive normal 
form into disjunctive normal form. This application is possible due to the fact that the logical 
expression of unate conjunctive normal form can be represented by a binary matrix. Thus, 
the process of transforming the conjunctive normal form into disjunctive normal form can be 
reduced into the process of the calculation of the minimum column covers of this matrix 
[Bor14a]. 

Discretization of the system lies in the construction of partitions P for particular 
ranges of attribute values, then, the real value of the attribute is converted into the 
corresponding subinterval, i.e. containing given attribute value. In the first stage of the 
construction such cuts are proposed which constitute a set of all representatives of the 
subintervals determined by subsequent values of objects of the attribute considered and 
different from its value. After that, the received set of cuts is reduced into a minimal set of 
cuts according to the idea presented in the article [Bor13]. 
 In the discretization method, similar as in the feature extraction method, the 
discernibility function is built for the set of cuts, defined for a pair of different objects of 
different decisions. To distinguish between all objects of different decision, a Boolean 
expression is created which is a conjunction of the formulas according to the publication 
[Bor13] on page 221. Transforming the received form of the product of Boolean sums into 
the form of sum of products, with the use of the Boolean function complementation 
                                                
63 Chmielewski M.R., Grzymala-Busse J.W., Global discretization of continuous attributes as 
preprocessing for machine learning, Int. J. Approximate Reasoning 1, 294–301, 1996. 
64 Ekbal A., Improvement of prediction accuracy using discretization and voting classifier, 18th Int. 
Conf. on Pattern Recognition 2, pp. 695–698, 2006, DOI: 10.1109/ICPR.2006.698. 
65 Frank E., Witten I.H., Making better use of global discretization, Proc. Sixteenth Int. Conf. on 
Machine Learning 1, pp. 115–123, 1999. 
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algorithm, all minimal set of cuts are received that meet the assumptions. In other words, all 
prime implicants constituting the solution of the constructed Boolean formula (product of 
sums) are a minimal set of cuts. 
 The algorithm of discretization also works for the inconsistent decision system. Such 
an approach is in line with the rough sets theory proposed by prof. Z. Pawlak66. 

In the article [Bor15g] the evaluation of the method of discretization was performed 
based on the Boolean function complementation algorithm. In many applications all minimal 
solutions32,33,67are sought. In the case of a typical discretization, only one minimal set of cuts 
is needed. It means that one local minimum should be achieved. It is also essential to make 
sure that the ultimately calculated minimal set of cuts is as small as possible12,33. The article 
contains a description of three heuristic algorithms to discretize the numerical data, based on 
the logic synthesis method. To solve the problem of time-consuming column cover 
computation, the heuristic algorithms were proposed and implemented, named respectively: 
MaxCol, MinRow and Omega. 

One can look at the process of discretization as a process of compressing the 
database. On the one hand, it is expected that the data are saved using the least amount of 
memory. On the other hand, the solution should not introduce additional inconsistencies to 
the output data. Therefore, for the evaluation and the comparison of algorithms with the 
results of the leading academic software used for data analysis the method was proposed 
that is based on entropy, known from the information theory68. To compare the quality of 
discretization, the algorithms of discretization were selected that are applicable in the well-
recognized university and academic systems: RSES211,37 and Weka 316.  

The experiments were conducted in two variants: with reduction and without 
reduction of reiterating objects. The results were presented in Tab. 6 of the article [Bor15g]. 
The proposed discretization method has proved to be very effective for every column cover 
algorithm examined. The methods did not introduce any inconsistencies – the number of 
objects after discretization remains unchanged. At the same time it was possible to 
significantly reduce the number of bits required to store the data. In the case of analyzed 
databases, the average compression ratio for analyzed methods amounted to 8.02 while 
maintaining the consistency of databases at the level of 100%. It is a better solution than in 
the case of RSES2 where the compression ratio equals 7.26 while maintaining the 
consistency of databases at the level of 100% and better than in the case of Weka 3 where 
the compression ratio equals 32.60 for Fayyad & Irani MDL method and 21.60 for 
Kononenko MDL method while maintaining the consistency of databases, respectively, at 
62.79% and 64.71% (Tab. 7 in the article [Bor15g]).  

An additional experiment was conducted to examine the impact of data discretization 
on the quality of classification (accuracy of predictions) by algorithms that do not require 
discrete data, i.e. are capable of working with continuous data. Discretization was conducted 
on a random training set containing 90% of data and on a test set constituting the remaining 
10% of data. In the next stage, the software Weka 3 was used to generate five classification 

                                                
66 Pawlak Z.: Rough Sets. Theoretical Aspects of Reasoning about Data. Kluwer Academic 
Publishers, 1991. 
67 See: The practical application of the elaborated algorithm of discretization of data in medicine – 
determining the cut-off point for the Topoisomerase II-alfa parameter- original achievement of the 
author  
68 Shannon C.E., A mathematical theory of communication, Bell System Technical J. 27(3),  
pp. 379–423 (1948), DOI: 10.1002/j.1538-7305.1948.tb01338.x 
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models, i.e. the decision tree J4869, decision table70, logistic regression model71, sequential 
minimal optimization72 and random forest73 which were then verified on the discretized test 
set. The criterion chosen to assess the quality of classification was the number of correctly 
classified test instances. The aforementioned 10-fold cross-validation was repeated 10 
times. As shown in Tab. 8 in the article [Bor15g] the proposed methods based on the 
Boolean function complementation provide almost the same quality of classification as (or 
slightly better than) using the data without discretization. Nevertheless, using the discrete 
data brings considerable benefits, including faster creation of the classification model or the 
possibility to apply the classification methods that require symbolic data. 
 The idea presented in the article [Bor13] was also a starting point to my elaboration 
of a method presented in the article [Bor15e]. Since the data mining methods (in this case 
the discretization) based on the discernibility matrix are inefficient for large databases, the 
purpose of this article was to present the new algorithm of discretization of data which 
applies in its computations the statistics of attribute values and which allows for avoiding the 
explicit creation of discernibility matrix. The evaluation of time complexity showed that the 
proposed method is much more efficient than the currently available solutions. 

Discretization of a decision system lies in the construction of Pa partitions for each of 
particular attribute domains Va. Subsequently, the real values of the attribute are mapped 
into subintervals representing the symbolic attribute values. 

