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Abstract

The article presents the analysis of the research of evaluation of the level of mastering of natural-science
concepts by pupils of the middle school by means of mental modeling. It touches upon the problems of
"evidence-based" pedagogics and, in particular, those aspects which are connected with the general
structure of pedagogical research design, the use of mathematical apparatus and the integration of
pedagogical research as an element of educational quality evaluation system which allows making
managerial decisions on the basis of analysis of quantitative indices. The article presents the results of a
local study of the quality of mastering of natural-science concepts, which involved 165 pupils in the
middle school at the age of 14. The study used a multilevel diagnostic tool, which allows one to give not
only a qualitative but also a quantitative assessment of the formation of the functional level of mastering a
concept. The materials, modes and regulations of the conducted experiment can be used as a tool for
assessing the quality of education in educational organizations. In addition, the results of this experiment
can be used to design educational systems both at the level of an individual school (both private and
public) and at the level of municipal organizations to provide additional education for schoolchildren, as
well as for all educational organizations practicing modular education formats.
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1. Introduction

Apologists for the activity-based approach are convinced of the effectiveness of activity-based
educational forms for forming theoretical thinking. However, there is little experimental evidence to
support this effectiveness.

In 2021 a research of the effectiveness of using new formats of work with students using elements
of mental modeling in mastering the natural-science content of education in the middle school was carried
out at Moscow City University.

This work was part of a longitudinal research of the effectiveness of mastering basic subject
concepts in primary and middle schools, carried out under the assignment of the Department of Education
and Science of Moscow.

During the research, which involved 165 middle school students aged 14 years old, the level of
mastering of natural-science concepts through mental modeling was compared with the traditional ways -
by reading a textbook and watching a specially selected video.

In order to ensure the objectivity and informativeness of the results of the research, a research
design, mathematical apparatus, and a package of accompanying documents were developed to make the

implementation of the modes and regulations of the research by different teachers as uniform as possible.

2. Problem Statement

There are several problems that we tried to solve in this research.

2.1. The problem of finding new, effective forms of interaction between students and students

with pedagogues

At the moment, pedagogues actively use various forms of group and individual work with students
(Davydov, 2000; Lektorky & Bykova, 2019; Vorontsov & Lvovsky, 2020). In addition to the above, it is
now obvious that no form of interaction with students can be called absolutely effective in comparison
with others - not only a reasonable combination of different educational forms, depending on the content
and objectives of the training session, is important, but also the current state of the educational team, its
readiness to kick into gear (Agapov et al., 2019; Ushakova, 2021). The formulation of the learning task,
which is solved by students in one or another form of learning interaction, is also of crucial significance:
the task designed for individual solution, in most cases, is not suitable for group solution. In addition, it is
already obvious that different pedagogical tasks correspond to different learning formats of student
interaction. In light of all of the above, the problem of evaluating the effectiveness of this or that format
of teaching interaction always requires specification and looks as follows: what type of student interaction
is most effective for solving this particular task (task definition), which occupies this particular place
(description of the particular place) in the general structure of the teaching process (description of the

teaching process, its structure, goals and objectives). In this study, we will use just such a "template".
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2.2. The problem of using mental modeling as a tool for the formation of natural-science

concepts

The use of modeling, as a physical element of educational research, as well as mental, for
mastering basic subject concepts, is quite widely discussed by both domestic and foreign authors
(Koponen, 2007; Shchetnikov, 1994; Sarwil et al., 2019).

The main areas of discussion about modeling in science are as follows:

= discovering the significance and comparing the effectiveness of mastering natural-science

learning content through modeling and other ways of working with learning content;

= diagnosis, detection of actual mental models in students and pupils;

= correlation of mental (subjective) and cultural models, the processes of interiorization of

cultural models and the phenomena connected with this;

= changes in the design of the subject when including modeling process as a basic element, new

forms of work with students, adequate to the goals and objectives of this way of mastering the
educational content, and, in particular, application of computer interactive models in the
teaching process and modeling of educational systems;

= methodological recommendations and specific training modules on specific topics and

directions;

= the role of mastering the skills of modelling and working with cultural models in the education

of the future teachers of the natural-science cycle.

