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Improving Estimation Models by Merging
Independent Data Sources
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Abstract. Software cost/effort estimation has been a key research topic for over six decades due to its industry
impact. Despite numerous models, regression-based approaches dominate the literature. Challenges include
insufficient datasets with enough data points and arbitrary integration of different source databases. This study
proposes using the Kruskal-Wallis test to validate the integration of distinct source databases, aiming to avoid
mixing unrelated data, increase data points, and enhance estimation models. A case study was conducted with
data from an international company's Mexico office, which provides software development for "Microservices
and APIs." Data from 2020 were analyzed. The estimation model's quality improved significantly. MMRE
decreased by 25.4% (from 78.6% to 53.2%), standard deviation dropped by 97.2% (from 149.7% to 52.5%),
and the Pred (25%) indicator rose by 3.2 percentage points. The number of data points increased, and linear
regression constraints were met. The Kruskal-Wallis test effectively improved the estimation models by
validating database integration.

KuiroueBnle ciioBa: linear regression model; software estimation; effort estimation; cost estimation; functional
size; COSMIC method; Kruskal-Wallis.

For citation: Valdés-Souto F., Valeriano-Assem J. Improving estimation models by merging independent data
sources. Trudy ISP RAN/Proc. ISP RAS, vol. 36, issue 6, 2024. pp. 7-18. DOI: 10.15514/ISPRAS-2024-
36(6)- 1.
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Y @. Banvoec-Coymo, ORCID: 0000-0001-6736-0666 <fvaldes@ciencias.unam.mx=>
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Annoramusi. OrneHka 3aTpar/ycwinii Ha IporpaMMHOe OOecCIedeHHE SIBISIETCS KIIIOYEBOM TeMoi
HcclleIoBaHNi OoJiee IIeCTH JNEeCATIIIETHH M3-3a €ro BIMSIHUS Ha OoTpacib. HecMOTpst Ha MHOTOYHCIICHHBIE
MOJIENH, TIOXObI, OCHOBAaHHbBIE Ha PErPECCHH, TOMHHHPYIOT B JuTepaType. [IpobieMsl BKIOYaOT B ceOs
HEJI0CTATOYHbIe HA0OPH! TaHHBIX C JOCTATOYHBIM KOJTMIECTBOM TOUYEK JaHHBIX U POU3BOIEHYIO HHTETPAIHIO
Pa3IIYHBIX UCXOMHBIX 0a3 MaHHBIX. B 3TOM HccnemoBaHWM TperiaraeTcss MCHONb30BaTh TecT Kpyckama-
Yomnuca i IpoBEpKH WHTETPAIMN OTASNBHBIX MCXOJHBIX 0a3 MaHHBIX C IENbI0 M30€XKaTh CMEIIMBAaHHS
HECBSI3aHHBIX JIaHHBIX, YBEJIWYEHWs TOYEK NaHHBIX M YIy4lIeHWs Mojeined oreHKH. Beuio mpoBemeHO
TEMaTHYEeCKOe WCCIIE0OBaHHE C JAHHBIMH W3 Ooduca MeXIyHapOJHOH KOMITAHWM B MEKCHKe, KOTOpBIN
obecrieurBaeT pa3pabOTKy INpOrpaMMHOrO obecrieueHust sl «MukpocepBucoB u  APly.  Beim
npoaHaan3upoBaHbl naHHble 3a 2020 ron. KadectBo Mozenn omeHkH 3HauMTenbHO ymywnmmiock. MMRE
cHu3wmiics Ha 25,4% (c 78,6% mo 53,2%), cranmapTHOE OTKJIOHEHHE CHU3HMIOCH Ha 97,2% (¢ 149,7% no 52,5%),
a mokasaresb Pred (25%) Bbipoc Ha 3,2 MpOLEHTHBIX MyHKTa. KONMHYECTBO TOUCK MaHHBIX YBEIHYMIOCH, U
OblIM cOOJIIO/ICHB! OrpaHudeHus JHelHol perpeccun. Tect Kpyckana-Yommca sddexrusHo ymydmmn
MOJIENN OIIEHKH, TIOATBEPIUB HHTETrPAIHIO 0a3bl TaHHBIX.

KiroueBble cjioBa: Mozenb JIMHEHHONH perpeccuy; OLEHKa IPOrpaMMHOrO 0OECleYeHHs;, OLCHKa 3aTpar;
OLIEHKa CTOMMOCTH; (yHKIMOHANBHBIHN pa3mep; Meronq COSMIC; tect Kpyckana-Yomnuca.

Jas uutuposanus: Bansaec-Coyro @., Banepuano-Accem X. CoBepIieHCTBOBaHUE MOAEIEH OLIEHKH ITyTeM

00beIMHEeHHsI He3aBUCUMBIX KCTOUHHMKOB naHHbIX. Tpynsl UCIT PAH, tom 36, Boim. 6, 2024 r., ctp. 7-18 (Ha
anrmiickoM si3bike). DOI: 10.15514/ISPRAS-2024-36(6)-1.

1. Introduction

Software cost and effort estimation is crucial for planning, budgeting, and project success in software
engineering. Regression-based estimation approaches are common, but the literature highlights
challenges such as small datasets and the arbitrary combination of different source databases without
proper validation. These issues are prevalent in both academia and industry, where small datasets
are more common than expected. Estimation has potential for significant contributions to software
engineering, particularly through leveraging statistical methods. This paper proposes a method for
using established statistical techniques to validate the integration of distinct databases, thereby
improving estimation models by increasing the number of data points. The paper outlines
background information, the proposed procedure for data integration and validation, and the
improvements observed in the estimation model, concluding with a discussion of the findings [1-4].

2. Background

2.1 Parametric Software Estimation

Software estimation, which began in the 1950s, has been crucial to the success of development
projects, influencing budgeting and planning. Over more than 70 years, various techniques and
classifications of estimation methods have been developed. However, many challenges and
unanswered questions remain in software estimation research. A key factor in estimation accuracy
is the measurement of software size [5]. Today, functional size is the only software feature that can
be consistently quantified, emphasizing its importance. Every estimation model is closely tied to the
method used to measure the input variables that produce the estimate.
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2.1.1 Database Conformation for Parametric Estimation

When creating an estimation model, it's crucial to integrate a reference database from past projects.
This database helps identify correlations between variables, with functional size being primary.
However, regression-based models often face replication issues, as noted by various authors [1-4,
6-10]. These models are typically based on previous projects, but if a new project differs
significantly from those in the database, the model's forecasts may be inaccurate. Challenges in
accessing and interpreting data, as well as the limitations of available datasets, further complicate
the process.

One major problem is the insufficient number of data points in datasets, which is critical for
statistical reliability. Carbonera et al. classified datasets based on the number of points: high quality
(more than 15), medium quality (10-15), and low quality (fewer than 10). The central limit theorem
suggests that at least 30 data points are needed for each variable to approximate a normal distribution
effectively.

Collecting 30 similar projects is often difficult, as noted by Morgenshtern et al., who highlight the
cost and time involved in gathering historical data. Furthermore, combining data from different
sources without proper evaluation can compromise its utility.

Organizations like the International Software Benchmarking Standards Group (ISBSG) and the
Mexican Software Metrics Association (AMMS) maintain databases of past projects. The AMMS
dataset, which includes data from real Mexican industry projects, shares similar features with the
ISBSG dataset. Addressing the issue of limited data points may require developing techniques to
integrate distinct databases using statistical methods, thereby improving the reliability of estimation
models.

2.1.2 Estimation Models Performance Comparison

The performance of estimation models is assessed by applying quality criteria to evaluate their
accuracy. Discrepancies between estimated and actual values are measured using criteria like Mean
Magnitude of Relative Error (MMRE), Standard Deviation of MRE (SDMRE), Prediction level
(PRED), Median Magnitude of Relative Error (MdMRE), and Mean Absolute Residual (MAR).
Researchers have analyzed these techniques and identified various concerns regarding their
effectiveness and reliability [10].

2.2 Kruskal-Wallis test

The Kruskal-Wallis [11, 12, 13] test is a nonparametric method used to compare the distributions of
independent groups, serving as an alternative to one-way ANOVA when assumptions of normality
and homogeneity are violated or when data are ordinal. Introduced by William Kruskal and Wilson
Wallis in 1952, it ranks data from all groups and calculates a test statistic H based on these ranks. A
higher H value suggests more evidence against the null hypothesis of no difference among
distributions. H follows a chi-square distribution with k-1 degrees of freedom under the null
hypothesis, where k is the number of groups. The test assesses whether the sample rank distributions
differ significantly, indicating differences in population medians. If H exceeds the critical chi-square
value, it implies significant differences among groups, leading to rejection of the null hypothesis. It
is widely used in experimental and observational studies.

2.3 Outliers identification using Tukey test

The Tukey [12, 13] test, developed by John Tukey, is used to identify outliers in a dataset. It involves
calculating the interquartile range (IQR) by subtracting the first quartile (Q1) from the third quartile
(Q3). A threshold, typically 1.5 times the IQR, is set to flag outliers. Observations falling below Q1
minus the threshold or above Q3 plus the threshold are considered potential outliers. The test is
robust against moderate deviations from normality and is effective for skewed or non-normally
distributed data.
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3. Case study: integrating distinct sources databases

This section presents a summary of a case study carried out at an international company with a
Mexico office, referred to as COMPANY for confidentiality purposes. The office offers software
development services to a financial institution, with data gathered in 2020.

The case study comprises three steps, but this paper will focus only on the final two:

1. Project Identification/Classification and Functional Size Approximation: COMPANY
carried out this step to determine the types of projects that required estimation. They
selected projects from a technological tower labeled “Microservices and APIs”. Using the
integrated information, we applied the EPCU approximation method [14] to measure the
FURs of each project using COSMIC (ISO/IEC 19761).

2. Incorporation of Additional Projects from Other Sources: Since the COMPANY’s
provided projects were insufficient to develop a reliable estimation model, we sought out
similar projects related to Microservices or API development in the ISBSG and AMMS
databases. A total of forty-nine (49) projects were identified: 15 from the ISBSG database
and 34 from the AMMS database.

3. Constructing the Final Estimation Model: To develop the final estimation model, we
utilized the Kruskal-Wallis test to compare the distributions of independent groups and
assess the feasibility of integration. We then followed the steps outlined by Valdés-Souto
et al. in [7-9] to build and refine the estimation model.

The COMPANY and alternative sources (ISBSG, AMMS) are crucial in our project characterization
process. They provide the essential data needed to select projects with similar characteristics,
allowing us to compare size and effort. The effort was measured using COSMIC (ISO/IEC 19761),
which serves as the fundamental metric for our project characterization. In Table 1.a), column 1 lists
the acronym of the source from which the projects were obtained, column 2 shows the number of
projects in the sample, and column 3 indicates the proportion of each group relative to the total
number of projects. All the projects involved microservices or API development. Table 1.b) presents
in column 1 the source acronym, in column 2 the functional size in CFP per group, and in column 3
the proportion of size per group relative to the total functional size in the sample.

Table 1. a) Sample size by source, “Microservices and APIS” projects. b) Total functional size by source.

SOURCE Sample Size %
COMPANY 8 14.0%
ISBSG 15 26.3%
AMMS 34 59.7%
Total 57 100.0%

a)

COSMIC Functional Size
SOURCE (CFP) %
COMPANY 2418.7 11.0%
ISBSG 3873 17.6%
AMMS 15674.6 71.4%
TOTAL 21966.3 100.0%
b)

Based on the tables above, it can be seen that the AMMS database is a major contributor,
representing 71.4% of the total functional size and 59.7% of the total projects. The ISBSG database
is the second largest contributor in terms of project quantity and size, accounting for 26.3% of the
total projects and 17.4% of the total size. Data from the COMPANY had the smallest contribution
in both size and quantity. Due to the central limit theorem, the number of projects from the
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COMPANY is insufficient to create a significant estimation model using only the initially provided
data from the COMPANY.

Originally, the estimation model that could be developed using only the COMPANY's data is shown
in Fig. 1, where the x-axis represents CFP and the y-axis represents effort. Although this model
achieved an R2 of over 77%, the limited amount of data prevents meaningful extrapolation of the
conclusions.

The model with three datasets is shown in Fig. 2. In this case the model presents a R2 of 62% that it
is lower than 77% of the initial model. The main concern is whether the additional dataset has a
different distribution or if its mean significantly varies from the mean of the previous data. If so, the
impact could be significant, and it might not be a good idea to integrate the data.

COMPANY
14000
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8000
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Fig. 1. COMPANY estimation model.
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Fig. 2. COMPANY, ISBSG, AMMS estimation model.

The next step was to compare the distributions of independent groups to evaluate whether the
integration was feasible with solid statistical foundations. Specifically, we assessed whether the
distributions of the three databases (COMPANY, ISBSG, AMMS) for the PDR variable (HH/CFP)
are the same or different. This evaluation helps determine whether it is appropriate to combine the
three databases into a single database and build estimation models. Since the project samples come
from different databases, they are considered independent samples in statistics. In this case, there
are three samples. To assess these, we used a nonparametric test called the Kruskal-Wallis test [11],
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[13], which allows us to conclude whether the distributions of the three samples are equal or
different. The null hypothesis (HO) is that there is no significant difference between the distributions
of the COMPANY, ISBSG, and AMMS databases. The alternative hypothesis (H1) is that at least
one of the distributions from the COMPANY, ISBSG, or AMMS databases is significantly different.
The significance level required is 0=0.05. If the test's p-value is greater than or equal to 0.05, then
HO is correct; otherwise, if it is less than 0.05, H1 is correct. The Kruskal-Wallis test was performed
using SPSS® version 25 in Spanish.

Table 2 summarizes the results of the Kruskal-Wallis test for the COMPANY, ISBSG, and AMMS
databases. The p-value is less than 0.05 (LINE 3); therefore, the null hypothesis (HO) is rejected.
Consequently, we conclude that there is a significant difference in at least one of the distributions
of the COMPANY, ISBSG, and AMMS databases, as stated by the alternative hypothesis (H1). To
determine which databases have different distributions, it is necessary to perform pairwise
comparisons using the Kruskal-Wallis test, adjusting the resulting p-values to account for the
number of tests. This adjustment is known as the Bonferroni correction [13]. Table 3 displays the
results for each pair of datasets analyzed. The AMMS — COMPANY pair is the only one with an
adjusted p-value (0.6171) greater than 0.01667 (0.05/3). From this, we conclude that the AMMS
and COMPANY databases have the same distribution, while the ISBSG database has a different
distribution. Therefore, it is only possible to integrate the COMPANY and AMMS datasets to build
the estimation model, resulting in a total of 42 datapoints (COMPANY (8), AMMS (34)).

Table 2. Kruskal-Wallis test results for three datasets.

N 57
Degrees of freedom
(Number of sets -1)
Asymp.sig. (p-value) 0.00001696

Table 3. Kruskal-Wallis test results by couple of datasets.

pomosia.(at) | Agmesi G-l i
ISBSG — AMMS 0.00001578 0.00004735
ISBSG — COMPANY 0.0006197 0.001859
AMMS - COMPANY 0.2057 0.6171

Once the integration validation is performed, we have the final dataset (COMPANY + AMMS) to
develop an estimation model directly. The results are shown in Fig. 3. The generated estimation
model is y = 8.6672x + 1586.9, with a determination coefficient R2 = 0.5388. However, it is
necessary to develop a linear regression model validation and diagnostics. The Normal probability
graph and the Residuals graph were obtained using an Excel add-in to analyze the regression model,
as shown in Fig. 4.

Fig. 4 shows evidence against normality, as the points do not follow the identity line in the normal
probability graph. Additionally, in the residuals graph, the variance of the residuals increases with
the fitted values, showing a systematic pattern and indicating non-constant variance, which means
the data do not exhibit homoscedasticity. To correct the model's assumptions, we applied a
logarithmic transformation to the functional size and effort variables and built a new estimation
model. Refer to Fig. 5, where the x-axis represents Log(CFP) and the y-axis represents Log(effort).
The new estimation model is Log(y) = 0.9326 Log(x) + 2.8916, with a coefficient of determination
R2 = 0.8339. We conducted validation and diagnostics using the transformed data, with results
12
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shown in Fig. 6. The plot of fitted values against residuals indicates constant variance, as the dots
do not display patterns, demonstrating homoscedasticity. Consequently, the estimation model in Fig.
5 meets the statistical principles of normality and homoscedasticity, making the linear regression
model appropriate for this dataset.

Estimation model, COMPANY+ AMMS dataset
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Fig. 3. Initial estimation model AMMS-COMPANY dataset.
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Fig. 4. Graph for validation and diagnostics AMMS-COMPANY dataset.
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Regression model using log transformation
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Fig. 5. Estimation model AMMS-COMPANY dataset using logarithm transformation.
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Fig. 6. Graph for validation and diagnostics AMMS-COMPANY dataset with logarithmic transformation.
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After that, we search for outliers using the Tukey test, finding four (4) outliers as shown in Fig. 7.
After removing the outliers, a new estimation model was obtained, the result is:

Log(y) = 0.9377 Log(x) + 2.8996
with a Determination coefficient R2 = 0.9023. The model uses logarithmic variables. To apply it to
the actual variables, we need to eliminate the logarithmic transformation using the inverse
operation (Euler's number, e), resulting in the final model: y = x0 9377 * g2.89%
Table 4 presents the quality criteria for the developed estimation models. The best model is the last
one, achieved after applying validations and diagnostics, then performing a transformation and
removing the outliers.

Outliers
60.0%

50.0%

40.0%
30.0%

20.0% |
0.0%
1

Fig. 7. Outliers AMMS-COMPANY dataset with logarithmic transformation.

Table 4. Quality criteria comparison for estimation models.

y = 16.449x + 80.959 y = 8.6672x + 1586.9 Y= X09422% ¢ 30156
R2 =0.7704 R2 = (0.5388
N 8 42 38
MMRE 27.8% 78.6% 53.2%
SDMRE 13.4% 149.7% 52.5%
Pred (25%) 50.0% 31.0% 34.2%
Enough data NO YES YES

4. Analysis

In the case study presented, the COMPANY under study had only eight (8) data points. Two
additional datasets were considered: the ISBSG dataset with fifteen (15) data points and the AMMS
dataset with thirty-four (34) data points.

However, the ISBSG data points were rejected by the Kruskal-Wallis test, resulting in a final dataset
with forty-two (42) data points. After removing outliers, the dataset contained thirty-eight (38) data
points.

The results obtained are related to MMRE that was reduced by 25.4% (from 78.6% to 53.2%), the
standard deviation was reduced by 97.2% (from 149.7% to 52.5%), and the Pred (25%) indicator
increased by 3.2 percentage points. Notably, the number of data points was significantly increased,
from 8 to 38 (475%), bolstering the robustness of our findings.

5. Conclusions

Software cost/effort estimation has been a key research issue for over 60 years, with regression-
based methods being widely used. However, issues have arisen related to dataset conformity,
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including insufficient data points and arbitrary combining of different sources. This study presents
a real case applying statistical methods, specifically the Kruskal-Wallis test, to determine if data
from different sources can be integrated without compromising dataset integrity. The integration,
validated through this analysis, allows for a larger and more significant dataset, improving the
estimation models.

The case study demonstrated that an estimation model generated from validated integrated datasets
outperformed one created from unvalidated sources. This underscores the importance of validation
and diagnostic analysis in integration efforts. The study aimed to establish a formal methodology
for creating reliable estimation models from diverse data sources, addressing a common issue in
both industry and academia. While the proposed approach showed promise, it is crucial to apply
statistical principles correctly; otherwise, the models might be ineffective. The methodology,
developed and applied in the study, represents a significant advance in addressing the problem of
small dataset sizes in software estimation.
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Abstract. Addressing software defects is an ongoing challenge in software development, and effectively
managing and resolving defects is vital for ensuring software reliability, which is in turn a crucial quality
attribute of any software system. Software defect prediction supported by Machine Learning (ML) methods
offers a promising approach to address the problem of software defects. However, one common challenge in
ML-based software defect prediction is the issue of data imbalance. In this paper, we present an empirical study
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Annoramus. IToctosHHOM mpoGneMoil B pa3paboTKe MPOTPAMMHOTO OOECIICUeHHUs SIBISIETCSI yCTpaHEHHE
nedexToB B 3TOM obecrieuenun. U addexTrBHOE ynpaBieHue W ycTpaHeHHe Ne(pEKTOB UMEIOT )KU3HEHHO
BA)XHOE 3HA4YCHWE Il OOecHedeHHs] HaJeKHOCTH IPOrpaMMHOTO oOecHedeHHs, YTO, B CBOIO OdYepelb,
SIBIIIETCS BXKHEHIIIMM aTpHOyTOM KadecTBa JI0OOH CHCTEMBI IpOrpaMMHOTro obecriedenwst. [Iporno3upoBanue
HPOrpaMMHBIX Ie(eKTOB, 10 IEPKUBAEMOE METOIaMU MAlIMHHOTO 00ydenus (ML) — 310 MHOrOOGCmAO I
HOAXOA K PElIeHHIO NPOoOJeMBl NporpaMMHEIX AedekroB. Tem He MeHee, OfHOH M3 o0muX mpobieM B
NPOTHO3UPOBaHUK J1e(eKTOB MPOrpaMMHOro obecreuenust Ha ocHoBe ML sBiseTcst mpobGiiema qucbOananca
JaHHBIX. B 3TOI cTaThe MBI IPEACTaBIAIEM IMITUPUIECKOE UCCIEA0BAHNE, HAMIPABICHHOE HA OIIEHKY BIUSIHUA
pa3IMYHBIX METOJIOB 0aJaHCHPOBKM KIACCOB Ha mpoOieMy ucOanaHca KJIacCOB B IIPOTHO3HMPOBAHHUH
ne(eKTOB MPOrpaMMHOTO oOecredeHus. Mbl NPOBENH PAI 3KCICPHMEHTOB, KOTOPbIE BKIIOYAIN JEBATH
Pa3IMYHBIX METONOB OATAHCHPOBKM KJIACCOB MO CEMH Pa3JIMYHBIM KiaccH(pHUKaTopaM. MBI HCIOIB30BAIN
Habopbl KaHHBIX U3 penosutopusi PROMISE, npenocrasnennsie nporpaMMHbIM poekToM NASA. Mbl Takoxke
HCTIONIb30BAIN Pa3IMuHble MeTpUKH, BKIo9as AUC, TOUHOCTh, TOJHOTA, OT3bIB U Mepy F1, 4TOOBI OLIeHUTD
3¢ PEeKTUBHOCTE METOJOB OAJAHCHPOBKU Pa3JIMYHBIX KiaccoB. Kpome TOro, Mbl NpPUMEHWIN IPOBEPKY
THIOTE3, YTOOBI OIPEAEINTH JIF00BIE CYIIECTBEHHBIEC A3l B METPHIECKUX Pe3yJIbTaTax Mexay Habopamu
JAHHBIX cO cOAAHCHPOBAHHBIMH U HecOaIaHCUPOBAHHBIMH KiaccaMi. OCHOBBIBASsICh Ha HAIINX BBIBOAAX, MBI
NPUILUIM K BEIBOAY, YTO OalaHCHPOBKA KJIACCOB B MPOTHO3UPOBAHUH () EKTOB IPOrPaMMHOTO o0ecnedeHnst
JaeT 3HAUYMTENbHOE YJydIIeHHe OOIeld MpOW3BOIUTENBHOCTH. [103TOMYy MBI PENIMTENBHO BBICTYIIAEM 3a
BKJIFOUEHHE OalaHCUPOBKH KIIACCOB B KaYECTBE dTAra MPeIBapUTEIbHONH 00paOOTKH B 3TOH 00JIacTH.

KioueBble cjioBa: MPOrHO3UPOBaHHE AC(PEKTOB MPOTPAMMHOIO OOECIICYECHHS; CTATUCTHUCCKUH aHAIM3;
HecOamaHcupoBaHHbIH Kiace; pernosutopuit PROMISE; HaGops!l naHHBIX; METPUKH; M30BITOUHAsT BBIOODKA,
HEZ0CTaTOYHast BEIOOpPKA.

Jast uutupoBanus: Canuec-I'apeust A. X., Jlumon K., Jomunrec-Ucuapo C., Onsepa-Buitena /1. X., Ilepec-
Appuara X. K. INogxoxs! k GaaHCHpOBKE KJIACCOB JUIS YIydIICHUS OLEHOK IPOTHO3UPOBAHMS HE(EKTOB
nporpammHoro obecrniedenust. Tpyast ICII PAH, Tom 36, Bem. 6, 2024 1., ctp. 19-38 (Ha aHrIHiiCKOM SI3BIKE).
DOI: 10.15514/ISPRAS-2024-36(6)-2.

1. Introduction

This paper is an extension of work originally presented in 2023 11th International Conference in
Software Engineering Research and Innovation (CONISOFT) [1]. The original work addressed a
systematic literature review on class balancing methods in software defect prediction data sets.
Software Engineering is a discipline that aims to develop and deliver quality software products,
through the execution of quality processes. Quality can be defined as “the degree to which a
component, system or process satisfies the specified requirements and/or the needs and expectations
of the user/customer” [2].

One of the most important attributes to satisfy customer requirements is reliability, which is defined
as “the probability of failure- free operation in a specific environment during a given period of time”
[3]. System defects, which are imperfections or deficiencies in a system or component that could
prevent it from carrying out its intended purpose, can have an impact on this reliability [4].
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This is important because “quality is inversely proportional to the number of defects found in a
system” [5], including an impact on software reliability.

An area of software engineering that is gaining importance due to the need to increase the reliability
of a software system is the well-known software defect prediction (SDP). This area aims to predict
the presence of defects in the software during or after its development. To make these predictions,
it is necessary to have historical data that allows generating prediction models based on some metrics
taken from software projects.

One of the most used historical data repositories for defect prediction is the PROMISE Software
Engineering repository [6], which consists of several datasets for different purposes, such as effort
or defect prediction.

The main data sets for SDP in PROMISE repository are provided by NASA software projects, which
are:

1) CML1, which is a NASA spacecraft instrument written in the C programming language.

2) JM1 is written in the C programming language, and it is from a real-time predictive ground
system.

3) KC1 written in C++ programming language, is a system implementing storage management
for receiving and processing ground data.

4) KC2 dataare from C++ functions as part of the same project of KC1.

5) PC1 data from C functions for a flight software for earth orbiting satellite.

These five datasets include data obtained from McCabe [7] and Halstead [8] static code metrics.
These data sets contain a class label that states whether the record is defect-prone or not, making it
a classification problem.

However, as Table 1 shows, the number of records of each class (yes or no) is unbalanced, which
impacts the precision of prediction models, since models bias toward the most common value,
causing prediction errors, which can impact software engineering practitioners.

Table 1. Distribution of classes by data set.

Data set Instances Class Yes Class No
cMm1 498 49 (9.83 %) 449 (90.16%)
JM1 10,885 8,779 (80.65%) 2,106 (19.35%)
KC1 2,109 326 (15.45%) 1,783 (84.54%)
KC2 522 105 (20.5%) 415 (79.5%)
PC1 1,1109 1,032 (94.05%) 77 (6.94%)

It is important to highlight that class unbalance is a prevalent challenge in software defect prediction.
The five datasets discussed in this paper serve as illustrative examples to emphasize the prominence
of this issue.

When a data set is unbalanced, machine learning (ML) algorithms will more frequently predict
values from the majority class to increase the value of predictions with the training data. This also
implies that learning models could not generalize new data that is not part of the training data. In
conclusion, these datasets serve as valuable reference points for researchers aiming to enhance
classifiers for SDP, as well as for software engineers who seek optimal classifier options for this
task. Nevertheless, it is crucial to recognize that the accuracy of these classifiers may be affected by
bias arising from the number of examples in the majority class.

As stated, and demonstrated in [9], there is no ML algorithm that has the best performance for all
data sets. Therefore, given the class unbalance nature of SDP, we propose to carry out an empirical
and statistical study, applying different algorithms and approaches for class balancing to the data
sets of SDP, with the aim of establishing which approaches can be used by software engineers to
obtain better predictions of software defects, and consequently, deliver reliable and quality products.
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Due to what was mentioned above and what is described in section 2 (Related work), our main
contributions in this work are:

e Unlike similar studies, we experimented with three class balancing approaches:
oversampling, undersampling, and a combination of them.

o We tested the class balancing algorithms with eight classification algorithms from different
approaches such as decision trees, K-nearest neighbor, Bayesian approaches, neural
networks and ensemble classifiers (both boosting and bagging).

e We provide details for our experiments, such as the versions of the classification
algorithms, type of implementation and parameters used, so that the results can be
replicated.

e The data sets used are public, unlike studies where their own data sets are used.

e Our results not only report the approach that showed the best performance during the
experiments, but the results are statistically validated to know if in the prediction results,
there is a significant difference in performance when balancing the data sets.

This paper is structured as follows: Section 2 mentions related work. Section 3 presents the
background of class balancing algorithms. Section 4 describes the characteristics of the
experimentation and evaluation. Section 5 analyzes the results obtained. Section 6 identifies some
validity threats of this study. Finally, section 7 draws conclusions and presents future work.

2. Related work

In our literature review reported in the last 6 years (until 2024), 40 studies were found that
implemented proposals to balance classes in data sets of software defect prediction, of which 60%
used Oversampling techniques, 18% Undersampling, 15% Oversamplig + Undersampling, and 8%
Ensemble approaches. Table 2 shows the studies grouped by their balancing approach.

Table 2. Distribution of studies according to the balancing class approach.

Approach Studies
[10], [11], [12], [13], [14], [15], [16], [17], [18],
Oversampling [19], [20], [21], [22], [23], [24], [25], [26], [27], [28],
[29], [30], [31], [32], [33], [34], [35], [36], [37]. [38]
Undersampling [39], [40], [41], [11], [17], [18], [20], [34], [36], [37]
Combination (oversampling + undersampling) [42],[43], [44], [45], [46], [47]
Ensemble [48], [49], [50]

Of the 40 studies identified, only three of them [34-36] carry out an experiment like our proposal.
Pandey and Tripathi in [34] presented an empirical study in which the influence, in terms of F-score
and Mathews Correlation Coefficient (MCC), of four sampling techniques (Class Balancer,
Resample technique, Synthetic minority oversampling technique (SMOTE), and Spread subsample)
were evaluated in twelve different classifiers: Naive Bayes (NB), Logistic Regression (LR),
Multilayer Perceptron (MLP), Instance-based learning (IBK), AdaBoost, Bagging (Bagg), Logistic
Boost (LB), Repeated incremental pruning to produce error reduction (RIPPER), Decision Tree
(J48), and Random Forest (RF). The authors considered 22 datasets in the Software Defect
Prediction domain in their experiments. In their findings, the authors highlighted that MCC is the
most helpful performance metric for the imbalance dataset; the Resample technique gave the best
results in most ML techniques. Finally, the authors leave open the investigation regarding the
relationship between the classifier and the sampling methods.

On the other hand, Zhang et al. in [35] measured the effect of using four Oversampling techniques
for class balancing in just-in-time SDP: i) Random Oversampling, ii) SMOTE, iii) Borderline-
SMOTE, and iv) ADASYN. The authors proposed the OSNECL method, which combines
Oversampling techniques with ensemble classification methods, such as Bagging, AdaBoost,
Random Forest, and GBDT. In their experiments, six opensource projects written in C++ and Java
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(Bugzilla, Columba, Eclipse JDT, Mozilla, Eclipse Platform, and Postgres) were used, from which
16 characteristics related to the defects were extracted with the SZZ algorithm. As a result of the
experiments, it was found that the combination of Random Forest and Random Oversampling
provided the best results.

However, the authors left it open to continue researching class balancing with Deep Ensemble
learning methods to explore new ways to improve the balancing problem.

Finally, Yang et al. [36] conducted a study that evaluated the impact of sampling, Random
Under/Oversampling, SMOTE, and OSS techniques for the class balancing problem on Deep
learning-based vulnerability detection (DLVD). The DLVD techniques used in their experiments
were Deving, Reveal, IVDetect, and LineVul. Additionally, they selected three benchmark datasets,
with which different findings could be obtained, such as Oversampling outperforms Undersampling
approaches, sampling on raw data outperforms sampling on feature space; generally, Random
Oversampling on raw data performing the best among all studied sampling methods, including
SMOTE and OSS.

Table 3 compares the sampling techniques analyzed in the studies where we identify them as similar
to our experimentation, where it can be seen that the comparison was carried out with a maximum
of four class balancing algorithms, none of them is a combination of oversampling and
undersampling. Our study proposes the comparison of nine class balancing algorithms, including a
combination of oversampling and undersampling.

Table 3. Sampling techniques analyzed in related works.

Sampling Method [34] [35] [36]
Random undersampling v
Random Oversampling v v
SMOTE v v v
0SS v
Class balancer v
Resample v
Spread subsample v
Borderline — SMOTE v
ADASYN v

Table 4 presents the learning techniques with which the techniques were combined. In the case of
the study [36], they used specific deep- learning techniques to detect vulnerabilities, which is not
directly related to SDP. We also include different classification approaches and algorithms.

Table 4. Learning methods studied in related works.

Learning classifier [34] [35] [36]
Naive Bayes (NB) v
Multiplayer perceptron (MLP) 4 4
K-Nearest Neighbor (KNN) v
Decision Tree (DT) v
AdaBoost (AB) v v
Bagging v v
Logistic Boost (LB) v
RIPPER v
Random Forest (RF) v v
Gradient Boosting (GB) v
Deep learning approaches 4
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3. Class balancing methods

We examined nine representative methods to address class imbalance in our experiments. These
methods can be classified into three categories as it is shown in Fig. 1: oversampling, undersampling,
and combined. Below, we provide an explanation of each method.

Balancing class
approach

v A 4
[ Oversampling ] [Undersampiing [ Combination ]
v v \ 4
: Reddn * Random
; ] undersampling . oM -
oversampling i KosiBss Sk:OTE&:NN
« SMOTE « ENN » SMOTETomek
« ADASYN « ALKNN

Fig. 1. Balancing class approaches chosen for experimentation.

3.1 Oversampling

Fig. 2 shows the strategy of class balancing by oversampling, where it consists of artificially
increasing the number of samples of the minority class to balance the class distribution.
Three algorithms based on this approach are presented below.
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1)

2)

3)

Random over sampling: Also known as Random Over Sampling Examples (ROSE) [51],
this simple method involves randomly selecting examples from the minority class or classes
and repeating them with replacement. This process creates a new dataset that is balanced
by increasing the representation of the minority class.

SMOTE [52], an acronym for Synthetic Minority Oversampling Technique, is a widely
used oversampling method designed to address class imbalance. It involves the creation of
synthetic data points in the feature space for the minority class. To over sample the minority
class, SMOTE takes each minority class sample and generates synthetic examples along
the line segments that connect the sample to its k-nearest neighbors from the same class.
The value of k determines the number of nearest neighbors considered. The amount of
oversampling required can be adjusted, and random selection is used to choose neighbors
from the k-nearest neighbors.

ADASYN [53], short for Adaptive Synthetic Sampling Approach for Imbalanced Learning,
is an oversampling technique specifically designed to address class imbalance. It involves
the creation of synthetic data points for the minority class. The fundamental concept behind
ADASYN is to use a weighted distribution to generate synthetic data based on the level of
difficulty of learning for each minority class example. The algorithm identifies minority
class examples that are harder to learn and generates a higher number of synthetic data
points for them compared to examples that are easier to learn. ADASYN employs a density
distribution based on the k-nearest neighbors of each minority class example to determine
the number of synthetic samples to be generated.
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3.2 Undersampling

Undersampling is another technique used to address class imbalance in data sets, where unlike
oversampling, in this approach the number of samples of the majority class is reduced to equalize
the class distribution with the minority class as can be seen in Fig. 3.

~

Class A

Unbalanced
dataset

Class B

Copies of the
minority class

Class A

Balanced
dataset

Class B

-

Fig. 2. Oversampling strategy.

Below, four selected undersampling methods are described.

1)

2)

Random undersampling is a technique used to reduce the number of majority class
examples in a dataset. It is similar to random oversampling, but with the opposite objective.
Random undersampling (RUS) [54] randomly selects examples from the majority class,
either with or without replacement. The number of examples selected in random
undersampling depends on the desired balancing goal. In a fully balanced dataset, the
number of selected examples would equal the number of examples from the minority class.

NearMiss is an undersampling technique originally introduced in [55]. This method aims
to balance class distribution by selecting a subset of majority class examples that are closest
to the minority class examples based on their k-nearest neighbors. The NearMiss method
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consists of three variants: NearMiss-1, NearMiss-2, and NearMiss-3.

» NearMiss-1: this variant focuses on selecting majority class examples that are closest
to some of the minority class examples. It identifies majority class examples with the
smallest average distance to their k-nearest minority class examples. The objective is
to remove majority class examples that are farthest from the minority class.

Class A

Class B
-/

Samples of
majority class

Unbalanced
dataset

~

Class A

Balanced
dataset

Class B

Fig. 3. Undersampling strategy.

* NearMiss-2: this variant selects majority class examples that are closest to all
minority class examples. It chooses examples based on their average distances to the
k farthest minority class examples.

* NearMiss-3: selects a specific number of closest majority class examples for each
minority class example. The intention is to ensure that each minority class example
is surrounded by some majority class examples.

3) ENN (Edited Nearest Neighbors), proposed by [56], is an undersampling method for
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addressing class imbalance. The ENN algorithm operates by examining the k-nearest
neighbors of each example in the dataset. If a majority class example is misclassified, it is
removed from the dataset. On the other hand, if a minority class example is misclassified,
its k neighbors belonging to the majority class are removed. The k value proposed in the
original work is 3. It is important to note that ENN is primarily designed to remove noisy
and ambiguous examples, rather than achieving perfect class balance.

4) AIIKNN (All K-Nearest Neighbors), proposed in a study by [57], is an iterative
undersampling method that extends the concept of ENN. Rather than using a fixed value of
k, AIIKNN repeatedly applies ENN with increasing values of k starting from 1. This
iterative process continues until a maximum value of k is reached or until the minority class
becomes the majority class. The use of progressively larger k values allows AIIKNN to
capture more information from the nearest neighbors and potentially achieve better
imbalance reduction.

3.3 Combination

Finally, by combining oversampling and undersampling techniques, the strengths of each approach
can be leveraged for better classification results. Two algorithms that combine the two previous
approaches are described below.

1) SMOTEEN (SMOTE Edited Nearest Neighbors), proposed by [58], is a method that
leverages both oversampling and undersampling techniques to address class imbalance.
The SMOTEEN algorithm combines the synthetic minority oversampling technique
(SMOTE) with the edited nearest neighbors (ENN) undersampling. It follows a two-step
process to rebalance the dataset. First, SMOTE is applied to the minority class to generate
synthetic instances, thereby increasing its representation. Next, ENN is employed to
remove potentially noisy or mislabeled instances from both the minority and majority
classes. The SMOTEEN process may be repeated until achieving a balanced dataset or
reaching a stopping criterion.

2) SMOTETomek [59] is a combination of oversampling techniqgue SMOTE, and
undersampling technique Tomek Links [60]. SMOTETomek consists of two main steps. In
the first step, SMOTE is applied to the minority class, oversampling with synthetic data
and balancing the dataset. The second step of SMOTETomek utilizes Tomek Links. Tomek
Links identify specific pairs of instances, one from the majority class and one from the
minority class, that are nearest neighbors to each other. These pairs are ambiguous or
potentially noisy instances, and thus are removed from the date set, undersampling at the
same time examples from both classes.

4. Experimental design

Fig. 4 shows the steps followed for the experiments in this study. For our experiments, the only
preprocessing performed was checking for missing values. In all five data sets, only JM1 included
5 records with at least one missing value. These records were removed.

After data preprocessing, the class balancing algorithms mentioned in Section 3 will be applied to
each of the five data sets.

Subsequently, each classification learning algorithm described in section 4.1 will be tested on each
data set (with and without class balancing).

The models are evaluated through a k-fold cross validation process in which the data set is divided
into k sets (one subset is used for testing and the other k-1 subsets are used as training). This process
is executed k times, such that each record is part of both a test and training set.
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The metrics described in section 4.2 are applied to the models to evaluate the predictions. Finally, a
statistical analysis is performed for each metric applied to each model developed by each
classification algorithm and to each data set obtained with and without class balancing.

Finally, the results are statistically analyzed to empirically verify whether the results with the class

balancing methods studied are significantly better.

Data
CM1/IM1U/KC1/KC2/PC1

'»

Data preprocessing
{Withoutbalancingl { Oversampling J [ Undersampling J [ Combination ]

| | | |
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. Gradient Bosting
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. Naive Bayes
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\. Neural Ne:work /
of N\
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Fig. 4. Experimental design steps to validate models with balanced data sets.
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4.1 Classification learning algorithms

As demonstrated in [9], there is no ML algorithm that performs better than the others for any data
set. Therefore, we selected a variety of classification learning algorithms for experimentation, and
they are described below, including their characteristics, advantages and disadvantages that could
influence in the prediction results.

We chose several classification approaches, such as based on decision trees, class similarity (k-
nearest neighbor), ensemble algorithms for both bagging and boosting, based on Bayesian
approaches and finally on neural networks approach.

Decision Trees are a popular supervised learning method used for both classification and regression
tasks [61]. They build a tree structure consisting of rules based on the input features, which guide
the evaluation of new examples. This hierarchical representation enables visualizing the resulting
model. Hence, Decision Trees employ a white model approach. Decision Trees have several
advantages. Firstly, they require minimal data preparation, and they can handle both numeric and
nominal data. Secondly, they are nonparametric, meaning they make no assumptions about the
underlying data distribution. However, Decision Trees are prone to overfitting, to address this,
pruning methods can be employed to simplify the tree and prevent overfitting. It is also important
to note that Decision Trees can be affected by class imbalance [62].

K-Nearest Neighbors (KNN) [63] is a nonparametric and supervised method for classifying data
instances. It utilizes a similarity metric, such as Euclidean distance, to identify the most similar
examples and establish the concept of neighbors. By setting a parameter K, the algorithm determines
the K-nearest neighbors. When classifying a new instance, a policy needs to be defined. A popular
policy is majority vote, where the predicted class is the most common class among the K-nearest
neighbors. It is important to note that the classifier’s performance is sensitive to the choice of K.
The KNN classifier may encounter limitations when dealing with large datasets. Additionally, it is
important to consider feature scaling to ensure accurate results.

Random Forests [64] is an ensemble technique used for classification tasks. As an ensemble
technique, it combines multiple classification models, specifically trees. Each tree is built from
different random subsets of the dataset, allowing for improved generalization and robustness. One
of the key features of Random Forests is the option to use a random sample of features when
selecting the best splitting point in each tree. This further enhances the diversity and reduces
correlation among the individual trees. During classification of a new example, each tree in the forest
independently classifies the instance. Then, a decision policy, such as majority vote or averaging the
predicted probabilities from each tree, is applied to determine the final class for the new instance.
Random Forests are well-suited for handling large datasets with a high number of examples and
features. They are also robust against data noise and overfitting.

AdaBoost [65] (Adaptive Boosting) is an iterative ensemble classification method that combines
multiple weak classifiers to create a robust classifier. It utilizes a weighting strategy, where initially
every example in the training set has equal weight. As the iterations progress, the weights of the
examples are adjusted based on the classification performance of the classifiers. Additionally,
AdaBoost assigns weights to each classifier based on their performance, with higher weights given
to classifiers with better accuracy. During classification of a new instance, AdaBoost applies a
weighted majority vote among the classifiers to determine the final class label.

Gradient Boosting [66] is an ensemble method used for both classification and regression tasks. It
combines multiple weak models to create a stronger model. Gradient Boosting relies on Gradient
optimization to iteratively build the ensemble by fitting weak models to the residuals. This process
aims to correct errors in the current ensemble for Gradient optimization, residuals representing the
gradients of the loss function are calculated with respect to the predicted probabilities. The
subsequent weak model is then trained on these residuals to further improve the ensemble’s
performance. Additionally, each model in the ensemble is assigned a weight to assess its
contribution. These weights consider the model’s performance and are used to guide the ensemble
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towards more accurate predictions. During the classification of a new example, a weighted vote
policy is applied.

Naive Bayes: Naive Bayes is a supervised and probabilistic method used for classification tasks
based on Bayes theorem [67]. It is a type of Bayesian Network method that operates under the
assumption of feature independence. This strong hypothesis assumes that each feature in the data
set is independent of each other given the class label. This assumption simplifies the model and
allows for fast training as only the conditional probabilities need to be computed, while the Bayesian
structure is predetermined.

To classify a new instance, Naive Bayes computes the conditional probabilities based on the
Bayesian network parameters. It selects the class that maximizes the probability as the predicted
class label. Naive Bayes is well-known for its simplicity, yet it has the potential to achieve good
predictive performance in various problem domains.

A Multi-Layer Perceptron (MLP) [68] is an artificial neural network commonly used for
classification and regression tasks. It enhances the single neuron perceptron by incorporating
multiple layers of interconnected artificial neurons. The MLP model consists of an input layer for
receiving data features, one or more hidden layers responsible for transforming input signals and
adjusting connection weights between neurons, and an output layer that generates the final
predictions. To optimize the MLP model, the log-loss function is typically used along with various
optimization algorithms such as LBFGS (Limited-memory Broyden- Fletcher-Goldfarb-Shanno) or
stochastic Gradient descent. These optimization algorithms aim to search for the optimal set of
weights that minimize the loss function, allowing the model to make accurate predictions.

4.2 Evaluation models metrics

There are different metrics to evaluate the accuracy of a model. This is because each metric provides
a different perspective on the performance of each algorithm and in some cases avoids biases due to
majority classes. The metrics used to evaluate the algorithms used for this study are described below.
AUC is obtained directly from the ROC (Receiver Operating Characteristic) curve, which is a
graphical representation of the true positive rate (sensitivity) versus the false positive rate (1 -
specificity) for different classification threshold values.

The following metrics are estimated from the confusion matrix, where the true positives (TP), true
negatives (TN), false positives (FP) and false negatives (FN) are placed:

TP+ TN
TP+TN + FP+ FN
TP
Precision= ——
TP + FP @
TP
Recall =
TP+ FN ©)
2% TP
Fl1= @)

2 TP+ FN + FP
Accuracy is the proportion of modules correctly classified as defective and non- defective. It is
calculated by (1).

Precision is the proportion of TP cases. In the SDP, it is the number of defective modules that were
found correctly, and it is calculated by (2).

Recall measures the proportion of TP that there should be and is calculated using (3).
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Finally, F1-measure is used when there is an unbalanced data set and combines the benefits of
precision and recall as shown in (4).

4.3 Classifiers parameters

The implementations of algorithms were carried out in the Python language with the skit- learn 1.4.2
library. Table 5 shows the parameters of the classifiers used for out experiments. In the algorithms
that shared some parameter, such as balancing the number of estimators, it was the same for all. The
Random state parameter indicates the seed that was the same for all classification algorithms.

5. Results analysis

The average results obtained by the k-fold cross-validation process with k = 10 by each metric were
analyzed, both for the data sets without applying any class balancing method and the application of
each method described in section 3.

Table 5. Parameters used for each classifier.

Classifier algorithm Parameters

Decision tree Criterion: Gini

Max Depth: None

Max leaf nodes: None

Min impurity decrease: 0.0
Class weight: None
Random state: 42

K-NN N neighbors: 3
Metric: Euclidean distance
Random Forest N estimators: 50
Criterion: Gini

Max Depth: None

Max leaf nodes: None

Min impurity decrease: 0.0
Class weight: None
Random state: 42

Ada boost N estimators: 50
Algorithm: SAMME.R
Learning rate: 1.0
Random state: 42

Gradient Boosting N estimators: 50

Loss: log loss

Learning rate: 1.0
Criterion: Friedman mse
Max depth: 3

Min impurity decrease: 0.0
Naive Bayes Distribution: Gaussian
Multilayer perceptron Hidden layer: 5

Random state: 42

Alpha: 0.0005

5.1 Balancing class approaches results

The results show that applying a class balancing method increases the prediction accuracy of
different classifiers with different subsets of data through cross-validation, contributes to the
increase of reliability in predictions.

With respect to the CM1 data set, performing a random undersampling class balancing procedure
worsens the results, while with ALKNN practically the same results are obtained.

For the JM1 data set, all the balancing methods outperform the results without applying any class
balancing method except with random undersampling, which obtains very similar results.
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Regarding the KC1 data set, most class balancing algorithms outperform the average predictions of
using an unbalanced data set. However, using undersampling in the assembled algorithms
(AdaBoost and Gradient boosting) results in lower precision values.

Al class balancing algorithms outperform the prediction values using the raw KC2 data set.
Finally, the results of the PC1 data set show that the ENN and ALLKNN undersampling algorithms
have the worst performance, almost equal to not using a class balancing method.

5.2 Classifiers results

The results show that the classifiers that had the best results in the selected model evaluation metrics
are the ensemble classifiers, that is, random forest, AdaBoost and Gradient boosting. The classifier
that showed the worst results was the multilayer perceptron. With these results, software engineering
practitioners can opt for ensemble classifiers, as it is shown that it is advisable to invest in the
processing of several weak classifiers to obtain better prediction accuracy.

5.3 Metrics results

The results of the AUC, accuracy, precision, recall and F1 metrics are similar when the values of
the classes of the data sets are balanced. It is quantitatively verified that when the data sets are not
balanced, the recall, F1 and precision metrics tend to be lower than accuracy. This is because
classifiers tend to predict the majority class, and by performing an evaluation on all the predictions,
there is a greater probability that the majority class matches the predicted value. For this reason, it
is better to have an overview of different metrics that evaluate accuracy rates differently.

5.4 Statistical Analysis

The metric values are not sufficient to establish a statistically significant improvement in the
predictions. Therefore, a suitable statistical test was applied to compare the accuracies among the
class balancing models [69].

First, %, Shapiro-Wilk, skewness and kurtosis normality tests for each set of predictions (ten for
each metric that were obtained from the cross-validation process) to check if the normality
assumption was met were applied.

For each metric and for each data set (set of all classifiers) it was checked if at least some test was
not significant at 95%, then a normal distribution was not considered. If all values of each metric
had a normal distribution, an ANOVA test was performed, if at least one set did not meet the
normality assumption, then Friedman non-parametric test was applied to determine whether at least
one algorithm generated significantly different results from the others. The results of the statistical
tests can be observed in [70], where it is concluded that in all groups by data set and by class
balancing algorithm, there was at least one value statistically different from the rest of them.
Finally, to know if the statistically significant differences were the results related to the data sets
without applying any class balancing algorithm, the values of the metrics of each balancing
algorithm were compared with the values of not applying a class balancing. To do this, the four
normality statistical tests were performed for each set of prediction metrics. If any of their four p-
values were lower than 0.05, then data were non-normally distributed at 95% confidence, and a
Wilcoxon test was applied (the medians of the models should be compared); otherwise, a t-paired
test was performed (the means of models were compared) [71]. The results of these tests can be
consulted in [72].

In [72] is shown that the class balancing algorithms for each metric, where the results of the
predictions were statistically different from the predictions of the same data set without using any
class balancing algorithm at 95% confidence.
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These results show that despite different class balancing algorithms and approaches, Naive Bayes
and MLP do not generate significantly better predictions. However, using the other classifiers with
any metric generally makes a significant difference in the predictions.

6. Validity threats

There are four categories of validity threats in search-based predictive modeling for Software
Engineering: conclusion, internal, external and construct [73] of which, we identify the following:
Construct: We remove five records that have null values for the JIM1 data set.

Construct: We are not involved in the acquisition of data to avoid bias due to human error.

Internal: Data is based on static code metrics only.

Internal: We did not include any processing to deal with outliers, as we wanted to evaluate them
with real data from the PROMISE repository systems.

7. Conclusions and future work

The present study experiments with different approaches to mitigate the class balancing problem in
SDP. These approaches are obtained from a literature review, of which three oversampling
algorithms, four undersampling algorithms and two from the combination of the mentioned
approaches were selected. The data sets used were those from the well-known public repository
PROMISE, to obtain predictions with the data used in software industry.

To not bias the results with a particular classifier, seven classification algorithms (based on different
approaches) were tested. Also, different metrics such as AUC, precision, accuracy, recall and F1
were evaluated to measure the performance of the algorithms with and without class balancing
through a cross- validation process. Finally, the results are statistically evaluated to conclude if there
really is a significant improvement when balancing the data sets.

With respect to the class balancing methods, we conclude that:

¢ Balancing the classes significantly improves prediction performance since learning is not
biased by the majority class.

e The oversampling and combination methods have better performance than the algorithms
based on undersampling.
With respect to the classification algorithms, we conclude that:
e The algorithms that obtained the best results were the assembled classifiers (both boosting
and bagging), which base the predicted class value on the results of several weak classifiers.

Therefore, if software engineering practitioners require greater precision, it is important to
invest resources in these types of methods.

e The multilayer perceptron and Naive Bayes algorithms are the classifier that yielded the
worst results.

In terms of evaluation metrics, we conclude that:
¢ When the data sets are unbalanced, the metrics show very variable results.
o When the data sets are balanced, the results of the metrics are more homogeneous.

Finally, it is concluded that to improve the reliability of a software product, it is necessary to have
good precision in predictions. Therefore, when the historical data to make predictions of software
defects is unbalanced, it is suggested to first apply an oversampling mechanism and then use an
ensemble classifier that strengthens the predictions, regardless of the set used for training and testing.
As future work we propose the following:

Repeat the experimentation with other classifiers including deep learning, since we only chose some
representative ones of each approach.
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As could be seen in Table 5, the classification algorithms need to adjust parameters, so it is proposed
to implement some optimization algorithm that allows knowing the best parameters for each
classification algorithm.

It is also proposed to carry out this analysis by programming language [74], since the development
language could influence the introduction of defects and the quality of the software [75].

Finally, continue with experimentation on other data sets, which allows exploring the performance
of class balancing algorithms in more dept.
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AnHorammsi. C yBelMYeHHWEM CIOXHOCTH pa3pabOTKM MPOrpaMMHOIO OOECHEeUYeHUs Ul  penIeHHs
COBpEMEHHBIX OW3Hec-3aJad HEOOXOAMMBI TaKWe TIIOAXOABI, KaK IPeJMETHO-OPHEHTHPOBAHHOE
npoektupoBanre (Domain-Driven Design, DDD). DDD yxe HcHoib3yeTcst B pa3inyuHbIX MPOrPaMMHBIX
MIPOEKTAX C Pa3HBIMH aPXUTEKTYPHBIMHU CTHIISIMH. XOTSI B HEKOTOPBIX HCCIEOBAHMAX H3yJaJIOCh Pa3IOKeHNE
OM3HEC-TOMEHOB WM YHACJIEIOBAaHHBIX MOHOJNWTHBIX CHCTEM HAa MHKPOCEPBHCHI, IIOKA OTCYTCTBYET
KOHKpeTHast ”H(OpMAaIHs OTHOCHTENBHO pakTHdeckolt peanm3anuy DDD B sTom apxurexrypHoM cruie. J{is
TIOBBIIIEHHS SICHOCTH B OTHOIIEHNH Hcrionb3oBaHuss DDD B pa3paboTke cucTeM Ha OCHOBE MUKPOCEPBHCOB B
Halel CTaThe CHCTEMAaTH3MPOBAaHBI BBIBOABI O ILENsX ucronb3oBaHusi DDD, ero momensx, CBS3aHHBIX
TEXHOJIOTMAX M Meronax. Hamu Obl1 mpoBesieH cucTeMarhueckuid o030op nurepatypbl n3 35 crareil.
Temarnyecknii aHaaW3 MOMOT BBISBUTH 11 TeM M mATH TeM Ooiiee BhICOKOTO rmopsiaka. OCHOBBIBasCh Ha
MIPOJIETTAHHOM aHaJIM3€e, MbI IPHUILTH K BBIBOAY, YTO HACHTU(HUKAIMSI MUKPOCEPBUCOB CTAHOBHUTCS OCHOBHOM
MOTHBaIel NpuHATHs pazpadorunkamu DDD, HO mpu 3TOM BOBCE HE SIBIISETCS €IMHCTBEHHOW NPHYNHOM
ucronb3oBanus DDD, o kotopoii coobmaercs B auTeparype. HakoHer, Hall aHaiu3 BBISIBUIT TIPEUMYIIECTBA
u npobnemMsl B ucnonb3oBaHun DDD B apXuTeKType MHKPOCEPBHCOB, KOTOpbIe OYIYT YYUTHIBATHCS HPH
MpoBeieHUU paboT B OyaymieM.

KioueBbie cJioBa: NPEeIMETHO-OPUCHTUPOBAHHOC IIPOCKTUPOBAHUEC; MHMKPOCEPBHCHAs ApPXUTCKTYpa;
CUCTEeMATHYECKUI J'IPITepaTypHLIfI 0630p; TEMaTUYECKUH aHalu3.

