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ABSTRACT

®opmyniosaHHAa npobaemu. Y HAyKoBUX OOCMIOMEHHAX 3
couiosnoeii, oceimu, Gi3uKu, Ximii ma iHWUX HayK 8UKOPUCMOBYHOMbCA
mMemoou KopenayiliHoeo aHanizy. 3a 0ornomoezolo KoegiyieHmis
Kopenauyii eusHa4arome icHy8aHHA 36°A3Ky Mix< 0eoma i binewe
8ubipkamu OaHux.

BukopucmaHHA  KoegiyieHmie Kopenayii Hadae moxcausicme
00cnidHUKY 3’acysamu, Yu iCHYE 38’A30K Mix< 08oma Habopamu OaHUX,
a MAKoX Xxapakmep ybo2o 38°A3KY: cunbHuli yu cnabkud, npamul yu
obepHeHuli. 3ae80aKu memodam Kopenayii docnioHuK mae Oiesuli
iHCMpymeHm 017 NidmeepoMeHHsA YU CrPOCMy8aHHs 2inomesu.

Baxcnuse micye y 3acmocysaHHi KopenayiliHozo aHanizy Ha
npakmuuyi eidizparoms 3acobu iHopmauiliHux mexHonoeili. Li
3acobu  HAOawMb  MOMAUBICMb  3MeHWUmMuU 4ac 06pobKu
pesynbmamie Haykosux 00CniOxeHb y Kinbka pasig. [MpoepamHi
3acobu, AKi 8UKOPUCMOBYIOMbLCA M0 YAC KopeAaayiliHozo aHasisy,
8aPIOIOMbCA Y WUPOKOMY CrieKmpi: 00 HUX HaAexame i eneKmpoHHi
mabauyi MS Excel, i mamemamuyHuli nakem STATISTICA, i mosa
npoepamysaHHsA R. CrinbHUM HedosiKom 3a3Ha4YeHux 3acobis IT € me,
wo 0ocnidHUK, AKul ix euKopucmosgye, rnoguHeH mamu nesHuli
pigeHb mamemamuyHoi nidzomosku (STATISTICA), abo Hasuuyku
npozpamysaHHs (moea R), abo 8ukoHysamu 8g8edeHHs OaHUX 8pYyYHY
(MS Excel). BuHukae cynepe4Hicme mix moxcausocmamu IKT ons
KopenAyiliHo2o aHanisy i mum, K 80HU 3ACMOCO8YHOMbCA 30Pa3.

Mamepianu i memodu. [1id 4ac 8UKOHAHHA OOCAIOHEHHA MU
8UKopucmanu maki Memoodu: aHani3 i cCuHme3 HayKoeoi nimepamypu
3 KopenayiliHoeo aHanizy, meopii anzopummie, 06’€kMHO-

Formulation of the problem. In scientific research in sociology,
education, physics, chemistry and other sciences, methods of
correlation analysis are used. Correlation coefficients are used to
determine the existence of a relationship between two or more
data samples. The use of correlation coefficients allows the
researcher to determine whether there is a relationship between
two data sets and the nature of that relationship: strong or weak,
direct or inverse. Thanks to correlation methods, the researcher
has an effective tool for confirming or disproving a hypothesis.
Information technology tools play an important role in the
application of correlation analysis in practice. These tools enable
reducing the processing time for scientific research results by
several times. Software tools used in correlation analysis vary
widely, from MS Excel spreadsheets to STATISTICA and the R
programming language. A common drawback of these IT tools is
that the researcher using them must have a certain level of
mathematical training (STATISTICA), programming skills (R), or
manual data entry skills (MS Excel). There is a discrepancy
between the capabilities of ICT for correlation analysis and how
they are currently used.

Materials and methods. During the research, we used the
following methods: analysis and synthesis of scientific literature
on correlation analysis, algorithm theory, object-oriented
programming, and the foundations of scientific research;
comparative analysis of algorithms for calculating Pearson,
Spearman, and Kendall correlation coefficients; algorithmic
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OpIEHMOBAHO20 MPO2PAMYBAHHSA, OCHO8 HAYKOBUX OOCIOHEHD;
nopigHANbHUL aHANi3 anzopummie pPo3pPaxyHKy KoediyieHmis
Kopenauii MipcoHa, CnipmeHa, KeHdanna; anzopummiyHuli memod
0717 nobydosu anzopummis PO3PaxXyHKY Kopenayii; memoou
06'€KMHO-0PIEHMOBAHO20  NPO2PAMYBAHHA 048  MPO2PAMHOI
po3pobreHux anzopummis; Memodu Kopenayii; mecmyeaHHHA
obyucnosanbHoi  cknadHocmi anzopummie; mecmyeaHHA
MmoYyHoCMi; mecmyeaHHA BUHAMKOBUX cumyauili (Mponyck 3Ha4eHs,
pi3Hi po3mipu 8ubipokK), mecmysaHHA cmabineHocmi.