The fundamental difference between the content of domestic authors' studies and foreign ones is
that domestic authors are more focused on psychological and pedagogical and didactic aspects of the
problem of using modeling in the educational process (in contrast to the description of research on the
effectiveness of using those or other didactic techniques and methods based on process modeling).

The problem is that the use of mental modeling in general education requires a revision of the
entire educational content of natural-science subjects (Agapov & Lvovsky, 2020; Evstigneeva et al.,
2020; Lvovsky et al., 2021), approaches to curriculum formation, formats of work with students and,
importantly, requirements for qualifications of pedagogues (Emelyanova et al., 2017; Portugal et al.,
2021; Sari, 2016; Treagust et al., 2017).

We consider modeling in the following aspects: as a tool of communicative mastering of concepts
and conceptual complexes, as an object of research, as a process of mastering natural-science and
mathematical skills; as a set or system of artifacts through which learners enter the content of natural
sciences and mathematics. In the activity-based approach to education, modeling can be used to "grasp"
and retain a concept. The model captures the key relationship between the elements of the system, which
is discovered through the modeling procedure. Manipulations with the model allow the properties and
boundaries of the key relation to be identified. "Complexes" of model manipulations allow for classes of

problems to be solved.
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2.3. The problem of research design in pedagogy

The problem is that, despite the great interest of the pedagogical community in pedagogical
research, the research apparatus for this humanities field is in its infancy. Most pedagogical researchers
use the tools that sociologists or psychologists use in their research. Neither of these tools are quite
adequate to the requirements and goals of pedagogical research: psychological tools allow us to
understand fundamental content points related to the formation of thinking and general knowledge
structure in individuals and small groups, but they do not, in most cases, allow us to evaluate how this
content will transform when transferred to rather large groups of students (25-30 students) and, even less
so, how this content will transform when we try to disseminate the content of education to other schools
and educational systems (Vachkova et al., 2021). In turn, sociological research deals with large numbers
and the pedagogical content itself is sometimes lost when trying to conduct research on large numbers of
students. Therefore, the problem that corresponds to this "line" of research may sound as follows: how
should pedagogical research be organized (what should be the design) in order, on the one hand, to obtain
reliable data necessary for decision-making (including managerial decisions), and, on the other hand, not
to lose the specific pedagogical content.

The acuteness of the problem is also connected with the fact that the lack of valid results of
pedagogical research does not allow using these results as a support, an argument when making
managerial decisions, when designing educational systems, especially - large and complex systems, for
example, at the city or regional level. So far, managerial decisions are based on formal indicators, such as
the results of current and final certification of students, which yields little information and does not give
an idea about the real situation in the system, including in terms of functional literacy of students.

The design of educational systems, in turn, relies on outdated standards and lacks an analytical

framework for designing systems of different scale and purpose.

2.4. The problem of creating a tool for assessing the effectiveness of a format of mastering of

educational content by students

Recently, tools have begun to appear that allow objective assessment of the level of formation of
both subject and meta-disciplinary educational outcomes: at this point it is appropriate to recall the
international PISA study, the tools of which allow assessing the degree of formation of functional literacy
of students (OECD, 2021). At the same time, the problem of creating tools remains relevant and consists,
first of all, in creating a comprehensive, systemic tool that reflects not only the content trends and
tendencies in modern pedagogy, but also has a complete structural "package" that allows using it as an
educational quality assessment tool - the format of creating tasks, modes and regulations of diagnostics,

ways of interpreting the results, etc.

3. Research Questions

Issues addressed in the research:
= To create a research design that would provide reliable, valid data on the effectiveness of using

modelling in the educational process;
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To develop such diagnostic tools so that they, on the one hand, would be adequate to the
created research design and, on the other hand, would be sufficiently meaningful and
informative - would allow to make meaningful conclusions by interpreting the results.

To conduct the research on a sufficiently large number of participants, taking into account the
diversity of the groups, involving a large number of pedagogues from several schools as

researchers.

To develop a mathematical apparatus for processing the results of the research that would provide

a complete and reliable picture of the comparison of the results of the main and reference groups of

students.

