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ABSTRACT

CONTEXT

In the academic world and more specifically in engineering education programmes, the aim
is to develop teaching activities, which promote the achievement of formal thought in
students. Cognitive theories insist that knowledge is meaningful and therefore opinions of
students about themselves and their environment should be considered. Consequently,
professors need to take into account how mental processes are manifested during learning.
PURPOSE OR GOAL

This work aims to measure and detect significant changes in the scientific reasoning skills of
university engineering students. In particular, it wants to determine if the curriculum map of
courses belonging to the core of mathematics and physics, which is typically seen in the first
two years of the curriculum of engineering programmes, contributes significantly to the
academic education and learning of students

APPROACH OR METHODOLOGY/METHODS

A case study was developed in the College of Engineering of the Universidad del Norte. It
was composed of two important chronological stages. Stage 1: In the first semester of 2015,
it was applied the modified LCTSR to all students who will complete their first semester in the
engineering programmes (more than 800 students). Stage 2: In the first semester of 2017,
the same test was applied to a large group of students. As a result, it was obtained that 126
students presented the same LCTSR in both 2015 and 2017. The exposed analyses seek to
answer the following two questions: i)Has basic sciences education contributed to the
development and enhancement of formal thinking in Engineering students?, ii)ls there a
correlation between the academic performance of students and the thought stage measured
to students through the Lawson Classroom Test of Scientific Reasoning (LCTSR)?
ACTUAL OR ANTICIPATED OUTCOMES

These descriptive results indicate that even when there was an improvement in 2017, this
improvement does not seem to be large enough for most students to develop formal
thinking.It should be taken into consideration that in 2017 at least 40% of students are still
under 19 years old. Also, the results supported the idea that there is a positive correlation
between the LCTSR score and the academic performance of students
CONCLUSIONS/RECOMMENDATIONS/SUMMARY

On average, the training received by the students from Engineering programmes in the core
courses of mathematics and physics, actually develops their logical thinking/reasoning skills.
However, these seem not to be sufficient for students to show an ideal academic
performance in the basic core courses of engineering programmes. Finally, the overall
results of this study show an opportunity for improvement in engineering programs.
KEYWORDS

Lawson Classroom Test of Scientific Reasoning (LCTSR); concrete thought; transition
thought; formal thought; engineering students



Introduction

In the academic world and more specifically in engineering education programmes, the aim
is to develop teaching activities, which promote the achievement of formal thought in
students. The renowned researcher Piaget defined in his studies four states of thought,
which are progressively achieved by a person from birth to adulthood. In this classification,
the fourth and last state is called formal thought. In this state, an individual is able to
formulate hypotheses and test them, and therefore has the ability to isolate and control key
variables of the problem, while excluding those irrelevant (Inhelder & Piaget, 2013; Picquart
et al., 2010).

The academic community has also sought ways to quantify or categorise types of thought
through the use of tests applied to students. Consequently, several types of tests have been
developed, such as the Scientific Creativity Test (SCT), the Mathematical Creativity Test
(MCT) and the Novel Creativity Test (NCT). Each of these tests measures the level of
creativity in their respective domain of interest. Such tests consider three indicators: the
originality of their responses, the fluency in the use of scientific knowledge to develop the
solution, and the flexibility in the use of different areas of knowledge (Huang et al., 2017;
Lépez Martinez & Ramon Martin, 2010). There are also other alternative tests. The test of
thinking style seeks to determine the strengths and tendencies of individuals to channel their
thought when addressing specific types of problems (Lépez Martinez & Ramon Matrtin,
2010). The multiple intelligences test aims to determine the potential of the predominant type
of intelligence and its benefit in the development of certain tasks (Stecconi, 2010). The Test
Of Logical Thinking (TOLT) seeks to evaluate the different schemes of formal thought
(Acevedo & Oliva Martinez, 1995). The Lawson Classroom Test of Scientific Reasoning
(LCTSR), which evaluates the capacity for scientific reasoning according to proposals made
by Piaget (Jensen et al., 2015; Lawson, 1978, 2000; Piraksa et al., 2014).