In the first step of discretization, according to the article [Bor13], the initial sets of cuts 
should be determined. The proposed cut can be represented as the arithmetic mean for 
each successive pair of sorted unique attribute values. However, such an approach has a 
major drawback. The proposed cuts are initiated between the attribute values held by 
instances with the same value of decision attribute. To obtain a consistent discretization, all 
pairs of objects with different decisions must be separated. The approach presented in the 
article [Bor15e] offers a solution to this problem. 

The first step of the discretization algorithm is very similar to the aforementioned 
rapid feature extraction algorithm. In this step, a cut of the maximal 𝑆(",))#  value is selected, 
according to the equation 3 in the article [Bor15e], which is then used to partitioning the 
decision table into two equivalence classes. Then, for each equivalence class the algorithm 
is repeated, as a result of which the next cut is selected for which the accumulated measure 
𝑆(",))
#  is maximal. The first step of the discretization algorithm is executed until the maximal 

accumulated measure 𝑆(",))#  reaches 0. 
In the second step of the discretization algorithm, the redundant cuts calculated in 

the first step of the algorithm are removed, thus guaranteeing that it is the minimal set of 
cuts. It is done similarly to algorithm 2 from the article [Bor15c]. 

In the article [Bor15e] the estimation of the computational complexity of the algorithm 
was presented. During each iteration of the algorithm, candidate cuts67 are ranked within 
                                                
69 Quinlan J.R., C4.5: Programs for Machine Learning, Morgan Kaufmann Publishers Inc., San 
Francisco, 1993. 
70 Kohavi R., The power of decision tables, Machine Learning: ECML-95 912, pp. 174–189, 1995, 
DOI: 10.1007/3-540-59286-5 57. 
71 Cessie L.S., Houwelingen J.C. van, Ridge estimators in logistic regression, Applied Statistics 41(1), 
pp. 191–201, 1992. 
72 Platt J.C., Fast training of support vector machines using sequential minimal optimization, 
Advances in Kernel Methods 1, 185–208, 1999. 
73 Breiman L., Random forests, Machine Learning 45(1), pp. 5–32 (2001), DOI: 
10.1023/A:1010933404324  
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particular equivalence classes induced by the superset44 of the selected cuts. It is done by 
sorting the database by attribute values m times with O(nlog(n)) time complexity and 
calculating ranks for cuts proposed before for a considered attribute according to equation 3 
in the article [Bor15e]. A cut of the largest rank is selected and subsequently, the decision 
table (or particular equivalence classes in the further step of the algorithm) is partitioned into 
two equivalence classes according to the selected cut (particular equivalence classes are 
partitioned into two new equivalence classes according to a selected cut). The partition 
process is executed until the condition checking whether the maximal rank is bigger than 0 
stops to be met. Afterwards, in the second part of the algorithm, the verification of the 
“superset” takes place. It consists in removing the redundant cuts from the set. The removal 
procedure is of O(cmn) time complexity, where c is the number of cuts in the “superset” 
calculated in the first step of the algorithm. Summarizing, the total running time of the 
algorithm is O(mnlog(n) + cmn), and space complexity is O(mn). 

The algorithm allows for the discretization of practical databases. The example can 
be e.g. the database Hepatitis Data Set10 containing information on the diagnosis of 
hepatitis. The database was gathered for 155 patients, and the decision is binary – the 
patient is ill or is not ill. Applying the tool which was elaborated on the basis of the algorithm 
discussed, the system can be reduced to a symbolic form, which is presented on printout 2 
in the publication [Bor15h] chapter 15.5. Noticeably, in this case of discretization, part of the 
attributes was reduced. For instance, for attributes with indices 1, 2, 3, 4, 5 etc., the 
algorithms did not yield any cut, hence, ipso facto, these attributes will not be taken into 
consideration at the decision-making process, as they are not indispensable to make a 
proper decision. 

In the article [Bor15e] I proposed a new, rapid method of discretization of data with 
small memory requirements. The proposed algorithm of discretization does not utilize in its 
computations an explicit creation of discernibility matrix. In every step the algorithm 
decomposes the analyzed base (decision table) into smaller, less complex chunks according 
to the methodology “divide and conquer”. Research results respond to the currently known 
Big Data problem that concerns the processing of large practical datasets in near real-time. 
 
 
The practical application of the algorithm of discretization of data in medicine – 
determining the cut-off point for the Topoisomerase II-alfa parameter – original 
achievement of the author 
 

In co-operation with the Centre of Oncology, Maria Sklodowska-Curie Memorial 
Institute in Warsaw I carried out research concerning the determination of the cut-off point 
for the parameter Topoisomerase II-alfa (TOP2A) applying the methods of discretization of 
data elaborated by me [Bor14c]. The research utilized the clinical data gathered between 
1988 and 2002 at the Institute of Mother and Child in Warsaw. A homogeneous group was 
selected, consisting of patients under 25 years of age who had malignant primary bone 
cancer (osteosarcoma). The patients with unfavourable prognostic evaluation were excluded 
from the research74. 

                                                
74 Ługowska I., Woźniak W., Klepacka T., Michalak E., Szamotulska K., A prognostic evaluation of 
vascular endothelial growth factor in children and young adults with osteosarcoma, Pediatric Blood 
and Cancer 57(1), pp. 63–68 (2011), DOI: 10.1002/pbc.23021 



- 30 - 

The analysis took into consideration the following clinical parameters: age, sex, 
location of the tumor, size of the tumor, pathological fracture, subtype of the osteosarcoma, 
histological reaction for pre-surgery chemotherapy, treatment type. The decisive parameter 
was the survival of the patient. 

The statistical analysis was conducted using the commercial software package SPSS 
version 12. The cut-off point was determined by examining the likelihood ratio. Initially, three 
cut-off points were assumed for the TOP2A parameter: 10%, 25% and 40%. The highest 
score LR = 2 was obtained for the 25% cut. Subsequently, many statistical tests were 
conducted, inter alia test chi2 to examine the relations between the parameters and the 
parameter TOP2A for the cut-off point of 25%. The Kaplan-Meier estimator and the log-rank 
test were used in the univariate analysis of variance. In the multivariate analysis of time-
dependent covariates, the Cox proportional-hazards model was used for statistically 
significant parameters in the log-rank test (p <0.05), or those which demonstrated the 
statistical tendency (p <0.1). The research aimed at justifying the choice of the 25% cut-off 
point for TOP2A74. 