Pe3ynemamu. PeanizosaHo mogoto C# anzopummu ob4ucneHHA
Kopenauii lMipcoHa, CnipmeHa i KeHOanna. [1i0 4ac po3pobru
BUKOPUCMAHO  KOMIMOHEHMHo-opieHmosaHuli i  06'ekmHo-
opieHmosaHuli nNioxodu y npo2pamysaHHi. Anzopummu ob64YucneHHs
Kopenauii MipcoHa, CnipmeHa i KeHdanna npedcmaesneHi mosoto CH y
8u2na0i npoepamHoi 6ibniomeku y popmami DLL, ska cknadaemoca
3 5 knacis. Po3pobneHi knacu i memoou 011 ob4ucneHHA Kopenayii
MipcoHa, CnipmeHa i KeHdanna. O6’€KMUBHOK HOBU3HOK €
npo2pamMHa  peanizayia  anzopummy  0BYUCAEHHA  Kopenayii
Kendanna 0na naamgopmu .NET. [0Aa po3paxyHKy 6Ka3aHux
KoegpiuieHmie kKopenauii po3pobneHo dodamok CorrAnalyzer, do
K020 MIOK/0YEeHO cmeopeHy npozpamHy bibaiomeky. Po3pobneHi
6ibniomeky i 000amoK 00yinbHO 8UKOPUCMOBY8aMU y Nedaz2o2i4Hux,
MCUX0/02IYHUX, COYion02iYHUX OOCNIOHEHHAX O BU3HAYEHHS
387A3Ky Mix 08oma subipkamu.

BucHoeKku. Memodu Kopenauii 3acmocosytomscs 0418 8U3HAYEHHSA
38°A3Ky Mixc dsoma subipkamu. Halibinbw 4acmo 8uKopucmosyomscs
Kopensayii lMipcoHa, CnipmeHa i KeHdanna. KoediyieHmu Kopenauii
MipcoHa, CnipmeHa i KeHOanna 8i0pi3HAOMbCA 30 MPUHUUMOM i
an20pUMMOM  PO3PaxyHKY. Ha ocHosi pesysnbmamie mecmyeaHHA
moyYHocmi, 064uCt08aIbHOI CKAAOHOCMI | BUHAMKIE BU3HA4EHO
npudamHicms po3pobaeHux Memodie 078 30CMOCY8AHHA M0 Yac
06pobKu pesynbmamie excnepumeHmy. [1aa mozo, ujob cmeoprosaHa
npoepamHa 6ibniomeka a6naa1a coboro nomyxHul iHcmpymeHm 018
8U3HAYeHHA 368°A3Ky Mmixc eubipkamu, e Hili peanizosaHi eci mpu
memoou  Kopenayii.  bibniomeky 018  po3paxyHKy — Kopenayil
peanizosaHo y suenadi komnoHeHma (¢atiin DLL), akul iHme2poeaHo y
dodamok CorrAnalyzer, HanucaHul mosoto C#. Jlodamok CorrAnalyzer
npusHaveHuli 008 8U3HAYEHHSA 38°A3KY MIiX( HesenuKumu eubipkamu
(6o 1000 3HayeHs).

Y nepcniekmusi po3pobseHy npozpamHy 6ibsiomeky AoyinbHo
00MoBHUMU Kaacamu O pPo3paxyHKy Kopenayii Memeotosa i
KOHKopOayii.

method for constructing correlation calculation algorithms;
object-oriented  programming  methods  for  software
development of developed algorithms; correlation methods;
computational complexity testing; accuracy testing; exception
testing (handling missing values, different sample sizes);
numerical stability testing.

Results. Algorithms for calculating Pearson, Spearman, and
Kendall correlations have been implemented in the C# language.
During development, component-oriented and object-oriented
approaches in programming were used. Algorithms for
calculating Pearson, Spearman, and Kendall correlations are
presented in the C# language in the form of a program library in
DLL format, which consists of 5 classes. Classes and methods for
calculating Pearson, Spearman, and Kendall correlations have
been developed. The objective novelty is the software
implementation of the algorithm for calculating Kendall
correlations for the .NET platform. To calculate the specified
correlation coefficients, the CorrAnalyzer application has been
developed, which connects to the program library created. The
developed library and application are recommended for use in
pedagogical, psychological, and sociological research to
determine the relationship between the two samples.

Conclusions. Correlation methods are used to determine the
relationship between two samples. The most commonly used are
Pearson, Spearman, and Kendall correlations. The Pearson,
Spearman, and Kendall correlation coefficients differ in their
principles and calculation algorithms. Based on testing results for
accuracy, computational complexity, and exceptions, the
suitability of the developed methods for processing experimental
results was determined. To make the software library a powerful
tool for determining relationships between samples, all three of
the above correlation methods are implemented in it. The library
for calculating correlation is implemented as a component (DLL)
that is integrated into the CorrAnalyzer application, written in C#.
The CorrAnalyzer application is designed to determine the
relationship between small samples (up to 1000 values).

In the future, it is advisable to supplement the developed
software library with classes for calculating the Matthews
correlation and concordance.

K/TKOYOBI C/IOBA: kopensuis; anzopummi; lipcoH; CripmeH; KeHdans;
KOMMoHeHMHo-opieHmosaHuli nioxio; npoepamHa 6ibaiomekxa.

KEYWORDS: correlation; algorithm; Pearson; Spearman;
Kendall; component-oriented approach; software library.