The aforementioned indicated that the construction of concepts and the development of
formal thought are topics that have been studied by several scientific disciplines. Within
these disciplines are basic sciences and pedagogy; since an interdisciplinary approach is
required. In particular, the research developed in this work is the result of a Teacher Learning
Community (CAD in Spanish) called Shared Projects. This Community was supported by the
Center for Teaching Excellence (CEDU in Spanish) from Universidad del Norte, Colombia.
Our research proposes a case study to determine if the academic education imparted in
basic sciences promotes significant improvements in the scientific reasoning skills of
engineering students. For the development of the case study, a sample of students
belonging to different programmes of the College of Engineering from Universidad del Norte
was randomly selected. Each selected student presented the LCTSR twice, but at two
different times: in the first and fourth semester. The exposed analyses seek to answer the
following two questions: (i) Has basic sciences education contributed to the development and
enhancement of formal thinking in Engineering students? (ii) Is there a correlation
between the academic performance of students and the thought stage measured to students
through the LCTSR?

Literature review

This section presents a literature review that discusses learning theories and defines the
applications and key features of the LCTSR. The main objective is to establish a conceptual
basis that allows responding to the previously mentioned questions.

Theories of learning

Behavioural theories express that professors must generate a teaching environment that
allows students to respond appropriately to stimulus. Cognitive theories insist that knowledge
is meaningful and therefore opinions of students about themselves and their environment
should be considered. Consequently, professors need to take into account how mental
processes are manifested during learning. That is, the way in which learning occurs not only
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depends on the structure and how the information is presented to the students, but also on
what are the best activities that should be proposed to them (Guanipa Marquez et al., 2007,
Linares, 2009; Picquart et al., 2010). Piaget suggested that intellectual development is
necessarily slow and essentially qualitative. Hence, the evolution of the intelligence
supposes the progressive appearance of different stages that differ to each other by the
construction of qualitatively different schemes (Severo, 2012). The theory of Piaget defines
several stages of cognitive development from childhood to adolescence. He explained that
psychological structures are developed from inborn reflexes; they are organized during
childhood in behaviour patterns, are also internalized during the second year of life as
models of thought and are developed during childhood and adolescence in complex
intellectual structures that characterize adult life (Delgado, 2001).

As was explained in the Introduction, in studies made by Piaget, it is shown four stages of
thought that progressively reach from the birth of the individual until adulthood. Similarly, the
LCTSR and the Piaget questions are based on constructivist theories. These theories
propose that the human being or individual is no longer a passive organism conditioned and
shaped by the environment, but that the individual follows the four stages of thought
described below: (i) Sensory-motor stage (0 to 2 years of life): the individual is considered
active and can learn the thought oriented to means and ends. (ii) Pre-operational stage (2 to
7 years of life): the individual is intuitive and develops symbols and words in their thoughts.
(iif) Operational stage (7 to 11 years of life): the individual is more practical and learns logical
operations of serial, classification and conservation. His thought is related to the phenomena
and objects of the real world. (iv) Formal operational stage (greater than 11 years of life): the
individual is able to reason with propositions without the need for objects, able to think in an
abstract and hypothetical-deductive way, and able to analyse the possible combinations or
variations that may occur in certain situations. Initially, Piaget proposed that it would be
necessary to wait until 20 years to consolidate formal thought (Linares, 2009; Opitz et al.,
2017; Rodriguez et al., 2010).

Lawson Classroom Test of Scientific Reasoning: LCTSR

The literature widely reports that one of the main goals of education is to ensure that
students are able to use the concepts and methods learned in solving problems in their
professional practice and daily life. Consequently, the framework of the Organization for
Economic Cooperation and Development (OECD, 2006) for the Programme for International
Student Assessment (PISA) includes the following three skills: identifying scientific problems,
explaining phenomena scientifically, and using scientific evidence (Opitz et al., 2017).
Similarly, literacy is now considered as a central objective and a critical learning outcome for
the standard of scientific education in several countries (Piraksa et al., 2014).