The cut-off point for the TOP2A parameter was determined independently by means 
of a unique method of discretization of data. The analysis was initiated by determining the 
original set of 39 cuts {2.5; 5; 7.5; 10; 12.5; 15; 17.5; 20; 22.5; 25; 27.5; 30; ...; 95; 97.5} for 
the TOP2A parameter (in %). The same took place in the case of other parameters of the 
database, i.e. for the following parameters: “age”, “sex”, “location of the tumor”, “the size of 
the tumour”, “pathological fracture”, “subtype osteosarcoma”, “histological reaction”, “surgery 
type”, for which the cuts were assumed as arithmetic means from successive values, and for 
the parameter “viable tumour cells” the cut-off point of 10% was assumed. Subsequently, the 
cuts were analyzed to obtain a minimal set of cuts while retaining the possibility of 
classification. To accomplish this task, the prime implicants of the discernibility function were 
calculated with the use of the Boolean function complementation algorithm. As a result, 
225 310 possible minimal sets of cuts for the considered parameters were obtained. The 
subsequent quantitative analysis proved that for 95 201 solutions the cut-off point for TOP2A 
equals to 25%. The distribution of cuts for the TOP2A parameter is shown in Fig. 6. 
 

 
 

Fig. 6. Distribution of cuts for the TOP2A parameter [Bor14c] 
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Logic synthesis methods applicable to data compression and hierarchical decision-
making – original achievement of the author  

 
Data classification is one of the fundamental problems of data mining, and the 

decision rules are one of the tools which allow for classifying new data. Hence, many 
problems connected with decision-making are of the following nature: having a decision 
table, one must find a set of decision rules representing the decision-making algorithm. 
However, it is known that practical decision tables are large and difficult to store in RAM or 
the resulting logical formulas are long and constitute a similar problem75,76. Therefore, along 
with the increase in the amount of data, there appears a natural need of the decomposition 
of the problem9,77,78,79. The decomposition of the decision table leads to receiving the 
subsystems in which the original specification is gradually decomposed into smaller decision 
tables. At each stage of this process the information regarding the attribute values can be 
reproduced based on operations executed by means of newly created tables representing 
sequential decision-making also called hierarchical decision-making75, [Bor14a]. As 
suggested by the authors80, one can use for this purpose the algorithms of decomposition 
applicable mainly in the logic synthesis of digital systems. The appropriate solution can be a 
hierarchical decision rule induction presented by me in publications [Bor14a, Bor15f] and 
elaborated on the basis of methods applied in the logic synthesis of digital circuits [Bor16b] 
which is supplementing the methods discussed before, and in particular the decision rule 
induction. The proposed idea leads in turn to hierarchical decision rule induction with the use 
of training set that is decomposed into subsets and finding adequately simplified decision 
rules for received subsets (decision tables). 

The decision systems and combinational logic circuits are usually represented by 
decision tables and truth tables, respectively. The conditional attributes of the decision 
system correspond to the input variables of the combinational logic whereas the decision 
attributes correspond to the output variables. Therefore, many notions from these areas can 
be mutually mapped in this way to each other. Additionally, the similarity between the 
decision systems and combinational logic allows for applying specialized methods of logic 
synthesis in the data mining domain. Having considered this, I presented in articles [Bor14a, 
Bor15f] that the typical decomposition algorithm of binary truth tables (representing the 
Boolean functions) can be adjusted to decomposing data represented by multivalued 
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76 Zupan B., Bohanec M., Demsar J., Bratko I., Learning by discovering concept hierarchies, Artificial 
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77 Bohanec M., Zupan B., A function-decomposition method for development of hierarchical multi-
attribute decision models, Decis. Support Syst., vol. 36, no. 3, pp. 215–233, Jan. 2004,  
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Discovery Handbook, O. Maimon and L. Rokach (Eds.), Springer US, 2010, pp. 981–998,  
DOI: 10.1007/978-0-387-09823-4_51. 
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attributes used for representing decision systems9,81,82,83. The experimental results showed 
that owing to the application of presented methods a significant compression of data can be 
obtained, which as a result will contribute to the acceleration of computations. 

The main advantage of applying the functional decomposition in logic synthesis is 
decreasing the resources for technological mapping. It is of particular importance in the case 
when the function cannot be directly mapped into a single module designated for 
implementation. In such a case, the only possibility is to decompose the problem in such a 
way that the network of two or more modules implementing the “components” of functions 
obtained after running the algorithm plays the role of the original function, and, ipso facto, 
the assumptions of the developer.  

A similar problem arises in data mining systems. The application of the 
decomposition algorithm for decision tables yields more efficient representation of data. We 
can decide to break down a data table into smaller components, depending on the memory 
resources held or other project considerations. Then, after the decomposition of a large 
database into smaller parts, we induce decision rules for the obtained “smaller” databases. 
Consequently, the decision rules are finally shorter, and the proper combination of these 
decision rules yields the same output. 

Generally, the existence of functional dependencies implies the need for the 
decomposition of the problem. The dependency relations is interpreted in the following way: 
fulfilling the condition A ⇒ D means that if a pair of objects cannot be differentiated with 
attributes belonging to set A, then they cannot be differentiated with attributes belonging to 
set D. In other words, the values of attributes from set D depend on the values from set A. 
Let F be a function representing the functional dependency D = F(A) for a coherent decision 
system A = (U, A ∪ D), where A is a set of conditional attributes and D is a decision attribute. 

Let B1, B2 be such subsets of A that A = B1 ∪ B2 i B1 ∩ B2 = ∅. Functional decomposition for 
F(A) exists if and only if when F(A) = H(B1, G(B2)) = H(B1, δ), where G and H represent the 
following functional dependencies: G(B2) = δ i H(B1, δ) = D. In other words, we try to find the 
functional dependency H for attributes from set B1, as well as the attribute of the 
intermediate decision determined based on the intermediate dependency G for the attributes 
of set B2. The output of function H adopts exactly the same values as the original function F 
(Fig. 7). This means that it is possible to restore the original decision table based on the 
obtained decision tables represented by G and H. To ensure the possibly smallest number of 
values for the auxiliary attribute δ I used a test based on quotient partition, widely applicable 
in the logic synthesis of digital circuits, e.g. in the article84. 

