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Abstract

One of the fundamental topics in the education of students enrolled in

computer‐related degrees is that of Boolean algebra. This is because it allows

the expression of several problems related to digital design, artificial in-

telligence, databases, compilers, and formal languages, among others, as a

sequence of Boolean operations and variables, which can be dealt with by

using Boolean algebra methods to optimize algorithms, minimize digital

components, and so forth. This study presents a piece of web‐based software,

denominated as MiniBool, which has been developed with the objective of

supporting the learning of Boolean algebra in a blended learning setting. This

educational proposal gives students the opportunity to reinforce learning at

any time and in any place. It additionally increases the learners’ motivation by

including gamification, through the use of a ranking that shows the students’
level of participation. MiniBool was evaluated by means of a formal experi-

ment, which was carried out with Discrete Mathematics students at a higher

education institution in Mexico, where two groups were formed randomly: A

control group, whose members attended classes and reinforced their knowl-

edge in a traditional manner with a pencil and paper, and an experimental

group, which learned in a blended learning context, receiving the same classes

as the control group, but reinforcing what they had learned using MiniBool.

The statistical results obtained indicate that the use of MiniBool has a positive

and motivating effect on learning and that a greater academic performance is

achieved than when the traditional teaching‐learning method is applied.
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1 | INTRODUCTION

Boolean algebra (BA) is an algebraic structure in which there
are only two possible values for a variable: “true” or “false,”
which are often expressed as “1” and “0,” respectively. BA
was first used to simplify logic circuits in electronic compo-
nents [70], but is now employed in various areas, such as, to

encrypt information via a network [55], to detect and classify
attention deficit hyperactivity disorder [80], in database
normalization [69], to find the shortest route in an un-
directed graph in as little time as possible [66], and to
improve the security of CAPTCHA tests [38]. It is not,
therefore, surprising that BA is a fundamental subject for
students on degrees related to computing.

http://orcid.org/0000-0002-5333-1992
http://orcid.org/0000-0003-2852-4490
http://orcid.org/0000-0001-8720-1857
http://orcid.org/0000-0002-7212-8279
mailto:erendira.jimenez@ciencias.unam.mx
mailto:erendira.jimenez@ciencias.unam.mx
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcae.22335&domain=pdf&date_stamp=2020-09-14


Unfortunately, the teaching of BA is a challenge, as
stated in References [2,24], there are various problems
related to the understanding of Boolean variables and
expressions. A lack of motivation and dedication on the
part of undergraduate students as regards tackling
the subject of BA has also been noted [63]. This may be
partially owing to the fact that today's students, unlike
prior generations, frequently use computer games, social
networks, and technologies, and this has modified the
way in which they spend their leisure time, and how
they research and learn [17]. The aforementioned situa-
tion has motivated the development of a solution to
this problem, which is based on Blended Learning (B‐
Learning), that is, combining the traditional form of face‐
to‐face classes with the use of technology [15]. A piece of
web‐based software denominated as MiniBool has,
therefore, been developed to support the process of
teaching‐learning of the simplification of Boolean
functions for students on computer‐related degrees, in a
B‐Learning setting.

Minibool allows the simplification of Boolean func-
tions, both user‐defined and generated by the software
itself (software‐generated expressions), which can be ex-
pressed as truth tables, Karnaugh Maps (K‐Maps), Boo-
lean functions (in miniterms and maxterms), and
nonstandardized functions. Moreover, it includes gami-
fication by means of a ranking that shows the students'
level of participation to motivate and speed up their
learning. Likewise, MiniBool allows professors to both
monitor their students' learning and communicate
with them.

This educational tool has been tested with students on
the Computer Systems Engineering (CSE) degree at a
higher education institution in Mexico by means of a
formal experiment, which consisted of comparing two
groups in a discrete mathematics (DM) class. One of
these was the control group, whose members learned in
face‐to‐face classes and reinforced their learning in the
traditional manner, using a pencil and paper to solve a
list of problems provided by their professor in and outside
the classroom. The other was an experimental group,
whose members learned in the same face‐to‐face classes,
but who reinforced their learning both in and outside the
classroom using MiniBool to resolve the problems that
the professor had given them and those set out by the
students themselves.

The specific objective of this study was to answer the
following research questions (RQ):

RQ1: When learning to simplify Boolean functions,
does students' academic performance improve if they are
taught using a blended learning method incorporating
the MiniBool software rather than the traditional learn-
ing method?

RQ2: When learning to simplify Boolean functions,
does students' level of motivation increase if they are
taught using a blended learning method incorporating
the MiniBool software rather than the traditional learn-
ing method?

The remainder of this study is organized as follows.
Section 2 shows the related work, while Section 3 de-
scribes the DM course. Section 4 provides a brief sum-
mary of BA and Section 5 presents the web‐based
gamified software, MiniBool. Section 6 shows the study
design, the materials, and the procedure employed to
evaluate learning and motivation, whereas Section 7
contains the results of the statistical analysis of the eva-
luation of learning and motivation. Section 8 provides an
evaluation of the validity of the formal experiment car-
ried out, whereas Section 9 contains the findings and a
discussion. Finally, Section 10 presents our conclusions
and future work.

2 | RELATED WORK

2.1 | Software proposals for learning BA
simplification

To support the teaching‐learning process of the sim-
plification of Boolean functions, we have identified and
analyzed the following technology‐based proposals: (a)
the CAD package [34], an educational software that
can be used to minimize logic functions to learn digital
design, (b) WinLogiLab [20], a set of tutorials, whose
objective is to achieve an initial understanding of di-
gital logic design, (c) Karnaugh Map Analyzer [36], a
desktop application, whose purpose is the simplifica-
tion of K‐Maps and Boolean expressions, (d) the
game‐based proposal from Reference [8], which is used
to learn to minimize Boolean functions using K‐Maps,
(e) Simple Solver [73], a desktop application with
which to learn Boolean equations, logic gates, and flip‐
flops, (f) Boolean Expression Calculator [6], a calcu-
lator, which is used to simplify Boolean expressions,
and (g) Karnaugh Minimizer [37], a program that
facilitates the minimization of Boolean functions.
We also kept in mind the experience acquired with
Boolean Soft [30], the first effort made by one of the
authors of this article to reinforce learning of the
Boolean expressions simplification.

After analyzing the related studies (Table 1), we rea-
lized that it was necessary to construct MiniBool because
the majority of the existing tools had been designed to be
employed as desktop applications for Windows, which
limited their use. It was for this reason that we opted for a
web‐based design that would allow the proposal
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presented in this paper to be used with any device con-
nected to the Internet, independently of its operative
system. We also realized that the majority of the propo-
sals had been developed to be used by Electrical En-
gineering degree students with the intention of teaching
them the concept of digital circuits and that these pro-
posals did not, therefore, have the generic focus required
by students on BS Computing degrees. Similarly, we
discovered that the majority of proposals were available
only in English, which would be a limitation for anyone
who did not speak that language. This aspect was con-
sequently kept in mind when designing MiniBool, which
is available in English, Spanish, and French.

