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Abstract. Problem statement. A modern specialist necessary quality is structural thinking,
a skill with which a person is able to decompose a complex task into subtasks and create
integral structures from a set of elements. The goal of the study is to substantiate the
algorithmic primitives method to create a methodology for the development of a structural
component of students’ computational thinking in the cluster of disciplines “Programming —
Numerical Methods — Information Technologies in Education”. Methodology. The
algorithmic primitives method is based on introduction of the concept “algorithmic
primitive” understood as a template for an algorithm for solving elementary problems, from
the set of which algorithms for solving complex problems can be built. Creation of the
primitive is carried out with the use of mental schemes of subject area. Such an approach
allows to automate practically all stages of training and to create e-learning tools. Results.
The algorithmic primitives method for solving problems of various levels of complexity in
the cluster of disciplines “Programming — Numerical Methods — Information Technologies
in Education” is justified and implemented into educational practice. The training database
of algorithmic primitives for e-courses in these disciplines has been created. Conclusion. The
method of algorithmic primitives significantly facilitates teaching students to solve problems
and contributes to the development of structural component of computational thinking.

Keywords: algorithmic primitive, structural thinking, mental scheme, cluster of
disciplines

Author’s contribution. The authors contributed equally to this article.

Conflicts of interest. The authors declare that there is no conflict of interest.

Funding. The research was carried out with the support of Krasnoyarsk Regional Fund
of Science and Technology Support within the framework of the project No. 2021012106985
“Formation and development of students’ computational thinking based on automated and
cognitive learning tools”.

© Bazhenova 1.V., Klunnikova M.M., Pak N.I., 2025

This work is licensed under a Creative Commons Attribution 4.0 International License
CETE https://creativecommons.org/licenses/by-nc/4.0/legalcode

76 EVOLUTION OF TEACHING AND LEARNING THROUGH TECHNOLOGY


https://orcid.org/0000-0001-6960-0408
https://orcid.org/0000-0003-3657-1019
https://orcid.org/0000-0003-2105-8861
http://journals.rudn.ru/literary
https://creativecommons.org/licenses/by-nc/4.0/legalcode

Baxcenosa U.B. u op. Bectruk PYJIH. Cepust: Undopmatuzaims oopaszosanmst. 2025. T. 22. Ne 1. C. 76—88

Article history: received 16 July 2024; revised 28 August 2024; accepted 14 September
2024.

For citation: Bazhenova IV, Klunnikova MM, Pak NI. Developing structural component
of computational thinking using the algorithmic primitives method. RUDN Journal of
Informatization in Education. 2025;22(1):76—88. http://doi.org/ 10.22363/2312-8631-
2025-22-1-76-88

Pa3BuTne CTPYKTYPHOro KOMMNOHEHTA BbIYUCIIUTEJIBHOIO
MbILLJIEHUSA C UCMNOJIb30OBAaHUEM METOoAa aNIrOPUTMUYECKNX
NPUMUTUBOB

N.B. Baxenosa' =, M.M. Kaynnuukosa'>, H.H. ITak®

'Cubupckuii gpedepanvhbiit ynueepcumem, Kpacnospck, Poccuiickas Pedepayus
2Kpacrospckuii 2ocydapcmeennbiil hedazoauueckuil ynueepcumem um. B.I1. Acmagovesa,
Kpacnospck, Poccuiickas @edepayus
Mapkad@yandex.ru