ANA UANTYBAHHA: Bazurin V., Bazurina S., Kolesnyk S., Kolesnyk V.,
Dulenko N. Software implementation of algorithms for calculating
Pearson, Spearman and Kendall correlations in C#. ®i3uko-
mamemamu4yHa oceima, 2026. Tom 41. Ne 2. C. 6-17.
https://doi.org/10.31110/fm02026.v41i2-01.

FOR CITATION: Bazurin, V., Bazurina,S., Kolesnyk, S.,
Kolesnyk, V., & Dulenko, N. (2026). Software implementation of
algorithms for calculating Pearson, Spearman and Kendall
correlations in C#. Physical and Mathematical Education, 41(2),
6-17. https://doi.org/10.31110/fm02026.v41i2-01.

INTRODUCTION

Formulation of the problem. Scientific research in sociology, education, physics, chemistry, and other sciences uses
methods of correlation analysis. Correlation coefficients are used to determine the existence of a relationship between two or
more data samples. Using correlation coefficients allows the researcher to find out whether there is a relationship between two
data sets, as well as the nature of this relationship: strong or weak, direct or inverse. Thanks to correlation methods, the
researcher has an effective tool for confirming or disproving a hypothesis. Information technology tools play an important role
in the application of correlation analysis in practice.

Existing solutions do not provide the necessary functionality (Math.NET Numerics, ML.NET do not have tools for
calculating Kendall correlation), data entry automation (STATISTICA, MathCAD, MATLAB, Accord.NET), and are designed for
outdated .NET platforms (Math.NET Numerics, Accord.NET). The proposed solution is aimed at developing a library and
integrating it into a software tool that will fully automate data processing and calculate Pearson, Spearman, and Kendall
correlations for given samples.

These tools make it possible to reduce the processing time of scientific research results by several times. Software tools
used in correlation analysis vary widely, from MS Excel spreadsheets to STATISTICA and the R programming language. A common
drawback of these IT tools is that the researcher using them must have a certain level of mathematical training (STATISTICA),
programming skills (R), or manual data entry skills (MS Excel). There is a discrepancy between the capabilities of ICT for correlation
analysis and how they are currently used.

Existing software tools provide limited functionality (for example, the Math.NET Numerics library provides Pearson and
Spearman correlation calculations, and does not calculate Kendall correlation, MS Excel, MatCAD and MATLAB software tools do
not provide the necessary automation of correlation calculations), some libraries do not contain modern implementations
(the latest version of Math.NET Numerics was released in April 2022, the latest version of Accord.NET was released in November
2017). Implementing correlation calculation algorithms as a library is advisable, since support for existing libraries (Math.NET
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Numerics, Pandas) may be discontinued by developers. In addition, when developing a software tool that integrates many
functions (including automation of data processing, report generation, etc.), it is advisable to use your own library so that the
functionality of the software tool can be expanded in the future by expanding the functionality of the library (for example,
calculating Matthews correlation, concordance, etc.). Therefore, the software implementation of Pearson, Spearman, and
Kendall correlation algorithms, designed for the modern version of .NET, is relevant.

Analysis of actual research. Scientific sources on the research problem, in our opinion, can be conditionally divided into
the following categories: 1) studies that reveal the mathematical foundations of correlation analysis; 2) studies devoted to the
use of software tools and programming languages in correlation analysis. Let us analyze the scientific studies of the first group.
N.J. Gogtay and U.M. Thatte, in their article (Gogtay & Thatte, 2017), reveal the basic principles of correlation analysis. They
determine that correlation can be positive (direct), negative (inverse), or absent. By the strength of the connection, correlation
can be strong, weak, or zero. Therefore, correlation can be, for example, strong positive or strong negative, etc. Researchers
indicate that during correlation analysis, the following factors must be taken into account: 1) correlation analysis is inappropriate
to use when the input data for calculations are the values of the same variable in the same or different time intervals; 2) it is
advisable to plot a scatter plot during correlation analysis; 3) an outlier (a value that rarely occurs in the samples) can significantly
affect the correlation coefficient; 4) correlation analysis should not be performed if there is a nonlinear relationship between
different variables; 5) if the input data contain two separate groups of values that are significantly different, the calculations may
indicate a correlation (when in fact there may not be one); 6) the sample size should be calculated beforehand. If the samples
are small, the calculations may show the existence of a direct relationship (when in fact this is not the case); 7) if one sample
consists of data that are included in the second sample, the calculations may show the existence of a direct relationship.
M. Franzece and A. luliano (2018), in their study, examine such types of correlation as covariance, Pearson, Spearman, and
Kendall correlation coefficients. In their article, the researchers show confidence intervals and graphs of all types of distributions,
examples of applying different methods to small samples, and for data analysis, including the use of the R software tool to
calculate correlation. S. Senthilnathan (2019), in his article, notes that in software tools that perform correlation analysis, two
coefficients are mainly used: Pearson and Spearman. S. Senthilnathan, in the article, shows the principle of interpreting
correlation coefficients in scientific research in the social sciences. P. Schober and T. R. Vetter (2020), in their article, demonstrate
examples of the application of Pearson correlation and Spearman correlation in medical research.

