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Abstract

Knowledge management systems based on ontologies are
important software tools to maintain the knowledge of
experts. However, the mathematical field needs to improve
aspects such as creating repositories of formalized
mathematics, mathematical search and retrieval, as well as
implementing math assistants for education. This research
proposes a Mathematical Knowledge Management system
based on Ontologies (OMAK system) to provide support in
solving mathematical problems. In essence, the OMAK
system maintains a knowledge base of problems, organized
with the support of an ontology. The case study in this
research considered Linear Equations Systems (LES). Users
search LES problems solved in the OMAK system, to serve
as a guide to solve other similar equations systems. The
OMAK system was used with a student group to determine
the quality of searches and the efficiency of results. Results
show that the OMAK system provides support in the
resolution of mathematical problems to 92.5% of students,
preserving the teaching experience in a knowledge repository
that can be updated through the system.

Keywords— Information Retrieval, Linear Equation,
Mathematical Knowledge Management System, Math
Assistant, Ontology.

1. INTRODUCTION

Knowledge management takes an important function in the
modern society [1]. A Knowledge Management System
(KMS) makes the use of efficient knowledge while providing
the access of information to users when required [2]. The
general goal of a KMS is to provide the right knowledge to
the right people, at the right time, and in the right format [3].
In addition, a KMS supports the process of creation, storage,
recovery, transfer, and application of knowledge [2], [4].
Research of these systems focuses on the development of
concepts, methods, and tools supporting the management of
human knowledge [4].

In education, a KMS is employed as activity of strategic
management supporting educators in the gathering of
information or making use of the knowledge resource to
maximize their teachings and tasks. This practice can help
capture, codify, and distribute knowledge through the
application of information, or human interaction [5].

A KMS retains the expertise of experienced teachers,
strengthens the novice teacher’s knowledge through
knowledge transfer in administrative work and teaching,
increases their effectiveness in terms of teaching and learning
performance, supports the development of a knowledge
community in schools and fosters a culture of learning [6].
Mathematics as well as other fields, need abstract models to
represent their core concepts and relationships [7].
Therefore, we can represent and recover mathematical
knowledge to solve problems efficiently by emerging the
Mathematical Knowledge Management (MKM) [8]. MKM is
an interdisciplinary field of research in the intersection of
mathematics, computer science, library science, and
scientific publishing. The purpose of MKM is to develop a
better approach for mathematical knowledge management
using sophisticated software tools. MKM is expected to serve
mathematicians, scientists, and engineers who produce and
use mathematical knowledge. Educators and students who
teach and learn mathematics, publishers who offer textbooks
and disseminate new mathematical results, librarians and
math experts who catalog and organize mathematical
knowledge will also find a great use of MKM [8], [9]. To
systematize the previous work arise the MKM System
(MKMS).

The development of repositories that contain mathematical
knowledge is necessary for the search and retrieval of
information to support students the learning needs. Through
these repositories, knowledge is stored and maintained,
preventing it from being lost when a teacher is not present.
Since the ontology domain is powerful in knowledge
representation and associated inference, the emerging
ontology-based KMSs can find the -content-oriented
knowledge that users want. Ontologies give an
understanding of the static knowledge domain that facilitates
knowledge retrieval, storage, sharing, and dissemination. For
KMSs, ontology can be regarded as the classification of
knowledge; that means, ontology defines shared vocabulary
by facilitating knowledge communication, storage, searches
and sharing in KMSs [3], [10].

Certain pieces of the literature have addressed KMSs, as
presented by [11]-[13]. These authors present proposals for
structures and implementations that serve as an example for
the creation of systems based on knowledge. On the other
hand, the article [1] proposes the creation of a knowledge
system based on ontologies, and makes use of natural
language processing although it is not focused on the
mathematical area. Moreover, [10] presents a system of
mathematical knowledge based on ontologies with very
similar principles as our proposal, but with a focus away from
education, an aspect that is a fundamental element in our
research.

This research proposes an ontology-based MKMS (OMAK
System) to provide support in solving Linear Equations
Systems (LES) with two variables. In general, the OMAK
system maintains a knowledge base of mathematical
problems organized through an ontology. Users search LES
problems solved in the OMAK system, to serve as a guide to
solve other similar equations systems. The OMAK system
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was used with a student group to determine the quality of
searches and the efficiency of results.

The remainder of the paper is organized as follows: Section 2,
which refers to related work of this study. Section 3 explains
related concepts to the article. Section 4 describes the OMAK
system as proposed by the authors. Section 5 presents the
experimental methodology. Finally, section 6 describes a
conclusion and suggests future work.