Jst nurupoBanusi: Canrabpuanb-Anapkon X., Ouapan-Opnangec X. O., Jlumon K., Koprec-Bepnun M. K.
[IpeaMeTHO-OpHEHTUPOBAHHOE IPOSKTUPOBaHKE B MUKpocepBUcHOH apxutekrype. Tpyast UCIT PAH, Tom 36,
Bl 6, 2024 1., crp. 39-58 (Ha anrmiumiickom s3bike). DOI: 10.15514/ISPRAS-2024-36(6)-3.

BaarogapHoctu. PaGora Obuia mojgepkaHa TEKYIIUM HHCTHUTYIIHMOHAIBHBIM (puHaHCHpOBaHHeM. Hukakux
JOTOIHUTEIBHBIX TPAHTOB ISl IIPOBEJICHHS WIIM PYKOBOJCTBA 3THM KOHKPETHBIM HCCIISIOBAHUEM IMOIYYEHO
He OBLIO.

1. Introduction

This paper is an extension of work initially presented at the 11" International Conference in Software
Engineering Research and Innovation (CONISOFT 2023) [1]. The original study is a systematic
mapping study on Domain-Driven Design (DDDS) for Microservices Architecture Systems
Development. In this paper, we conducted a comprehensive systematic literature review and
employed thematic synthesis to identify and analyze patterns in the uses of DDD in this context.
This study synthesizes the findings from a broader range of primary studies and search strategies.
Since the release of Eric Evans' book "The Blue Book™ in 2004 [2], a community of practitioners
has emerged who explore the use of DDD and patterns in different software development projects.
DDD can be understood as an approach that addresses the complexities of a business by emphasizing
the team's focus on domain knowledge [2]. Some authors [3-5] have proposed patterns and
techniques to analyze business domains and incorporate that knowledge into software projects.
DDD patterns can be classified as strategic and tactical designs, which are the key elements of this
approach. Strategic design involves domain analysis and decomposition. On the other hand, tactical
design translates the knowledge acquired from strategic design into actual lines of code [4].

When applying MSA in practice, developers have encountered a range of challenges in achieving
the desired properties of this architectural style [6-9]. Based on the challenges highlighted by various
40
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authors concerning MSA, several studies aim to reduce the complexity in the development of
microservices-based systems. While some proposals have been put forth to address these challenges,
no definitive solution has emerged. However, the use of DDD has been featured prominently in
these proposals. This connection between DDD and MSA can be traced back to the 2014 definition
of MSA, and the principles of DDD have frequently been referenced within microservices.

Despite the theoretical discussion [10-11] of the relationship between these approaches,
uncertainties have surrounded their practical application. Additionally, the challenges associated
with MSA [7, 9], combined with those of DDD [11], have given rise to new challenges in the
practical implementation of microservices development with DDD. This lack of clarity regarding
DDD for microservices development has created a gap between theory and practice. The issue
concerning the knowledge gap between the theory and practice of DDD is directly tied to the
practical advantages it offers in designing microservices-based systems. In some studies, [12-13], a
set of strategies and techniques to design APIs have been reported to deal important decisions about
microservices, where the granularity definition of microservices has been one of the most important
themes around mentioned architecture. However, various ideas, patterns, and techniques within
DDD have often been cited concerning achieving mentioned benefits related to well-defined
granularity for microservices. Moreover, incorporating DDD principles suggests enhanced
efficiency in stakeholder collaborative work [13]. The mentioned benefits of DDD are examples of
potential solutions for microservices challenges, which are hindered by the lack of knowledge about
the use of DDD principles and patterns in a practical context.

This lack of clarity can be mitigated by analyzing practical cases documented in the literature
regarding the utilization of DDD in the development of microservices-based systems. While other
studies have addressed this issue, hone provide specific reasons for authors' decisions to employ
DDD in microservices development and the corresponding outcomes. Among these unexplored
aspects, it is crucial to determine the DDD techniques employed, identify the patterns utilized in
microservices design, and explore other pertinent details that shed light on the limitations and areas
of opportunity in using DDD for microservices-based development.

To better understand the practical use of DDD in developing microservices-based systems, this study
extends our previously systematic mapping study [1]. We conducted a systematic literature review
complemented with a thematic analysis. The objective was to investigate the current state of the art
in microservices development with DDD in practical scenarios. We compiled and analyzed a
collection of diverse studies that reported the use of DDD in their microservices projects from 2014
to 2023. The findings obtained from this evidence can assist developers in identifying the practical
applications and adaptations made by their peers when utilizing DDD. Furthermore, this research
can also help uncover DDD's limitations and identify areas of opportunity where this approach can
effectively address the main challenges associated with microservices development.

This study is organized as follows: Section 2 provides an overview of the related work in this field.
Section 3 outlines the research method chosen for conducting the systematic literature review. The
execution of this research method is described in Section 4. The results obtained from the research
method are presented in Section 5, followed by a discussion in Section 6. Section 7 addresses the
potential threats to the validity of this study. Finally, Section 8 presents the conclusions drawn from
the evidence collected in this research.

2. Related work

This section provides an overview of the research work associated with the objective of this study.
In a study by Singjai etal. 2021 [14], the authors investigated Architectural Design Decisions (ADD)
associated with API design and DDD patterns using a grounded theory research method. The APIs
developed using DDD served as the foundation for modeling microservices. Specifically, Singjai et
al. identified six ADDs and 27 decision options about utilizing the DDD domain model and strategic
patterns for delineating API specifics. It is important to note that this study was limited to gray
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literature and did not analyze white literature sources. Singjai et al. acknowledged the risk of
generalizing their findings, underscoring the potential for additional resources in different data
sources relevant to the research topic.

Schmidt et al. also conducted a relevant study in 2020 [15], which entailed a systematic literature
review focused on microservices identification proposals. This study examined two distinct
development approaches: Model-Driven Development (MDD) and DDD. The authors collected a
set of primary studies from 2013 to 2019, of which 27 were considered for review. Among these 27
primary studies, only four included DDD patterns specifically for microservices identification.
While the study primarily focused on white literature, it did not specifically address the examination
of DDD and MSA practices as its main objective. Given the time frame covered by Schmidt et al.
and the recent surge in research highlighting the relationship between DDD and MSA, as mentioned
in various studies [16-18], there arises a clear need for a dedicated study that concentrates on the
utilization of DDD within the context of developing microservices-based systems.

This study will solely encompass white literature to narrow the research scope and delve into
previously unexplored evidence of the integration of DDD and MSA. By concentrating solely on
white literature, we aim to complement existing related work and provide an analysis of DDD's
application in developing microservices-based systems.

3. Research method and conduction

This section describes the method followed for our systematic literature review. Firstly, we followed
the Kitchenham proposal [19] for evidence-based research on software engineering. In addition,
other methods were selected to complement some phases and activities of the research. The methods
used to complement the systematic literature review were: (I) Automatic search with Zhang et al.
proposal [20], (I1) Snowballing process proposed by Wohlin [21], (111) Narrative synthesis from
Popay et al. proposal [22], and (IV) Thematic synthesis from the proposal of Cruzes & Dyba [23].
To complement the analysis with thematic synthesis, some guidelines of the Thematic analysis
method proposed by Clark & Braun [24] were performed in this study.

3.1 Search process

We started following Phase 1 of the systematic literature review method proposed by Kitchenham.
Following the mentioned method, we defined and refined a set of research questions (RQ) during
the research process. These RQs were documented in a systematic literature review protocol [25]
and uploaded in Zenodo [25].

These RQs were guidelines for the research process and the key criteria for discarding or selecting
papers during the search process. Through a manual search, relevant studies were identified, and
they were the basis for performing an automatic search. We chose the proposal from Zhang et al.
[20] to create a search string that facilitates the identification of primary studies on different engines.
The automatic search method of Zhang et al. is closely related to systematic literature review studies
[19], and the proposal of strict metrics to evaluate the quality of a search string (Recall and Precision)
reduces the likelihood of missing relevant studies.

Following the automatic search proposal by Zhang et al., the relevant studies found from manual
search formed the Quasi-Gold Standard (QGS) [20]. The relevant studies identified after manual
search were published in the following databases: IEEE Xplore, ACM Digital Library,
ScienceDirect, and SpringerLink. With 18 studies that conformed to the QGS and IEEE Xplore
selected as the evaluation engine, we evaluated different versions of the search string with the Recall
and Precision metrics following the recommendations of Zhang et al. [20], where the search string
was only approved when its recall was at least 80%. Several iterations of search string evaluation
were performed.
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3.2 Selection process

Once the search string was built, we established inclusion and exclusion criteria based on the
characteristics of primary studies that formed the QGS. For the filter process, the selection criteria
were grouped into four stages. Stage 1 was performed through the year and type filters of engines
selected. Stage 2 grouped exclusion criteria related to the access of papers and the duplicated studies
between engines. This duplication was identified mainly between ACM Digital Library and IEEE
Xplore, where four duplicated studies were found during the manual search. Stage 3 involved the
reading of the title and abstract of each paper. Lastly, in Stage 4, the papers were downloaded and
read to confirm that the content answered at least one RQ.

As a result of the selection process, some papers were included and excluded through different
stages. A sum of 624 studies was collected from the execution of search strings in all engines. After
Stage 1, 357 studies were filtered. In Stage 2, 155 studies were discarded. After Stage 3, 79 studies
were discarded, obtaining 123 relevant studies. As a result of Stage 4, 31 primary studies were
identified.

3.3 Snowballing process

After the selection process, 31 primary studies were identified. However, some primary studies
could have been omitted during the selection process, so we decided to perform a snowballing
process. We chose the process proposed by Wohlim [21]. This method proposes a systematic
selection based on the relationship between studies through their references, which allows the
division of the entire process into backward and forward. Firstly, we performed a backward
snowhalling, followed by a foreward snowballing. At the end of the snowballing process, 35 primary
studies were identified as sum of the primary studies of automatic search and the four primary studies
found in snowballing [26-60].

3.4 Data extraction process

Following the recommendations of Kitchenham for a systematic literature review, we performed a
preliminary synthesis based on the proposal of Popay et al. [22] to identify the answers to the RQs.
We performed only some steps of narrative synthesis to confirm that each primary study answered
at least one RQ. This preliminary synthesis also allowed us to familiarize ourselves with the content
of primary studies. This familiarization phase is one of the first steps of thematic synthesis [23]. We
also performed a thematic synthesis, where the data was combined, and grouped into Themes to
express higher-order ideas such as Cruzes and Dyba expressed in their proposal [23].

3.5 Data synthesis

As part of Phase 2 of Kitchenham’s method is the Synthesis of research. This process is a crucial
part of the analysis of evidence. Through an interpretative and systematic process, new knowledge
is generated based on a set of data. Thematic synthesis allows us to combine, compare, and explore
the patterns in the data. These meaning patterns are helpful in generating new conclusions
(generalizations) to achieve the aim of this study and complete Kitchenham’s method. The thematic
synthesis method was based on the thematic analysis proposed by Braun and Clark [24], providing
guidelines to explore the evidence and cover the step "Data synthesis" of the Kitchenham method.
The first step of thematic synthesis corresponds to familiarization with primary studies. The
mentioned preliminary synthesis was also used to cover the first step. The second is identifying text
segments from primary studies that answer the RQs. This second step inspired the second data
extraction for thematic synthesis mentioned in Section 3.4. The third step was the label of text
segments. This step was performed through coding in MaxQDA? 2020, where the codes were filled

! https://www.maxqda.com/
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out in the tabular formats described in Section 3.4. The code labels were refined through consensus
among the authors of this study.

The fourth step was the identification of themes as a set of closely related codes. Each code
represents a relevant and single-faceted concept, while each theme represents a multi-faceted idea
[24]. Therefore, we grouped codes that explain the meaning of the same background idea. After
identifying the themes, they were grouped into higher-level taxonomies (Higher-order themes).
These higher-order themes related to a set of themes show the high-level overview of the data from
the evidence collected.

4. Results

The products obtained from the method conduction are shown in this section. These results
encompass answers for RQs and a thematic map that synthesizes all data collected by this study.
The use of DDD in microservices-based systems development has increased in recent years, where
2023 represents the year with the most significant number of primary studies published. The
distribution graphic with the publication years of primary studies is shown in Fig. 1.

Regarding the engines where primary studies were published, the IEEE Xplore was the engine where
the major number of primary studies were found, with 25 primary studies published. ACM Digital
Library was the second, with five primary studies published, ScienceDirect with three studies, and
SpringerLink with two studies. The graphic with the number of primary studies found per engine is
shown in Fig. 2.
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Fig. 1. Primary studies by publication years.

4.1 Answers to research questions

The RQs were the guidelines of this study, and the findings obtained for each RQ enabled us to
understand the state of research on the use of DDD for microservices-based systems. This section
answers the research questions mainly with quantitative data and some qualitative details. However,
the product of qualitative analysis is shown in Section 5.2.

(1) RQ-1: What are the purposes of using DDD for microservices-based systems development? In
the use of DDD reported by authors, four motivations were identified in microservices-based
systems development. These motivations are shown in Fig. 3.
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As shown in Fig. 3, almost all authors of the primary studies mentioned having used DDD for
microservices identification [26-52, 54-60], which consists of decomposing a business domain or
legacy system into partitions corresponding to microservice candidates.
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Fig. 2. Primary studies by engine.
Microservice Identification 34
|PS-01 - P5-27, P5-29 - P5-35]
Design of each Microservice
[P5-03 - PS-07, PS-10, P5-12, P5-14, P5-17, _ 19
PS-20, PS-26 - PS-31, P5-33 - P5-35]
Domain-Based Language Establishment 7
[PS-03, P5-09 - PS-12, P5-20, P5-34]

Wide Domain Decomposition
[PS-12, PS-13]

[ ¥]

(=]
-
[=]

20 30 40
Primary studies
Fig. 3. Purposes of DDD Usage in Microservices-Based Systems Development.

For this purpose, the strategic patterns BC and Subdomain were commonly used. The second most
frequent purpose by which authors chose DDD was the design of each microservice [28-32, 35, 37,
39, 42, 45, 51-56, 58-60]. This design took place after the microservices identification, and it refers
to the definition of a domain model that reflects business knowledge isolated into each microservice.
The third purpose shown in Fig. 3 was using Ubiquitous Language (UL) to cultivate a common
language between domain experts and the development team to increase communication
effectiveness [28, 34-37, 45, 59]. The fourth purpose was only identified in two primary studies [37,
38]. It uses a Subdomain pattern to split a broad business domain into more manageable partitions.
Unlike microservices identification, the use of DDD for wide domain decomposition is about
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reducing the complexity of the business domain through partitioning, where each part of the domain
can be decomposed into several microservices.

(2) RQ-2: What is the evidence about the use of DDD for microservices-based systems
development? The first one was software systems, and the second was models. Fig. 4 shows the
systems developed by authors with DDD and Microservices Architecture. These systems were
classified into two kinds based on the details mentioned by the authors about their development
process and the context of the business domain problem.

As shown in Fig. 4, DDD was used to develop 36 microservices-based systems. Of these systems,
56,76% correspond to domains controlled and limited by authors to evaluate a proposal or explore
the use of some DDD patterns and principles (Example systems) [27, 29-30, 40, 44, 55-59]. On the
other hand, 43,24% of the mentioned systems correspond to real problems where it is necessary to
satisfy the necessity of the clients (Industry systems) [26, 28, 34-38, 45-50, 52-53, 58, 60].

Example systems
|PS-02, PS-04 - PS-05, PS-15, PS-19, 18 1
PS-30 - PS-34]

Industry systems
[PS-01, PS-03, PS-09 - PS-13, PS-20
- PS-25, PS-27 - PS-28, PS-33, PS-

35]
0 3 6 9 12 15 18 21
Microservices-based systems
B Developments from scratch Migrations Refactoring

Fig. 4. Microservices-Based Systems developed with DDD.

On the other hand, a set of models involved in the microservices design process were identified.
Some of them come from the DDD literature, but others were used to complement the design
obtained with DDD, according to the authors of primary studies. In Fig. 5, a set of models is shown,
classified by the type of system where the authors mentioned them.

Fig. 5 shows two DDD artifacts used during microservices design: the DDD Domain model and
Context map. However, the DDD artifacts were not enough to deal all the specification aspects of
microservices-based systems, reason why authors also used UML artifacts to complement the
preliminary design obtained with DDD models.

Some models were created by following a notation proposed by authors of primary studies, such as
the source model and sketching rough descriptions shown in Fig. 5. These artifacts do not seem to
follow a clear standard or notation.

(3) RQ-3: What DDD patterns are used in the microservices-based systems development? A
sum of 12 DDD patterns was used by the authors of primary studies in their microservices-based
systems design process. These patterns are shown in Fig. 6.

Based on Fig. 6, strategic patterns were mentioned mainly in industry systems, while tactical patterns
predominate in example systems. Fig. 6 shows BC as the DDD pattern most frequently mentioned
in primary studies [27-30, 34-38, 40, 44-48, 52, 54, 60]. This pattern was treated as a microservice
representation, and such as the definition by Evans [2], it delimits the scope of a model. The UL
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pattern was used by authors of primary studies [28, 34-37, 45-46, 59] to increase the effectiveness
of communication between domain experts and the development team, enabling a clear
understanding of the problem. In addition, it is one of the patterns (together with Subdomain, ACL,
and CS) that was only mentioned by authors who developed an industry system.

DDD Domain model 15 5
|PS-03 - PS-05, PS-10, PS-20, PS-27 - PS-30|
Use cases model 5
|PS-09 - PS-11, PS-20, PS-30, PS-34|
Class model — 1
[PS-05, PS-11, PS-15]

Database model 1 3
|PS-03, PS-10, PS-22, PS-25, PS-30)

Context map 3
|PS-09, PS-11, PS-12)

Deployment model 2
|PS-11, PS-33)

Microservice interaction model 3
[PS-11, PS-35|

Sketching rough descriptions

[PS-03, PS-12| 2
Components model 1
|PS-35|
Actor context model 1
|PS-09]
Flowchart 1
|PS-29]
Source model 1
|PS-03]
0 5 10 15 20
Microservices-based Systems
= Example systems Industry systems

Fig. 5. Models used with DDD for microservices design.

Regarding tactical patterns, they were presented in a DDD domain model to obtain a domain-
oriented microservices design. Entity was the tactical pattern most frequently mentioned by authors
of primary studies [28-30, 35, 37, 45, 54, 60], and it was not always related to the Aggregate pattern.
Unlike Entity, Aggregate is a pattern that requires using Entity and, optionally, other patterns such
as Value object, Domain service, Repository, and others. Value object and Domain service were
mentioned only as building blocks of the Aggregate pattern. Another pattern used with Aggregate
was Repository, which was responsible for manipulating persistent data of an Aggregate through
ACID transactions (Atomicity, Consistency, Isolation, and Durability). Event-Sourcing was a
pattern mentioned during the DDD design [30], but no details were given about its usage in the
microservices design.

(4) RQ-4: What technologies are used with DDD for microservices-based systems
development? As reported by the authors, a set of technologies was identified in the microservices-
based systems developments with DDD. Most of the technologies were used to implement
microservices-based systems, and only three were reported as complements of the design with DDD
[30, 34]. They are shown in Table 1.

(5) RQ-05: What techniques are used with DDD in the microservices-based systems
development? The techniques of DDD used to complement DDD identified during the
microservices-based systems development are shown in Fig. 7.
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Fig. 6. Domain-Driven Design patterns used in microservices-based systems development.

Table 1. Technologies used with DDD for microservices-based systems development.

Technology name Description

Primary studies

Official web site

Eclipse Papyrus Design environment used by authors for | PS-05
code derivation from a DDD domain
model made with a UML Profile

https://eclipse.dev/pa
pyrus/

(microservices).

ExplorViz The 3D tool used by authors to identify PS-09
coupling degrees between BCs

https://explorviz.dev/

Structure Static code analysis tool used to scan a PS-09
101 legacy monolithic project and obtain BC
candidates.

https://structure101.c
om/

As shown in Fig. 7, the authors used two kinds of techniques during the microservices design:
elicitation techniques and DDD techniques. Context mapping was the DDD technique most
frequently used by authors to model microservices candidates as BCs in a context map [34, 36-35,
46, 52]. Event-Storming [4] was a technique related to DDD, as mentioned in PS-01 [26], to identify
subdomains, where each subdomain was considered a microservice. Although the authors of PS-01
[26] mentioned the work product obtained after Event-Storming execution (DDD subdomains), no
details were mentioned about the procedure followed to perform Event-Storming. Regarding
elicitation techniques, these were used together with UL [26, 28, 34, 36-37, 59, 60]. There are some
strategies described in DDD literature to cultivate a UL, such as Domain storytelling, Knowledge
crunching, and others. However, the authors of primary studies used interviews (mainly),
brainstorming, focus groups, and questionnaires to extract the domain knowledge from the

interaction with domain experts.
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Fig. 7. Techniques used together with DDD.

(6) RQ-06: What challenges are mentioned by authors during the development of
microservices-based systems? The authors mentioned 13 challenges when they used DDD in their
development processes. These challenges are shown in Fig. 8.

The challenges identified were classified into six categories based on the problems that the authors
described in primary studies. As shown in Fig. 10, the authors of primary studies mention two main
difficulties. The first one is the procedure that is not defined [27, 30, 45]. It consists of the lack of a
strict process to apply DDD techniques and patterns "correctly.”" The decision of what DDD pattern
should be used and how depends on the business domain and the comprehension of a software
engineer about the context of the problem. The second main challenge mentioned by authors of
primary studies is related to the limitations mentioned by Evans [2]. When technical complexity
predominates over the complexity of the business domain, DDD can complicate the solution [30,
42, 56]. The authors mentioned this because they do not recommend using DDD for developments
where the most significant complexity is technical.

(7) RQ-7: What proposals exist for the development of microservices-based systems with
DDD? Due to the incremental use of DDD in microservices-based systems development, some
authors have proposed procedural guidelines to overcome the most frequent challenges of
Microservice Architecture with the helplessness of DDD. These proposals are shown in Fig. 9, and
they were classified according to the proposal type described by the authors of primary studies where
they were extracted.

As shown in Fig. 9, 21 proposals were identified and classified into five categories. These categories
come from the denomination authors use to refer to their proposals. For example, the authors named
their proposals "Approaches" in six primary studies [35, 40, 43, 55-57]. In five primary studies [30,
33, 37, 39, 58], authors named their proposals as "Methodologies" and so on. Based on Fig. 9, it is
also possible to see that 80,95% of proposals were evaluated by authors. In comparison, 19.05%
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were not evaluated, postponing their evaluation to future works or delegating the evaluation for
interested lectures.

Procedure not defined
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Untreated technical complexity
|PS-05, PS-17, PS-31]

w

Experience required
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[PS-04 - PS-05]

8
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[PS-07]

[

o
[
[ %]
w
F

Primary studies

Fig. 8. Challenges faced with DDD in microservices-based systems development.
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Fig. 9. Proposals for microservices design with DDD.
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4.2 Thematic Synthesis Results

As a result of the systematic literature review, a familiarization phase recommended by Braun and
Clark [24] was performed. However, a new data extraction was conducted based on RQs and
thematic synthesis guidelines [23]. This data collection enabled us to identify meaning patterns
among the data. This first level resulted in a set of code concepts seen as building blocks of themes.
A sum of 32 codes were identified from the evidence. These codes were transformed into 11 themes
that isolate the idea behind a group of codes. In the end, five higher-order themes were identified
through theme grouping. Based on the thematic synthesis process, it is possible to describe a
particular story of collected data, as mentioned by Braun and Clark [24]. This high-level overview
synthesized with thematic synthesis can be seen in Fig. 10 in the high-order themes model.
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Fig. 10. Thematic Map of Domain-Driven Microservices Design.

(1) Cross-Stakeholders Communication. According to Vlad Khononov [4], the central idea of
DDD is the communication. The domain knowledge shared between domain experts and developers
should be clear and consistent. With this similar purpose, authors of primary studies familiarized
themselves with the domain experts' jargon and used it to cultivate a UL free of technical details and
ambiguous terms. This approach forms the basis of the theme "Ubiquitous Domain Language"”,
which consists of using UL as a business domain glossary to enrich the domain knowledge exchange
between stakeholders. This language is product of a distillation process, which is the idea behind the
"Domain Terminology Discovery" theme, and it is related to the use of elicitation techniques
mentioned in above sections.

(2) Microservice identification. Cultivating UL enables benefits related to effective
communication, but another consequence of its usage is the identification of BCs. Each BC acts as
a semantic boundary that delimits the meaning of the terms that conform to an UL. Through BCs, it
is possible to decompose a business domain into semantic domain partitions that represent
microservices. The theme "Domain Decomposition" encompasses all the activities and strategies
(described in the above sections) used by authors of primary studies for business domain partitioning
into BCs, subdomains, or Aggregates that represent microservices.
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Another strategy was identified using DDD analysis techniques to identify clusters of domain
concepts. The authors performed Event-storming to identify microservices candidates. This
technique and the use of domain events reflect the "Domain Data Flow Analysis" theme, which
involves the analysis of the closely related domain events that allowed authors to identify clusters
treated as microservices.

(3) Microservices Architecture Design. As shown in the above sections, all tactical design patterns
were translated into using the DDD domain model to design the business domain layer for each
microservice identified with strategic design. The domain layer is a crucial part of the architecture
of the microservices-based systems developed by authors, which is why the theme "Domain Model-
Based Microservices Design" was defined. However, some other technical details were not specified
with DDD artifacts.

Mainly in industry systems development, challenges related to the design specification of
microservices were mentioned. This lack of technical specification for microservices was why other
design patterns such as CQRS, Saga, Strangler Fig, and others were used together with standardized
diagrams to describe details related to the implementation of microservices. These design resources
used to refine the preliminary design obtained with DDD were defined as the "Detailed
Microservices Design" theme. We also notice another design resource to refine the design obtained
with DDD for each microservice. This is the use of technologies mentioned in primary studies PS-
05 and PS-09. This action to complement the design of microservices was defined as the "Design
Support Technologies" theme.

(4) Challenges. In answer to RQ6, challenges mentioned by authors of primary studies were
extracted. As a result of thematic analysis, these challenges were classified into two themes that
represent the two main difficulties faced by developers during microservices design with DDD. The
theme named "Inherent Complexity of Domain-Driven Design” is related to the lack of guidelines,
checkpoints, and a strict path to know if a developer is applying DDD correctly. Another challenge
was defined as "Domain Model Implementation Obstacles", which comes from the problems faced
by authors who tried to implement the DDD domain models. Some authors have made some
proposals; however, there are no rules, guidelines, or strict specific ways to generate code from these
DDD artifacts.

(5) Benefits. Just as the authors of primary studies have reported challenges in the use of DDD for
microservices-based systems development, some authors mentioned the benefits obtained from the
execution of some of DDD techniques and the use of its patterns. Some authors of primary studies
mentioned benefits related to development complexity. In PS-04, PS-05, and PS-30, authors
described the business domain complexity isolated into some DDD patterns such as BCs,
Aggregates, or Subdomains. This isolation enabled them to tackle the most significant complexity
of their microservices-based projects, the business domain logic. These benefits were grouped into
the theme "Business-Technical Alignment Advantages".

Furthermore, other primary study authors mentioned benefits during the microservices size
definition. Based on the decomposition process followed by authors, each microservice could
sometimes be represented as a BC or an Aggregate. This decomposition proposed by DDD
contributes to modifiability. These benefits related to the size of microservices were grouped in the
theme of “Microservices Sizing Benefits”.

5. Discussion

In this study, we successfully answered all the research questions by employing the research method
conduction. Our efforts involved collecting and synthesizing a wealth of knowledge on the practical
use of Domain-Driven Design (DDD) in developing microservices-based systems.

Analyzing the demographic results of the study yielded interesting findings, particularly an
increased interest in the adoption of DDD in Microservices Architecture (MSA). It is worth noting
that a gap exists between theoretical understanding and practical implementation of certain patterns,
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such as Subdomain or BC. Consequently, through this research, we have provided evidence-based
knowledge on these patterns and their application. Our findings complement the grounded theory
study published by Singjai et al. [14] and the systematic review conducted by Schmidt et al. [15],
offering valuable insights into the practical use of DDD in microservices system design.

The utilization of Domain-Driven Design (DDD) has emerged as a vital component in the domain
analysis phase of microservices-based systems development within the industry. Strategic design,
in particular, plays a crucial role in establishing a shared understanding among stakeholders,
enabling authors to express ideas unambiguously. Conversely, developers have primarily utilized
tactical design to tackle controlled domain problems and serve specific purposes. Additionally,
existing literature indicates that DDD has been employed to decompose business domains into
microservices candidates in the analysis process. However, it is important to note that the BC pattern
is not the only one utilized or emphasized in the literature. Using UL for stakeholder interaction is
a common practice in complex domains where developers may not be familiar with the domain. On
the other hand, applying Tactical design in industrial projects has been less frequent. Thus, certain
DDD patterns, such as Domain Event, Event-Sourcing, and Domain Services, remain underutilized
in real-world contexts.

6. Threats to validity and limitations

In the literature reviews, Kitchenham and other authors [19, 22-23] emphasized the importance of
reliability. This aspect was carefully considered throughout the research process, from manual
search to data synthesis using Cruzes and Dyba's proposal. We implemented a series of mitigation
measures to minimize potential biases at various stages of the research.

To ensure the selection of relevant papers was unbiased, we utilized a manual search approach and
established inclusion and exclusion criteria based on the Quasi-Gold Standard. These criteria helped
us avoid solely relying on one search engine's studies. Once we identified primary studies, we further
augmented our research by employing a snowballing technique. This process helped to minimize
the possibility of overlooking any relevant studies.

Once the selection process was complete, the chosen primary studies underwent a rigorous
evaluation by the authors of this study to ensure their relevance to at least one RQ. Also, the authors
continuously reviewed and revised their work during the data extraction process to maintain
accuracy. Review questions were developed and regularly evaluated to avoid omissions and confirm
that no crucial data had been missed. The same meticulous approach was applied when defining
themes and subthemes, with each code being meticulously linked to specific text segments and the
themes closely tied to these codes. In the same way, the names assigned to the codes, themes, and
higher-order themes were determined through collaborative revisions among the authors of this
study.

7. Conclusion

In this study, we adopted the systematic literature review method proposed by Kitchenham [19] to
examine the utilization of DDD in developing a microservices-based system. We formulated seven
research questions (RQs) to guide our research process and ensure focused research. Our selection
process involved both manual and automatic searches to identify relevant studies. Through this
process, we identified 31 primary studies. We also employed snowballing techniques to enhance our
selection, which led us to four additional studies. We then conducted a preliminary synthesis to
familiarize ourselves with the primary studies and address the RQs, mainly focusing on the
application of DDD in the development of microservices-based systems. To gather the necessary
data, we performed an extraction process. To provide a comprehensive analysis, we further
conducted a thematic synthesis utilizing the method proposed by Cruzes and Dyba. To complement
this approach, we also incorporated recommendations from the Braun and Clark proposal, ensuring
a robust analysis of the collected data.
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Throughout our analysis, we have identified specific details regarding the application of DDD that
contribute to enhancing effective knowledge sharing between developers and domain experts. These
details primarily revolve around the integration of UL with DDD and the utilization of various
elicitation techniques. Interestingly, these aspects have not been extensively addressed in related
studies, thereby providing fresh insights into the broader scope of DDD beyond its traditional
utilization for system decomposition.

Among the different uses we discovered, the most frequently reported one involves decomposing a
business domain or legacy system into microservices. However, our analysis captured new and
pertinent details about using strategic patterns to define the business scope of microservices, as well
as variations and adaptations.

Most authors in the primary studies highlighted the successful implementation of microservices,
explicitly noting the absence of coupling issues between microservices. Some authors went so far
as to underscore DDD's potential for achieving an optimal scope of microservices based on business
capabilities. While the remaining authors did not mention any problems in their DDD-driven
microservices systems, they did not specifically address certain characteristic aspects of DDD within
the context of MSA.

Despite the overall positive outcomes reported, some challenges persist in the practical application
of DDD. These challenges primarily stem from the perceived complexity of implementing DDD,
which can be particularly daunting for developers without prior experience analyzing and designing
intricate business domains. Additionally, there is an opportunity for future work in refining the
implementation of DDD artifacts, such as the domain model, to further enhance its effectiveness and
efficiency in microservices development. Finally, we envision future work focused on delving into
the creation of DDD patterns that allow the development of code that effectively represents the
underlying business logic, with minimal dependencies on specific programming languages based on
Object-Oriented Programming.
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Abstract. Program Synthesis is the process of automatically generating software from a requirement
specification. This paper presents a systematic literature review focused on program synthesis from
specifications expressed in natural language. The research problem centers on the complexity of automatically
generating accurate and robust code from high-level, ambiguous natural language descriptions — a barrier that
limits the broader adoption of automatic code generation in software development. To address this issue, the
study systematically examines research published between 2014 and 2024, focusing on works that explore
various approaches to program synthesis from natural language inputs. The review follows a rigorous
methodology, incorporating search strings tailored to capture relevant studies from five major data sources:
IEEE, ACM, Springer, Elsevier, and MDPI. The selection process applied strict inclusion and exclusion criteria,
resulting in a final set of 20 high-quality studies. The findings reveal significant advancements in the field,
particularly in the integration of large language models (LLMs) with program synthesis techniques. The review
also highlights the challenges and concludes by outlining key trends and proposing future research directions
aimed at overcoming these challenges and expanding the applicability of program synthesis across various
domains.
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AnHoTanus. [IporpaMMHBII CHHTE3 — 3TO MPOIECC ABTOMAaTUUECKOTO CO3AaHUs TPOrPaMMHOT0 00eCTIeueHUs
Ha OCHOBE crenu(ukanuy TpedoBaHuil. B 3Toil cTaThe mpeacTaBieH CHCTEMAaTHIECKU 0030p JIUTEPATypHI,
MOCBSIIIEHHBIA CHHTE3Y MPOrpaMM U3 crienu(HKAIMi, BRIPA)KCHHBIX HA €CTECTBEHHOM si3bIke. Mccnemyemas
npo0iIeMaTHKa 3aKII0YaeTcss B CIOXKHOCTH aBTOMATHYECKOIO CO3JaHUS TOYHOTO M HAJEKHOTO KOJa M3
BBICOKOYPOBHEBBIX, HEOJHO3HAUHBIX ONHMCAHUH Ha €CTECTBEHHOM SI3bIKE — Oapbhep, KOTOPHIH OrpaHHYHBaET
GoJiee MMPOKOE UCIIOIB30BAaHUE CPEACTB aBTOMATU3ALMHU TIpU pa3paboTKe MporpaMMHOro obecrnedenus. [
HCCIIeI0BaHMS STOH IPOOGIEMBI aBTOPHI CHCTEMAaTHUECKU N3yJaln paboThl, OITyOIHKOBaHHEIE B mepuoj ¢ 2014
mo 2024 ropn, nmemas akIeHT Ha pabOTHI, B KOTOPBIX PACCMATPHBAIOTCS DPA3IMYHBIC IOAXOABI K CHHTE3Y
IIPOrpaMM Ha OCHOBE JaHHBIX Ha €CTECTBEHHOM si3bIke. O030p clieyeT CTPOroi MeTOA0JIO0THH, BKIFOUYAoIIeit
MIOUCKOBBIE CTPOKH, aJaNTHPOBAaHHBIE Ui cOOpa COOTBETCTBYIOLIMX HCCIIEIOBAaHMI M3 ISATH OCHOBHBIX
ucrounukoB nanusix: IEEE, ACM, Springer, Elsevier 1 MDPI. B nporecce 0T60pa MPUMEHSIIUCH CTPOTHE
KPHUTEPHHU BKJIIOUCHUS M HCKITIOUCHUS, YTO MPUBEJIO K OKOHYATEIbHOMY Ha0opy U3 20 BEICOKOKaYeCTBEHHBIX
uccienoBaHUi. Pe3ynpTaThl NMOKa3pIBAIOT 3HAYUTEIBHBIE JOCTIDKEHHs B JTOH 001acTd, OCOOEHHO B
HHTErpanuy 6ombImKX sA36IKOBEIX Moxenel (LLM) ¢ meronamu cuntesa mporpamm. OG30p Takke ocBemaeT
poOJIeMBbl M 3aBEPLIASTCS] W3JIOKEHHEM KIIOYEBBIX TEHJACHLMH M NpeIoKeHHeM OyIyIIMX HarpaBlIeHUH
HCCIIeIOBAaHNH, HAILENICHHBIX HA IIPEOJOJICHHE 3THUX TNPOOIeM U paclIUpeHne HPUMEHHMOCTH CHHTE3a
MIPOTPaMM B Pa3INIHBIX 00IACTSIX.

KuioueBble cji0Ba: CHHTE3 MPOrpaMM; FeHepanys nporpaMm; 00paboTKa eCTECTBEHHOTO S3bIKA.

Jast uutupoBanusi: Pamupec-Pysaa P., benurec-I'yappepo 2., Mesypa-T'onoii K., bapcenac 2. lecsatunerue
JIOCTIDKEHUH B CHHTE3€ IPOrpaMM IO CreHU(UKAIMAM Ha €CTECTBEHHOM S3bIKE: CHCTEMAaTHYECKHil 0030p
mureparypel. Tpynst UCIT PAH, tom 36, Bem. 6, 2024 r., ctp. 59-82 (ma anrmmiickom s3eike). DOI:
10.15514/ISPRAS-2024-36(6)—4.

BaaromapnocTn. DTa pabora Oblla YaCTUYHO BHINOJHEHA NpPH Mojanepxke HaruoHanbHOro coBera MO
ryMaHUTapHBIM HaykaM, Hayke U TexHuke (CONAHCYT-Mekcuka) B pamkax npoekra “Infrastructura para
Agilizar el Desarrollo de Sistemas Centrados en el Usuario” (Catedras, Ref. 3053). Kpome Toro, aBTopsI
omaronapst coeT CONAHCYT 3a JOKTOPCKYO CTHIICHIUIO, IPEIOCTABICHHYO IEPBOMY aBTOpPY. MBI Takxke
OnmaromapuM YHUBEpCHUTET ITata Bepakpyc 3a moAnep Ky B IPOBEJICHUH 3TOTO HCCIECAOBAHMS.

1. Introduction

The development of a software system encompasses a detailed life cycle that includes stages such
as requirement specification, design, prototyping, and testing [1]. Traditionally, this process is slow
and susceptible to errors. To enhance efficiency and reduce errors, employing models at various
abstraction levels, along with their mappings, can facilitate the automatic generation of code from
high-level descriptions. These models, which capture the behavior and structure of the system, can
be developed manually or derived from requirement specifications. Despite the benefits, the process
of generating code from models necessitates establishing the models themselves, defining rules for
mapping elements between models, and creating rules to generate code in the target programming
language. These tasks require expert knowledge and sophisticated tools.

An alternative method is program synthesis [2], which involves generating software automatically
from a requirement specification. Relying on artificial intelligence and formal methods, this
approach aims to produce correct programs by formulating rules that map input specifications
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directly to programs, thus accelerating development. However, it is critical to acknowledge that
software developed through this approach may be more prone to errors and could lack robustness.
In the realm of specifying systems, one commonly uses expressions in predicate logic, necessitating
specialized expertise. To make this approach accessible not only to experts but also to end-users,
specifications should ideally be articulated in a more intuitive form, such as natural language.

Our research takes as reference the work proposed by [3] and [4], which extensively review code
generation with natural language, although they examine approaches that automatically generate
source code from a description In natural language, we want to emphasize the areas of application,
as well as to make known the types of inputs and outputs that are necessary to generate automatic
code from natural language and finally analyze future trends.

To ensure the relevance of our study in this rapidly evolving domain, we consider recent
advancements in natural language processing and artificial intelligence, particularly as they pertain
to program synthesis. This includes the exploration of models like GPT-4 and other advanced
transformer architectures to understand how they can be adapted for interpreting natural language
program specifications. Moreover, we address the current challenges, such as achieving precision in
interpreting complex requirements and the implications of automating code generation.

It is important to note that this work extends the paper “Program Synthesis and Natural Language
Processing: A Systematic Literature Review,” presented at the International Conference on Research
and Innovation in Software Engineering (CONISOFT 2023). In this updated study, we expand the
analysis by covering an additional five years and incorporating a new digital library (MDPI), thereby
covering the last decade. Our objective is to analyze publications, identify emerging trends, and
highlight opportunities for future research that were not addressed in the previous work. We selected
twenty articles from major databases, including IEEE, ACM, Springer, Elsevier, and MDPI.

These studies investigate various methods of program synthesis, ranging from rule-based
approaches, which employ explicit translation rules from natural language to code, to more advanced
techniques that learn these rules from input-output pairs, integrating generative artificial intelligence
models.

The paper is structured as follows: We begin with background information on the relevant research
areas of program synthesis, natural language processing, and generative models. Next, we detail the
methodology employed for the SLR, followed by a discussion of the findings. The paper concludes
with a summary of the research outcomes.

2. Background

2.1 Program synthesis

In this section we discuss Program synthesis is an intriguing research domain focused on the
automatic generation of programs from detailed specifications. This field is particularly valuable for
creating small, complex programs that are verifiable and correct based on comprehensive
specifications.
The domain is characterized by three critical dimensions [5]: the types of constraints that express
user intentions, the operational search space, and the search techniques employed. User intentions
can be depicted through various forms such as logical relations between inputs and outputs,
demonstrations, natural language, input-output examples, or inefficient or related programs. The
search space may be confined by potential program types, computational models like context-free
grammars, or logical frameworks. Search techniques employed include exhaustive searches, version
space exploration, machine learning, and logical reasoning.
Program synthesis can further be classified into methods such as deductive synthesis from full
specifications [6], which generates programs based on probabilistic selection mechanisms. The
viability of a program is determined by its alignment with specified criteria derived from its
specifications. Despite its effectiveness, generating these detailed specifications is a considerable
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challenge and verifying them is computationally intensive.

Alternately, inductive synthesis starts with incomplete problem descriptions, which may include test
cases, specified desired and undesired behaviors, input-output examples, or execution traces for
particular inputs [7]. While this approach ensures correctness by construction, the creation of
extensive programs remains a significant computational challenge, often requiring more effort to
define a complete and correct specification than to write the program itself. Fig. 1 shows the possible
program synthesis approaches.

Synthesis
Paradigm
Inductive Deductive
Example Oracle Component Theorem Transformation
Guided Guided Based proving Rules
Mathemat}cal Predlcatehloglc Declarative Imperative
Induction Extension

Fig. 1. Program Synthesis Paradigms [8].

Conversely, the integration of generative artificial intelligence is reshaping the software industry,
not only by advancing techniques and tools but also by democratizing software development [9]. A
significant obstacle in traditional program synthesis has been the requirement for complete
specifications. However, modern advancements in software development are transforming this
challenge by employing models capable of interpreting natural language descriptions to synthesize
code across various programming languages. This transformation greatly simplifies the synthesis
process and broadens access to those without specialized expertise.

A prime example is the use of large language models (LLMSs), which empower non-programmers to
create applications through intuitive natural language interfaces. This capability could herald a major
shift in information technology education and training, with a greater emphasis on design and project
management skills rather than on pure coding [10].

Unlike traditional expert systems that merely analyze or interact with existing data, program
synthesis harnesses vast data sets and complex architectures to generate new and varied content. By
leveraging continued advances in computing power, this approach employs deep neural networks,
transformers, generative adversarial networks, and autoencoders to capture the complexity of data
and effectively model high-dimensional probabilistic distributions across both specific and general
domains [11].

Furthermore, by incorporating techniques that map the latent semantic space of language or images
to multimedia representations in text, audio, or video, generative models can convert any type of
input into a variety of output formats [12] [13]. This versatility makes generative models invaluable
in numerous applications.

The extensive data access and complex architectures of these models offer unprecedented potential
for content creation and transformation. Their ability to learn from diverse sources, generate various
multimedia formats, and convert inputs from one format to another opens up a wide array of
possibilities in multimedia generation and conversion, making these models indispensable tools in
today’s technologically advanced world.

In summary, program synthesis is revolutionizing problem-solving by enabling non-experts to
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automate solutions without requiring deep knowledge of algorithm design and implementation [14].
Through the strategic use of various constraints, search spaces, and synthesis methods—both
deductive and inductive—the field of program synthesis continues to evolve. While the need for
complete specifications has historically been a barrier, recent technological advancements now
allow for the use of natural language, thereby enhancing the field’s accessibility and practical
application.

2.2 Natural Language Processing

Artificial intelligence systems have significantly advanced the development of complex cognitive
tasks. Natural Language Processing (NLP) serves as a pivotal bridge between human languages and
computers, facilitating a myriad of applications [15]. Among the foundational techniques in NLP
are regular expressions, which are essential for executing various practical NLP tasks.

Progress in NLP has led to sophisticated approaches for tasks such as text classification, knowledge
discovery, and word recommendation. Prominent algorithms for word embedding—such as
Word2Vec [16], GloVe [17], and Gensim [18] — play critical roles in these areas by capturing
semantic relationships between words and enabling vector representations that are used in
downstream tasks. Furthermore, deep learning-based sequence to sequence models (seg2seq) [19]
have proven highly effective in machine translation tasks, facilitating the transformation of text from
one language to another with high accuracy. Techniques that consider word order and linguistic
elements like phonemes and sentences are instrumental in enabling inference and generating novel
sentence elements, making models like Transformers especially powerful in generating human-like
text [20-21].

Sequence modeling is another critical domain within NLP. Long Short-Term Memory networks
(LSTM)[22] are particularly advantageous for these tasks due to their capacity to retain long-term
information in a sequence. Unlike recurrent neural networks (RNN), which typically process
information through tree structures in a seq2tree fashion, LSTMs incorporate bidirectional flows,
thereby enhancing efficiency and performance in a variety of tasks, including speech recognition,
time series prediction, and text generation[23]. More recent advancements, such as Bidirectional
Encoder Representations from Transformers (BERT), further extend the capabilities of sequence
models by pretraining on large corpora and fine-tuning for specific tasks, achieving state-of-the-art
results in many NLP benchmarks. In conclusion, NLP technologies enable the seamless integration
of natural language understanding within systems, thereby meeting diverse end-user needs and
expanding the scope of possible applications. These advancements have profound implications not
only in traditional applications like translation and sentiment analysis but also in emerging areas
such as conversational Al, content generation, and human-computer interaction, where the ability to
understand and generate natural language is crucial. In the next section we will analyze the method
we used for this research.

3. Method

To explore diverse perspectives and support the research presented in this work, we adopted the
systematic literature review methodology proposed by [24], while also incorporating
recommendations from [25-28]. This methodology provides a rigorous framework for exploring the
synergies between program synthesis and natural language processing, thereby enriching the
research landscape and informing future studies in these areas. Additionally, this research considers
fundamental aspects such as requirements, models, input-output formats, and evaluation metrics.
The systematic mapping we employ follows a structured approach that includes Research Questions,
Search String, Data Sources, Selection Criteria, and Quality Assessment.

3.1 Research Questions

The objective of our systematic literature review is to obtain a comprehensive understanding of the
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key components involved in program synthesis and code generation, particularly through the lens of
Natural Language Processing. We aim to reveal the mechanisms underlying automatic program
generation and identify areas needing further research to thoroughly understand the context and
advantages of program generation via synthesis.

The research questions formulated for this study are designed to systematically dissect these aspects:
Q1. What are the application areas?

Q2. What are the inputs used to synthesize a program?

Q3. What are the outputs generated from the program synthesizer and how are they used?

Q4. What type of synthesis is used?

3.2 Search String

We defined a search string aimed at capturing the intersection of key research domains:
[((“Program” OR “Code”) AND (“Synthesis” OR “Generation”)) AND (‘“Natural Language
Processing” OR “NLP”). This string was used to ensure that all pertinent literature was considered.
Depending on the database, a general search string was defined and adapted to each search engine.

3.3 Data Sources

Five major data sources were selected to conduct a comprehensive search for literature related to
program synthesis and natural language processing. The sources include ACM Digital Library, IEEE
Xplore, Springer, Elsevier, and MDPI. These platforms were chosen for their extensive repositories
of scientific papers and their relevance to the fields under study.

3.4 Selection Criteria

To ensure a focused and relevant data collection process, several inclusion and exclusion criteria
were meticulously applied:

The exclusion criteria eliminated other types of documents, such as unpublished works, books,
courses, newspapers, and master’s and doctoral theses.

The inclusion criteria considered only journal articles and conference proceedings published
between 2014 and 2024, which allowed us to capture the most recent advances in the field. The
search parameters were carefully established to filter data by titles, abstracts, and keywords of
journal articles and conference proceedings that met the inclusion criteria. This methodological rigor
ensured the collection of the most relevant and beneficial data for our systematic review.

3.5 Quality Assessment
Each study was evaluated using the criteria from the Center for Reviews and Dissemination (CRD)
of the University of York, as well as the Database of Abstracts of Reviews of Effects (DARE) [29].
The criteria are based on three quality assessment (QA) questions:
QAL. Are sufficient details about the individual included studies presented?
QA2. Does it provide evidence to answer the research questions for this systematic review?
QAB3. Is it a referenced study?
The questions were scored as follows:
e QAIL:Y (yes), presents sufficient details in the study, P (Partially), presents information
partially; N (no), does not have details and cannot be easily inferred.

e QAZ2:Y (yes), The authors based their research in such a way that they included appropriate
strategies, identified and made reference to all the journals that addressed the topic of
interest, and the study answered all the research questions; P (Partially), The study only
partially answered the research questions, N (no), They did not answer the research
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questions, and lacked adequate context.

e QA3:Y (yes), They are highly referenced studies, P (Partially), The study has a certain
number of citations, N (no), The study does not have citations.

The scoring procedure was Y = 1, P = 0.5, N = 0 where information is not specified. Consequently,
the possible score that could be obtained for assessing the quality of a primary study was in the range
of 0 to 3 points. In this sense, the articles considered had to achieve a rating of 1.5 at least. In the
next chapter we will discuss the results obtained.

4. Results

We thoroughly analyzed the full texts of 20 articles that met our selection criteria. Below, we present
the initial results obtained from these articles, providing a summary of the studies included in our
systematic review. This summary aims to establish a foundational understanding of the scope and
impact of the research conducted in the field.

Following the initial overview, we present the quality evaluation of each article to ensure the
reliability and validity of the reported findings. This evaluation was essential to maintaining the
integrity of our systematic review.

Next, we will demonstrate how we answered the specific research questions posed at the beginning
of our study. This analysis will help us identify key trends, gaps in current research, and potential
areas for future research, aligning our findings with the overall objectives of our research.

4.1 Summary of the Studies

In this section we present a summary of the works examined, with the goal of answering the research
questions formulated. The systematic search across the specified data sources initially yielded a total
of 680,924 articles. By applying the inclusion criterion of publication years from 2014 to 2024 and
the focus on journals and conferences, the results were refined to 401,104 articles. Further
application of criteria related to the research topic narrowed this down to 20 articles directly relevant
to the research objectives. The methodology applied in this search is summarized in Fig. 2.

Among these 20 relevant articles, 6 (30%) were published in journals, while 14 (70%) appeared in
conference proceedings, as depicted in Fig. 3. We observed a clear trend of increasing publications
up until 2021 and 2022, followed by a sharp decline in 2023. This trend could potentially reverse in
2024, influenced by emerging developments in the field.

The research questions and corresponding answers presented in this study have significant
implications only 20 papers were directly relevant to the research questions under consideration, as
detailed in Table 1.

Among the data sources, the ACM Digital Library demonstrated the highest precision, with an
accuracy rate of 0.00215% in yielding relevant articles. A detailed distribution of relevant articles
from each source is presented in Table 2. This allows for a discussion on how each identified source
contributes to the understanding of program synthesis and natural language processing as outlined
by the objective of this paper.

4.2 Quality evaluation

The results of the application of the quality evaluation show that, on average, the studies had a score
of 2 points, with the exception of studies S1 and S2 that obtained a score of 1.5. As it can be seen in
Table 3, the articles are of good quality and relevant to the investigation.

4.3 Application areas (Q1)

Program synthesis has become a pivotal tool in various domains, demonstrating significant utility,
particularly in software engineering. Below we can see the application areas identified in the selected
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papers:
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¢ Program Synthesis for Education: Enhancing learning and teaching in logic
and programming through the generation of code from natural language problems.

¢ Program Synthesis for Software Development: Improving developer
efficiency and productivity by automatically generating code, API calls, and
optimizing program synthesis tools.

+ Program Synthesis for Robotics and AI: Simplifying the programming of
complex tasks in robotics and generating solutions for various NLP problems
through advanced AI models.

2014 2015

2016 2017 2018 2018

v W e

ACM Digital Ubrary
|EEE Explore,
Science Direct
Springer Link

MDA

Search String

[{{"Program" OR Code) AND (“Synthesis*
OR Generation)) AND (“Natural
Language Processing” OR “NLP")]

Result: 680924

Time period of
2014 to 20247
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Fig. 2. Steps for the extraction of relevant documents from the selected sources.
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Fig. 3. Type of articles according to inclusion criteria and average of article
according to year of publication.
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Table 1. Selected Papers.

Title Author(s) Year | Ref
. . . Archana, P., Harish, P. B., Rajan,
S1 Domain specific program synthesis N., P, S. and Kumar, N. S. 2021 | [30]
S2 Collective mtglllgence for smarter neural Daiyan. W, Wei. D, and Yating, Z. 2020 | [31]
program synthesis
S3 Generating context-aware API calls from natural .
language description using neural embeddings and Zhan, H., Sharma, A., and Jannesari, 2021 | [32]
machine translation '
S4 HISyn: Human Lgarnmg-lnsplred Natural Nan, Z., Guan, H., and Shen, X. 2020 | [33]
Language Programming
S5 Interactive Program Synthesis by Augmented Zhang, T., Lowmanstone, L., Wang,
2020 | [34]
Examples X., and Glassman, E. L.
S6 Deep nlp-based co-evolvement for synthesizing | Nan, Z., Guan, H., Shen, X., and
. - 2021 | [35]
code analysis from natural language Liao, C.
S7 Interactive synthesis of temporal specifications Gavran, I., Darulova, E., and 2020 | [36]
from examples and natural language Majumdar, R.
. L. Zamanirad, S., Benatallah, B.,
S8 Programmmg.bots_by synthgsumg _natural Barukh, M. C.. Casati, F., and 2017 | [37]
language expressions into API invocations )
Rodriguez, C.
S9 Egeria — A Framework for Automatic Synthesis
of HPC Advising Tools through Multi-Layered Hui. G, Xipeng. S, and Hamid. K. 2017 | [38]
Natural Language Processing
S10 Interactive Synthesis using Free-Form Queries | Tihomir. G and Viktor. K. 2015 | [39]
S11 Jigsaw — Large Language Models meet Program| Naman. J, Skanda. V, Arun. I,
> : 2022 | [40]
Synthesis Nagarajan. N,
S12 Many-objective Grammar-guided Genetic .
Programming with Code Similarity Measurement for Ning. T Anthony. V, and 2023 | [41]
- Takfarinas. S.
Program Synthesis
S13 Program Synthesis Through Learning the Input- | Sihyung. L, Seung. Y. Nam, and 2022 | [42]
Output Behavior of Commands Jiyeon. K.
S14 Assessing Similarity-Based Grammar-Guided
Genetic Programming Approaches for Program Ning. T, Anthony. V, Takfarinas. K. | 2022 | [43]
Synthesis
S15 Generative Model for NLP Applications based | Bhardwaj, P. Khanna, S. Kumar,
: 2020 | [44]
on Component Extraction and Pragya.
$16 Multi-modal program inference: a marriage of . .
pre-trained language models and component-based Kia. R, Mohammad. R, Summit. G 2021 | [45]
. and Vu. L.
synthesis
S17 Prompt Problems: A New Programming Amarouche, B. A. Becker, and B. N. 2024 | [46]
Exercise for the Generative Al Era Reeves.
S18 Automatic Acquisition of Annotated Training
Corpora for Test-Code Generation Magdalena. K and John. D. K. 2019 | [47]
S19 Natural Language Generation and . .
Understanding of Big Code for Al-Assisted Ma_n-Fa|, W. Shangxin. G, and 2023 | [48]
- Ching-Nam. H.
Programming
S20 Effectiveness of ChatGPT in Coding: A
Comparative Analysis of Popular Large Language CRiar}I<os. E. C, Mohammed. N. A, and 2024 | [49]
Models T

67



Ramirez-Rueda R., Benitez-Guerrero E., Mezura-Godoy C., Barcenas E. A Decade of Advancements in Program Synthesis from Natural
Language: A Systematic Literature Review. Trudy ISP RAN/Proc. ISP RAS, vol. 36, issue 6, 2024. pp. 59-82.