 
                                                
81 Porwik P., Stankovic R., Dedicated spectral method of boolean function decomposition, 
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Fig. 7. Functional decomposition of the decision table [Bor15f] 
 
Due to a large number of various structures resulting from the number of possible 

partitions of set A into subsets B1 and B2, I made the assessment of results based on the 
size of the obtained decision tables G and H. I expressed the size of the table as 𝑆 = 𝑛∑ 𝑏.. , 
where n is the number of objects, and bi is the number of bits required to represent the 
attribute ai. After the decomposition, I compared the size of the received components of the 
decomposition with the size of the original table (before the decomposition). I adopted as the 
compressed ratio the parameter S / SF expressed in percent, where SF is the size of the 
original table. The calculations performed with the experimental implementation of the 
decomposition algorithm for decision tables confirmed the huge potential behind the use of 
that method in the hierarchical induction of decision rules. I presented the results of these 
calculations in Tab. V in the article [Bor15f]. I presented in the table the compression ratio for 
the selected databases from the repository of UCI10. 

Generally, the decomposition offers the possibility of multi-stage induction of decision 
rules. It can be presumed, that the recurrent application of decomposition will contribute to 
increasing the efficiency of data compression. At the same time, the process of decision rule 
induction is easier for smaller decision tables. According to the authors of the paper80 
simpler data models obtained in the decomposition process can improve the efficiency of 
induced rules (the accuracy of classification), and, ipso facto, improve the efficiency of 
predictions. It must be also emphasized, that the algorithms proposed by me have a wide 
practical application in many domains of machine learning, e.g. in publications80,85,86. 
Efficient algorithms of data compression were and still are the focus of research due to 
growing complexity of databases used in practice. 
 I also indicated the importance of applying the functional decomposition in the article 
[Bor16b], where I proposed to link this method with the argument reduction method and to 
apply them in the implementation of digital systems. 
 FPGA devices (Field Programmable Gate Array) are equipped with memory-based 
structures. These memories act as very large logic cells, in which the number of inputs 
equals the number of address lines. At the same time, there is a huge demand in the market 
of Internet of Things for devices implementing routers, intrusion detection systems etc., 
where such memories are crucial for realizing pattern matching circuits, routing tables and 
                                                
85 Moraga C., Design of neural networks, in 11th International Conference on Knowledge-Based 
Intelligent Informational and Engineering Systems, ser. Lecture Notes in Computer Science,  
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86 Raghuvanshi A., Perkowski M. A., Image processing and machine learning for the diagnosis of 
melanoma cancer, in BIODEVICES 2011 – Proceedings of the International Conference on 
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others. Unfortunately, existing tools of developing digital circuits are not suited to utilize 
capabilities that memory blocks offer due to the lack of appropriate logic synthesis 
procedures. 
 One of the applications of the logic synthesis is the optimization focused on 
representing Boolean functions by means of possibly short logical expressions. Two-level 
minimizers are used to simplify the Boolean functions, i.e. to decrease the number of product 
terms. However, in FPGA-based and ROM-based implementations the number of terms is 
one of the least important objectives. The minimization objective is more significant, such as 
the minimal number of variables that the function depends on [Bor14b]. The task of reducing 
variables is one of the stages of initial processing in logic synthesis which leads to a better 
hardware implementation. 
 Another important method for logic synthesis applicable to embedded memories is 
the functional decomposition which aims at breaking the logic circuit into a network of 
smaller components. For instance, the book87 describes the decomposition problem as one 
of the most important issues of logic synthesis. 
 The application of two methods, i.e. the reduction of variables and decomposition, 
has a huge impact on the utilization of hardware resources. The circuit T27 discussed as an 
example in the article [Bor16b] can be implemented with the use of two logical cells only. 
Unfortunately, none of these methods is used in commercial systems for digital design. 
Tab. 6 in the article [Bor16b] shows the summary results of implementing the function TL27 
by means of the systems Altera Quartus II, Vivado 2015.4.2 and ISE 14.7. 
 The hypothesis stating on the efficiency of combining these two procedures of logic 
synthesis was also confirmed in an experiment with a distributed arithmetic system of the f5 
digital filter88. The Boolean function describing the system has 11 input variables and 11 
outputs. After argument reduction, the system is represented by a function with 7 input 
variables (and the same number of outputs as the original circuit). In both cases the 
functions are completely specified. Tab. 7 in the article [Bor16b] shows the impact of 
argument reduction upon the implementation of a distributed arithmetic system of the f5 
digital filter. 
 It stems from the conducted experiments that the technological mapping is strongly 
dependent on the applied methods of logic synthesis and has a huge impact on the quality 
of the entire digital system. It is particularly visible in the case of heterogenic programmable 
structures, i.e. consisting of logical elements of various types. It was also demonstrated in 
the article that owing to the flexibility of the hardware description languages used in the 
computer-aided design systems, the logic synthesis procedures can be successfully used in 
digital systems design. Such a flexibility results from the capability of specifying the product 
hierarchically. In a hierarchical specification the project is represented by a network of 
interconnected blocks with lower and lower levels of complexity, as a result of which we 
have at the final level of the hierarchy only the basic elements, i.e. in the case of FPGA 
structures, LUTs (Look Up Tables) and EMBs (Embedded Memory Blocks)87,89. 
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The application of the logic synthesis algorithms in the efficient implementation of an 
index generation function – original achievement of the author 
 

Attribute reduction is the process of finding a smaller set of attributes in the database 
(a reduct) which allows for obtaining the same decision for the reduced database as for the 
original database. When the data represent the Boolean truth table, the reduction decreases 
the number of input variables in such a way that the data remain consistent, and, as a result, 
it is possible to implement a working digital circuit of the same functional properties as the 
initial circuit – before the reduction. 
 In the case of implementations in the FPGA90 structures, such a reduction makes it 
possible to realize combinational circuits with smaller number of inputs. The example of 
efficient realization is the synthesis of an index generation function (index generator)91,92, in 
which the mapping is a sparse Boolean function: 
 

f : Dn → { 1, 2, ..., k }, 
 

where Dn ⊆{0, 1}n, and |Dn| = k. 
 Such a function can be understood as a set of one-output logical functions with a big 
number of inputs characterized by a huge disproportion between the number of input words 
for which the specific function’s response equals 1 and the number of these words for which 
the functions yield 0. Index generators are commonly used in various types of digital circuits. 
Their development is connected with the need to classify and identify data represented by 
long binary vectors. Index generation functions are applied among others in IP 
distributing/filtering, virus scanning, unwanted data detection, in general – pattern 
recognition detection. 
 Index generation functions were and still are widely studied for their applications and 
effective implementation93,94,95,96,97, mainly by prof. Sasao92,98,99,100,101. 
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A characteristic feature of these functions is a large number of input variables and a 
relatively small cardinality of the set Dn (vectors belonging to the set Dn are called registered 
vectors). A consequence of this property is an efficient reduction of input variables, enabling 
the index generator to be implemented in the structure proposed by prof. Sasao99. This 
structure contains the main memory, an auxiliary memory, a comparator, and an AND gate 
(Fig. 8). 