Moreover, the related studies found do not allow
professors to follow their students’ progress, signifying
that professors do not have information with which to
verify whether any of their students are having difficul-
ties in learning. This does not occur with MiniBool,
which presents statistics and detailed information re-
garding students’ participation. Furthermore, none of the
studies found included mechanisms that would facilitate
communication between professors and their students,
whereas this element is included in MiniBool.

With regard to input information, MiniBool can work
with Boolean functions with n number of variables when
they are user‐defined, and up to five variables when they
are randomly generated by the software itself, thus ex-
ceeding the number of variables permitted in the related
studies. Moreover, the input information can be ex-
pressed in several ways, such as truth tables, K‐Maps,
Boolean functions (in miniterms and maxterms), and
nonstandardized functions. Furthermore, and with re-
gard to the output, MiniBool employs two Boolean ex-
pression simplification methods (K‐Map and McCluskey)
to allow the calculation of all optimal answers, which can
be expressed as both the sum of products (SOP) and the
product of sums (POS).

2.2 | Gamification

The term “gamification” refers to the use of game me-
chanics in nongame contexts [31,56], which are employed
with the objective of increasing the user's participation
[32], therefore, it has been used in several areas, such as in
marketing [25], health [86], and education [18].

The gamification of learning makes it possible to in-
crease motivation and engagement by capturing the stu-
dents' interest and inspiring them to continue learning
[60], thus improving their absorption and retention of
knowledge [33], and providing immediate and mean-
ingful feedback that will help them adjust their perfor-
mance [28]. It has, therefore, been used in the teaching‐

learning process of several different contents, with posi-
tive results [14,26,59], and it is for this reason that we
have included gamification in the design of MiniBool.
This element is not found in any of the related stu-
dies presented in Table 1.

According to Vassileva [84], there are four types of
gamification: (a) Gamification based on ownership, when
the user can obtain badges; (b) gamification based on
missions, when the user is able to access a restricted area
or section; (c) gamification based on achievements, when
the user can acquire additional skills or functionalities,
and (d) gamification based on status when the user can
attain a certain level or place in a ranking. This last type
was selected for MiniBool and was implemented by
means of a ranking that shows the students' level of
participation based on points. The selection of the type of
gamification was determined by considering the evalua-
tion conducted by Smiderle et al. [74], in which it was
found that the competition caused by rankings can in-
crease the learners' level of engagement and can conse-
quently have a constructive effect on participation and
learning, especially with extroverted individuals who
tend to be active, enthusiastic, sociable and eloquent. It
was also discovered that a gamified self‐tracking ap-
proach should be incorporated to take introverted in-
dividuals into consideration, and self‐tracking has,
therefore, been incorporated into MiniBool. We similarly
considered the evaluation carried out by Jia et al. [27], in
which it was found that gamification based on points
provides a broad spectrum of users according to the Big
Five Personality Factors model [50], obtaining the
highest‐rated motivational type according to the four
perceptions that were measured: Enjoyable, reliable,
helpful, and usable.

Nonetheless, gamification based on points, which
is denominated as “pointsification” [22], implies
exploring the educational approach to be implemented
to avoid distracting learners from the learning
objectives [21] and preventing disengagement and
confusion [43]. We have, therefore, adopted a ma-
nipulative approach [44] during the gamification of
MiniBool, as “manipulation involves practicing a task
and exercising a routine, which increases the degree of
experience. Over time, experience increases the
expertise of the student. Therefore, manipulation is
associated with the following characteristics: Practice,
execution, and experience” [29].

2.3 | Blended learning

B‐Learning is an educational approach that combines
technology‐mediated learning, aka Electronic learning

4 | JIMÉNEZ‐HERNÁNDEZ ET AL.



(E‐Learning), with the traditional method (face‐to‐face)
[89]. This makes it possible to increase the learner's in-
trapersonal and socioemotional knowledge, in addition to
improving the students' relationship and coexistence
with their teacher, classmates, and environment [5,45].
B‐Learning has three principal approaches [64]: (a) The
theoretical approach, in which the student is provided
with the contents and materials in text documents;
(b) the multimedia approach, in which the student is
provided with the contents in the form of videos and
recordings, and (c) the experimental approach, which
allows the student to acquire practical knowledge by
means of software with emulators, simulators, and so
forth.

B‐Learning has been proven to have positive effects
on students' satisfaction in different areas of learning
[71,88]. It is for this reason that a B‐Learning setting with
an experimental or practical approach has been em-
ployed in some of the related studies [8,30,34,37] and in
MiniBool, with the objective of reaffirming the knowl-
edge acquired in classes, thus avoiding the problems of
communication, association, and teamwork reported in
Reference [81] when only a technology‐mediated ap-
proach is employed.

3 | DM COURSE

3.1 | Course description

This course is part of the subjects in the curriculum
taught in the first semester of the CSE degree at the
National Technological Institute of Mexico (TecNM), on
the Technological Institute of Morelia (ITM) campus
[78]. The ultimate goal of the course is to enable students
to infer and develop mathematical models aimed at sol-
ving problems in the area of Computer Science.

The course is organized into six learning units, which
are addressed sequentially. These are (a) Numeral sys-
tems, (b) sets, functions, and relations, (c) mathematical
logic, (d) Boolean algebra, (e) graph theory, and (f) trees.

3.2 | BA unit

This study focuses on the BA unit. The main learning
objective of this unit is to enable students to apply the
principles of BA to simplify Boolean functions. The spe-
cific competencies (SC) that the unit aims to develop are:

SC1: The capacity to represent Boolean expressions
using truth tables and mathematical symbols.

SC2: The capacity to simplify Boolean functions by
applying Boolean algebra theorems.

SC3: The capacity to simplify Boolean functions by
applying K‐Maps.

SC4: The capacity to simplify Boolean functions by
applying Q‐Mc method.

SC5: The capacity to obtain and simplify Boolean
expressions from logic circuits.

The aforementioned capabilities will allow students
to develop the following generic competences: The
ability to work with the concept of abstraction, analysis
and synthesis, organizational and planning skills, the
resolution of problems, critical thinking, creativity, and
decision‐making.

3.3 | Instructional design

Instructional design is the practice of creating instruc-
tional experiences with which to support the develop-
ment and acquisition of knowledge and skills [51]. There
are many instructional design models, of which we
decided to select the ARCS model to create a learning
environment geared towards stimulating and maintain-
ing students' motivation.