Table 2. Total items extracted.

Data Sources Result Useful Articles Accuracy
IEEE 384457 9 0.00002%
ACM 2781 6 0.00215%

SPRINGER 494 1 0.00202%
ELSEVIER 2708 1 0.00036%
MDPI 10664 3 0.00028%
Table 3. Evaluation of the quality of the studies.
Study QA1 QA2 QA3 Total Score
S1 P Y N 15
S2 P Y N 15
S3 Y Y P 2.5
S4 Y Y P 2.5
S5 Y Y Y 3
S6 Y Y P 2.5
S7 Y Y P 2.5
S8 P Y P 2
S9 Y Y N 2
S10 P P Y 2
S11 Y Y Y 3
S12 P Y P 2
S13 Y Y N 2
S14 Y Y P 2.5
S15 Y Y Y 3
S16 Y Y Y 3
S17 Y Y N 2
S18 Y Y P 2.5
S19 Y Y Y 3
S20 Y Y N 2

Education:

[30] focuses on the use of program synthesis to solve propositional logic problems in an
educational context, emphasizing the generation of code from problems described in natural
language. This approach is ideal for teaching and learning in fields related to logic and
programming.

[46] introduces “Prompt Problems” to teach students how to write effective prompts for
generating code using large language models (LLMs), helping them develop skills in
formulating natural language prompts that produce functional code.

Software Development:

68

[31] integrates collective intelligence and bio-inspired algorithms to optimize accuracy in
code generation from user intents.

[32] improves developer efficiency by automatically generating API calls based on natural
language descriptions and the context of the surrounding code.

[33] enhances code generation through natural language understanding, specifically aimed
at software development.

[34] develops interactive program synthesis tools, particularly for creating regular
expressions, using augmented examples to clarify user intent and facilitate automatic code
generation.

[35] evaluates the effectiveness of ChatGPT and other large language models in code
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generation tasks, highlighting their utility as programming assistance tools.

e [37] focuses on the development of interactive program synthesis tools for creating regular
expressions using augmented examples.

e [38] creates a platform called BotBase that allows the transformation of natural language
expressions into API invocations, facilitating bot programming.

e [39] creates advisory tools for optimizing high-performance computing programs using
natural language processing.

e [40] develops a support tool for IDEs that generates Java code shippets based on free-text
queries combining English and code.

e [41] uses pre-trained language models like GPT-3 and Codex to generate code from natural
language descriptions, optimized for complex APIs like Python Pandas.

¢ [42] employs grammar-guided genetic programming for program synthesis, using multiple
code similarity measures to improve accuracy in generating code from textual descriptions
and input/output examples.

e [43] evaluates and improves the use of grammar-guided genetic programming for program
synthesis, guiding the evolutionary process with code similarity measures.

e [45] combines pretrained language models with component-based synthesis techniques to
generate programs from natural language descriptions and specific examples, particularly
for generating regular expressions and CSS selectors.

e [47] focuses on the automatic creation of annotated data sets to generate automated test
cases from quasi-natural language descriptions, using machine learning and machine
translation techniques.

e [48] reviews the use of large language models trained with Big Code for various Al-assisted
programming tasks, including code generation, completion, translation, refinement,
summarization, defect detection, and clone detection.

Robotics:

« [36] facilitates task specification for robots using linear temporal logic (LTL) from natural
language examples and interactions, simplifying the programming of complex and specific
tasks in robotics applications.

Artificial Intelligence:

e [44] creates a generative model for natural language processing (NLP) applications,
extracting meaningful components from case studies to address problems such as reading
text, interpreting speech, measuring sentiment, and determining important parts, generating
optimized solutions for different NLP problems.

4.4 Inputs used to synthetize a program (Q2)

In this section, the primary focus is to identify the different types of inputs that will be processed by
the synthesizer programs. The exploration of the literature has allowed us to identify how these
works take natural language expressions and synthesize examples based on the user’s intended
purpose, using different techniques to achieve the various objectives proposed by the authors. The
results of relevant articles are detailed in Table 4.

The study by [30] introduces a tool for end-user programming designed to simplify the programming
process and enable programmers to focus more on the core logic of the program. This tool removes
the need to deal with language syntax and other domain-specific aspects. User input is provided in
the form of a propositional verbal problem, which consists of facts, conditionals, and questions,
thereby establishing the basis for a learning approach.
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[31] centers on the automatic generation of source code from various user intents. The authors
utilized natural language task descriptions as inputs, enabling the identification of web page tags
that align with these characteristics. This study demonstrates the versatility of user intent expression
and represents significant progress in solving programming tasks based on natural language
descriptions, requiring minimal information about the target program.

Table 4: Types of inputs from different examples of program synthesis using NL.

Types of inputs Avrticles
Verbal problems (Query) [30]
Natural language task descriptions [31], [48], [46]
Sentences and a part of the surrounding context. [32], [39]
Natural language (query) [33], [38], [45]
Description of a method in NL [34], [47]
NL queries based on dependency structure [35]
Specific descriptions [36], [40]
Short description of a specification [37], [42]
High-level specifications [41]
Textual Problem Descriptions [43], [44]
Programming Prompts [49]

Similarly, the study in [32] employed a unique method involving the pairing of an instruction
sentence with a section of corresponding code. The input consisted of a natural language user intent
and a drafted method, using the Java language. A method name generator was then employed to
extract tokens and variable names from natural language descriptions and adjacent code tokens, thus
predicting potential method names.

The research presented in [33] adopts an approach driven by natural language understanding. The
input consists of a natural language query containing a list of synonyms, named entities, and a
dictionary of prepositions. This method reduces the need for extensive labeled examples, thereby
freeing users from the task of gathering examples and facilitating natural language programming,
especially in domains where labeled examples are difficult to obtain. The study in [34] investigates
the use of natural language descriptions of methods as input to improve concrete word recognition.
The researchers introduce a semantic analyzer that links variables to specific operational
information, thus describing the method’s particular behavior, parameter name, and return value
information.

The field of code analysis presents numerous complexities, especially those associated with data
types and operations. The research in [35] introduces a tool that significantly mitigates these
complexities. This tool leverages natural language queries, drawing upon dependency structures in
language, to interpret the code. The tool specifically automates the analysis of asymmetric binary
relations between words in a sentence, such as subordinate words and their dependencies. In other
words, it uses the syntactic structures of natural language to build a semantic understanding of code.
This approach not only aids in extracting the core meaning of the code but also makes the process
more comprehensible and accessible to programmers.

Simultaneously, natural language descriptions and programming by example have emerged as “user-
friendly” alternatives for specifying complex tasks. [36] addresses these issues by using specific
descriptions as inputs. This method generates grammatical rules for producing parseable commands,
thus facilitating the straightforward specification of complex, repetitive tasks.

Lastly, although modern bot creation systems detect user intent, they require considerable
development and configuration effort for each use case. [37] introduces a tool that uses a concise

70



Pamupec-Pysna P., benurec-I'yappepo 3., Mesypa-T'omoit K., Bapcenac D. [lecaTunetne MOCTHXCHHH B CHHTE3¢ NPOrpaMMm IO
cnenupUKausIM Ha €CTECTBEHHOM SI3BIKE: CHCTeMAaTHYeCKHH 0030p nutepatypst. Ipyost UCIT PAH, 2024, Tom 36 Boim. 6, c. 59-82.

specification description as input, assisting in the generalization of critical tasks in the program
generation process.

The inputs of Egeria [38] include optimization guides or other domain-specific documents relevant
to HPC. Additionally, user queries or performance profiling reports can be fed into the synthesized
advising tool to receive specific optimization advice.

The inputs used by the synthesis tool proposed in [39] include free-form queries composed of a
mixture of English and Java code. These queries can describe desired functionalities or operations
in natural language, possibly combined with partial code snippets. The system also incorporates
context from the developer’s current work in the IDE, such as the cursor position and existing code,
to better understand and generate the appropriate code fragments.

Jigsaw [40] accepts multi-modal inputs for synthesizing programs. Users can input their intent or
requirements in natural language and also include test cases, input/output examples. These are used
to further specify the intended functionality of the code, helping to refine the synthesis process and
ensure that the generated code meets the user’s needs.

The inputs for synthesizing a program using MaOG3P [41] include high-level specifications or
textual descriptions of the desired functionality of the program. Particularly, input/output examples
specify what the program should produce given certain inputs, helping to guide the genetic
programming process to evolve correct and efficient code.

The inputs for the program synthesis system proposed by [42] take the form of short descriptions of
specifications. The system understands the available commands and their syntax, which guide the
synthesis process. For instance, the system uses examples of desired inputs to learn and generate the
corresponding program.

The inputs used in [43] include textual problem descriptions that describe a programming task
provided in natural language, grammatical specifications, such as a defined grammar that dictates
the syntax of the programming language in which the programs are developed, and similar code that
is used to evaluate the suitability of evolved programs against a target source code, improving the
relevance of the generated programs for the given problem descriptions.

The inputs for the NLP generative model discussed in [44] take the form of a Textual Problem
Description, which is a description provided in natural language that outlines the problem to be
solved by the model. These descriptions are extracted from case studies that identify significant
components relevant to the problem being addressed.

The inputs for synthesizing programs in [45] take the form of natural language queries. For example,
students craft prompts in natural language that describe the desired functionality or outcome of a
program. This kind of input helps define the problem that needs to be solved by the generated code,
guiding the LLM towards appropriate solutions.

The input for the multi-modal synthesis approach described in [46] is a Natural Language
Description, which is a broad, often ambiguous description of a desired functionality. This kind of
input provides a specification of how the desired code should function.

The inputs of the synthesis process described in [47] are descriptive method names, which are
extracted from source code and are used as natural language descriptions of the functionality of the
code, and also function bodies that are aligned with the method names to form a parallel text code
corpus.

The inputs used in [48] are natural language descriptions, which describe the desired functionality
in natural language, and also existing code fragments that serve as context or examples for the
desired operations.

In [49] the inputs used to synthesize programs are programming prompts, which describe what the
generated code should accomplish, as well as code examples, that can be used to guide the Al in
generating appropriate code structures.
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4.5 Outputs generated from the program synthesis (Q3)

Program synthesis offers flexibility by utilizing incomplete specifications, regardless of the specific
approach employed, to generate code. The objective is to achieve a degree of final completeness in
the produced output. However, it is important to note that the generated output may not always align
with the end user’s expectations.

[30] leverages postfix expressions (Boolean Logic) to establish a foundation for a domain-
independent learning approach to problem-solving via program synthesis concepts. This process
enables users, particularly programmers, to streamline their efforts by focusing on the core logic of
the program, thereby mitigating concerns about language syntax and other domain-specific
elements. Given the input “Did Mary and Ram go to school?”, the output is “Cannot be determined
/ True”.

The development of large and complex software projects requires a workforce trained in the
fundamental structures of the programming languages they use. One potential approach to automate
this process is the generation of a common keyword list. In this scenario, programmers need not
memorize the keyword vocabulary or understand their exact implementation to write a program in
the given language. For instance, a list of expected method names could be derived from a method
description with surrounding code [32]. For example, for the input “return random number with max
value iterationWeight for Random”, the output would be new “Random().nextInt(iterationWeight)”’.
Alternatively, understanding how programmers code is a complex process that demands practical
solutions. By deeply processing programmers’ intentions and API documents written in natural
language, it is possible to leverage a profound understanding through program synthesis tailored for
this specific purpose. This approach circumvents the need for a large number of labeled examples,
thus alleviating the user’s task of collecting or generating examples. It also significantly impacts
traditional methods. For instance, from the input “Find statements whose init portion declares a
single variable which is initialized to the integer literal 07, the following code (in a DSL) is
generated:

forStmt (
hasLoopInit (
declStmt (
hasSingleDecl (
varDecl (
hasInitializer (
integerLiteral (
equals(0))))))))

Code library functions have significantly increased developers’ programming efficiency. They do
so by simplifying constraint generation and accelerating constraint resolution through the creation
of complete code based on constraint models of Java classes [34]. A pertinent example is a code
fragment in a tree structure, as shown below:

(define-fun result () Int (- 1))
(define-fun this ()

(Seq String) (seg.unit ""))
(define-fun or () String "")

This example includes encapsulated functions that streamline and speed up constraint generation
through the use of generated constraint models.

Concurrently, attaining high software quality controls is a complex task. It requires support from
various program optimizations, software debugging, security measures, and more. Therefore, code
analysis in the early stages of development can provide developers with various preemptive options
[35]. Such an approach employs “final comparison expressions” that originate from specific natural
language descriptions and assist general programmers in conducting automated program analysis.
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For instance, given the input “Find all C++ call expression of the C++ method named string1”, the
generated output expression in the form of an AST is:

cxxMemberCallExpr (
callee (
cxxMethodDecl (
hasName (stringl))))

The correct use of specifications often poses a challenge to non-expert users. Therefore, providing
an output that illustrates a synthesized specification derived from an example and a natural language
description can significantly enhance the accuracy of the synthesis method. Furthermore, it paves
the way for the generalization of synthesized tasks to other unseen tasks [36]. For instance, for the
expression “step into water and then visit (6, 4)”, it is possible to obtain an LTL specification as
“step into water and then visit (Num, Num)”.

Undeniably, there are numerous endeavors aimed at refining the process of automatic code
generation. Each study provides a perspective on how productivity in development can be enhanced.
One increasingly popular approach is the use synthesize API calls from expressions in NL. To fully
harness the potential of this approach, [37] propose a tool designed to foster the development of
intuitive software solutions. This tool bridges the gap between user needs, expressed in natural
language, and API invocations capable of satisfying these needs. An example is: synthesize API
calls from expressions in NL

<url:https://api.yelp.com/v2,
path:/search parameters:
term=[italian, cafes],
location=[sydney.opera house]>

The outputs generated by Egeria [38] include an advising tool that provides a list of essential rules
extracted from the input documents. This tool also serves as a question-answer agent that offers
specific optimization suggestions based on user queries or performance profiling reports. Fig. 4
shows an example rule that is used to guide programmers in optimizing code more effectively
without needing to manually sift through extensive documentation.

if(tx $ 2 == 0 && ty $ 2 == 0)

out[tx * width + ty] = 2.0 * in[tx * width + ty]/sum;
else if(tx % 2 == 1 && ty % == 0)

out[tx * width + ty] = in[tx * width + ty]/sum;
else if(tx % 2 == 1 && ty % == 1)

out[tx * width + ty] = (-1.0) * in[tx * width + ty]/sum;
else

out[tx * width + ty] = 0.0f;
Fig. 4. The Optimized Block [38].

The outputs generated by [39] are Java code fragments that respect Java syntax, type, and scoping
rules, as well as conform to common usage patterns derived from a statistical analysis of existing
code. These code fragments are presented to the developer within the IDE, offering several ranked
suggestions that the developer can choose from. The primary use of these outputs is to insert
appropriate code snippets into the developer’s project, helping to bridge the gap between a high-
level concept expressed in natural language and executable Java code.
The output of Jigsaw [40] is executable code that matches the user’s specified intent and passes
given test cases. Fig. 5 shows code that is generated after processing through a series of program
analysis and synthesis techniques, which include correcting common errors detected in the initial
outputs from pre-trained language models (PTLMs) like GPT-3 or Codex. The generated code helps
programmers quickly implement solutions and focus on higher-level design and problem-solving
tasks rather than the nuances of specific API calls or syntax correctness.
The outputs generated by MaOG3P [41] are executable code snippets that meet the requirements
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specified through the input descriptions and examples. These outputs are used to automate coding
tasks, reduce development time, and improve the efficiency of the programming process. By
synthesizing code that satisfies both the syntactic and semantic correctness, the generated programs
help developers by providing ready-to-use code snippets that can be integrated into larger projects
or used as standalone solutions.

Code Before Code After

out=data[data.index.isin (test.index) ] out=data[~data.index.isin (test.index)]
df=df [df[‘foo’ ]>70) |df[‘foo’ ]<34] df=df[(df[‘foo’]1>70) | (df[‘foo’]1<34)]
out=df.iloc[0,”HP"] out=df.loc[0,”HP"]
dfout=dfl.append(df2,ignore index=True) dfout=dfl.append(df2)
dfout=dfin.duplicated() dfout=dfin.duplicated() .sum()
train=data.drop (test) train=data.drop (test.index)
dfin=dfin[“A”].rolling (window=3) .mean () dfin[“A”]=dfin[“A”].r0lling(3) .mean ()
dfout=dfin[ (x<40) | (y>53) & (z==4) ] dfout=dfin[ ((x<40) | (y>53)) & (z==4)]

Fig. 5. Applications (Code After) of learned transformations on code snippets produced by PTLM
(Code Before) [40].

The output from this system [42] is an executable program that conforms to the specifications
derived from the input-output examples provided. These programs can then be used directly within
software applications, helping to automate tasks or improve software functionality with minimal
human coding effort.

The outputs from the program synthesis approach proposed in [43] are executable pieces of code
that align with user-defined specifications and grammar rules. Fig. 6 shows programs that are
evaluated for similarity against target codes to ensure that they meet the specified requirements. This
can be used in Software Development to automate or speed up the development process by providing
ready-to-use code snippets that fit the user’s intent. Finally, this is an example of teaching tools to
demonstrate various programming techniques and solutions.

. # Input/Output Pair
Problem Textual Description — -
Training Testing
Number 10 Given an integer and a float, print their sum. 25 1000
Median Given 3 integers, print their median. 100 1000
Smallest Given 4 integers, print the smallest of them. 100 1000

Fig. 6. Representation of target programs [43].

The outputs of the NLP generative model [44] are optimized solutions for NLP tasks. The model
generates solutions that address specific NLP-related problems like speech interpretation, sentiment
analysis, and text processing and adapted responses, because the system uses the outputs to adapt its
responses based on the input it receives, making it suitable for interactive applications such as virtual
assistants.

In the case of [45], the outputs are generated code based on prompts provided. A LLM is used to
generate code that attempts to solve a specified problem, and then the generated code is evaluated
against test cases to determine its correctness. This process aids in learning by providing immediate
feedback on the effectiveness of the prompt and the functionality of the code.

The outputs generated in [46] are executable code snippets that precisely match the combined
specifications provided by the natural language descriptions and the examples. Fig. 7 shows how
that works. The synthesized programs are used in software development to automate coding tasks,
ensuring that the generated code meets both broad functional requirements and specific operational
details.
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Q Class Registration o Exercise 21

Enter your name: Bob

Representation of
Hello Bob problem (in this
case, an animation
illustrates user
interaction with
the program)

Write me a Python program that asks the user to enter
their name, and then prints the word "Hello" followed by
a space, followed by their name

CLICK HERE TO ASK CHATGPT!

ChatGPT response: Pl LLM response

Prompt entry

Execution output
/ (in this case, a

SUcCcess message

as all tests pass)
Fig. 7. Interface layout for a Prompt Problem within the web-based Promptly tool [46].

Code Running response:

You pass \( %o* )/ !

The outputs generated [47] are code fragments. They consist of test function names (as natural
language descriptions) aligned with their respective function bodies (as code). These examples are
compiled and semantically relevant test cases generated by machine learning models trained on the
synthesized corpora. The goal is automating the creation of unit tests, reducing the time and effort
required for manual test case development.

The outputs generated by the program synthesizer in [48] include executable code, which can be run
directly or integrated into larger software projects. The study also allows generating descriptions in
natural language or summaries of code blocks, useful for documentation. These results are used to
improve productivity, improve code quality, help maintain and document code, and ensure the
reliability and security of software systems.

The outputs from the program synthesizer presented in [49] are executable code within a software
environment, as seen in Fig. 8. These results are used to directly implement functional requirements
in software projects, automate routine coding tasks, and improve overall software quality and
reliability through improved error detection and resolution capabilities.
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4.6 Type of program synthesis used (Q4)

Program synthesis employs distinct methods, primarily classified into deductive and inductive
synthesis, each tailored to specific aspects of programming from formal specifications.

Deductive Program Synthesis involves formally deriving a program from a given specification,
treating the process as a theorem-proving task. It necessitates demonstrating that a program’s
output satisfies the conditions set out in the specification, a process confirmed through theorem
proof. This approach requires detailed, often complex specifications and is particularly useful when
correctness is paramount. In practice, deductive synthesis involves the use of formal methods to
ensure that every step in the program construction adheres strictly to the logical constraints outlined
in the specification. Notable works in this domain include [35], [34], and [37], which explore
various applications of theorem proving in program synthesis, demonstrating the effectiveness of
this approach in generating highly reliable software.

Task_id
prompt

test_list

Fig. 8. Example of outputs obtained on a data set of basic Python problems (MBPP) [49].

Inductive Program Synthesis, in contrast, starts from incomplete problem descriptions, which
might include test cases, characteristics of desired and undesirable software behaviors, input-
output examples, or computational traces. This approach encompasses several methodologies that
aim to generalize from these examples to produce a program that satisfies the specification in a
broader sense:

e Genetic Programming and Incremental Evolution, as exemplified by [30] where the
synthesis process evolves programs iteratively, optimizing them to better fit the examples
provided.

e Counterexample-Guided Inductive Synthesis, explored in studies such as [32] and [36],
refines candidate programs by iteratively correcting them based on counterexamples, thus
gradually improving their correctness.

e Neural Program Synthesis, with key contributions from [33] and [31], leverages deep
learning models to synthesize programs from natural language or other high-level inputs,
demonstrating significant advancements in automating complex programming tasks.
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Egeria [38] utilizes an unsupervised, multi-layered design leveraging NLP techniques. Although not
explicitly categorized, its synthesis approach suggests inductive reasoning through optimization
based on general guidelines and specific user queries.

Jigsaw [40] integrates inductive synthesis with corrective transformations, initially using pre-trained
language models for generating code snippets from natural language inputs, followed by corrective
transformations to ensure accuracy, blending inductive learning with deductive refinements.
MaOG3P [41] and the approach outlined in [42] emphasize inductive synthesis through genetic
programming and machine learning, respectively, focusing on evolving programs to meet specific
input-output behaviors based on learned patterns.

The synthesis methodologies in [44] and [45] also follow inductive approaches, generalizing from
specific examples to create applicable solutions across new scenarios.

Lastly, the approaches in [47], [48], and [49] exemplify the inductive synthesis prevalent in Al-
assisted programming, where large datasets of code are used to predict and generate new code
segments, demonstrating how modern Al tools, like ChatGPT, generalize from extensive training
data to produce functional programming solutions.

This study concludes with an examination of [46], which combines inductive and deductive
elements. The process starts with PTMs generating initial code candidates, followed by a
Component-Based Synthesis (CBS) approach that deductively constructs the final program,
ensuring it meets the provided examples through systematic component assembly and refinement.
In the next chapter we present our main discussions of the study.

5. Results discussion

In this section the results of this systematic literature review reveal both the progress and ongoing
challenges in the field of program synthesis, particularly when interfacing with natural language
processing (NLP). The analysis of 20 selected studies highlights several key trends and areas of
focus that have emerged over the past decade, also the systematic literature review on program
synthesis and natural language processing (NLP) reveals significant advancements and emerging
trends in this field. A key finding is the increasing integration of advanced artificial intelligence
models, especially large language models (LLMs), which have demonstrated remarkable
capabilities in interpreting natural language specifications and generating executable code.

This development is democratizing software development, allowing users with little or no
programming experience to create functional applications using natural language instructions. The
review also highlights the evolution of program synthesis methodologies, which have transitioned
from rule-based approaches to more sophisticated techniques that leverage machine learning and
genetic programming. These modern techniques can learn from input-output examples and user
interactions, thus improving the accuracy and efficiency of code generation. However, significant
challenges remain, such as achieving high precision in interpreting complex natural language
requirements and ensuring responsible Al practices to guarantee the reliability of the generated code.
On the other hand, ambiguity in natural language specifications and the scalability of program
synthesis systems represent crucial challenges in automatic code generation. Ambiguity, inherent in
natural language, can lead to multiple interpretations of the same instruction, making it difficult to
correctly understand and translate the user’s intentions into executable code. To mitigate this
problem, it is necessary to develop techniques that effectively disambiguate specifications, using
contextual models and interactive visualization tools. On the other hand, scalability is essential for
these systems to be able to handle complex tasks and large volumes of data without losing
performance. This requires the implementation of optimizations such as parallel processing and
model compression, ensuring that systems can adapt to various domains and contexts without
compromising the quality of the generated code.

Finally, the potential applications of program synthesis go beyond traditional software development.
In the educational field, program synthesis tools are used to teach logic and programming concepts,
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automatically generating code from problem descriptions provided in natural language, making
programming more accessible to a broader audience.

6. Conclusions

This investigation has examined the state of program synthesis from natural language, uncovering
various trends and motivations within the field of automatic code generation. Through meticulous
analysis of current literature, this study underscores the expanding role of natural language
processing (NLP) tools and their potential to profoundly influence computing disciplines.

The advancements in NLP not only enhance communication capabilities but also facilitate the
creation of sophisticated methods for generating syntactic representations of programming
languages, as highlighted in the referenced paper [50]. Such methodologies leverage pre-trained,
language-based components, promising to refine the process of transforming human language into
executable code.

Furthermore, with Al-based systems becoming ever more integral to daily life and the disruptive
capabilities of generative Al models, the incorporation of responsible Al practices becomes
imperative. This approach will ensure the development and deployment of large language models
and other generative systems are both reliable and trustworthy, fostering greater confidence in their
applications.

Future research in the field of program synthesis should focus on improving the interpretability of
systems, allowing coding decisions to be more understandable and reliable, especially for non-expert
users. Furthermore, domain-specific synthesis models should be developed, using specialized
datasets to improve the accuracy and relevance of synthesized programs. Optimizing the scalability
and computational efficiency of these systems is equally vital, ensuring their large-scale adoption.
Finally, it is critical to incorporate ethical considerations and responsible artificial intelligence
principles, ensuring fairness, accountability, and transparency in synthesis systems, and minimizing
biases. As for practical implications, integrating program synthesis tools into educational platforms
can facilitate learning programming, while in software development, automating repetitive tasks and
codebase generation will allow developers to focus on more creative aspects. Furthermore,
improving the accessibility and usability of applications through natural language interfaces driven
by program synthesis could revolutionize human-computer interaction.

Overall, this study illuminates the dynamic field of program synthesis from natural language,
advocating for continued research and development. By harnessing advanced NLP and responsible
Al, the gap between human language and computer programming can be bridged more effectively,
setting a foundation for future innovations in automatic code generation.
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Abstract. Project management is a field that has been applied in various areas of knowledge, particularly in
engineering and software development. For organizations, projects are a central element for generating value.
They allow to reach the organizational goal by using specific methodologies, tools and software. One of the
most recognized tools, even in other fields of knowledge, for its impact on process improvement is maturity
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AHHOTaUMs1. YTIPABIIATh BBIMOJIHEHHEM MPOCKTOB HEOOXOIMMO B Pa3IMYHBIX 00JIaCTSX 3HAHHI, OCOOCHHO B
00J1aCTH MPOSKTUPOBAHHKS U pa3pabOTKH MPOrPaMMHOro obecredeHus. st OpraHu3aiyii MPOCSKTHI SIBISFOTCS
LCHTPAIBHBIM 3JIEMEHTOM CO3/IaHUsI CTOMMOCTH. OHHM MO3BOJSIIOT JOCTHUIATh MOCTABJICHHBIX LEeil ¢
MOMOIIBE0 KOHKPETHBIX METOJOJIOTHI, HHCTPYMEHTOB U MPOrpaMMHOro obecrieueHus. OIHUM U3 Haubolee
MPU3HAHHBIX WHCTPYMEHTOB TI0 CTEMCHH BIIMSIHHS HA YJY4YIICHHE MPOLECCOB, H HE TONBKO B 3TOH 007acTH
3HAHWH, SIBJISIOTCS MOJIENH 3PEJOCTH. DTH MOJENH YK€ Ha4dald BHEAPSTHCA B YIIPABICHHE MPOCKTaMHU.
Mogenu 3penocTd YpaBieHHs TPOSKTAMH SIBIISFOTCS TMOJIC3HBIMH HHCTPYMEHTAMHU IS OLICHKH Tpoliecca
yIpaBieHHs C TMOMOMLIbI pedepeHTHBIX mporeccoB (Hanpumep, PMBOK). PedepentHbie mporeccs
OIHMCHIBAIOT JIyYIIKE NPAKTUKH, MO3BOJMBLIME IOCTHYL yCleXa B pealu3alid NpoekToB. Llenpio maHHOro
JOKyMEHTa SBISIETCS] BBIABICHHE HCCICIOBATENbCKUX PAbOT, KOTOPBIC OMMCHIBAIOT MOZAEIM 3PENOCTH,
MPEIIOKCHHBIE CIICLMANbHO I YIpaBlIeHUs NpoekTamMu. Ha OCHOBE IPOBEACHHOrO aHaIW3a st
PYKOBOZHTENEH MPOSKTOB, UCIIONB3YIOMMX MOJEIH 3PENOCTH B KOHTEKCTE YIIPABICHUS IPOCKTAMH, CO3IaHa
ToJIe3Hast Ki1acCH(HKaLHs.

KiroueBble ci10Ba: ynpasieHne NpOSKTOM; MOJIENHN 3PEJIOCTH; CUCTEMaTHYECKUi 0030p.

Jas uutupoBanus: Pyuc-Jlonec X. ®@., Opruc-Opnanzaec X., borwxyp 3., Mukasmu X.-I1., Opuannec S1.
Mopenu 3pesiocTH yIpaBiIeHHs IPOSKTaMU: cucTeMaTHIeckuii 003op nureparypsl. Tpyast ICII PAH, Tom 36,
BbIIL 6, 2024 1., crp. 83-102 (Ha anrnuiickom si3eike). DOI: 10.15514/ISPRAS-2024-36(6)-5.

1. Introduction

Today, maturity models have been adopted by various industries and knowledge domains, including
human resources, quality management, software development processes, manufacturing project
management, products, and supply chain. This adaptation is due to the three main uses of maturity
models reported in [1]: (1) to measure the level of maturity, (2) to provide a guide to achieve the
maximum level of maturity, and (3) to establish a comparison with other organizations. In general
terms, a maturity model can be defined as a collection of best practices that assist organizations in
improving their processes[2]. According to [3], in 1986, the Software Engineering Institute began the
development of a process maturity framework aimed at helping improve its software process. The
first maturity model was published in 1988 [4] and called the Capability Maturity Model (CMM) by
the Software Engineering Institute at Carnegie Mellon University in the United States, funded by the
U.S. Department of Defense. The goal of this model was to assess the quality and capability of
software companies providing services to the U.S. Department of Defense.

Due to its great utility, the models have been adopted by other domains such as processes,
organizational management, software development, human resources, quality, project management,
product development, and supply chain. In general, organizations recognize models as useful tools
for assessing the status of specific or general processes. They allow for determining whether
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processes have room for improvement. Maturity models present significant complexity because they
lack a standardized manual for their application and may involve terminological biases that are not
commonly used by those implementing them [5]. Models also require a considerable number of
resources and time to be implemented properly and obtain a meaningful evaluation [6].

Garzas [7] stated that international efforts have been made to narrow down and adapt the software
maturity models. Despite the difficulty of their implementation, software maturity models have
given rise to project management maturity and assessment models. This difficulty lies in the fact
that they are conceived as reference frameworks that establish the criteria for the operation of the
area to be evaluated, based on pre-established manuals and/or standards, and do not explicitly state
how to perform the evaluation. The most widely used manual or standard for building project
management maturity models is the Project Management Book of Knowledge (PMBOK).

Many companies are motivated to implement project management to reduce process errors and drive
improvements. In other cases, the motivation is to comply with standards or certifications that
companies must meet to sell their products internationally. Based on this need to develop projects,
companies use methodologies and tools, in some cases with computer support, to ensure their
SUCCESS.

The architecture of a system for predicting the performance of a project based on the evaluation of
the project management maturity criteria is presented in [8]. In this research, an analysis of the
mission statements of Sopra Steria Consulting and of the available literature on project management
and maturity models has been carried out. It was found that, due to a lack of clarity in the concepts,
the current maturity models are ambiguous in the way they should be applied in organizations. A
standardization of some categories is proposed, which are included in a model called Invariant Based
Maturity Model (IB2M). Also, a causal model is proposed to prove the existence of a relationship
between project management maturity and cost overruns, showing that the maturity of the project
management process is a significant determinant of the risk of cost overruns. This work is relevant
to the research since it seeks to improve the area of project management using a tool such as the
maturity assessment and for its methodological proposal to group and conceptualize in a clear and
precise way maturity assessment criteria.

The remainder of the paper is organized as follows. Section 2 describes the systematic review
process. Section 3 presents the analysis of the systematic review considering the quantitative and
qualitative approaches. Section 4 describes the proposed classification of project management
maturity models. In section 5, the future directions of project management maturity models are
described. In section 6, a discussion is presented considering the results of this research. And finally,
in section 7, the conclusions of this systematic review describe the main findings.

2. Systematic review methodology

The methodology of the systematic review is that proposed by [9]. It consists of three main phases:
review planning, implementation of the review, and systematic reporting of the review. The detailed
steps followed during the implementation of this state-of-the-art review methodology are described
below.

2.1 Review planning

In this phase, the following aspects were identified and integrated as relevant for this precursor phase
to the implementation of the review: rationale, approach, research question, and criteria.

2.1.1 Identification of the need for a systematic review

For the characterization of the justification, the particular interest in identifying the key aspects of
the project management maturity models was considered to compare them and identify the areas of
opportunity and the relevance of each model identified.
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2.1.2 Development of the review protocol

A first version of the protocol was developed and analyzed to determine if it complied with two
important aspects: completeness and consistency with the objectives of the review. The protocol was
composed of the following parts: background, strategy for formulating the research question,
strategy for selecting primary studies, selection criteria, strategy for establishing quality assessment
criteria, data extraction strategy, synthesis strategy, dissemination strategy, and establishment of a
schedule of activities.

2.2 Implementation of the review

In this phase, the systematic review protocol is used to develop the tasks established in the
methodology for this phase. Previously the protocol went through a process of refinement and
revision.

2.2.1 ldentification of the research

In this section, the research question is formulated to help to identify project management maturity
models. For the formulation of this question, the great importance of engineering project
management maturity models was taken into consideration. Fig. describes the research question
proposed.

What are the project management maturity
models reported in the literature?

Fig. 1. Research Question.

2.2.2 Selection of primary studies

The selection followed the strategy outlined in the systematic review protocol, which consisted of
searching for publications using search terms in search engines and repositories. Fig. 1 describes the
research strings used in search engines in Spanish and English.

¢ Improvement AND Project AND Management AND engineering,
e Evaluation AND Maturity AND Project AND Engineering,

e Evaluacion AND Madurez AND Proyectos AND Ingenieria (research string used in
Spanish),

e Maturity evaluation AND Project management,

e Mejora AND Proyecto AND Gestion AND Ingenieria (research string used in
Spanish),
e Maturity evaluation AND project management AND SMES,
o Maturity evaluation and project management and systematic review.
Fig. 1. Research Strings.

It was identified that the main keywords of the search string were as follows: Maturity and Project
Management. A total of 1423 articles were reviewed considering only the title and keywords, after
this review only 78 articles were considered primary studies. The inclusion and exclusion criteria in
this phase of the process were only the title and keywords.2.2.3 Characterization of the quality
of publications.
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At this point, the following information was extracted for each publication: name of the article,
number of pages, focus, number of citations, year of publication, and keywords, in addition to
checking the availability of the article. After characterization, inclusion, and exclusion criteria were
applied to each publication. The inclusion and exclusion criteria that were considered for the
selection of articles to answer the research question are the following:

o Title: The title of the articles must include at least the keywords: Project Management and
Maturity Model.

o Year of publication: Only articles from the last 10 years from 2012 to 2022 were selected.

e Number of citations: The number of citations of the articles was considered to determine
their relevance to this research. For publications from 2022 and 2020, no filter applies, 2019
at least 4 citations, from 2018 at least 6 citations, from 2017 at least 8 citations, from 2016
at least 10 citations, from 2015 at least 12, from 2014 at least 14, from 2013 at least 16,
from 2012 at least 18.

e Language: The languages selected were English and Spanish.

After the application of the inclusion and exclusion criteria only 32 articles were recognized as
relevant to this research.

2.2.4 Data extraction and synthesis.

This step was carried out only based on the publications that passed the quality filters and were
identified as relevant. In the synthesis task, each of the relevant publications was analyzed to identify
project management maturity models, and a summary was produced because of this analysis.

2.3 Systematic reporting of the review

In this phase, a quantitative and qualitative analysis of the literature on project management maturity
models was carried out. The objective of this analysis is to compare the publications and identify
their contributions in terms of project management maturity models. Likewise, this stage seeks to
show the results obtained from the implementation of the systematic review.

2.3.1 Quantitative analysis

The objective of the quantitative analysis provides a detailed overview of the evolution and
distribution of relevant publications in the field of project management maturity models.

2.3.2 Qualitative analysis

The qualitative analysis provides an in-depth examination of relevant publications on project
management maturity models, exploring various aspects and approaches.

3. Systematic review analysis

The existence of many articles related to project management maturity models involves a large
amount of analysis time and depends on the subjectivity of the reader to determine their relevance.
The main objective of systematic reviews is to apply a methodology to identify relevant papers
reported in the literature that answer one or more research questions. To answer these questions, it
is necessary to perform a qualitative and quantitative analysis of the articles and identify areas of
opportunity not reported in the literature.

3.1 Quantitative analysis

The objective of the quantitative analysis is to provide a detailed overview of the evolution and
distribution of relevant publications in the field of project management maturity models. This
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includes analyzing the annual trend of publications, the distribution by search engines and
repositories, identifying the most cited publications and the most frequent keywords, as well as
evaluating the effectiveness of the search strings used. This approach highlights the importance and
impact of these models in the scientific community and industry.

3.1.1 Publications by Year

With the quantitative analysis of this section, it was possible to identify that in 2014 there were a
total of 7 relevant publications on project management maturity models, and in 2018 a total of 5
publications. In

Fig. 2, we observe this trend in the increase in the number of publications highlighting the
importance of maturity models and project management for the scientific community and industry.

7
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2014
2015
2016
2017
2018
2019
2020
2021

Fig. 2. Number of relevant PMMM publications by year.

3.1.2 Publications by Research Engine

To select the search engines, we considered the reports in the literature on digital libraries and
indexing systems highly adopted by the scientific community. The most recognized search engines
are Google Scholar and Worldwide Science, which is also highlighted in the scientific community
for being the only search engine powered by Deep Technologies, a company dedicated to extracting
scientific knowledge from the Deep Web.

In

Fig. 3, a pie chart shows the proportionality of the number of publications identified by title and
keyword. In blue, the search engine Google Scholar with 61 publications; in orange and the search
engine WorldWide Science with five publications.
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3.1.3 Publications by Repository

The repositories consulted for this research were ScienceDirect and ACM Digital Library. However,
other repositories were also identified where at least one publication on maturity models and project
management was found.

Fig. 4 shows the number of publications identified by the repository in a bar chart. The repositories
with the highest number of publications identified were Science Direct and Xplore.

WorldWideScience
8%

Google Scholar
92%

Fig. 3. Distribution of publications on PMMM by search engine.

15
Science IEEE Xplore ACM Digital SciELO Gale
Direct library ONEFILE

Fig. 4. Number of PMMM publications by repository.
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3.1.4 Most Cited Publications

The collection of the number of citations made it possible to identify the most relevant publications
on project management maturity models.

Fig. 5 describes the 10 most cited publications after applying the quality criteria to determine their
relevance

3.1.5 Keywords

The analysis of the keywords of the publications on project management maturity models was useful
in identifying current trends in this subject. Publications were identified that mixed the keywords:
project management, maturity models, and software development, with which, it is easy to identify
that at the beginning the maturity models were intended to evaluate in a general way to software
development companies, which caused it to be implemented in project management of these types
of companies. Consequently, due to their usefulness, the models began to be used in other fields of
application such as engineering.

Citations

Designing a Portfolio management 948
maturity model (Elena)

Enterprise maturity models: a 950

systematic literature review

Maturity models and the suitability of 959

its application in small and medium...

Assessment of Maturity in Project DGQ

Management: A Bibliometric Study...

Choosing which process improvement g88

methodology to implement

Maturity Evaluation of the gloo

Maintenance Function to Implement...
Project management process B]_]_Z
improvement
Project Management Maturity Models Q]EO
— A Critical Review: A Case Study...

Project Management Process Maturity | | l404
(PM)2 Model

Project Management Maturity Model

Fig. 5. Ranking of PMMM publications.

3.2 Qualitative analysis

The objective of the qualitative analysis is to provide an in-depth examination of relevant
publications on project management maturity models, exploring various aspects and approaches.
This includes analyzing keywords to identify trends and areas of focus, the limitation of maturity
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model usage to large enterprises due to their resources and a detailed summary of studies and
methodologies proposed in different publications. The studies review practical cases and adapted
models to assess and improve maturity in different types of organizations, from large companies to
SMEs, highlighting challenges, benefits, and recommendations for the effective implementation of
these models.

3.2.1 Keywords of publications

Fig. 7 shows a cloud diagram of the keywords contained in the 32 articles identified as relevant. The
words that were repeated the most are shown with a larger size, and the words that were not repeated
as often, but were key, are shown with a smaller size.
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Fig. 7. Keywords of publications.

3.2.2 General overview of project management maturity models

It was also identified that maturity models emerge as a proposal to improve the quality of software
development because these models help to systematize processes and guarantee reproducibility
within the application area. Subsequently, the models were applied to the areas that had a great
impact on software development. In this case, project management was recognized as fundamental
because commonly every development process is conceptualized as a project, which has a
beginning, a process, and an end.
After reading and analyzing each of the publications, 12 project management maturity models were
identified (OPM3, P3M3, CP3M, CIM3, PMMM, KPM3, MMGP, PM2, NPM3, PM2TOM2,
P2MM, and P2CMM). Thanks to this approach of the maturity models, the project management area
implemented as one of the useful tools to improve the process and identify good or bad practices
that are performed within the area and determine the status concerning the ideal. The models use
questionnaires as a method of evaluation to determine according to their results the level of maturity
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of project management. In some cases, the models present 5 maturity levels and in others 4, however,
in general, the models do not present a wide difference between the proposed levels.

The use of project management maturity models is mostly limited to large companies because they
have financial and human resources that allow them to better evaluate their level of maturity and,
for this reason, SMEs are limited in their use. The World Economic Forum has recognized that
SMEs currently represent between 90 and 98% of the total number of companies in the world [10].
SMEs have an important role in the industry because many times these types of companies are
suppliers from big companies and require a good project management maturity level.

4. Classification of PMMM

4.1 Comparison of PM maturity models

The qualitative and quantitative analysis of the articles on project management maturity models
allowed us to answer the research question: What are the maturity models reported in the literature?
It was also found that the maturity models have been extended to different research areas (processes,
people, quality, manufacturing, products, supply chains, and operations). However, although a total
of 12 PMMMs were identified, not all maturity models have the same assessment approach.

The complexity of visualizing these approaches is generated because the models proposed in the
literature do not explicitly describe the evaluation process. With the systematic review, it was
possible to identify articles that present practical cases that describe maturity evaluation processes
in some companies, which helped to visualize the differences more explicitly. To visualize the
differences between the maturity models identified, a comparison in Table 1 was built. The criteria
used to compare the maturity models are:

e Approach

e Domain

e Maturity levels

e Number of best practices

e Evaluation process

e Number of survey questions

e Dimensions

o Referential

e Generated by the industry/scientific community

These criteria are important to identify the important information for our approach. In the beginning,
it was considered the tools used to obtain the data but was identified that the survey was the only
way to get the information on the process to be assessed. Also, it was identified that the maturity
models are focused on traditional project management.

Table 1 describes the identified maturity models and makes a comparison. As a result of the
comparative analysis, the findings for each criterion are described as follows.

4.1.1 Approach

The approaches identified in the literature for project management maturity models are project
management, the organizational performance of the project management area, construction project
management, and the project management process in companies. These different approaches show
that the companies recognize the process of management of the area, the role of the project
management area in the company, and the project management as different entities that need a
specific project management maturity model.
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Table 1. Project Management Maturity Models reported in the literature.
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Management evaluation results management
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on literature
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A Systematic Review.

t 4.- Managed process is not 3.- Financial
Portfolio |5.- Optimized explicitly Management
Managemen process described. |4.- Stakeholder
t Engagement
5.- Risk
Management
6.- Organizational
Governance
7.- Resource
Management
1.-Starting Up
a project
2.- Initiation a
project
. The number 3.- Directinga
1.- Cognitive level This model of questions project
P2CMM: g merges 45 | The authors describe a 4.- Controlling
Portfolio . Project 2- Repeatable level sub- rocess to use the data for the astage
Project ) 3.- Management P . maturity ge :
Management Management Managemen level processes of | after the evaluation and assessment 5.- Managing | Prince 2| Government
Maturity t . PRINCE2 describe the type of ] product
Model 4- Integration level into 25 sub- questionnaire used Is not delivery
5.- Continuous level explicitly .
processes described. 6.-Managing
stage
boundaries
7.- Closinga
project
8.- Planning
Step 1: Planning the
assessment
Step 2: Selection of the
Level 1: process P3M3 model to be
Project knowledge used
P3M3: Managemen | Level 2: a Step 3: Establishing the
Program and Organizational t repeatable scope )
9 .
Project performar_u:e Program pro@ss ) Not Step 4: Selecting the 9 (Self- o Not
Management of the project | Managemen | Level 3: defined identified datall structure assessment) Not identified dentified! Industry
Maturity management t Process Step 5: Selecting the
Model area Portfolio |Level 4: managed approach )
Managemen |  process Step 6: Planning the
t Level 5: optimized checklist
process Step 7: Understanding
results
Step 8: Improving
planning
Level 1: Initial
process
Project LeveIdZ: ;Strzctté(edd Stept 1t: An?It{]ze the
. and standardize: status of the company
PNFl,’;\AAM' ) Mana?emen process Step 2: Characterization 1.- Scope
Solutions Project Program Level 3: o of thg company's management Industry /
Project management Managemen Organizational . Nc‘)t‘ praqlces . 52 2- Time PMBOK] Scientific
Management process in t §taqda(ds aqd identified |Step 3: Analy§|s of management Community
Maturity companies portfolio institutionalized surveys built based 3.- Cost
Model Managemen processes on PMMM management
t Level 4: Process Step 4: Determination of
managed maturity level
Level 5: Process
optimized
A Step 1: Analyze the
Project Levlealnéhgg emmon current status of the
X Managemen | company
KPM3: t Level 2: Common Step 2: Characterization
I;erz_netr Project t Program L p:oscelis . Not of the company's Scientifi
roject managemen evel 3: Unique of : - cientific
Management| process in Managemen methodology identified pra;tlces . 183 Not dentified | CMMM Community
Maturity companies ) " Level 4: Step 3: Analygls of
Portfolio ‘ . surveys built based
Model Benchmarking
Managemen Level 5: Continuous onPMMM
t Imp;ovement Step 4: Determination of
maturity level
Level 1: Basic
Project
Management
Process
PM2: Level 2: Individual
Project Project Project project plannin_g o
Management| management Managemen Level 3: Systematic Not Not identified 148 Not identified Not Scientific
Process process in t project planning | identified identified| Community
Maturity companies and control
Model Level 4: Multi-
project
integration
planning and
control

94



Pyuc-Jlonec X. ®., Opruc-Opnanzgec X., bomkyp O., Mukaymm JXK.-II., Dpuangec 5. Mogenn 3penocTn yHmpaBleHHs HPOCKTAMH:
cucreMarnueckuii 063op mureparypst. Tpyost UCIT PAH, 2024, Tom 36 Bbim. 6, c. 83-102.

Level 5: Continuous
improvement of
the project
management
process
They propose
key practices
which are
generated
. . with the Step 1. The_
Level 1: Immaturity obiective of Establishin evaluation
cIM3: ©) ject 9 method 1.- Cost
3 . .. |achieving the the . .
Construction . . Level 2: Immaturity S . considers 2.- Quality
Construction Project organizationa| importance of
Industry h P Ny the 3.- Health
project Managemen . . | objective. key practice CMMM|  Industry
Macro Level 3: Traditional . assessment and safety
Ny management t y For this areas
Maturity maturity (2/3) R of the 4.- Human
) - reason, Step 2: .
Model Level 4: Maturity : A existence resources
@ maturity Organizationa of key
levels are | capability ractices
established P
based on the
existence of
key practices

4.1.2 Domains

The different domains identified are project management, program management, and portfolio
management. According to [35], Project management is defined as the application of knowledge,
abilities, and tools to project activities to accomplish the requirements. Program management also
is defined as the application of knowledge, abilities, and tools to a program’s activities to complete
it and get benefits by managing program components together. Finally, Portfolio management is
defined as the central management of one or more portfolios to achieve strategic objectives.
Considering these definitions provided by the PMBOK, the different domains of project
management are considered by the scientific community and industry to create the models.

4.1.3 Maturity Levels

Project management maturity levels are considered as the steps that organizations must climb to
position themselves in terms of project management practices. This positioning allows for
identifying the status and the improvement plan needed to reach higher levels. In general, maturity
models contemplate 5 maturity levels. From the comparison, it was identified that 75% of the
identified models present 5 maturity levels, 17% present 4 maturity levels, and 8% present 3 maturity
levels.

4.1.4 Number of best practices

The practices of project management are the number of activities related and aligned to achieve the
project objectives. Some of the maturity models consider the best practices described by manuals or
referential to establish a maturity level and to create surveys to assess maturity.

Considering the Project management maturity models identified in this research, 8% of the models
describe the number of best practices considered, 67% of the models do not describe the best
practices considered, and 25% of the models describe an alternative criterion considered (processes,
method, and tools).

4.1.5 Evaluation process

The evaluation process is the description of the steps required to assess the enterprises. Normally,
the Project management maturity models describe the criterion that needs to be considered in the
assessment, and many times the survey is proposed. However, the vast majority (proposed by
industry) do not explicitly describe the process that must be followed to perform the maturity
assessment. In this research, the evaluation process was identified in the articles that apply a specific
maturity model in a case study.
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4.1.6 Number of questions in the survey

The surveys have an important role in the project management maturity models, due to this being
the principal tool to obtain data from the enterprises. Some of the maturity models offer a list of
questions that are used to apply the questionaries and make a self-evaluation of the maturity. The
self-evaluation is the action of applying a questionary in the enterprise without contracting an
external to perform the maturity assessment. This term helps to identify that there are two different
ways to perform a project maturity assessment, on one side the self-evaluation and on the other the
external evaluation. In Table 1, 50% of the models identified describe the number of questions and
the other 50% of the models do not describe the number of questions and neither the content of the
questions.

4.1.7 Dimensions (Knowledge areas)

The knowledge areas or dimensions are defined in [35] as an area identified in project management
that is determined by the knowledge requirements and described in terms of its component process,
practices, inputs, outputs, tools, and techniques. The maturity models consider the dimensions to
select what areas of project management going to evaluate and generate the questions. Considering
the comparison in Table 1, the maturity models describe at list the time, resource, scope, quality,
and risk as principal dimensions considered for the assessment. However, there are some other
dimensions mentioned such as organizational governance, financial management, staff training, and
others.

4.1.8 Referential

The PMBOK, Prince 2, CMMM, and literature review are the main referential considered by the
Project management maturity models identified in Table 1. For the maturity models to be relevant
the selection of the referential to generate the model due to here is described the best practices,
domains, and approaches. These references provide a strong scientific base for the maturity model
but many times this is a limitation when a new version drops.

4.1.9 Generated by the industry or the scientific community

It was identified that the scientific community and the industry are the main suppliers of the project
management maturity models. Also, the government identified the proposed maturity model. This
helps to understand why many Project management maturity models describe with more detail the
steps to assess the maturity, the questions, and also the requirements. The models that are proposed
by the industry don’t explain explicitly the evaluation process due to they look to contact the
enterprises to perform this assessment. The models proposed by the scientific community are
focused in proportionate the major quantity possible of information for the people that implement
the proposal. This means that there are two main purposes for generating a model: the consulting
business and the academic validation.

4.2 Suggested Classification

The different approaches make it possible to generate a suggested classification that groups the
different models according to their objectives. This section shows the classification proposed after
analyzing the publications selected as relevant to the systematic review of project management
maturity models. Fig. 8 presents the classification of project management maturity models according
to their approach.

4.2.1 Project Management

The models in this category are focused on measuring the maturity of the projects. In this case, the
models in this category have the following objectives:
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OPM3: This standard defines a methodology for implementing and improving OPM. It
comprises a five-step iterative cycle that emphasizes evaluation and continuous
improvement. In the broadest sense, OPM3® is a maturity model.

CP3M V5.0: CP3M®© has been established as a formal instrument to measure the maturity
of an organization's project management.

MMGP: The MMGP model was created to help the project management team of the
Instituto de Desenvolvimento Gerencial (INDG), currently Falconi Consultores de
Resultado, in the evaluation of the maturity status of the organizations that hire it.

NPM3: The NPM3 model was developed to increase the maturity of organizational project
management in national contexts.

PM2TOM2: The PM2TOM2 model was created to evaluate the project management
maturity based on the assessment of the usage of project management tools and methods in
each stage of the project life cycle.

P2MM: the P2MM model was created to provide a framework to evaluate the actual
adoption of the method PRINCE2 and provide improvement plans based on industry best
practices.

P2CMM: The P2CMM model considers the PRINCE2 approach to make a qualitative
evaluation of the process of project management and operation considering an evaluation
index system.

Project
management

Project Pl'()_] ect Organizational
management management performance of
for specific maturity Project
areas management
models

Project
management
process in
companies

Fig. 8. Classification of project management maturity models.

4.2.2 Organizational project management performance

The model identified in this category is focused on evaluating the organizational performance of the
project management area. That is, it specifically seeks to determine how well or poorly the project
management area interacts with the impacted areas. The identified model has the following
objective:
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e P3M3: Framework to evaluate and benchmark your organization's current performance
and develop improvement plans.

4.2.3 Project management process in companies

The models that fall into this category are focused on evaluating the project management process in
companies to determine if the project management process is performed according to the best
practices described in each model. The models in this category have the following general
objectives.

¢ PMMM: The PMMM model aims to develop organizational performance within
companies. This model uses the areas of knowledge proposed by the PMI to have more
specific measures.

o KPM3: The KPM3 was created for developing the organizational capabilities and culture
to incorporate project management practices into the organization's processes and
procedures.

e PM2: Integrate previous project management practices, processes, and maturity models to
improve the effectiveness of project management in the organization. organization.

4.2.4 Area-specific project management models

In this category, some models were generated for a specific area related to project management. In
such a case, the model identified has the following objective:

e CIM3: The objectives of CIM3 are to model the construction industry maturity at the macro
level to provide project performance indicators; to provide a context in which to interpret
project performance; to allow comparisons between various regions, and to provide
guidance on the construction industry performance improvement initiatives.

5. Future directions

Project management maturity models, despite their great usefulness in the conduct of assessments,
have some important limitations in their use for organizations that do not have the necessary
resources or organizational structure to implement them. In addition to these limitations,
organizations face a difficult challenge in determining how to perform the assessments without a
step-by-step guide describing how to perform the assessment process.

The generation of project management maturity model ontologies can help provide a conceptual
understanding of the assessment process and even the relevance of the assessment. Although project
management maturity models are implemented using surveys as a tool to extract information from
the process, they require a trained staff and a group of people in charge of applying them. This tool
is effective for companies that have the budget for continuous improvement. When this is not the
case, it becomes a limitation in its applicability. For this reason, it is considered necessary to generate
another tool to extract information from the project management process that does not require highly
trained personnel or many resources to extract information from the process.

Likewise, it has been observed that some project management maturity models generated by the
industry do not detail the maturity assessment process; they only limit themselves to explaining what
the assessment criteria are, in this case, the good project management practices that should be carried
out. The literature describes some case studies of some maturity models that could help implement
maturity assessments.

6. Discussion

The interest of this systematic review was to identify the project management maturity models
reported in the literature. To ensure the reproducibility of the present research, the systematic review
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methodology of [4] was selected and the steps to perform the systematic review focused on
identifying project management maturity models were described.

In this review, articles published between 2020-2021 were considered and the search engines Google
Scholar and Worldwide Science were used. The repositories Science Direct, IEEE Xplore, ACM
Digital Library, and SciElo, among others, were also considered. The quality criteria considered
were article title, keywords, number of citations, year of publication, language, and availability. As
a result, 26 maturity models were identified, focused on processes, software, human resources,
quality, project management, manufacturing, products, and supply chain. Of the total number of
models identified, only 12 are project management, maturity models. The identified models were
grouped according to their objective: a) project management (OPM3, CP3M V5.0, MMGP, NPM3,
PM2TOM2, P2MM, and P2CMM), b) organizational performance of project management (P3M3),
C) project management process in companies (PMMM, KPM3, PM2) and d) project management
models for specific areas (CIM3).

