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Abstract. A cognitive tutor is a kind of intelligent tutoring system, which is
particularly focused on providing individualized support for the improvement
of complex cognitive abilities through the practice of problem resolution. The
development of a cognitive tutor involves the analysis of diverse strategies and
theories related both to computer science and to pedagogy, as well as the analy-
sis of models related to the discipline in which the tutor will be used. In this
paper, an analysis of the state of the art of the topics that have been identified as
necessary for the design of a cognitive tutor with gamification to support stu-
dents with the solving of algebraic problems is conducted. Whenever we talk
about an intelligent tutor, models capable of simulating decision making, such
as fuzzy models, are required; thus, they are also considered for this analysis.
Additionally, comparison tables that allow the identification of opportunity ar-
eas for the development of solutions to problems that haven’t been thoroughly
covered in the literature are presented.

Keywords. Fuzzy cognitive maps, solving algebra problems, cognitive tutors.

1 Introduction

Intelligent Tutorial Systems (ITS) are computer systems designed to facilitate and
help a student with the task of learning. They possess experience, for they know the
subject to be taught (domain knowledge) and how to teach (pedagogic knowledge), as
well as having means to obtain information from the student [1, 2]. A Cognitive Tutor
(CT) is a type of ITS with a long-time proven efficacy. Its efficacy is based on its
capacity to provide individualized support for the learning of complex cognitive abili-
ties through the practice of problem solving, since they individualize education
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through the selection of problems based on a model of the student’s current
knowledge status, which is updated constantly [3].

One way to complement the design of an intelligent tutorial is by adding gamification
features, which consists in the application of principles and elements of game playing
in a learning environment with the purposes of influencing behavior, increasing mo-
tivation, and promoting student participation [4]. The design and development of a
cognitive tutor for helping students develop their skills in algebraic problems solving
requires, in its initial steps, the identification of the topics required as a basis, as well
as a means to organize all the information required. In order to do this, the 7-module
architecture presented by Gonzalez, Mora & Toledo [1] allows us to classify and
construct the state of the art of some of the theories and concepts required for the
design and implementation of a cognitive tutor.

This paper is organized as follows: Section 2 provides a brief description of each of
the modules of the cognitive tutor and its relation with the main topics and subtopics;
In Section 3, some articles related to the main topics are analyzed; and, finally, Sec-
tion 4 presents, as a result of the analysis, a table in which papers related to intelligent
tutorial systems, as well as to one or several of the topics or subtopics covered in
Table 1, are classified.

2 General Description of Cognitive Tutor

The Table 1 shows a classification of the modules of a cognitive tutor with their cor-
responding activities, which, in turn, lead to the identification of topics, concepts
and/or theories that, for both practical means and the development of the project, are
deemed to be related with the implementation of each module. For example, within
the student model module, the student model, the cognitive load theory, and assess-
ment or evaluation, are considered necessary subjects. The student model, as a topic,
is important due to the need to identify student preferences throughout the learning
process. According to Chrysfiadi et al. [5] it is not effective to assume that all students
will follow the same educational model. The student model has two information
components: basic information, such as personal data for student identification; and
information regarding the knowledge level of the student, as well as his/her cognitive
and learning skills. These two information components set the pace for relating the
student model to his/her learning style and cognitive skills. Thus, they are considered
as subtopics of the student model. Furthermore, the theory of cognitive load, includ-
ing its two effects - “Expertise Reversal”, for the student’s level of knowledge, and
“Worked Examples, for the handling of the characteristics of the problems that will be
presented to the student”-, is considered as a pedagogic foundation. Therefore, the
way in which the constant evaluation of the student is conducted is also considered a
relevant topic for this module and for the following three: the domain model; the tutor
model; and the visualization modules. There are different models for problem solving
capability evaluation, for this case, a fuzzy logic model, based on Bloom’s Taxono-
my, is being used.
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Table 1. Description of each module of a cognitive tutor and its related topics.

ITS RELATED TO-
MODULE ACTIVITIES [1] PICS SUBTOPICS
Student model Learn_ir_]g styl_e.s_
« Represents the Cognitive abilities
STUDENT cognitive state Cognitive Load Expertise Reversal Effect
MODEL of the student. Theory Worked Examples Effect
Assessment or Bloom’s Taxonomy
evaluation Fuzzy Models for evaluation
« Contains the Fuzzv Logic Fuzzy Cognitive Maps
representation of y o9 Neuro - Fuzzy networks
expert ) Algebra Teaching. 3UV Model (3 uses of the variable)
knowledge in e
DOMAIN Heuristics
MODEL areas related to Metacognitive strategies

evaluation pro-
cesses, teaching
and learning

methodologies.