AnHotamms. [locmanoska npobaemsl. HeoOX0IUMbIM Ka4eCTBOM COBPEMEHHOTO CITEeLIU -
aJucTa SIBJISIETCSI CTPYKTYPHOE MBIIIJIEHUE — HaBBIK, C TOMOIIBIO KOTOPOT'O YeJIOBEK CITOCO-
OeH MPOBOJAUTD JIEKOMITO3UIIMIO CIOKHOW 3a/1a4M Ha IMOA3adauyud U CO3/1aBaTh LI€JOCTHBIE
CTPYKTYpPHI U3 Habopa ajaeMeHTOB. Llesnb nccienoBaHus 3aKi04aeTcsi B 000CHOBAaHUU Me-
TOIA aJTOPUTMUYECKUX MPUMMUTUBOB JJIsI CO3MaHUS METOAUKU Pa3BUTUSI CTPYKTYPHOTO
KOMITOHEHTA BbIYMCIUTEIBHOTO MBILIJIEHUS CTYAEHTOB B KjlacTepe AUCUUIUIMH «[Iporpam-
mupoBaHue — YuciaeHHble MeToabl — MH(opMallMOHHbBIE TEXHOJIOTMU B 00pa30BaHUL».
Memodonoeus. Meton alrOpUTMUYECKUX MPUMUTHBOB OCHOBAH Ha BBEICHU Y MOHSITUS «ajl-
TOPUTMUYECKUI TTPUMMUTUB», TOJA KOTOPbIM MOHUMaeTCs 111a0JI0H aJiropuT™Ma pelieHus
3JIeMEHTapHBIX 3a/1a4, U3 COBOKYITHOCTH KOTOPBIX MOXKHO CTPOUTH aJITOPUTMBI JIJIST pellie-
HUS CI0XHBIX 3a1a4. Co3naHue NMPUMUTHBA OCYIIECTBISIETCS] C UCTIOJIb30BAaHUEM MEHTAJIb-
HBIX CXEM MpeaMeTHON ob1acTu. Takoil Moaxo Mo3BOJISIET aBTOMATU3UPOBATh MTpaKTUye-
CKM BCE 3Tanbl 0OyYyeHUs] U CO3/1aBaTh DJEKTPOHHbBIE CPelICTBA OOydYeHUs. Pesyivmamul.
OO0OCHOBaH U BHEJIPEH B yUeOHBII MTPOILIECC METO aITOPUTMUYECKUX IPUMUTHUBOB ISl pe-
LIeHUs 3a7a4 pa3IMuHOro YPOBHS CJIOKHOCTH B KjlacTepe AMCUUIUIMH «ITporpammupoBa-
Hue — Yucnenneie Metoasl — MHMOpMaliMOHHBIE TEXHOJIOIMK B 00pa3oBaHun». Co3naHa
yueOHast 6a3a aaropUTMUYECKUX MTPUMUTUBOB AJIsl 3JIEKTPOHHBIX KYPCOB IO JaHHBIM J1C-
LUIIMHAM. 3akaruerue. MeToll alfTOpUTMUYECKHX TPUMUTUBOB CYILIECTBEHHO 00JierJyaeT
paboTy mpernogaBateisl 10 00yYeHUIO CTYIEHTOB PEIICHUIO 3aa4 U CIIOCOOCTBYET pa3BU-
TUIO Y HUX CTPYKTYPHOTO KOMIOHEHTA BBIYMCIUTEIbHOTO MBILLIJICHUSL.

KiroyeBble c10Ba: aIrTOpUTMUYECKUI TPUMUTUB, CTPYKTYPHOE MBIIIJICHUE, MEHTAJIb-
Has cxema, KjiacTep AUCLIUTLINH

Bkian aBropoB. Bce aBTOpbI BHECIM paBHBIM BKJIAJL B IIOJATOTOBKY IMyOJIMKAIIUN.

3asBiieHHe 0 KOH()JIMKTEe MHTEPecOB. ABTOPHI 3asIBJISIIOT 00 OTCYTCTBUM KOH(IMKTA
MHTEPECOB.

®unancupoBanue. lVcciaenoBaHue BBIIIOJNHEHO TIpU ToggepxkKe KpacHospckoro
KpaeBoro (GhoHaa MoJIePXKKIA HayYHOM M HayYHO-TEXHUUECKOM AeITeIbHOCTH B paMKax
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Problem statement. The world around us appears to us as a whole in which its
individual parts are distinguished. The fundamental knowledge of matter and the
ordering of its chaos make the “part — whole” construction the most important
in the structural and systemic construction of the general world picture and
human behavior in it. Currently, due to the digitalization of society, there are
new requirements for modern specialists for high-tech areas of the economy. For
example, they need skills related to dividing a common task into subtasks;
planning the stages and timing of their activities; searching for necessary and
relevant information; understanding sequential, parallel and nondeterministic
(intuitive) actions. Such skills in a person are to a greater extent provided by his /
her structural thinking. Structural thinking is the ability to identify connections
between objects and the ways they interact with each other. Structural thinking
views entities as being part of a larger whole [1].