However, another review of the state of the art published in 2022 [36], was identified in the literature,
focused on providing recommendations through the analysis of project management maturity
models to provide recommendations for selecting or generating a project management maturity
model. This review took into account articles published up to 2022, retrieved from the Scopus and
Web of Science repositories. The inclusion and exclusion criteria for selecting relevant articles were
rank, article citation index, and application rank. The authors propose to group the maturity models
into three groups: a) Maturity Models of leading PM Organizations (OPM3, IPMA Delta Model,
P3M3, and P2MM), b) Most cited and validated historical Maturity Models (CMMI, PM2,
KPMMM, PMMM, and PMM), ¢) More recent maturity models (NPM3, MMM, and SPM3).

To compare this work with the work of [36], we found that the proposed classification of project
management maturity models focuses on grouping maturity models according to their relevance and
complexity. This classification is interesting if the objective is to show the most relevant project
management maturity models considering specific criteria such as complexity, year of publication,
organization, maturity levels, and domain.

Instead, our proposal is focused on grouping maturity models considering criteria such as approach,
domain, maturity levels, number of best practices, evaluation process, number of survey questions,
dimensions, and referential, generated by the industry/ scientific community. These criteria were
selected because the main challenge that enterprises face when implementing a maturity model is
the evaluation process. This process is not described in an explicit way in the literature. One of the
aims of this systematic review was to identify the evaluation process for each model to provide the
steps described to implement the maturity model of project management in the enterprise.
Normally the maturity models are implemented by project managers and personnel involved in the
process of project management. For this reason, providing a complexity evaluation before the
managers consider their available resources and structure is not viable. Each enterprise has different
needs, and several resources available destined to improve the process, and size.

Project management maturity models use surveys as an assessment tool to extract information. This
tool involves the use of a large amount of financial and human resources, as well as a full
understanding of the project management process. If companies require resources and knowledge to
implement it, will maturity models be applicable to all types of companies? To answer this question,
we will discuss the challenges faced by SMEs to implement the models: 1) Limited financial
resources, 2) Untrained personnel, 3) Difficulty in using surveys as an assessment method, 4)
Ambiguity in the assessment process, 5) Difficulty in choosing the most appropriate model.

The use of manuals or references (i.e., PMBOK) for generating project management maturity models
tends to lose validity when a new version is generated. Therefore, the generation of project
management maturity models from the analysis of the literature in which current and future trends
on project management are considered can increase the time of use of these models.
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7. Conclusions

This article presents the origins of maturity models, the models reported in the literature, and the
maturity models of the specific area of project management, which in turn have different approaches
despite being in the same area.

The systematic review involved a total of 4 repositories and 2 search engines in which a total of
1423 articles were reviewed by title and keywords. After applying the inclusion and exclusion
criteria, only 32 articles were identified as relevant. As a result of the systematic review and analysis
of the articles, a classification according to their focus was proposed: maturity models focused on
project management (7), maturity models focused on the organizational performance of project
management (1), project management process maturity models (3) and finally, project management
maturity models specifically designed to evaluate a single type of project (1).

The importance of maturity models is increased by the fact that nowadays all companies are trying
to be more competitive and gain an advantage, which pushes them to continuously adopt new tools
and technologies that help them to improve their processes and make them more effective and
efficient. For future work, it is recommended to conduct a comparative analysis of the project
management maturity models of each category to determine which are more efficient according to
each approach. This will help academics and project managers select the most appropriate maturity
model for their organization.
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Abstract. The process of developing software is intricate and time-consuming. Resource estimation is one of
the most important responsibilities in software development. Since it is currently the only acceptable metric,
the functional size of the program is used to generate estimating models in a widely accepted manner. On the
other hand, functional size measurement takes time. The use of artificial intelligence (Al) to automate certain
software development jobs has gained popularity in recent years. Software functional sizing and estimation is
one area where artificial intelligence may be used. In this study, we investigate how to apply the concepts and
guidelines of the COSMIC method to measurements using ChatGPT 4o, a large language model (LLM). To
determine whether ChatGPT can perform COSMIC measurements, we discovered that ChatGPT could not
reliably produce accurate findings. The primary shortcomings found in ChatGPT include its incapacity to
accurately extract data movements, data groups, and functional users from the text. Because of this, ChatGPT's
measurements fall short of two essential requirements for measurement: accuracy and reproducibility.
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AnHoTanus. [Ipomecc pa3paboTku MpOrpaMMHOTO 00ECTICUCHUS ABIISETCS CIOKHBIM U TpyHoeMkuM. OneHka
pecypcoB SBIsIeTCS OJHOM M3 HanboJiee BayKHBIX OOSI3aHHOCTEH B pa3pabOTKe MPOTPaMMHOTO 00CCIeUCHHSI.
IMockoneky B HacTosiliee BpeMsl 9TO €IMHCTBEHHBIH NpPHEMIIEMBIH MOKa3aTellb, (YHKIMOHAIBHBIH pa3Mep
IIPOTpaMMBI HCIIOJIB3YETCs U TeHEepaluy MOJIelIel OLleHKN OOMEeNPUHATHIM criocoboM. C Ipyroif CTOpOHHI,
n3MepeHne (yHKIMOHABHOTO pa3Mepa TpeOyeT BpeMenu. Mcrmonb3oBanue nCKyccTBeHHOTO nHTewiekra (M)
JUIS aBTOMATH3all{ OIpeJeTIeHHbIX padounX MeCT pa3pabOTYHKOB HMPOrPaMMHOrO obOecredeHusl Habpao
MOMYJISIPHOCTE B TOCIeAHHEe roapl. OmpezeneHne pa3MepoB U OLEHKA (YHKIMOHAIBHOCTH MPOTPaMMHOTO
obecrieueHust SBIAETCS OTHON U3 00JacTe, B KOTOPOH MOKET UCIIOIb30BATHCS HCKYCCTBEHHBII HHTEIUIEKT. B
9TOM HCCIEIOBaHMUHM MBI HCCIENyeM, KaK MPUMEHATh KOHLIENIHMH u pekomeHaammu meroga COSMIC x
n3MepeHusM ¢ ucroip3oBaHrneM ChatGPT 4o, 6ombimoii si3p1k0B0o# Moenu (LLM). UToOb1 onpenenuTb, MOXKET
mu ChatGPT semonaate usmepenuss COSMIC, mbl obnapyxwmu, uro ChatGPT He MoxeT Hage:HO
MIPOM3BOJUTH TOYHBIE pe3yibTaThl. K OCHOBHBIM HenmocTtaTkaMm, oOHapyxeHHbIM B ChatGPT, otHocuTcst ero
HECHOCOOHOCTh TOYHO W3BJEKAaTh W3 TEKCTa ABW)KCHUS JAHHBIX, TPYIIbl JaHHBIX U (DYHKIMOHAIBHBIX
none3oBateneil. M3-3a storo mmepenuss ChatGPT He COOTBETCTBYIOT JBYM OCHOBHBIM TPEOOBaHHUSIM K
HU3MEPEHHsIM: TOYHOCTH ¥ BOCIPOM3BOTUMOCTH.

KiwoueBble ciaoBa: meron usmepenus (yHKuoHambHOTO pazmepa COSMIC; ¢dyHKIMOHATBHBIE TOYKA
COSMIC (CFP); u3mepenue (GyHKIHOHATIBHOTO pa3mepa; Oobruas s3bikoBas moxens (LLM); gar-6ot
chatGPT; nporpaMmHast HHXKeHEepHs; HCKYCCTBEHHBIH MHTEIUICKT; aBTOMATH3AIIHSL.

s nurupoBanus: Bamsnec-Coyto @., Toppec-Pobneno . Moxker nu si3p1k0Bast MoJiens Ha 6asze chatGPT
n3MepsTh QyHKInoHanbHbIN pazmep meronoM COSMIC? Tpynst UCIT PAH, tom 36, Bem. 6, 2024 1., cTp.
103-114 (na anrsuiickom s3bike). DOI: 10.15514/ISPRAS-2024-36(6)—6.

1. Introduction

The competitive software development industry can address the estimating project problem by
assessing functional size using a standard (COSMIC ISO/IEC 19761 is the only second-generation
FSMM [1]); several estimation methods have been established, such as [2-3], and software
development productivity can be measured.

For more than 70 years of research, software estimation has been a focus for numerous researchers
since its inception in the 1950’s [4]. Precise estimation is a crucial component of software
development and a key factor in project failure and has a significant effect on project planning and
industrial budgets. [5-6], and [7].

The idea of automating software development chores with artificial intelligence (Al) has gained
traction in recent years. Software functional sizing and estimation is one field in which artificial
intelligence tries to demonstrate practical and accurate use. [6, 8-9]

The objective is to shorten the time required for measuring using the standard Functional Size
Measurement Methods (FSMM). This will enable businesses to quickly estimate functional sizes by
having the ability to measure user requirements accurately and promptly, most often provided in text
format.

104



Banspec-Coyro @., Toppec-Pobaeno [I. Moxet nu s3b1k0Bast Moesb Ha 6ase chatGPT usmepsth (yHKIHMOHATBHBIH pa3Mep METOIOM
COSMIC? Tpyowt UCII PAH, 2024, Tom 36 BbIm. 6, c. 103-114.

ChatGPT is one of the most advanced models of Al technology, offering some amazing and useful
solutions in many fields, such as marketing [10], book creation/edition [11-12], graphic design [13],
video creation/edition [14], music edition [15], and so forth. However, not every use has been
effective; some attempts have led to pertinent failures or even instances of plagiarism [16].

In this article, we unbiasedly examine whether it is feasible to measure user requirements using
ChatGPT 40 and determine whether it is not by providing a specific prompt that outlines the
fundamentals of the COSMIC technique.

This paper's outline is as follows. Background information on software estimates and measurement,
large language models, functional size measurement, and measurement repeatability is given in
Section 2. The experimental protocol and its implementation are explained in Section 3. The data
acquired were covered in Section 4, and the conclusions are finally covered in Section 5. Table 1
has the functional size measurement of the user requirements using the COSMIC method.

2. Background

2.1. Software measurement and estimation

The literature on software estimation has a wide range of techniques developed over more than six
decades [4]. This has resulted in several estimation methods [2-3, 6-7], numerous classifications of
these methods [5-7, 17-19], and various estimation process topologies [20-21]. Despite this
extensive catalog of techniques, there is still no consensus on a single model that consistently
produces accurate results for all industrial projects.

Even though regression-based estimating techniques based on reference databases predominate in
the literature, it is not uncommon to find it difficult to reproduce research [9, 17, 22]. Several authors
point out that measuring the size of the program is essential to the precision of approximations [23-
26]. According to Fedotova et al. [4], the lack of a size variable may contribute to regression-based
models' inability to perform well in estimation.

Neural Networks (NN) and other Machine Learning (ML) techniques have proven to be highly
effective in producing accurate predictions, even in situations where noise has severely distorted the
input data and the relationships between the inputs and outputs are complex [18].

The academic literature points to several difficulties in the subject, chief among them being the
scarcity of real-world datasets (such as those from NASA, ISBSG, Desharnais, and COCOMO) [6].
The use of Al techniques is significantly hampered by this lack.

In the reviewed literature, only two approaches using Al to measure functional size were found, both
employing the COSMIC standard [8, 27]. Ungan [8] has presented a technology that measures user
requirements based on free-form text. To attain a "precise™ measure, it necessitates clear and high-
quality specifications, which makes it a closed source. Free-form requirements are by definition
prone to being ambiguous, long, and incomplete, especially in the early stages of a project [28].
The other method involves measuring a reference case study using ChatGPT for the first time. This
approach yields less than ideal results when applying COSMIC principles and rules; even in cases
where the sizes are comparable, there are numerous errors in identifying data groups, data
movements, and functional users based on the prompt requirements [27].

2.2 The LLM model: ChatGPT

A Large Language Model (LLM) is an artificial intelligence (Al) model designed to understand and
generate human-like texts. LLMs are typically based on deep learning architectures, such as
Transformers, and are trained on large amounts of text data to learn the patterns and structures of
natural language. These models can perform a variety of language related tasks, including text
generation, language translation, question answering, summarization, and more [29].

LLMs have demonstrated remarkable capabilities in "understanding” and generating text across
different languages and domains. They are widely used in various applications, such as virtual
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assistants, chatbots, content generation, language translation services, and natural language
processing tasks Examples of popular LLMs include OpenAl's GPT series (such as GPT-3, GPT3.5,
and GPT-4) and Google's BERT.

ChatGPT is an LLM developed by OpenAl, specifically based on the GPT (Generative Pre-trained
Transformer) architecture. It uses artificial intelligence to generate responses in text conversations
[16]. The functioning of LLMs is based on two main phases: training and fine-tuning.

Text generation in LLMs, like ChatGPT, is based on the model's ability to predict the next word in
a text sequence [16]. When given an input, the model evaluates the previous words and generates a
list of possible next words and their associated probabilities. The word with the highest probability
is selected, and the process repeats until the response is complete.

Considering the above, LLMs can perform a form of reasoning based on statistical and contextual
patterns learned during training. The models do not have understanding or awareness but operate
based on correlations and patterns in the training data.

2.3. Measurement of the functional size of software using COSMIC

Functional Size Measurement Methods (FSMM) are currently divided into two generations [1],
with COSMIC ISO/IEC 19761 [28] being the only second-generation FSMM, the lessons learned
from first-generation methodologies were the foundation for developing this standard [30]. The
COSMIC Measurement Manual [28] presents all the guidelines, precepts, and examples required to
carry out functional size measurements.

In real-world projects, approximating a functional size can be necessary in several situations [31].
These include: (1) when a size is required but not enough time or resources are available to measure
using the standard method; (2) early in the project's life cycle, before the Functional User
Requirements (FUR) have been detailed to the point where an accurate size measurement is possible;
and (3) when the documentation quality of the actual requirements is inadequate for an accurate
measurement. The functional size assessment can then be as accurate as feasible by using
assumptions [32].

2.4. Reproducibility importance in metrology

In any scientific discipline, the validation of results is indispensable. Reproducibility allows other
researchers to verify the findings of a study by replicating the same experiment or measurement
under the same conditions. If the results can be reproduced, it reinforces the credibility and validity
of the original work. This is particularly important in metrology, where the precision and accuracy
of measurements directly impact the quality of technological products and services.

The reproducibility thus is crucial for the advancement of the discipline, actually software
engineering is considered immature [1, 33].

3. Experimental procedure

To conduct this experiment, we utilized version 40 of ChatGPT (dated 08-08-2024) and the user
requirements information from the C-Reg case study [34]. This case study provides the functional
size measurement of the requirements for an actual system using the COSMIC method. For
reference, the functional size of the C-Reg system is detailed in Table 1.

Fig. 1 illustrates the flow of the experimental procedure to obtain the results presented in Table 2.
The first step involved creating a fine-tuned prompt based on the recommendations proposed by
[16], which included incorporating some knowledge about COSMIC to be considered by ChatGPT.
The second step is to include the FUR for three functional processes described in the C-Reg system
into the prompt and executed it using ChatGPT two times each.

Finally, we compare the measured size using chatGPT against the real measurements obtained in
[34].
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Table 1. C-Reg case study example for measuring COSMIC function points from requirements [34].

ID Functional Process CFP
1 | Add teacher details 4
2 |Consult a teacher's data 4
3 | Modify a teacher's data 3
4 | Delete data from a teacher 5
5 |Consult the Course Offerings (Teacher) 7
6 |Create assignments in Course Offerings 6
7 | Modify assignments in Course Offerings 7
8 | Delete assignments in Course Offerings 4
9 | Add student data 4
10 |Consult student data 4
11 |[Modify student data 3
12 | Delete student data 4
13 |Consult the Course Offerings (Student) 6
14 |Create student schedule 6
15 |Modify student schedule 8
16 |Delete student schedule 6
17 |Monitor Course Offering enrollment progress 6
18 [Monitor enrollment progress on student schedules 5
19 |[Close registration 10
Total 102
—l—) COSMIC method [CFP]
— EP 1 ————>  chalGPT Exl |
Base e —l—b COSE:::‘:CFP];

prompt _ I—) chatGPT Ex2

—l—) COSMIC method [CFP]
——>  FP19 ———>  chaGPTExi |

> SAGECERS

Fig. 1. Flow of experimental procedure diagram.

3.1 Fine-tuned prompt creation

To generate the prompt, it was necessary to describe some aspects of the COSMIC measurement
method [28]. Firstly, we defined data groups, data movements, and the definition of functional users.
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Creating and fine-tuning the ChatGPT prompt to create an effective functional size measurer
involves carefully designing the model to categorize objects of interest, functional users, and the
types of data movements [16].

Firstly, we ask to describe the given use case and to include the data groups and their movements
according to the COSMIC measurement method [28].

Next, we describe and give examples of what a data movement is, what a functional user is, and
what an object of interest is. The examples of these concepts improved how chatGPT classified the
content of the use case.

Next, we gave hints on what systems mentioned in the requirements are beyond the measurement
scope and must be considered as functional users (Course catalog system and Billing system).
Then there is a space where it is needed to insert any use case.

Finally, we ask that the data groups used, and their movements be explicitly included according to
the COSMIC standard, count the times the data groups are moved in the functional process described
above, and place them in a table.

Below is the prompt that was used to conduct the tests:

Describe the given case use and explicitly include the data groups used and
their movements according to the COSMIC standard, the data movements move
a group of data and can be read from the database, writing to the database,
input from a functional user and output to a functional user, functional users
are everything with which the system interacts (e.g. people who use the system,
other systems with which it communicates, different systems from which it
receives data), data groups describe an object of interest that can be a real
world object or a conceptual object (e.g. user, payroll, catalogs, teachers,
students, courses, workers).

The Course Catalog system and the Billing System are functional users, so to
interact with them, there must be exit and entry movements with these.

Given the following use case:
[Insert a Functional Process description from C-reg (Table 1)]

Explicitly include the data groups used and their movements according to the
COSMIC standard, the movements move a group of data and can be read from
the database, written to the database, entry from a functional user, and output
to a functional user (e. g. people who use the system, other systems with which
it communicates), data groups describe an object of interest that can be a real-
world object or a conceptual object (e. g. user, payroll).

Additionally, count the times the data groups are moved in the functional

process described above and place them in a table with the form: data group,
movement, value.
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3.2 Prompts execution

Once the execution of distinct prompts was developed, the results were collected and shown in Table
2.

The functional process ID is shown in the first column, and the name of the selected functional
process is shown in the second. The functional size derived from the COSMIC technique, as per
Table 1, is shown in column three. The functional size obtained from the first prompt execution
utilizing the developed prompt and the Magnitude of Relative Error (MRE) for that first prompt
execution is displayed in column six.

Table 2. Comparison of the results of applying the COSMIC method to the C-Reg [34] requirements against
the results obtained by chatGPT in two different executions.

. Measured | Measured CFP .

ID Functional Process CEP (ChatGPT) Diff MRE
1 |Add teacher details (Promptl) 4 7 3 75.0%
1 | Add teacher details (Promp2) 4 10 6 150%

Consult the Course Offerings o
5 (Teacher) (Promptl) ! 6 ! 14.2%

Consult the Course Offerings 0
5 (Teacher) (Prompt2) ! 10 8 42.8%
15 | Modify student schedule (Promptl) 8 10 2 25.0%
15 | Modify student schedule (Promp2) 8 6 2 25.0%

Using the information in Table 2, Table 3 contains the quality criteria for estimation the robustness
of the model, which are Mean Magnitude of Relative Error (MMRE), MRE Standard Deviation
(SDRMS), and the Prediction level at 10% (Pred 10%) was compiled.

Table 3. Quality criteria for estimation the robustness of the model.

MMRE: 0.553

RMSE: 3.240

SDRMS: 0.510

Pred(10%): O
Based on the quality criteria, it can be mentioned that there is an average relative error of 5.53%,
with a standard deviation of 0.510, and all the measures by ChatGPT are not within the 10%
prediction level.
The results show that the size measured using ChatGPT 4o has a difference greater than 10% from
the real size measured with the COSMIC method in every FP.
Since the COSMIC method is a standard, the goal of a functional size measure is to be reproducible
and audited, any difference could put at risk the project success since there will be a difference in
estimating the necessary resources.

4. Discussion

From Table 2, it was observed that like the findings in the article by Hartenstein et al. [27], ChatGPT
exhibits some consistency in the total measurement value, in this experiment (only three functional
processes) with variation. However, at the individual level, the functional processes yield different
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results, while functional process 1 shows a significant percentage variation. This observation
suggests that there is no reproducibility based solely on the measurement value.

But after carefully examining ChatGPT's responses, we can see that — even in cases where the
definition of the text has been given — it is inconsistent to identify data groups, data movements, and
functional users straight from the text — elements that software measurers are familiar with. Refer to
Table 4.

Table 4. Two ChatGPT functional size responses for the Add teacher details functional process.

Response 1 Response 2
| Data Group | Movement |Value | | | Data Group | Movement | Value |
| — il | e
| Command | Entry | 1 ||| Command |Entry | 1 |
| Form Template | Exit | 1 ||| Form Template [Exit | 1 |
| Teacher Data | Entry | 1 ||| Teacher Data |Entry | 1 |
| Teacher Data | Read | 1 ||| Teacher Data |Read | 1 |
| Error Messages | Exit | 2 | ||Error Messages [Exit | 2 |
| Teacher Data | Write | 1 ||| Teacher Data | Write | 1 |
| Work Area Data | Write | 1 |
| Course Catalog Data | Exit | 1 |
| Billing Data |[Exit | 1 |
Total 7 CFP Total 10 CFP

One of the primary reasons for using a standard metric is to enable auditability of results. However,
in this case, even though the results could be analyzed for accuracy (quality criteria like MMRE,
STDEV, etc.), they cannot be audited due to the varying elements used to derive the size. Therefore,
it is not possible to consider these results as measurements. At best, they could be considered an
approximation approach with some considerations.

As an approximation approach, it has not been studied as extensively as other methods. The results
do not provide a clear route for gathering or improvement; they seem more like guesses or luck.
From the observations made in this experiment, it becomes apparent that any approximation
approach based on text may encounter similar challenges. It is easy to understand this because LLM
models like ChatGPT can perform a form of reasoning based on statistical and contextual patterns
learned during training. This implies that there should be identifiable patterns or repeated elements
in a text that the model can recognize and utilize. However, this is an open question in the software
requirement research field, predating the existence of LLM or natural language processing (NLP)
technology.

Additionally, numerous subjective elements such as different local expressions, language variations,
communication styles, abstractions, etc., could make this a more difficult task. These factors
contribute to the complexity of accurately interpreting and analyzing text-based data, making it
challenging to develop robust approximation approaches in software requirements. Therefore,
addressing these challenges will require interdisciplinary efforts and innovative solutions to advance
the state of the art in software measurement and estimation.

5. Conclusions

In this study, we proposed an experiment to determine whether ChatGPT could perform COSMIC
measurements. However, we discovered that ChatGPT could not reliably produce accurate findings
at the detailed level. The primary shortcomings found in ChatGPT include its incapacity to
accurately extract data movements, data groups, and functional users from the text.

From this experiment, we observe that the results produced by the ChatGPT model are not consistent
(reproducibly), leading to different results in different executions. This inconsistency generates
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erroneous measurements and incorrect information, a principal element for metrology, which could
put at risk the success of the project.

We can observe that ChatGPT does not adhere to the COSMIC methodology, so the resulting
measurements, although correct in some cases, are merely coincidental. If the measurement were
audited, it would likely not pass the COSMIC method application, which is a significant issue in
software contracting.

Based on the experiment, it is challenging to conceive that LLM models could accurately measure
software using a FSMM because they operate on patterns and structured data. In contrast, FURs are
often described in free text and depend on the individual writer, leading to variations in language,
communication styles, and abstractions.

Indeed, our challenge extends beyond the capabilities of current technology like ChatGPT, it
includes the inherent variability and subjectivity of human language. Despite the significant
advancements in natural language processing, there is no replicable or consistent way to interpret
Functional Unit Requirements (FURSs) due to the lack of standardized descriptions.

The proposal by Gérancon et al. [35] offers a potential approach to address this issue. However,
current tools, even the most advanced ones like ChatGPT, fall short in meeting the essential
requirements for measurement using the COSMIC method directly from the FURs text descriptions:
accuracy and reproducibility.

Therefore, it's crucial to recognize that the limitations and issues faced in using Al for estimation
tasks extend to approximating functional size from text. Addressing these challenges requires
advancements in Al technology, as well as a deeper understanding of the complexities of human
language and the specific requirements of the software engineering domain.

6. Limitations

Since OpenAl's ChatGPT model, is not open source, and they can change the way the model
responds to mitigate risky results according to their policy [29], the quality of the results in this
proposal has been changing from the beginning of this article until the time of its publication (a
reproducibility problem).

The steps to perform a functional size measurement using the COSMIC method require knowing
the context of the system to be measured, such as the attributes of an object of interest. Thus, the
way an LLM will group the attributes of an object of interest could be different from those identified
in the measurement process.

How user requirements are obtained can vary, so it is a challenge to create a prompt that could cover
everything.

7. Future work

Replicating the experiment with all the functional processes from the case study [34], along with
additional real software applications, would provide valuable insights into the performance and
limitations of ChatGPT in measuring functional size from text.

Using different or improved versions of LLM, such as ChatGPT 4, 4+, 40, LLAMA 3.1, Gemini,
and Bart, could offer further insights into the model's consistency and performance. To get consistent
results under the same prompt in any model would be crucial in determining its reliability.

Finally, exploring the development of a system that leverages ChatGPT for specific parts of the
measurement methodology, such as transforming user stories into functional user actions or
wrapping attributes in objects of interest, could lead to creating a more accurate measurement model.
A mixed approach, like the Retrieval-Augmented Generation (RAG) approach, could combine the
strengths of ChatGPT's language processing capabilities with other techniques or models to enhance
accuracy and reliability in functional size measurement.
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Abstract. Quantum computing, strongly based on guantum mechanics, presents significant challenges for
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1. BeedeHue

Ksanrossie Berancnenns (QC) B HacTosIee BpeMs SIBITIOTCS OMHIM U3 CaMBIX MHOTOO0EIITAFOIIINX
JOCTH)KEHHH, KOTOPBIE JIOJDKHBI PAIMKAIBHO H3MEHUTh BBIYHCINTEIbHBIC MAIIIMHBI ¥ BEIYHCIICHUSI
Ha Hux [1-9]. TlocTpoeHHBIE HA TIPUHIMIIAX KBAHTOBOW MEXAaHWKH, TAKUX KaK CYyIEPIIO3HIINS,
3aMyTaHHOCTh M M3MEPEHHE, KBAHTOBBIC BBIUUCICHHS MOTYT OTKPBITH MEPEd HAMHU COBEPILICHHO
HOBBIE TIEPCIIEKTHBEL. KBaHTOBBIE BEIYMCIIEHHS HEOTIEIUMEBI OT KBAHTOBOM MexaHuWku [9-11]; mux
peanuzanus TpeOyeT U MaTeMaTHIeCKOro (yHIaMEHTa, ¥ IIOHUMAHHS BEPOSTHOCTHOTO XapaKTepa
KyOWTOB, U TOTO, KAK MO>)KHO IMH yIPaBIATh. I TEX, KTO CIICIHATH3UPYIOTCSA B O0JIACTH TEOPHUH
W TIPAKTHKA BBIYHCICHWN HAa BBIYUCIUTEIHHBIX MAIIMHAX, a OCOOCHHO M HWH)XXCHEPOB-
MIPOTPaMMICTOB TIEPEXOJ K UCTONB30BAHIIO KBAHTOBBIX KOMITHIOTEPOB TPEIICTABISACT CEPhe3HBIC
TPYAHOCTH.
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KBaHToBasi mpupona KBAHTOBBIX BbIYHCJIEHHIl IeJ1aeT HX HENOCTYNHBIMYU I TIOHUMAHUSA
CHEeNHAIMCTAMHE, He padoTalomMu B o6s1acTi ¢pu3uku. KBaHTOBbIC BEIYHCIICHUS UCTIBITHIBAIOT
MOIIHOE BIIUSIHUE KaK KBAHTOBOW MEXaHUKH, TaK U MaTeMaTuKi. OHH BKITIOYAIOT B ce0s KITFOUEBBIC
MOHSATHS U3 3TUX HAyK, B TOM 4ucie ciaeayromue [5, 10, 12-13]:
1) kBaHTOBas MeEXaHHKa — CYIEPIO3WIHS, 3aMyTaHHOCTb, KBAaHTOBas HHTEP(EPEHIIHS,
W3MEpeHue;
2) KBaHTOBbIC KyOUThI U KBAHTOBBIC COCTOSHHS;
3) KBaHTOBBIC BCHTUJIU U KBAHTOBBIC CXEMBI;
4) nuneitHas anrebpa (BEKTOpHBIC MPOCTPAHCTBA, MATPHIIBI, COOCTBEHHBIC 3HAUCHUS U
COOCTBEHHBIE BEKTODBI);
5) KOMIUIEKCHBIE YHCIA;
6) Teopust BEpOSATHOCTEN;
7) TEH30pHOE UCUHCIICHHE,
8) mpeobpasoBanus Dypse.
Maremartnueckuii 0a3uc KBaHTOBOM MEXaHHWKH, M3Y4alollleil MOBeJEHHE DJIEMEHTAPHBIX YaCTHII
MaTepuH, ObUT NEPBOHAYANLHO co3gaH B Havane XX Beka Humbcom bopom [14], Bepaepom
[eitzendeprom [15], Opunom lpenunrepom [16], [Tonem dupakom [17] u npyrumu. B Hactosimee
BpEMs B OCHOBC KBAHTOBBIX BBIYHCIICHUN HaxoaiaTCad UMEHHO 3TU q)y'H}laMCHTaHI)HI)IC MPYUHIMAIIBIL.
Besa HeO6XO}]I/IMa$I COBOKYITHOCTb 3HAHUH JeJIa€T KBAHTOBBLIC BbBIYUCIICHUA 60.]'[66 CJIO)KHBIMH, YEM
K1accudeckue. B pesynbTaTe mporpaMMHCTBI MOT'YT CTOJKHYTBCS C MpoOieMaMH HpH MOMBITKE
OCMBICIIUBATh U Pa3BUBATh KBAHTOBOE IPOIPaMMHOE 00ECTICUCHHE.
MHoroaucUUNINHAPHBIA MOAX0A K KBAHTOBBIM BbIYMCIeHMSIM. CMEXKHBIMU C KBaHTOBBIMH
BBIYHCICHUAME  OOJACTAMH  SBISAIOTCS  KBaHToBas wuHpopmarnka (QIS) wu  kBaHTOBBIC
uHpopmanmonusie TexHomorud (QIST). DTu nBe HaydHble O00JACTH CHIBHO B3aHMOCBSI3AHBI,
MpUYeM MOCIIeHsAS JeJaeT OCHOBHOM YIIOp Ha TEXHOJIOTHIO Pa3padoTKy U ynpasienus. Couetanne
B KBaHTOBOW HH(OpMATHKE DIIEMEHTOB TeopuH HHGOpPMALUK, WH(POPMATUKK M KBAHTOBOM
MEXaHUKH CIIOCOOHO MPUBECTH K MPOPBIBY B 001acTH 06paboTku uHpopmarmu [18].
BHenpenneM HOBBIX KBAHTOBBIX TEXHOJIOTMI B TakMX OOJIACTSX, KaK CBS3b, CETH, 0E30IMaCHOCTD
JAaHHBIX, HABUrallds W MeAuIMHCKas muarHoctuka [11, 19-20] ¢ ucmons3oBaHMEM IOCTHKEHHIMA
KBAaHTOBOH MH(OPMATUKH 3aHATHl MEXKIUCUUIUIMHAPHBIE KOJUIEKTHBEL. KBaHTOBas MH(pOpMAaTHKa,
coueraromas B ceOe KBAaHTOBBIC NPHHLIMIBL, (GOPMUPYET Yy pPa3paOOTIUKOB IPOrPaMMHOTO
ofbecreueHns1 HOBOE MBILUICHHE.
Texkyumii aepuuuT crienHaJucToB, MPOLIEAINX 00yYyeHHe KBAHTOBbIM BbIYHMC/JIeHMsIM. B
MIOCTIETHUE TO/IbI KBAaHTOBBIE BHIYUCIICHHS CTAHOBSTCS Bce Oosiee U Gosee BaXKHBIMH JUIS BCEX HaYK,
CBSI3aHHBIX C BBIYMCIHMTEIGHBIMA MallMHAMH, U CMEXHBIX C HUMHU (Hampumep, ¢ MPUKIIaTHOH
¢usukoit [21] win BeruMcIMTENbHOM XuMueH [22]). Pa3BUTHIO HOBBIX TEXHOJOTHHA M METOIOB
MOCBSIICHO 3HAYUTEIBHOE KOIMIECTBO BEAYLINXCsl HCCiIenoBanuii [23]. 3HaunTeNnbHYIO TPYAHOCTD
NPENCTaBIISET BBICOKAs CIOKHOCTh KBAHTOBBIX BBIYHCIICHHH, OCOOCHHO B TOM CMBICIIE, KOTOPBIi
NPUIAIOT ATOMY CIIOBY MaTeMaTHKA U (PH3HKA, a ITO JeaeT TaKHe BBIYUCICHNS MEHEE JOCTYITHBIMU
JUTSL TEX, KTO paboTaer B 00JaCTH TEOPHH M TIPAKTHKK TIPOrpaMMupoBanus [24].
HexBaTka KBaJM(UIMPOBaHHBIX CHEHAIUCTOB B 00JACTH KBAaHTOBBIX BBIYMCICHHH COBEPIICHHO
o4yeBUIHA. B HHOPACTPyKTYpHBIX CKPHUIITAaX U CBSA3YIOLIEM KOJIE B HACTOSIIEE BPEMsl BCTpEUaeTCs
MHOXKeCTBO ommbOoK [25]. JIns CHIDKeHHMs MX dYncia HeoOxommma 0Gojiee 3aMeTHas SI3BIKOBas
TIOAJIEPIKKA, ISl pa3pabOTKH KBAHTOBOT'O MPOrPaMMHOT0 00ecTiedeH st U iaT¢opM, COBEPIIEHHO
HEeoOXOMMbI KBalH(UIUPOBAHHbIE NPOrpaMMHCTBL. B Hacrosimee Bpems pa3paOOTIUKaAMHU
KBAaHTOBBIX IIPOrpaMM CTaHOBATCS BBITYCKHUKH BY30B, He HMeEIIUe NPOrpaMMHUCTCKOTO
00pa3oBaHus, B 4aCTHOCTH, (u3uku [25-26], KOTOpHIM HE XBATAET CEPHE3HOrO KIACCHYECCKOTO
00pa30BaHus B IPOrPaMMHON HH)XEHEPUH, B TOM YHCIIC HABBIKOB 3()()EKTHBHOT'O HHTETPALIIOHHOT O
TECTHUPOBAHHSI.
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HccnenoBannsi 1MOKa3pIBalOT HAJMYHE TPOOETOB B 3HAHMAX KBAHTOBOTO IIPOTPaMMHOTO
obecrieueHHs] Ha MPEANpPUATHIX [27], YTO CBHUACTENBCTBYET O HEOOXOAMMOCTH W3MEHCHHH B
MeTofIaX POrpaMMHOI HHXKEHEpHH U obpa3oBanun [23].
IIytu pemreHusi mpoGiembl. Pa3paboTka KBaHTOBBIX NpOrpaMM — 3TO JUHAMHYHO DPaCTyIIas
oTpacilb, OPUEHTHPOBAHHAsI HAa WCIIOJIb30BAaHWE BO3MOKHOCTEH KBAHTOBBIX BBIYHMCICHHH JUIS
Pa3IUYHBIX PWIOKEHHH [3, 28-32]. B KBaHTOBBIX KOMITBEOTEpAX UCTIONB3YIOTCS KYOUTBI, KOTOPBIC
MOT'YT CYIIECTBOBATh B CYIEPIIO3HLUIX ABYX COCTOSHHH, YTO IO CPAaBHEHHUIO C KIIACCHYECKHUMH
KOMITBIOTEPAMHU TIO3BOJISIET ObIcTpee W 3(QeKTHBHEE BHIONHATH CIIOXKHBIE BbraucieHus [30].
OnmHako pa3pabOTKa KBAaHTOBOTO MPOTPAMMHOTO OOECHEYEHHUs] CTAJKUBACTCS C TaKUMHU
npobiieMaMu, Kak IIyM, HEOOXOAMMOCTh WCIIPABIEHUS OIIHOOK, MacmTabupyeMocTb H
CMOCOOHOCTH K B3auMoeicTauio [28-29, 32].
st penienys mpo0OIeMbl HEXBATKH KBAJTH(UIIMPOBAHHBIX CIEIUAIICTOB B OTPACIU TTOCTABIIHKH
KBAaHTOBBIX TEXHOJIOTMH JOJDKHBI COIJIaCOBATh CBOM YCHIMS C TPHHIMIIAMH KBAaHTOBOM
MPOrpaMMHOW HMH)KEHEPHH, Ipejyiaras JOCTaTOYHBIH HAOOp MPOTpaMMHBIX HHCTPYMEHTOB H
obyuaronux Kypcos [3].
YrtoObl 100UTHCS ycrexa B cBoed paboTe, co3jaTedr KBAaHTOBOTO MPOrPAaMMHOTIO oOecrieueHHs
JOJDKHBI 3HATh [33]:

1) Bce aeranu MPoGIIEMbI, KOTOPYEO OHH MBITAIOTCS PEIINTD;

2) Kak HamucaTh KBAHTOBBIN KOI;

3) Kak 3ammcath pelIeHHe CBOei MpoOaeMbl B BHIE KBAHTOBOM MPOrPaMMBI;

4) xak mMcaTh MacHITabupyemble KBaHTOBbIC pereHusi (B 3aBUCHMOCTH OT CIICHAPHSI

HCITOJIB30BAHMS).

Oco3HaBasi Bce 3TH TpeOOBaHUS OTpaciy, KpalHe Ba)KHO ONpPEACIUTh 3HAHUS M HABBIKH,
HEo0XOMMbIE NIPAKTHKYIOLINUM CIICHUATMCTaM [0 KBAHTOBBIM BBIYMCICHHSAM, OCOOCHHO TEM, KTO
CHeLUan3upyeTcss B O0JAcTH KBAaHTOBOW IMPOrpaMMHONM HHXeHepuu. Takum o0pa3om, 3To
HCCIIeI0BAaHNE HAIIPABJICHO Ha!

1) ompeneneHne KOMOETEHLHH, HEOOXOIUMBIX B HHAYCTPUH KBAHTOBOTO MPOIPAMMHOIO
obecrieueHns,, ¢ OCOOBIM BHMMAaHHEM K 3HAHHMSAM M HaBbIKaM, CYLIECTBEHHBIM [UIS
CIIELMAIIICTOB B 00JICTH KBAHTOBBIX BBIYHMCIICHUH.

2) ompeneneHHe KIIOYEBBIX KOHLCMIMI s pa3paboTku Oyaymux y4eOHBIX HpOrpaMm U
00pa30BaTeNbHBIX MEPONPHATHH, CIOCOOCTBYIOIIMX IPHBICUYEHUIO YYaIUXcs K
U3y4YEHHIO Hay9HBIX OCHOB KBAaHTOBOH MH(OPMATHKH.

BaxHO OTMETHTB, UTO HACTOSIIAS CTAThS MPEACTABISIET COOON HECKOIBKO COKpAIIEHHBIN BapUaHT
pasBepuyroii cratbu “SKills required for Quantum Computing: A comprehensive review of recent
Studies”, koropast MyOIUKyeTCS B 3TOM TOIY, ¥ B KOTOPOH MOXHO HaiTH Gojee JETANbHYIO
MH(OPMAIINIO TT0 3aTPOHYTHIM Borpocam [34].

OcraBiasicss 4acTh CTaThH OPraHU30BaHA CIEAYIOMIUM oOpa3zoM. Pasznmen 2 comepKUT OIucaHue
TEKYIIEeH CUTYyaIluy, BKIIFOYas OMICaHNE TOTPEOHOCTEH IpeAnpusITHii-pa3paboTINKOB B TEPMUHAX
KOMITETCHI[MH, HABBHIKOB M BO3MOXXHOCTEI KBAHTOBBIX TeXHOJOruil. B pasmene 3 omuchkiBaroTCs
HEKOTOpBIe ONMU3KHE pabOThI, B KOTOPBIX IPEICTABICHBI PE3YIbTAThl IMOATOTOBKH CTYICHTOB H
MIPOBEPKHA MX KOMIIETSHIIMH B 3TOM oOnacTu 3HaHWHA. B paszene 4 ommchIBaeTcs METOMONIOTHS,
WCTIONB30BaHHAS MIPH aHAIA3E JTUTEPATYPHBIX UCTOYHUKOB, CYMMHUPYIOTCS IIIaTH, BHITIOTHSBIIHECS
JUIA CHCTEMATH3aIliy TOTYYEeHHBIX NaHHBIX. Pazmen 5 mpencraBiser pe3ylbTaThl BHIIOTHEHHOTO
0030pa TUTEepaTypHl, BRIACISS TPH OCHOBHBIX 3JIeMEHTA: (hyHIaMEHTAIbHBIC 3HAHUS IS KBAHTOBBIX
BBIYHCIICHUH, HEOOXOMUMBIE TeXHWYeCKHe (MM MpodeCcCHOHATBHBIE) HABBIKM W HEOOXOIMMBIE
colMaNbHBIC HABBIKA. B pasmene 6 TPUBOAMTCS KpaTKOe OOCYXKICHHE pPe3ylIbTaToB 0030pa
JUTEpaTyphl M OCHOBHBIX Wel aBTOpoB. B pazzaerne 7 comepxkaTcs BHIBOIBI B Oyaymias padota. B
KOHIIE CTaThH IPEICTABICHBI Pa3/IeN CChUIOK M KpaTKas HH(pOopMAaIHs 0 ee aBTopax.
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2. lMpedbicmopusi
VYueOHbIe 3aBeACHUS JOIDKHBI peliaTh IPOOJIeMy HEXBATKU KBATH(HIHPOBAHHBIX CIICIHAIUCTOB B
o0nacTH KBAaHTOBBIX BBIYHCIICHUH, pa3pabaTbiBas ydeOHBIC MPOrPaMMBbI, KOTOpbIE YeTKO
OMPENIeISIFOT KOMIIETCHIIMM W HAaBBIKH, HEOOXOAUMBIE IS OyAYIIMX HHKSHEPOB-Pa3paObOTYHUKOB
KBaHTOBOT'O MPOrpaMMHOro obecrieyeHus [3]. DTH HOBble yueOHbBIC IUIAHBI JOMKHBI BKIIOYATh
KOHKpPETHbIE HABBIKH, HEOOXOAUMBIE [UTs pa3paboTKH KBaHTOBBIX mporpamm [35]. Kpome Toro, st
3¢ (eKTUBHOrO penieHus 3Toi MPoOIEMBbI M HCIOIb30BAHUS JOCTIKCHHH KBAHTOBBIX BBIYMCIICHHUH
HE00XO0/IMMO HANIAIUTh COTPYIHAYECTBO MEXKIY IPOMBIIIICHHOCTBIO, aKaJIeMUYECKUMHU KPYTraMHu U
3aHHTEPECOBAHHBIMHU FOCYIAPCTBEHHBIMU CTpYKTYpamu [1].
Jlnst perieHust 3Toi mpoOaeMbl yKe ObUTH MPEMNPUHSTH OTpe/eieHHble yerns. Jlanee onucaHsl
HEKOTOpbIC U3 HHX.
IMoTpeGHOCTH KBAHTOBO# NpoMbINLIeHHOCTH. B padote [36] nmpuBoxutcs 0630p 57 koMmmaHuid,
3aHSTBIX B KBAaHTOBOH MPOMBIIUICHHOCTH. Llenbio paboThl ObLIO oOmpe/esieHie HOMEHKIATYpPHI
pabounx MecT, HABBIKOB M YPOBHS IOATOTOBKH JUISi HAHMMAaeMbIX paboTHHKOB. McciemoBaHue
MPOBOJIMIIOCH B TIOMOIIb 00pa30BaATENbHBIM YUPEKICHHUAM, KOTOPHIM OBLIO HY)XHO aalTHPOBATh
CBOM TIPOTpaMMBbI K TpeOOBaHMSAM OTPACIM Ha OCHOBE NMOHUMAaHUsI KOHKPETHBIX pabo4HX polie,
HaBbIKOB U ypOBHCﬁ KBaJ'II/I(bI/IKaL[I/II/I, HCO6XOJII/IMBIX B KBAHTOBOM CEKTOPE.
Ompoc BBIABHI pa3HOOOpa3ue BO3MOXHOCTEH MO TPYAOYCTPOICTBY B KBAHTOBOW HMHAYCTPHH, OT
Y3KOCIICIHATIM3UPOBAHHBIX POJIeH, TAKUX Kak pa3pabOTYMKH KBAHTOBBIX aITOPHTMOB, 10 Golee
IMIMPOKHUX TIO3UIMK B OM3HEce M NporpaMMHOM obecrieueHun. Komnanuu vIyT u oOnaaarteneid
JIMTUIOMOB GakajaBpoB, M KaHAWIATOB HAYK, HO CTAPAIOTCSI HAHUMATh 3AIUTHBIINX MATHCTEPCKHE
U KaHAUJATCKUE AUCCEPTalu. Beinenens! ceMb JOIKHOCTEH, KOTOpPBIC SIBHO TPEOYIOT HABBIKOB B
KBAaHTOBBIX BBIYHCICHHSAX!

1) crmeumanucT NO UCHIPABICHHUIO OLIHOOK;

2) (pU3HK-IKCIIEPHUMEHTATOD;

3) (u3HK-TEOpETHK;

4) BBIYHCIHUTEIBHBIN XUMUK;

5) umKXeHep/HayIHBIN COTPYAHHUK MO (POTOHHKE/OTITHKE;

6) pa3pabOTYHMK KBAaHTOBBIX AJITOPUTMOB;

7) apXUTEKTOp TPHUIOKCHHUIH/PEIICHHIA.
CnenuajJbHOCTH W POJIM B 3KOCHCTEeMAaX KBAHTOBBIX BblYucjeHui. [IpoanammsupoBas 15
BEIyIHNX KOMIIAHWH, BEAYIIUX PaOOTHl HAJ TII00ATHHOW 3KOCHCTEMOW KBAHTOBBIX BBIUYMCICHHNA
(global Quantum Computing Ecosystem), cpemn kotopeix Obute Kommanuu |BM, Amazon,
Microsoft, u Google, aBrop pabotst [8] ompemernwt, 4To B 11eIOM BCE W3YUEHHBIE POJIM MOTYT OBITH
pacnpezeneHsl 10 MATH HelepeceKaromuMcs KlacTepaM ClieHaIbHOCTEH:

1) mporpaMMHas HEKEHEPHS,

2) ammapaTHas WHXKEHEPHS],

3) HaydHBIE UCCITEIOBAHUS,

4) TexHUYECKHE KOHCYIbTAINH, I

5) ympaBieHne IpOLYKTaMHU U IPOrpaMMaMIL.
B kauectBe mpumepoB momkHOCTeH st Kimactepa 1 MOXKHO TIPUBECTH TaKue:

® HHXCHep-pa3pabOTYHK KBAHTOBBIX IIPOrPaMM;

® HHXEHep-pa3pabOTYHK NPOrpaMM sl BCTPOCHHBIX CHCTEM;

® HHXCHEP-TECTHPOBIIHUK U U3MEPHUTENb KBAHTOBBIX IPOIPaMM.
PaboTHUKH, OTHOCSIIHECS K 9TOMY KJIACTEPY, BHIOIHSIIOT, HAIPUMED, TAKHe pabOThL:

® pa3BHUTHE TEXHOJOTWIl KBAHTOBBIX BHIYMCICHUH JUIS IOMIHOTO OXBATa CTEKa apXHUTEKTYP;
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e pas3BUTHE MPUIOKEHUH, YTOOBI CIETATh KBAHTOBBIM MOAXO]] HIMPOKO HCIOIB3YEMbIM U
JIOCTYIHBIM.

[puMepsl HABBIKOB, HEOOXOMUMBIX UISl 3TOH KAaTErOpHH, BKIFOYAIOT TAKUE S3bIKH, OHOIHOTEKH,
cucteMbl U TexHonoruu, kak C, C++, Java, Python, Spring, MATLAB, HTML, Simulink,
PostgreSQL, Julia, co3manue clieHapueB HCIONB30BAHUS MPOrPAMMHOIO OOECIEYEeHUs s
annapaTHBIX HHTEepdeicoB.
Ortyer, mpezacraBieHHBIH B pabore [8], mokaszan, yto Oonee yHHMBepcalbHblE paboune MecTa B
KBaHTOBOH MHAYCTPHH TPEOYIOT CPa3y MHOTUX Pa3IHMYHBIX HABBIKOB, OTHIOJIb HE BCE U3 KOTOPBIX
HAMPSMYIO CBSI3aHBI C KBAHTOBBIMHU BBIYHCICHUSIMU. TakK Kak B JODKHOCTHBIX HHCTPYKIIUSAX MOTYT
OTCYTCTBOBATh TOYHBIC JIETATH TPeOOBaHM, MPEABSIBISIEMBIX K pabOTHHKAM, VIS OMpPEACICHHUS
KOHKPETHBIX HABBIKOB, HEOOXOJIMMBIX TSI KBAHTOBBIX JOMKHOCTEH, TPEAMPUHAMAIOTCS U IPYrue
YCHIIUSL, KOTOpBIE 00CYKIIAIOTCS B CIIEAYIOIIEM pasJielie.

3. O630p aHano2u4HbIX pabom

BBITh KBaHTOBO-TOTOBBIM O3Ha4YaeT o0ONajaTh W TEOPETHYECKUMH 3HAHHSAMH, W MPAKTHYECKUMHU
HAaBBIKAMM, HY)KHBIMH JUIsi pa0OThl ¢ KBAaHTOBBIMH TexHoyorusmu [37]. OOpasoBarenbHblE H
HAaYYHBIC YUPECIKACHUS MOT'YT IIOMOYb YAOBJIETBOPUTH 3TY HOTpe6HOCTB, npeajiarasd nmpakTuKaHTaMm
ClIeHUaJIN3UPOBAHHBIC IIPOIrPAMMBI, IIPOBO/S UCCIICAOBAHUA U COTPYAHNYAsS C IIPOMBIIIIICHHOCTEIO.
CI10KHOCTh KBAHTOBOM MEXAHHKH JACJIa€T KBAHTOBYIO I/IH(bOpMaTI/IKy U KBAHTOBBIC TE€XHOJIOT'MH
OYeHb TPYIHBIMHU JUIS U3YUeHHUs U oBlajieHus1. MccnenoBanus 3QpekTHBHOCTH 00y4aIOIInX KYpCOB
QIST orpanuveHsbl, a OTCYTCTBUE CTAaHAAPTHU3UPOBAHHOM Y1€OHOM MPOrpaMMBbl SIBJISIETCS CEPhE3HON
npobsieMoil  M3-3a  MEXKAMCHMIUIMHAPHOrO Xapaktepa oOiactu [38]. Pacrer npusHanue
HEOOXOJAMMOCTH YueOHBIX IPOrpaMM Y)Ke Ha YpOBHe OakajiaBpHrara, Kak U MOTPEOHOCTH B YUeOHBIX
MaTepHanax Mo KBaHTOBOW MH(OPMATUKE U KBAHTOBOW MH)KECHEPHH.

3.1 Ycunua B obnactm o6Gpa3oBaHUA NO cneunanbHOCTAM KBaHTOBbIX
BbIYUCIEHUN

B pabore [38] mwis 6osee riry6OKOro MOHMMAHHSI TOCTABICHHBIX POOJIEM MPEITaraeTcsi COYeTaTh
BBOJHBIC JIEKIIMM [0 KBAHTOBBIM BBIYHMCICHHAM C IPAKTHYECKUMH 3aHATHAMH. Omnpoc,
mpoBeneHHbIl kommanued IBM B 2020 roxmy, mpemmaraeT BKIIOYHTH B TNPOTpaMMy TakKue
TpaAWLMOHHBIE JUCUUIUIMHBI, KaK JMHEHHas aireOpa W KBaHTOBas MEXaHHKA, a TaKKe
MPaKTHYECKHEe MaTepHalisl, HampuMep, paboty ¢ s3pikom Python, mratdopmoii Qiskit, a Takxe
NPaKTUKYM II0 KaJuOpoBKe OOOPYIOBaHUA C OOY4EHHEM CTYISHTOB METOJaM HHTErpaluu
KBAaHTOBBIX CUCTEM. FIMEHHO Ha HHTETpalliy PeabHBIX KBAHTOBBIX CHCTEM B YUeOHYIO IPOrpaMMy
caeman ymop B pekoMeHmammsix kommanud IBM. Hekoropoe mpencraBieHme o Kypce,
npemtokeHHoM B pabore [38], maercs B Tabm. 1. XoTs B HCCIENOBaHWH COOOIIAIOCH O
TIOJIOXKUTEIBHBIX Pe3yJIbTaTax, OHO NMPEACTABIsIeT COOOM BCEro b OXUHOYHYIO HHHUIHUATHBY, a
HE IUPOKO BOCIIPOU3BOIUMYIO MOJICI.
B pabore [13] ee aBTOpHI MOAYEPKHY/IM OTCYTCTBHE YCTOSBIINXCS TPAIUIUI U UCCIACIOBAHMUIA 110
00y4eHUI0O KBAHTOBOM (PHM3HWKE CTYAEHTOB, HE HWMEIOIMNX (u3mdeckoro obpazoBaHus. OHH
NpeyIararoT BBECTH B MarHCTPaType KypC, OXBaTHIBAIOIINI BOCEMb KIIFOYEBBIX TEM IO KBAaHTOBOM
(U3MKE U KBAaHTOBOH BBIYMCIUTEIFHON TEXHHKE:

1) BonHOBBIE (PYHKIMH,

2) nuHamuKa QYHKIHMHA JBIKYIIAXCS BOJIH;

3) kBanroBaHue (He 3aBHCsIIEe OT BpeMeHu ypaBHeHue [lIpenunrepa);

4) KBaHTOBas 3aIyTAHHOCTH;

5) crennduyueckue KBaHTOBBIE aJITOPUTMBI;

6) yHHMBepCcalbHBIC BEHTHIH U HX AIPOKCHMAIINH;
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7) KBAHTOBBIC PCIICHMS 3a1a4 ONTUMU3AIUH,
8) KBAHTOBBIC BBIYHUCJICHUS B YCIIOBUAX CpeZ[HeI\/’I 3alIyMJICHHOCTH.
Tao6n. 1. Temamuka JIEKYUOHHBIX KYpPCO6 NO KBAHMOBbIM 6blYUCTIEHUAM, noddepafcaHHbzx npakmudecKkumu

3AHAMUAMU.
Table 1. Quantum computation course topics with hands-on supplementary materials.

TpaauuMOHHAsI JIEKIIHOHHBIE KYPChI TIpakTHyecKue 3aHATUS
Mooyns 1:
Jluneitnas anrebpa SI3bik mporpammuposanus Phyton
KBanTtoBas MexaHuKas [Tnatdopma Qiskit

Horanus {upaka

Mooyns 2:
KBaHTOBbIE AT OPUTMBI KBaHTOBOE MPOrpaMMUPOBAHHE
Mooyns 3:
AnmapaTypa KBaHTOBBIX KOMITBIOTEPOB Kanmi6poBka KBAHTOBOTO 000PYJOBAHYS

YerpaneHue omuook

IIpeoGpasoBaHue MporpamMm

rpyl'll'lOBBIC UHTEPBBIO M aHKETHI IMOKA3bIBAKOT, YTO CTYACHTHI, U3ydarolue I/IH(bOpMaL[I/IOHHI)Ie
TCXHOJIOI'MH, BIIOJIHC CHOCO6HBI K U3YUYEHHIO KBaHTOBOM q)PI?:PIKI/I 1 3aMHTEPECOBAHBI B €€ N3YUCHUU
B paMKax CBOCTO 06paSOBaHI/I${ B O6J'IaCTI/I KBAHTOBBLIX BbIUHCIEHUH. KoMIUIEKCHBIH noaxon,
COYETAIONMH KBAHTOBYIO (DM3MKY U HHYOPMATHKY B OJHOM Kypce, B LIeJIOM paboTaeT XOpolLo.