Cicuttin et al. (2022) in their article demonstrate the results of developing their own correlation method, which is similar
to the Pearson correlation coefficient, and also prove the validity of the developed method as a result of studying impulses.

T. J. Cleophas and A. H. Zwinderman (2018) offer their own approach to determining the correlation between two
continuous variables, which consists of applying Bayesian linear correlation analysis. R.J. Janse, T. Hoekstra, J. K. J. Jager, C. Zoccali,
G. Tripepi, F.W. Dekker, and M. van Diepen, in their article, reveal the main limitations and hidden moments of correlation analysis
(Janse et al., 2021). The article considers issues related to correlation: variance and its interpretation, linearity of correlation, range
of observations for correlation, non-causality of correlation, agreement between methods, intraclass coefficient, 95% agreement
limit, and Bland-Altman plot. J. Chen, G. Wang, and G. B. Giannakis, in their article, propose a new approach in multi-species canonical
correlation analysis with graph regularization, as well as a dual approach adapted for cases when the number of data pairs is less
than the size of the data vector (Chen et al., 2019). Let us analyze the second group's research in more detail. D. Makowski, M. S. Ben-
Shachar, I. Patil, and D. Liidecke in their article give examples of calculating the following types of correlation: linear (Pearson), rank
(Spearman, Kendall), two-weighted average, distance correlation, percent curvature correlation, Shepherd's Pi correlation, point-
biserial and biserial correlation, polychoric, tetrachoric, partial, multilevel (Makowski et al., 2020). The article also provides the results
of calculating the correlation using a program in the R language. But there is no assessment of their characteristics, such as time
complexity and accuracy. The developed application is posted on the resource (https://github.com/easystats/correlation).
Disadvantages: the created application is not intended for the .NET platform.

S. Yadav (2018) indicates that two correlation coefficients are most often used: Pearson and Spearman, and also
demonstrates graphs depicting different types of relationships. The article also gives examples of calculating correlation
coefficients using the SPSS software.

J.-Ch. Yoo and T.H. Han (2009) in their article demonstrate a fast algorithm for calculating the normalized cross-
correlation without using the multiplication operation, as well as the results of testing the algorithm on a sample of 100,000 test
signals. A correlation calculation algorithm for signal processing is developed.

W.N. Arifin (2018) developed a calculator for calculating sample sizes used in statistical analysis. Using this calculator,
scientists can calculate sample size for Cronbach's alpha, intraclass correlation, kappa, and Pearson's correlation coefficient.
B. Winter (2019), in his book, provides examples of calculating Pearson's correlation using R. R. Vallat (2018), in his article,
describes a Python package called Pingouin, which is designed to automate statistical calculations, including the calculation of
repeated measures correlation coefficients and robust correlations. This package is built on the basis of the Pandas library. In our
opinion, this package has only one drawback: it is built on the basis of third-party software, support for which may be discontinued
by the developers.

The article (Rayhan, 2025) compares the Pearson, Spearman, and Kendall correlation methods based on the following
criteria: type (parametric or nonparametric), data type (for which the method is appropriate), and limitations. The article also
provides heat maps for the specified methods, generated using the KARL Lab Correlation Tool (developed by the article's authors).
This software tool is written in Python using Streamlit, Pandas, NumPy, SciPy, Matplotlib, and Seaborn libraries. Disadvantages:
the developed software tool is not focused on the .NET platform, uses third-party software, and is also intended for use in the
field of Data Science and business analytics.

0. Derevyanchuk (2025), in his article, describes the software implementation of the Pearson correlation algorithm in
Python in the form of the software tool egres_ed_25. The article also presents the results of research into the relationship
between the study of different disciplines by university students. The developed software tool uses the third-party library
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Matplotlib. The article does not disclose the accuracy and time complexity of the developed algorithm that calculates the Pearson
correlation.

Let's analyze the software tools with which you can calculate correlation. These include STATISTICA, SPSS, Microsoft
Excel, the Math.NET Numerics library, and the built-in Correlation method of the C# language.

Using STATISTICA and SPSS, you can calculate Pearson and Spearman correlation coefficients. However, these software
tools are paid.

Microsoft Excel provides the ability to calculate the Pearson correlation between two samples using the built-in Correl
function. Other correlation coefficients are not calculated.

The software tool FinnCorr (Dakilir, 2024) is a powerful tool for financial analysis and includes a function for calculating
Pearson correlation. Disadvantage: limited functionality (only calculates Pearson correlation).

The CorrelEstimator library (Mith0304, 2015) provides the ability to calculate Kendall correlation and is designed for
use on the .NET platform. Disadvantages: unstable operation, limited functionality.

The Math.NET Numerics library is a powerful tool for performing algebraic and statistical calculations: probability
distribution, pseudorandom number generation, matrix operations, complex numbers, linear regression, curve fitting, financial
statistics, Monte Carlo method, Fourier transform, and others (Ruegg, 2025).

The Math.NET Numerics library contains functions for calculating Pearson and Spearman correlations, but does not
have a function for calculating Kendall correlations. However, in cases where the data distribution is not normal, there are a large
number of identical values, and when the sample size is small, it is advisable to use Kendall correlations. The library we have
developed provides the calculation of Kendall correlations.