2. RELATED WORK

This research is based on the work presented in [14]. The
article mentioned proposes an ontology to be used in an
MKMS with the objective of storing and retrieving LES, these
equations are used to teach students to solve problems with an
approach based on cases. Also, the article superficially
describes the architecture of an ontology-based MKMS.
Considering this work, we build and test the OMAK system
presented in the research.

There are several pieces in the literature that have addressed
the KMS. Liao et al. [12] proposed an architecture of an MKS
that takes advantage of the infrastructure of a cloud computing
to support the knowledge management services. The proposal
is limited to a model of exploration of the architecture of an
MKS without the implementation, nor corresponding
evaluation.

Chua [11] developed a KMS model which analyzes different
technologies that can support knowledge management
processes, and proposes different technologies that contribute
to knowledge management. However, the author does not
fully implement the proposed architecture; therefore, its
evaluation is not fulfilled.

Fu et al. [13] proposed a KMS architecture that uses software
agents to support knowledge management processes; in
addition, it uses ontologies for the exchange of information
between agents.

These works include aspects related to structure and how to
deal with knowledge management, which has proven useful
for the basis of our proposal; however, they do not address the
mathematical aspect.

Jeschke et al. [1] extracted linguistic relationships from texts,
created ontologies, and combined them to form a knowledge
base to build a retrieval system based on natural language
processing techniques. Their proposal is a comprehensive
MKMS to accumulate, store, merge, evaluate and visualize
mathematical information for applications such as:
encyclopedias, context sensitive library search systems,
intelligent book indexes, and e-learning software using
standardized methods. Unlike this proposal, our intention is
not to analyze text and build ontologies. Our research focuses
on finding similar mathematical problems in the knowledge
database to support the student in solving their equation.
However, the research by Jeschke et al. presents interesting
aspects that can be applied in a future work of our research.
Elizarov et al. [10] presented the architecture of the OntoMath
digital ecosystem. The system aims to retrieve mathematical
scientific articles based on ontologies. The implementation of
the system includes a semantic search service for

" https://jena.apache.org/

mathematical formulas and a recommendation system based
on the user's profile and work scenario. Although the work is
good, we focused our research on education. The work of
Elizarov and ours have the same ideas with a different vision.
We employ an MKMS based on ontologies but focused on
solving mathematical problems based on similar cases.

3. OMAK SYSTEM

This section describes the OMAK system; the architecture,
the ontology used, technologies employed to implement the
proposal, and system interfaces.

3.1. OMAK System Architecture

The OMAK system maintains a database with problems
related to LES. The main concept is that the student defines
his own LES based on the problem statement. The student
will access the system to find similar problems and solve their
own. Figure 1 represents the OMAK system architecture.
Students interact with the system through the interface
(View). The system break down the user's equation to search
based on knowledge of ontology, this is supported by the
JENA API' and SPARQL (Model). The system then shows
solutions similar to the student's problem.
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Figure 1. The OMAK System architecture.

The responsibility of the teacher is to feed the instances of the
ontology and provide documentation and necessary support;
this way, the system will be able to give valid answers to
users. This research focuses on recovering the information,
however, future versions consider giving support in solving
the user's problem. In addition, teacher provide support for
any other subject of mathematics through the reuse or design
of new ontologies.

The OMAK system is based in the Model-View-Controller
(MVC) architectural pattern that divides the system into three
interconnected parts (see Figure 1). Each part of the
architecture is described below.

View: This part generates the interfaces of the system,
depending on the user (student or teacher) is the graphic
environment displayed.
Controller: This section handles four main submodules:
e Student Module: This module processes the
students' requests, mainly the consultations to
individuals in the ontology.
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e Teacher Module: This module adds the example
cases to feed the ontology to generate the knowledge
base of the system.

e Admin Module: This model is responsible for the
management of students and teachers, it is a
secondary process to the system.

e JENA: It is a free and open source Java framework
for building Semantic Web and Linked Data
applications. The OMAK system uses this
framework to send data between the model and the
controller.

Model: This handles the information that contains the
ontology, through the Fuseki server and SPARQL queries.

3.2. OMAK System Ontology

An ontology development method is comprised of a set of
established principles, processes, practices, methods, and
activities used to design, construct, test, and deploy ontologies
[15]. Methontology is one of most comprehensive
methodology to build ontologies [15] and includes a set of
activities, techniques, and deliverables [16]. Different
investigations [17]-[20] applied Methontology to their
proposals. This study developed the OMAK system ontology
through Methontology for educational purposes based on
[14].

To build the hierarchy of classes, we defined the most general
concepts of a LES (equations and variables); then, using a top-
down process, a combination of top-down/bottom-up, we
improved the ontology.