 

 
 

Fig. 8. The implementation of index generation function [Bor18b] 
 

The variable reduction block selects from among all variables a subset of X1 
representing a reduct of the index generation function (X = X1 + X2). The cardinality of the 
reducts equals r. It is also the number of inputs to the main memory. At the output of the 
main memory there is an input vector index. It is represented by a binary vector with a 
number of 𝑝 ≥ ⌈log6 𝑘⌉ bits. This index is a valid index of the input vector, provided that it is a 
registered vector. Only then does this index appear on the output of the index generator. If 
the index vector is not a registered vector, the generator yields “0”. The mechanism checking 
whether the output of the main memory represents the correct index is implemented in the 
auxiliary memory and in the comparator. The auxiliary memory stores the vectors 
represented by variables belonging to the set X2. These vectors are fed to the comparator 
input and compared with the actual X2 vector fed to the comparator’s second input. In the 
situation when the vector taken from the auxiliary memory is different than the actual X2 
vector, the examined index generation vector is not registered. Then, the comparator output 
signal “0” will block the output of the AND gate (gates) of the vector generated in the main 
memory. 
 In the approach presented in the article [Bor08] I proposed the realization scheme for 
completely specified logic functions characterized by a huge disproportion of registered 
vectors in relation to remaining vectors. A relevant logic synthesis method to identify the 
mentioned vectors was presented in the article. In this method logic functions are 
implemented using both embedded memory blocks and LUT-based programmable logic 
blocks available in FPGA circuits. 

The method is based on the splitting of Boolean function into parts and implementing 
it as Finite State Machines. For a function with the number of inputs equal to n, t state 
machines is created. Then each of state machines receives on its input n/t bits from the 
function vector. The state machines result with output all indices matching the given pattern 
of n/t bits. After such function decomposition, for each given input vector, t sequences of 
indices are received. If an index appears in all t sequences, it means that the vector is 
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registered and that the index is its value. If the result does not appear in all t sequences, the 
vector is not on the list. The example of operational scheme of the method of index 
generator synthesis was shown in Fig. 1 in the article [Bor08]. To synthetize state machines I 
applied the serial decomposition method with internal state encoding which was 
implemented in the university software I elaborated for the purposes of my PhD thesis.  

In comparison with the other synthesis methods to implement the index generation 
function I obtained very good results for the utilization of the logic resources. With a 
comparable, utilized EMB memory space, the number of logic cells was reduced by 95% 
(Tab. 2 in the article [Bor08]). The research was carried out by means of programmable 
devices Altera Stratix. The additional advantage of my solution is the fact that the amount of 
hardware resources occupied by the address generator does not depend on vectors’ values, 
but it only depends on the number of vectors. In the solutions proposed in 
publications92,99,100,101 the number of used ALM modules and memory modules depends on 
the values of vectors. Secondly, the computation of the hashing functions is not required for 
the realization as it is in the case of methods of prof. Sasao. The proposed solution allows 
for synthetizing index generation function for any vector set. 

The indeterminacy level, as well as the number of Boolean formulas variables 
describing the functioning of index generators, require the application of new methods of 
logic synthesis, directed more into argument reduction and decomposition. In the article 
[Bor18b] I carried out research on the efficient implementation of the index generator for the 
Boolean function previously analyzed by prof. Sasao102 and presented in Tab. 6 in the article 
[Bor18b]. For this function prof. Sasao obtained a 5-argument solution, r = 5. 
 It is very easy to notice that the efficiency of the constructed index generator 
depends on the obtained reduct. For these reasons prof. Sasao in the summary of his paper 
at the EPFL workshop pointed out that the study on an efficient attribute reduction algorithm 
is one of more important research tasks in the field of pattern recognition. Therefore, it is 
worth stressing that, using the algorithm proposed in the article [Bor18b], one can calculate 
the whole series of 4-argument reducts, r = 4. One of these solutions was provided in Tab. 8 
of the article [Bor18b]. I also presented the results of a similar experiment in the article 
[Bor16b]. 

Typical logic synthesis methods utilizing functional decomposition can be applied 
solely for FPGA logic cells or CPLD blocks, as it is their asset that they can implement any 
Boolean function of a specified number of input variables. For the gate-based 
implementation there is no possibility to apply these methods directly. In the article [Bor16a] I 
proposed a new method for multilevel logic synthesis based on functional decomposition 
focused on being implemented on gate structures. Since the method decomposes a given 
function F directly into the gates, it is especially suited for synthesis of index generation 
function with the use of ROM memory. Other exisiting methods of realization the index 
generator have been so far limited solely to EXOR gates102,103. 

A subsequent solution of the problem of building the efficient index generator can be 
the publication [Bor18a], where I held the function of expert in the domain. In this elaboration 
the probabilistic approach to the problem of circuit construction was proposed. 
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The solution proposed by prof. Sasao requires additional auxiliary memory, to 
determine whether the input vector is registered for a given function. Auxiliary memory space 
depends on the quality of performed reduction of input arguments of the function. For a 
better reduction (shorter reduct), bigger auxiliary memory space is required. In the article 
[Bor18a] a new scheme of index generation circuit was proposed. The circuit utilizes 
probabilistic data structures to identify the registered vector. It was demonstrated that such a 
scheme allows for efficient implementation of index generation function at the expense of 
small probability p of false positives. In the article the application of Bloom and Cuckoo filters 
was verified [Bor18a]. It was noticed that along with the increase of probability of occurring 
false positives p, the auxiliary memory space can be decreased. Additionally, finding the 
optimal linear transformation allows for applying small auxiliary memory space, regardless of 
the number of input units of the function. Although the proposed scheme cannot be utilized 
in all practical solutions, it can be an interesting alternative for applications that accept small 
probability of false positives. 
 
 
Summary 
 

More and more frequent application of logic synthesis algorithms in data mining 
encourages the scientific community to analyze this phenomenon more systematically. Such 
a situation is confirmed by the books15,51 in which the attention is expressedly focused on the 
possibility to use the logic synthesis methods applicable in digital design to data mining 
tasks. 