The time complexity of the algorithm for calculating the Pearson correlation is O(n). In this library, the method for
determining the Pearson correlation is optimized so that the number of passes through the data array is minimal (usually
2 passes). Therefore, the Correlation.Pearson() method of the Math.NET Numerics library will be efficient for large samples. The
algorithm makes two passes through the data arrays: 1. The first one is to find the average values. 2. The second one is to calculate
the numerator and denominator. Each pass has a complexity of O(n). All other operations (division, root, multiplication) are O(1).
So, the total complexity: T(n)=0(n)+0O(n)+0(1)=0(n).

For Spearman correlation, the complexity of the algorithm is calculated as follows: 1) ranking: sorting the array
O(n\log n); 2) calculating averages and sums: one pass O(n). Total complexity: T(n)=0(n log n)+0(n)=0(n log n).

The Accord.NET library is designed for machine learning, but it includes functions for calculating Pearson, Spearman,
and Kendall correlations. However, the latest version of Accord.NET was released in 2017, so new versions of the .NET Framework
require a new implementation of this library.

Pearson correlation calculation (in Accord.NET library Pearson correlation realized as a structure PearsonCorrelation in
Accord.Math.Distances namespace): 1) first, the average values of the arrays are calculated; 2) then one pass is made for the
numerator and denominator. Algorithm complexity: Calculating the averages: one pass through the array — O(n), calculating the
sums of deviations: one more pass — O(n). Final operations: constant — O(1). Total algorithm complexity: T(n)=0(n).

Accord.net does not have built-in methods for calculating Spearman and Kendall correlations. For these, you must use
ranking functions and write the method for calculating the correlation manually (Measures Methods, 2017).

Results of testing built-in methods for calculating correlation of the Math.NET Numerics and Accord.NET libraries. To
process 2 samples of 1000000 elements, the Math.NET Numeric library spends 161483 clock cycles, the Accord.NET library —
787329 clock cycles. The result of the Correlation.Pearson(x, y) method of the Math.NET Numeric library is a number, the Pearson
correlation coefficient, in the Measures. Using the Correlation(xy) method of the Accord.NET library, the result is a correlation
matrix. This matrix should be further processed using other functions to obtain the Pearson correlation coefficient. From the
above data, we can conclude that the Math.NET Numerics library is more suitable for use in the application, since it works faster
and using the Accord.NET library requires writing additional code. For the Correlation.Spearman(x, y) method of the Math.NET
Numeric library, the test results are as follows: for samples of 1000000 values each, the processing time was 6792208 clock cycles.

API development testing. To use the methods of the Math.NET Numerics library, it is enough to connect the library and
call the corresponding method, so according to the "API development" criterion, this library can be assessed at a high level. To
use the methods of the Accord.NET library, you need to connect the library itself and write additional code to get the result
(for the Pearson or Spearman criterion) in the form of a number, not a matrix. Therefore, according to the "API development"
criterion, the Accord.NET library is assessed at an average level.

The analyzed articles contain a description of correlation methods (Pearson, Spearman and Kendall), a comparative
analysis of Pearson, Spearman and Kendall correlation methods, a description of the software implementation of correlation
methods, a description of the developed applications and their application to determine the accuracy of some correlation
methods (mainly Pearson and those developed by the authors), The comparative analysis of Pearson, Spearman and Kendall
correlation methods is relative, the authors do not evaluate the developed algorithms using clear metrics (time complexity of the
algorithms and their accuracy). The applications developed by the authors are mostly written in Python and use third-party
libraries. That is why we consider it advisable to develop our own library for calculating correlation, which will calculate the
Pearson, Spearman, and Kendall correlation coefficients.

The purpose of the article is to reveal the features of the software implementation of algorithms for calculating
Pearson, Spearman, and Kendall correlations in the C# language as a separate component.

METHODS OF THE RESEARCH

During the research, we used the following methods:
— analysis and synthesis of scientific literature on correlation analysis, algorithm theory, object-oriented programming,
and the foundations of scientific research;
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— comparative analysis of algorithms for calculating Pearson, Spearman, and Kendall correlation coefficients;
— algorithmic method for constructing correlation calculation algorithms;
— object-oriented programming methods for software development of developed algorithms;
— correlation methods;
— computational complexity testing;
— accuracy testing;
— exception testing (handling missing values, different sample sizes);
— numerical stability testing;
The developed algorithms are implemented in C# for the .NET 4.7 platform in the Microsoft Visual Studio 2022
environment.
Testing the computational complexity of all three developed methods was carried out using built-in methods of C Sharp.
During testing, we determined the time complexity of the algorithm for arrays of 1000, 2000, 4000 and 8000 random numbers.
During testing, clock cycles were counted. Testing was carried out 5 times, and the average number of cycles required to process
the array was determined.
Methodology for testing the accuracy of calculations performed by the algorithm:
1. Calculation of Pearson correlation using MS Excel for arrays of 100, 500 and 1000 numbers.
2. Calculation of Pearson correlation performed by the developed method.
3. Comparison of the obtained values using MS Excel and the developed method.
Testing the accuracy of the Spearman correlation algorithm was carried out for the following sample sizes: 100, 500,
and 1000 random numbers. The result was then compared with calculations performed in MS Excel.