A mathematical problem of a real situation constructs a LES,
where equations form the LES, in this case, two equations and
two variables. We define the problem by the problem
statement, complexity, and solution; where a solution is
represented by a method to solve the LES. An equation has
a result represented by an equalization. It has a variable with
a coefficient and a value as an attribute. The value is the
number that represents the variable. Based on the previous
definition, the most important terms of LES are: Linear
equation, Equation, Variable, and Problem.

The designed ontology is shown in Figure 2. Mainly, the
ontology has classes to represent equations, variables, and the
problem. Because two variables are handled, X and y are
defined as subclasses of variable. The same thing happens
with equationl and equation2 which are subclasses of
equation. The object properties represent the relation
mereology, which denotes how a set of objects are combined
to form a bigger one [21].

Attributes allow the storage and retrieval information, with
each attribute having its data type (data type column). Hence,
main classes contain attributes to store information of the
problem equation. The class variable has attributes to store the
solution, the numerator, and the denominator. The class
equation stores the result. The class problem stores the

2 https://protege.stanford.edu/
3 http://www.oracle.com/technetwork/java/index-jsp-
138231.html

problem statement, the document path, the complexity, and
the identifier.
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Figure 2. The OMAK System Ontology.

We developed the ontology using the Protégé® software, a
free open-source ontology editor and framework for building
intelligent systems. Protégé is supported by an active
community of academic, government, and corporate users.
The implemented ontology is shown in Figure 2 through
VOWL [22]. This software simulates the ontology before
implementing into a system, making it easy to change the
ontology structure by adding, eliminating, or modifying
classes. Also, we can work with instances and execute
SPARQL queries, to analyze the ontological reasoning.

3.3. Implementation technologies

The OMAK system uses the JSP (JavaServer Pages)
programming language’, the HTML language (HyperText
Markup Language), and the Apache Tomcat* to develop and
implement the system on the web platform. The OMAK
system uses Apache Jena Fuseki to maintain the knowledge
repository and make SPARQL queries.

3.4. OMAK System web app

This subsection shows some features of the web app’
implementing the OMAK system (see Figure 3). The OMAK
system has a section to show cases of registered LES. At the
moment, there are only cases in the area of mathematics in
linear algebra, however, future work will provide support for
other areas. The system allows to filter the cases in three
levels of difficulty.

OMAK System problem description shows contents of an
example case. The information in the document focuses on
the description of the problem and solutions. This document
supports the student to answer similar exercises. The search
section retrieves problems based on the input equations,
returning a series of cases similar to the search equation (see
Figure 4). This last section represents the main functionality
based on queries to the ontology.

4 http://tomcat.apache.org/
5 http://siace.uas.edu.mx/Omak/
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Figure 3. OMAK System web app.
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Figure 4. OMAK System search result.

4. METHODOLOGY FOR EVALUATING THE OMAK
SYSTEM

4.1. Participants

The authors used a convenience sampling (non-probabilistic)
because of the availability and easy access of participating
students [23]. The sample included thirty undergraduate
students belonging to engineering programs at the
Autonomous University of Sinaloa, enrolled in Linear
Algebra (LA) courses. The participants had prior experience
with the use of a computer and Internet. The average age of
participants was 20.2 years. Among the participants were
fourteen men and twelve women, while the remaining
participants chose to omit this information.

4.2. Problems description

This research defined three mathematical problems printed on
paper, each with different levels of complexity. For instance,
a problem is: 1/9 of the age of A exceeds 2 years to 1/5 of the
age of B, and twice the age of B is equal to the age of A 15
years ago. Find the current ages.

The document given to students to solve the mathematical
problem with the OMAK system (experimental group)
contained questions about the interaction with the system,
focusing on the quality of results returned by searches and the
usefulness. These questions are analyzed in the results section.
Mathematical problems were applied at the beginning of the
semester.

The document delivered to the student to solve the
mathematical problem without the OMAK system (control
group) contained the following sections: variable
identification, LES deduction, method development, and
results verification. This document has the objective of
separating phases of knowledge applied to solve the problem.

4.3. Procedure
The procedure followed to evaluate the OMAK system
(experimental group) is described below:
1. We assign the problem statement to the student in a
random way.
2. The student develops the LES for the given problem.
3. The student introduces the LES developed to the
OMAK System to search similar problems.
4. The Omak system displays a set of similar LES.
5. The student chooses the most similar LES to solve
the problem.
6. The Omak system gives the student a solved LES in
a document.
7. The student solves the problem using the
information on the recovered document.

After solving the problem with the document recommended
by the OMAK System, the student answers the survey to
determine the usefulness of the system.