In this paper I discussed the application of methods and algorithms of Boolean 
reasoning for processing data. As I proved, many existing solutions of data mining problems 
can be improved by the application of computational models proposed in the series of my 
articles. Conducting an experiment with the example of kaz was an inspiration to commence 
this research [Bor12]. Comparing the computational time it should be emphasized, that for 
this example the known RSES system computed all 5574 reducts within 70 minutes, and my 
innovative procedure based on Boolean function complementation algorithm computed the 
set of all reducts during merely 234 ms. Other noticeable drawback of the existing expert 
systems was the issue connected with the processing of incompletely specified data or the 
lack of possibility of such processing, which can be easily observed during the experiments 
with the Trains database, and which is possible with the use of my algorithm. Therefore, a 
view which is similar to the one in the publications15,51 and independently expressed in 
[Bor14a] regarding the application of the logic synthesis algorithms in data mining and data 
analysis tasks for the purposes of efficient hardware realizations in digital design has 
become a motivation to take up further works in the domain, the summary of which is 
presented in this dissertation. 

In this summary, I focused the attention most of all on the key issues of data mining 
and I proved that the obtained results can have a positive influence on the socio-economic 
environment only in the case of synergistic amalgamation of research in the domain of 
Information Science with other domains of science in which the presented theory can be 
applied. They are expert systems, decision support systems, image recognition systems, 
etc. In particular, the applications realized with the use of Boolean reasoning can be applied 
in industry, social sciences, and a meaningful example are the applications of data mining in 
medical sciences. The performed analysis is most frequently realized on incomplete and 
uncertain datasets, and its task consists in solving such problems as: finding relations 
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among the data, optimizing decision algorithms, reducing data, classifying data, recognizing 
patterns in data, learning based on examples and efficient hardware realization of digital 
circuits. 

The fundamental aim of this paper was to demonstrate new, fast algorithms of data 
reduction, rule induction, discretization of data and knowledge representation. The 
algorithms as well as many modules of software supporting data mining elaborated by me 
take into consideration both systematic methods and heuristic methods, and the results 
obtained and published are better than the results obtained with the use of the known 
systems ROSE 2, RSES2 and Weka 3. For instance, the module realizing the systematic 
algorithms of attribute reduction and yielding all possible solutions is the fastest known 
algorithm on data which are not completely specified [Bor18b]. In the elaborated algorithm I 
used the fact that finding all prime implicants of unate Boolean function can be reduced to 
computing the column coverage of binary matrix that represents this function. The heuristic 
algorithms [Bor15c, Bor15d, Bor15e] improve the efficiency of data processing by 
decomposing the problem into smaller and less complicated components, and in their 
performance they utilize the value statistics of particular attributes and, ipso facto, do not use 
the discernibility matrix. Based on the experiments I proved that by means of the proposed 
methods it is possible to achieve a significant acceleration of computations with the 
simultaneous reduction of memory resources and the potential conducting of parallel 
computations. In comparison with traditional methods, the time of running the algorithms is 
several orders shorter, which allows for processing problems such as Big Data in near real-
time. As I showed in [Bor15a], the application of the logic synthesis algorithm to decision rule 
induction depicted a key difference between a proposed procedure and conventional rule 
induction methods: the rules inducted by means of advanced logic synthesis procedures are 
more general. It means that a better data classification is obtained. The evaluation of 
discretization method in the publication [Bor15g] proved high efficiency of column coverage 
algorithm. As a result, the method allowed for a significant decrease in the number of bits 
required for data storage. In the case of analyzed databases, the average compression ratio 
for analyzed methods amounted to 8.02, while maintaining the consistency of databases at 
the level of 100%. During my research on the discretization method I also showed that part 
of the attributes is automatically reduced, which was presented in the example published in 
the article [Bor15h]. A systematic discretization method published in the article [Bor13], and 
subsequently applied in the article [Bor14c], proved to be extremely effective to determine 
the cut-off point for the parameter Topoisomerase II alfa, a predictive factor facilitating the 
selection of the chemotherapy. The computations conducted during the experimental 
implementation of the decomposition algorithm for decision tables confirmed a huge 
potential behind the application of this method in hierarchical decision rule induction [Bor15f]. 
Functional decomposition algorithms and attribute reduction algorithms proved to be 
particularly efficient while applying them to practical realizations of index generation 
functions and digital filters [Bor18b, Bor16b, Bor16a, Bor08]. For instance, in the article 
[Bor08] the number of logic cells used for realizing index generation function was reduced by 
95%, and the algorithm published in paper [Bor18b] finds the whole series of 4-argument 
reducts which are a better solution than those published in works of prof. Sasao. In the case 
of digital filters, after applying the decomposition method combined with the argument 
reduction method, the number of logic elements required to realize a digital circuit decreases 
on average by an order of magnitude [Bor16b]. 
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 From the view of data mining, the area of elaborated methods and algorithms 
involve: 

● Logic synthesis methods in the application for data reduction,  
● Logic synthesis methods in application for knowledge representation,  
● Logic synthesis methods in the application for decision rule induction, 
● Logic synthesis methods in the application for discretization,  

(in particular, the practical application of the elaborated data discretization 
algorithm in medicine to determine the cut-off point for the parameter 
Topoisomerase II alfa),  

● Logic synthesis methods in the application for data compression and 
hierarchical decision-making,  

● The application of logic synthesis algorithms in the efficient implementation of 
the index generator function. 

 
The proposed algorithms won a big recognition both in Poland and abroad, opening 

new possibilities of co-operation, among others with the Centre of Oncology, Maria 
Sklodowska-Curie Memorial Institute in Warsaw, University of Technology Sydney in 
Australia, University of Leuven in Belgium, TU Bergakademie Freiberg in Germany, where I 
had the possibility to verify the algorithms. A big appreciation for the proposed algorithms 
was expressed by the authority in the domain of information technology – professor Bernd 
Steinbach from Technische Universität Bergakademie Freiberg. I was invited to present 
many papers, i.a. at the University of Technology Sydney in Australia, University of Las 
Palmas de Gran Canaria in Spain, University of Applied Sciences Upper Austria in 
Hagenberg, Escuela Superior Politécnica de Chimborazo in Ecuador and Universidad San 
Francisco de Quito in Ecuador. In 2014 I organized a special session at the conference 
ICSEng in Las Vegas, and in January 2015 – a joint seminar with the Higher School of 
Police in Szczytno. 
 The effect of the conducted research works was also placing their results in the 
academic book “Logic synthesis” [Bor15h] I am the co-author of. This book is used at many 
technical faculties such as e.g. Electronics and Telecommunications, Teleinformatics, 
Information Science, Mechatronics, Automatic Control and Robotics. The reviewers 
emphasized the original and innovative character of this book, and in particular, the large 
extent of possibilities to apply the methods and algorithms of logic synthesis both in the data 
analysis and data mining. 
 