B pa6ore [39] moguepkHyTO, 4TO KBaHTOBBIC HH(pOpMaIoHHbIe TexHomoruu (QIST) mo cBoeit cyTn
MEXIUCLUMIUIMHAPHBI, OHHM BKIIIOYAIOT B ce0s Takue obnactd, Kak (u3uka, MHPOPMATHKA U
uIKeHeprsi. B cBoell paboTe aBTOPBHI MPEMIOKKINM TPU y4eOHBIX IUIAHA [0 HMHTETPALH B
nporpammbl 0akanaspuata 1o uHpopmarike remaruk QIST. Dtu mnansl ObuIM pa3zpaboTaHbl IpU
y4aCTHU HPOMBIIUICHHOCTH, HAYYHBIX KPYTOB U MpaBHUTENbCTBA. KaxIpblil IUIaH BKIIOYACT B ceOs
PsII TeM, HOAXOUIIIMX ISl CEMECTPOBBIX KYpPCOB, HO MOTEHLHANBHO PACIPOCTPAHSIEMBIX Ha [Ba
ceMecTpa C  JONOMHUTENBHBIMUA  J1A0OPATOPHBIMH  3aHATHSIMH.  TeMbl ~ OXBATBIBAOT
(byHIaMeHTANbHBIC NPUHIMIbEI, KyOWTBH, KBAaHTOBBIC BEHTHIH, AalTOPUTMBI M HPAKTHYCCKHE
ACIEKTHI, TAKHE KaK KBAHTOBBI HHTEPHET U YCTPAHEHHUE OLIHOOK.

3.2 Yeunmna B obnactu ob6GpasoBaHUs MO CMNeunanbHOCTAM KBaHTOBOM
NPOrpaMMHON NHXEeHepumn

B HEKOTOpBIX HCCIEIOBAHUAX H3Y4alOCh BJIMSHUE KBAHTOBBIX BBIYHCICHHH HA pa3paboOTKy
NPOrpaMMHOT0 00ECIIeUeHHS], aHAIN3UPOBAIIOCh, KaK OHH BIUSIOT Ha KaXKAYyI0 (a3y KU3HEHHOTO
LUKJIa pa3pabOTKU MPOrpaMMHOr0 00eCIedeH s U IIPOrpece B afanTaluy 3THX (a3 K KBAaHTOBBIM
BBIYHCIICHHSM.

ABTOpBl paboTel [23] ompemenwiaN TEXHHYECKHE KOMIICTCHIWH, HEOOXOOMMBIE CTyAECHTaM
MarucTpatypsl 1Mo HH(OpMAaTHKE JUI KBAaHTOBBIX BBIUHCICHHH, CPAaBHUB HX C TEKYLIUMH
KOMIIETCHIIMSMH BBIITYCKHUKOB OakanaBpuarta. VX pe3ynbTaThl MOAYEPKUBAIOT PAa3PhIB MEXKIY
HUMEIOIMMHUCS M HEOOXONUMBIMH KOMIICTCHUMSAMHM, Ipeiaras, 4roObl TakHe TEMBl, Kak
MaTeMaTHKa, (pU3MKa ¥ TEOpHs CIIOKHOCTH, OBUTH BKIIFOUECHBI B ydeOHBIE TUIaHBI [0 TIPOrpaMMHON
WIKeHeprH, Kak Hampumep, B cranmapre SWEBOK [40], koropslii ompesensier Bce 3TaIlbl
pa3paboTku mporpaMMHOro oOecriedeHus. Ha OCHOBE BBINOIHEHHOrO aHAJIN3a KOMITETCHIWH
aBTOPBI TpeIaraloT pa3padoTaTh KOHIENIMIO O0Y4eHHs, YTOOBI Jydllle TOTOBUTH CTYJCHTOB K
paboTe 1Mo CO3AaHHII0 KBAHTOBOT'O MMPOrPaMMHOT0 00ECIeYeHNSI.

B pa6ore [41] aBTOpBI HENATCS CBOMM OIMBITOM MpernofaBanus Kypca “KBaHTOBbIC BBIUMCICHHS
JUISL CTYZICHTOB TEXHUUYECKHX (DaKyIbTETOB, HAUMHAS CO BTOPOTO IO MSTHIA rox odydeHus. Kypc
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MpefHa3Havyaycsl Uil CTYIEHTOB, YK€ MMEBIIMX 3HaHHMA B oOmactu aud¢epeHnnaIbHOro
WCUYHCIICHUS, INHEHHON anreOpbl M MPOrpaMMHUPOBAHMS, HO HE M3YYaBIINX KBAHTOBYIO MEXaHHKY
u coBpeMeHHYI0 (u3uky. Kypc ObuT HampaBiieH Ha pa3BUTHE MPAKTHYECKUX HABBIKOB KBAHTOBOT'O
MIPOrpaMMHPOBAHUS, OTTAJKUBAsSCh HE OT OMHCaHWS 0a30BBIX (M3MYECKUX SBICHUH, a OT
aOCTpaKTHOW JIOTMKM KBAaHTOBBHIX BbruucieHHd. Kypc mcmonb3oBan si3eik Q# M ObUT OCHOBaH Ha
y4eOHON MporpamMe, MPeJOCTABICHHOW KBaHTOBOM ceThi0 KommaHuu Maiikpocodt (Microsoft
Quantum Network). OcHOBHbIME ObLTH MPU3HAHBI CIIEAYIOIIUE TEMBIL:

1) BBeeHHE B KBAHTOBBIC BBIYUCIICHHS;

2) TPOCThIC ANTOPUTMBIL;

3) anroput™m kBaHTOBOrO mpeobpasoBanus Dypbe (QFT), Gmounbie mudper Simon, oreHka
(ba3bl ¥ KBAaHTOBBIH anroput™ ¢akropuzanuu lllopa;
4) KBaHTOBBIH ANTOPUTM peElICHHs 3a1auu epedopa (anroputm ['posepa);

5) PCAIBHOCTb KBAHTOBBIX KOMITBIOTCPOB.

3.3 CoBeplieHCTBOBaHWE [eATEeNIbHOCTU MO pa3paboTke NpPOrpamMHOro
obecneyvyeHuns ¢ NMOMOLUBLK KBAHTOBbLIX aJirOPpUTMOB

B paGore [42] mortuBammsi Obuta MOAYEPKHYTA MPOTPECCOM KBAHTOBBIX KommbioTepoB (KK),
KOTOpPBIE MOTYT BCKOpE PEIINTh paHee Ka3aBIIHecs Hepa3peliMbIMU TPOOJIEMBI B TAKUX 00JIACTSIX,
KaK XUMus, pu3rka 1 puHaHchl. OHAKO MOTEHIIMA KBAHTOBBIX AJITOPUTMOB JUIsl YCKOPEHHUS 33144
nporpamMmHON uHxeHepun (SE) ocraercs Hen3yueHHbIM. ABTOPBI YKa3aHHOW paOOThl MPOBENH
HCCIIEJOBaHUE BOCBMHU T'PYIIT KBAHTOBBIX aJI'OPUTMOB, KOTOpPbIE MOTEHIMAIBHO MOT'YT YCKOPHTH
pa3nuyHble 3aJaud IPOrpaMMHOM MH)KEHEPUM Ha pa3HbIX JTalax, BBIABIAA KaK HOBBIE
BO3MO)KHOCTH, TaK ¥ BO3HHUKAIOIINE ITPOOIIEMBI:

1) pemratenu cucTeM pa3peKCHHBIX THHEHHBIX YPaBHEHHI;

2) ajropuTMbl i PELICHHs 3a[au HAXOKACHHsA COOCTBEHHBIX 3HAYEHHUH U COOCTBEHHBIX
BEKTOPOB;

3) pemrarenu cucteM auddepeHIManbHbIX ypaBHeHuid [43-44];

4) MeTozbI TIOATOHKU MOJIEJIEH K JAHHBIM U aHAIU3a TOYHOCTH TOATOHKH;

5) xBanTOBOC MammHHOe 00yuenne (QML) [45-46];

6) xomGuHaTOpHas (IUCKpeTHast) onrtuMmu3anust [47-49];

7) mowck u cpaBHeHue cTpok [50-53];

8) amropuTMmbl Ui TIPOBEPKH BBITOIHUMOCTA (DOPMYI MPOMO3HIMOHATIGHON JIOTHKH B
KOHBIOHKTUBHON HOPMaJIbHOU (hopMe.

3.4 Knaccudukaumsa paboTHUKOB, 3aHATbIX KBAHTOBbIMU BbIYMCIIEHUAMMU

B pa6ore [41] aBTOpBI HCCIEnyOT KIacCH(pUKAIMIO PaGOTHHKOB, paboTalomMX B 0OIACTH
KBAHTOBBIX BBIYHCIICHNUI, PACTIPEACISSI MX 10 IIECTH KATETOPHSM, MPEIIIOKCHHBIM B IoaKacte [54]
(cM. Tabm. 2).

DTa KIaccu(uKanms momiepkana B pabore [55], KoTopas comepKUT CBEICHUS O TPOBEICHHOM
ompoce, B KOTOPOM JUIsl pa3IMYHBIX Yy4eOHBIX TPYII ONpPEACNICHBl  crenuduieckue
oOpa3oBaTenbHbIe MOAXOABL. B 3TW Tpynmmbsl BXOAWIM CIEIMAIWCTHI, IOBBIIAIOIINE CBOIO
KBaJTM()MKAIMIO, MHTEPECYIOMINECS BCEM HOBBIM CTAapIICKJIACCHUKH, COMCKaTenHn (hopMaibHOM
MAarvucTepcKoi CTENeHb MarucTpa B 3TOH 00JIaCTH HAyKH.

Knaccudukarnms B Tabn. 2 momoraer HaMm:

l) BU3YyaJIM3UPOBATH PA3JIMYHBIC YPOBHU KBaHI/I(i)I/IKaIII/II/I BEAYIIMX KBAHTOBBIC BbIYHCIICHUA
pa6OTHI/IKOB 1 COOTBETCTBCHHO PAHXKUPOBATH 3TUX pa6OTHI/IKOB;

122



Xyapec-Pamupec P., Xumenec C., HaBappo K. X., I'yeppa-T'apcus C., [lepec-T'onzanec D. I'., ®epuannec-u-Oepruangec K., Opruc-Opuangec
X., Kancuno K. TexHuuecKHe U COLMANbHbIC HaBbIKH, HEOOXOIUMBIE ISl KBaHTOBBIX BhrancieHuit. Ipyost UCII PAH, 2024, Tom 36 Bbim. 6,
c. 115-148.

2) pa3paboTaTh KypChl [0 KBAHTOBBIM BBIYMCICHUSIM U TPOrPAMMBbI IPAKTHYECKHUX 3aHATHIH,
a/IaTHPOBAHHBIE K ATUM YPOBHSIM, ITOTCHIIUAJILHO HHTETPUPYS U IpYTHUE HABBIKH, TAaKUE
Kak ToKa3aHHbIe B pabote [56] u TpamuuuonHo# TakcoHomuu biayma [57-58].

Tabn. 2. chcuqbukauuﬂ 3AHAMbBIX 8 KBAHNOBLIX BbIYUCIICHUAX.
Table 2. Classification of quantum workforce.

Kareropus Omnucanue

KBaHTOBOE JIFOOOIBITCTBO
(Quantum Curious)
KBanrtoBoe 3HakoMCTBO
(Quantum Explorer)
KBanroBblii pocT
(Quantum Climber)

I/Imyume 3HAHUI 00 OCHOBAaX KBAHTOBBIX BBIYMCICHUI

Hauapmme HU3y4yaThb HEKOTOPHIC KOHUECNINNA KBAHTOBBIX BBIYHMCIICHUI

PemuBiime MOJIYyYUTh o6pa3OBaHue B 00J1aCTH KBAHTOBBIX BBIYMCIEHUI

KBaHTOBOE MOAKIIOUEHHE 3HAKOMBIE C CHHTAKCHCOM SI36IKOB KBAHTOBOT'O [IPOrPAMMUPOBAHHS H C
(Quantum Enabled) [POrpaMMHBIMH TIATGOpMamMu
KBaHTOBast FOTOBHOCTD TMoHnMaroIKe ¥ YMEOIIKE MTHCATh KBAHTOBBIE IPOrPAMMBI, & TAKIKE
(Quantum Ready) Ppa3OuparoIMecs B CIOKHBIX allr OPUTMAX

KBaHTOBBII npodeccronamsm

. ”Melo HE 3HAHHUS U HABBIKH JIS BBIXOAAa HA PBIHOK
(Quantum Professional) e A Aa Ha p

4. Memodosioaus

[Ipu BBIMOIHEHHUH 0030pa JIUTEPATYPhI MBI OMMUPAITICH HA PEKOMEHIANK aBTOpoB padot [59-61]
[0 CHCTEMAaTHYECKOMY COIIOCTABJICHHIO. MBI Takke pPacCMOTPENd PEKOMEHAAIMU I
CHCTEMAaTHYECKUX 0030pOB JIMTEPATYpHl, MaHHbIe B paborax [62-67], 0COOEHHO BaXKHBIC IS
BBIPa0OTKM KpuTepueB orOopa. Muorma mms Oonbllero oxBara BO BHHMAaHHE INPUHUMAIOTCS
JIONIOJTHUTEINIBHBIE HCTOYHUKHU [66], ncmonb3yercs: pyqHOil 1 MEHee CTPYKTYPHPOBAHHbIH MOUCK B
Wurepuere u JApyrux wucTouHMKax [68] u wmamortupaxnas (“cepas”) sureparypa, Kak
pekomennoBano B [69]. B HameMm wucciieoBaHUM MbI  UCHONB30BAIM U (OpMalIbHO
OITyOJIMKOBaHHEBIE, U “‘cepble’” UCTOYHUKH.

Janee B 3TOM pa3feie MBI ONUCHIBAEM IPOLECC CHCTEMATHYECKOro OTOOpa HCTOYHHMKOB JUIS
MOCTIEYIONIEr0 aHalu3a, BBINESAs OCHOBHBIE »JJiieMeHTH. IlomHas Bepcus HCIONB3yeMOit
METOIOJIOT Y TIpEJICTaBleHa B cTaThe [34].

®opMyJIHPOBKa HccIeAyeMbIX BompocoB (Pe3yasTaT: pamMkum mccienoBanus). Permaroriee
3HAa4YeHHE IS BBIUMCICHUH HMEIOT METOABl M cpeicTBa mporpammupoBanus [30], mpu 3ToM,
Onaromapst CIOCOOHOCTM KBAaHTOBBIX BBIYMCICHHH pelIaTh CIOXKHBIE 3aJadd B Pa3IMIHBIX
obnactsix, HaOHpaeT MOMyISPHOCTh KBaHTOBoe mporpammupoBanue [32, 70-72]. KBanToBOE
NpOrpaMMHpPOBAaHHE BAKHO YXKE IIOTOMY, YTO HMMEHHO OHO TMO3BOJISIET HCIONB30BaTh BCE
BO3MOXKHOCTH KBAHTOBBIX CHCTEM, ITO3BOJISIS PEIIATh paHee HepaspemnmMsbie 3amadi [3 1, 73]. BakHo
U TO, YTO Ul CO3JAaHUS KBAaHTOBOTO IIPOTPAaMMHOIO 00ECIIEYEHHsI TPEOYIOTCS JONONHUTEIbHBIE
3HAHUS U HABBIKH.

Henrs o0630pa aurepaTyphl: Llenb cocTOMT B TOM, YTOOBI ONPEAETUTh HABBIKH, HEOOXOIUMEIC B
KBAaHTOBOH HHIYCTPHUH, OCOOCHHO [UIsi pean3allid KBAaHTOBBIX BBIYHCICHHH M pPa3paboTKH
KBaHTOBOTO IPOTPAMMHOT0 OOECTIeYeHHsI. DTO BKIIOYACT B ce0s ompeneneHne HeoOXOIMMBIX
KBAaHTOBBIX 3HAHUW M NIPH3HAHUE KaK TEXHHYECKUX ()KECTKHX), TAK H MATKAX HaBBIKOB.

BaxHO OTMETHTB, YTO B IPEABIAYLIEM HCCIEIOBaHUH [74] MpeacTaBiIeHo IepBoe NpeiIoKeHNE
(yHIaMEHTaNbHBIX KOHIENIMH, CBA3aHHBIX C KBAaHTOBBIMHM BBIYMCICHMSMH. B Hacrosmem
HCCIe0BaHUN HA00p (QYHIAMEHTAIBHBIX KOHIETIINH PaCIINPEH.

ean 0630pa auTepaTypsl: Llens cocTONT B TOM, 9TOOBI ONPEAETUTh HaBBIKK, HEOOXOIUMBIE B
KBAaHTOBOH WHAYCTPUH, OCOOCHHO MpPH TPOBEICHWM KBAHTOBBIX BBIUMCICHHUH W pa3paboTKe
KBAaHTOBOTO ITPOrpaMMHOro obecredeHus. [lonck HampaBieH M HA BBISBICHHE HEOOXOANMBIX
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KBAaHTOBBIX 3HAHUI M MPU3HAHKUE KaK TeXHUYeCKUX (kecTkuX, hard), Tak u conuanbHbIX (MSTKHUX,
Soft) HaBBIKOB.
Ba)kHO OTMETHTB, YTO OHAXKIBI YIKe MPOBOAMIOCH HccienoBanue [74], B KOTOPOM ObLIO TOMy4IEeHO
MEPBUYHOE IPE/CTaBlICHHE O (YHIAMEHTATbHBIX KOHIEMIIUAX, JIEKAIINX B OCHOBE KBAHTOBBIX
BBIYMCIIEHHI. B HacTOAIIEM HCCIeA0BAaHUH STOT HAOOp (hyHIaMEHTAIbHBIX KOHIIEIIIUI PacIIupeH.
Bonpocs! ucciieaoBaHus. BeUTd MOCTaBICHBI TPH OCHOBHBIX BOMPOCA:
RQ1: Kakumu 3uanusmu OondcHbol 0061adame COMPYOHUKU, GbINOJHAIOUUE KEAHMOBbLLE
ebluucieHua?
RQ2: Kaxumu mexunuueckumu HAbIKaMu OOJJICHbL 001a0ams COMPYOHUKU, BbINOTHAIOWUE
K68AHMOBbLE BbIYUCIEHU?
RQ3: Kaxumu coyuanvubivu Hasvlkamu OOMNCHbL 001A0AMb COMPYOHUKY, BbINOIHAIOWUE
K68AHMOBbLE BbIYUCTEHUA?
IMouck ¢pa3: st morcka UCMONB30BANACH cleyromias ¢pasa:
("quantum computing")
AND ("software engineer" OR "software developer" OR programmer)

AND (skills OR competences)
PaccmatpuBaBumecsi 6a3bl AaHHBIX: PaccMartpuBanuce 4erbipe 6a3wl nanubix: ACM, IEEE
Xplore, Scopus, u ScienceDirect.
Ilepuon: PaccmarpuBanuch HCTOYHUKH, onyOinKoBaHHble 10 utons 2023 roza, korjia npoBeieHne
HCCIIeTOBaHMUS OBLIO 3aBEPIIICHO.
OTOOp TaHHBIX 1151 IEPBUYHOrO aHaau3a (Pe3yabTaT: 0TOGPAHbI BCE JOKYMEHTBI).
BbiGop peseBaHTHBIX JOKYMEHTOB: Pe3ynbTar noucka mokazan B Tabia. 3. M3 uerbipex 06a3
JIAHHBIX IO TIONCKOBO# (hpaze orodpansl 6onee 400 2eMEHTOB.

Tabn. 3. Uccneoosaswuecs 6azol OaHHbIX.
Table 3. Databases consulted.

Ba3a TaHHLIX Yucao 061({355;{:;1({)1;;]}( crareii
ACM (AC) 232
ScienceDirect (SD) 105
Scopus 69
IEEE Xplore (XP) 32

IIpocMoTp OOKYMEHTOB HAa MpeAMeT MX BKJIIOYEHHS] B aHAJIU3 MJIM MCKJIIOYEHHUS M3 HEro
(Pe3yabTat: pejieBaHTHbIE JOKYMEHTHI).

OT16op HauboJiee BasKHBIX Weseii: MpI onpeaenuin OCHOBY IS MACHTH(DUKAIIUH TTOTYIEeHHBIX
JOKYMEHTOB: JIeMOrpa(pu4ecKue acreKThl, KPUTEPHU BKIFOUSHHUS M NCKITIOYCHHS.

Hemorpadus: Omnpenensercs xapakTep JOKyMEHTA.

D1 — Tun noxymeHTa: Hccaeq0BaTEIbCKUE PaOOTHI M APYTHE TUTIBI JOKYMEHTOB CO 3HAYNTEILHBIM
BKJIQJIOM.

D2 — INponcxoxaeHne JOKYMEHTa: KYpHAIIbI, KOHYEPESHIINN U APYrHe NCTOYHUKH.
D3 — S3bIk: paccMaTpUBAIOTCS TONBKO pabOThI, HANIMCAHHbBIEC Ha aHTJIMICKOM S3bIKE.

D4 — JlocTynHOCTB: TIOJTHBIE TEKCTHI JJOJIKHBI OBITH TOCTYITHBI Y€pEe3 HHCTUTYIIMOHAIBHBIC yIETHBIE
3aITiCH.

KpuTtepun Br/I0YeHus1: Mbl yCTaHOBIIIN IBYXYPOBHEBBIE KPUTEPHH BKIFOUCHHS, IMEIOIINE BU/T
($UIBTPOB.

YpoBenb 1: 3aro10Bok 10KyMeHTAa.
F1: Ha3zBanue BKiIIOUaeT 3HAUNMBIE KITIOUEBBIE CII0BA WM (pa3bl, CBSI3aHHBIE C TIOMCKOBOH (hpa3oi.
F2: Pa3zmen KiIr04eBbIX CIIOB COAEPKUT BaXKHBIE CIIOBA WM (hparMeHTHI TIONCKOBOH (pasbl.
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F3: AHHOTanmust ycraHaBIMBaeT YETKYI0 B3aUMOCBS3b MEXIY “‘KBAaHTOBBHIMHM BBIYHCIICHHUSIMU
“pa3zpaboTKOii TporpaMMHOro ooecredeHus” 1 ““HaBBIKaMu .

YpoBens 2. OCHOBHOIi TEKCT CTATBHH.

B1: Pe3ymbpTaThl, KOTOpBIE BBOASAT W OMNKCBHIBAIOT KOHLENIWK KBAHTOBBIX BBIYMCICHHN H/WIA
KBaHTOBBIX IIPOrpaMM, a TaKkKe HEOOXOIMMbIE HABBIKH ISl MX PEaH3alliH.

B2: Pe3yJ'H)TaTI)I, B KOTOPBIX CO CCbUIKaMH Ha HeO6XOZ[I/IMLIe HaBBbIKU O6CY)K}IaIOTC$I KBAHTOBBIC
BBIYHCIICHUA U HCKOTOPBIC aCIICKThI KBAHTOBOI'O IIPOIrpaMMHOI'O 06eCHe‘IeHI/IH, HIIn HaO60pOT.

KpnTepml HCKJIIOYCHHUA KpI/ITepI/II/I HCKIIIOYCHUA TPUMCHATOTCA IJI YAAJICHUSA JOKYMCHTOB, HC B
KOTOPBIX HE O6Hapy)KI/IBaeTCH HY>XXHas I/IH(i)OpMaHI/IH, JaHHBIC KOTOPBIX HCHIOJIHBI NI HEAOCTYIITHBI
JJIs1 UCCIICAOBaHUsA.

EXO01: Y aanute ay0aukaTel, HaiiieHHbIC B 6a3ax JaHHBIX (KpalHe pefKasi CUTYAIIHs).

EXO02: ¥ nanuth TOKYMEHTBI, HE SBJISIFOIIUECS UCCIICAOBATSILCKUME paboTaMu (€CIU €CTh APYrHe
paboThI CO 3HAYHUTETHHBIM BKJIAJIOM).

EX03: Yaanute 1oKyMeHTBI, IpeICTaBIISIOINE COOOH HE MOJTHBIE TEKCTHI, a pedeparsl.

EXO04: Y aanuth 1OKyMEHTHI, HAITUCAHHBIC HE HA aHTJIMHCKOM SI3bIKE (TAKUX HE HANICHO).

EXO05: JlokyMeHTBI, KOTOpPbIE HE BBOASAT U HE OIMUCHIBAIOT KOHIICHIMHA KBAHTOBBIX BBIUHCIICHUI
W/WJIM KBaHTOBOM MPOrPaMMHON MHKEHEPHH.

EX06: JIokyMeHTBI, B KOTOPBIX HE 00CYXKIIAETCs CBS3b MEKAY BEIYMCICHUSIMU H/MIIA KBAHTOBBIMHU
nporpaMMamMu, UHXEHEPOM-TIPOrPaMMHUCTOM M HaBbIKAMHU.

Pe3syabTaThl oTéopa: beun npumenens! kpurepun uckimodenns EX01, EX02, EX03 u EX04, a
TaKke (QUIBTPHI YpOBHs 1, TONy4eHHbIE pe3ylbTaThl OTpakeHbl B TaOn. 4. B tabn. 5 crarbu
TIOMEYEHBI M0CIIE/I0BATENILHO IPOHYMEPOBAaHHBIMU 0003HAUYEHHUSMU KakK S, Sy, ... Sy,

Tabn. 4. Uccneoosanmvie 6asvl OaHHbIX.
Table 4. Databases consulted.

Ba3a TaHHLIX Yucao 061({355;{:;1({)1;;]}( crarei
ACM (AC) 37
ScienceDirect (SD) 6
Scopus 5
IEEE Xplore (XP) 3

KnroueBsbie ci10Ba B aHHOTanuAX (pe3yabrar: CxeMa KiaccHpUKALUN).

B COOTBETCTBHU C 1I€/IBIO0 UCCIIETOBAHUS TSl KIIACCU(HUKAIIME OTOOPAHHBIX PabOT ObLIN BBIACICHBI
TPH KaTEerOpUH:

1) TpebGoBaHus K HABBIKAM B OOJIACTH MporpaMMupoBanus (kateropus 1).

2) OGpasoBanue/yueOHass MporpaMMa — pPa3BHTHE HABBIKOB KBAHTOBBIX BBIUHCICHHH H
MPaKTHYECKOrO MPOrpaMMHUPOBaHus (KaTeropus 2).

3) OO6uime TpeGoBaHMS K HABBIKAM KBAaHTOBBIX BHIUHCIICHHUH (KaTeropust 3).

Kareropus 1: B 5Ty KaTeroputo BXOAAT camble 001re TpeOOBaHus, TIPEABABISEMBIE K paOOTHUKAM
KOMITaHWHM, BBITIOMHSAIONMM pa3paboTKy MPOTPaMMHOTO OOECIICUeHHsI; CIOJia K€ OTHOCSTCS
TpeOOBaHMS K MPOrPAMMHUCTaM, paOOTAIOIINM B STHX KOMITAHHUSX.

Kareropuss 2: B 3Ty KaTeropuro BXOJAT TpeOOBAaHUs MO PAa3BUTHIO HABBIKOB KBAHTOBBIX
BBIUUCIICHUI U Pa3pabOTKe MPOrpaMMHOr0 OOECHeUueHuUs, 00ECICUCHUIO CBSI3M MEXIY 00enMHu
00J1acTSIMU.

Kareropus 3: K 3T0if kKaTeropuu OTHOCSTCS TPeOOBAHUSI K OOIIUM HaBBIKAM, HEOOXOJUMBIM JIJIs
KBAHTOBBIX BBIUYUCIICHHN, 0CO00C BHHUMAHHE YACISETCS TMMOHUMAHHIO TMPHPOJBI KBAHTOBBIX
BBIUUCIICHHUH U KOHKPETHBIM HABBIKaM, KOTOPBIX OHU TPEOYIOT.

125



Juarez-Ramirez R., Jiménez S., Navarro C. X., Guerra-Garcia C., Perez-Gonzalez H. G., Fernandez-y-Fernandez C., Ortiz-Hernandez J.,
Cancino K. Technical and Soft Skills required for Quantum Computing. Trudy ISP RAN/Proc. ISP RAS, vol. 36, issue 6, 2024. pp. 115-148.

Tabn. 5. Omobpanuvie cmamvu OCe NPUMEHEHUS KpUmepues KIYEHUs. U UCKTIOYEeHU..
Table 5. Selected papers after applying all the inclusion and exclusion criteria -systematic mapping.

ID_DB [ID_TR[REF. | 3aro/10BOK cTaThH
ACM:

ACM-2 | S; | [75] | Teaching Quantum Computing through a Practical Software-driven Approach: Experience Report
ACM-3 | S, | [3] Quantum Computing: A New Software Engineering Golden Age

ACM-4 | S; |[33] Towards Higher-Level Abstractions for Quantum Computing

ACM-5 | S, |[35] Quantum Software: Model-driven or Search-driven? A Q-SE 2021 Workshop Report
ACM-6 | Ss | [1] Quantum computing: challenges and opportunities

ACM-7 | Ss |[25] Bugs in Quantum computing platforms: an empirical study

ACM-8 | S; | [26] Making Quantum Computing Open: Lessons from Open-Source Projects
ACM9 | S5 | [23] Software Engineering Education of Classical gomputing vs. Quantum Computing:

A Competency-Centric Approach

ACM-10| Sy | [76] The business of quantum computing

ACM-12| Sy | [77] Quantum Computing as a Topic in Computer Science Education

ACM-15| Sy | [78] First International Workshop on Quantum Software Engineering (Q-SE 2020)
ACM-18| Si; | [79] Entanglion: A Board Game for Teaching the Principles of Quantum Computing
ACM-20| S;53 | [80] QAI4ASE: Quantum artificial intelligence for automotive software engineering
ACM-21| Sy, | [81] Hybrid quantum-classical problem solving in the NISQ era

ACM-22| S5 | [82] Thinking Too Classically: Research Topics in Human-Quantum Computer Interaction
ACM-23| Sis | [83] Building a quantum computer

ACM-25| Si; | [84] Exploring Quantum Reversibility with Young Learners

The Holy Grail of Quantum Atrtificial Intelligence:

ACM-26| Sis | [85] Major Challeng)és in Acce(lgerating the Machine Lear%ing Pipeline

ACM-27| Sio | [86] Cyberinfrastructure Facilitation Skills Training via the Virtual Residency Program
ACM-31| Sy | [87] Reflections on cyberethics education for millennial software engineers
ACM-32| S;; | [88] Qupcakery: A Puzzle Game that Introduces Quantum Gates to Young Learners
ACM-39| S, | [89] 65 competencies: which ones should your data analytics experts have?

Interactive online tool as an instrument for learning mathematics

ACM-40| Sy | [90] through programming techniques, aimed at high school students

ACM-41| S, | [91] Evolution of the Competencies to Embrace Digital Technology for Sustainable Development
ACM-46| Sy | [92] A golden age for computing frontiers, a dark age for computing education?
ACM-47| Sz | [93] Beyond the badge: reproducibility engineering as a lifetime skill
ACM-48| S,7 | [94] To Write Code: The Cultural Fabrication of Programming Notation and Practice
ACM-49 | Sps | [95] | Should Quantum Processor Design be Considered a Topic in Computer Architecture Education?

IEE Xplore:

XP-07_ | Sss | [96] Statistical Assertions for Validating Patterns and Finding Bugs in Quantum Programs

XP-12 | Sw | [97] A Soﬁware Development Kit and Translation Layer

for Executing Intel 8080 Assembler on a Quantum Computer
XP-13 | S4 | [98] Need and Challenges in Quantum Computing in Fog Environment
Scopus:

SC-7 Ss | [99] | Quantum Programming on Azure Quantum—An Open Source Tool for Quantum Developers
SC-21 | Ss |[[100] Society 5.0 and the future of work skills for software engineers and developers
SC-24 | Ss; |[101] Industry quantum computing applications
SC-52 | Su [[102] New Programming Paradigms.

Introducing Microsoft Quantum Computing for Developers:

SC-57 | Ses |[103] Usi?]g the Quantum DeveIome:ent Kgit and Q# i

ScienceDirect:
Reigniting the power of artificial intelligence in education sector

SD-4 | Sus |[104] ’ gfor tﬁe educators and studentg’ competence.

SD-6 Ss [[105] QuantuMoonLight: A low-code platform to experiment with quantum machine learning
SD-20 | Ss [[106] Industry 4.0 in Terms of Industrial Relations and Its Impacts on Labour Life
SD26 | Su |[107] 'I_'he future qf sustainabl_e digit_al infrastructures: _

A landscape of solutions, adoption factors, impediments, open problems, and scenarios
SD-33 | Sso [[108] Industry 4.0 in a project context: Introducing 3D printing in construction projects
SD-55 | Ss; |[109] Fresh Outlook on Numerical Methods for Geodynamics. Part 2: Big Data, HPC, Education

H3BieyeHne MaHHBIX M HX OTHECEHHE K TOW MJIM HMHOH Kateropuu (pe3yibTat:
CucremaTu3aius pe3yJibTaToB).
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B Tabn. 6 mokaszaH pe3yibTaT rpyNnmupoBaHus JOKYMEHTOB 110 TPEM yKa3aHHBIM KateropwsM. Kak
JIETKO BU/IETh, HAHOOJBIIIEE YUCIO CTATeH MOMajo B KaTEropuio 2, CIENOM HJET Kareropus 3, a
kareropusi | mo pasmepaMm Oim3ka K KaTeropuu 3. Pe3ynbTaThl NMOKA3bIBAIOT, YTO Yy4EeOHBIE
3aBeIEHHs] CEPhE3HO OTHOCATCS K TOJATrOTOBKE KBAJU(DUIMPOBAHHBIX BBIITYCKHUKOB U CTPEMSTCS
COOTBETCTBOBATH TPEOOBAHMSAM MPOMBIIUICHHOCTH M BBI30BaM, NPENBSIBISIEMBIM CO CTOPOHEI
KBAHTOBBIX BBIUMCIICHUH.

Tabn. 6. Pacnpedenenue pabom no kamezopusim.
Table 6. Grouping of papers into categories.

Kareropus Mcrounnku

1. TpeOoBaHus K KBaTU(PUKALIMN IS
S13, S18, S22, S24, S26, Sa1, Saz, Sa, Sas, Sus, S
paBoTE B OTpACTH 13, D18, D22, D24y D26, D41, D42y D43y a4, 45, O50

2. ObpazoBanue/yuebHas mporpamma

(pa3BHUTHE HABBIKOB KBAHTOBBIX S1, Sa, Ss, S0, S11, S12, S13, S14, S17, S19, S20, S21, S23, S2s, S26, S27, S28, g,
BBIYUCIIEHUH M IPOrPaMMH OH Sa0, Sa1, Sa2, Sss, Saas Sss, Sse, Saz, Saa, Sas, Sag, Ss1
HMH)KEHEPHH)

3. O6uwe TpeOoBaHMUS K HaBBIKAM I10
KBAHTOBBIM BBIYHMCIICHUSIM

SZv S3v SSv SGv S7v ng SlSv Slﬁv Sle 5381 5391 5401 5451 S47

5. Peaynbmambi

OtBeuasi Ha MOCTABIICHHBIE UCCIIEA0BATENbECKUE BONPOCHI, MOJPOOHO PACCMOTPHM TPH OCHOBHBIX
KOMITOHEHTa KOMIIETEHIIUH — 3HaHWA, TEXHUYECKHE HaBBIKHU, COIIMAIbHbIE HABBIKH.

RQ1: Kakumu 3HAHMSIMH JOJKHBI 00/1a]aTh COTPYIHHMKH, BBINOJIHSIONME KBAHTOBBIE
BbBIYMCJICHUs?

UYroOBl OTBETUTH Ha O3TOT BONPOC, MBI PACCMOTPENN OCHOBHbIE KBAaHTOBBIC KOHIICILIHH,
yIIOMHHaeMbIe B U3y4EHHBIX UCTOYHUKAX U3 Ta0u. 6. IIpu 3TOM, 4TOOBI UMETh NOIHOE TIOHUMAaHHE
OCHOBHBIX KOHIEIIMH, HEKOTOPbIE ONpPEIeNeHHUs, IPESACTaBICHHbBIE B 3TOM pa3zele, OblIN B3STHI
U3 BCIOMOTaTeIbHOH JUTepaTypbl. B kauecTBe OCHOBBI MBI paccMaTpHBaeM (yHIaMeHTaJIbHBIE
KOHIIETIIINY KBAaHTOBBIX BBIYMCIICHUH, TIpeIoskeHHbIe B pabote [110].

Bynem oTTankuBaThCs OT TAKCOHOMUHM, CTPOSILIEHCS € yI€TOM CaMbIX HEOOXOIUMBIX 3HAHHH. DTO
MIO3BOJIMT HaM MOJYIUThH Oolee TOIHYI0, BCEOOhEMITIOMYI0 0a3y 3HaHUIL.

KBanroBasi Teopust undopmaunu (QIT). Dta quciuiuinHa 0XBaThIBACT 3HAYUTEIBHBIA HAOOp
3HaHui. Ee 3amaua — nccrnenoBaHne NOCTIKUMBIX TpeAeioB 00paboTKH MH(POpMALUN B paMKax
kBaHTOBOM Mexanmku [111]. Ha puc. 1 mokaszaHa CBsS3b 9TOW HAayKW C JAPYTHMH HAyJHBIMH
obmacTsamu.

KBanroBas mHpOpMamus — 310 UHGOPMALUS O COCTOSHHM KBaHTOBOW cucTeMbl. OHa SBISIETCS
OCHOBHBIM OOBEKTOM WCCJIEJOBaHHS B KBAaHTOBOM Teopuu wuH(popmarmu [112], kBaHTOBYIO
nH(pOpMAIINIO MOKHO 00pabaThIBATh C MIOMOIIBIO METOIOB KBAHTOBOIM TEOpUU HH(POPMAIIHH.

Teopus unpopmanuu. Teopus wuHbDOpMAIIMK — 3TO MAaTEMATHYECKUH MOAXON K OIICHKE
KOJIMYeCTBa MH(OPMAIIMH, K M3YUCHHIO METOIOB XpaHeHHUs U mepenaun nHdopmarmu [113] (cm.
puc. 2).

K BaxxHBIM pa3zzenaM TeopuH HHPOPMALIMH OTHOCATCS KOTUPOBAHHUE aj(paBUTOB CUMBOJIOB, TEOPHS
QIITOPUTMUYECKOH  CIOKHOCTH, aNTOpUTMHUYEcCKash Teopus HWHOOPMAIMM W TEOPETUKO-
uH(pOpPMAIMOHHAsT 6e30MaCHOCTh (CM. pHC. 3).

KBantoBasi mexanuka. KBaHTOBas MexaHnmka — oOiacTe (DM3WKH, H3y4aromias IOBEACHHE
HIIEMEHTapPHBIX YACTHI] HA MHUKPOCKOUYecKoM ypoBHE [114-115]. OcHOBHBIC MOHATHS KBAHTOBOI
MEXaHHKH TTOKa3aHbl Ha puc. 4.
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| KBanroBas nunpopmaruxa |

—

KBantoBast MmexaHuka

MNudopmaruka

Teopus uapopmaru

DIEKTPOHHUKA

Puc. 1. Keanmosas ungopmamurxa Kax MHO2OOUCYUNTUHAPHASL KOMAO3UYUS.
Fig. 1. Quantum Information Science -interdisciplinary composition.

Teopus undopmanuu

=

Teopus BeposTHOCTEN

CraTHcTHKa

Hpnmam-laﬂ MaTeéMaTruKa

HNudopmaruka

Crarucruueckas pusmka

WudpopmaironHas HHXEHEpUs

DIEeKTPOTEXHUKA

Puc. 2. Teopus unpopmayuu xax nepeceuenue HayuHbiX OUCYUNTUH.
Fig. 2. Information Theory -interdisciplinary intersection.

Teopusi unopmanuu

—

KonupoBanue cumBonoB

AnropurMuuecKast TEOpHs
urbopmamu

Teopust aIrOpUTMUYECKOHN CIIOAKHOCTH

Teoperuko-undopMaIoHHas

0€30MMacHOCTh

Nudopmaruka

Puc. 3. Cocmasgnvie vacmu meopuu uHgopmayuu.
Fig. 3. Information Theory -subfields.
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KBanToBasi MexaHHKa

KBaHTOBBIE COCTOSIHUSE N3mepenust
Cyrepro3uItust 3armyTaHHOCTh
HeormpeneneHHOCTh JleKOrepeHTHOCTh

Puc. 4. bazosvle KoHYyenyuu K8AHMOBOU MEXAHUKU.

Fig. 4. Quantum Mechanics — fundamental concepts.
XOopolIo ONUCaHHBIE OINpPENEeNeHUs] OCHOB KBAHTOBOM MEXaHMKM, TaKHe KaK CyNepIIO3HIHs,
3allyTaHHOCTb U JACKOI'€PEHTHOCTL, a TAKKE Ky6I/IT Kak (byH)IaMeHTaJ'[I)HaH C€AUHUIIA BBIYUCIICHUA,
npejcTaBieHbl B paborax [115-117] u mompobHO 00bsicHeHbI B pabote [118].
OcCHOBHbBIE TIOHSITHS KBAHTOBOM MEXaHUKH MPOWUTIOCTPUPOBAHBI HA PHUC. S5, TNIe C MOMOIIBIO
KOHKPETHBIX IIOHATHI 0003HaYeHbI HEKOTOPBIE OCHOBOIIOJIATAIOLINE KOHIICIIINH.
MaremaTnka. MaTemMaTuka Kak HayKa CBSi3aHa C KBAaHTOBBIMHM BBIYHMCICHHSMH 110 JBYM
HaNpaBJICHUSIM — MHCIOIb30BAHUEM BEPOATHOCTHOI'O MOAXOJAa TIPH HU3MEPEHUU KBAHTOBBIX
COCTOSIHUM M TIPUMEHEHHEM METOAOB JIMHEHHOM anreOpbl Ulsi MaTpUYHOIO IPECTABICHHS
KBaHTOBBIX BEHTHJICH, SIBJISIOMIMXCS (PH3MYECKON OCHOBOW BBINIOJHEHHS KBAHTOBBIX BBIYHMCIICHUI.
Marematuueckre KOHIEIIUY, UCIIOb3yeMblE B KBAHTOBOI MEXaHHKe, TI0Ka3aHbl Ha puC. 6.
duzuka. Ousuka sisercs GyHIaMEHTATBHON HAYKO#, KOTOpasi, KpOME IPOUYero, BKIFOUAET B ce0s
U KBaHTOBYIO Mexanuky [119-120], moaTomy Tak BaXHO U3ydaTh (DyHAaMEHTAbHbIC KOHICIHH
oToM Hayku. B paborax [121-123] nomuepkuBaercst BKIaa GU3UKH B KBAHTOBBIE BhIUMCIcHHs. Ha
puc. 7 IpeacTaBieH CIMCOK TEM AJIsI pACCMOTPEHHS.
HNudopmaruka. Hayka undhopmatika COCTOUT B U3Y4CHUH METOJIOB BHIYMCIICHUH, HH(OPMALIUH 1
aBromarmsamun [124-126] (cm. puc. 8). KBaHTOBbIC BBIYHCICHHS CBOMMH BaKHEHIIHMHU
KOHLCTIMSIMA M OpHHOUNAMu onuparorcs Ha wuHpopmaruky [10]. IMosTus, BBOmMMBIC B
uH(pOpPMATHKE, KOTOPbIE MOTYT MMETh OTHOLICHHE K KBAHTOBBIM BEIYHCICHHAM, IOKa3aHbI Ha
puc. 9.

RQ2 KakuMu TeXHHYeCKHMH HAaBBIKAMH J0JKHBI 00J1a1aTh COTPYAHUKH, BBINOJHAIOIINE
KBAHTOBbIE BbIYHCIEHHNS ?

CloXHBIE HaBBIKM, HA3bIBaGMble TEXHHYECKHUMH, — O5TO JtOOble HABBIKM, OTHOCAINMECS K
KOHKPETHOH 3ajade mwin curyaunyd. OHM BKIIOYArOT B ceOs Kak MOHMMAaHHEe, TaK M BIaJCHUE
CIIETM(PUIECKON TESTEBHOCTHIO, BKITFOUAIOIIEH METOIBI, CIIOCOOBI, MPOIECCHI, Tporemypsl [127].
TexHUYeCKHe HaBBIKA TECHO CBS3aHBI CO 3HAHWSMH, OCHOBY 3HAHHH Ul TEXHHYCCKHX HABBIKOB
coznaer orBer Ha Bonpoc RQ1. UroOsl orBeTnTh Bompoc RQ2, Mbl JOMOMHUTENBEHO PACCMOTPEIH
Hanbosiee PacmpoCTpaHEHHBIE TEXHWYECKHWE HABBIKM, YKa3aHHBIE B ABTOPUTETHBIX HCTOYHHKAX
nepeyrciIeHHbIX B Tabm. 6. [Ipu 3ToM M3 BCrioMoraTenbHOM JIMTEpaTyphl ObUTH M3BIICUCHBI JTaXkKe
Ooee KOMIUICKCHbIE TpeiokeHnst. B pabore [128] mpencrasieH CMCOK HABBIKOB, HEOOXOMUMBIX
B KBAHTOBOH MHAYCTPHH, Pa3/IeI€HHbIH Ha TPYIIIBI IT0 PEKOMEHIYEMBIM KypcaM 00ydeHHs. ABTOPHI
9TOH pPabOTHI MpemAIOXWIN (GOopMaT HWHTEPBBIO, KOTOPOE MOMOraeT yTOYHHTH HEOOXOAMMBIE
HaBBIKM. CIIMCKHM HayYHBIX W TEXHWYECKHX HABBIKOB, HMCIIOJIb30BAHHBIC B KaYeCTBE ITOJCKA30K B
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NpPOTOKONE cobeceoBaHusl, ObUTM B3iThl W3 oT4era OOBCIMHEHHOW IIENICBOH TPYIIBI IO
nporpammam OakasnaBpuata o ¢usuke 3a 2016 rox [123]. B aToit BcmomorarensHol paboTe ocoboe
BHHMAaHHUE YACNSAETCS 3HAHUAM H HAyYHOMY OIIBITY.

KBanToBasi MexaHHKa

—I Cynepno3uuust | Yucrbie CMelaHHble CrauuoHapHble
COCTOSIHUS COCTOSIHUS COCTOSTHUS
—I Wnrepdepenmys |
—I Ky6utsi | KBaHTOBaHUE SHEPrUU I_
—I JlekorepeHTHOCTh |
JIByXypOBHEBBIE YHutapHasi BpeMeHHas
—l CBsi3bIBaHHE | CHCTEMBI 9BOJIIOLHS
I T
ﬂ 3amyranHocTh | VpasHeHue L
IIpencrasiienne UlIpenunrepa
| COCTOSTHUIT
HenokanbsHoCTh
| TyHnuenupoBanue l—
Hepasenctsa benna | - Coepa
Bnoxa | KBaHTOBBIE SIMBI l—
| H3smepenus |
- Cepa Mpunnun ||
ITyankape KOMILIEMEHTapHOCTH
| BepositHocTs |—
—| VYpasHenue bioxa | | Ipunnun I'eiizen6epra I_
| 3anyTaHHOCTh |—
—| MMnynbcst | 5 .
Teopema o - BOJIIOLMS COCTOSHUM
HEKJIOHHPOBaHUU
JluHaMHKa ABYXyPOBHEBBIX
Henonnas - —| JIapMOpOBCKast MpeLeccus cucrem
uHdpopmanus

Puc. 5. Keanmosas mexanuxa — 0emanu3uposanHulii 63271510.
Fig. 5. Quantum Mechanics -a detailed view.

3nanus, cnenuguynbie 1Js pusukn: Llenn oOyuenus gusnke BKIIIOYAIOT B ce0sl CIOCOOHOCTD
MPUMEHATh (YHIAMEHTAJIbHbIC KOHIICTIIMH, B YACTHOCTH, 3aKOHBI COXPAHCHUS, JJISI PElICHHS
3a/1a4, KOMIETEHTHOCTh B HCIIOJBb30BAHUU 0A30BBIX 3aKOHOB (DM3HMKU B Pa3IMYHBIX OOJIACTAX U
KOHTEKCTaX, a Takke YMEHHE MpPEICTABIATh STH KOHIECIMIMH HECKOIBKIMH CIIOCO0aMHU IpH
pelIeHIH MEXTUCIUTUIMHAPHBIX TIPOOIIEM.

HayuHo-Ttexuuuyeckne HaBbIKU: llemn oO0ydeHuss HayYHO-TEXHWYECKMM HAaBBIKAM BKIFOYAIOT
pelIeHre CIOXHBIX 3a7ad C TMPOBEACHHEM HKCIEPHMEHTOB, MOICIHUPOBAHUS U IOCTPOCHHUEM
AHAJIUTUYECKUX MOZENEH; IUJIaHUPOBAaHUE JAJNBHEHIIMX HUCCIEAOBAHMH W  ONpeneNieHue
motpebHOCTe B pecypcax. OHHM Takke BKIIOYAIOT B cebs ymeHHe paboTaTh ¢ MpHUOOpaMu,
MIPOEKTUPOBATH U MUCATH MPOTPAMMBI, KOTUPOBAHUEM U MPOBOIUTH aHAIN3 TAHHBIX.

3a OCHOBY IUTS pacrpeeiIeHUs Pe3YyNbTaTOB 10 KaTErOPHAM HaMH OBUT B3ST MIMEHHO TaKOW HA0Op
TEXHUYIECKHUX (’KECTKUX ) HABBIKOB. Ta0i. 7 IeMOHCTpUPYET OOIIHIA B3I HA YETHIPE BBIICTICHHBIC
HAMU KaTeTOpHUX HaBBHIKOB. OIMUCAaHNE HABBIKOB, HEOOXOIMMBIX UII KBAHTOBBIX BBIYHCICHHUH, 1O
KOKIOM KAaTeropud B OSTOH TaONWIle MaHO MPAKTHKAMH-CICIHAIACTAMH, 3]IeCh JK€ YKa3aHa
JUTEpaTypa, ONMICHIBAIOIIAS 3TH HAaBBIKK. Tabmn. 8 comepkut HaAOOp HABBHIKOB, HEOOXOAMMEBIX IS
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BBINOJTHEHHS PEeANIbHBIX Pa0OT U CBA3aHHBIX ¢ TeOpHeil KBaHTOBON nHpopmarmn. Tab. 9, radn. 10
n 1abi. 11 conepxat HaOOPHI HABBIKOB, PEKOMEHIOBAHHBIX JUISI KOHKPETHBIX YU€OHBIX KYpPCOB.
Omnmcanue, qaHHOE JUTS Ka)KJ0r0 HaBBIKA, SIBISIETCS MPAKTUUECKOW peKOMEHIAIMel UIsl TeX, KTO B
cBoeil paboTe JOKEH IeMOHCTPHUPOBATH CBOIO CIIOCOOHOCTH IPHUMEHSTH 3HAHHS U HAaBBIKH TPH
BBINOJHEHUN pab0UMX 3a/IlaHUH, CBSI3aHHBIX C KBAHTOBBIMU BBIYMCIICHUSIMH.

RQ3: KakuMu conuajibHBIMU HABBIKAMH JO/LKHBI 00/121aTh COTPYAHUKH, BHINOJHAIONINE
KBAHTOBbIE BbIYUC/IEHNUS?

VYuensle, paboratomie B 00NacTH KBaHTOBOW HMH(OPMAIMH, ONHUPAIOTCS Ha paboTy (H3HKOB,
MaTEMaTHKOB, CHEUHAJINCTOB, Pa3BUBAIOIINX TEOPHIO M NPAKTUKY MPOrPaMMHUPOBAHMS, a TaKKe
MaTEepHaAJIOBEJIOB, XUMHKOB M HWHKeHepoB [18]. MexIucuuIiMHapHble KOMaHIbl MPUMEHSIOT
KBaHTOBYIO WH(]OpMaTHKy, pa3BUBas HOBbIE KBAaHTOBBIE TEXHOJIOTMH B OONAacTH CBSI3H,
nH(pOpPMAIMOHHBIX ceTeld, 0€30MacCHOCTH JaHHBIX, HABUTALMMA M MEIMIIUHCKOW TUarHOCTUKU (CM.
puc. 10). Kpome srtoro, mns sdpdexTrBHON KoMaHaHOW pabOTHl U pEIIeHUs MTOCTaBICHHBIX TIepe]
HUMH 33Ja4 MPAKTUUECKUE CIIEIMANNCTHI KBAHTOBBIX BBIYUCICHHH HYXIAIOTCS B 3HAUYUTENBHBIX
HaBBIKax Ipyroro pozia. LITO6I:.I KOHTPOJIHUPOBATh BEAYIIUECSA NPOCKTHI, MEHE/HKEPHI KBAHTOBBIX
NPOEKTOB JOJDKHBI 00NIaiaTh TIIYOOKUMM 3HAHMSMH IIPOLIECCOB, CHOCOOOB OpraHU3allvy,
TMPUHIMXIIOB, ITOJHUTHUK, I/IH(bOpMaLII/II/I, KYJIbTYpPbI, 3TUKH, KOMAaHAHBIX HaBBIKOB U KOMHCTCHHHﬁ
KOMaH/JIbl, & TAK)KE CBSA3aHHBIX C paboTaMu yclyr, HHPPaCTPyKTypbl U PUIIOKEHHH.

Takue “Msrkve” HaBBIKM, KOTOpPbIE MBI 3/I€Chb HAa3bIBA€M COIMATBHBIMHM, — 3TO COYETAHUE
MCXJIIMYHOCTHBIX, YCJIOBCUCCKHX HABBIKOB, HABBIKOB O6I_HCHI/I${, TMOHUMAaHUA YCpT XapaKkTepa,
OTHOLIECHUH, KapbePHBIX COOOPa’KeHU, YPOBHS SMOLMOHAIBEHOTO HHTEJIEKTa 1 MHOTOI'O APYT'Or'0
[129]. OcHoBBIBasic Ha 3TOM OINpPEACICHHH, MBI COOpAd OCHOBHBIC COIMAIBHBIC HABBIKH,
YIIOMHHAEMBIC B PACCMOTPEHHON HaMu JuTepatype (cM. Tabi. 12). DT HaBBIKA FOPH3OHTAIBHE;
WMH JIOJDKHBI BIIAJIETh ¥ IEMOHCTPUPOBATh MpodeccHoHansl B Jit00oi aucuuuinae. Hanpumep, B
pa6ore [123] npencraBieH oT4eT ISl MPOrpaMM (GHU3UKH, BRIACISIONIMI HABBIKH, TPeOyeMbIe OT
MPOMBIIUICHHOCTH. B 3T0ii paboTe aBTOPHI BBIAEIWIN JBE TPyl HABBIKOB, 3 UIMEHHO:
KommyHnukaTtuBuble HaBbIku: llenmn o0Oy4deHMS KOMMYHHMKAaTHBHBIM HAaBBIKAM BKJIFOYAIOT
CIIOCOOHOCTD OOLIAThCS YCTHO M IHCBMEHHO C ayJUTOPUSAMHM, KOTOPBIE OTIAMYAIOTCS LINPOKUM
JIMaITa30HOM MIPHOOPETEHHOTO ONBITa U HAJIMYHBIX OTPEOHOCTEH.

IIpodeccnonanbHble HABBIKKA M HABBIKM, IPUMeHsieMble Ha padodyeM MecTe: Llenn oOyuenns
npodecCHOHAIbHEIM HaBBIKAM W HaBBIKaM Ha pabodeM MecTe BKIIOYAlOT paboTy B pasiIM4HBIX
KOMaHJaX, IIOHUMaHHe CBOIMCTB COOTBETCTBYIOIIMX TEXHOJIOIMYECKHX PECYPCOB U 3HAKOMCTBO C
KOHIENIMAMHU pabouero Mecra, TAKUMH KakK YIpaBJICHUE IPOEKTaMH, OIOJDKETUPOBAHHUE, OLICHKA
Ka4eCTBa, a TAK)KEe HOPMATHBHBIE M PETyJISATHBHBIE BOIPOCHI.