Lawson explains that reasoning is the process of deducing conclusions from principles and
testing of new conclusions. He also argues that scientific reasoning includes the thought
skills involved in research, experimentation, evidence evaluation, inference and
argumentation. Thus, scientific reasoning consists of a general pattern of reasoning that
includes hypothetical-deductive thought and various sub-patterns. These sub-patterns can
be characterized as formal operational schemes, such as proportions, combinatorial and
correlations (Lawson, 1976, 1978, 2010; Picquart et al., 2010). In particular, our research
was conducted to explore the scientific reasoning ability of engineering students through the
application of the modified LCTSR; which was designed to assess the ability of scientific
reasoning according to proposals made by Piaget. This test consists of 12 questions of 2
levels and, therefore, 24 items, each question has a second-level question designed to
measure the scientific understanding of the process by the student. Note that, a score of 1
point is obtained for each of question, if and only if, the two levels of each question are
answered correctly. Thus, the overall score obtained by a student in the LCTSR is minimum
0 points and maximum 12 points. The validity and reliability of the LCTSR has already been
demonstrated by several authors in other researches (e.g., Fulmer et al., 2015; Lawson,
1978, 2000; Lawson et al., 2007; Piraksa et al., 2014).
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At following, the six aspects of scientific reasoning that are measured through the modified
LCTSR (Jensen et al., 2015; Piraksa et al., 2014): (i) Conservation of physical magnitudes
(items 1 to 4): It seeks to evaluate what is the relationship of magnitudes such as mass and
volume when their shape is manipulated. (ii) Proportional thought (items 5 to 8): It evaluates
the relationship between two data series, which can be mathematical or scientific. (iii)
Identification and control of variables (items 9 to 14): It seeks to have the ability to identify
and isolate variables, and to reason in an experiment to conclude which was the cause of the
problem. (iv) Probabilistic thought (items 15 to 18): The notion of probability, related to the
understanding of chance and causality, is related to notions of proportion as well as
combinatorial schemes and would be useful both for the solution of mathematical problems
and for the understanding of non-deterministic scientific phenomena. (v) Correlational
thought (items 19 and 20): The notion of correlation is linked to both proportion and
probability and would be necessary for the analysis of data and scientific experimentation in
complex tasks or before probabilistic phenomena. (vi) Combinatorial thought (items 21 to
24): Combinatorial operations, given a series of variables or propositions, make it possible to
exhaust all possible combinations among them to achieve a certain effect. Operations of this
type would be combinations, variations and permutations.

It is important to note that dominate the last three aspects of scientific reasoning requires a
higher skill level of the student. Besides, the development of these last three aspects is
essential for the student to reach a level of formal thought. Finally, according to the overall
score obtained by a student in the LCTSR, which has a minimum score of 0 and a maximum
score of 12, the student can be classified in one of the three categories of thought: (i)
Concrete (0-4 points); (ii) Transition (5-8 points); and (iii) Formal (9-12 points).

Experiment, results and discussion
Experimental design

As previously explained, this work aims to measure and detect significant changes in the
scientific reasoning skills of university engineering students. In particular, it seeks to
determine if the curriculum map of courses belonging to the core of mathematics and
physics, which is typically seen in the first two years of the curriculum of engineering
programmes, contributes significantly to the academic education and learning of students.
Specifically, it is expected that once the engineering students complete the first four
semesters, they will have the mathematical logic skills required to show adequate academic
performance in the basic core courses of the engineering programmes.

A case study was developed in the College of Engineering of the Universidad del Norte,
Colombia to achieve the objective of this research. It is composed of two important
chronological stages. Stage 1: In the first semester of 2015, it was applied the modified
LCTSR to all students who will complete their first semester in the engineering programmes
(more than 800 students). Stage 2: In the first semester of 2017, the same test was applied
to a large group of students. As a result, it was obtained that 126 students presented the
same LCTSR in both 2015 and 2017. Finally, for each of the 126 students, the scores
obtained in the following seven categories were recorded: (i) conservation of physical
magnitudes (PM); (ii) proportional thinking (PR); (iii) identification and control of variables
(IV); (iv) probabilistic thinking (PT); (v) correlational thinking (CT); (vi) combinatorial thought
(CM); and (vii) overall (OV). The last category represents the total score obtained by the
student in the LCTSR, which is the result of adding the scores obtained in the six aspects of
scientific reasoning.