4. Purpose of the Study

To prove the effectiveness of the use of mental modeling used in solving the learning task in the

format of group interaction of students for the formation of natural-science concepts in the middle school

in comparison with the traditional ways of mastering the subject content - reading the textbook or

watching video content.

5. Research Methods

5.1. Development of assessment tools

The Student Achievements Monitoring (SAM) system of multilevel assessment of the formation of

subject results was chosen as an assessment system (Nezhnov, 2011; Nezhnov, 2016), which allows

assessing educational results at three levels:

reproduction level or action on the learned algorithm;

reflexive level, which demonstrates the student's understanding of the principles of solving a
class of problems;

the functional level, or "transfer" level, which shows that the student has mastered the learning
content and new intellectual tools to such an extent that he/she is able to choose an algorithm
for solving one or another problem, independently create algorithms of solution and can
transfer the means learned in one subject area to solve problems from another subject area and

even another subject.

In order to conduct the research, a diagnostic assignment was developed, which had three levels of

tasks. The input diagnostic assignment consisted of five tasks, among which were:
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two tasks of the first level, including a task where one had to choose a correct and complete
explanation of the reason for the change of seasons on the Earth;

a second-level task, which required choosing the right diagram showing the Earth's position in
relation to the Sun as it moves on the ecliptic plane and the seasons of the year for a certain
point on the Earth's surface marked on this diagram;

two tasks of the third level, which required a detailed answer: how would the change of the

seasons at a specific point on the Earth's surface if the Earth's axis were to change its tilt in
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relation to the ecliptic plane: a) would be 90°, b) would be 0° (the Earth's axis were to "lie" in
the ecliptic plane)

The final diagnostic task duplicated the entry one, but it included another task of the third,
functional level, where you had to write an extended answer to the question: how did the existing tilt of
the Earth's axis (66.6 degrees to the ecliptic plane) affect the development of the biosphere and human
civilization on our planet? All tasks of the third level were graded on the following system: 10 points

were given for the first correct (logical, reasonable) answer, plus two more points for each subsequent

one.
5.2. Research design development
5.2.1. Entrance diagnostics and division into reference and experimental groups

All the participants in the research performed the task of entrance diagnostics, the results of which

were used to determine the "performance factor" for each participant:

where N is the number of tasks solved and ¢ is the time taken to complete the entire assignment.

According to the results of the entrance diagnostics, each group of students (forms 1-3 in each
school-participant of the research), was divided into two equal groups, reference and experimental one,

taking into account the fulfillment of the condition:

5.2.2. The main part of the experiment, students' mastery of the content

The experimental group of students during the main part of the experiment solved the learning task
(the text of which is given below) in the format of group interaction, while the participants in the
reference group studied the selected natural phenomenon in one of the traditional ways - by reading the
textbook, or watching video content, depending on the choice of the pedagogue who conducted the
research. The textbook and video content length was chosen so that the time to master them (together
with the assignment for submission) was equal to 60 minutes, which was the time allotted for group work

in the experimental group.
5.2.3. Final diagnostics and analysis of results.

Two weeks after completion of the main stage of the experiment, all students completed the final
diagnostic assignment.
Analysis of results was done in several directions. Besides direct comparison of the number of

solved tasks in the entrance and final diagnostic assignments of the reference and experimental groups,
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the dynamics of the results within each group was analyzed. In addition, a normal distribution was
constructed for each of the groups and the dynamics of the normal distribution within each group was

analyzed.

5.3. The learning task used in the research.

Students in the first reference group individually read the text and completed the test assignments
at the end of the text. The total working time was 60 minutes. The text giving a direct answer to the fifth
task of the final diagnostics was placed at the end of the teaching text (the text of the geography
textbook).

Students in the second reference group individually watched a selection of videos and did the test
assignments on the content of the viewed video. The total working time was 60 minutes. The video
content included a video with a direct response to the fifth task of the final diagnostic.

Students in the experimental group solved an indirect research problem in group mode: "Imagine
that the Earth's axis lies on the ecliptic plane (the plane of the Earth's rotation around the Sun), and it does
not change its angle with respect to its original position. How would this position of the Earth's axis affect
the development of Earth's biosphere and the development of Earth's civilization? Answer as extensively
as possible (describe as many related phenomena as you can). In particular, answer the questions:

= how would the change of seasons on the planet occur during the year in this case?