The person structural thinking should be formed in childhood and
continuously developed at school and university, so the person learns to see “the
particular in the whole” and “the whole in the particular”. One of the ways to
develop structural thinking is the Barbara Minto pyramid method, used in
communications — business correspondence and speaking, consulting, and in
many other fields [2].

Many teachers use techniques for developing structural thinking in their
educational practice, for example [3—5]. But there is no generally recognized
methodology for the systematic development of structural thinking in the
disciplines training process. This applies, among other things, to teaching
mathematics and programming, which require advanced structural thinking.
Perhaps the exception is some construction and technology disciplines, including
art and graphics, where graphical primitives (parts) are explicitly used, allowing
the construction of complex objects (whole). Indeed, the use of elementary
template structures in the form of object or conceptual primitives for building a
complex project structure or solving a problem fully implements the principle of
“part — whole”.

Structural thinking can be considered as a component of computational
thinking, a necessary skill of a modern specialist [6]. In this regard, it is of interest
to model teaching methods for disciplines based on the training primitives
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database development used to solve complex problems. The article goal is to
justify and develop the algorithmic primitives method to create the methodology
for the development students’ structural thinking. The methodology is used in
the cluster of disciplines “Programming — Numerical Methods — Information
Technologies in Education”, which is discussed in detail by the authors in [7].

Research objectives:

— toidentify the essence of structural component of computational thinking

and analyze ways of its development in the subject teaching of students;

— to develop examples of algorithmic primitives to solve problems in the

courses “Programming” and “Numerical Methods”;

— to develop the algorithmic primitives method for teaching students to

solve computational-algorithmic problems;

— tooutline the frame of methodology for development of structural thinking

of students in the cluster of disciplines.

Methodology. In March 2006, University of Pittsburgh professor Jeannette
Wing coined the concept “computational thinking”. From Wing’s point of view
[8], computational thinking is a universally applicable approach and a set of skills
that modern humans use to solve problems that arise in all areas of human activity
using computer technology. Later, clarifying the definition, she identified two
important educational aspects that consider computational thinking as a thought
process independent of technology, and as a special way of solving problems
involving a person, a computer, or a combination of them.

Wing’s concept has sparked widespread discussion among educational
scientists around the world about the nature of computational thinking and its
implications for education in general. The most cited definition is proposed by
specialists from the Royal Academy of Engineering in Great Britain [9]:
“Computational thinking is the process of recognizing aspects of computation in
the world that surrounds us, and applying tools and techniques from Computer
Science to understand and reason about both natural and artificial systems and
processes”.

The Association of Teachers of Computer Science and the International
Society for Technology in Education (CSTA & ISTE) has formulated a definition
that highlights the practical operations that make up computational thinking [10]:

— formulating problems in a way that enables us to use a computer and other

tools to help solve them;

— logically organizing and analyzing data;

— representing data through abstractions such as models and simulations;
automating solutions through algorithmic thinking (a series of ordered
steps);
identifying, analyzing, and implementing possible solutions with the goal
of achieving the most efficient and effective combination of steps and
resources;

— generalizing and transferring this problem-solving process to a wide
variety of problems.

BIAWAHUE TEXHOJIOTU HA PA3BUTUE OBPA3OBAHUS 79



Bazhenova 1.V. et al. RUDN Journal of Informatization in Education. 2025;22(1):76—88

Different authors identify a wide range of skills related to the development of
computational thinking, the key ones are problem decomposition, pattern
recognition, abstraction, and algorithmization. In fact, pattern recognition and
the ability to divide complex problems into simpler ones constitute structural
thinking, which allows us to distinguish structural thinking as one of the
components of computational thinking. At the same time, structural thinking
can be considered as an independent type of thinking, which is widely used in a
variety of fields, including everyday life [11].