Problem resolution

Belief systems

TUTOR MODEL

Contains infor-
mation to decide
which tasks are
presented to the
student, accord-

Instructional Design

Neuro - Fuzzy network

Feedback

Fuzzy Cognitive Maps

Assessment or
evaluation.

Bloom’s Taxonomy

Fuzzy Models for evaluation

Gamification

ing with the ob-
jectives of Human - Computer
learning the Interaction. Tangible user interfaces
"domain mod-
ule"
AUTHORING . Cre_at_e_custom Human - Computer Gaml_flcatlon _
activities Interaction Tangible user interfaces
« Interaction with Feedback Fuzzy Cognitive Maps
EXECUTION the student Human - Computer Gamification
* Knowledge of Interaction Tangibl interf
the game angible user interfaces
Learni Assessment or Bloom’s Taxonomy
VISUALIZA- camning evaluation Fuzzy models
TION analysis. Human - Computer Gamification
» Game Feedback. . P - -
Interaction Tangible user interfaces
+ Management of | Human - Computer ~|_Gamification
MANAGE- students Interaction Tangible user interfaces
MENT * Creation of . .
groups Fuzzy Logic Fuzzy Cognitive Maps

Regarding the domain model module, three topics are considered as fundamental:

expert models; algebra teaching; and problem resolution.

Expert models are essential

and very important for this research because its main objective is related to the im-
plementation of automatized strategies for the proposal of a teaching model through
the use of a cognitive tutor. The function of the expert model is to simulate the deci-
sion making process that an expert algebra teacher would make, providing the student
with problems that correspond to his/her ability for solving them, as well as with
suggestions of topics that the student should review. These topics are considered in
the tutor model, authorship, and visualization modules. The models used for this deci-
sion making process are, precisely, fuzzy cognitive maps which utilizes learning
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techniques, in order to train Fuzzy Cognitive Map and choose appropriate weights for
its interconnections [6].

Within the tutor model module, the topics to be considered are: instructional de-
sign, automatic feedback, evaluation or assessment, and human-computer interaction.
Automatic Feedback is a strategy that complements the evaluation and instructional
design activities. It is clear that the domain model and tutor model modules should
have constant interaction. Both use fuzzy model; however, in the domain model mod-
ule they are focused on the analysis of the topics and the algebraic problems using
fuzzy cognitive maps, whereas the tutor model module is a fuzzy model for student
classification based on his/her cognitive ability for problem solving. The authoring,
execution and visualization modules consider topics that have been previously de-
scribed.

3 Analysis of the State of the Art

In order to identify current advances in each of the topics of interest mentioned in
Table 1, a review of some related work with these topics is done. The analysis was
done considering works mostly from 2012 to date. In each of the subsections of sec-
tion 3, some works of each of the topics are described.

3.1  Works that are Related with Student Model

In the literature, there are several works related to the automatic detection of student
learning styles [7, 8, 9, 10] and the detection of cognitive ability [11], through various
computer tools. Nowadays, with the increase of techniques and tools for distance and
virtual education, coupled with the growing interest in improving teaching - learning
techniques, the generation of models for this purpose continues to emerge. In [11] the
authors carry out a study that contributes to the mathematics and education research
field by designing calculus tasks to be used as a measure of students’ visual and ana-
Iytic tendencies in calculus. Barron et al [10] also work with detection of learning
styles and cognitive abilities through the development of an intelligent tutor system in
which identify the emotional state of the student.

3.2 Research Related to Cognitive Load Theory

There are several investigations related to the cognitive load theory, however, within
the context of the present investigation, are considered of utmost importance, those
that are related, with experiments of the management of the cognitive load, in teach-
ing-learning of mathematics [12, 13], as with the resolution of problems [14, 15, 13]
and the management of computational tools [16, 17, 18] that consider as base this
theory. By example, in [14] a series of experiments related to the resolution of geom-
etry problems is presented, in which the authors support the importance of having the
students work with worked examples. The theory of cognitive load is also used in
relation to multimedia, so in [19] conduct a study that identifies how multimedia
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interfaces can be developed that do not increase the cognitive load of students, thus
preventing the inhibition of learning. Another work in which the authors emphasize
the importance of the cognitive load in the teaching process is presented in [12], in
which the results of an experiment with visual representations are showed.