4.4. Results

We distributed 30 surveys to participating students, however,
3 students did not answer. There were three different
mathematical problems dispersed equally. Due to three blank
submissions, the experiment obtained 27 exercises solved by
the students. Cronbach’s alpha revealed a survey evaluation
of 0.88.

One of questions in the survey was whether or not students
used the document suggested by OMAK system to solve the
problem. Results indicated that 92.59% of the students used
it, while the rest did not (see Figure 5).

Dud you

'
\ z

~ -~

Figure 5. Did you use the document recovered by the
OMAK system?

Figure 6 displays results obtained by the students in the
resolution of the LES. There were 14 (51.8%) students who
answered the problem correctly. The remainder of the
students were evaluated according to the percentage of
solution they offered; although they did not answer the
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problem correctly, they did a solution procedure, which in
some cases was more accurate than others. The experiment
obtained on average an evaluation of 77.77 on a scale of 0 to
100, with a standard deviation of 24.96.
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Figure 6. Evaluation of problems solved by students.

Table 1 represents the response frequencies for the remaining
questions. There was a 74% of students who agreed that the
first option offered by the OMAK system was relevant to
solving their LES. In addition, a question from the survey
asked if the recovered document by the OMAK system proved
useful in solving their LES. This question was asked before
students used the document, and once again after using the
document, in which results showed similar responses.

Table 1. Some of questions applied to students.

Sl gl =
> o = o > X
Item = 8 g = O e
g &b P B o} £ 3
28| 2 5 @ | £ 5
wn o @) Z < n <
1.- The first option
of the list of results 2 0 5 12 8
is relevant (7.4) (0) (18.5) | (44.4) | (29.6)
2.- The recovered 1 0 4 10

document is useful | (3.7) (0) (14.8) | (37.0) | 12 (44.4
3.- The recovered
document to solve
the system of

linear equations 1 1 3 12 10
was useful (3.7 37 | (111) | (444 ] (37.0

4.5 Discussion

Figure 7 shows a boxplot with the question: In which position
of the list of results is the answer closest to your LES? Figure
shows 2 outliers that alter the result of this question. The mean
obtained considering all values is 3.48 with a standard
deviation of 4.17; however, if we discard the outliers, we
obtain an average of 2.01 with a standard deviation of 2.39.
Results improve considerably without outliers. Therefore, it is

important to improve the search algorithm to control outliers,
improving the accuracy of searches.

5

system of linear equations?

2

In which position of the list of results is the answer closest to your

Figure 7. Boxplot of a question of the survey.

Based on item 2 and 3 of the Table 1, we can determine that
students appreciate a document that provides support in
solving an equation. Items 2 and 3 are the same, only
applied before and after using the document returned by
the OMAK system. Table 1 shows similar results; to avoid
subjectivity, we apply the Spearman correlation test. This
test shows whether two variables are related and to what
extent they are. The Pearson test showed a correlation of
0.835 between both items, and a P-value below the
significance level (0.001 < 0.05). Therefore, we can
determine that student responses have a high degree of
reliability.

The problems evaluation represented in Figure 8 shows an
average score of 77.77, where 92.59% of the students were
supported by the OMAK system documents. Students who
used the OMAK system scored higher on their results than
the students who did not have the support. The experimental
group obtained an average score of 77.77 against 47.87 of the
students in the control group. This implies that OMAK
System support students in solving mathematical problems.
In this proposal, two important characteristics were used to
make problem-solving easier. First, the use of domain
ontologies for the representation of knowledge and
associated inference in knowledge management systems
facilitate the storage, search and transfer of knowledge.
Second, problem-solving based on similar cases, a strategy
that uses a previously documented experience or situation
that can be referenced for future problems.  Both
characteristics have been combined, forming the OMAK
system.

5. CONCLUSION AND FUTURE WORK

This research developed a knowledge system based on
ontologies to solve LES. The system provides help to the
student through queries on the knowledge base to generate
similar problems for the student. =The OMAK system
showed acceptable results with the experiments executed
in this article; when the OMAK system was used, the
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group’s scores increased significantly compared to when
they did not use it.

The knowledge recovery provided by the OMAK system
allows knowledge to be applied to the student’s learning with
a positive impact. In addition, OMAK system has the
following advantages: 1) The knowledge generated by the
teacher in the institution is conserved and can be used by
students or novice teachers. 2) A knowledge management
system in the mathematical area to facilitate the maintenance
of knowledge. In this way, knowledge can be extended or
eliminated.

The OMAK system shows support for students with LES
problems. For now, the system is designed for a single topic;
however, in future versions, the system will be generalized to
adapt to any mathematical problem. This entails a new and
better search algorithm in the ontology, and new strategies to
automatically generate the code to register the information in
the ontology.
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