B tabn. 11 mMb1 cobpanu muTepaTypHble HCTOYHUKH, CHCTEMATH3AIHI0 KOTOPBIX MBI TIPOBOJIMIN U B
KOTOPBIX MBI BCTpEYaH OMMCAaHWE TeX WM MHBIX HaBBIKOB. Kpome TOro, Mbl BKIIOYWIN B Hee
HEKOTOpbIE JOMONTHUTENbHBIE HCIIOJIb30BaHHBIE HAMH HCTOYHUKH. HeoOXonuMo No4epkHyTh, 9TO
BCE JIUJIEPHI OTPACIIH TOBOPHIIM O BaKHOCTH UMETh BO3MOKHOCTB TOOUTECS ycIexa Ha KOMaHIHBIX
MPOEKTaX U 3(P(HEKTUBHO JOHOCUTEH TEXHUUECKHE HJIEH JI0 IHpOoKoi ayauropuw [130].
ConnanpHbIe HABBIKH OOBIIHO MPHOOPETAIOTC Oaronapst OIBITY, XOTS HEKOTOPEIE M3 HUX MOTYT
OBITH Pa3BUTHI C TIOMOIIBIO YIEOHBIX MpOorpaMM. Beimyckauky OakagaBpuaTa ¢ mpoecCHOHATBHBIM
OIIBITOM MOT'YT MMETh BaXKHOE 3HaYCHHUE TS pOIeii, TpeOyIOmMX 0a30BbIX KBAHTOBBIX 3HAHHH, B TO
BpeMmst Kak obmazgarenu crenend PhD co cenuanu3npoBaHHO KBAHTOBO# IIOATOTOBKOM 4aCcTO MPH
M3Y4EHUH BaKaHCHH CTAJIKUBAIOTCS C 3aHIPKCHHBIMH TPEOOBaHNIMHY K IPO(ECCHOHATBHOMY OIIBITY.
B pabore [131] yrBeprkmaercs, 4TO aKaJaeMHUYECKUE IPOTPAMMBI TOJDKHBI IIPEIAraTh HECKOIBKO
TOYEK BXOJa JUIS TOCTPOSHMSI Kaphephl B KBAHTOBOM WHIYCTPUH — IS T€X, KTO €I YIUTCs, IS
obnamaTtenel TUIIOMOB OakajaBpa W MarucTpa, s MPOMIEIINX TPOM3BOACTBEHHYIO IPAKTHKY H
3aKOHYMBIIMX acnupanTypy. CodeTaHue TpaJuIMOHHOTO O0Opa3oBaHMS C INPAKTUYECKHM
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06y‘leHI/I€M " Y4aCTHEM B PCAJIbHBIX MPOCKTAX 6yz[eT HUMETH pelIarouee 3HAaYCHUEC JI Pa3BUTHA
HCO6XOI[I/IMBIX HaBBIKOB JJIs BOC’I‘p€6OBaHHBIX pa60q1/1x MECT.

MaremaTuka
[
® OmepaTopsl CobcTBeHHbIC
YHIAaMEeHTAJIbHASI MATeMaTHKA patop BEKTOPbI
. DyHKIMOHAIBHBII CoOcTBEHHbBIE Horamus
Jluneiinas anredpa
aHau3 3HAYEHUS Jupaka
n
BeposrHoctb ] Crarucruka pocTpancTBa
COCTOSTHHIA
Komb6uHaropuka
YraybjenHasa mateMaTuka
I I
Teopus rpynn Teopuz . CummeTpus Tononorus
BO3MYIIIEHHH

Puc. 6 Mamemamuxa — 6ema/m3up06aHanZ nepevyeHb KOHyenmoes ()]1}1 KBAHMOBLIX BbIYUCTCHUIL.
Fig. 6. Mathematics -detailed list of concepts for quantum computing.

| OcHOBBI pu3uKH

ATOoMHAan (l)l/lill(l](a t‘)ﬂeKTpOZ[l/IHaMl/IKa KBanroBasi onTuka
KsanroBas Knaccuueckas
DJEKTPOHHbBIE YPOBHU [ —
JJIEKTPOAAMHAMUKA OITHKA
Bzaumoneiicteue KBanrtoBas HenmuHeHHas
KBanroBsie unca - —
CBETA C BEIECTBOM OITHKA

CBepXTOHKas
— I Crenenu noisipuzanuu
CTpPyKTypa
Du3uKa TBEpAOro TeJia
O¢ddekr 3eemana — — Cratuctuka ¢poToHOB
- CBepXmpoBOIUMOCTb
YT10BOI MOMEHT T - Cryctku
BzaumoneiictBus — — Twurmsl cocTogHUM
| MonekynsapHas ¢puzuka
KBanToBo-ontuueckuit
dusnueckne L Tononorunueckue SKCIICPUMEHT
IIpunmun [Naymm M
CBOICTBa MaTEepUH s dexTs
Teopus L1 [ DOddexTs KBaHTOBBIX
DHTponus P bd N
MIOJYIIPOBOJHUKOB OrpaHHYeHUH
ManunynupoBanue KpanToBas
— — —] MexaHHU3MBI IEKOT€PEHIINI
CIIHHOM CTaTUCTHKA

Puc. 7. Qusuxa — demanuzuposannviii 6321510 HA QyHOAMEHMATbHbIE KOHYENYUU.
Fig. 7. Physics -detailed view of fundamental concepts converging to quantum mechanics.
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| HNndopmaTuka
I T ]
Teopernueckas Ipuxiannas BoruncianrenbHblie
uHdopmMaTHka uHpopMaTHKA CHCTEMBI
. MaruunHas rpaduka u
Teopus BbIYUCICHUHA [ — ApxuTekrypa u
BH3yaJIM3aLHs
OpraHu3aLus
Teopus uHdopmarmu u | | OO0paboTka uzobpaxenuit u | | TR IR
KOJIMPOBAHHS 3BYKOB WAL
CTpyKTyphl JaHHBIX B | | Bbruucnenusi, puHancet 1 || BbrunciuTenbHbie
AJITOPUTMBI WHKEHepHs ] ceTn
Teopust s3bIKOB
— CoruanbHbIe IPOOIEMBI - KommbloTepHast
HPOrpaMMUPOBAHHS
— 6€30MacHOCTb U
dopManbHble METOABI | | Yes10BEKO-MAIIMHHOE | KpHnTOrpadus
l/lH(bOpMaTHKH B3aPlM0}1€ﬁCTBHC

[MapannenbHbie U
1 pacrmpesie/ieHHbIe
BBIYHUCIICHUS

IporpavmmHuas nwxeHepust ||

bBa3bl qaHHBIX 1
aHaIM3 JaHHBIX

HckyccTBeHHbIH UHTEIUIEKT — — L

Puc. 8. Ungpopmamura — oemanuzupogannviil 3210 HA COCMABIAIOWUE U CMENICHBLE OUCYUNTUHDL.
Fig. 8. Computer Science -detailed view of subfields and related disciplines.

Teopusi unpopmauun

[ ]
Knaccudeckas Teopust uHGpopMaLus Outponus lllenHoHa
KBanToBbIe KaHAaJbI Meps! paccrosiHUS

Ourponus pon Heiimana

Puc. 9. Ungopmamuka — cneyuuueckas memamuxa.
Fig. 9. Computer Science -specific topics.

6. O6cyxOeHue
OCHOBHBIE BBIBOJIBI:

e Pacmmpenue cdepsl npumenenns: HaGmoqaercss pocT pa3uIHBIX 001acTel PUMEHEHHS
KBAaHTOBBIX BBIUMCICHHH, pabodne MecTa 3aIlONHAIOTCS CIEeNHaTicTaMHu ¢ 00pa3oBaHUEM B
obmacti PpU3HKH.

e Oxsat 3HaHmii: V3ydeHne nuTepaTypbl MOKa3bIBaeT OOMIMPHOE NUTHPOBAHHE KBAHTOBBIX
3HAHWH, OXBATHIBAIOLIEE OCHOBHBIE IOHATHS W3 KBAHTOBOM HMH(OPMATHKH M CBS3aHHBIX
JVCIUIUINH, TAKMX KaK KBAaHTOBAs MEXaHMKA, MaTeMaTHKa 1 HHpopMaTHKa.

e Oopa3oBatesibHble YyCHJIMsA: Pa3nuuHble HaydHbIE W 00pa3oBaTeNbHbIC HHUIMATHBBI
HANpaBIEHbl HAa MOATOTOBKY CTYAEHTOB M CIELUAIUCTOB K HCIOIb30BAHUIO KBAHTOBBIX

BI)I"II/ICJ'IGHI/II\/’I, XOTsI €AUHOI'0O MHCHUS O COACPIKAHUUN U FJ'Iy61/IHC KYypCOB €IIC HECT.
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Tabn. 7. Knaccuguxayus npakmuueckux Hagblkog 8 001acmu K8AHMOBHIX BbIYUCTEHUIL.
Table 7. Classification of skills for quantum workforce.

Kareropus

HaBbikn

Brnanenue teopueit KBaHTOBO#
HHPOPMALMH JUTsE OOBIYHOTO
Mupa

Kopuposanue; Cratuctuueckuii aHaau3 U aHaIu3 JaHHBIX,; [IoMCK HeucrpaBHOCTEH
(otnanxa); Ucrounnku myma; Monenuposanue; (Jle)korepentnocts; Mcnpasienue
oumboK; JInHamMuKa OTKPBITEIX crcTeM; O00py0BaHKE 1Sl KyOHTOB;
Tamuibronnansl; [IpoeKTHpOBaHKME KBAHTOBBIX 1enel ((husnyeckoe).

HaBbIk KBaHTOBOW MHIYCTpUU
JUIsl BO3BMOXKHOI'O Kypca 110
TPaJULIMOHHOM KBaHTOBOM

TEOPUH

Jluneiinas anre6pa; Cratucrtuka (B OTHOIIEHHH K H3MEPEHUIM); [aMUIIb TOHUAHBI
ypaBHenusi LlIpeanHrepa yHuTapHOi BpeMeHHOH 3BoouH; [ Hib0epTOBO
MPOCTPAHCTBO; 3aIyTaHHOCTh; J{ByXypoBHEBbIe cicTeMbl; CIIEKTPOCKOIHS;
ATOMHBIC SHEPreTHYECKUE YPOBHH U (DOTOHHOE B3aHMO/ICHCTBHE.

HaBbIkM KBaHTOBOW MHyCTpUU
JUISl BO3BMOXKHOT'O Kypca
TPaJMIIMOHHOM KBaHTOBOM
TeopHu HHGOpMALMU

Jluneiinas anreOpa; Cratucrika (B OTHOLICHHH K H3MepeHUsM); MCTOYHMKY 1Iyma;
IIpoekTupoBaHUE KBAaHTOBBIX Li€TEH M BEHTUIILHBIX MOJIEIIEH ; AITOPUTMBI;
AGcrpakTHble KyouTs!; Teopust crnoxkaocTd; KBanToBEIe Ge30macHble
KOMMYHHKalWH; "aMUIIbTOHHaHbI; BbICOKOIIPOU3BOAMTENIbHBIE BHIUMCIICHHS.

HaBeixy, monesHsie Ha pabounx
MecCTaX KBaHTOBOH MHJIyCTPUH,
JUISl KOTOPBIX PEKOMEHTYETCsl
4uTaTh 00pPa30BaTENbHBIE KYPCHI
10 KBAHTOBOH HMH(OPMATHKE

IIporpammHuoe obecnieuenue; Koguposanue; JlabopaTopHbie HAaBBIKU 1
11ab0paTOpHBIi ONBIT; Y CTpaHEeHHE HEUCITpaBHOCTEH; MaTtepuassl; X0JI0JHbIe
aTombl; MonHble noBymky; JIazepHoe oxnakaeHne; MarHUTOONTHYECKHE JTOBYIIKY;
Konnencarsl boze-OitniuTeiina; Ceepxmnpooasiue nenu, GoToHHbIE
l/lHTCFpaJ'lebIC CXEMBI, BblCOKOﬂpOMSBO}IHTCJ’[LHbIC BBIYHCJICHUS , OT)KI/II".

Tabxn. 8. Bradenue meopuell K6aHmMosou ungopmayuu ons 00bIYHO20 MUPA.
Table 8. Skills Real-world Quantum Information Theory.

OcHoOBHBbIE
HaBbik Onucanue
HCTOYHUKH
YMeTh NporpaMMHpOBaTh C MCHOJIBL30BAHUEM TPAJAULIMOHHBIX aJITOPUTMOB, YMETh S, S7, S,
KoaupoBanue |0TnakuBaTh MPOrpaMMBbI Ha KBAHTOBOM MPOLIECCOPE, YMETh COOMPATh U Sis, Sp3, Sos,
aHAIM3UPOBATh AaHHBIC H 00CYKIATh PE3YJIbTATHI C MPOrPAMMHCTAMH . S»7, Sae, Sus
CraTucTHYECKHI o
YMeThb yTOUHATH MPONECCHl U KATHOPOBKH KOMITBIOTEPA, KOTOPBIHA yuacTByeT B
AHAIU3 ¥ aHAJINU3 Sy3, Soe
JAHHBIX 9KCIIEPUMEHTAX, M TOHUMATh, KAKHE THIIOTE3bI ObIIN OTBEPrHYTHI, @ KAKHE TOKA3aHBI.
v YMeTh BBIIONHATE OTIAJKY, PaJJMKalbHO OTIMYHYIO OT KJIACCHYECKOr0 BApHAHTa,
CTPAHCHHE MOCKOJIBbKY B KJIACCUYECKUX OTJIaJ4MKaX POrpaMMHUCT HMEET BO3MOKHOCTh
HeHCIpaBHOCTei S1s, Sa1, Sas
(otnaxa) PaccTaBIATh TOUKU OCTAHOBA, @ B KBAHTOBBIX NPOrPaAMMax AeIaTh 3TOr0 HEMb34, TaK
Kak 3a 9TUM CKPBIBAETCs H3MEPEHHUE, pa3pyuiaioniee HHGOPMAIHIO.
NCcTouHuKH YMeTh ynpaBisiTh MEXaHM3MaMU IIyMOB. Kakoii BeHTHIIBHBIA aBTOMAT HCIIOJB3YETCs, Ha
myma KaKMX HPHUHIMIIAX OH paboTaeT, IOHUMATh MEXaHUKY ICKOrePEHTHOCTH U LUIyMa, 2 TaKIke S16, Ss1
MEXaHHKy 0ObIYHBIX cO0eB JIIs 00eHX MojieIeli KBAHTOBBIX BBIYMCIICHHI.
BBITh CIOCOOHBIM IOHUMATB, KaK IOIYYHTh 3alIyMICHHBIC JAHHbIE, TOHUMATh, YTO
Monenmposariie HaXOAUTCS B OCHOBE (hPM3MUECKON MOJIEIH, B COOTBETCTBHHU C KOTOPOM IIEPEHOCTCS S,, Sa, S4, Sg,
9TU JJAHHbIE, 3HaTh, KAK OYUCTUTh ITU JAHHBIE U JICJIATh CTATUCTUYECKU 3HAYUMBbIE S14, Sz6
BBIBOJIbI O IPABUJIBHOCTH NPE/JIOKEHHON MOJIENH UJIM O TOM, KaK €€ YJIy4IlIHUTb.
YMeTh ynpasisiTh MEXaHM3MOM JIEKOT €PEHTHOCTH, 3HATh TEXHOJIOTHIO, OUPAACh Ha Se, S10, St
(He) KOTOPYIO OIEPUPYET AATYHK. [[j1s1 KOHKPETHOTr O IIPHJIOKEH S BKHO 3HATh, HY)KHA JIH B [ ' S ' [ '
KOIC€PEHTHOCTD |aHHOM Cilydae cucTeMa ¢ Oonee JIMTEIbHBIM BPEMEHEM KOIePeHTHOCTH M CUCTEMa, KOTOPYIO ué 16é m
MOXKHO JIETKO CBSI3aTh C KAKOH-JI00 Apyroii cucreMoii. KakoBbl Ipejiesibl 5TOro CBsi3bIBaHHs? 28, 929
Wcnpasene YMeTh ynpaBisiTh KBAHTOBOW KOPPEKIMEil OMHMOOK. [{yis KBaHTOBOI KOPPEKUMH OIKGOK, S11, S12, Sie,
OITHGOK MPOEKTUPOBAHHS 000PYIOBAHUS U MOAEIHPOBAHHS HEOOXOAMMO MHOTO 3HATh O (H3MKe S17
IIPOLIECCOB.
HuHamuka IToHMMaTh TMHAMMKY OTKPBITON CUCTEMBI U YIPABIATh €10. Vpasuenue Lpenunrepa
OTKPBITBIX ompeieNseT YBOIIONUIO BO BpDEMEHH, KOTOpas AaKe B OOblIel CTeNneHH, YeM YHHTapHast S4, Sy
CHCTEM JMHAMHKA, TT03BOMISIET YBUIETh U, MOKHO HA/IESThCS, HOHATh AUHAMHKY OTKPBITBIX CHCTEM.
Oo6opynoBanue |[ToHMMAaTh MOBeEHNE KYOHUTOB, OCOOECHHO, KaK (B TEpMHUHAX MEXaHU3MOB Sy Sie S
ULt KyOUTOB | IEKOT€PEHTHOCTH) paclpocTpaHseTcss HH(OpMaIHs. 11 916, 245
YMeTb HCII0/1b30BaTh MOIIHOCTU onepaTtopa ['aMuIbToHA. Casi3b aGCTPakTHOrO
I'aMuIIBTOHHAHBI |[aMUTBTOHHAHA C AKTYATBHOH (H3MUECKOl PeaTbHOCTBIO, KOHEHO e, He OYEBU/IHA, U ee S4, Sa3
OrpAaHUYCHUS HYKJAIOTCA B THIATEJIbHOM IIOHUMAaHUU .
IIpoeKTHPOBAHUE | VMeTh NPOEKTUPOBATH KBAHTOBBIE LEMU: B3SB ClEIU(pUKALUIO KBAHTOBOH CHCTEMBI B
KB&HTOBVBIX TepMuHaxX | aMHIbTOHHAHA, TPEBPAIATh €€ B MPOCSKT IJIsl U3TOTOBJIEHHS. 31€ech ecTh Ss, Su4, Sis
TCTICH MECTO I MHOTUX MUKPOBOJIHOBBIX MHKEHEPHBIX pemem/lﬁ, U OTHOBPEMEHHO BU/IHA TECHAsA CBA3b
(q)ngnqecxoe) C KBAHTOBAHHEM MHUKPOBOJIHOBBIX LIETEHi.
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Tabn. 9. Hagviku k6anmogou undycmpuu 015 03MOICHO20 Kypcad N0 MPAOUYUOHHOU K8AHMOBOU MeopUu.
Table 9. Skills of relevance to the quantum industry for a possible traditional quantum theory course.

OIIOJIHUTE/ILHbBIE
Haspik Onucanue A
HCTOYHHKH
YMeTh Ha aOCTPAaKTHOM yPOBHE HCIIOJIb30BATH/IIPUMEHSTh JTUHECHHYIO
JIuneiinas anre6py, HeOOXOJUMYIO 1JIsI KBAHTOBOU TEOPUH, BKIIOYAsi aOCTPAKTHBIC S0 S
anrebpa BEKTOPHBIE IPOCTPAHCTBA, a0CTPaKTHBIE ONIEPaTOPhI, KOMILICKCHBIE 28929
BEKTOPHBIE IPOCTPAHCTBA.
Crarucruka o
YMeTb CTPOUTH CTATHCTUKHU [Tl U3MEPEHUH. DTO HEOOXOUMO, TaK KaK
(B OTHOWIEHHH K 9 S7, S23, S29
B3aHMOJICHCTBHE (POTOHOB C ATOMaMU UMEET CTATHCTUYECKYIO IPHPOJY.
H3MEPEHHSIM)
I'aMUIIBTOHHAHBI
ypaBHEHUS VYMeTh ynpaBisTh YHUTapHOH BpeMeHH O 9Bomonuei. I[Tockonbky
LIpenunrepa BPEMEHHAsI IBOJIIOLINS ONHUChIBaeTcs ypaBHeHueM lllpenunrepa, S, S S
YHHTApHOH HEOOXOIMMO B JOCTATOYHOM CTENEHU 00J1a1aTh TOHUMaHHEM 4 9T D43
BpEMeHHOI T'aMHJIBTOHHAHOB U BPEMEHH O BOJTFOLINH.
9BOJIIOIHU
YMetb pabotath ¢ ['nnbp6epToBbiM mpocTpancTBoM. Kaxplil €wieH
I'nns6epToBo KOMaHJIbl yJaCTHUKOB IIPOEKTa JIOJDKEH 3HAaTh, Kak MMeHHO 'mib0epToBo S, S S
HPOCTPAHCTBO MPOCTPAHCTBO, YHUTAPHAS BPEMEHHAS 3BONIOLMSA, U3MEPCHHUS U 4 9T 43
3aIyTaHHOCTb CBA3aHBI ¢ 6a30BBIMU (pOpMaIM3MaMH KBAHTOBOI MEXaHUKH.
v . Ss, S7, So, S10, Su1,
METb YIPaBISITh KBAHTOBOI! 3aMy TAHHOCTBIO, KAK OTHUM H3 Hanbonee
3amnyTaHHOCTh N S12, S16, S17, Sus,
BaXXHBIX IMOHATHH.
S47
IlByxypoHeBsie VYMeTh POEKTUPOBATH IBYX- U TPEXYPOBHEBbIE Cl/lCTevMbl, a TaKKe
CHOTEMbL pa30upaThCs B ypaBHEHUSIX CKOPOCTH JJIS ONTHYECKON HAKAYKU U S4, S7, Saz
HCTOILECHHUS.
BBITh CLTOCOOHBIM BECTH MOJIE3HBIE 00CYXK/IECHHS AaTOMHBIX CIIEKTPOB,
CriekTpockonusi | aenaTb 0OOCHOBAaHHBIC YTBEPXKICHU, HAIIOA00ME TAKUX, KAK “2mo He S4, S7, Sa3
b6ydem pabomame, MAaxK KaxK npasuia 0moopa 3anpewarom nepexoo”.
ATtoMHBIE
IToHuMaTsh, 4TO TAKOE ATOMHBIE HEPT€TUUECKHE YPOBHU U (POTOHHOE
JHEPreTHYECKHE o
B3aHMOJIEHCTBHE, YMETh YNPABIIATh ITUMU ABJICHHAMHU, TO €CTh HIMETh
YPOBHH 1 o 54, 57, 543
dotontoe 3HAHUS B 001aCTH aTOMHOH (DM3UKH, JOCTATOUHBIC [UISl BBIYHCIICHHUS
N OBHEH, MOJETUPOBAHHSA U I HOHUMaHus (akTopoB Ppanka—Konmona.
B3aHMOJICHCTBHE P » MoAeIHp A ¢ P P A
e OcHoOBHBIE TeMBbI. XOTsA COTJIACHS IO KOHKPETHBIM TEeMaM Il KYpCOB IIO KBAHTOBBIM
BBIYUCIICHUAM HET, UMEIOTCA MPEAJIOKEHUS 110 KIIFOUYEBBIM TEMaM, BUIEH U HeKOTOpBIﬁ ycoex
B IIPENOfiaBaHUM Ha CTAPIIMX Kypcax U B Marucrparype, B TO BpeMs KaK HOTPEOHOCTH
HMHIYCTPUH B OCHOBHOM HOJAEPKUBAIOTCS aCIIMPAHTCKUMU MIPOrpaMMaMH.
e BakHocTh COIMAJIBHBIX HABBIKOB: B JIUTEPATYPE NMOAUEPKHUBACTCA BaXXHOCTH COIMAJIBHBIX

HaBBIKOB H3-32 MEXIHUCIUILIMHAPHOIO XapaKTepa KBAHTOBBIX BBIYHMCICHHH, MOTYEPKUBAS
3TUM HE00X0IMMOCTh A(PEKTUBHOM MPAKTUUECKOI pabOThI ¢ Pa3HOPOAHBIME KOMaH/IAMH.

Be1BOIBI IO TPOOIIEMHBIM BOIIPOCAM:

OtcyTcTBHe oOTpac/ieBbIX CTaHJapToB: B oTpacim He BbIpaOOTaHBI CTaHAAPTHI IS
orpezieieHust TpeOoBaHMH K paboTe B KBAHTOBBIX BBIYHCICHHUSX, & HEOOXOANMBIC HABBIKH
4acTO HE YKa3bIBAIOTCS SBHO.

OTcyTcTBHE aKaJeMUYeCKOro KoHceHcyca: Her cormacust mo Temam AiIst KypCcOB KBaHTOBBIX
BBIYMCIIEHUH, YTO MOAYCPKUBACT HACTOSTENBHYIO HEOOXOANMOCTh ONPEACTICHUS KIIIOYEBBIX
3HAHWHN U pa3padOTKH CTPYKTYPHUPOBAHHBIX, BOCIIPOM3BOANMBIX KYPCOB.
Hanpagsiennocts npenoaaBanusi: bompmmHCTBO ycnnmmii B 00JacTH  TperoaBaHus
HanpaBlIieHbl Ha IPOrPaMMBbI HO BBIITYCKHUKH
OakajaBpHuaTa TaKke BOCTPEOOBAHBI IUISi MCIOMHEHUS TEXHHUYECKOH pabOThl B KBAHTOBBIX

JJI8 BBITYCKHUKOB IIOJIHOrO Kypca,

BBIYUCJICHUAX.
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Tabn. 10. Hagviku k8anmosoti uH0ycmpuu 0Jis 603MON’CHO20 KYPCa RO MPAOUYUOHHOU KGAHMOBOU Meopulu.
Table 10. Skills of relevance to the quantum industry for a possible quantum information theory course.

HaBbik

Onucanue

Jonoanut.
HCTOYHHKH

Jluneiinas anredpa

YMeTh HpUMEHSTh JIMHEHHYIO anreOpy Mpu 00bsICHEHUH KBAHTOBBIX ()EHOMEHOB
W JIMHEWHBIE OnepaTophl i paboThl ¢ KyOuTamMu. TEOPETHKH M TPAKTUKH
JIOJDKHBI BJIQJIETh JINHEWHON aJIre0poid, onepanusMu HaJl MaTpULIAMU,
JIEMOHCTPUPOBATh, YTO POMCXOAUT B KBAHTOBBIX LETISIX.

S41 S71 SZS:
8291 843

Crarucruka (B
OTHOLICHUH K
HU3MEPEHUSM)

YMeTb NPUMEHATh CTATUCTUYECKHE METOABI JJIsl ONTUCAHUS KBAHTOBBIX
(heHOMEHOB, paccMaTpHBas KBAHTOBYIO MEXaHHUKY B KauecTBE 0000IIEHHOI 0
IpHMepa KIIACCHYECKOi Teopur BeposTHocTeil. Bribopka u3 pacnpeneneHus
BEPOSTHOCTEH CHCTEMBI.

S71 8231 SZS

Hcroynuky nryma

YMeTh paboTaTh ¢ 3alIyMICHHON CUCTEMOi. TaKOBBIMH SBJISIOTCS KBAHTOBBIC
LIEMH ¥ BEHTHJIN, A TAKXKE MOJIENIU C ITYMaMH.

Si11, S12, S1e,
Si17, Ss1

IIpoexTupoBanue
KBaHTOBBIX LIETEH U
BEHTHUJIbHBIX
MoJIenei

o [[OHMMATb U yMETb IPOSKTHPOBATH LEMH (CBOOOAHBIE OT LIyMa) U
BEHTUJIbHBIE MOjieNH. [lonHoe MofeMpoBanue ITyMa, MOJIENH BEHTUIIEH 1
AJIrOPUTMbI ONTUMU3ALMHU JJOJLKHEI OBITH pa3/ieIeHbl, TAK KaK He BCE BEHTUIIH
oauHakoBbl. OTCIO/1a ClIeyeT, 4YTO TEOPETUKH JIOJKHBI HCKAaTh HOBbIE
CroCOOB! CHUKEHHSI ITyMOB.

® YMeTh NPaBUIIbHO U 6€30IIMO0YHO IPUMEHATh BCE THITBI BeHTHIeH. He
00513aTeIbHO 3HAaTh BCE HAU3YCTh, BPOJIE TOrO, Kakask MaTpULla COOTBETCTBYET
BeHTiiro CNOT, a kakast BeHTHIIIO AjlaMapa, HO HaJio yMETh II0Ka3aTh, 4TO
JIeNaeT CHCTEMA, KaKO€ COCTOSHUE OHA MOJTYyYHT B HTOTE, KaK BCE ITH
OBOJIIOIIHA OITUCBHIBAIOTCA ManPlLleﬁ-l'lpOHSBe}leHHeM W HaGOpOM MaTpHUIl
[Taynu.

Ss, S14, S16

AJTOpUTMBI

® YMeTb CTPOUTH M UCMO/Ib30BaTh KBAHTOBBIC arOPUTMBI. JIJIs MpaKTHUECKOH
paboTsl TpebyeTcs MOHUMATh MOJIENb JaHHbIX, TIOHUMAaTh, KAK CBECTHU €€ K
HEKOTOPOMY aJIrOPUTMY, KOTOPBIH MOXKET OBITh IIOJIE3€H /ISl PeLICHUS
KOHKPETHOH 3a/1auu.

Ha npakTuxe He TpeOyeTcs IIOMHUTD BCE H3BECTHBIC AT OPUTMBI, HO HY’KHO
3HATh, KAKHE aJITOPHTMBI UMEET CMBICII TOPOOOBATS.

Ha npakTuke TpeOyercst yMeHHe pa3o0paThCsi B KBAHTOBOM ajlropuT™e (a He
MPOCTO MCIIONb30BaTh KBAHTOBBIIT S3bIK TPOrPaMMUPOBAHUS), 4 TAKKE
MIOHUMATh, MOXKHO JIH PEIIHTH IIOCTABICHHYIO 33a4y C IOMOIIBIO KBAHTOBOTO
KOMIIBIOTEpA.

Slv SZv Sl3v
8141 8171 519,
8451 S51

AOGcTpakTHBIC
KyOHTBI

YMeTh UHTEpIPEeTHPOBaTh a0CTPAKTHYIO peasn3anuio Kyoura: cdepa bioxa —
9TO OYEHb ITOJIE3HAS HITFOCTPALIHS IPOCTPAHCTBA COCTOSHUN KyOuTa, Haj10
XOpOILO 3HATH 3TOT MOAXOM, TOHUMATh SI3bIK OMMCAHUS a0CTPaKTHBIX KyOHTOB,
HOCKOJIbKY TOT 5I3bIK HCIIOJIb3YETCsl ITIOCTOSIHHO U TOBCEMECTHO.

S4, S7, Se,
Si0, S11, S12,
S14, S16, S17,
S43, Sas, Saz

Teopus CI0KXKHOCTH

o BrasieTs Teopueil CII0)KHOCTH: KBAHTOBBIE KOMITBIOTEPHI OIHOCTHIO
6asupyroTcs Ha HHYOPMATHKE, €€ TCOPETHICCKHUX ITOJIOKECHHAX, IOITOMY
HY’>KHO 3HAaTh TEOPHIO CIOXKHOCTH, YMETh YIOPSAIOYHBATh aITOPHTMBI 11O
BPEMEHH HX PabOTHI, IOHHUMATh, KaK TEOPHs IOMOIaeT YCKOPUTH PelIeHNe
3a7adn.

® YMeTh IIPeo0IeBaTh PAMKH KJIACCUUECKHX IPECTaBICHH, IIOHUMATh, YTO,
HampuMep, aaroput™ lllopa HecTpyKTypUpPOBaHHOTO OMCKA HMEET
CIIO’KHOCTB, TPOMOPLMOHAIbHYIO KOopHIO 13 N, a He N.

S7, S10, S12,
Suz

KBanToBbie
Oe3omacHbIe
KOMMYHHUKaIUH

YMmets TIPUMEHATH KBAHTOBBIE aJITOPUTMBI B 0e30macHbBIX KOMMYHHUKaAIUAX. Yro
TaKO€ aJITOPUTMBI I_HI/I(prBaHPUI, YTO TaKO€ MOAITUCH, KaK 6y[[yT peaain30BaHbI
HEKOTOPHIE IPOTOKOJIBI 06€30MacHOCTH.

Sy, Sszs, Sz6,
Ss7, Suz

TammbTOHMAHBI

YMmets TIPUMEHATH OII€PATOPHI lamunsTOHA K peuIeHuIo 3a1a4: ¢ Ka)K,HOﬁ
peanmauneﬁ CBEPXIIPOBOAAIIET O Ky6PITa CBsA3aH HeKOTOpLIfI TamunbpTOHMAH U
3HepFeTI/I‘IBCKI/Iﬁ J'IaHHIHa(l)T. Ha,HO IIOHUMAThb, Kakoi 310 raMI/IJ'II)TOHI/IaH, Kak
TIOJTYYHUTH COOCTBEHHBIE COCTOSHHS.

S, Su3

Bricoko-
MIPOU3BOUTEIHBIC
BBIYHCIICHUS

YMmets TIPUMEHATH METOABI U TPUEMBI IJI1 BBICOKOIIPOU3BOANTEIIbHBIX
HpI/IJ'IO)KeHI/If/’I. Hy)KHO TIOHUMAaTh, KAKN€ COBPEMEHHBIE CYIIEPKOMIBIOTEPBI
HYXHBI 1JIs1 KBAHTOBBIX BLIHHCHCHHﬁ, a TaKXK€ Il HEKOTOPBIX IMTPUKIIATHBIX
pa60T. 9T0, HanmpuMep, METOAbl, OCHOBaAHHBIC HA KBAHTOBBIX TEXHOJIOTIUAX,
KOTOPBIE B KOHEYHOM UTOI'€ OBLIM UCITOTB30BAHBI HA BBICOKOIMPOU3BOAUTEIBHBIX
MalmgnuHax.

Sss, Sz6, S37
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Tabn. 11. Hagviku, nonesuvie Ha paboyux mecmax K6AHmMOGOU UHOYCMpul, Ok KOMOPbIX PeKOMEHOYemcs
yumame 06pa308amenbHble Kypevl NO K6AHMOBOU UHGOpMamuke.
Table 11. Skills of relevance to the quantum industry for a possible hardware for quantum information

course.
Haspik Omnucanue Aomomur.
HMCTOYHNKH
BriTh CHOCO6HLIM TIPOAEMOHCTPHUPOBATh 3HAHUA U YMCHHS BECTH aBTOMaTU3HPOBAHHOC
HpOFpaMMHOC HpOCKTHp(.)BaHI/IC cucTeM. YMeTh MOJEINPOBATh KBAHTOBBIC CUCTEMBI Ha l'lJ'laT(bOpMaX SS, S4, Sg,
Mathematica uin MATLAB, win Kakux-1u00 Apyrux. Y MeTh He IPOCTO MUCATh IPOrPaMMBL,
obecreuerne paboTaTh ¢ CHCTEMaMH YIPaBJICHHs BEPCHSIMU, B PACIPEICIICHHOM OKPY)KEHUH, T1e Sa6, St
TIPOrpaMMHK CTaM JOCTYIHBI BCE PE3YJIbTAThI MX KOJIJIET .
BriTh CHOCO6HLIM Ha OCHOBEC YK€ NOCTHTHYTOr'O pe3yJjibTara, IOHATh, KaK MOXET 6LITL
aBTOMAaTH3MPOBAH MPOLIECC €ro MOIYICHHMSI, KaK CIeNIaTh HEKOTOPBIE BELIH JIydlie, ObICTpee U
Tipomie. ‘VmMeTs nucarh TIpOrpaMMBI: BOO6LT_[C TOBOps, HATTHYHE 6330}3])1)( TIPOrpaMMH CTCKUX
HaBBIKOB — 3T0, BEPOSATHO, a0COIOTHAs HEOOXOANMOCTb JUIsl COTPYAHHKOB Pa3HBIX Se, S7, Se,
Koauposanue CHeLUATLHOCTEH. Y MeTh B3aMMOJIEIiCTBOBATH C KOJUIEraMH TIPH PELICHHH NPOrPAaMMHCTCKUX Sis, S23, Soe,
3aj1a4, TO €CTh IIPH HAITMCAHUH IIPOrpamMM paboTaThk ¢ APYTHMH JIFOIbMH, 3HATh, KaK S»7, Sag
COBMECTHO ITMCATh U PEBU30BATH MMPOI'paMM, IHCaTh PE3FOME K ITpOrpaMmam, co3iaBaTb
TECTOBBIC Ha60le. Pa36l/lpaTBCﬂ B CTPYKTYpaX JaHHBIX U 3HATh, KaK MOXET BBINIAIETH
T0JIE3HBIH PUKIIA/IHON HHTepeiic.
VYmers TIPOBOJAUTE SKCIIEPUMEHTHI U PEATU30BBIBATE ITPOCKTHI. H}O}II/I, KOTOPBIC MOKYITaIn
JlaGoparopHbie Jpeib B MarasuHe, 3HaK0T, YTO Tepejl CBEPIIOBKOIl Ha/l0 HAMETHTD LeHTp oTBepcTHs. Jioam ¢
HaBBIKH U OIBITOM PaboThI B HEKOTOPOM OKPYXKEHHH YMEIOT JI0OMBAThCs GOJIBIIEro M paboTaroT
naﬁopaToprlﬁ ObIcTpee, Tak KaK 3HAIOT, 4TO BBI3BIBACT TPYAHOCTH, a YTO cIenarhb npoiue. JIroiu, KoTopbie -
OITBIT MOT'YT CIIPOCKTUPOBATH SKCIEPUMEHTAIIBHYIO IIPOrpaMMy, MOI'yT €€ peajiln30Barhb, HOJIOGpaTB
JAHHBIC, TIOHATH, U151 Y€T0 5TH JaHHBIC HY)KHBI, a 3aTE€M PEIINTDH, YTO J1€JIaTh JAJIbIIC.
yCTpaHeH"e VYmers pemarb KaX10AHEBHbBIC "pOﬁﬂeMH. bonvas vacme esxcednesnvix 36{60"’1 —omo
. 60pvba c npoepammami, 6opboa ¢ OUWUOKAMU U BbIICHEHUE MO20, YNO NPOUCXOOUM C Sis, Su1
Hel/lCl'lpaBHOCTeH XOJI0OUTHUKOM.
VMeTh co371aBaTh M ONEPHPOBATH HOBBEIMHU MaTepuanamu: JIiou, Belylie HCCIIe10BaHH s,
M3rOTABJIMBAIOIIME HOBBIC MATECPHAIbI, CTAPAIOTCS MOHATH, KaK IPHBHECTH 3TH HOBBIC
Marepuasst MaTtepHabl B CBOM IIPHOOPKL, 4TO Gy/ET XOPOLIMM TEILIOU30/ITOPOM, YTO XOPOIIO IPOBOIHT S4, S7, Su3
TEILIO, YTO HMEET XOPOIIIYIO SIEKTPOIPOBOIHOCTD, KaK 3TH MaTepHaIbl paboTaroT JIPYT ¢
JIPYrOM, KaKOBa TEIFIOGMKOCTb TEX MJIM MHbIX BEIICCTB.
XOJTO/HbIE ATOMbI 3HaTh 0 nazepax, JIMHAX BOITH, ONTHHECKHX KOMIOHEHTAX, YPABJICHHH, PACCEAHHOM CBETE i Sa. S, Sus
METO/1aX H3MEPEHHIA.
HOHKMaTb, 4TO TAKOE TEXHOJIOI'Msl HOHHBIX JIOBYIIICK, BSaMMOJ],eﬁCTBMe HMOHOB C
MoHHBIE TOBYIIKK | 3/EKTPOHMKOM, PH3MKA CAMOro Npoliecca yIaBIHBaHHs HOHOB, HAIPUMED, ypaBHEeHUs Marbe, S4, S7, Su3
00J1aCTH YCTOMYHMBOCTH.
ﬂaSCpHOC Ilonumars 1 YMETb IPUMEHATH MaTe€pual AJIs JIa3€pPHOIr 0 OXJIAKACHU S, UCII0JIb30BaTh CBET
JUIA OXJTKJACHUS aTOMOB, OIITUYECKUX BOJIOKOH, Pa3JIMYHBIX IE€TEKTOPOB, SJIEKTPOOIITUKH, -
OXJIKICHAC AKYCTHYECKOH ONTUKH.
Marsnwuro- YMeTb paborarh ¢ MaTepuaaMi MarHMTOOIITHYECKHX JIOBYIIEK. [IocTpoeHre TakuxX J0BYILIEK
ONTHYECKUE U YNIaBJIMBAIOLIMX aTOMOB, OIIBIT, II0JIy4EHHbIH IPH 3TOM, 60JIee [IEHEH, YeM MOIyUeHne S4, S7, Sa3
JIOBYIIKH TIPOU3BOIHBIX MaTepHaIOB.
YMerb paboTaTh ¢ COOTBETCTBYIOIIMMH MaTepHalaMu U 00BbACHATH UX noBenenue. Eciu xro-
Konnencatst TO IIOMEI[AaeT HEKOTOPBIH KOHJEHCAT B JIOBYIIKY, KOTOpas €ro AeTeKTUPYET C HEKOTOPBHIM S, S S
Boze-DitHmTeiina | ($a3oBbIM CIBUIOM MM €IIE KAaK-TO, HY)KHO IIOHUMATh TEOPHIO IPoLecca, a TOT, KTO 4 97, 243
BBIIOJIHWII TaKyl0 paboTy, yMeTh cAeiaTh JOKIa] ¢ o0bsicHeHueM dddexra.
YMeTb MaHUIYIMPOBATh U IOHMMATh HOIYIPOBOJHHKOBBIE LienH. Ecii KTo-To Hecaexyer
CBepXnpoBosIIe Bpems K()vrepeuunn MM HEYTO HOXO0XKee, eMy/eil HeoOXoauMo HOJ‘Iy‘-H/ITbVMHO)KeCTBO
CBEJICHHH [10 MATEPUAJIOBEACHHUIO U IPOEKTUPOBAHHIO KBAHTOBBIX LIETICH U TIOHSATh Ss, S14, S16
HeTH MeJbyaiiime AeTanu TOro, Kak H3roTaBINBACTCs CBEPXIPOBOISIINI KyOUT, I/1e HAXOASITCS
T10JI1 X YTO MMEET 3HAYECHUE JUJIsI KOT€PEHTHBIX CBsI3EH .
DoTOHHBIE VYMeTh MaHHUITYJIHPOBATh M OHUMATh (POTOHHBIE HHTETPAIbHBIE CXeMBbI. YTOOBI 3TOr0 S5, 84, S
HMHTErpajbHbIe JOOUTBCS, HY)KHO yMETh CTPOUTH KOJIBLEBBIC PE30HATOPEI; 3HATH, KAK PA0OTATh CO 124 9T
CXEMBbI CTaHJAPTHHIMU (DOTOHHBIMM HHTErPATLHBIMH CXEMaMH, HATIPUMED, B JIMTEIHHOM IeXe. S14: Si6, Sag
BLICOKOHpOH:S‘ Brith CHOCOV6H]>IM JIEMOHCTPUPOBATH SKCIIEPTHBIEC 3HAHUS BbICOKOIIPOU3BOAUTEIIBbHBIX
BBIYUCIIEHUH, ITIOCKOJIBKY B HACTOALIEE BPEMS MHOXKECTBO MHKCHEPHBIX 3a/1a4 PEIIACTCA C
BOJIUTEIbHEIE Sas, Sas, Sz7
TIPUMEHEHHEM KOMIIBIOTEPHOI'0 MOJEIMPOBAHHSI, a 3HAYHT, IIPU IPOEKTUPOBAHUHI
BBITHCIICHHS O60pyZ[OBaHI/I$l HCO6X0}II/IMO CTPOUTH NPOTrpaMMHBIE MOJEIIN .
OTxuUr 3HaTh, 4TO Takoe (KBAHTOBBII) OT)KUT U IIPHHIHIIEL, HA KOTOPBIX OH paboTaeT. S4, S7, Suz
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Fig. 10. Cross-disciplinary teamwork of quantum computing practitioners.

Tabxn. 12. OcHosHvle coyuanvHbie HABLIKU, HEOOXOOUMbLE OISl UHOYCIMPUU KEAHMOBbIX 8bIYUCTCHUIL.
Table 12. Main soft skills required for the quantum computing industry.

Hcrounnku
S3, S0, S22, S23, S33, Saa
S0, S22, S26, Sas, Saz
S22, Saz, Sas, [123]
S22, Saz, Sas, [123]
S22, Saz, Sas, [123]
S22, Sas, [123]

S22, S33, Sa4, [123]

ConmanbHbIil HABBIK

AHaINTHYECKOE/KPUTHUECKOE/ TBOPYECKOE MbILIIICHUE

BzaumooTtHomenus

YMeHHE ynpaBJsTh BpeMeHeM

Komannas pabora

YcTHOC/MUCHbMEHHOE B3aUMO/ICHCTBHE C JIFOJIbMH

AKTHBHOE 00y4eHHE/M000NBITCTBO

CaMOCTOSATENIEHOCTh, COMPSHKCHHAs! C TOHUMaHHEM, KOTa Haji0
00paTUTHCS 33 TTOMOILBIO

CriocoOHOCTh K MEeXIMCLMIUIMHAPHOMR padoTe

S22, S33, Sa4, [123]

YMmenue COPaBJIATECA C ABYCMBICICHHOCTAMHA

SZZv SZ3v S42

.HI/IZ[CPCTBO 1 COLUAJIBHOC BJIMAHUC

SZZv SZ3v S331 S34

7. 3aknroyeHue

KBaHTOBBIE BBIYMCICHUS — 3TO HOBAas pa3BHBAIOLIASACS 00JACTh, KOTOPAas MOXKET KapIUHAIBHO
W3MEHNTh HAIIM TPEACTaBICHUS O BBIYMCICHUSAX U TNporpaMMupoBaHuu. CIIOXKHOCTD,
YHaclleIoBaHHass OT KBAaHTOBOM MEXaHWKH, 3aTPYIHSET 3aHATHS KBAHTOBBIMH BbIUYHCICHHAMHU
npodeccronanam, e 3Haronmm Gusuky [73].

Baxxaeiineit 3aaueil pa3BUTHsI BO3SMOXKHOCTEH TIepCOHANA SABJSAETCS 00yUCHIE pa3IUIHBIX TPYII
HE MIPOXOAMBIINX CHEIUAIBHBIA 0TOOp CTYICHTOB KOJUIEKEH M YHUBEPCUTETOB HaBBIKAM PaOOTHI
C KBAHTOBBIMH BBIYHCICHHUSMH, JJIsI KOTOPBIX KOTOPBIE HEOOXOANM CYIIECTBEHHBIN TEOPETHYECKIH
6aszuc [132].

Ha wpIHemHem »Tarme BTOpOH KBAaHTOBOM PEBOMIONMM pabOTa B KOMIAHMAX-Pa3pabOTUMKAX M
pa3paboTka KBAHTOBBIX KOMIIBPIOTEPOB BCE €IIe, KaK IpaBWio, TpeOyeT HaydHOro Oaraka
MOATrOTOBKA HA YPOBHE IIOATOTOBKM Kaumunmara Hayk (cremenu PhD). Opmmako pacryiiee
MIPE/TIOKEHNE «KBAHTOBO-OJIM3KMX» pPabOYMX MeECT B OTPacid Takxke TpeOyeT KBAaHTOBOH
TPaMOTHOCTH. 3ampockl TpeOylT 3HaHWI NPOrpaMMHUPOBAHUS, YMEHHS BECTH pa3paboTKy
MIPOTrPaMMHOTO OOECTIEYEHHs, JITOPUTMOB, BIAJACHHS 3HAHUSMHU DJIEKTPOHWUKH, KPHOTCHHKH H
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BaKyyMHBIX TexHOJOrui [38]. Mcxoas 13 3TOro, sl MOBBIILICHHUS KBATU(DUKAIUA COTPYITHHKOB 10
YpOBHSI, HEOOXOANMOTO MHAYCTPUH KBAHTOBBIX BBIUHCIECHHH, TpeOyeTcsi pa3paboTarh ydeOHbIE
IUIAaHBl W CO31aTh 00pa3oBaTeNbHbIE NPOrpaMMbl OakajliaBpuara B O0JACTH KBAaHTOBBIX
WH(POPMAIIMOHHBIX TEXHOJIOTHH.

HecMmoTpss Ha HEKOTOpBIC MHHUITMATHBHI MO CO3JIAHHWIO YUCOHBIX MOCOOMI W 00pa3oBaTEIBHBIX
MPOrpaMM, WHTErpaIyisi KBAaHTOBBIX BBIUHCICHHUN B WH(POPMATHKY, WHXXCHEPUIO M CBS3aHHEIC C
HUMH YYeOHBIC TUTAHBI OCTACTCS CIOKHOW 3amaveil. Jo cuX mop HeT KOHCEHCyca MO0 TeMaTHKaM
KYPCOB H UX IMOCJICIOBATEILHOCTH, HEOOXOUMBIM JUISI TIOATOTOBKH Oy TYIIMX CIICITHATUCTOR.

[TeITasich BHECTH CBOH BKJIAJI B PEIICHHE HA3PEBINUX 33124, B ’TOM OTYETE MBI IIPEIICTABIIIEM 0030D
JINTEPATyphl, BHOCAIINM B HEE HEKOTOPYIO CHCTEMAaTH3allMI0, KOTOpasi TO3BOJMIA HaM BBIIECTUTH
CIEYIOIIIE BOPOCHL:

1) Tlonmupii HabOp 3HAHWHA, CBA3AHHBIX C KBAHTOBBIMHM BBIYHCICHUSIMH, BKJIOYAs
(byHIaMeHTaIbHBIE OCHOBBI (DM3WMKU, KBAHTOBOW MEXAaHWKH, KBAHTOBOH WH(OPMATHKH,
MAaTEMATHKH, HHPOPMATUKU ¥ CMEKHBIX JUCIUILIHH.

2) Habop TeXHUYECKUX HABBIKOB (CBSI3AHHBIX C (DYHIaMEHTATbHBIMH OHATHSIMH KBAHTOBBIX
BBIUMCIICHHU) C OMMCAHHEM KOHKPETHBIX CIIOCOOHOCTEH, CBSI3aHHBIX C KOMIICTCHIIUSIMH
YYaCTHUKOB KBAHTOBBIX BBIYMCICHUH. DTH HABBIKM HAa3bIBAIOTCA TEXHHYECKUMHU WU
“XXEeCTKUMH~ HaBBIKAMH.

3) HaGop “Msarkmx” HaBBIKOB, HAa3bIBAEMBIX B OJTOH CTaThe  “‘COLMALHBIME
NPEICTABISIIONMX COOOM HAaBBIKM, TpeOyeMble MpPU TPOM3BOACTBE IMPOrPaMMHOrO
o0ecreyeHus1, K KOTOPBIM TaKKe OTHOCSATCS HEKOTOPhIE KOHKPETHBIC HABBIKH, TPEOyeMbIe
CaMHM CYIIECTBOM KBAHTOBBIX BBIYHCIICHHUH.

Byaymas pa6ora. ChopMymupoBaHbl CIeAYyIOIHEe HHUIMATHBEI, YIUTHIBAIONINE HEOOXOAUMOCTh
PYKOBOISAIINX MPHHIUIIOB AJIsI PA3BUTHS HABBIKOB B 00JIACTH KBAHTOBBIX BBIYMCIICHUH M XOPOILO
MIOATOTOBJICHHOM paboyeil CHITbI JJIsl 3TOI W3BECTHOM OTPACIIH.

1) OmpenenuTs cTeHeHb AeTalM3alUM, [TIYOMHBI U CIOKHOCTH KBAaHTOBBIX TEM, KOTOpPBIE
JIOJIXKHBI TIPETOIaBaThCs Ha KayKIOM 00pa3oBaTeIbHOM YpPOBHE.

2) ComocTaBUTh PE3yAbTATHl ITOTO HCCIACHOBAHWS C HOBCHIIMMH BEPCHSIMH CTaHIApTa
SWEBOK.
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Abstract. The complexity of dealing with work-related stress as a Complex Informal Structured Domain
(CISD) involves various social, technical, cultural, and scientific factors, which highlights the challenges posed
by organizational decision-making and the need for cognitive solutions to improve understanding of such
complex scenarios. The article discusses three empirical-theoretical approaches to conceptualizing and
specifying cognitive solutions to real-world problems in CISD: A literature review examines the use of specific
machine learning artificial algorithms to develop models for work stress prevention; the use of cognitive
solutions as ontologies for explicit knowledge representation; and a systemic methodological framework that
establishes a structured approach to conceptualization and specification. The exploration emphasizes the need
for a methodological model that effectively supports these cognitive solutions, to improve organizational
decision-making by leveraging systems thinking and knowledge management.
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AnHoramusi. CI0XKHOCTH OOpBOBI CO CTPECCOM, CBSI3aHHBIM C Pa0OTOH, Kak CIOKHOW HedopmaibHOI
CTpyKTypHpoBaHHO# oOmacteio aesitenbHocTH  (CISD), BKimouaeT B cebsi pasiuuHble COLHANBHBIE,
TEXHHUYECKHE, KYJIbTYpHbIE W HaydHble (DAKTOpPBI, YTO YBEIMYHBACT OPraHU3AlMOHHBIC MPOOIEMBbI U
MOTYEPKUBACT HEOOXOAUMOCTh KOTHUTHUBHBIX DELICHHI i YIYdIICHHS MMOHMMAHHS TaKHX CIOKHBIX
crieHapueB. B craTee paccMaTpuBaroTCS TPH SMIMPUKO-TEOPETHYECKHX IMOAXOMA K KOHLENTYAIU3alud U
OIpE/ICTICHHI0 KOTHUTHBHBIX PEIIeHUH peanbHbIX npodieM B CISD: Apropamm u3ywanack JuTeparypa IO
UCHOJIb30BAaHUIO CHEU(UYECKUX aJrOPUTMOB MALIMHHOTO OOy4eHMs HEHPOHHBIX ceTel aid pa3paboTKu
Mozieneld MpodMIaKTHKK cTpecca Ha padoTe; MCIONb30BAHMIO KOTHHTHBHBIX PpELICHWH, B YaCTHOCTH
OHTOJIOTHH, [UISl YeTKOrO NpPE/CTaBICHNS 3HAHUH; TAKKe M3ydaaach CUCTEMHAas METOJOJIOrMYEcKas OCHOBA
CTPYKTYPHPOBAaHHOTO MOJAXOAa K KOHIENTyanu3aumu u cremudukauuu. [IpoBeneHHOe wccienoBaHUe
MIOKA3bIBaCT HEOOXOIMMOCTb IIOCTPOCHMS METOIOJIOTMYECKON MOJEIH, KOTopas JOo/bKHA 3((HEeKTHBHO
OJVICP)KMBATh 3TH KOTHUTHBHBIC PELICHHUS, IS YITYHIICHNS Ka4yeCTBa OCYLIECTBIISIEMbIX OPraHU3aLMOHHBIX
MEPOIPUSTHH 33 CYET UCIONB30BaHMS CUCTEMHOIO MbILUIEHHS 1 yHIPABICHHUS 3HAHUAMU.

KiroueBble cJji0Ba: KOTHUTHBHBIC DPELICHUS; YIpaBlI€HHE 3HAHUAMH;, CHCTEMHOE MBILIUICHHUE; CIIOXKHbIE
JIOMCHBI.

Jas nurupoBanusi: XumeHec-I'anuna A., Onmoc-Candec K., Manpnonano-Maunac A., JIukona-Onamoc XK.,
Canuec-Conuc I1. OnpezeneHre KOTHUTHUBHBIX PEIICHUI B CIOXKHBIX HE()OPMAIBHO CTPYKTYPHPOBAHHBIX
nomeHax: smmupuieckue noaxonst. Tpynst UCIT PAH, Tom 36, Boim. 6, 2024 1., ctp. 149-160 (Ha anriuiickom
szeike). DOI: 10.15514/ISPRAS-2024-36(6)-8.

BaarogapHoctu. OT MMEHM BCEX COaBTOPOB U COTPYAHHMKOB MbI BBIPAXKAEM HAIly CaMyl HCKPEHHIOIO
OnaromapHocTh W BeyHoe BocxuieHue aokropy JKacmun ['eopruane Jlukona-Ommoc. Ee Bkmax Obut
HEOLICHHM, M €€ HacleAue OCTaercs Ha STuX crpaHunax. OHa Obula OJNECTALMM HCCIIEIOBATEINeM,
UCKJIIOUUTENIbHBIM HACTABHUKOM M BJIOXHOBIISIOLIMM 4YeJNOBEKOM. IIepBblif aBTOp Takke BBIPAXKAET CBOIO
GnaromapHocTs HarmoHadbHOMY COBETY MO TyMaHHTapHBIM Haykam U Texomormssm (Conahcyt) 3a
CTUIEHIMANIBHYIO TIOJVIEP)KKY, OKAa3aHHYIO BO BpeMsi ee y4eObl B JIOKTOPAHTYype IO MPOrpaMMe MHKEHEPHBIX
Hayk ABToHomHOro yausepcurera Coronan-Xyapec (UAC)).

1. Introduction

Complex domains are characterized by their dynamic nature, open boundaries, and ambiguous
relationships, necessitating customized approaches due to their unique characteristics. These
domains lack formal structures that feature non-linear and interdependent factors and are marked by
uncertainty, diverse perspectives, and continuous change, with tacit knowledge being predominant.
Understanding these domains is crucial for developing artificial intelligence (Al) based cognitive
solutions, which formalize domain concepts and relationships, such as Decision Support Systems
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and Predictive Analytics Tools. These solutions help organizations make informed decisions, drive
innovation, and enhance performance by deeply comprehending complex situations.