3.3 Papers Related to Assessment and / or Evaluation

Although the topic of assessment or evaluation, in most research, are shown as a
complementary part of other topics [20, 6, 8, 21, 22] it is important to identify the
strategies that are used for evaluation using automated tools. In [23] the authors argue
that it is important to develop a form of evaluation that focuses on both the qualitative
descriptions of the student's learning process and quantitative information.

3.4 Instructional Design as Objective of some Research

In learning mathematics, a proper instructional design can help the student construct a
scheme that will allow him/her to store the information in long-term memory and in
turn also help to avoid overloading working memory. An instructional design suitable
for the teaching of mathematics could is to enable students to learn real-world prob-
lem solving in school mathematics [24, 13, 17, 25]. However, learning/teaching real-
world problem solving in school mathematics occurs at different levels along two
dimensions: student cognitive functioning and the extent to which teaching is explicit
in mediating the real world. Based on this, in [24] propose four-level instructional
objectives: 1) Identification, 2) Coordination, 3) Reflection and 4) Transformation.

3.5  Teaching of Algebra

There are several investigations related to the teaching of algebra, some included in
projects related to computational tools [3, 26, 27, 28, 29], and others related to peda-
gogical models [30, 31, 32]. An example is the research carried out in [30], in which a
model for classifying algebra problems based on three uses of the variable (as an
unknown, as a general number and as a function), is used. With this model, the au-
thors perform a comparative study of problem solving skills with these three uses of
the variable, in students from Spain and Mexico. The advances of a project related to
the management of video games and techniques of tutorial systems with artificial
intelligence, to teach mathematical concepts of algebra are presented in [26].

3.6  Problem Solving as a Topic of Study

The issue of problem solving is very extensive, so there are several studies related to
problem solving, which contemplate various strategies, as metacognition [33, 34, 35,
36] and heuristics [37], that have the purpose of analyzing mechanisms to improve the
ability of students in this difficult task. Focusing the resolution of problems from
metacognition, in the research carried out in [33] the authors conduct research to
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identify how metacognition, the beliefs of an individual related to solving mathemat-
ical problems and attitudes, affect the process of problem solving.

With regard to investigations that are related to the teaching of algebra and prob-
lem solving, reference can be made to the proposals of [38] and [3]. In the first, the
authors develop an experiment based on a mathematical theme related to algebraic
thinking and model the teaching of algebra using the problem solving approach. In the
second the authors develop a cognitive tutor whom they call SimStudent, which has
the ability to learn interactively from an expert model through the resolution of di-
rected problems.

3.7  Fuzzy Logic and Educational Systems

In the educational context, models related to cognitive maps are used to generate tools
related to the teaching - learning process [39, 6, 40, 5, 41] due to their ability to simu-
late and predict causal behaviors related to students' learning behavior. In this way, in
[39], the authors propose some new dimensions of adaptively like automatic and
dynamic detection of learning styles and provides personalization accordingly. It is a
literature-based approach in which a personalized adaptive learner model (PALM)
was constructed.

3.8 Some Papers on Human Computer Interaction

Gamification and tangible user interfaces are two issues that are generating concerns,
within the teaching - learning process, due to the question of whether the strategies
used in games and the combination of non - virtual elements with the virtual, help or
impair the performance of students in learning. In relation to the use of gamification
in education, there are several applications that aim to assess how the gamification
elements affect student satisfaction, motivation, enjoyment, learning potency, and
degrees over time [42, 43, 26, 1, 27]. Regarding the use of tangible interfaces, in
education, there are also several investigations focused on determining if the mixture
of real interfaces with virtual systems can help improve the teaching-learning process
[44, 45, 46].

4 Summary of Art State Analysis

Finally, as a general synthesis, in Table 2, a list of papers from 2012 to date arranged
chronologically are shown, these articles were selected because they include one or
more of the topics analyzed in this paper, plus the main theme that has to see with
Tutorial Systems. The first column of Table 2 (tagged with R) indicates the reference
of the paper, the numbers of the other columns, organized as follows, indicate the
topics in Table 1: 1. Tutorial Systems or learning environments. 2. Cognitive Load
Theory or Cognitive Theory, 3. Assessment or evaluation, 4. Instructional Design o
learning, 5. Algebra or Mathematics Teaching, 6. Problem Solving, 7. Feedback or
Suggestions, 8. Human-Computer Interaction, 9. Student Model and 10. Fuzzy sys-
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tems or intelligent systems. After the column corresponding to item 10, a column was
added indicating the impact of each paper, consulted in September 2017.