RESULTS OF RESEARCH

Let us first consider the algorithm for calculating the Pearson correlation coefficient. It is described in (Cleophas &

Zwinderman, 2018) and is calculated using the formula:
_ nEi(xy)-Cix) Civi) (1)

N A i M

Where x, y; are the values of both samples.

Fig. 1 shows the algorithm for calculating Pearson's correlation. The main features of the algorithm:

1) to calculate the Pearson's correlation coefficient, a table of values is required (i.e., a two-dimensional array);

2) the first two columns of the array are filled with values, and the other three are calculated;

3) before entering data into the array, they are checked for gaps and symbolic values. If these bugs are present, the
input of the values of x and y is skipped;

4) as new values of x;, y; are added to the array, their sums, sums of squares, sums of products are calculated;

5) the data contained in the cells of the array are fixed;

6) after the data entry is completed, the Pearson correlation is calculated;

7) itis possible to combine the calculation of the Pearson correlation and the class constructor.

Tx

Fig.1. Algorithm for calculating Pearson's correlation
Source: author's development
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The PearsArray class has been developed to calculate Pearson's correlation. Class members: RecordsArray fields (two-
dimensional array of values), N (number of rows), Sx, Sy (sums of samples x and y, respectively), Sx2 and Sy2 (sums of squares of
samples x and y), Sxy (sum of products xy), r (correlation coefficient). Class methods: PearsArray (constructor), SetArray (setting
array values), Correlation (returns correlation coefficient), Conclusion (determines and returns conclusion).

Let us consider the results of testing the developed method for calculating Pearson correlation. The results of the time-
complexity test are shown in Fig. 2.

Pearson Correlation Method
60000

50000
40000
30000
20000

10000

0 2000 4000 6000 8000 10000

Fig.2. Results of testing the time complexity of the algorithm for calculating the Pearson correlation method
Source: author's research

The figure shows that the time complexity of the algorithm O is directly proportional to the sample size (O(n)).

Results of testing the accuracy of the developed method for calculating Pearson correlation. The algorithm for
calculating Pearson's correlation was tested for accuracy on samples of 100, 500, and 1000, and the results were compared with
those calculated in MS Excel.

Table 1. Results of testing the accuracy of calculations using the Pearson correlation method

Sample size Calculation results Calculation results in Absolute error
of the method MS Excel
100 -0.118945878 -0.118945878
500 0.009701465 0.009701465
1000 -0.024792625 -0.024792625

Source: author's research

Therefore, the developed algorithm achieves a calculation accuracy of up to 0.000000001.

Testing for missing values and unequal samples was performed during the creation of the PearsArray class instance. If
a missing value was detected in one of the samples or if the samples had different lengths, an exception was thrown in the
PearsArray class constructor and the creation of the class instance was stopped.

Let's consider the algorithm for calculating Spearman's correlation and its software implementation.

The sequence of calculating Spearman's correlation is disclosed in (Gogtay & Thatte, 2017). Spearman's correlation is
calculated by the formula:
_ EXRE)i—R()i)?

n-(n2-1)

=1 (2)

A feature of Spearman's correlation is that it calculates the ranks of the sample x and the sample y separately. Features
of the algorithm:

1) the data for calculations can be presented in the form of a two-dimensional array;

2) the first two columns of the array are filled with the initial data, the other three columns of the array contain the
calculated data;

3) to determine the rank of each value from the samples x and y, it is necessary to make a pass through the array;

4) after calculating the ranks, another pass through the array should be made to calculate the square of the difference
in ranks, the sum of the ranks, and the sum of the squares of the ranks;

5) in the next step, the correlation coefficient is calculated;

6) each row of the table should be implemented as an instance of the SpRecord class; the correctness of the entered
data is checked in the class constructor; if the entered non-numeric value or the value is omitted, an exception is generated, and
the algorithm proceeds to the next step;

7) It is advisable to organize the entire data table as an array of SpRecord class objects.

To calculate Spearman's correlation, the SpRecord class (related sample values) and the SpArray class (contains all data
for calculations) were created.

The SpRecord class has the fields valX, valY (related sample values), RankX and RankY (respectively, the ranks of the x
and y values), dif2 (the square of the difference in ranks of x and y). Class methods: constructor.

The SpArray class is an array of SpRecord records and has the following fields: SpRecord (array of records), N (number
of records), Sx and Sy (sum of ranks of the first and second samples), Sdif (sum of square differences), r (correlation coefficient),
concl (conclusion). SpRecord class methods: SpArray (constructor), AddRecord (add record to array), Correlation (returns
correlation coefficient), Conclusion (returns conclusion about the existence of relationships).

11
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Fig.3. Algorithm for calculating Spearman's correlation
Source: author's development

The results of testing the time complexity of the algorithm for calculating the Spearman correlation are shown in Fig. 4.
The figure shows that the algorithm's time complexity is proportional to the square of the sample size (O(n”2)). The graph of the
O function has the form of a parabola.