Results of the case study

The results and discussion of this case study are divided into the following three subsections:
Characteristics of the samples; Lawson test; and Lawson Test vs Academic performance.
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Characteristics of the samples

The purpose of this subsection is to provide detailed information about the individuals that
make up the two data samples that were used in this case study. Note that, by definition,
these samples are not independent and therefore are considered paired, since the 126
experimental objects are the same in both samples.

It was observed that 99% of the population in 2015 and more than 40% in 2017 is in a range
of age less than 19 years. Thus, as stated by Piaget and various authors of constructivist
theories, it can expect that their levels of reasoning have not yet wholly reached formal
thought (Aguilar Villagran et al., 2002; Linares, 2009; Rodriguez et al., 2010). In addition,
Figure l1a indicates that in the samples there is a majority of male students. Although it is not
the object of work, previous studies carried out by (Piraksa et al., 2014), have concluded that
there is no significant correlation between gender and the ability to reason scientifically.
Finally, Figure 1b shows that, in the samples, there are students belonging all the
engineering programmes offered by Universidad del Norte.

Men - s it
engineering o1
713% 2% ;
{ engineering
i Systems_/ - 16%
////// engineering ) ;\“
o,

(a) (b)

Electronic  Industrial engineering 21%
engineering L P
6%

Electric

Fig 1: Distribution of students by (a) gender and (b) academic programme.
Lawson test
This subsection presents the results of the LCTSR using two types of statistical analysis.
Descriptive analysis

Table 1 presents several statistics that allow describing numerically the characteristics of the
studied samples. Note that, the statistics presented in the third column require a previous
arithmetic operation between the data of the 2015 and 2017 samples. Specifically, for each
student is calculated the difference between the overall score obtained in 2017 minus the
overall score obtained in 2015. It is observed that the average score obtained by the
students in 2017 was higher than in 2015, specifically there is an average increase of 1.42
points in the LCTSR. Similarly, the analysis of the 25, 50, and 75 percentiles for 2017
indicates that the three percentiles show an increase of 2 points compared to the results
obtained in 2015. For example, the 75 percentile for the year 2017 states that 75% of
students scored at or below 9 points, while for 2015 the 75 percentile says that 75% of
students scored a maximum of 7 points. Note also that the 2015 and 2017 samples have an
almost identical variability since their respective standard deviations are very similar.

Table 1: Descriptive measures on the samples.

2015 2017 (2017 - 2015)
Mean 5.18 6.6 1.42
Percentile 25 3 5 -
Percentile 50 5 7 -
Percentile 75 7 9 -
Desv. Standard 2.64 2.63 2.07

Additionally, Figure 2a shows the percentage of students who improved, worsened or
maintained the same score on the LCTSR and Figure 2b gives more details about the
students who obtained an improvement in their score. For example, Figure 2a indicates that
65% of students improved their score. In turn, Figure 2b shows that 22% of students
improved their score by 1 point. It is interesting to note that 55% (22 + 16 + 15 + 2) of the
students showed an improvement in their score of maximum 4 points. That is, few students

Proceedings of REES AAEE 2021 The University of Western Australia, Perth, Australia, Copyright © Virginia Paredesa,
Nestor Durango, Jonathan Gonzalez Ospino, César Augusto Henao, German Jiménez, Mario Alberto Gémez Villadiego, and
Julian Yepes-Martinez, 2021.



achieved an exceptional jump in their logical reasoning skills since only 10% of students
achieved an improvement of 5 points or more. This result is especially valuable since only an
improvement equal to or greater than 5 points would allow a student who in 2015 was
classified in Concrete Thought could be classified in 2017 in Formal Thought. It must be
remembered that this last category represents the ideal state of thought. It is worrisome that
19% of students will not improve their scores and that 16% of them will present a setback.