 
5. Discussing the remaining scientific and research (artistic) achievements 
 

In my scientific activity, apart from the mainstream research connected with methods 
and algorithms of logic synthesis in data mining and data analysis, I carried out research 
connected with modeling and analyzing the algorithms of digital circuits optimization for 
purposes of telecommunication, particularly connected with efficient implementation of 
FPGA circuits along with error detection techniques. Other research conducted by me 
regarded cryptography and the Number Theory, Internet of Things, signal processing and 
data analysis for the purposes of public security. 
 

The application of programmable structures to realization of digital systems cannot 
be effected without the participation of computer systems supporting the design. It is 
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especially important when the project is implemented with the use of the newest 
programmable circuits containing LUT cells and embedded memory blocks, since many 
traditional methods of technological mapping is focused on gate structures. These methods 
usually utilize the minimization and factorization of Boolean functions. Unfortunately, due to 
imperfections of the traditional methods of digital circuits design, the possibilities created by 
modern microelectronic technologies are not fully exploited, and the available design tools 
do not allow for utilizing all features of architecture available in modern programmable 
structures. 

In my works I demonstrated that more efficient synthesis method dedicated to CPLD 
and FPGA structures is functional decomposition84,104,105,106,107,108,109. Therefore, I directed my 
research into logic synthesis methods for FPGA structures with embedded memory blocks. It 
was extremely important for this technique to apply the measure of r-admissibility for the 
selection of bound variables in the decomposition scheme, and, ipso facto, the minimization 
of project area in programmable structures. In the solutions I proposed the application of the 
disjoint and non-disjoint decomposition of multi-output Boolean functions. The conducted 
research proved a significant decrease in the exploited resources. 
 

In the literature many techniques can be found for error detection in various types of 
digital circuits. Unfortunately, the presented CED techniques (Concurrent error detection) for 
realizing the sequential circuits are focused mainly on the implementations based on logic 
gates and flip-flops. In my works110,111,112 I proposed the error detection techniques in 
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Arencibia (Eds.), Vol. 6928, pp. 343-350, 2012, ISBN: 978-3-642-27578-4, Springer-Verlag Berlin 
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sequential circuits realized by means of FPGA structures. Some of these techniques assume 
that the sequential circuit is realized with the use of logic cells and embedded memory 
blocks. In my works I compared various CED schemes with regard to the realization of the 
sequential circuit with the use of the address modifier. The proposed set of CED schemes 
offers the developer the possibility to balance the efficiency of error detection with the costs 
of implementation (quantity of utilized hardware resources). I also demonstrated, that the 
solutions allow for achieving adequately high level of error detection at the cost which is 
lower than 15% in the form of circuitry overheads. 
 

The main purpose of design works113,114,115,116 was to carry out research aiming at the 
elaboration of internationally innovative technological solution in the range of non-invasive 
methods and methods aiming at diagnosing strength (general, zone and local) and the 
exploitation level of constructions and machines as well as at alerts concerning the potential 
contingency situations for structures of a required high level of faultless operations. The 
elaborated system is dedicated i.a. to the creation of maps of damages which indicate the 
places of wave reflection in the examined structure. 

In particular, the research aimed at optimizing the algorithms for the designed 
embedded system of signal processing responsible for elastic wave generation and 
detection, acquisition and signal processing. Initially, due to a high computational complexity 
of algorithms and long time of running, the damage localization system the examined 
structure was elaborated with the use of the programmable FPGA circuit. Additionally, a 
thorough analysis of the utilized algorithms let me elaborate a new algorithm with a linear 
computational complexity. Finally, the algorithms were implemented in the Java language for 
Android devices, including telephones and tablets, which allows for inexpensive and mobile 
visualization of damage localizations. The computation time for a mobile device takes only a 
few seconds, which allows for a fast analysis of the monitored structure state. 
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The main goal of the work presented in publications117,118,119 was the upgrade and 
modification of selected stream ciphers and cryptographic primitives. The proposed solution 
dynamically generates primitive polynomials over a GF(3). The proposed modifications were 
developed in the programmable FPGA circuit. The system allows for a secure 
communication over a TCP/IP network by means of the modified A5/1 stream cipher 
applicable in the GSM standard. 
 

Due to a rapid increase in the number of wireless communication systems the radio 
spectrum is not efficiently exploited. Additionally, most of the co-existing systems share the 
same spectrum, therefore the problem of signal interference with other systems can pose a 
serious challenge. The publication120 presents a solution based on cognitive radio with the 
use of active interference reduction system MIMO and the direction of signal arrival 
estimation (DOA). The cognitive radio is used to detect co-existing systems and to classify 
interference type, and subsequently to negotiate among the systems in such a way that the 
spectrum of the radio signal could be allocated more efficiently. 
 

The main purpose of the design works that were presented in 
publications121,122,123,124,125,126,127 was to elaborate prognostic and simulation models for crime 
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development in Poland as well as the optimization models in the range of utilizing forces and 
measures being at the disposal of the Police to counteract crime and fight against crime in a 
more efficient way. My research focused on the analysis of cyclical events. In the research I 
used the frequency analysis and various models of time-series decomposition. 
 

In the years between 2004 and 2019 I was/am a Contractor or Principal Investigator 
of ten research project or research and development projects, i.a.: 

● Principal Investigator of the managed industrial grant with the company Nethone 
„Nethone ATO – artificial intelligence, biometrics and advanced profiling for 
innovative protection of user accounts in electronic banking”. The project aims at 
creating an innovative solution in the area of cybersecurity - the Nethone ATO 
system, which focuses on the significant increase of the level of protection available 
on the market for the owners of personal accounts in the internet banking and mobile 
banking against the crimes consisting in the unauthorized interception of the access 
control. The project is supported financially from the grant of the National Centre of 
Research and Development. 

● Contractor of the grant aiming at the creation of the system of crime development 
forecasting as a part of building the strategy of security and public order. The project 
was supported financially from the grant of the National Centre of Research and 
Development. 

● Principal Investigator of the grant for young scientists „New method of attribute 
reduction for the purposes of data mining for the applications in decision-making and 
information protection systems”. The grant was financed from the funds of the 
Faculty of Electronics and Information Technology of the Warsaw University of 
Technology. 