Table 2. Classification of papers based on the main topics related with the design of an CT.

R 1 2 .3 14 5 6 7 8 9 10 Im R 1 2 3 4 5 6 7 8 9 10 Im_
[39] X X X 1 [[15] X X X X x | 13
[20] X X X 1 |27 X X X X X | 22
[47] X X X 2 |[48] X X | 48
[44] X x| X X 0 [13] X X X 12
[24] X X 0 |[40] X X X | x |1
[49] _ Ix X X 1 [50] x x X x | 3
[42] X X | X 0 [[51] X x| x| x| x[x 33
[52] X X X X 1 |[53] X X X X X 13
[33] X X 1 |[54] X X X 327
[30] X X X X 1 |[21] X X X x | 1
[38] X X| X 3 |[36] X X X X X 7
[6] X X X X 4 [28] X X X X X 26
[4] X X X 0 |[55] X X X 6
[14] X X X 17 1[5] X X X X | 20
[19] X X X 5 |[56] X X | X 18
[45] X X 9 |[57] X X X 195
[37] X X 3 |[16] X X X X X X | 9
[43] X X X 24 1129] X x| x X x | 4
2
[58] X X| X 4 [[17] X X X X 10
[3] X X X| X x | 36 |[22] X X X X 27
[59] X X X 0 |[25] X X 20
[60] X X X | X 31 |[61] X X 15
[62] X X 1 |[63] X X X X 25
[12] X X X X 10 | [46] X X X X 28
[31] X X| X 3 (9] X X X x | 1
[34] X X X X 46 | [18] X X X 9
[64] X X 0 [[10] X X X X | 7
[65] X X 63 | [66] X X X 0
[67] X X X 0 |[68] X X X 22
[26] X X X 7 |169] X X X 16
71 X X X x| 22 |[2] X X X x | 19
1] X X X 15 | [70] X X 51
[8] X X X x | 26 |[71] X X X X | 88
[32] X X 6 |[72] X X X X 37
[73] X X | 104 | [74] X X X | 67
[75] X X X x | 12 |[76] X X X 161
[35] x| x| x X 1 [ X | x X X | x 14

4.1  Results of Analysis of Classification of Papers

One of the main themes of this review of the state of the art is the ITS, but if we in-
clude the part of the pedagogical sustenance, the subject of CLT should be consid-
ered, analyzing the classification of Table 2, it is observed that 40% of the articles
have are related to ITS and 33% with the subject of CLT, but what really interesting
to visualize the areas of opportunity in the development of ITS with cognitive peda-
gogical sustenance are the works that include these two themes, of which they are
only 5%, which means that there is a large area of opportunity to develop projects that
include these two themes. One of the topics included in 95% of the articles is instruc-
tional design or teaching learning, evidently because the main applications of both
ITS and CLT are related to teaching - learning. Regarding the topics that each article
contains, the classification is as follows: 18% is related to 2 of the 10 topics, 35%
with 3, 33% with 4, 11% with 5 and only 3% includes 6 of the 10 topics, that is, no

ISSN 1870-4069 75 Research in Computing Science 145 (2017)



Blanca-Estela Pedroza-MEndez, Juan-Manuel Gonzélez-Calleros, Josefina Guerrero-Garcia, et al.

paper considers more than 6 topics, so that developing research that includes 7,8,9 or
all themes are also areas of opportunity for future research projects.

5 Conclusions

An analysis of the conceptual topics related to the design and development of a cogni-
tive tutor focused on the teaching of algebra has been conducted. The topics have
been classified according to the module of the intelligent tutorial system to which they
belong. A total of ten topics have been chosen, and a state of the art analysis has been
conducted for each one of them.

We have been able to identify that some topics have been thoroughly studied, and
that these studies are truly useful tools.

Regarding the modules that constitute a cognitive tutor, it has been observed that
each one of them has its particular degree of difficulty due to the topics that have to
be mastered. Nevertheless, according to the classification shown in Table 1, when the
student model, domain model and tutor model modules are implemented, the cogni-
tive tutor can be considered as implemented since the remaining modules are related
to topics that have already been considered in the aforementioned modules.

Finally, the construction of a cognitive tutor requires from the designer and the
developer an interdisciplinary formation, both in the knowledge field that will be the
training object, and in artificial intelligence and computer science methods and tech-
niques. All these factors pose a great challenge.
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