ARCS is an instructional model that was developed by
John Keller and which focuses on motivation [39,41]. The
analysis of motivational needs and the corresponding
selection of tactics are based on four dimensions of mo-
tivation. These dimensions were derived from a synthesis
of research on human motivation and are known as At-
tention (A), Relevance (R), Confidence (C), and Sa-
tisfaction (S), or ARCS. Numerous reports and studies in
more than 50 countries have described and confirmed the
validity of this model [42].

The instructional design for the DM course was,
therefore, created by the researchers of this paper and the
professor of the subject, focusing the efforts of the
teaching‐learning process on attaining and holding stu-
dents' attention (A), showing students the usefulness of
the content (R), convincing students that they can suc-
ceed in learning (C) and making students proud of what
they have learned (S). The main supporting motivational
and learning strategies that were designed for each
component and subcomponent of the ARCS model are
shown in Table 2.

4 | BOOLEAN ALGEBRA

BA was first published by George Boole in 1854, in the
book entitled “An Investigation of the Laws of Thought”.
BA is a set of rules, laws, and theorems that can express
logic operations in a mathematical manner [47]. Many
problems in digital design, mathematical logic, artificial

JIMÉNEZ‐HERNÁNDEZ ET AL. | 5



intelligence, databases, compilers, and formal languages
can be defined as a sequence of Boolean operations and
variables [46]. For example, upon simplifying a logic
function, it is possible to reduce the original number of
gates required in the employment of digital circuits,
which reduces the size and the production costs, thus
increasing velocity [47].

It is said that the minimum expression for a logic
function is that which has the smallest possible number of
terms, along with the smallest possible of literals [67]. One
method that is commonly used to simplify logic expres-
sions consists of the use of laws, theorems, and axioms of
the BA [4]. This simplification with the use of theorems
and postulates of BA is effective; however, the main
drawback of this type of simplification involves the correct
application of BA laws [35]. This problem of minimizing a
Boolean function using theorems can be solved with the
help of a Karnaugh Map (K‐Map) [1], which was proposed
in 1953 by Maurice Karnaugh, in his work “The Map
Method for Synthesis of Combinational Logic Circuits” as
a graphic method by which to simplify Boolean functions.

A K‐Map is, therefore, a table containing 2n cells,
where n represents the number of different variables in
the Boolean expression that it is necessary to simplify

[35]. In a K‐Map, each of the terms of a Boolean function
is represented with a “1” [1]. To simplify the logic ex-
pressions, it is necessary to group the information from
the K‐Map in blocks of adjacent 1s in: 1, 2, 4, 8… 2n

elements [75]; the larger the blocks in which the in-
formation is grouped, the simpler the resulting Boolean
expression is, as it will have fewer literals. The simplified
Boolean expression that is obtained by grouping the 1s of
the cells is known as the “Sum Of Products” (SOP). In the
K‐Map, if a cell does not have a “1,” then it has a “0,”
given that there are only two possible values; the 0s make
it possible to obtain the simplified Boolean expression in
the “Product Of Sums” (POS) [23].

The K‐Map method is illustrative and efficient. It is,
however, limited to situations in which the Boolean
function to be simplified has a maximum of six variables
[8]. This motivated the mathematician and philosopher
Willard van Orman Quine to propose, in 1955, variants of
the K‐Map; these variants consisted of comparing bit
strings to group those strings that were different as re-
gards only one bit, but supported by the properties of
logic: p+ p′=1 and p+ pq= p(1 + q) =p [65].

In 1956, E. J. McCluskey created the tabular method
to simplify Boolean expressions containing more than six

TABLE 2 Main motivational and learning strategies

Component Subcomponent Main supporting strategies

Attention Perceptual arousal • Real‐world examples: Using examples from everyday life.

Inquiry arousal • Inquiry: Asking students questions to allow them to think critically.

Variability • Variety of methods with which to present material: Using videos, diagrams, tables, figures,
pictures or other visual aids to sustain interest.

Relevance Goal orientation • Perceived present worth: Explaining why and how the content helps students in the present.
• Perceived future usefulness: Explaining why and how the content will help students in the
future.

Motive matching • Modeling: Including exercises, anecdotes, and examples that illustrate the content to achieve
personal goal setting.

Familiarity • Link to previous experience: giving students a sense of continuity by allowing them to establish
connections between new information and what they already know.

Confidence Learning
requirements

• Communicate objectives: Providing students with the assessment criteria that will allow them to
establish positive expectations, and achieve success.

Success
opportunities

• Facilitate self‐growth: Giving students the opportunity to be successful by providing experiences.
• Provide feedback: Giving students feedback about their improvements and deficiencies during
the learning process, thus allowing them to adjust their performance.

Personal control • Learner control: giving students a sense of control over their learning and assessment, thus
allowing them to believe that their success is a direct result of the amount of effort they have put
into their learning.

Satisfaction Intrinsic
reinforcement

• Continuing motivating: including enthusiastic comments in the materials or in the feedback,
which reflect positive feelings.

Extrinsic rewards • Motivational feedback: Recognizing students' achievements with verbal praise.

Equity • Maintain consequences for success: Using consistent assessment criteria.

6 | JIMÉNEZ‐HERNÁNDEZ ET AL.



variables, in which each of the elements obtained with
the method was denominated as a Prime Implicant (PI)
[49]. The Quine–McCluskey (Q–Mc) method, therefore,
simplifies Boolean functions, as occurs with the K‐Map
method [56], but it determines all the possible PIs (or
simple terms) of the simplified function, of which not all
of the simple terms should form part of the function,
given that some of them are redundant [72]. The re-
sponse obtained by using the Q–Mc method and elim-
inating the redundant PIs, can be optimized through the
method developed by Stanley R. Petrick [62]. It is ne-
cessary to keep in mind only that, as the PIs grow, so does
the probability of various optimum responses, which
exponentially increases the iterations to obtain the opti-
mum response(s) [82].

5 | MINIBOOL

MiniBool is an educational software that was designed to
reinforce the knowledge related to the simplification of
Boolean functions. The specific competencies that stu-
dents should be able to develop with MiniBool are SC1,
SC2, SC3, SC4, and SC5 partially, as students can simplify
the Boolean expression of a logic circuit but without its
graphic representation.

This tool allows the simplification of Boolean ex-
pressions of 3, 4, 5, … n variables, which can both be
specified by the student (user‐defined) and randomly
created by the software itself (software‐generated). In the
case of user‐defined functions, the input information can
be expressed in three ways as truth tables, K‐Maps, or
Boolean expressions. When a Boolean function is entered
as a truth table, or as a K‐Map, the True values should be
indicated in the corresponding cells with a “1,” or with a
“0” if they are False, as shown Figure 1. MiniBool also
allows the student to type a Boolean function in a text
box by means of a mathematical expression, which can
be denoted as an SOP, a POS, or in a generalized manner,
that is, it does not matter whether or not it is in par-
enthesis or whether those parentheses are affected by the
complements.