● Contractor of the grant “System of monitoring technical condition of a structure by 
means of the Lamb wave propagation analyses” with the co-operation of the Robert 
Szewalski Institute of Fluid-Flow Machinery PAS. The project was financed from the 
Operational Programme Innovative Economy. 

● Contractor of the grant “Designing digital circuits for the applications in 
telecommunication systems and networks of a high reliability of functioning, realized 
by means of programmable structures FPGA/CPLD”. The project was financed by 
the Ministry of Science and Informatization. 

● Contractor of the grant “Novel Digital Signal and Image Processing Software and 
Hardware for Information Systems”, with the co-operation with Nanyang 
Technological University in Singapore. The project was financed by the Ministry of 
Science and Higher Education in Poland and the Agency for Science, Technology 
and Research A*STAR in Singapore. 
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I was the participant of three long-term scientific internships abroad.  
The first internship was at the University of Nevada, Las Vegas in the United States 

at the department of Electrical and Computer Engineering in the period between 28th 
December 2009 and 28th February 2010. The research conducted by me (during my stay 
and later co-operation) regarded the synthesis of digital circuits to be realized in FPGA 
structures, the analysis of processor allocation for the Network-on-Chip systems in the 
context of lowering the thermal and power constraints128. In particular, the research initiated 
by me in this period regarding the application of logic synthesis in data analysis and data 
mining yielded in the writing of the present paper. 

The second prestigious internship “TOP 500 Innovators Programme” was held at the 
University of California, Berkeley in the United States in Haas School of Business in the 
period between 28th September 2015 and 29th November 2015. The internship aimed at 
increasing the qualifications of scientists and the employees of the centers of technology 
transfers in the area of co-operation with economy, scientific research management and 
commercialization of the research results. The programme was financed by the Ministry of 
Science and Higher Education from the funds of the Operational Programme Human Capital.  

The third internship was in the formula of a post-doc and was held in Auckland 
University of Technology in New Zealand at the Knowledge Engineering and Discovery 
Research Institute in the period between 4th December 2015 and 27th September 2016. The 
internship was conducted within the scope of the PANTHER programme in the framework of 
Measure II of the Erasmus Mundus programme. The main aim of the programme was the 
development of scientific co-operation among the universities of the European Union, 
Australia and New Zealand, with a particular focus on engineering and technology. The 
purpose of my visit was to elaborate computational models and efficient data mining 
algorithms as well as elaborating the experimental tools for decision-making systems. The 
outcome of these works were the articles [Bor16b, Bor16a] and the article [Bor18b] 
published after the return to Poland. During the programme I had the possibility to learn and 
participate in research regarding the third-generation neural networks (Spiking Neural 
Networks) and their practical applications. 
 

As a part of my educational activity in yeas between 2004 and 2019 I ran:  
● lectures and laboratory classes concerning the following subjects: “Logic circuits”, 

“Fundamentals of logic circuits”, “Fundamentals of digital circuits”, “Programming 
languages”, “Programming fundamentals”, “Introduction into IT”; 

● laboratory classes concerning the following subjects: “Object-oriented programming”, 
“Digital circuits”, “Developing programmable integrated circuits”, “Developing reliable 
digital systems”, “The synthesis and optimization of digital circuits”, “Low-level 
programming”. 
In 2013 I was ranked at the 5th position in the classification of the Golden Chalk, the 

independent competition of the students’ self-government of the Faculty of Electronics and 
Information Technologies of the Warsaw University of Technology. 

During my educational work I supervised c.a. 30 diploma theses.  

                                                
128 Zydek D., Selvaraj H., Borowik G., Łuba T., Energy characteristic of a processor allocator and a 
Network-on-Chip, International Journal of Applied Mathematics and Computer Science, Vol. 21, No. 
2, pp. 385-399, 02/2011, University of Zielona Góra, ISSN: 1641-876X, DOI: 10.2478/v10006-011-
0029-7 



- 46 - 

I was a reviewer of four PhD theses conducted at the University of Technology, 
Sydney, in Australia and at the University of the Basque Country in Spain, respectively, in 
years 2012, 2014, and two in 2016. The theses involved such domains as the Internet of 
Things, signal processing, load balancing in cloud computing and industrial application of 
recurrent neural networks. 

In years 2016/2017 I participated in the preparation and initiation of the field 
Information Technology at the Internal Security Department of the Police Academy in 
Szczytno. My contribution consisted in partial elaboration of the programme of studies and 
the preparation of selected syllabi. 
 

I received the scholarship student of the Center for Advanced Studies at the Warsaw 
University of Technology in the period from December 2009 till February 2010 and two times 
the scholarship of the Foundation for Supporting the Development of Radio Communication 
and Multimedia Techniques, respectively, in the periods between July 2012 and December 
2012129 and between January 2013 and June 2013130. 
 

In years between 2008 and 2016 I was a Managing Editor of the periodical 
“International Journal of Electronics and Telecommunications” (the former name: 
“Electronics and Telecommunications Quarterly”) of the Electronics and Telecommunications 
Committee of the Polish Academy of Sciences. During my activity I introduced in the 
periodical many changes aiming at its popularization among the international scientific 
community. Among others, the electronic version was introduced as well as the free access 
to articles. The periodical gained a new, uniformed format, and at the beginning of 2010 the 
title was changed. In the subsequent years together with the editor-in-chief I implemented 
the OJS system (Open Journal System), which facilitates the managing of the editorial 
process and direct contact with the author at every stage of this process. The periodical IJET 
is registered in many domestic and international bibliographic and bibliometric bases. The 
periodical tries to be included in the ISI database and get the international bibliometric 
factors JIF and the Hirsch index. 

I am the chief scientific editor of post-conference materials of the Asia-Pacific 
Conference on Computer Aided System Engineering (APCASE), Quito, Ecuador; the 
organizer and the chairman of the special session “From Boolean Problems to the Internet of 
Everything”, 23rd International Conference on Systems Engineering ICSEng 2014, Las 
Vegas, NV, USA; the chief scientific editor of the post-conference materials of Asia-Pacific 
Conference on Computer Aided System Engineering (APCASE), Bali, Indonesia; the 
scientific editor of the materials of the scientific conference "Information Technology – art or 
craft" in 2013; the organizer and the chairman of the special session “Hardware Solutions for 
Embedded Systems”, 21st International Conference on Systems Engineering ICSEng 2011, 
Las Vegas, NV, USA; the local member of the organizational committee of the Conference 
on Broadband and Biomedical Communications 2009, Wrocław, Poland. 
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