Spearman Correlation Method
16000000

14000000
12000000
10000000
8000000
6000000
4000000
2000000

0
0 2000 4000 6000 8000 10000

Fig. 4. Results of testing the computational complexity of the algorithm for calculating the Spearman correlation
Source: author's development

The results of testing the accuracy of the developed algorithm for determining the Spearman correlation coefficient are
given in Table 2.
Table 2. Results of testing the accuracy of calculations using the Spearman correlation method

sample size Calculation results Calculation results in Absolute error
of the method MS Excel
100 0.058919892 0,058919892 0
500 0.05650007 0.05650007 0
1000 0.04927515 0.04927515 0

Source: author's research

Therefore, the developed algorithm provides calculation accuracy up to 0.00000001.

Testing for missing values and unequal samples was performed during the creation of the SpArray class instance. If a
missing value was detected in one of the samples or if the samples had different lengths, an exception was thrown in the SpArray
class constructor, and the creation of the class instance was stopped.

12
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Let's consider the algorithm for calculating the Kendall correlation and its software implementation.
The sequence for calculating the Kendall correlation is given in (Franzece & luliano, 2018). The Kendall correlation
coefficient is calculated using the formula:
_ XpP-30
n(n-1)/2

(3)

Features of the algorithm for calculating the Kendall correlation coefficient:

1) a table of values is used for calculations, in which the elements of the samples x and y are linked to each other; each
pair of such linked values is combined into an instance of the KendRecord class; valid values are checked in the KendRecord class
constructor; in case of incorrect data, an exception is generated, in this case an instance of the KendRecord class is not created;

2) the table has 6 columns: the values of the samples x and y are entered in the first 2 columns, the next two columns
are the ranks of the values x and y, respectively, the last two columns are the number of coincidences and inversions, respectively;

3) during calculations, the rows of the table are sorted in ascending order (by the rank of the sample x, and the linked
values of the sample y must be moved);

4) subsequently, for each value of the sample y, the number of coincidences and inversions is calculated.

¥
\L_m_ End{Array) S
Sort {Array)Y
Array[i].Ranky o

o End(&rray) —

Arrayli].Rankx

J

End(&rray)

Vs

&l

SequencelArray)
InwersionfArray)

— End{Array)

P, O, tau

Fig. 5. Schematic of the algorithm for calculating the Kendall correlation coefficient
Source: author's development

To calculate the Kendall correlation, the KendRecord and KendArray classes were developed. KendRecord is a linked

pair of values from both samples and has the following fields: valX and valY (linked values of both samples), RankX and RankY
(ranks of x and y values), P (number of matches), Q (number of inversions). Class methods: KendRecord (constructor).

13
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The KendArray class is an array of records (objects of the KendRecord class) and contains the following fields: records
(array of values), N (number of elements in each sample), P (sum of matches), Q (sum of inversions), tau (Kendall correlation
coefficient), concl (conclusion). Class methods: KendRecord (constructor), AddRecord (adds a record to the array), Correlation
(returns the correlation coefficient), Conclusion (returns the conclusion).

The results of testing the time complexity of the algorithm for calculating the Kendall correlation method are shown in
Fig. 6. The figure shows that the time complexity of the algorithm is proportional to the square of the sample size (O(n42)). The
graph of the O function has the form of a parabola.
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Fig. 6. Results of testing the computational complexity of the algorithm for calculating the Kendall correlation method
Source: author's development

The results of testing the accuracy of the developed algorithm for determining the Spearman correlation coefficient are

given in Table 3.

Table 3. Results of testing the accuracy of calculations using the Kendall correlation method

Sample size Calculation results Calculation results in Absolute error
of the method MS Excel
100 -0.655959 -0.655959 0
500 0.591991984 0.591991984 0
1000 0.391101101 0.391101101 0

Source: author's research

Therefore, the developed algorithm provides calculation accuracy up to 0.00000001.

Testing for missing values and unequal samples was performed during the creation of the KendArray class instance. If
a missing value was detected in one of the samples or if the samples had different lengths, an exception was thrown in the
KendArray class constructor, and the creation of the class instance was stopped.

All developed classes are arranged in one component (module) and implemented in C#. The class diagram of the
CSCorrelation library is shown in Fig. 7. The members of each class are described earlier.

-Recordshrray: Array[][]
- Mzint

- 5x: double

- Sy double

- 5x2: double

- Sy2: double

- Suy: double

- 1 : double

-racords: SpRe
- M:int
- Sx:int
- Syzint
- Sdifz imt
- r: double
- conclz string

cord[]

+ Sparrayl)

+ Pearshrray()
+ Setlrray]]

+ Correlation]]
+ Conclusian()

+ AddRacord|}
+ Carralatian]|}
+ Canclusioni)

-valk: double
- valY: double
- RankX: int

- RankY: int

- dif2: int

-SpRecardl]

Fig. 7. Contents of the CSCorrelation library
Source: author's development
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The developed DLL library is connected to the CorrAnalyzer application (Fig. 8).

The application for calculating correlations consists of a main form and a secondary form. The main form displays a
calculation table. This table has a different appearance for Pearson correlation (Fig. 8), Spearman correlation (Fig. 9), and Kendall
correlation (Fig. 10).