In the case of software‐generated functions, MiniBool
randomly generates the True or False values that the
Boolean function to be simplified should have. For ex-
ample, if three variables are integrated into one Boolean
function, its truth table will be made up of 23 = 8 cells, in
which each cell will have a random value. This gives the
student the opportunity to resolve not only the problems
proposed by the professor but also those randomly set out
by MiniBool.

Once the Boolean function has been introduced using
one of the aforementioned ways, MiniBool shows the truth

table, the K‐Map, and the equivalent Boolean expression,
and asks the student to introduce the response of the sim-
plified Boolean function, which should be solved by em-
ploying one of the appropriate methods (BA laws, K‐Map,
or Q–Mc). After the response has been sent (Figure 2),
MiniBool provides all the optimum simplified solutions to
that Boolean function (because many BA problems have
more than one optimum simplified function).

Upon placing the mouse on the correct response that
the software has provided, MiniBool shows the in-
formation on the K‐Map used to obtain a specific term.
MiniBool allows the simplification of n variable expres-
sions, although it is necessary to keep in mind that the
Q–Mc method requires (in the worst‐case scenario) 2n

iterations to find the PIs and, given that the not all of
them should form part of the simplified Boolean ex-
pression, it is necessary to select only those elements that
completely describe the Boolean model with the fewest
number of variables, and this is done using the Petrick's
method [62]. The number of iterations that MiniBool has
to carry out is of a factorial nature because all possible
responses are obtained by comparing the different PIs,
and the computer's memory may, therefore, not be suf-
ficient in some cases.

This software‐based educational tool provides the
learner with a sense of achievement and is error‐tolerant.
In this context, when a student does an exercise,

FIGURE 1 Example of one Boolean function entered as a
K‐Map in the software
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MiniBool provides immediate feedback, thus allowing
the student to discover whether the response is correct or
incorrect. If it is correct, the student obtains points,
which depend on the complexity of the problem resolved,
and this is determined by two main factors: The type of
problem (user‐defined or software‐generated) and the
number of variables (3, 4, 5, or n variables). The student
can see how many points have been obtained, along with
his/her place in the ranking, in which the other students'
points appear (Figure 3). MiniBool, therefore, in-
corporates gamification to speed up the learning process

[85], improve the retention of information [7], and in-
crease the students' motivation to learn [16].

As MiniBool has been designed as a support instru-
ment for a B‐Learning setting, the software allows the
students and professors to communicate by means of
messages. The system also generates statistics regarding
the students' participation, with the intention of making
it easier for the professor to follow the students' learning.
As MiniBool is web‐based, it can be executed on any
computer or mobile device that has access to the Internet,
thus making it easier for the student to learn in any place
and at any time. Finally, MiniBool is available in English,
Spanish, and French [52].

6 | METHODS

6.1 | Study design

The learning attained using the web‐based gamified
software described herein was evaluated and compared
by means of a formal experimental design called the
pretest/posttest randomized control group [9], which al-
lowed us to statistically compare the differences between
a control group (CG) and an experimental group
(EG) [12].

Two written examinations were applied in the ex-
periment. The first was a diagnostic examination (pret-
est), which was given to both the CG and the EG before
the experimentation and was used to evaluate the parti-
cipants' prior knowledge as regards the simplification of
Boolean expressions. The second examination (posttest)
was also given to both groups with the objective of
evaluating the knowledge that they had acquired after the

FIGURE 2 Example of exercise carried out by the student with the correct response provided by the software

FIGURE 3 Ranking of MiniBool
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experimentation. This allowed us to simultaneously
compare the differences between the results obtained by
the members of the CG (who employed the traditional
learning method, reinforcing their learning with ex-
ercises using a pencil and paper) and those obtained by
the members of the EG (who employed the traditional
learning method, but whose learning was reinforced with
exercises using MiniBool). The participants in both
groups were selected randomly.

6.2 | Materials

The written diagnostic examination (pretest) consisted of 20
questions, each of which had four possible responses, of
which only one was correct. The final examination (postt-
est), meanwhile, consisted of 10 questions, each of which
had four possible responses, of which only one was correct.

The number of questions in the exams was different
because, in the diagnostic test (pretest), we evaluated
whether the students had the base required to under-
stand the new knowledge concerning BA, that is, the
students' knowledge with regard to the Theory of Sets
[78], and we, therefore, evaluated the following: The
concept of set, subset, union, intersection, symmetric
difference, complement, idempotence, power set, de
Morgan's law, associative law, distributive law, and Venn
diagrams. This was done through the use of theoretical
questions and practical exercises. The final exam (postt-
est), meanwhile, consisted of 10 questions containing
problems that presented the initial information that the
students should use in the form of a Boolean expression,
K‐Map, truth table or obtained from a logical circuit to
then perform complex operations by applying K‐Maps,
the Q–Mc method, or BA theorems, to find the simplified
Boolean function. The final exam took longer, signifying
that it contained fewer questions, thus allowing the stu-
dents to take the exam in the time frame of a single class.

The pretest/posttest examinations were applied to
both groups (CG and EG) and were graded by the same
professor on a scale of 0 to 100.

6.3 | Procedure

The experiment took place during the August–December
semester of 2019, with 62 undergraduates in the DM class
who were studying on the BA unit. The participants were
enrolled on the CSE degree at the TecNM on the ITM
campus, and were randomly divided into two groups,
CG) and EG. With regard to the participants’ character-
istics, the CG was made up of 26 men and 5 women,
whereas the EG comprised 24 men and 7 women.

Table 3 shows a summary of the teaching‐learning
activities carried out in 20 days, during which the moti-
vational strategies in Table 2 were applied to help stu-
dents develop the specific competencies SC1, SC2, SC3,
SC4, and SC5. Both groups (CG and EG) did the same
traditional didactic activities during the learning process;
the differences, however, lay in the way in which the
learning was reinforced, as the CG continued employing
conventional strategies using a pencil and paper, whereas
the EG used the MiniBool software.

The first activity, therefore, consisted of giving a di-
agnostic examination to both groups (Day 1). This was
designed to help the professor identify specific strengths
and weaknesses to provide each student with corrective
assistance and overcome any deficiencies, and conse-
quently, consolidate the foundations on which the scaf-
folding process for new learning would be based [3]. The
diagnostic examination was specifically designed to
evaluate concepts, postulates, and the theoretical laws of
sets, as set theory is the basis of various areas of com-
puting, such as databases, formal languages, mathema-
tical logic, and, of course, BA.