= how would the climate belts on the planet be located?

= how would people be able to take advantage of/overcome such climatic disadvantages?

Have a poster and a short message ready. Prepare to ask questions to participants in other groups."

The basic hypothesis of the research was that by reconstructing the model of the interaction
between the Earth and the Sun, distinguishing and investigating the main links in the system, students will
understand the principle of the formation of illumination of various parts of the Earth's surface as the
Earth moves around the Sun, will be able to link illumination and the basic laws of the biosphere, and
then will be able to transfer all the processes studied to any situation involving changes in the tilt of the

Earth's axis.

5.4. The format of student interaction and the use of mental modeling

The learning task which was solved by the participants in the experimental group during the main
stage of the research corresponds to the group format of the students' work, since it is project-research in
its structure and content. Its solution requires:

= an accurate understanding of the conditions;

= reconstructing the model relation between all physical elements of the system (the Earth, the

Sun, the Earth's axis, the way of rotation);

= reconstructing the relationship between all conceptual complexes of the system (illumination,

climatic belts, development of the biosphere)

= answering multiple questions;

= defending the group's position.
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Open communication among students is necessary to ensure that all of the above requirements are

met.

6. Findings

The research showed that in the pairs of groups "mastering a concept through reading a text -
mastering a concept through modeling" the number of points received by participants in the experimental
group for task 5 of the final diagnosis was 49% (about one and a half times) higher than in the reference
group (the average number of points is 5.50 vs. 3.69). Figure 1 shows the dynamics of normal distribution
of the number of tasks solved: in Figure 1 (a) - for the reference group, in Figure 1 (b) - for the

experimental group.
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Figure 1. (a) & (b) Dynamics of changes in the normal distribution of the number of solved tasks in the
groups "mastering a concept through reading a text - mastering a concept through modeling"

The research showed that in the pairs of groups "mastering a concept through watching video
content - mastering a concept through modeling" the number of points received by participants in the
experimental group for task 5 of the final diagnosis was 123% (more than twice) higher than in the
reference group (the average number of points is 9.11 vs. 4.08). Figure 2 shows the dynamics of normal
distribution of the number of tasks solved: in Figure 2 (a) - for the reference group, in Figure 2 (b) - for

the experimental group.
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Figure 2. (a) & (b) Dynamics of changes in the normal distribution of the number of solved tasks in the
groups "mastering a concept through watching video content - mastering a concept through
modeling"

In both pairs of groups of the research the most important point is that the maximum of the normal
distribution when students master the educational content through reading a text or watching video
content shifts during the research from the first level task to the second level task (to a lesser extent - to
the third level tasks in the final diagnosis, which duplicate the third level tasks of the entrance
diagnostics), while the experimental groups shifted to the third level tasks, and, most importantly - to task
5, which does not exist in the entry diagnosis and which is the key diagnostic task.

The shift of the maximum of the normal distribution from the tasks of the first level (the level of
reproduction, solving according to the algorithm) to the second (reflexive) level shows that students have
learned the definition and can confidently point on the diagram the position of the Earth in relation to the
Sun, corresponding to this or that time of year for a particular point on the Earth's surface.

A maximum shift to the third level (functional, transfer level) indicates that students can, on the
one hand, solve a specific class of problems related to a particular tilt of the Earth's axis to the ecliptic
plane, can trace, reconstruct relationships between the angle of the Earth's axis and other phenomena on
the Earth's surface, and they also can, on the other hand, trace these relationships for any positions on the

Earth's axis.

7. Conclusion

The conducted research has shown the effectiveness of using mental modeling as a tool for
mastering natural-science concepts, outlining, at the same time, the main problems of changing the
content of education and forms of educational interaction related to the introduction of mental modeling
techniques into the learning process:

= the need for an algorithm for creating training modules using mental modeling, in particular -

an algorithm for creating learning tasks;

= the need to integrate training modules using mental modeling into the curricula of educational

organizations;

= the need to develop an adequate tool for assessing the quality of education, taking into account

different levels of mastering the subject content, both for individual modules and subjects, and

for educational systems as a whole.
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