However, according to Piaget and Vygotsky, learning is a slow and qualitative process that is
presented in stages. They also explain that learning requires an intellectual, cultural and
historical development that depends on the experiences lived by each student. In addition to
this, Vygotsky suggests that the development of scientific concepts (“non-spontaneous”) can
be achieved, focusing attention on the processing related to the context of the concept.
Consequently, it seeks to promote spontaneous thinking and therefore the understanding of
the concept of science, in a period that may be slow, but in the long term, students will
develop high levels of thinking Ramos Serpa & Lépez Falcén, 2015; Severo, 2012;
Vygotsky, 1978).

2% 1% = [mprovement=1

5% N Improvement=2

- Woreened Z%Q Improvement=3

Maintained O Improvement=4

= Improved 15% O Improvement=5

16% = Improvement=6

< Improvement=7

(a) (b) Improvement=8

Fig. 2: Student performance: 01-2015 vs 01-2017.

Finally, for the years 2015 and 2017, Figure 3 presents the percentage of students that were
classified in each category of thought, according to the scores obtained in the LCTSR. The
results are intuitive since it shows how the percentage of students in concrete thought
decreases in 2017, but also how the percentage of students in formal thought increases in
2017.

01-2015 01-2017

100 100
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Fig. 3: Percentage of students by category of thought in 01-2015 and 01-2017. (C: concrete; T:
transition; F: formal).
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Inferential analysis

The purpose of the inferential analysis is to determine if there is a significant improvement
when comparing the average scores obtained from the LCTSR in 2015 and 2017. That is, we
seek to prove that the average scores for the year 2017 are higher than the average scores
of the year 2015. In order to achieve this objective, it is proposed to apply tests of
hypotheses of the difference of means that determine the validity or falsity of the statements
made. In particular, seven tests of unilateral hypotheses (right) are proposed; one for the
overall scores of the LCTSR and the other six for the scores of the six aspects of scientific
reasoning that are also evaluated in the test. Note that this study considers two random
samples dependent (i.e., paired). Furthermore, since the sample size is large enough (i.e.,
n=126), the Central Limit Theorem can assume that the distribution of the means follows an
approximately normal distribution. Therefore, the paired t-test statistic can be applied.
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For each of the seven proposed hypothesis tests, the null hypothesis HO expresses that the
difference of the average scores between both populations is equal to zero. On the other
hand, the alternative hypothesis H1 expresses that the average score for the year 2017 is
strictly higher than the average score of the year 2015. Table 2 presents the results for the
seven tests of right unilateral hypotheses.

Given that several hypothesis tests are being carried out simultaneously on the same data
set, false rejections of the null hypotheses should be avoided. Therefore, it was used the
Bonferroni method to adjust the level of significance (a) about the number of statistical tests
performed simultaneously. The method says that, if it seeks to guarantee a level of
significance for the set of M pairwise comparisons, it is enough to take a corrected
significance level that can be expressed as a* = a/M. In this way, the possible error that can
be made by making many comparisons in pairs is compensated. For this study, a level of
significance of a = 0.05 was considered, obtaining a corrected significance level a* = 0.05/7
= 0.0071. Note that, if for any of the seven tests the calculated P-value is less than ax, this
means that HO is rejected in favour of H1. Otherwise, HO is not rejected.

Table 2: Results of the comparison test of means: 01-2015 vs 01-2017.

Aspects of Scientific Reasoning Overall
PM PR v PT CT CM ov
Statistic T 3.81 6.96 3.96 2.38 2.38 1.69 7.70
Value-P 1.09E-04 | 1.02E-07 | 6.24E-05 | 0.0095 | 0.0095 | 0.0467 | 1.04E-07

Table 2 shows that in four of the seven tests there is statistical evidence that there is a
significant improvement in the average scores of 2017 concerning the average scores of the
year 2015. However, for the scientific reasoning aspects Probabilistic (PT), Correlational
(CT) and Combinatorial (CM), the hypothesis test says that there is no significant difference
between the average scores of the years 2015 and 2017.