Complex Informal Structured Domains (CISD) arise when external specialists, unfamiliar with the
domain, are brought in to develop cognitive solutions. This introduces complexity but is essential
for bringing fresh perspectives and innovative approaches. Challenges in CISD include knowledge
elicitation, representation, reaching consensus among specialists, and designing effective solutions.
The complexity of CISD, characterized by informal knowledge, multiple perspectives, ambiguity,
and uncertainty, complicates establishing clear relationships between concepts. For instance, work
stress, a global issue with unpredictable behaviors like emotional exhaustion and symptoms such as
anxiety and depression, affects organizational productivity and can also have positive impacts.
Developing cognitive solutions involves navigating diverse data and viewpoints, making work stress
particularly challenging (see Fig.1).

This article presents three approaches to developing cognitive solutions for work stress in CISD
within the maquiladora industry on Mexico's northern border: (1) a literature review of the
application of machine learning (ML) algorithms, to model work stress prevention; (2) using
cognitive solutions with explicit knowledge representation, such as ontologies; and (3) the creating
of a systemic methodological framework for conceptualizing and specifying cognitive solutions in
CISD. As a result of this analysis, this paper introduces a methodological model that employs
systemic thinking and knowledge management to support organizational decision-making. The
paper is structured as follows: Section 2 covers CISD and work stress characterization, Section 3
reviews the approaches, and Section 4 discusses results and future work.

\

The exploration of algorithms of machine
learning (ML) (

A 2

The use cognitive solutions that incorporate an
explicit representation of knowledge /“

A3

The need of a systemic methodological framework for the
conceptualization and specification of cognitive solutions in CISD

Fig. 1. Implemented approaches. Based on [1].
2. Background

2.1 Complex Informal Structured Domains
Complex Informal Structured Domains (CISD) arise when a team of domain experts and newcomers
collaborate to create cognitive solutions tailored to the domain’s needs. CISD involves multiple
interacting elements, making reductionist approaches potentially ineffective. The key characteristics
and components of CISD, illustrated in Fig. 2, include:
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a) CISD is composed of an Application Domain (AD) and a Solution Domain (SD).

b) Domain Specialists (DS) with expertise in specific areas provide critical insights and
guidance, although their perspectives may vary based on their roles.

c) The AD encompasses human, technological, cultural, and scientific factors, characterized
by ambiguity, uncertainty, dynamism, and emergent properties.

d) Solution Providers, managed by a Cognitive Architect, specialize in conceptualizing,
specifying, designing, and implementing cognitive solutions.

e) All participants form an ad hoc Collaborative Network.

f) Cognitive Solutions Specification includes both functional and non-functional
requirements, derived from and synthesized between AD and SD.

Complex Informal Structured Domain

Appncaﬂon il Internal ‘ Solution Domain
Sources of Piece of
Information Enrichment

Knowledge Cognitive Solution

Specification

Partial View Pieces of
Knowledge

expertise v
knowledge ~ \\ 200 Solution
know-he ,~,\> \_, N({, _- ; iﬂ Provider
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Specialists

C ogmwe 7
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External
Sources of
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4

o / ad hoc Collaborative .
T /« Neework "~
/’. "__.w
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Scientific et \ 2
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Knowledge . . B - ;
"‘”Eal ~— \’,)'7'\
Technolﬁgy/ ol
Environment /(:}\’" -—"""K

Policies and Regulations

individuals

Fig. 1. CISD Characterization. Based on [2].

2.2 Work stress as CISD

Work stress impacts 75% of workers in Mexico, resulting in various disorders due to factors like
work overload, harassment, insufficient support, and autonomy issues. The COVID-19 pandemic
has worsened stress due to increased uncertainty. To address this, organizations such as the World
Health Organization, National Human Rights Commission, and Secretaria del Trabajo y Prevision
Social (México) recommend identifying psychosocial risks, implementing work-life balance
policies, conducting risk assessments, and promoting mental well-being practices.

Effective intervention involves collaboration between the government, employers, and workers,
with the government enforcing policies like NOM-035-STPS-2018, employers addressing risks, and
workers engaging in management training. In the maquiladora industry, which encompasses human,
technological, cultural, and scientific factors, work stress is influenced by various aspects including
interpersonal dynamics, technological changes, and cultural and scientific research. Domain
Specialists and Solution Providers work together in a collaborative network, addressing dynamic
and emergent stress factors, which vary based on individual resilience and coping skills.

152



Xumenec-T'amna A., Onmoc-Canuec K., Manpaonano-Maunac A., JIukona-Onmoc XK., Canuec-Comnuc I1. OnpeaeneHne KOTHUTHBHBIX
pelIeHHUiT B CIIOXKHBIX He)OPMAIIbHO CTPYKTYPHPOBAHHBIX JOMEHAX: SMIIUPHUECKUe Toaxonsl. Ipyost UCIT PAH, 2024, Tom 36 Bbim. 6,
c. 149-160.

3. Approaches to addressing CISD
As was mentioned before, three approaches were analyzed:

1) aliterature review of ML techniques,
2) cognitive solutions with explicit knowledge representation, and
3) a systemic methodological model for CISD.

3.1 Approach 1: Use of artificial intelligence techniques

The initial approach involved a literature review of cognitive solutions aimed at preventing work
stress in the maquiladora industry through Al and ML. Databases like Science Direct and Taylor &
Francis helped identify 21 relevant articles from a total of 61.

ML algorithms are increasingly applied to manage and prevent mental disorders, gaining traction in
healthcare due to their ability to learn from data. Advances in data availability and computing have
furthered ML research. ML is used in various domains, including gaming and mental health, to
enhance data analysis and understanding of psychological conditions [3-5].

Despite these promising developments, the focus on work stress remains limited, and previous
studies often lacked enough characterization of prior knowledge, which impacted the quality of the
results. Recent research underscores the importance of explicit knowledge representation in
cognitive system design. Peruvian regulations, for example, require ISO/IEC 12207 compliance for
software requirements validation [6], and studies highlight the benefits of validation for quality and
efficiency improvements [7]. Models like CMMI and ISO/IEC 15504 are essential for process
improvement [8], with advancements in the Analytic Hierarchy Process (AHP) proposed to enhance
prioritization accuracy [9].

ML faces challenges such as ambiguity, unclear definitions, incomplete data, and the need for
domain-specific knowledge, necessitating the use of complementary techniques to address these
issues effectively.

These insights emphasize the need for a more robust solution that integrates knowledge management
and representation, particularly tacit knowledge, to effectively address work stress in complex
domains like the maquiladora industry.

3.2 Approach 2: Cognitive solutions that have an explicit knowledge
representation

For this approach, we applied the KMoS-RE (Knowledge Management on a Systematic Process for
Requirements Engineering) approach to develop a knowledge representation of work stress in the
maquiladora industry. KMoS-RE focuses on capturing and enhancing tacit knowledge in Informally
Structured Domains (ISD) through cognitive techniques and a spiral knowledge evolution cycle
[10]. It is based on the Knowledge Evolution Model for Requirements Engineering and Nonaka and
Takeuchi's knowledge creation model [11] and includes domain modeling, system modeling, and
requirements specification development [12]. During domain modeling, we created essential
components such as the KDEL (Knowledge Domain Extended Lexicon), a conceptual model, and
an OWL ontology, based on a review of standards and literature. Despite involving domain
specialists for validation, several limitations were identified:

o KMOoS-RE struggles with ambiguity and uncertainty, relying on consensus for defining
concepts.

e Asingle model approach can delay understanding by lacking multiple perspectives.

o The knowledge representation is partial and does not fully capture the domain.

While KMoS-RE aids in explicit knowledge representation, a broader approach that includes diverse
perspectives and cultural factors is necessary for effective cognitive solution development.
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3.3 Approach 3: Systemic methodological framework for conceptualization
and specification of cognitive solutions in CISD

In this approach, we use a systemic methodological framework to develop cognitive solutions in
CISD, drawing on Morin's complexity theory [13] and Checkland’s Soft Systems Methodology
(SSM) [14-15]. Morin's theory focuses on understanding interconnected, nonlinear systems, while
Checkland’s SSM addresses complex, poorly defined problems through diverse perspectives and
structured debate. Applying these approaches, we used a cause-effect problem tree to analyze CISD
issues, identifying key challenges: neglect of tacit knowledge, poor communication, and incomplete
domain observation [16].

The third approach focused on developing a systemic methodological model for conceptualizing and
specifying cognitive solutions in Complex Informal Structured Domains (CISD). This model
combines systems thinking with knowledge management principles to address domain complexities.
Key results include:

e Model Development: The KMoS-SSA (Knowledge Management of Strategic options
through Soft Systemic Analysis) framework merges SSM with the KMoS-RE process,
allowing for flexible, evolving analysis and continuous solution adaptation based on new
domain information [2].

e Systems Thinking: This approach assesses interrelationships and dynamics within CISD,
crucial for tackling complex issues like work-related stress that involve multiple social,
technical, and cultural factors.

e Enhanced Knowledge Elicitation: The framework improves the elicitation and
representation of domain knowledge by integrating specialist perspectives and creating a
shared language for addressing diverse needs.

e Requirements Specification: It establishes a clear process for defining both functional and
non-functional requirements, ensuring solutions are desirable and feasible by deriving
insights from interactions between application and solution domains.

o Positive Results: The model has effectively conceptualized cognitive solutions for work
stress in the maquiladora industry, improving understanding through varied perspectives.

These findings support the proposed systemic approach for managing complexity in CISD. In
summary, the proposed systemic approach provides a strong framework for developing and defining
cognitive solutions within CISD. It enables more efficient handling of the intricate and evolving
aspects of issues such as work stress.

4. Results

The KMo0S-SSA model aims to conceptualize and specify cognitive solutions for CISD issues using
systemic thinking. It enhances domain understanding and supports the development of effective,
feasible solutions for organizational decision-making through its Knowledge Enrichment Cycle and
methodological model [2].

4.1 Methodological Model for CISD: Knowledge Enrichment Cycle

The knowledge enrichment cycle model is an iterative framework that integrates systems thinking
with real-world perspectives (Fig. 3). It combines the SECI model, the KMoS-RE knowledge
evolution model, and systemic thinking principles. The SECI model involves four stages —
socialization, externalization, combination, and internalization — to generate and interact with both
tacit and explicit knowledge. The KMoS-RE model adapts these concepts for Requirements
Elicitation. The cycle includes
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a) Knowledge Elicitation, which gathers and organizes information;

b) Knowledge Enrichment, which validates and connects the information;

c) Model Generation, which creates artifacts representing the domain;

d) Model Discussion, which involves presenting models to specialists for feedback; and
e) Model Validation, where specialists assess and adjust the models.

This iterative process supports the continuous refinement of domain understanding and solution
development.

Knowledge Elicitation/\(
Model Validation 3

Knowledge Enrichment

1

Reflection Systemic Reflection
& Real world S &
Verification/ thinking Verification,

5

Model

: ; Model Generation
Discussion

Knowledge Enrichment

Fig. 3. Knowledge Enrichment Cycle. Based on [2].

4.2 Methodological Model for CISD: general activities, processes, and
methods view

The CISD methodological model (Fig. 4) involves a set of activities and processes divided into real-
world and systems-thinking tasks.

Real-world tasks cover elicitation and decision-making stages, while systems thinking tasks include
structuring, generation, and enrichment stages [2]. Elicitation involves rigorous knowledge
gathering, and decision-making includes validation and enrichment. Domain structuring formalizes
the CISD, while model generation focuses on creating and validating artifacts. The enrichment stage
involves thorough analysis and enhancement of knowledge.

5. Future work

We are currently working on the application of the proposed methodological model to the work
stress phenomenon in the maquiladora industry, a real-world problem. We are also applying the
methodology to generate solution alternatives in other areas such as academic accreditations and
psychological therapies to provide evidence of its functionality.
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Annoramus. Pa3paborka Ha ocHoBe oBeennst (BDD) oxycupyercst Ha omnpeieleHHH TOBEICHUS CHCTEMBI
C TIOMOIIBIO TMPHMEPOB, MOOMIPEHHUIA COBMECTHON pabOThl W COMJIACOBAHHUU pa3pabOTKU ¢ TOTPEOHOCTSIMU
OnsHeca. B mpemmaraemoii crathe aBTOPHI OIMCHIBAIOT PE3YJIbTaThl H3ydeHHsl TeMaTiudeckoro cuareza BDD,
TIOYEPKUBAs €ro MpoOIIeMbl, TIPEUMYIIECTBA | TTOCIEICTBUS [UIS pa3padoTKN MPOrpaMMHOI0 o0ecredeHHs.
Anamm3upys 23 HWCClefoBaHWS, XOA KOTOPBHIX OTPaKeH B YeTHIPEX akaJeMHYecKHuX Oa3ax JaHHBIX,
HCCIIeIoBaHNe BBISIBISIET TEHJCHIMM W HANpaBJICHHWS B CIIEJOBAaHWM NpHHIMIAM W peammsanun BDD.
Astopamu nomgdepkuBaercst poiab BDD B npeononeHnu pa3pbiBa MeXIy TEXHUUECKUMU W HETEXHHYECKHIMHU
3aWHTEpECOBAaHHBIMHU CTOPOHAMH, COTJIACOBAHHH Pa3pabOTKH IMPOrpaMMHOro o0ecriedeH s ¢ On3HeC-TIeIIsIMU.
Hecmortps Ha nepBoHauasbHble podiemsl ¢ BHeapeHneM BDD, nposeseHHOe HccieioBaHNE TTOKa3bIBACT €I
3HAYUTENIFHOE JIOJITOCPOYHOE ¥ OJIar0TBOPHOE BIIMSIHHE HAa KaUeCTBO IIPOrPAMMHOI0 00eCIIeYeHH s, a TAKXKE Ha
JOCTIDKCHUE YOBJIETBOPEHHOCTH 3aMHTEPECOBAHHBIX CTOPOH. Bymymime wHccienoBaHus IOMKHBI OBITH
COCpeNIOTOUCHBI Ha pa3paboTke dP(eKkTHBHOro 00yueHNsI 1 HHCTPYMEHTOB VTS MOAIEPKKH BHenperus BDD
B Pa3JIMYHBIX Cpeax.

KuaroueBble ciioBa: pa3paborka, ocHoBaHHas Ha noeicHnn (BDD); pazpaboTka mporpaMMHOro obecreyeHus;
BHenpenue BDD; peanusaius BDD; npo6nemer BDD; npenmymiectsa BDD; TemaTnueckuii cuHTe3.

Jaa nutupoBanmsi: Appennonno-Peiiec B. M., lomunrec-Ucunpo C., Canuec-T'apcus A. X., Ouapan-
Opnangec X. O. Temarudeckuid CHHTE3 pa3pabOTKH, OPHEHTHUPOBAHHOW Ha IOBEACHHE: aHATUTHYCCKUI
noaxon. Tpymst VCIT PAH, tom 36, Bem. 6, 2024 r., crp. 161-178 (ma anrmmiickom si3bike). DOI:
10.15514/ISPRAS-2024-36(6)-9.

1. Introduction

This paper builds on the research presented at the 2023 11th International Conference on Software
Engineering Research and Innovation (CONISOFT) [1] by conducting a Systematic Literature
Review (SLR) to analyze the challenges and benefits of Behavior-Driven Development (BDD).
BDD, an evolution of Test-Driven Development (TDD), is a significant advancement in software
development, focusing on defining and developing software based on system behavior rather than
solely verifying functionality through tests [2]. This characteristic enables software development
teams to focus on identifying, understanding, and subsequently building valuable features that
interest businesses, ensuring they are implemented effectively [3].

BDD, with its proactive and collaborative approach, has significantly impacted the industry in recent
years as teams strive to deliver high- quality software that meets stakeholder requirements [4]. By
collaboratively defining expected system behavior at the outset, BDD allows early identification of
potential issues, preventing costly misunderstandings and rework [5]. Furthermore, BDD promotes
the development of automated tests that verify software behavior, aiding in the detection of
regressions and ensuring that new features do not compromise existing functionality.

Since BDD continues to be adopted across the industry, understanding its benefits and challenges is
crucial for successful implementation. In this context, we extend our previous analysis [1] in order
to contribute to this understanding by offering a thematic synthesis of BDD's application,
highlighting critical factors for its effective adoption, and providing recommendations to address
common challenges. This thematic synthesis identifies trends and common themes across the studies
analyzed, offering a documented overview of BDD's implementation.
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The rest of the document is organized as follows: Section 2 reviews related work; Section 3 describes
the materials and research methods; Section 4 summarizes the systematic review results. Section 5
discusses thematic synthesis. Section 6 addresses validity threats, and finally, Section 7 presents
conclusions and future work.

2. Related work

The software industry has significantly evolved, integrating automatic data processing through ICTs
into various social niches. As software demand grows, maintaining high- quality products is crucial,
prompting the adoption of methods for better design, implementation, and maintenance of software
systems [6]. This need has driven studies exploring the implications of these methods.

Three relevant studies were identified. Abushama et al. [7] systematically reviewed the impact of
TDD and BDD on project success factors such as cost, time, and customer satisfaction, analyzing
31 studies. Their findings suggest that while BDD may incur higher costs and time, it tends to
achieve greater customer satisfaction. Arnyndiasari et al. [8] reviewed Agile methodologies,
including BDD, highlighting the benefits of integrating these practices to enhance development
success. Farooq et al. [9] focused on BDD, emphasizing its role in clarifying requirements and
bridging communication gaps between stakeholders and developers, leading to higher customer
satisfaction. However, they noted potential challenges in BDD implementation.

Our study differs by analyzing software project environments where BDD has been implemented
and identifying critical insights into its adoption, challenges, and utility.

Table 1. Comparison of related works.

e Related works
Characteristic 7] 3] 9]
Year 2020 2022 2023
Analysis . . . .
of the impact ReweW_Aglle Eva!uatlon of BDD and its
Approach of TDD and BDD methodologies (TDD, impact on software
on time, cost, and customer BDD, DDD, MDD) and|  development and product
satisfaction. their effectiveness. quality.
Characteristics and Techniques to reduce
Resea_rch Impact_of TDD and BDD on effects of TDD, BDD, ambiguities and
Questions project success factors. DDD, and MDD. communication gaps in BDD.
BDD achieves higher Integrating Agile BDD is effective in clarifying
Findings customer satisfaction methodologies can requirements and improving
compared to TDD; more improve software communication between
research is necessary. development success. | stakeholders and developers.
.- Systematic literature review
Systematic literature review Systematic literature (2010-2022, 31 studies)
Coverage (1999-2020, 31 studies). review (20Q0-2021, 16 Development of framework
studies) and taxonomy for BDD.

3. Materials and method

This research followed the Systematic Literature Review (SLR) guidelines by Kitchenham et al.
[10]. The method consists of three main stages: 1) planning, 2) Identifying the state-of-the-art in
BDD, and 3) Interpreting the results. For the last stage, the method provided by Popay et al. [11] for
narrative synthesis for the SLR was applied. The development of thematic synthesis was based on
the process of Cruzes and Dyba [12]. Finally, to conduct the thematic synthesis, we based on the
guide by Ustuk [13] on a thematic synthesis with MAXQDA.
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3.1 Research Planning

The state-of-the-art analysis is guided by five research questions (RQs) aimed at i) ldentifying and
describing the characteristics of projects where BDD has been successfully implemented. ii)
Determining the scenarios where BDD benefits software development. iii) Identifying challenges
related to BDD implementation and how they can be addressed. iv) Specifying the knowledge
needed to enhance BDD's adaptability, facilitating its adoption across different environments and
teams. v) Documenting the advantages BDD brings to software projects, such as improved product
quality and stakeholder satisfaction.

1. RQL.- What are the characteristics of the projects in which BDD has been used to develop
software?

RQ2.- What are the specific scenarios in which BDD benefits software development?
RQ3.- What are the challenges in the use of BDD?

RQ4.- What information should be known to increase the degree of adaptability of BDD?
5. RQ5.- What are the reported benefits of using BDD?

Concerning the search strategy, a search string was generated through an elicitation process
presented in [10], resulting in the following:

("behavior driven development” OR “behavior-driven development” OR
"behavioural-driven development™) AND (tendencies OR benefits OR advantage OR trends)

Information sources for the automated search include four key databases: IEEE Xplore, ACM
Digital Library, SpringerLink, and Science Direct, which store relevant proceedings and journal
papers in software engineering and related fields.

The study selection process is divided into five phases, applying inclusion (IC) and exclusion criteria
(EC). Phase 1 includes studies published between 2015 and 2023 (IC1) and written in English (IC2).
Studies before 2015, book chapters, monographs, theses (EC1), and secondary studies (EC2) are
excluded. Phase 2 includes papers with relevant search terms in their title, abstract, or keywords
(IC3) and excludes demos or inaccessible works (EC3). In Phase 3, studies unrelated to software
development (EC4) are excluded, while those with abstracts related to research questions (IC4),
documented results (IC5), and published in selected sources (IC6) are included. Phase 4 excludes
duplicates (EC5). Finally, Phase 5 includes works that directly answer a research question (IC7).
This selection process is applied to both automated search and snowballing.

In order to measure the relevance and impact of the selected study on this research, we applied a
seven-question checklist based on the criteria shown by Dyba and Dingsgyr [14].

1. Q1: Isthe document based on research, or is it a "lessons learned" report based on an expert
opinion?

. Q2: Is there an explicit statement of research objectives?

. Q3: Is there a sufficient description of the context in which the proposed methodology was
tested?

. Q4: Does the research design address the objectives adequately?

. Q5: Was information obtained that addressed characteristics of the project in which the
methodology was used?

6. Q6: Does the study provide value in research or practice?
7. Q7: Was the proposal for using the methodology evaluated?

The scores assigned to the papers reflect the quality of their contributions to this research. Papers
are ranked based on their final score, ranging from 7 to 5. A score of 7 or higher is considered high-
ranked, a score between 4 and less than six is considered average, and any score below four is
deemed low-ranked.
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4. Results

This section provides a summary of the results from the systematic literature review (SLR) presented
in [1], as well as an overview of the thematic synthesis derived from the analysis

4.1 Selection of Primary Studies

We got 371 publications from the selected databases using the proposed search string. Twenty-five
articles were selected after applying the inclusion and exclusion criteria to the databases, see
Fig. 1.

| iy | | ACM Digital Library: 169 IEEE Xplore: 31
nitial results ScienceDirect: 72 SpringerLink: 99

Phase 1 ACN?E%%?L::?S% e 127 studies excluded for:
ScienceDlrec.t: 23 no search terms in title, abstract or key words,
SpringerLink: 74 by year or language

p.

P

ACM Digital Library: 112
IEEE Xplore: 31 90 studies excluded for:

p hase 2 ScienceDirect: 5 no access to full text
SpringerLink: 6

ACM Digital Library: 19
Ph 3 IEEE Xplore: 11 118 studies excluded for:
ase ScienceDirect: 3 not answering any research question

SpringerLink: 3

ACM Digital Library: 19

3 studies excluded for:

Phase 4 IEEE Xplore: 8 :

ScienceDirect: 3 be duplicated

SpringerLink: 2

IS ™
ACM Digital Library: 16
Ph 5 |IEEE Xplore: 5 7 studies excluded for:
ase ScienceDirect: 2 not respond to any full-text research question

SpringerLink: 2

Selected studies:
Included s

~

Fig. 1. Selection phases for automatic search.

Wohlin et al. [15] described the snowballing technique, which expanded the study pool by adding
550 backward and 158 forward studies. After applying the selection criteria, only three additional
studies were included, resulting in 28 primary studies. Table 2 lists these selected studies and their
quality scores based on questions Q1-Q6.

4.2 Studies Distribution

Behavior-driven development (BDD) research has increased significantly since 2018, with 54% of
the work concentrated between 2018 and 2020 and 35% in the last three years. In the last two years,
studies increased by 60% (see Fig. 2).

The International Conference on Software Engineering (ICSE) is the primary venue for publishing
articles on BDD, accounting for 17% of the selected studies. ICSE is renowned for its
comprehensive coverage of software engineering topics and attracts leading experts, fostering
collaboration and knowledge exchange. The International Conference Proceedings Series (ICPS)
follows, accounting for 13% of the selected studies. ICPS is recognized for its interdisciplinary
approach, making it an attractive venue for BDD research due to its encouraging cross-pollination
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of ideas and perspectives. The Brazilian Symposium on Software Engineering also emerges as a
significant venue, hosting 8% of the selected studies. Although not as widely recognized as ICSE or
ICPS, it provides a valuable platform for regional researchers to contribute to the discourse on BDD.

Table 2. Studies selected ordered by quality.

Reference Year Data base Quality score
[16] 2021 Science Direct 7
[17] 2018 ACM Digital Library 7
[18] 2018 IEEE Xplore 7
[19] 2023 SpringerLink 7
[20] 2018 ACM Digital Library 7
[21] 2019 ACM Digital Library 6
[22] 2019 ACM Digital Library 6
[23] 2020 ACM Digital Library 6
[24] 2020 ACM Digital Library 6
[25] 2016 SpringerLink 6
[26] 2023 IEEE Xplore 6
[27] 2023 ACM Digital Library 6
[28] 2015 IEEE Xplore 5
[29] 2022 Science Direct 5
[30] 2018 ACM Digital Library 5
[31] 2020 ACM Digital Library 5
[32] 2020 IEEE Xplore 5
[33] 2021 ACM Digital Library 5
[34] 2022 IEEE Xplore 5
[35] 2020 SpringerLink 5
[36] 2020 ACM Digital Library 5
[37] 2019 ACM Digital Library 5
[38] 2021 IEEE Xplore 5
[39] 2023 ACM Digital Library 5
[40] 2023 ACM Digital Library 5
[41] 2018 IEEE Xplore 4
[42] 2017 ACM Digital Library 4
[5] 2018 ACM Digital Library 3

S o

Number of studies
w

6
0

2015 2016 2017 2018 2019 2020 2021 2022 2023

Fig. 2. Selected studies by year. The dashed line indicates an upward trend.
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4.3 Thematic Synthesis

The thematic synthesis followed the 21-step approach by Cruzes and Dyba [12]. The process began
with information understanding, where the 23 selected studies were thoroughly reviewed to identify
relevant text segments. These segments were labeled and coded, resulting in 51 initial codes. After
peer review, the list was refined to 27 codes, which were then translated into five cohesive themes.

1. Development Aspects: Explores project characteristics influencing BDD implementation,
addressing RQ1 and RQ2.

Benefits: Focuses on BDD's positive impacts on the development cycle, addressing RQ5.
Best Practices: Delves into effective BDD implementation practices aligned with RQ4.
Difficulties: Examines challenges in BDD usage corresponding to RQ3.

SAE I N

Usage Recommendations: Offers expert guidance for BDD implementation, also
addressing RQ4.

The thematic map (Fig. 3) illustrates the hierarchical organization of these themes and subthemes,
effectively answering the research questions. It categorizes findings into key domains such as
Development Aspects, Benefits, Best Practices, Recommendations, and Challenges.

In the use of the method

Describing an

specification
In the development team

Describing scenarios

In learning the method

Difficulties Usage
recommendation
erg endatio In the generation of
development artifacts

Develcpment team

characteristics Analysis in the BDD research In effective collaboration

Benefits
In test activities

Process characteristics
Development
aspects
Justification for the use of Good practices In project management
the method _—
I In the requirsments
Types of systems that [ agineering activities
used BDD
a g Scenario elaboration and
Practices for refactoring .
- description
Project sizz and
complexity
‘Combination with other Specification elaboration
methods end description

Fig. 3. Thematic map proposed.

5. Discussion and analysis
Below are the five main BDD themes identified in our research.

5.1 Development Aspects

The use of BDD in software projects encompasses various characteristics, from team details to
process features, the justification for its adoption, project size, and the types of systems developed.
These aspects are explored in detail below.
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5.1.1 Development Team Characteristics

Successful BDD implementation depends on team characteristics. In large-scale and geographically
distributed teams, BDD enhances communication and coordination [16, 22]. In educational settings,
writing acceptance tests before development integrates quality early [17, 21]. The team's prior
experience also affects BDD's efficiency and productivity [21, 28].

5.1.2 Process Characteristics

BDD's application varies by context. In distributed systems, it emphasizes reusing scenarios and test
steps [16, 29, 30]. In agile projects, BDD improves quality, organization, and collaboration [23, 31].
During requirements validation, BDD enhances organization and collaboration throughout
development [23].

5.1.3 Justification for Adopting BDD

BDD is adopted in large-scale projects to address challenges like team coordination and requirements
management. It facilitates requirement documentation and coordination in telecommunications and
enterprise systems [16, 24, 29]. In geographically distributed projects, BDD mitigates
communication barriers and fosters a common language [5, 22]. For critical systems, such as in the
automotive industry, BDD improves requirement specification and system validation [24, 34].

5.1.4 Project Size and Complexity.

BDD’s effectiveness varies with project size and complexity. While initially suited for medium-
sized projects, it also benefits larger projects [32]. However, extensive BDD test suites can
increase maintenance and comprehension complexity [35].

5.1.5 Types of Systems Using BDD

BDD is applied across various sectors and technologies. It is used in complex projects like
telecommunications and microservices architectures [16, 29]. In critical systems, such as
automotive, BDD ensures system integrity and reliability [24, 28, 34]. It also adapts to emerging
technologies and diverse development paradigms [21, 32, 42].

5.2 Benefits

This subsection covers how BDD enhances various aspects of the development cycle, including
requirements management and the creation of valuable artifacts. It also improves quality,
stakeholder communication, and critical phases like requirements and testing.

5.2.1 Effective Collaboration

BDD enhances collaboration and communication between quality engineers and business analysts.
Scenario refactoring improves interaction, and clear visualization of test scenarios aids
comprehension even for non-technical stakeholders [29, 32]. Precise language in behavior scenarios
reduces misunderstandings, fosters better project management, and improves communication in
geographically distributed teams [5, 36, 41]. BDD also integrates clients more closely through
scenario-based documentation, enhancing collaboration and product quality [18, 24, 28].

5.2.2 Artifact Generation

BDD improves artifact generation by expressing requirements as executable test cases, reducing
rework and saving time [16, 21]. It provides automated acceptance tests, enhances requirement
elicitation, and creates “living documentation” that evolves with the system [18, 23, 24, 25, 28]. The
approach also facilitates test case reusability, benefiting development and verification [16, 18].
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5.2.3 Testing Activities

BDD simplifies and structures testing activities, improving efficiency and automation. It organizes
tests by features and scenarios, aids maintenance, and enhances test completeness and stability [17,
18, 22]. BDD improves predictability and confidence in code stability by defining behaviors before
implementation and automating tests [18, 31, 41]. Overall, BDD enhances test efficiency,
completeness, and process ease [5, 17, 19, 20, 33].

5.2.4 Requirement Engineering Activities

BDD enhances the quality and understanding of requirements by expressing them as executable test
cases. The Given-When- Then format clarifies business perspectives and improves requirement
clarity [16, 17]. BDD facilitates discussions, improves traceability between requirements and code,
and creates “living documentation” [5, 23, 33]. It also addresses security requirements and reduces
ambiguities [16, 17, 28, 42].

5.2.5 Project Management

BDD supports project management by improving scenario grouping reducing development time and
costs. Early scenario development enhances efficiency, and “living documentation” provides
continuous updates [16, 18]. BDD improves code quality and productivity, benefiting exploratory
testing and product quality [18, 41].

5.3 Best Practices

This section provides practical guidelines for applying BDD, covering maintainable specifications,
new specification creation, and scenario refactoring techniques.

5.3.1 Refactoring Practices

Refactoring is essential for improving software quality and maintainability. Key practices include
[29]:
Identification of Areas for Refactoring
e Preprocessing: Store each BDD specification in a separate file with the name on the first
line and steps on subsequent lines. Remove BDD keywords for easier comparison.

e Measurement: Using automated scripts, calculate normalized compression similarity
(NCS) and Similarity Ratio (SR) for all specification pairs.

e Ranking: Analyze and rank the NCS and SR values to determine a similarity between
specifications.

Careful Application of Refactoring
e Merging: Combine specifications with common lines and minimal differences.

e Restructuring: Create new statements from common statements with different
specifications.

o Deleting: Remove duplicate or functionally identical specifications.

¢ Renaming: Rename specifications with similar names but different functionalities to avoid
ambiguity.
Validation to Preserve Behavior
o Ensure that refactoring does not alter the software's behavior.
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5.3.2 Combination with Other Methods

Combining BDD with other methods can enhance communication, address complexity, and reduce
gaps in distributed teams. Benefits include improved security verification, communication, and
reduced inconsistencies in early development phases [17, 28, 32, 42]. Various studies suggest
integrating BDD with other techniques to improve development quality.

5.3.3 Elaboration and Description of Specifications
Structural Practices

o Develop system-level feature files and hooks for effective integration testing [16, 35].
Practices for Developing New BDD Specifications

o Specify New Behaviors: Product managers should write new behaviors based on customer
requests.

o Develop System-Level Feature Files: Create detailed, executable feature files that outline
approved behaviors [16].

Practices Related to SBVR and Event-B
e Determine Business Objectives: Collaborate with clients and analysts to establish project
objectives [42].
o Define Software Functionalities: Refine goals into a list of features with a specific format
[42].
o Define Acceptance Criteria: Create scenarios representing acceptance criteria using the
given-when-then format [29].
Improvement Areas

o Regular feedback is crucial for early correction and alignment with team objectives [16].

5.3.4. Elaboration and Description of Scenarios

We identified four principal pieces of information related to writing scenarios BDD: formal
redaction, simplifying scenarios, evading ambiguity, and establishing a limit for the step in a scenario
to adequate comprehension.

Key Information for Writing BDD Scenarios

e Abstraction Level: Maintain an appropriate level of detail to balance understanding and
code complexity [35].

e Reuse of Step Phrases: Use existing steps to enhance readability and maintainability [32,
39].

e Balance Generic and Specific Steps: Combine generic steps with parameters and specific
steps to improve readability and execution. Reusing steps with parameters and generic
names like "When the user clicks on the '<element name>' element on the '<page name>'
page" is helpful. [32, 39].

e Limit Actions in Scenarios: Each scenario can have only a single "When" action. Split
scenarios with multiple actions or move extra actions to the "Given" section [32, 39].

e Indent ""And" Steps: Use "And" steps for improved readability [32].

o Seek Reusable Behaviors: Avoid redundant development and testing of similar behaviors
[16].

e Address Duplication: Automate duplicate searches, refactor code frequently and adhere
to the Single Responsibility Principle (SRP) [18].
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Scenario Structuring Recommendations
e Naming Pattern: Use the "When..., then..." pattern for concise scenario descriptions [26].
e Step Count: Limit steps per scenario to 12 for better readability [26].

e Step Order: Follow the "Given", "When", and "Then" order. Multiple "When-Then"
combinations may indicate the need for separate scenarios [26].

e Perspective: Write scenarios from a third-person perspective to avoid ambiguity, e.g.,
"When the user clicks on the button™ instead of "When 1 click on the button" [26].

e Domain Vocabulary: Use precise terms and avoid duplicates for clarity. Minimize
technical jargon to ensure all stakeholders understand [35].

5.4 Difficulties

Challenges in adopting the BDD method can be categorized into difficulties related to learning the
method, development team issues, and the practical use of BDD. These challenges are further
detailed below:

5.4.1 Learning the Method

The high learning curve associated with BDD presents significant obstacles. Resistance to BDD may
arise from a lack of testing culture, as BDD requires a shiftin perspective. The process's lack of visual
appeal can also hinder adoption [24]. The steep learning curve is often exacerbated by limited
experience with BDD, leading to initial difficulties and resistance, particularly in teams unfamiliar
with the method [31]. These issues highlight the need for a supportive culture and thorough training
to ease the transition to BDD [16, 29, 41].

5.4.2. Development Team Challenges

The lack of experience and commitment within the development team significantly impacts the
successful adoption of BDD. Inexperienced team members may struggle with proper scenario
specification, leading to issues such as scenario duplication and incomplete scenarios [18].
Communication and collaboration are also hindered by a lack of commitment, which is crucial for
the success of agile methodologies [41]. The absence of method knowledge among team members
further exacerbates these challenges, making it difficult to effectively implement and maintain BDD
practices [23, 31].

5.4.3. Using the Method
Implementing BDD presents several practical challenges:

e Scenario Management: Managing scenarios in large-scale environments is complex due
to the dynamic nature of requirements and the need for frequent iterations with domain
experts. Maintaining an accurate record of behavior changes across multiple stakeholders
adds to the complexity [16].

e Adapting to New Environments or Requirements: Modifying BDD specifications to
reflect new business policies or environments can be challenging, particularly in large-scale
projects. Updating BDD frameworks or adapting them to new requirements may result in
duplicated efforts and slow down development [18].

e Adopting BDD Tools and Technologies: Introducing new BDD tools in large projects
requires significant time and effort. Training is essential for achieving productivity in a
BDD environment. Additionally, challenges arise when updating BDD frameworks across

multiple microservices, requiring careful evaluation of tool suitability [23, 28, 41].
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Comprehending BDD Specifications: Understanding BDD specifications can be difficult,
particularly when duplication in specifications hinders comprehension and unnecessarily
prolongs test suite execution [18].

Specifying Scenarios: Scenario specification in BDD is complex, especially in large-scale
projects where requirements evolve over time. The lack of initial clarity and the need for
frequent iterations complicate scenario specification, making it a challenging task [16, 23,
30, 31].

Specification Size: Large projects pose additional challenges due to the exponential growth
of possible scenarios. The complexity of managing and maintaining these scenarios can be
overwhelming [36].

Maintainability of BDD Specifications: The maintenance of BDD specifications is
particularly challenging in large-scale projects. The high cost and complexity of
maintaining these specifications can deter teams from adopting automated acceptance
testing [29]. Effective maintenance strategies, such as refactoring, are necessary to manage
the growing complexity and ensure the long-term success of BDD [16, 18, 35].

5.5 Usage Recommendations

Implementing BDD goes beyond adopting tools and practices; it requires understanding the
guidelines and best practices for specifying requirements and crafting scenarios. This section
provides key recommendations from experienced practitioners, divided into three areas:
specification description, scenario elaboration, and tool usage.

5.5.1 For the Description of a Specification

The specification in BDD serves as a document that describes the desired system behaviors from a
high-level perspective. It communicates how the software should meet requirements in natural
language.

Limit actions per scenario: Restricting the number of actions in each scenario maintains
clarity and conciseness. This practice ensures that both technical and non-technical
stakeholders can quickly grasp the system's functionality without unnecessary complexity
[27, 32, 37].

Preserve domain vocabulary: Using consistent domain-specific terms promotes shared
understanding among teams, enhancing collaboration and ensuring alignment on the
system's goals and requirements [35, 37].

Conserve a few steps: Focus on essential steps to maintain clarity and conciseness in each
scenario. This approach ensures scenarios remain understandable, especially for those not
directly involved in development [32, 35].

Eliminate technical vocabulary: Avoiding technical terms makes specifications
accessible to all stakeholders, facilitating effective communication at the initial stage [35].

5.5.2. For the Description of Scenarios
Scenarios are concrete instances that exemplify how the system should behave in specific contexts.
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Each scenario tests one thing: Focus each scenario on testing a specific functionality or
behavior, making it easier to identify issues during execution [35, 40].

Make descriptive titles: Clear and descriptive titles help quickly identify the purpose of
each test case [35].

Oriented towards customer benefit: Write scenarios from the perspective of the benefit
they offer to the end user, ensuring alignment with customer expectations [35].
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o Make an explicit and verifiable description: Scenarios should be concise, clear, and
easily verifiable, facilitating execution and ensuring understandable results [37].

e Maintain singularity in scenarios: Each scenario should clearly contribute to the overall
quality assurance of the software, ensuring each test case adds value [37].

¢ Avoid ambiguities: Clarity is key; avoiding ambiguities ensures reliable test results with
no room for misinterpretation [37].

5.5.3. Tools

Selecting and using tools in BDD is critical. Various studies highlight popular open-source tools
such as Cucumber, Concordion, JBehave, FitNesse, and SpecFlow, recognized for their role in
facilitating BDD processes [16, 29, 32, 41].

e Obsolete Tools: Some tools, including StoryQ, JDave, NBehave, Easyb, and BDDfy, are
no longer actively maintained, underscoring the importance of choosing up- to-date tools
with active community support [38].

e Documentation Evaluation: Clear and comprehensive documentation is vital for efficient
adoption and learning, allowing teams to maximize tool capabilities [29, 38].

o Consideration of Reference Projects: Reviewing reference projects that use the selected
tools can provide practical insights and improve BDD implementation [18].

Selecting tools for development is important; when using BDD, technical functionality, currency,
documentation, and an active user community must be considered. Evaluating IDE plugins provides
valuable information on how tools facilitate collaboration and behavior specification within the
development environment.

6. Validity threats

We acknowledge potential threats to the validity of our results but have taken measures to mitigate
them. One potential threat involves the study search and selection process, which relies on the
researcher's judgment and includes non- English languages [43-44]. To address this, we adhered to
guidelines by Kitchenham et al. [10]. Peer reviews were conducted by at least three authors,
following the coding and theming process described by Cruzes and Dyba [12]. Additionally, we
utilized the MAXQDA tool for thematic synthesis [13]. To ensure the relevance of selected studies,
we employed the snowballing method [15], conducting one forward and one backward iteration.
While limitations, such as excluding studies due to restricted access, are recognized, our findings
offer a comprehensive understanding of BDD's applications, benefits, and challenges. Our aim is
not to provide prescriptive guidance or solutions but to enlighten and inform.

7. Conclusion

Thisresearch delved into essential aspects of BDD, focusing on its principles, differences from other
methodologies, and practical applications through a systematic literature review. Key conclusions
include insights into BDD's applications, benefits, and challenges, as well as the identification of
recommended practices and common difficulties. While the study provided valuable perspectives,
it is important to acknowledge limitations, such as the reliance on existing studies and gray literature,
highlighting the need for further investigation.

The systematic review revealed that BDD enhances communication, collaboration, and adaptability
while minimizing requirements misunderstandings. It also identified trends in BDD’s application,
including its benefits for collaboration, testing, requirements engineering, and project management.
Our research methodology involved a thorough systematic review, with a carefully tailored search
strategy and quality assessments to ensure reliability. This comprehensive approach offers a robust
foundation for understanding BDD's implementation, challenges, advantages, and best practices.
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In conclusion, this study has significantly contributed to the understanding of BDD, underscoring
its contemporary relevance and growing interest in the software development community. It offers
valuable insights for those considering the adoption of behavior-driven agile methodologies,
promoting the creation of well-designed, precisely adapted software solutions.
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Aunorauus. [losenenne nuudposusaiyu u texuonoruit areprera pemeit (I0T) cTaBUT HOBbIE 33a7auH MO
YIIPABJICHUIO CUCTEMaMH ydeTa JJIEKTPOdHepruu. VHTerpamuss MHCTUTYIIMOHAIBHBIX CHUCTEM BBICTABIICHUS
CUETOB 32 JNIEKTPOIHEPTHIO C FOCYIAPCTBEHHBIMU H3MEPHUTEIILHBIMU HHPpACcTpyKTYpHbIME cucTeMaMu (AMI)
HMeeT BaKHOe 3HaueHWe il 3¢ ¢exTuBHOro ynpasieHus. s obecriedyeHHs NEJOCTHOCTH JAHHBIX TIPH
aBTOMATH3alli  CHSTHS  TIOKa3aHMH  DJIEKTPOSHEPTHHM  TpeIUlaraeTcs HCIONb30BaTh  TEXHOJIOTHIO
pacmpeneneHHoro peecrpa (O1okueiin). Hacrosimas pa0oTa ONMCHIBACT WHHOBALMOHHYIO MOJEIb,
NpeTHA3HAUYCHHYIO JUIsl YJY4IICHUs OCBELIEHHS OOIECTBEHHOT O IIPOCTPAHCTBA B MEKCHKE ITyTeM HHTErpaLiuu
cucteM AMI u 0T, a tarke ucnonb3oBanust anroputmoB LZ4 u IPFS mns cxarust naHHBIX. BeIOpaHHBIH
TIOJIXO/1 HAIPaBJICH Ha ONTHMH3AINIO 00paOdOTKH GONMBIINX 00BEMOB JIAHHBIX, €r0 UCHOJIb30BAaHUE NPUBOIUT
K TOBBIIECHUIO 3()(GEKTHUBHOCTH IaHHBIX, MOBBIIIEHUIO OE30MACHOCTH, CHIDKEHMIO 3aTpaT U YIY4YIICHHIO
YIPaBIEHHUS SHEPrOPECypCaMH.

KaroueBbie cioBa: Onokueiin; unreprer Bewei (10T); okpyxarommii unTeuiekt (AMI); MexruaneTHas
¢aiinosass cucrema (IPFS); amropurm coxatus LZ4; snextpuyeckoe OCBElICHHE OOIIECTBEHHOTO
MPOCTPAHCTBA.

Jas umtuposBanus: apcus-Peiiec P., Opruc-Opnannec X., Muxapec P., Opnannec-Arunap X. A., OpHaHzec
S. BesomacHas u 3ddexTHBHas MOIENb JAHHBIX [UIsl OJNEKTPHYECKOro OCBEIICHHS OOIIECTBEHHOTO
npocrpancTtBa B Mekcuke ¢ AMI/IoT: peanusanus cxarust LZ4, IPFS u 6nokueiina. Tpyast UCIT PAH, Tom
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BaaronapHocTu. BrinonHeHue ucciieoBaHus MOAAEPKUBAIOCh HallMOHANBHBIM LIEHTPOM HCCIIeIOBAaHUHA U
texHonoruyeckoro paszputusi (CENIDET) wepe3 nokropckyto crumenauto CONACYT. Ilepselii aBTOp
BhIpaXkaeT OnaromapHocTh 3a GunancoByro noanep:kky CONACYT, Mekcuka.

1. Introduction

Blockchain technology, through its distributed ledger technology (DLT), offers enhanced security
and transparency for energy transactions, particularly in peer-to-peer (P2P) trading. Despite facing
challenges in technology, economy, society, and regulation, its potential to revolutionize microgrid
management and automate billing processes is significant [1]. In Mexico’s advanced metering
infrastructure (AMI) for public lighting, has improved real-time energy management and billing, but
discrepancies due to system differences and manual interventions can lead to billing inaccuracies
and loss of consumer trust [2]. Blockchain could address these issues by providing immutable and
transparent records, acting as an integration bridge between institutional and proprietary AMI
systems in public lighting. Beyond finance, real estate, insurance, and supply chain sectors,
blockchain demonstrates its value in solving complex energy management problems.
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2. Definition of the problem

In Mexico, the use of 10T electric meters is limited and involves addressing security, privacy, and
reliability concerns in critical environments, with blockchain, IPFS (Inter Planetary File System)
[3], and LZ4 [4] proposed for secure data handling and distribution.

The research aims to develop a model for securely managing AMI/1oT meter data in public lighting
systems, which handle thousands of devices per customer and seek improved billing processes.
Integrating blockchain in public lighting presents challenges, including the need for a robust
infrastructure to support secure P2P transactions [5-6], addressing increased bandwidth and latency
issues and handling high data volumes efficiently [7].

2.1 Objectives

1. Propose a Model: Develop a data integration model to secure and protect information from
loT devices in utility power grids, such as street lighting, handling thousands of AMI/loT
devices.

2. Implement Protection Mechanisms: Use IPFS and Blockchain for data integrity and
authenticity, with LZ4 for additional compression.

3. Evaluate Effectiveness: Assess the system’s security, performance, and scalability in IoT
meter power grid environments.

2.2 Hypothesis

The combination of Blockchain, IPFS, and LZ4 aims to secure and optimize 10T data integration in
utility power grids, like street lighting. Unlike existing models, which focus on domestic and
industrial uses, this solution targets 10T meters for single customers, such as street lighting. It will
enhance data efficiency and security, lower costs, and improve energy management while ensuring
data integrity in dynamic environments with numerous AMI/I0T devices.

2.3 Contribution

This work’s main contribution is a new model for addressing security and privacy challenges in
AMI/IoT data integration for utility power grids. By combining IPFS and Blockchain with LZ4
compression, the model offers a robust solution that enhances the reliability and security of power
grids, leading to more efficient and secure services for users.

3. Related work

In recent years, AMI has transformed energy measurement and management, including in street
lighting [8]. However, the integration of various systems has created operational challenges [9].
Blockchain technology offers a potential solution for data integrity, decentralization, and
transparency [10], with ongoing studies examining its use in the energy sector [11].

The rapid evolution of smart grids and smart meters has raised significant data security and
communication challenges. These meters, crucial for AMI, are exposed to cyber-attacks through
public channels, such as data theft and unauthorized access [12]. Islam's study [12] proposes using
blockchain to secure AMI communication, addressing issues with traditional cryptographic
solutions that rely on trusted third parties. Their blockchain-based approach, using smart contracts
and PBFT, aims to reduce costs and enhance security in AMI systems.

The Decentralized Autonomous Area (D3A) model uses blockchain and smart contracts to enhance
and decentralize the power grid, improving the integration of renewable resources and system
resilience by fostering transparency and competition [13]. It also securely integrates 10T data,
addressing power grid security challenges.
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The article “Decentralized Energy Networks Based on Blockchain” [14] highlights the role of
blockchain in the decentralization of the energy sector, including local renewable energy
communities and P2P markets. This context is relevant for understanding how IPFS and blockchain
can facilitate secure transitions in energy systems.

The TWACS (Two Way Automatic Communication System) telemetering system [15], used by CFE
in Mexico [16], faced security issues due to its centralized structure and lack of blockchain and IPFS
integration. While it managed large volumes of data efficiently, its vulnerability to file modifications
highlighted the need for improved security and decentralized data management.

3.1. Blockchain and IPFS on AMI systems

Blockchain technology, introduced by Satoshi Nakamoto in 2008 and launched in 2009, is a
decentralized digital ledger that stores encrypted information, ensuring data integrity and preventing
tampering [17]. Each block is linked to previous ones, and replication across multiple nodes
guarantees data originality. This technology holds significant promise for transforming AMI by
offering a secure, transparent foundation for operations [18].

Originally associated with cryptocurrencies, blockchain’s potential for AMI systems has become
evident. There are two main types of blockchains: public (permissionless) and private
(permissioned). Public blockchains are open to all, while private ones restrict participation to
selected nodes, balancing transparency with privacy for AMI systems [17-18]. Smart contracts,
which automate processes like reading and billing, reduce costs by eliminating intermediaries [19].
The Hyperledger Fabric (HLF) platform by IBM is a notable example of blockchain technology
applied to 10T/AMI systems. It features an “execute-order” model, optimizing performance and
confidentiality, crucial for dynamic AMI environments [20].

The article “Blockchain-Based Applications for Smart Grids: An Umbrella Review” [21] provides
a comprehensive review of blockchain applications in smart grids, synthesizing findings from
various studies to address technical inaccuracies and highlight blockchain’s transformative potential
for modernizing power grids.

The Umbrellareview model is presented in Fig. 1 with the most representative elements of the work.

Data P
IPFSHash
Smart Grid | IPFS .| Blockchain
Throughput Demand Throughput Demand
Would Exceed Would Fit Blockchain
Blockchain Capacity Capacity

Fig. 1. Data flow of the Blockchain-Based Applications for Smart Grids: An Umbrella Review model [20].

Méndez [22] suggests developing dynamic smart communities in Mexico to promote energy savings
through smart interfaces. The study notes that the residential sector consumed nearly 39% of
electricity in 2021 and emphasizes the impact of user habits on consumption. It advocates for using
gamification and artificial neural networks (ANNS) to improve user interaction and design more
personalized, energy-efficient systems.
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Electricity losses, including theft and billing irregularities, pose a major challenge globally,
especially in developing countries [23]. Innovative approaches to consumption, management, and
billing are needed.

Current systems, even with measures like prepaid metering, have limited impact on reducing losses
[23]. Strengthening regulations and security measures, along with improving customer relationships,
could be more effective. The proposed model addresses environmental concerns by using less
energy-intensive consensus mechanisms like Proof-of-Stake (PoS) or Proof-of-Authority (PoA),
aligning with sustainability goals [24].

Blockchain’s ability to facilitate secure, direct transactions between prosumers without
intermediaries enhances privacy and trust in energy trading [25]. Integrating blockchain with AMI
systems can reduce billing irregularities and fraud, automate processes, and build trust between
customers and utilities.

The article “Managing the computational load in a Blockchain-based multilevel IoT network” [26]
discusses optimizing computational load by dividing the loT network into layers, blending
centralized 10T with blockchain distribution to avoid disrupting existing applications. This work
helps understand blockchain integration in 10T networks and informs the design of similar models
for utility power grids.

The paper “A Method for Protecting Private Data in IPFS” describes a method combining
blockchain and enhanced IPFS to protect private data by managing permissions and file organization
[27]. This approach could enhance data security and privacy in the developed model for loT and
street lighting systems.

Another model, the “Blockchain-based multilayer model,” divides data into four layers to improve
public information integrity and security, using different consensus algorithms for each layer to
ensure decentralization and transaction speed [28]. This model aims to provide secure and
transparent digital government services.

Fig. 2 shows the general diagram of the proposed model, with its most important and representative
elements, as well as the stakeholders involved in the processes.

GENERAL DIAGRAM
(AMI-LZ4-1PFS-BLOCKCHAIN)

Y BLOCKCHAIN
cp
-
PBLINGy < 'svg%!m
| PAYMENTS &

Fig. 2. General diagram, own elaboration.
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3.2 Methodology

e Problem Definition:
Create a model for secure AMI/IoT data integration in Mexico’s power grids using
blockchain, IPFS, and LZ4.
Define data flow and security requirements.
Specification of Requirements:
Set objectives for data security and access.
Define software-level requirements.
1. Research Question Posing:
e Formulate questions on technologies and methods.
o Explore development approaches.
2. Review of Methods:
e Review existing AMI/IoT data integration projects.
3. ldentification of Relevance:
e Assess the proposed solution’s relevance and effectiveness.
4. Design and Development:
e Develop a blockchain and IPFS solution with strong security and consensus protocols.
5. Expert Feedback:
e Gather and incorporate expert feedback.

4. Model development

The model aimed to improve street lighting under APBT and APMT tariffs [29] using AMI and 10T
technologies. These tariffs (see Table 1), previously 5 and 5A, were reformed in Mexico in 2014
and split into basic supply and distribution in 2016 [30-31].

Current AMI/loT models focus on domestic and commercial sectors, where each meter serves an
individual customer. In Mexico, municipalities face a unique challenge with a single account
managing thousands of devices. This case study highlights the need for scalable, interoperable, and
secure AMI/IoT solutions to handle the complexities of large-scale public lighting.

Table 1. Classification of electricity tariffs in Mexico by customer, energy demand, and associated AMI/loT
meter model

C;aergigfry Description Previous Tariff Commercial Model
Domestic Domestic Low Voltage 1, 1A-F 1 customer - 1 meter
PDBT Small Demand Low Voltage 2,6 1 customer - 1 meter
GDBT Large Demand Low Voltage 3,6 1 customer - 1 meter
RABT Agricultural Irrigation Low Voltage 9 1 customer - 1 meter
APBT Public Lighting Low Voltage 5 1 customer - Thousands of meters
APMT Public Lighting Medium Voltage 5A 1 customer - Thousands of meters
GDMTH Large Demand Hourly Medium Voltage HM, HMC, 6 1 customer - 1 meter
GDMTO Large Demand Ordinary Medium Voltage oM, 6 1 customer - 1 meter
RAMT Agricultural Irrigation Medium Voltage IM 1 customer - 1 meter
DIST Industrial Sub Transmission HS, HSL 1 customer - 1 meter
DIT Industrial Transmission HT, HTL 1 customer - 1 meter
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From a technical standpoint, the AMI/IoT system designed by INEEL in Mexico [32] is used within
the Enabling Technologies Division's Control, Electronics, and Communications department. This
system utilizes RF communication and ARM architecture, as shown in Fig. 3.

Three Meters generates their files using the JSON format, with the structure depicted in Fig. 4.