The students from both groups were, therefore, asked
to read information related to BA as homework, to fa-
miliarize themselves with the material (Day 1). The in-
formation that was sent to each of the students by email
was written and reviewed by the professor beforehand.
This was done with the intention of saving the students
the trouble of having to look for the information and
having problems recognizing what would be useful and
what would not [61].

From Day 2 to 15, the professor provided the same
detailed explanation of the topics in the BA unit to both
groups by means of classes in the classroom. In these
classes, the students did exercises to practice and re-
inforce the learning, but this activity took place in a
different manner for each group, as the CG students did
the exercises using a pencil and paper, whereas the EG
students resolved the same problems using MiniBool
(Figure 4).

Keeping in mind that the time that could be dedicated
to doing exercises in the classroom was limited, on days
16 and 17, the students were given a list of exercises
concerning the simplification of Boolean expressions to
do outside the classroom. The CG students, therefore,
carried out this task with a pencil and paper and then
gave their responses to their professor for evaluation. The
EG students, however, resolved the problems given to
them by the professor, those that they had invented
themselves, and/or those randomly generated by Mini-
Bool, and it was the educational software that determined
whether or not the solutions to the problems were cor-
rect. The professor supervised this activity for the EG
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students at a distance as the system registers the pro-
blems with the specific characteristics (number of vari-
ables, whether they were user‐defined or software‐
generated, etc.) that each student resolves.

The professor then gave a class to carry out a general
review of the BA unit for both groups (Day 18), signifying
that the students from both groups were able to ask
questions regarding any doubts that they had about the
educational content before the final exam. The students in

both groups (CG and EG) were consequently given the
same written examination (Day 19), which contained
Boolean function simplification problems based on truth
tables, K‐Maps, or mathematical expressions denoted as an
SOP, a POS, or in a nonstandard form, such as F = (A+B′
C(CA+BC′)′+A′B)′(B′C+A′). Both groups took the ex-
amination under the same conditions: In the same place, at
the same time, and with the same duration, and all the
examinations were graded by the same professor.

FIGURE 4 Students attending classes and using MiniBool on their mobile devices and personal computers

TABLE 3 The teaching‐learning activities of the control and experimental groups (CG and EG)

Day Learning activity

1 Diagnostic examination (pretest; CG and EG)

1 Reading of document containing general BA concepts (CG and EG)

2 Lecture on introduction to BA (CG and EG)

3 Lecture on the properties of the Boolean expressions (CG and EG)

4–6 Lecture on simplification of Boolean functions by applying BA theorems (CG and EG)

4–6 Resolution of exercises related to the simplification of Boolean functions by applying BA theorems, using a pencil and paper
(CG) or MiniBool (EG)

7–9 Lecture on simplification of Boolean functions by applying K‐Maps (CG and EG)

7–9 Resolution of exercises related to the simplification of Boolean functions by applying K‐Maps, using a pencil and paper (CG)
or MiniBool (EG)

10–11 Lecture on simplification of Boolean functions by applying the Q–Mc method (CG and EG)

10–11 Resolution of exercises related to the simplification of Boolean functions by applying the Q–Mc method, using a pencil and
paper (CG) or MiniBool (EG)

12 Lecture on obtaining Boolean expressions from logic circuits (CG and EG)

13–15 Lecture on simplification of Boolean functions from logic circuits (CG and EG)

13–15 Resolution of exercises related to the obtaining and simplification of Boolean expression from logical circuits, using a pencil
and paper (CG) or MiniBool (EG)

16–17 Resolution of exercises to reinforce the learning related to the BA unit, using a pencil and paper (CG) or MiniBool (EG)

18 General review (CG and EG)

19 Final exam (posttest; CG and EG)

20 Questionnaire to evaluate motivation (CG and EG)
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Lastly, the students in both groups were asked to re-
spond to a questionnaire to discover their levels of mo-
tivation (Day 20). We designed this questionnaire
(Appendix A) based on the Course Interest Survey (CIS)
[40] to determine how motivated the students were ac-
cording to the four ARCS factors. Thus, the questionnaire
comprises 34 questions: Eight items for the Attention
component, nine for the Relevance, eight for the Con-
fidence, and nine for the Satisfaction. Each question has
to be evaluated from 1 to 5 on a Likert scale, on which 1
corresponds with “Not true” and 5 corresponds with
“Very true.” Both groups responded to this questionnaire
under the same conditions (same place, time, duration,
professor, and scale of evaluation).

7 | RESULTS

7.1 | Data analysis of the evaluation of
learning

The results of the diagnostic examination (pretest) and
the final examination (posttest) were formally evaluated
by means of a hypothesis test with an error of 5% to
determine the difference between the CG and EG's prior
knowledge and that subsequently attained. The following
hypotheses were, therefore, considered for the pretest:

H0: There is no significant difference between the
means of the CG's prior knowledge scores and those of
the EG.

H1: There is a significant difference between the
means of the CG's prior knowledge scores and those of
the EG.

Table 4 shows the basic statistics of both groups (CG
and EG) that were obtained in the pretest, along with the
results of the hypothesis test for the pretest, for which the
assumptions of normality (CG, W= 0.958, p= .271; EG,
W= 0.977, p= .732) and homoscedasticity (F= .0003,
p= .954) were fulfilled. It is, therefore, possible to observe

that there is no significant difference between the means
of the CG's prior knowledge scores and those of the EG,
as there is a value of p= .881 > .05, thus implying that
neither the CG nor the EG students had advantages as
regards their prior knowledge.

We also carried out a hypothesis test to discover
whether there was a significant difference between the
knowledge subsequently attained by the CG and EG
students. The following hypotheses were, therefore,
considered:

H0: There is no significant difference between the
means of the knwoledge scores attained by the CG and
those of the EG.

H1:There is a significant difference between the
means of the knowledge scores attained by the CG and
those of the EG.

Table 5 shows the basic statistics obtained in the CG's
and the EG's posttest. It also shows the results of the
hypothesis test in the posttest, for which the assumptions
of normality (CG, W= 0.929, p= .573; EG, W= 0.925,
p= .771) and homogeneity of variances (F= 3.319;
p= .073) were fulfilled. It is similarly possible to observe
that there is a significant difference between the means of
the CG and those of the EG as the value of p= .027 < .05.
It is thus possible to conclude that those students who
learned about Boolean function simplification with the
support of MiniBool (M= 80) did indeed attain more
knowledge (Figure 5). The statistical results shown in this
paper were obtained using the IBM SPSS Statistics©
software.