Mathematicseducationiscloselyrelated tothe development of computational
and structural thinking skills. M. Gronow et al. rely on the CRIG pedagogical
framework, the components of which are Connections, Recognising patterns,
Identifying similarities and differences, and Generalising and Reasoning, as a
tool for developing structural thinking [12]. Mason et al. consider structural
thinkingasknowledge and use of conceptsand proceduresinsolving mathematical
problems [13]. H.Y. Durak and M. Saritepeci in their study showed that to a
greater extent the development of computational thinking skills depends on
“thinking styles, academic success in mathematical class, attitude against
mathematical class” [14].

The process of structural thinking consists of generation of ideas and
structuring itself,, i. e. first there is a process of data collection, and then there is
an analysis of the data.

In the article [15], the authors propose to consider the decomposition of
problems into subproblems as a process consisting of the following stages:

— categorization of potential elements: identifying the basic elements and

defining the relationships between the elements;

— choosing a strategy for the chosen decomposition: analysis of means and

goals, bottom-up analysis method, multivariate statistical analysis, etc. [16];

— iterative evaluation of usefulness of a particular decomposition.

By highlighting this process, it is possible to analyze which types of
categorization or strategies experts use and how to develop the students’ ability
to think structurally in a more targeted way.

In our opinion, the most promising is the pyramid principle developed by
Barbara Minto. The essence of the method is to divide the problem into parts in
such a way that the pyramid top is the main question, and the next levels include
disjoint ideas that create the entire possible range of solutions to the problem.
Further, each idea is detailed until a specific solution is built. If the person is not
proficient in the topic, the pyramid uses a decision tree based on arguments and
statements that answer the question “How?”. If the person is an expert in the
field, a hypothesis tree is built, in which case the problem is to prove or disprove
the hypothesis, i. e. to answer the question “Why is it so?” or “Why is it
necessary?”. Usually these two approaches are combined.

Let us introduce the concept “algorithmic primitive”, which we will
understand as a template of an algorithm for solving elementary problems, from
the set of which we can build algorithms for complex problems.
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From this definition follows the hierarchical-network structure of the system
of such primitives and the expediency of distinguishing basic and composite ones
among them.

It should be specified that, for example, in programming, algorithmic
primitives are not identical to the basic algorithmic constructions (sequence,
branching, loop). In most cases, a primitive is expressed through an algorithmic
construct or a combination of them. Let us consider a set of basic algorithmic
primitives for solving some typical algorithmic and computational problems:

1. Organization of the counter of variables or objects. In algorithmic
language, it is written as i := i + 1. At the same time, in programming languages
where there is an increment operation (for example, C/C++), the counter is
implemented through an increment.

2. Exchange of values of two variables using a buffer variable.

3. Checking the multiplicity of a number, for example, the evenness of a
number.

4. Summing a numeric sequence without using an array.

5. The product of numerical sequence elements.

6. Finding the maximum / minimum in a sequence of numbers / objects.

7. Iteration of array elements using a loop with a counter.

8. Usingthe flag —aboolean / integer variable for the case of non-fulfillment /
fulfillment of a given condition in the problem statement. For example, you need
to write all negative elements of the original array to another array. If they are
absent, changing the state of the flag will allow you to avoid incorrect actions and
print the corresponding message.

An example of a composite algorithmic primitive can be the problem of
summing even array elements (superposition of primitives 7, 3, 4, 8).

Using basic and composite algorithmic primitives it is possible to build real
algorithms for solving computational problems and data processing problems,
for example, realization of array sorting methods, numerical methods for solving
systems of linear and nonlinear equations, optimization problems, etc. In this
connection, it seems reasonable to create groups (complexes) of basic and
composite primitives to solve certain classes of problems.

Unlike the method of structural programming, where the control structures
are basic algorithmic constructions (sequence, branching, loop), and on the
basis of which algorithms for solving problems are constructed by superposition,
in the proposed method the control structures are algorithmic primitives. At the
same time, they facilitate the initial planning of the structural construction of
problem-solving algorithm first on the usual language level, then in the program
code.