85 Correlation Analyzer - CorrAnalyzer 1.0 - (=] X

Input  Show Calculation Report Graph

Processing data

Number Sample X Sample Y *2 y2 L

» 2 7 4 45 1
2 3 1 9 1 3
3 22 17 a4 289 374
4 14 19 196 361 266
5 212 35 44344 1225 742
6 27 39 7.29 1521 1053
7 4 4 1 16 16
8 2 1 4 1 2
9 1 7 21 4 7
10 3 5 El 25 15

Correlation 0,697260306280  Conclusion The connection is strong, direct.

Date 25-12-26 Time 08:02:29 AM +02 Correlation type Pearson

Fig. 8. CorrAnalyzer application (calculation of Pearson correlation)
Source: author's development

ol Correlation Analyzer - CorrAnalyzer 1.0 = O x

Input  Show Calculation Report Graph

Processing data

Number Sample X Sample Y Rank X Rark Y XY xv"2
» 2 7 2 9 7 49

2 3 1 7 2 5 2

3 22 17 5 3 2 4

4 14 19 1 4 3 9

5 212 35 4 5 E 1

6 27 39 3 6 0 0

7 4 4 9 7 2 4

8 2 1 3 1 2 4

5 1 7 1 10 1 1

n k} R b3 R n o

Corelaion 0,554545454545  Conclusion The connection is strong, direct.

Date 25-12-26 Time 08:03:23 AM +02 Correlation type Spearman

Fig. 9. CorrAnalyzer application (calculation of Spearman correlation)
Source: author's development

S Correlation Analyzer - CorrAnalyzer 1.0 = [m] X

Input  Show Calculation Report Graph

Processing data

Number Semple X Sample Y Rank X Rank Y P aQ
_ 2 7 3 10 1 7
2 3 1 3 1 3 0
3 22 17 5 3 5 1
] 14 19 1 4 7 3
5 212 35 4 5 5 2
6 27 39 G 6 4 1
7 4 4 3 7 2 0
8 2 1 2 2 8 1
9 1 7 1 9 0 0
n k) LY 7 R 2 2
Correfation 0,383838383838  Conclusion The connection is moderate, direc

Date 25-12-26 Time 08:04:06 AM +02 Correlation type Kendall

Fig. 10. CorrAnalyzer application (Kendall correlation calculation)
Source: author's development

The additional form displays a frequency graph to determine the type of distribution of sample values: normal,
exponential, etc. (Fig. 11).

To check the accuracy of calculations in MS Excel, we created a random data set consisting of 2 samples of 11 values
each. The calculated values of Pearson's, Spearman's, and Kendall's correlations are 0.695, 0.556, and 0.384, respectively. For the
CorrAnalyzer application, the calculated value of Pearson's correlation for this sample is 0.697, Spearman's correlation is 0.554,
and Kendall's correlation is 0.383. Thus, the accuracy of the calculations of this application is up to the third decimal place. It
follows that the created application is advisable to use for relatively small samples (up to 1000 values).
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Fig. 11. CorrAnalyzer application (frequency graph)
Source: author's development

DISCUSSION

When developing a software tool for the .NET platform that calculates correlation, you can use the free .NET Numerics
and Accord libraries. But their functionality is limited, so when developing such a program, you need to write your own methods,
for example, to calculate the Kendall correlation. The approach proposed in the article involves developing your own library for
calculating Pearson, Spearman, and Kendall correlations and integrating them into one library. The proposed approach is more
rational from the perspective of further development of software tools, as it enables the addition of methods for calculating
concordance, Matthews correlation, etc., thereby significantly expanding the functionality of the developed library.

CONCLUSIONS AND PERSPECTIVES FOR FURTHER RESEARCH

Correlation methods are used to determine the relationship between two samples. The most commonly used are
Pearson, Spearman, and Kendall correlations. The Pearson, Spearman, and Kendall correlation coefficients differ in their
principles and calculation algorithms. To make the software library a powerful tool for determining relationships between
samples, all three of the above correlation methods are implemented in it. The library for calculating correlation is implemented
as a component (DLL) that is integrated into the CorrAnalyzer application, written in C#. The CorrAnalyzer application is designed
to determine the relationship between small samples (up to 1000 values).

During the research, software implementations of algorithms for calculating Pearson, Spearman, and Kendall
correlations were developed as a library for the .NET platform. The authors' contribution is a software implementation of the
algorithm for calculating Kendall correlations for the .NET platform, since the most common .NET libraries, Numerics and Accord,
do not have such a function. The developed methods for calculating Pearson, Spearman, and Kendall correlations were tested
for time complexity, accuracy, and failure rates (due to missing values and unequal sample sizes). All methods demonstrated
sufficient accuracy (the calculations were checked in MS Excel). The time complexity of the developed methods for calculating
Pearson and Spearman correlations is of the same order as the corresponding methods of the .NET Numerics and Accord libraries.
The time complexity of the algorithm for calculating the Kendall correlation is O(n”2), since it uses ranking. Research limitations:
testing of computational accuracy was limited to sample sizes of 100, 500, and 1000 random numbers, since the library under
development is intended for processing the results of pedagogical research, and the number of values is limited to these sizes.

In the future, it is advisable to test the developed algorithm for calculating the Kendall correlation on samples of sizes
2000, 4000, and larger, using more random numbers.

In the future, it is advisable to supplement the developed software library with classes for calculating the Matthews
correlation coefficient and the concordance.
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