Lawson Test vs Academic performance

The purpose of this subsection is to detect if the results of the LCTSR have a positive
association with the academic status of the students, the latter measured by the academic
average. That is, through simple exploratory analysis, we evaluate whether there are
indications that students with a high overall score on the LCTSR also have a high academic
average, and vice versa. For the year 2017 and the 126 students sampled, Table 3 shows in
percentage, how students are distributed concerning the LCTSR score and the Thought
Category. In turn, the table groups the students according to their academic status: (i) Trial
period (2.95 - 3.24); (ii) Normal (3.25 - 3.94); and (iii) Distinguished (3.95 - 5.00). Consider
that in the sample there are three students in a trial period, 92 are in a normal academic
state, and 31 are in the distinguished state. Note also that, in Colombian universities, the
academic grade is measured in a range of 0.0 to 5.0, such that 2.95 is the minimum passing
score.

Table 3 presents fairly intuitive results; that is, all students who are in the trial period are in
the lowest thought category. In turn, most students who have a normal academic status are
classified in the Transition thought category, which represents a state of intermediate
thinking. Finally, students who are in a distinguished academic state are classified in the
categories of Transition thought and mostly in Formal, 42% and 52% respectively. This
analysis supports the idea that there is a positive correlation between the LCTSR score and
the academic average.

Table 3: Percentage of students according to the LCTSR test score and the Thought Category:
01- 2017.

Concrete Transition Formal

Academic
average 102 3 a4 |3 s g 7 g Sl g g g1 1p 3P
total total total
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(2,95-3,24) | 0.0 333 333 333|100| 00 0.0 0.0 0.0 0 00 00 0.0 0.0 0
(3,25-3,94) | 00 87 98 87| 27 |109 163 13.0 12.0| 52 |120 54 22 11| 21
(3,95-5,00) | 0.0 3.2 00 3.2 6 6.5 129 16.1 65 | 42 |129 258 9.7 3.2 | 52

Total 00 79 79 79| 24 |95 151 135 103| 48 |119 103 4.0 16 | 28

Conclusions
This study focused on answering two key questions:

(1) What is the contribution of basic science education to the development and
enhancement of formal thought in Engineering students? The descriptive analysis showed
that in 2015 there were 44% of students in concrete thought, 44% in transitional thought, and
11% in formal thought. For the year 2017, there were 24% of students in concrete thought,
48% in transitional thought, and 28% in formal thought. These descriptive results indicated
that even when there was an improvement in 2017, this improvement does not seem to be
large enough for most students to develop formal thinking. On the other hand, the results
obtained by the inferential analysis show a partially positive result. That is, with respect to the
overall scores of the LCTSR and the first three aspects of scientific reasoning (i.e., Physical
Magnitudes, Proportional Thinking, Identification and Variable control), the students
presented significant improvements. However, in the aspects of scientific reasoning that
require a higher level of skill in the student (i.e., Probabilistic Thought, Correlational Thought,
and Combinatorial Thought), there was no significant improvement. These results indicate
that, on average, the training received by the students from Engineering programmes in the
core courses of mathematics and physics, actually develops their logical thinking/reasoning
skills. However, the mathematical logic skills attained in said core seem not to be sufficient
for these students to show an ideal academic performance in the basic core courses of
engineering programmes. It should be taken into consideration that in 2017 at least 40% of
students are still under 19 years old. It is important to emphasise since Piaget’s postulates
explain that individuals must wait until 20 years to consolidate their formal thinking.

(ii) Is there a correlation between the academic performance of the students and the level of
thought measured to the students through the LCTSR? The results of the LCTSR indicated
that, students with a high overall score on the LCTSR also have a high academic average,
and vice versa. This result supported the idea that there is a positive correlation between the
LCTSR score and the academic performance of students.

Finally, the overall results of this study show an opportunity for improvement in engineering
programs. That is, it makes sense to make a more significant effort so that at an early stage
of the engineering programme (first four semesters), students will develop the six aspects of
scientific reasoning with a higher level.
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