7.2 | Data analysis of the evaluation of
motivation

The internal consistency of the questionnaire for the
evaluation of the motivation was verified by calculating
the Cronbach's α. This coefficient, which was developed
by Lee Cronbach, is an indicator that allows the

TABLE 4 Descriptive statistics and t

test results (pretest)
Group n x ̅

Standard
deviation

Standard
Error t df p

Control 31 55.32 21.36 3.83 0.151 60 .881

Experimental 31 54.52 20.75 3.72

TABLE 5 Descriptive statistics and t

test results (posttest)
Group n x ̅

Standard
deviation

Standard
Error t df p value

Control 31 70.00 20.49 3.68 −2.261 60 .027

Experimental 31 80.00 13.66 2.45
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reliability of an evaluation instrument to be measured
[13]. The results of Cronbach's α for the ARCS factors of
the two groups (CG and EG) are contained in Table 6. All
of them are greater than .70, which indicates that there is
sufficient reliability in the questionnaire applied [76].

The results of the questionnaire employed to evaluate
motivation, which was applied to both groups in the
posttest, were formally evaluated by means of hypothesis
tests with a confidence level of 95% to determine whether
there was a significant difference between each motiva-
tion factor. Table 7 shows the basic statistics and the
results of the t tests that were conducted for each of the

ARCS factors, for which the assumptions of the normality
and the homoscedasticity were previously fulfilled in all
cases. These tests yielded statistically significant differ-
ences between both groups for Attention, t (60) =−4.709,
p= .000015; Relevance, t (60) =−3.470, p= .000964, and
Satisfaction, t (60) =−4.561, p= .000025 (Figure 6).

Despite what is stated above, it is possible to observe
that there is a significant difference between the means in
the Total factors of the CG and those of the EG, as the
value of p= .000194 < .05, thus reflecting that the stu-
dents in the EG were, in general, more motivated with
the B‐Learning teaching method, which combines the
traditional learning method with the use of MiniBool
software as a reinforcement, in comparison to the stu-
dents in the CG, who learned by attending classes and
reinforced their knowledge doing exercises with a pencil
and paper.

8 | THREATS TO VALIDITY

When carrying out an experiment, it is necessary to
evaluate whether its results are valid [87]. It is for this
reason that Cook and Campbell [11] defined four types of
threats that may compromise the validity of an experi-
ment: Internal, external, construct, and conclusion.

FIGURE 5 Comparative box plot of
the students’ academic performance

TABLE 6 Internal consistency estimates (questionnaire for the
evaluation of motivation)

Factor

Cronbach's α

Control group Experimental group

Attention .89 .84

Relevance .81 .87

Confidence .93 .93

Satisfaction .94 .80

Total factors .89 .86

TABLE 7 Descriptive statistics and t

test results (motivation factors)

Factor

Control group Experimental group

t df p valuex ̅

Standard
deviation x ̅

Standard
deviation

Attention 3.34 0.41 3.85 0.44 −4.709 60 .000015

Relevance 3.25 0.32 3.56 0.38 −3.470 60 .000964

Confidence 4.02 0.67 4.23 0.53 −1.391 60 .169174

Satisfaction 3.99 0.66 4.57 0.29 −4.561 60 .000025

Total factors 3.65 0.64 4.05 0.57 −3.971 60 .000194
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With regard to the internal validity of the experiment,
we avoided subjecting the participants to a selection ef-
fect by randomly dividing them into the two groups (CG
and EG), in addition to which they were given a diag-
nostic examination that allowed us to corroborate that
neither of the groups had a significant advantage as re-
gards their prior knowledge, thus ensuring statistical
equivalence. Moreover, to avoid instability in the ex-
perimental environment, the students in both groups
carried out the experiment in the same conditions and
facilities and had the same professor, the same reading
material on BA, and the same face‐to‐face classes. Simi-
larly, to minimize a possible instrumentation effect, the
pretest and posttest examinations were given to both
groups by the same professor, in the same place, and at
the same time, and were graded by the same professor on
the same scale. As none of the participants dropped out
of the experiment, it is possible to state that there was no
mortality effect.

The threats to the internal validity of the experiment
were not, however, completely nonexistent, as the parti-
cipants in both groups (CG and EG) study at the same
educational institution and diffusion of treatments could,
therefore, have occurred. It was similarly not possible, in
the case of the EG, to exclude the presence of a maturity
effect, as the students in that group could have carried
out more simplifications of Boolean expressions owing to
the fact that they had solved additional problems (the
random exercises generated by MiniBool), which may
have increased their cognitive structure.

With regard to external validity, the fact that the ex-
periment took place in an academic context and was not
replicated reduces the possibility of the results being
generalized.

In the case of construct validity, a pilot test was car-
ried out before the experiment took place, and this en-
abled us to make adjustments to the activities in the

teaching‐learning process and to the evaluation instru-
ments. The pretest and posttest measurement instru-
ments, therefore, had a similar structure but were not the
same to avoid the learning effect.

With regard to the threats to the conclusion validity,
the normality and homoscedasticity tests were carried
out before the t test in the pretest and posttest, to avoid
any effects on the reliability of the statistical analysis.
Moreover, a confidence level of 95% was considered
when performing all the statistical tests.

Furthermore, with respect to the evaluation of moti-
vation, the principles of scientific research in education
of [53] were taken into account, which indicates that
before selecting an evaluation tool in a study, two aspects
must be considered: The validity and the reliability of the
instrument. Validity can be understood as the extent to
which an instrument measures what it claims to mea-
sure, whereas reliability indicates the extent to which an
instrument can be expected to provide the same result if
measurements are repeated. In this respect, there is evi-
dence that the CIS motivation‐evaluation instrument is
valid, as it has been used in several studies in various
contexts [54]. Similarly, the psychometric properties of
the CIS instrument indicate that it is a reliable tool with
which to measure motivation, given that the Cronbach's
α coefficient reported in many studies exceeds .70 [54],
which is considered a sufficient value to ensure its
reliability [76].

9 | FINDINGS AND DISCUSSION

9.1 | Students' academic performance

To discover whether there were improvements in the
students' academic achievement when learning to sim-
plify Boolean functions in a B‐Learning setting with the

FIGURE 6 Comparative box plot of the motivation factors
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MiniBool software, in comparison to the face‐to‐face
teaching‐learning method, which was the first concern
that led this study (RQ1), a formal experiment was car-
ried out. Its results show that the EG students obtained
better grades when supporting their study with the
technology‐based educational tool than the CG students
who did not.

The final exam (posttest) comprised 10 questions in
which, in Problems 1 and 2, the students were required to
obtain the simplified Boolean function from a truth table;
in Problems 3 and 4, they were required to obtain the
simplified Boolean function from a K‐Map; in Problems 5
and 6, they were required to obtain the simplified Boo-
lean function from a Boolean expression with nested
parentheses, in which some of those parentheses were
affected by complements; in Problem 7, they were re-
quired to obtain the simplified Boolean function from an
expression in an SOP; in Problem 8, they were required to
obtain the simplified Boolean function from an expres-
sion in a POS, and in Exercises 9 and 10, given a logic
circuit connected with basic logic gates (and, or, not, x‐
or) and combined gates (nand, nor, x‐nor), they were
required to obtain the Boolean expression of the circuit
and then simplify it. The CG and EG students answered
each of the questions in the final exam, which is shown
in Table 8.