Let’s consider the example of building an algorithm for sorting a one-
dimensional numeric array of 10 elements in descending order. For problems of
this class, we will form a set of primitives:

1) counter;

2) input of array elements;
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3) initialization of array’s elements with random numbers;
4) output of array’s elements on the display;

5) finding the maximum element and its number among the array’s elements
of the unordered part of the array;

6) exchange of values of two variables.

A verbal structured solution to the problem may look like this: first, we find
the maximum element and put it in the place of the first element (exchange
them), then we find the maximum element in the array, starting from the second
element, and replace the second with the maximum, then we repeat this
procedure until the last element:

1. We initialize the required array A[1..10] with boundaries from 1 to 10
(primitive 2 or 3).

2. Set counter = 1.

3. Find the maximum element in the array from A[ K] to A[10](primitive 5,
gives the number of the maximum element T).

4. Exchange of values A[ K] and A[ 7] (primitive 6).
5. Counter K=K + 1 (primitive 1).

6. Repeat steps 3), 4), 5), until K < 10.
7. We display the final array (primitive 4).

A possible mental scheme for solving this problem is presented in Figure 1

l—{ If K<10 {

) Search for the number T of
Setting array A : ; Exchange of values:
[1.10] the maximum element in the || AIK]..A[T].. A[10] —DIFIG-TI—
array A [K] .. A[10] 7 K=10
T \ F ) 4 Lo ]
| \ /
Primitive 2 \ Primitive 5 Primitive 6 / :
\ / Array output
=10 (s eS|/
Fori:=1toNdo \ For i: =K*1 to N do A[T]:=Buf: // 1
Read (A[i]); \ If Afi]>Buf then / Primitive 4
\ begin
Buf:=Alil; /
| =it / Fori:=1to N do
\ End; / Write (A[i]):
\ /
Y | 4
Primitive 2 For K:=1to N do begin | Primitive 5; | Primitive 5; end; Primitive 4

Figure 1. Sorting an array as mental scheme
Source: created by Irina V. Bazhenova, Margarita M. Klunnikova, Nikolay I. Pak.

From the diagram shown in Figure 1 it is easy to compose the final algorithm
for solving the problem, which should be clear to a beginner in programming.
Results and discussion. In the cluster of disciplines “Programming — Nu-
merical Methods — Information Technologies in Education” it is possible to
identify the content lines, for which sets of algorithmic primitives were created.
Consider a possible description of the primitive “Sum of array elements”.
Let A[1] =2, A[2] =5, A|3] =9, A|4] = 6, A|5] = 3. Find the sum of these

elements. Figure 2 shows the representation of this algorithm in different nota-
tions.
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Manually Mental schema Algorithmic notation
2+5=7 » A1+A2=S » S=0 S+A1=S S+A2=8
7+9=16 »  S+A3=S S+A3=8

16+6=22 > S+A4=S S+A4=8

22+3=25 »  S+A5=S S+A5=8

Figure 2. Visualization and structuring of “Sum of array elements” algorithm
Source: created by Irina V. Bazhenova, Margarita M. Klunnikova, Nikolay I. Pak.

Figure 3 shows the resulting primitive “Sum of array elements”.

Al | 2 S|O0 S=0 S=0
S=S+A[i], i=1,...,5

A2 | 5 2 S=S+A1

A3 | 9 7 S=S+A2 Primitive

Ad | 6 16 S=S+A3 Find the sum of the
elements of an

A5 | 3 22 S=S+Ad4 array A[1.n]:
$=0

25 S=S+A5 S = 8+AJi], i=1,...,n

Figure 3. Training element for the primitive “Sum of array elements”
Source: created by Irina V. Bazhenova, Margarita M. Klunnikova, Nikolay I. Pak.

We create a similar script for each primitive. Thus, we get a reference book of
algorithmic primitives with a mental visualization of their meaning.

Let’s consider examples of primitives for problems related to numerical
methods.

1. Finding a sequence of numbers by the formula: 4 |, =f(4 ), n=0..K

a) introduce 4 ;

b) find A, = f(A);

¢) output 4, (next element of the sequence);

d) assign 4, = A ;

e) repeat b), ¢), d) K times.