The results of the analysis of the answers to the
questions in the final exam show that, for both groups,
the greatest difficulty as regards learning concerned the
correct application of de Morgan's law, because in

Problems 5 and 6, this law should be applied to eliminate
parentheses and carry out the corresponding reduction in
information by applying other BA laws. This theory was
corroborated in Questions 9 and 10, in which, from a
logical circuit, the students had to obtain a Boolean
function whose expression contained information in
parentheses affected by a complement, resulting from the
not, nand, nor, x‐nor gates. To simplify this Boolean
function they, therefore, had to apply de Morgan's law
again. It is consequently possible to state that the main
problem as regards learning BA lies in the correct ap-
plication of the BA laws, of which de Morgan's law stands
out. This is consistent with what is stated in Re-
ference [24].

The experiment was carried out at the TecNM on the
ITM campus. The TecNM is made up of 248 campuses, in
which a total of 608,283 students are enrolled, thus
making it the higher education institution with the lar-
gest population of engineering students in Mexico [77].
Of this total population, 58,426 TecNM students study the
CSE degree. In the first semester of their studies, they
take the DM course based on the same content described
in Section 3.1. This subject is also taught in the study
programs of other degrees at TecNM, such as the In-
formation and Communication Technology Bachelor's
degree. The BA unit is additionally covered in other
subjects, such as Computer Architecture, Hydraulic and
Pneumatic Design, and Digital Design, which corre-
sponds to the Electrical, Mechanical, and Electronic En-
gineering degrees, respectively. The findings of this study
could, therefore, improve the academic performance of a
large student population.

9.2 | Students’ level of motivation

Another of the questions that arose when we proposed this
study was that of discovering whether the students’ level
of motivation could be improved when learning to simplify
Boolean functions in a B‐Learning setting using the
MiniBool software, in comparison to a traditional learning
method (RQ2). The results of the statistical analysis of this
study show that for three of four factors evaluated as
regards the students’motivation (A, R, and S), the students
in the EG were significantly more motivated during
the teaching‐learning process when compared to those in
the CG. This allows us to state that it was, according to the
pedagogical principles of socioconstructivism and hu-
manism, possible to build an effective instructional system
in which active, self‐regulated, and problem‐solving‐
oriented learning with a playful and practical treatment
allows the learning of contents and skills. The im-
plementation of an approach focused on the person who

TABLE 8 Number and percentage of students in both groups
who correctly answered each question in the final exam

Question no.

Control group Experimental group

No.
Stud. AC

%
Stud.
AC

No.
Stud. AC

%
Stud. AC

1 27 87.10 27 87.10

2 22 70.97 25 80.65

3 24 77.42 27 87.10

4 22 70.97 25 80.65

5 21 67.74 23 74.19

6 19 61.29 23 74.19

7 21 67.74 27 87.10

8 22 70.97 25 80.65

9 19 61.29 22 70.97

10 20 64.52 24 77.42

Abbreviations: No. Stud. AC, number of students who answered correctly; %
Stud. AC, percentage of students who answered correctly.
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learns, as regards their experiences, previous capacities,
and interests is, therefore, reflected in the results of the
various dimensions explored in the motivation to
learn:The achievement of greater attention, relevance, and
satisfaction.

One of the learner‐centered educational principles
that was crucial as regards obtaining the results reported
in this study was the feedback provided by MiniBool, as it
allowed the students to know how well they were pro-
gressing and performing in an updated and constant
manner [79]. The gamification element included in
MiniBool similarly promoted intrinsic motivation and
autotelic behavior (persistence and satisfaction in the
activity owing to interest in itself) [48].

We consider that innovation is present in this ex-
perience, which deals with the configuration of new
learning scenarios in the face of the emergence of new
teaching‐learning environments or ecologies [10], in
which it is essential to create flexible and playful stra-
tegies. This is done through the mediation of digital
technologies, which generate sense and meaning,
as these types of experiences, not only provide in-
formation, but also enable the development of generic
competencies, such as those related to strategic think-
ing, decision‐making, and the capacity to solve complex
problems [68].

9.3 | Using MiniBool in other
pedagogical models and courses

Given the positive results obtained when using the
MiniBool educational software tool in a B‐Learning set-
ting, the question arises: Could MiniBool be used with
other pedagogical models? The pedagogical model used
in this study, B‐Learning, was selected after considering
the content of the curriculum of the DM course and the
learning outcomes of the BA unit, along with the positive
evidence of use reported in some related works [8,30].
However, other pedagogical models have also proven to
be effective in computing and engineering education,
such as flipped classroom and project‐based learning.

Nwokeji and Holmes [58] define the flipped class-
room model as a pedagogical paradigm that reverses the
order and the location in which learning activities occur
in the traditional model, that is, knowledge is imparted at
home, whereas students spend class time participating in
homework. This pedagogical model could, therefore, be
implemented by designing some forms of multimedia
content with which to teach the simplification of Boolean
functions, such as videos or podcasts, to deliver the tra-
ditional lecture content outside the classroom and then
using MiniBool to solve exercises in the classroom.

Project‐based learning, which is a pedagogical model
in which students learn by investigating and solving real‐
world problems in an open‐ended, time‐limited context,
as defined by Habók and Nagy in Reference [19], could,
meanwhile, also be employed with MiniBool. This could
be done by applying the cross‐course project‐based
learning approach of Nwokeji and Frezza [57], by com-
bining two courses in the first semester of the CSE de-
gree, for example, fundamentals of programming and
DM, thus enabling the students to develop algorithms
that involve the use of logical operators and the simpli-
fication of simple and complex Boolean expressions
(those that appear in logical statements of conditional
instructions and logical–mathematical loops).

Another question also emerges: Could MiniBool be
used on courses other than DM? The BA unit, which is
part of the DM course, is a subject that is part of the study
plan of all the degrees in the area of computing, as it is an
essential course as regards learning databases, computer
architecture, systems digital or networks, among others.
But BA is also closely related to the areas of Electrical and
Electronic Engineering, where it was first used [70] to
allow the development of digital circuits based on logic
gates. BA is additionally used in the area of Mechanics, in
hydraulic and pneumatic circuits. Everything that has an
automatic operation, therefore, requires BA, signifying
that MiniBool could be useful as regards teaching this
topic on other courses. This suggests that MiniBool could,
in theory, be used with other pedagogical models and on
other courses, but does not allow us to predict results
because, as stated in [58], the results may vary owing to
the natural changes of the experimental objects: Different
instructional models, different courses, different teachers,
different students, different learning styles, and so forth.