2. Finding a sequence of numbers by the formula: 4 = const; 4, = f(4,),
n=20,1, ... until IAerl —Ap | < eps, where is a given number

a) introduce 4, and eps;

b) find 4, = f(A,);

¢) output 4, (next element of the sequence);

d) assign 4, = A ;

e) repeat b), ¢), d) until |4, - 4, [ < eps.

The algorithmic primitives method was used in design of the e-course
“Programming in C / C++” for 1st year students in “Applied Mathematics and
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Information Science” at Siberian Federal University. The variable educational
content of the e-course was based on two factors: the psychotype of information
perception, determined by the leading perceptual modality and the students’
learning style. At the beginning of the training, Visuals, Auditories, Kinesthetics
and Digitals were identified using a survey. The students’ learning styles in the
programming training were defined as “theorists” who prefer the presentation of
educational material from a formal description of the programming language to
implementation and code examples; and “practitioners” who learn from
examples of ready-made programs. The e-course content was developed for six
student models. The content for the “Digital — Theorist” model was based on a
step-by-step method of explaining the material, which provides a structured
algorithm for solving the problem with a detailed decomposition of the solution
into elementary operations, i.e. algorithmic primitives. The success of this
technique is demonstrated by the analysis of results of the e-course after the 1st
semester, which was conducted from 2020 to 2023. For the e-course learning
analytics, cluster analysis was applied, taking into account type of perception,
educational style and results of all types of activity on the e-course. 6 clusters
were identified, each of which was dominated by some type of perception and
learning style. Figure 4 in the form of a “Box with a mustache” diagram shows
the students educational results in the entrance and final tests by clusters.

Completion (%)
100 4 100 4 .
759 751 *
501 . . 501
254 25
0 04 . . .
Cluster )
number 2 3 4 5 6 1 2 3 4 5 6

Figure 4. A box with a mustache diagram for the results of: input testing (a), final testing (b)
Source: created by Irina V. Bazhenova, Margarita M. Klunnikova, Nikolay I. Pak.

As can be seen from the diagram, the most successful were the students of
clusters No. 1 (the predominant model “Digital — Theorist”) and No. 2 (the
predominant model “Visual — Practitioner”) (for this student model, flowcharts
were used in the e-course content).

The algorithmic primitives database created during the design of program-
ming e-course can later be used when students study the course “Numerical
Methods” to structure algorithms for solving numerical problems. And in the
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course “ICT in Education”, the presented algorithmic primitives method allows
you to create e-learning tools for programming and numerical methods with an
emphasis on visualization and interactivity.

Conclusion. Problem solving by the algorithmic primitives method seems to
become meta-programming, has a propaedeutic character for teaching
computational and algorithmic problem solving. The proposed method has high
didactic qualities — it provides gradual formation of students’ algorithmic skills
from understanding and solving simple problems, to understanding and
composing complex algorithms in a structured form. In this case the structural
manipulation of algorithmic primitives contributes to the development of the
structural component of computational thinking. To strengthen the considered
factor, it is necessary to use mental schemes for visualization of algorithmic
problem solving, to simulate the process of algorithm execution and to give
examples of solution recording in some programming languages.

It is advisable to involve the students themselves in the development of a
system of algorithmic primitives. This achieves the following goals:

Students practice problem decomposition.

They learn to analyze and compare solutions to similar problems by
discovering solution patterns.

They learn to synthesize the solution of new problems based on familiar
algorithmic primitives.

These skills relate to operational definition of computational thinking and
traditional understanding of structural thinking, which will significantly improve
their level of development. Algorithmic primitives can be presented (and
expressed by students themselves) in any form convenient for them. A variety of
representations of algorithmic primitives will contribute to the understanding of
complex educational material related to the subject area of programming and
mathematics.

Based on the system of algorithmic primitives one can create a database of
problems of different levels of complexity, the introduction of which in the
information and educational environment of the university will automate the
process of teaching programming, increase the availability of education, and
support effective teaching of this discipline.

Thus, the proposed method of algorithmic primitives significantly facilitates
the work of a teacher to teach students to solve problems and contributes to the
development of their structural component of computational thinking.
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