10 | CONCLUSION AND
FUTURE WORK

The results of this study provide an initial indicator
suggesting that the use of the web‐based software de-
nominated as MiniBool, may be beneficial as regards
reinforcing the learning of the simplification of Boolean
functions in a B‐Learning context. These results coincide
with those presented in [83,88], which provides evidence
that the use of a mixed approach in the teaching‐learning
process (face‐to‐face combined with technology) is more
effective than simply employing the traditional method.

From the practical point of view, MiniBool provides
the opportunity to learn any time and anywhere, with
tolerance to error and a sense of achievement by means
of gamification. This occurs when the student does an
exercise in the system and obtains points that depend on
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the complexity of the problem solved. These points are, in
turn, reflected in a ranking that compares them with
those obtained by the other students. MiniBool also al-
lows the professor to monitor the students' participation,
as the system registers the date and time when a student
has done a particular exercise, the characteristics of that
exercise, and whether or not it was done correctly. The
tool additionally provides statistical graphs and allows
the students and the professor to communicate by means
of messages.

MiniBool has been positively tested as part of a formal
experiment by undergraduates attending the subject of
DM at the TecNM, on the ITM campus while studying
the BA unit. The statistical results obtained show that the
students who used MiniBool to reinforce their learning
obtained better grades in the final examination than
those who did exercises in a traditional manner using a
pencil and paper. The results of the questionnaire em-
ployed to evaluate the students' motivation also reflected
the fact that MiniBool makes it possible to obtain higher
levels of attention, relevance, and satisfaction than the
use of the traditional reinforcement method.

As stated throughout this study, MiniBool allows the
simplification of user‐defined Boolean functions of n
variables, which can be introduced by means of truth
tables, K‐Maps, or mathematical expressions. It similarly
allows the simplification of software‐generated Boolean
functions. In the future, we, therefore, intend to include
the graphical representation of basic and combined lo-
gical digital gates in MiniBool. As future work, we are
also considering repeating the experiment with students
from other institutions, in addition to exploring the use of
MiniBool with other pedagogical models, such as the
flipped classroom and project‐based learning.
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APPENDIX A: QUESTIONNAIRE TO
EVALUATE THE MOTIVATION
Evaluation scale

1 =Not true

2 = Slightly true
3 =Moderately true
4 =Mostly true
5 = Very true

Question

Control group
Experimental
group

x ̅

Standard
deviation x ̅

Standard
deviation

Attention

1. When I started learning to simplify Boolean functions, there was something
interesting that attracted my attention.

3.39 0.62 3.84 0.64

4. When I was learning to simplify Boolean functions, there was very little in the
learning activities that attracted my attention. (Reverse)

3.23 0.43 3.68 0.70

10. The educational materials were very attractive. 3.40 0.60 3.90 0.60

15. I discovered interesting facts regarding the simplification of Boolean functions. 3.26 0.44 3.68 0.60

21. The professor did unusual or surprising things that were interesting. 3.30 0.60 4.00 0.70

24. The professor used an interesting variety of teaching techniques. 3.42 0.50 3.77 0.67

26. I tended to daydream while I was learning to simplify Boolean functions. (Reverse) 3.35 0.61 3.90 0.60

29. My curiosity was often stimulated by the questions asked or the problems
provided in relation to the simplification of Boolean functions.

3.42 0.50 4.00 0.68

Average of attention 3.34 0.41 3.85 0.44

Relevance

2. The fact of having learned to simplify Boolean functions will be useful for me. 3.39 0.56 3.68 0.65

5. After learning to simplify Boolean functions I became aware of their
educational relevance.

3.26 0.44 3.55 0.57

8. I do not see how the simplification of Boolean functions relates to anything I
already know. (Reverse)

3.29 0.53 3.55 0.51

13. The simplification of Boolean functions is very relevant as regards
understanding other subjects.

3.10 0.40 3.48 0.51

20. The simplification of Boolean functions relates to my expectations and goals. 3.42 0.62 3.65 0.55

22. The simplification of Boolean functions is very practical for me. 3.10 0.40 3.48 0.51

23. The simplification of Boolean functions motivates me to study them. 3.39 0.62 3.65 0.55

25. I do not think I will benefit much from learning to simplify Boolean functions.
(Reverse)

3.10 0.40 3.42 0.50

28. The personal benefits of learning to simplify Boolean functions are clear to me. 3.19 0.48 3.55 0.51

Average of relevance 3.25 0.32 3.56 0.38

Confidence

3. It was easy to learn the simplification of Boolean functions. 4.03 0.91 4.19 0.75

6. You have to be lucky to get good grades in the Boolean algebra unit. (Reverse) 4.10 0.79 4.29 0.64

9. The educational content of the Boolean algebra unit has a well‐organized
structure and design, so I was sure that I could master it.

3.74 0.68 3.94 0.57

11. The simplification of Boolean functions was just too difficult for me. (Reverse) 4.19 0.87 4.48 0.68

17. It was difficult to predict what grade the teacher would give my assignments.
(Reverse)

3.74 0.73 3.94 0.57

27. When I was learning to simplify Boolean functions, I believed that I could
succeed if I tried hard enough.

3.97 0.91 4.29 0.64

30. I found the level of challenge as regards learning the simplification of Boolean
functions to be about right: Neither too easy nor too hard.

3.97 0.87 4.19 0.75

34. When I was learning to simplify Boolean functions, I got enough feedback to
know how well I was doing.

4.39 0.72 4.52 0.57

Average of confidence 4.02 0.67 4.23 0.53
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Satisfaction

7. I had to work too hard to succeed in learning to simplify Boolean functions.
(Reverse)

3.74 0.68 4.26 0.44

12. I feel that having learned to simplify Boolean functions gave me a lot of
satisfaction.

4.19 0.87 4.77 0.43

14. I am happy to have successfully completed the activities in the Boolean
algebra unit.

3.74 0.73 4.35 0.49

16. I enjoyed learning to simplify Boolean functions. 3.97 0.91 4.61 0.50

18. I am pleased with the teacher's evaluations of my work compared to how well I
thought I had done.

3.97 0.87 4.61 0.50

19. I feel satisfied with what I attained after learning to simplify Boolean
functions.

4.39 0.72 4.81 0.40

31. I feel rather disappointed after learning to simplify Boolean functions.
(Reverse)

4.03 0.91 4.45 0.51

32. I feel that I got enough recognition of my work in this unit by means of grades,
comments, or other feedback.

4.10 0.79 4.74 0.44

33. The amount of work I did was appropriate to learn to simplify Boolean
functions.

3.74 0.68 4.55 0.51

Average of satisfaction 3.99 0.66 4.57 0.29

JIMÉNEZ‐HERNÁNDEZ ET AL. | 21