Fig. 3. AMI/IoT meter,

“"Fecha™:
"Facha"

el
0010w,

"1d": "00010G",

Fig 4. AMI/10T file structure, property of INEEL.
The data format used is JSON, but XML or plain text are also common in the AMI industry. Meters
include an ID, date, and type. To simulate a large-scale scenario with thousands of AMI/IoT meters
for street lighting, synthetic data subsets were created, recording only consumption in kWh under
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low-voltage conditions. Data size is further reduced using LZ4 compression before being transferred
to IPFS, adding an extra layer of security. The compressed files can be previewed in a text editor,
as shown in Fig. 5.
The LZ4 algorithm was chosen for its excellent compatibility with the data, as well as its efficient
transfer, compression, and decompression capabilities. Its ease of integration into Visual Studio
Community 2022, due to the availability of libraries and resources, further supported its selection.
Fig. 6 illustrates LZ4's performance in compression, transfer, and decompression.
After compressing AMI/I0T files with LZ4, they are transferred to the IPFS, a distributed file system
that decentralizes file storage and distribution across multiple nodes instead of relying on a single
server.
To transfer files to IPFS, follow these steps:
e Initialize IPFS Node: Install IPFS software on the device and run the initialization
command.
e Add Files: Upload LZ4-compressed AMI files to IPFS using the command, which assigns
a unique CID to each file.
e Distribute Files: IPFS automatically propagates the files to other nodes in the network for
efficiency and redundancy.
e Access Files: Retrieve files using their CID, which provides a unique address for access
from any IPFS node.

Fig. 7 shows files loaded into IPFS with LZ4 compression applied. Fig. 8 illustrates the generation
of a CID (Content Identifier) in IPFS, which enables easy retrieval from anywhere in the distributed
network. This process also applies to files with synthetic data.
Using IPFS for storing and distributing LZ4-compressed AMI files offers an efficient, cost-effective,
and resilient solution:
e Reduced Bandwidth Usage: IPFS's decentralized network distributes content across
multiple nodes, decreasing load on any single server and reducing bandwidth usage.
e Lower Storage Cost: IPFS utilizes storage across various nodes, minimizing the need for a
large centralized server and cutting storage costs.
e Censorship Resistance: IPFS’s decentralized nature prevents censorship and single points
of failure, ensuring long-term availability and access by all relevant parties.
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Compression + Transfer + Decompression Time
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Fig. 6. Comparison of compression, transfer, and decompression levels with working times of the LZ4
algorithm [4].
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Fig. 7. View of files loaded in the IPFS already with LZ4 compression applied.
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ClD:

Select key for publishing:

self

Fig. 8. CID (Content Identifier) generation in IPFS.

Table 2 provides comprehensive data on the optimization process, presenting file sizes before and
after compression, optimization percentages, and associated costs in Ether (ETH), USD, and MXN.
The table highlights the substantial reductions in both file size and costs, demonstrating
improvements in system efficiency through the use of LZ4 and JWT compression.

Table 2. Final results.

Total Cost
I c Total Cost z Z 0
File Size K] . . toUpload | X 3@ X &
= [5] N
Readings | File Size | after LZ4 | o & Costin | . |Estimated) to Upload to ==z = E
= | Ether Gas |to Blockchain - c E c =
per meter | (kB) and JWT £ (USD) - Blockchain | == =g
= | (ETH) Required UsD = % 9
(kB) 8 (original size) usb S © S 5
9 (optimized)

1M | 106446 | 11172 | 89.5 | 0.0002 | 0.31 | 200000 | $ 31.58 $031 |$556| $99.71
500K | 50787 | 5564 |89.04(0.00015| 0.23 | 150000 | $ 15.79 $023 |$412| $73.98
250K | 25391 | 2763 |[89.12| 0.0001 | 0.16 | 100000 $7.89 $0.16 |$287| $51.46
125K | 12696 | 1362 |89.27|0.00008| 0.12 | 80000 $3.95 $0.12 |$215| $38.60
72.5K | 7364 809 |89.01|0.00006| 0.09 | 60000 $2.30 $009 |$161| $2895
36.2K | 3682 416 88.7 |0.00004 | 0.06 | 40000 $1.15 $0.06 |[$1.08| $19.30

The model effectively reduces file size using LZ4 and JWT, while IPFS and blockchain ensure
efficient data management and integrity.

Results indicate a significant reduction in storage and transaction costs through data compression.
The combination of LZ4 and JWT with IPFS and blockchain enhances data management by offering
efficiency, robustness, and cost-effectiveness.

The proposed model, integrating advanced compression and distributed storage, surpasses
traditional AMI systems. Unlike centralized systems, this model leverages blockchain's immutable
security and IPFS's distributed nature, which together prevent data manipulation and increase
resilience.

Though blockchain storage incurs transaction costs, the reduction in file sizes and the use of IPFS
counterbalance this expense, leading to long-term savings and improved data management.

Fig. 9 illustrates the AMI-LZ4-IPFS-HASH (ALIH) model, comprising four layers:

1. AMI/IoT Data Layer: Generates and loads data from the Smart Grid.
2. LZ4 Compression Layer: Applies compression to the data.
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3. IPFS Layer: Stores and distributes the compressed data.
4. Hash-CID Layer: Manages file identification and retrieval via CID.

Table 3 compares a traditional AMI system with the enhanced model using IPFS and blockchain.
The enhanced model provides superior data protection, integrity, and resilience through
decentralized storage and immutable verification, resulting in reduced costs and improved security
over the traditional centralized approach.

Smart Grid AMI compression Data loaded
AMI/ToT AMI/IoT Data process with LZ4 compressed in IPFS

N

Blockchai
The input for the The load of OEV%;“"
model is the thousands of AMI/
incoming loT devices exceeds
information from  the capacity of the
the Grid AMI/loT blockchain
Fig. 9. ALIH Model Diagram of Blocks.
Table 3. Traditional AMI System versus Proposed Model.
Aspect Traditional AMI System Enhanced Model with IPFS, LZ4 and Blockchain
Encryption AES-128 and AES-256 for encryption in transit | LZ4 for compression, JWT for authentication, Blockchain for

Standards and at rest. integrity.

Centralized protection, depends on server and Decentralized protection, immutable verification via

Data Protection network security. blockchain.

Based on internal verification mechanisms,

Data Authenticity vulnerable to attacks.

Ensured by JWT and immutable records in the blockchain.

Controlled by audit logs and access controls,

Data Integrity susceptible to alterations.

Ensured by cryptographic hashes in blockchain (SHA-256).

Depending on server and network redundancy, | High resilience through distributed storage in IPFS and

Resilience may fail under DDoS attacks. immutable copies in blockchain.

- . High availability ensured by distribution across IPFS nodes and
Data Availability May be affected by server or network failures. replication in blockchain.
Storage Costs High due to centralized infrastructure and Reduced through compression and distributed storage in IPFS;

9 server maintenance. gas costs on blockchain offset by reduced file size.

Security against Vulnerable to internal manipulations and Robust protection through blockchain immutability and
Tampering attacks if central server is compromised. cryptographic verification.
Transaction and Not applicable, costs are mainly related to Costs related to blockchain gas; significant optimization due to
Gas Costs central infrastructure. reduced file size.

5. Conclusions

The proposed ALIH model has proven effective in terms of both security and economic efficiency,
as supported by the data in Table 2 and the completion of planned activities. Key aspects include:

5.1 Benefits
Security: LZ4 compression enhances security by reducing file size, making data tampering harder.
IPFS ensures integrity and decentralization, reducing the risk of data alteration or loss.
Economic Efficiency: LZ4 compression significantly cuts storage and transfer costs on the
blockchain, improving cost management.
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Practical Implementation: The model successfully executed all planned tasks, including JSON file
generation, LZ4 compression, and IPFS uploading, validating its effectiveness in security and cost
efficiency.

5.2 Limitations

Blockchain Costs: Gas fees can still be a limiting factor, especially for large-scale implementations.

Scalability: Further exploration is needed to ensure consistent performance with very high data
volumes or varying network conditions.

5.3 Future Research

Performance Optimization: Focus on enhancing compression and blockchain integration to further
reduce costs and boost speed.

Scalability Studies: Investigate the model’s performance across different network environments and
data volumes.

Security Enhancements: Explore advanced encryption and multi-factor authentication to strengthen
security.

In summary, the ALIH model addresses security and economic challenges in AMI data management,
with successful implementation and cost reductions validating its potential. Future research should
refine and expand the model’s capabilities for broader application.
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1. BeedeHue

ABTOMAaTH3aIMsI pacdyeToB HAa OCHOBe paboumx mpomeccoB (PII) B pamkax pemeHHs OOMBIINX
peCypCOeMKHX 3aJ1a4 OKa3bIBaeT HECOMHEHHOE BIIMSHUE HA MOBBIIICHHE POIYKTUBHOCTH HAyIHBIX
nccnenoBanuid. 3a nocnennaue roasl PI1 ctamm ocHOBOM aOcTpakiuii, 0XBaTHIBAIOMINX 00pabOTKyY
JaHHBIX W TIPOBEACHHE BBICOKONPOU3BOJIMUTEIBHBIX BBIYUCICHHH C MOMOIIBIO pPaCIpeelICHHBIX
npwioxenui. [Ipu 3TOM HCTONB30BaHNE CHEIHATM3UPOBAHHON CHCTEMBI YIPABICHHS PaOOuINMHU
npoueccamu (CYPII, anrn., Workflow Management System — WMS) 3agactyio ocBoO0XKIaf0T
KOHEYHBIX ITOJh30BaTENel OT HEOOXOJMMOCTH BHHKAaTh B jeranu BoimonaHeHus PII, a Taxoke
YIIpaBJIeHUS] UMH B BEIYHCIUTEIBHON cperie ¢ rereporeHHsMu pecypcamu (BCI'P).

CVYPII, takue kak UNICORE [1], HTCondor [2], Pegasus [3] u apyrue nporpaMMHbIe KOMILTEKCHI
[4-5], sBmsrOTCS MOWIHBIMH ~ HMHCTPYMEHTAMH KOMAaHIHOW pa3pabOTKd H  IPUMEHEHUsI
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pachpeelieHHbIX HaydHbIX NpuiioxkeHuil. OHU mpeaHa3HayeHbl sl UHTErpaluu NporpaMMHOrO
oOecriecueHNsI, TUTAHUPOBAHUS CXEM PEIICHUS C €ro IOMOINBI0 HAYYHBIX W MPHUKIATHBIX 3ajad,
Ha3HAYEHUs! PECYPCOB JUISl BBINOJHEHUS BBIYMCICHUH, 3aIlyCKa BBIUYMCIUTENBHBIX MPOLECCOB U
VIOpaBICHUS WMH, OOpaOOTKU MIaHHBIX W pealiu3allii JPYTWX CHCTEMHBIX OIepalii B
pacnpeneneHHON IporpaMMHO-aNIapaTHON cpeze.

B pamxkax passutust CYPII ocoboe BHUMaHKE B HACTOSIIEE BPeMsl YIEISICTCS TOIEPIKKE CepBHC-
OpPHUEHTHPOBaHHbIX  HaydHbix  mpwioxkenuid (COHIT) [5].  CepBuc-opreHTHpOBaHHOE
MPOrpaMMHPOBAHUE HANpPaBJICHO Ha pa3pabOTKy MpPOrpaMMHBIX CHUCTEM, IOIAEPKHBAIOIINX
B3aMMO/ICHCTBUE NPUIOKEHUH U CEPBUCOB PA3IMYHBIX TUIIOB HA OCHOBE OOMEHA COOOIECHUSMH C
HCTIONB30BaHUEM OIMYOJMKOBAaHHBIX W OOHapyxHBaeMbiXx uHTep(deiicoB [6]. 3auacTyro cepBUCHI
MIPE/IOCTABIISIIOT  XOPOIIMH CHOCOO peain30BaTh JHUCKPETHBIC ONEpalud TPWIOKEHUH IS
BBIYMCIIEHHH W 00paOOTKM JaHHBIX B paMKaxX OW3HEC-TIPOIECCOB B Pa3IMYHBIX TPEAMETHBIX
obnactsix uccnenoBanuid. [1oaToMy pa3BHUTHE CepBUC-OPHEHTHPOBAHHBIX BHIYMCICHUI BO MHOT'OM
00YCIIOBJIEHO BO3MOXKHOCTBIO 3((EKTUBHOTO PpEIICHUS LENOoro psjaa HpoOjeM, CBA3aHHBIX C
MONJIEP’)KKONH  MOJYIbHBIX HAYUHBIX MPUIIOKEHUH, CTaHAapTHU3alMU HMX KOMIIOHEHTOB U
uHTep(eiicoB, UCMOIB30BaHUS PA3HOPOAHBIX MH()OPMALMOHHBIX W BBIYUCIHUTEIBHBIX PECYPCOB, a
TaKKe OpraHU3aluU MEXAUCIMIUITMHAPHBIX UCCIIeI0OBaHUH.

K cokanenuro, pelieHre BhIIIeepeUrnCIICHHbIX mpodiieM B n3BecTHbhIX CYPII, mommep:kuBarommx
COHII (cMm., Hampumep, [7-9]), ocyiecTBieHO He B TIOMHONW Mepe. B 3ToM CBsA3M B CTaThe
PaccMOTPEHBI BaXKHbBIC acleKThl pa3padboTka u nmpuMenenne COHII, a Taxke mpeacTaBieH HOBBIN
UHCTPYMEHTAIIbHBIA KOMILIEKC, KOMIIOHEHThl KOTOPOrO Pa3BUBAIOT W JOMOJHSIOT (DYHKIIMOHAI
U3BECTHBIX B 3TOM HampasieHuu CYPIL.

2. Pazeumue cepeuc-opueHmupo8aHHbIX NPUSIOKeHul

[Mapaaurma pazpadorku u npumeHennss COHIT npencrasmiser co0oit TOrHYECKYIO0 BONIOLUIO OT
00BEKTHO-OPHEHTUPOBAHHBIX CUCTEM K CHCTEMaM cepBHCOB. Kak 1 B 00bEKTHO-OpUEHTHPOBAHHBIX
CHCTEMax, HEKOTOPBIMH (DyHIAMEHTaIbHBIMH KOHLIEIIUSIMH BEO-CIYKO SABIISAIOTCS MHKAICYIISALMS,
mepefavya CcOOOWIEHMH M IMHAMHYECKoe cBs3biBaHMe. OmHAaKo mapagurmMa, OCHOBaHHAs Ha
CEepBHCAX, BBIXOAUT 3a PAMKH CHUTHATYp MeTojoB. MHdopmanus o (QyHKIUAX CepBHCa, €ro
MECTOIIOJIOKEHUH, CIIOCcO0axX IOCTyHa W JAp. TaKkKe MOTyT OBITh IIpelICTaBleHBl B MHTepdeiice
cepBuca. Pazpaborky COHII Taxke MOXKHO paccMaTpHBaTh KaK SBOJIOIMIO MOIAYIEHOTO TOAX0a
K MPOrpaMMHUPOBAHUIO, TaK KaK BeO-CEpBHCH NMPENICTAaBISIOT COOOW Jerkue, cinabocBs3aHHBIE,
HE3aBUCUMBIE OT IIAaT(OPMBI U S3bIKa KOMITOHEHTBHI.

B Hacrosimiee BpeMs B OCHOBE paccMaTpUBaeMOH MapaIurMbl JOMHHHPYET CEpBHC-
opuentupoBanHas apxurektypa (COA, amrm., Service-Oriented Architecture — SOA). COA
OCHOBBIBAETCSl HAa HCHONb30BAHUM MHOXKECTBA HE3aBUCHUMBIX Be0O-CEPBHCOB, BBIOIHSIOLINX
npenonpe/eeHHble ONepalid, CBS3aHHBIX C BBINOJHEHHEM CHCTEMHBIX WM TIPHKIATHBIX
npunoxenunit. [Tog Be6-cepsucom (anri., Web Service) moHumaercst mporpaMMHasi CHCTEMa CO
CTaHIapPTU3UPOBAHHBIMU HHTEp(eiicaMu, niaeHTHHUINpyeMas YHUKaIbHbIM BeG-aapecom (URL-
ampecom) [10]. TTpu 5TOM BeG-CepBHCHI HE 00JIAIAIOT 3HAHUSMH O BBIMOIHAEMBIX TPUIOKEHUSX, &
TIPUJIOKEHUST HE HYXNAIOTCS B MH(OpPMAIMH O CIOCO0AaX WX BBIONHEHUS BeO-cepBhcamu. Beo-
TexHonorun Ha ocHoBe COA  aKkTHBHO TIOIVICP)KUBAIOTCS  KPYIHBIMH  KOMIAHHAMHU-
pa3paboTyrkaMu, 94TO 00ECIIeUrBaeT UX MIUPOKOE PACIIPOCTPAHSHUE U UCTIONB30BAHHUE.
[IpumenntensHO K BhMUcCHUTENbHON cpene COA oOycrnaBiamBaeT psi CIETYIOMIMX BajKHBIX
MPEUMYIIIECTB B TIPOIIECCAX €€ OpraHu3aInK 1 npuMeHennn [11]:

® MHOI'OKPATHOC HMCIIOJIb30BAaHUEC KOMIIOHCHTOB CPCAbI MJIS MMOCTPOCHUS CIIOKHBIX
PACIpPCACICHHBIX TPOIrPaMMHBIX KOMIIJICKCOB;

® MOIYIBHBIN MOAXOJ K pa3paboTke mporpammHoro obecnedenus (I10);
® TIOJEPKKY CETEBOTO JIOCTYMA K KOMIIOHEHTaM CPEbl X pa3padoTYNKaM U
TIOJTB30BATEIISIM, @ TAK)KE MX B3aUMOJICHCTBHS MEXTy COOOI;
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e o0ecrieucHHe OTKPBITOCTU CPEAbI 3a CUHET UCIOJIb30BaHUA CTAHAAPTOB MIPOTOKOJIOB
nepeaavyun JaHHbIX U IMPCACTAaBJICHUA CCPBUCHBIX onepaum‘/'l Haja OTUMU JaHHBIMH;

e KpoccmaT(OpMEHHOCTh, TIO3BOJISIONIYIO CMSITYUTh 3aBUCUMOCTh BBIYHCIUTEIEHOTO
TIpoLiecca OT UCTIONB3YEMBIX ITPOTPaMMHO-AIIAPATHBIX IUIATPOPM H S3BIKOB
MIPOrpaMMHPOBAHUS;

® BO3MOXHOCTH Oe300me3HeHHOI nHTerpanuu [10 pa3HbIX pa3paboTUNKOB.

I10, pa3paboranHoe Ha ocHoBe COA, Kak MpaBWIO, PEAM3YIOTCS B BHIE Habopa BeO-CIyxO,
B3auMojeiicTByromux mo mnporokomy Simple Object Access Protocol (SOAP). Beb6-ciyx0a
sIBIIICTCA eauHUIeH MomyapHocTH B pamkax COA I1O. B To xe Bpems COA MoxeT OBITH
pea30BaHa C WCIOJIb30BAaHWEM IIMPOKOTO CIIEKTpa JIOMOJHUTENBHBIX TEXHOJOTHH, TaKMX Kak
REpresentational State Transfer (REST), Remote Procedure Call (RPC), Distributed Component
Object Model (DCOM) u Common Object Request Broker Architecture (CORBA).

OcHOBHBIMH (hOpMaTaMU MPENCTABICHHS CTPYKTYPHUPOBAHHBIX MaHHBIX sBIsOTCS eXtensible
Markup Language (XML) u JavaScript Object Notation (JSON), mis KOTOpBIX MOJIEPKUBACTCS
MpOBepKa KOPPEKTHOCTH JaHHbIX ¢ momoinsto XML Schema u JSON Schema cootsercTBeHHO.
HecrpykryprpoBaHHbIe JaHHbBIE, KaK NPaBHUIIO, MPEICTABISIOTCS B BHJE TEKCTOBBIX (haiiIoB MIH
¢aitnoB nmpyrux QopmaroB. Ilepenaua gaHHBIX Mexay BeO-CepBHCAaMU OCYILIECTBISETCS
HIOCPENICTBOM HX BKJIFOUEHHS B TEJIO COOOIIEHHUs (B Cliydae HEOOJBIIOro pa3mepa nepeaaBaeMoi
uH(bOpPMAIIIK) WITH ITyTEM Mepejadn aapeca HCTOYHMKA qaHHbIX (aHrt., Uniform Resource Locator
— URL), oTkyma ux MOXXHO U3BEKaTh (B Ciiydae OOJBIIIOTO pa3Mepa JaHHBIX).

CyIecTBYIOT pa3Hbie COCOOBI OMMCAHHS CETEBBIX CIyKO Wi BeO-cepBucoB [12]. B ux umcie
moxHo Bhmenuts Web Service Description Language (WSDL) mmst omucanust BeG-CepBHCOB Ha
ocHoBe SOAP u Web Application Description Language (WADL) mist omicanus Be6-mprIoKeH i
Ha ocHoBe HyperText Transfer Protocol (HTTP), B Tom umcie BeG-ceprco B cruine REST. B
00oux ciydasix B KauecTBe 0a30BOro si3bIKa omnucaHus ucnonb3yercs XML.

WSDL npenHa3HayeH Juisi ONKUCaHUsl BEO-CEPBUCOB, JOCTYIA K HUM U MepeJaBaeMblX MEKITYy HUIMU
coobmennii. Onucanue Bed-cepsuca Ha WSDL BriIrOYaeT CieAyrolie OCHOBHbIE Pa3/Ielibl:

e  OIpezeNiCHUE TUIIOB JAHHBIX, YKa3bIBAIOIIMX BHI OTIPABISEMBIX U ITOTY4aeMbIX CEPBHCOM
XML-coobmennii, mpoBepka KOTOPBIX OCYIIECTBISIETCS C IMOMOIbi0 cpeacts XML
Schema;

® OIHMCaHHC 3JICMCHTOB JaHHBIX — CITMCKa COO6H1€HPII>1, HCIIOJIb3YEMBIX CEPBUCOM;

e 3ajaHMe aOCTPaKTHBIX orepanuil (MOPTOB) — CIMCKAa METOAOB, KOTOPbIE MOTYT OBITh
BBITIOJTHEHB! IPUMEHHUTEIBHO K COOOICHUSM;

e CBS3BIBAHUE CEPBUCOB — OMpeleIeHe CIOCOO0B JOCTaBKU COOOLICHHH;

® ajpec BBI30Ba CEPBHUCA.
IMocnenuss opurmansHas crenudukanus s3bika WSDL Version 2.0 mo3BossieT OnuchBaTh, Kak
BBI30BbI Pa3lIUYHBIX CHEHUATM3UPOBAHHBIX BeO-cepBucoB Ha ocHoBe SOAP, nHanpumep, WPS-
CEpBHUCOB, TaK M CEPBHUCOB Ha OCHOBE JIPYrHX MPOTOKONIOB, Hanpumep, REST-cepBucos.
Pa3zpaborka u mpumenenne COHII xapakrepusyercs psSIoOM TPEHMYIISCTB IO CPaBHEHHIO C
npyrumu tunamu npmwiokeHnii. Hammane 8 COHIT HaGopa cepBHCOB TIO3BOIISIET pa3paboTyrKaM
NPUIOKEHUST CO3/1aBaTh, OTJIAXKUBATh, TECTUPOBATh, Pa3BOPAYMBATH W MOAM(HIMPOBATH CBOU
CEpPBHCHI HE3aBUCUMO OT JIPYIHX Pa3pa0OTYMKOB, YTO YIPOIIAET PACIPEACICHHYIO pa3paboTKy
TPUIIOKEHUSL.
Kaxnprit cepBuc MoxeT ObITH pa3paboTaH W pa3BEpHYT HA pa3HBIX pecypcax C PasIHIHBIMA
XapaKTePUCTUKAMHU WX MPOU3BOAUTEIFHOCTH, OOBEMOB ONEPATUBHOW M JIMCKOBOW IaMSTH,
OPOITyCKHONW CHOCOOHOCTBIO HHTepPKOHHeKTa W T. 1. B Grid-cmcremax, Ha pecypcax
CYNEePKOMITBIOTEPOB MIIM 00Ja4YHBIX TUIaTGopM. C HCIONBE30BaHHEM KOHTSHHEPH3allHU CEPBUCHI
MOXHO 3aIlyCTUTh Ha HECKOJNBKHX Mapajjiel]bHO padoTalomux y3inax 0e3 HeoOXOAMMOCTH
pa3BepTHIBAHUS HA HOBOM Y3JI€ BCETO MPUIIOKEHHS B LIETIOM.
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Baxxasim npeumymectsom COHIT sBasiercs ux oTkasoycroiiunBocTs. OTKa3 OJHOTO CepBuUCa, KakK
MIPABUJIO HE TIPUBOJUT K OTKa3y BCErO MPIIIOKEHUS B 11enoM. [Ipu 5ToM OTKa3aBIIMI CEpPBUC MOXKET
OBITH JIETKO Mepe3amnylieH WK ero ornepandd MOTYT OBITh BBIITOIHEHBI JPYIHMM CEPBHCOM IIPH
HAJIMYWH BBEIYUCITUTEIbHON m30piTounocTH B COHIL.

B 1ab1. 1 nmpuBeneHs! cBenieHUs 0 pa3paboOTKax B 001aCTH CEPBUC-OPHEHTHPOBAHHBIX BBIYHCICHAH.
PaccmarpuBaroTcs  ciemyronye BaKHBIE ACMEKThl IOAJEPKKH  CEPBUC-OPUEHTHPOBAHHBIX
BBIUMCIIEHUH Ha YPOBHSAX MPWJIOXKEHUS W/WIIM BBIYUCIUTENBHOW Cpelbl B LEIOM: Pa3HBIE THIIBI
CepBUCOB, CMOCOOBI HMX CHelU(UKAIMK, apXUTEKTypa Cpeibl  BBINOJHEHUs, CEpBHC-
OpUEHTUPOBAHHBIE MOJENN TPEACTABICHUS Pa3INyYHBIX CYIIHOCTEH BBIYHCIMTENBHOM Cpenpbl,
cpencTBa pa3padboTku, cuctemsl yrpasienus, COHII u np.

Tabn. 1. Pazpabomku 6 obracmu cepsuc-opueHmupo8anHbiX GbIUUCTIeHULL.
Table 1. Developments in the field of service-oriented computing.

HC;SSEZK / AcnekTsl moaepkku / Support aspects yPO?fgpg?f@i%TKn /
Grid u o6maunsie Beruucinenus, SOAP-cepsucsl, Grid-cepsucsl,
[13-171 |saas, Globus Toolkit. P P Cpena

Oo6unaunsie Beraucienust, SOAP-cepsucer, CYPII, WaaS Cloud

[9] Platform IMpunoxeHune

[8] O6unaunsle Berancienust, SOAP-cepsucsl, CYPII, HyperFlow [Mpunoxenue
Meromuka crermpukamu SOAP-cepBHCOB, METOIUKA

(18] crerduKanum P(li')l, WSDL, BPEL P Ipenoxerne

[19] MHUKpPOCEPBHCHI, KOMITO3HIIHH CEPBHCOB, CHHTE3 POrpaMM IMpunoxeHune

[20] REST Cpena

1] Grid u obnaunsie Beruncienust, Grid-cepsucer, SOAP, REST, CYPI], Cpena
UNICORE

[7] O6naunsle Borancienus, SOAP, REST, CYPII, Galaxy Cpena
KoorepaTuBHbIe BHIYUCIIEHNS, YIIPABICHUE TaHHBIMH,

[21] MuKpocepsucel, IRODS Cpena, npuoxenue
[22] O6uaunble Berauciaenus, SOAP, REST, MathCloud, Everest Cpena, IpUIOKEeHHE
23] Grid u o6naunsie Beruncienust, SOAP-cepruchl, Grid-cepBuchl, Cpena
CAEBeans, ucnelitateabHble CTEH BT
[24, 25] O6naunbie Boruncnenus, PI1, BeG-cepBHCH, HHTEIUISKTyaTU3aLUs Cpena

yIpaBJieHus BelyuciaeHus My, laaS, SaaS, PaaS, iPSE
[26] COHIIT IMpunoxeHne
HPC, Amazon Web Services, Google Compute Engine, OpenStack,

[27] Cloud Stack, laaS, PaaS, SaaS Cpena

[28] COHII, 06pa6oTka JaHHBIX Cpenia, IpUIOKEHHE

[29] COHII, 06pa6oTka JaHHBIX Cpenia, IpUIOKEHHE

[30] COHII, 06pa6oTka JaHHBIX Cpena, IpUIOKEHHE

[31] Hccnenosanus B sueprerrke, COHI, 06paboTKa JaHHBIX Cpena

[32] T'eoundopmaruka, REST-cepsuce, SOAP-cepBuCHI, Cpena
WPS-cepBHCHI, KOMITO3UIIMU CEPBUCOB

[33] REST-cepBucer, SOAP-cepBHCHI, MUKPOCEPBUCHI, KOMITO3HIHN Tpustoskere
CEPBHCOB

[34] SOAP-cepBuCHI, KOMITO3HIMH cepBucos, WSDL Cpeia, IpUIOKEHHE

[35] MynbTHAT€HTHOE YIIPABICHHE PECYPCAMH, MUKPOCEPBHCHI, MIAGIOHBI Cpena
CEPBHCOB

3. CmaHlapmsbi npedcmaseneHus PI1

PIT obecnieunBarOT BO3MOKHOCTD OPOBCACHUA prHHOMaCIHTa6HLIX HAYYHbIX 3KCIICPUMCHTOB C
KCIIOIb30BAHUEM  OOJNBIIHMX HaﬁOpOB JaHHBIX. HpI/I O9TOM MPOLCCChI O6pa6OTKI/I JaHHBIX
PaCIpCaACIAOTCA Ha Pa3JIAYHBIC BbIYHUCIIUTCIBHBIC PECYPCHI. PII MOIr'yT BKJIHOY4Tb ONCpanuun
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OOHApY)KEHHS W CBS3BIBAHUS PECYpPCOB, a TaKke cOopa, oOpabOTKM, aHAW3a W BU3yaIH3aIUd
nmaHHbBIX. PI1 MOIKHBI OBITH TOTMYHBIMH, CTPYKTYPUPOBAHHBEIMH M HAICKHBIMIL

Onepanuu PIT BBINONHAIOTCST B COOTBETCTBUM CO CXEMOHM pELIEHUS 3aJayd B JIOTUYECKOU
MTOCTICTOBATENEHOCTH, ONPEEIAeMON ero CTPYKTYpoi. [IpuMeHeHe CTaHaapTOB TS ONMCAHUS U
BemmonHeHus PIT mo3BonseT pacmpocTpaHsITh UX CPeAM HAYYHOTO COOOMIecTBa M OOJerdaeT ux
MHOT'OKpaTHOE HCcTonb3oBaHue. PIT MoryT OBITh pa3MeleHbI B OOIIEOCTYITHBIX PEITO3UTOPHSX.
Cranpaptsl nmpeacrasicHus PIT 6epyT cBoe Hawaso B 00JaCTH MOJICTHPOBAHUS OU3HEC-TIPOIICCCOB.
COOTBETCTBYIOIIUE PEIICHUS OBLTH Pa3padOTaHbI PSIIOM KOMMEPUECKIX OPTaHU3aINi, TAKHX KaK
IBM u Microsoft. OTkpsITbIe CTaHIAPTHI Pa3padaTHIBAIOTCSA HE3aBUCHMBIMH KOHCOPI[HYMAaMH, B
tom umcie The World Wide Web Consortium (W3C), Organization for the Advancement of
Structured Information Standards (OASIS), Workflow Management Coalition (WFMC), Business
Process Management Initiative (BPMI), United Nations Centre for Trade Facilitation and Electronic
Business (UN/CEFACT) u Object Management Group (OMG) [36]. HekoTopbie KOHCOPIIYMBI
KOHIICHTPUPYIOT YCHJIMSA Ha pa3paboTKe KOMIUICKTOB JOMOJHHUTEIBHBIX CTAHAAPTOB, TOrJa Kak
JpyTUE pa3pabaThIBAIOT OTACIbHBIC MHOTOIICICBBIC CTaHAApPThI. [l0Ka erie HeT €IMHOr0 MHEHHS
OTHOCHTEIIHO TOr0, Kakue cTaHaapThl HauoOonee monxoast s COHIL, a Takke HE CYIIECTBYET
YCTaHOBJICHHOM CTPYKTYpHI cTaHaapToB aiasi COA.

CVYPII 4gacto xapakTepU3YIOTCSl ONMHMCAHWEM IPOIIECCOB C TOYKM 3PEHUS] MOTOKA JTaHHBIX, a HE
OpPHEHTALlMKM TOTOKA YIpaBJIeHUs] OM3HEC-TIpollecCOM. B pamkax psia NpOEKTOB MPOBOASATCS
WCCJIE/I0BaHUs, CPAaBHUBAIOIINE MPUMEHUMOCTh Pa3IMYHbIX cTaHAapToB onucanus PII. BaxHbim
HalrpaBJIeHUEM SBJSIETCS pa3paboTKa CTaHAApTOB, IMO3BOJSIONIMX YYUTHIBATh TPEOOBaHUS K
BBIUUCIICHUSAM W TIepeaade MaHHBIX IS OONBIIMX HAOOPOB JaHHBIX, a TAKXKE 00CCICUHBAIOIINX
paszzeneHue abCTPaKTHOTrO ypoBHs npezcTaBiieHus PI1 u ypoBHs ero BBINOIHEHHS HA KOHKPETHBIX
[IpOrpaMMHO-alNapaTHeIX pecypcax. B nemom ycnemnas peamusauuss PII 3aBucut ot
WCIIONIb30BaHMsl CHCTEMBI CTaHIAPTOB, KaXKABIM M3 KOTOpbIX obecrneunBaer 3ddexTrBHOE
IUIAHUPOBAHUE U BBIMIOJIHEHNE BHIYMCIUTENBHBIX Olepaluii u onepanunii o00padoTKH AaHHbIX.
Pa3nu4HBIMM KOMMEPUYECKHMMH OpTaHH3alMAMU M KOHCOPLIUYMaMHU MPEIIOKEH psAI CTaHIapTOB
ommcanust PIT [37]. B Tom uncie paspa6oranst si3piku XML Process Definition Language (XPDL),
XLANG, Web Services Flow Language (WSFL), Business Process Modeling Language (BPML),
Business Process Specification Schema (BPSS), Web Services Conversation Languange (WSCL),
Web Services Choreography Interface (WSCI), Yet Another Workflow Language (YAWL),
Business Process Execution Language for Web Services (BPEL4WS wm BPEL) 1.0, BPELAWS
1.1, Web Services Choreography Description Language (WS-CDL) u Web Services Business
Process Execution Language (WS-BPEL umu BPEL) 2.0.

XPDL, paspa6orannsii Workflow Management Coalition (WFMC), npenxasnauen mist oOMeHa
OTIPENIENICHUSIMHI  TIPOIIECCOB  MEXKIY pPa3IMYHBIMH HH(QOPMAIIOHHBIMH CHCTEMaMH, Kak B
rpaguyeckoM, Tak U B ceManTudeckom Buae. XPDL HeoqHOKpaTHO nepecmartpuBaiics. [locnenusis
peBusus cocrosiiack B 2012 r.

XLANG ot Microsoft seisiercs pacumpennem WSDL. Ero ocHOBHOE Ha3HaueHHE 3aKITIOYACTCS B
oTIpeIeIeHUH OM3HEC-TIPOIIECCOB W OPTaHU3AINH 0OMEHA COOOIICHUIMHI MEXKIY BeO-CEepBUCAMH.
WSFL, pa3paborannbiii kommanueir 1BM, mnpenctaBnsier coboii XML-s13bik, OMUCHIBAOIINI
OM3HEeC-TIPOIECC B BUAE KOMITO3HIIMHN BEO-CEPBHICOB, B KOTOPOH OIMICHIBACTCS MTOCIEIOBATEIHLHOCTD
BEBI30BOB OIlepaIyii cepBUCcoB. [1opsAI0K BRITOTHEHUS OIEPAIlfil OTPENENIIeTCs Ha OCHOBE ITIOTOKOB
YIpaBJICHUS U TaHHBIX MEXIY cepBrcaMi. biHec-miporece onpeenseT ornepamnni Mo MOTyIeHHIO,
00paboTKe M OTMEHY JAaHHBIMH B 33JaHHOW MOCIIEI0BATEIIEHOCTH.

BPML, npemnoxxennsiit BPMI, mpencrapnser coboii sI3bIK onrcanust OM3HEC-TPOIIECCOB Ha OCHOBE
XML, npencrasrnensstit BPMI. On mpenocrasiseT cpencTsa BEIIOTHEHUS TOCIEI0BATEIIEHBIX H
MapaJuIebHBIX OIEpPaIliii, IO/UICPKUBACT BETBICHUS W IMKIBL, OOSCIIEYMBACT CTaHIAPTHHIC
() YHKIIMU BBI30BAa CEPBUCOB, OTTIPABKU W TONYUCHHS COOOIICHUI, To3BOIsAeT pa3padoranky PII

200



WBanos W.U., [lerpos ILI1. Pa3paboTka u mpuMeHEHNE CEPBHC-OPHEHTUPOBAHHBIX HAYYHBIX MPHIOKCHHUH B HHCTPYMEHTAIEHOM KOMILIEKCE
FDE-SWFs. Tpyou UCIT PAH, 2024, Tom 36, BbIN. 6, c. 195-214.

IUIAHUPOBATh BHINIONIHEHHE 3a7]a4 B COOTBETCTBMM C 33JIaHHBIM pacrnmcanueM. B BPML
npenycMoTpeHo yrpasienue PI1 ¢ JTUTeTbHBIM CPOKOM U3 BBITOITHEHHSI.

BPSS mnpexacraBnsier co0oil CTaHZApTHYIO CTPYKTYpPY, ONHKCBHIBAIOIIYIO TMpoIlecc OOMeHa
unpopmanmern. BPSS ocnoBana na weramomenu UN/CEFACT. Ota cxema mo3BONSET
TPEINPUATHAM ONPEeIaTh OW3HEC-TPAH3aKIHH U OPTraHU30BBIBATH UX COTPYIHHYECTBO MEXKIY
TapTHEPaMHU JIsl 3JIEKTPOHHOT0 0OMeHa JIOKyMEHTaMH M CUTHaJIaMH B KOMMepuecKuX nemsix. BPSS
BXOmUT B coctaB uHcTpymenTapusi Electronic Business using XML (ebXML) or OASIS u
UN/CEFACT.

WSCL or Hewlett-Packard npennasHayen mjist ompefeneHusl TUajaoroB OU3HEC-YPOBHS B BHJIE
00IIEeIOCTYIHBIX — TPOIECCOB,  MojyepkuBaeMbix  BeO-cepBucamu. WSCL  onpenenser
nocienoBareibHOoCTh  00MeHa XML-gokymenramu. Ompenenenust nuanoroB WSCL  takke
sBisitoTess XML-10KyMeHTaMK ¥ TO3TOMY MOTYT HHTEPIPETUPOBATHCS BEO-CEpBUCAMU.

YAWL mnpencrasisier coboii pactumpenne XML w npennasnadeH anst ¢GopMaln3oBaHHOTO
ormucanus ouzHec-nponeccoB. YAWL pazpaboran B TexHH4ecKOM YHHBEpCUTETE T. DWHIXOBEH.
Tam Taxke paspaboraHa crelMadM3MpOBaHHAs NporpamMMHas IuiaTdopma, MoJep )KUBaroIas
TEKCTOBBIH U rpaduueKkuii pexXuMbl MOCTPOCHHST OH3HEC-TIPOIIECCOB U CPENCTBA UX BBIMOIHCHHUSL.
VicxoaupIii KOA MPOrpaMMHOrO OOeCleueHus1 pacrmpocTpansercs mox jwneHsueit GNU Lesser
General Public License (LGPL).

WS-CDL co3nan W3C Ha ocHoBe XML mist cienmgukaiiny 0JHOPaHTOBOTO B3aMMO/ICHCTBHS BEO-
CEpBUCOB Ha OCHOBE Xopeorpaduu — yrnopsio4eHHOoro oOMeHa cooOIIEeHUIMH MEXAY BHEITHUMU
cymHocTsiMu.  Cneuudukanyyn — CepBUCOB  ONPENENSIOT  CBA3M  MEXIY T'eTepOreHHBIMU
BBIUYHCIUTEIIBHBIMU CpE€AaMU, UCIIOJIb3YEMBIMU 151 pa3pa60TKH 1 pasMCUICHUA Be6-HpHHO)i(CHHI>II.
B nenom obecrieueHune xopeorpaduu BeO-CEPBHCOB MO3BOJISIET OPraHW30BaTh ()YHKIIMOHAIBHO
COBMECTUMOE OJHOPAHTOBOE B3aUMOACHCTBHE MEXIY JIOOBIMH CEpPBHCAMH, HE3aBHCHUMO OT
nojpJepxKuBaronieil miarpopMbpl WIM MOJEIH IPOrPaMMHPOBAaHMS, HCIONB3YeMOH IIpU HX
peanu3anum.

K 2003 r. Ha3pena HeOOXOIMMOCTh Iepexojia OT pPa3HOPOIHBIX CTAaHIAPTOB OTACNIBHBIX
KOHCOPIIMYMOB K HEKOTOPOMY €AWHOMY cTaHmapty. Ycumus IBM, Microsoft, BEA, OASIS u ap.
KOHCOPIIMYMOB Havajachk pa3pabotka u pazsutiie BPEL. C pa3zsutnem BeO-CEpBHUCOB MPOU3OILIO
cimsinne WSFL u XLANG, 4To npuBesio K MOSBICHHIO HOBOTO MOKOJICHHS SI3bIKA CIICIU(pUKALINI
BPEL4WS 1.1. fI3pik BPEL4AWS 1.1 no3Bonui paciimpuTh MOJIENb B3aUMOJICHCTBHS BeO-CEpPBUCOB
U cAeNaTh ee MPUMEHUMOH IS 0TOOpaXKeHHs1 OM3HEeC-TPaH3aKIUH.

C nosinennem BPEL cnmcok cranmapToB, MHMPOKO BOCTPEOOBAHHBIX HA MPAKTHKE, COKPAIIAETCs.
®opmansHO cunrtaercs, uto BPEL u XPDL obecrieunBatoT OpKECTPALNIO B3aUMOICHCTBII MEXKITY
BHYTPEHHHMH W BHENTHUMH CYIIHOCTSMH TiporeccoB, a WS-CDL u ebXML — xopearpadmuro.
Onnako QyHKuoHaANBHBIE Bo3MOkHOCTH BPEL 11 XPDL mo3BosisitoT OnuceBaTh U X0peorpaguio.
B memom BPEL 2.0 [38] ompenmenster momens i ommcanusi moBemenust PII B TepMuHax
B3aMMOJIEHCTBHI (COBOKYITHOCTH COOOIIEHHMI) MEXIY MPOIecCaMy M UX MapTHEpamMu (BHEIITHUMHU
cepBrcamu). BayXHbBIMH JONONMHUTENFHBIMU penMytectBamu BPEL gBmnsitoTcs cinemyromnme:

e PII MoryT He TOJBKO BBI3BIBATh BEO-CEPBUCHL, HO U CaMHU OBITh IIPEICTABICHHBIMH B BHIIC
CEpBHUCOB;

® [IMPOKHII CIIEKTP JIEMEHTOB YIPaBICHHUA U Pa0OTHI C JaHHBIMH, BKIFOYAFOLINH
9JIEMEHTHI ONPEACIICHHUS CIIOKHBIE CTPYKTYPHI TaHHBIX H IapaJUIebHbIX MPOLECCOB UX
00pa0OTKH, LHUKJIBI, BETBICHHUS, IOIIPOIECCHI, JIEMEHTHI peali3allii ACHHXPOHHOTO
B3aMMOAEHCTBUS BEO-CEPBUCOB H JP.;

o yucnonb3oBanne WSDL mist onmcanns naTepdeiicoB BeO-cepBUCOB 00eCIEINBACT
rHOKyI0 MHTerparmio ¢ npyrumu PI1 u BeO-npunoxeHusMy;

e jneranpHOe onucanue PII peannsyeT opkecTpOBKY BHYTPEHHHX W BHEIIHHUX CYIIHOCTEH
Tporiecca, a crenuduKanys nporecca oOMeHa COOOLICHISIMH OTPaXkaeT Xopeorpaduio
BHEIITHHX CYIIHOCTEH (BBI3BIBAEMBIX BEO-CEPBICOB).
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B rononHeHWe K TepedYHMCIIEHHBIM BBINIE CTaHAapTaM HedopManbHas pabodas Tpyma,
oObeAMHSIOMasl IPEJCTaBUTENCH pa3NWYHBIX OpPTaHW3alMii W YacTHBIX JIMI, KOTOpBIE
3aMHTCPECOBAHHBI B IEPEHOCHMOCTH pPa0OYMX TMPOIECcCoB, pa3padareiBaeT s36Ik  Common
Workflow Language (CWL) [39]. Llens paboThI rpyIIibl 3aKIFOUASTCS B CO3aHUU Crien(UKAIIN,
MO3BOJISIIOIIMX TPEICTAaBUTENSIM HAaydHOrO COOOIIECTBA ONUCHIBATH MOIIHBIE, IPOCTHIE B
WCIIONIb30BaHHUH, IOPTATUBHEIE M TTOICPKUBAOIIIE BOCIIPOM3BOANMOCTD pabouwne rporecchl. [Ipu
NIPE/ICTaBJICHUH psijla KOHCTPYKIMHA pabounx mpomeccoB (Hampumep, KoneeiiepoB) CWL
UCTIONB3YyeT BO3MOXKHOCTH s3bikoB YAML Ain't Markup Language (YAML) u JSON. s
KOHTeWHepu3anuu npukiaaaoro [10 B MOPTaTUBHBIX Cpelax BBIMOJIHEHUS MIPUMEHSETCS] CUCTEMa
Docker. On npennasnaueHn s onucanus PI1 ¢ MHTEHCHBHBIM HCTIONB30BaHUEM JaHHBIX 00TaCTSX
HCCIIeJOBAaHUH, TaKUX Kak OMonH(oOpMaTHKa, MEAMIMHA, XUMHs, PU3MKa U acTpoHOMUs. Bepcus
1.0 s3p1ka CWL Beimymiena 8 utons 2016 .

Pa3paborka u pa3BUTHE CTaHIAPTOB ONHCAHUS BEO-CEPBUCOB MPEICTABICHO B PETPOCIIEKTHBE Ha
puc. 1. IlpencraBieHHOe Ha JAaHHOM PHCYHKE pa3BUTHE SI3bIKOB CHENU(UKALNH BeO-CEPBHCOB
0000111aeT, YTOUHSIET U JIOMONHSET quarpammal u3 [18].

j\-MI' WSDL - REsT CeprHC-0PHEHTHPOBAHHAS APXHTEKTY Pa WPS
SOAP Upm f = |
i I
f; : / YAWI |
J'l : ,«x BPSS (Technische l
| XPDL i,/ BPML  (0asls,  WSCI Universiteil  BPEL4WS 1.1 | WS-BPEL 2.0 cwi
LIWEMO) : ¢ (BPM UN/CEFACT) (Sun)  Eindhoven)  (0ASIS) : (DASIS) T
" ! //,,/’ |
1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 .. 2016
XLANG WSFL WSC| BPELAWS 1.0 WSO
(Microsoft) (IBM) (Hewlett- (IBM., Microsoft. (W3C)

\P:“—"\iml} BEA Systems)
C.'I'Lﬂl.’[ill"'l'h[ OIMHCAHHHA [\c'.IGU‘IHN Hnpoiegccon

Puc. 1. Pazsumue a3v1k06 cneyugurayuu pabouux npoyeccos.
Fig. 1. Evolution of workflow specification languages.

4. UHcmpymeHmanbHbIlU KOMIIIEKC

Cymectyronie CYPIT [40]) B TOM umcie CHCTEMBI, OOCCIEUHMBAIONINE MOAIEPKKY CEpBHC-
OPHUEHTHPOBAHHOM MapamurMel pazpabotku npukiagaoro 110 [7-9], mHpoKo MCIOMB3YIOTCS IS
CO3aHMS ¥ IPUMEHEHUs HAy9HBIX NPHIOKEHUH U yIpaBJIeHHS HMH B BBIYHCIUTENBHOHN cpene. K
COXKaJICHHIO, CIIEHAIN3UPOBAHHbIE CPEICTBA HEMIPEPHIBHOW MHTErpanuu paszpadareiBaemoro I10,
OpraHU3alUK PACIPENENICHHBIX 0a3 TaHHBIX M Pa0OTHl ¢ HUIMH B IIAMSATH BBIYUCIUTENIBHBIX Y3JIOB,
TecTupoBaHus u ucbiTanus koMmrmoneHToB COHII B 3Tux cucremax cmabo pa3BHUTEHI.

B oToif CBS3M B CTaThe MPEICTAaBIEH HOBBI HHCTpYMEHTaIbHBIN Komruiekc Framework for
Development and Execution of Scientific WorkFlows (FDE-SWFs). FDE-SWFs otHocuTcst K
kmaccy CYPII. On 6a3zupyercs Ha momxone K pa3paboTKe pacrpeeIeHHBIX TTAKeTOB MPUKIIaIHBIX
nporpamm B BCI'P, momnepskuBaemom ¢peiimBopkom Orlando Tools (OT) [41], u B Toke Bpemst
CYIIECTBEHHO PAa3BHBAET U JIOMOIHACT er0 (PyHKIHOHAIBHBIE BO3MOXKHOCTH.

FDE-SWFSs Bkio4aeT CleIylonMe OCHOBHBIC IOJCHCTEMBI: IOJIb30BATENbCKUN HUHTEp(eEiic,
CHCTEMHBIE KOMIIOHEHTHI Ul KOHCTPYHPOBAHHSA M cHenn(UKAINK BEYHCIATENBHBIX MOJENeH, a
TaK)Ke YNPABICHUS] BBIYUCIUTEIBHBIMU TpOIECCAaMH M CPEAOH X BBIMONHEHMA. s gocryma
MoNb30BaTeNieil K BHEITHMM HH(OPMAalMOHHO-BBIYMCIUTENBHBIM pecypcaM M CHCTEMaM, C
KOTOPBIMH UM HEOOXOTMMO B3aMMOZIEHCTBOBATH ITPH MOJATOTOBKE M IIPOBEICHUH BBIYHCIUTEIBHBIX
9KCIIEPUMEHTOB, OH TMpeaocTaBisier Habop crenmanm3upoBaHHblXx APl.  basa 3nanwmit
MHCTPYMEHTAIBHOTO KOMIUIEKCA  COJCPXKUT  CHENM(UKAIMIO  BBIYUCIUTENBHBIX — MOJENeH
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paspabateiBaeMbIX TpwiiokeHui, PII m cBenmeHmst O BBIYMCIMTENBHBIX pecypcax. Vcxomnas
nHdopmanus u pe3yabTaTsl BeinonHeHus PIT xpansaTces B pacyeTHbIX 0a3ax JaHHBIX.

BrruncnurensHast moznens COHII onuceiBaeTcs B BUie CTPYKTYpHI
M=<ZTM,0,S,P,SW,N,R >,
BKITIOYAIOILEN CIIETYIONINE OCHOBHBIE 3JIEMEHTBL:
e 7 — MHOXXECTBO 3HaYMMBIX [TApaMETPOB MPEIMETHOI 001acTH TPUIIOKEHUS;
e T — MHOXECTBO UX JJOIYCTHUMBIX THUIIOB,;

e M — MHOX€ECTBO MPOrPaMMHBIX MOAYJIEH, MPEICTABIISIONINX AITOPUTMUUECKIE 3HAHUS
TpEAMETHON 00JIACTH;

e (0-— COBOKYITHOCTb a6CTpaKTHBIX BBIYUCIIUTCIIBHBIX onepaunﬁ n onepaunﬁ 06pa60TKI/I
JaHHBIX, OTPpAXAIOIIUX CEMAHTUKY aJITOPUTMUYCCKUX 3HAHUI B MOACIIN,

e S — MHOXECTBO CEPBHCOB, PEaM3YIOIINX a0CTPAKTHBIC OMEePAIlHH;

e P — MHOXECTBO IMOCTAHOBOK 3a7a4, GOPMYIHPYEMbIX B IPOLEAYPHOU HWIN
HEMpOoLeAYPHOI (hopMax Ha BEIYMCIIUTEILHONW MOJICIIH;

e SW —wmuoxectBo PII, HOCTpOEHHBIX Ha OCHOBE MPOLIEAYPHBIX WM HEMPOLELYPHBIX
NIOCTaHOBOK 3a/a4;

e N —MHO)ecTBO pecypcoB BCI'P, Ha KOTOpBIX pa3MemaroTcs ¥ BBITOTHIIOTCS MOIYJIH U
CEPBUCHI IIPUIIOKEHUS,

e R —cBMB3MU MEXAY BBIICTICPCUNCIICHHBIMHU MHOXKECTBaAMU 00BEKTOB MOICIIH.

B obmem cinydae muoxkecrta Z, O, M, S u SW BKIIOYAIOT MOJMHOXECTBA MPUKIAJHBIX H
CHCTEMHBIX 00BeKTOB. I[IpukmanHble OOBEKTHI CO3MAIOTCS Pa3pabOTYMKOM MPUIOKEHHS U
JOTONHSIOTCS.  TIPEJIONIPEACIEHHBIMA  CHCTEMHBIMM ~ OOBEKTaMM, MpeIHA3HAYCHHbIMU IS
MOAJIEPKKY B3aUMOJIeWCTBHsI MOMLyJiel, cepBucoB U PI1 ¢ komnonentamu FDE-SWFS u BHemHUME
UH(OPMAIMOHHO-BHIYUCIUTENEHBIM peCypcaMi M CHUCTEMaMM IIpH IOATOTOBKE W IIPOBEACHHUU
9KCTIEpUMEHTOB. KOHCTPYKTOp BBIUMCIUTENHHON MOMENHN MOJIEPKHUBAET BO3MOKHOCTh CO3HAHUS
HOBBIX orepanuii B O Ha ocHose PII, a Takke reHepaimio mporpamMm Ha si3sike Python ms PIT ¢
TIOCJIEAYIOLIMM BKJIFOUEHHEM CT€HEPUPOBAHHBIX MIPOrpaMM B MHOKECTBO M.

BeruncnurensHas MozeNnb TPEACTaBIIsAET KOHLENTYaJIbHBIH YPOBEHb BBIUHCIMTEIBHOM CpEabl
COHII, Ha KOTOPOM ONpPEHENIAIOTCS IOHATHA W CBSA3M MEXIY OOBEKTaMH IPOrPaMMHO-
anmapaTHOro, MPOrPaMMHO-AITOPUTMHIECKOTO U CEPBHC-OPHEHTUPOBAHHOTO YpOBHEW (puc. 2).
Ona mo3BoisieT pa3paboTUMKaM W MONB30BATEISIM MPWIOKEHNH B3amMoneiictBoBath ¢ BCI'P u
YIPaBIATh €€ KOMIOHEHTaMH Ha aOCTPAaKTHOM KOHIIENTYaJdbHOM YPOBHE, KOTOPBI BO MHOI'OM
CKPBIBAET JIETAJIN OPTaHU3AINH BHIYMCIUTENBHBIX MPOIIECCOB HAa APYTUX YPOBHSAX.

Konctpykrop PII obecrieunBaeT WX MOCTPOCHHE HA OCHOBE TMPOIEIYPHOU FUIH HEMpOLETYPHOU
MIOCTaHOBOK 3a7a4. B mepBoM cirydae, pa3paOboTUHK IPHUIIOKEHHS CAMOCTOSITEIBHO CTPOUT paboyuuii
MIPOLIECC B MHTEPAKTHBHOM PEXHME C HCIIONb30BaHNEM MPENONPEAEICHHOro Habopa onepaTopoB
BBINTOJTHEHHS OTEPALNH, BETBICHHS, Pa3JINYHOTO B/ LIUKIOB, 00paOOTKH MapaiieIbHbIX CIICKOB
JAHHBIX W JPYTUX KOHCTPYKIui. B ciydae HempollenypHON NMOCTaHOBKH 3allavd, pa3paboTIHK
OIIPEZIEISIET MHOXKECTBA MCXOIHBIX M IIEJEBBIX MAapaMeTpoB. 3aTeM BCTPOCHHBIN ITAHHPOBIINK
aBTOMATHYECKH CTPOHMT MOCIENI0BATENbHOCTh BhINONHEHNs omnepammii PII ¢ membro pacdera
3HAYEHHH [IEJIEBBIX MTapaMETPOB.

Ilocne 3aBepmenust moctpoenuss PII maHHBIA KOHCTPYKTOp OOECIEUMBAET BO3MOXKHOCTD
aBTOMATHYECKOro (OPMHUPOBaHMA MX crerudukammi Ha s3pike BPEL, a Takke aBTOMaTHIECKYIO
TEHEPAaLHIO MPOrPaAMMHOTO KOJIa BBITOIHEHHUSI 3THX PabOYiX MPoLeccoB Ha si3bike Python c nensro
obecrieueHns1 BO3MOXXHOCTH 3arrycka 1 narepnperanuu PI1 aBToHOMHO 0T cpensr FDE-SWEFs.
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Konctpykrop PII noanepxuBaer Busyanuszanuio PII B Buae ABYZOIBHOrO HAaIpaBICHHOTO
armkingeckoro rpada. I'pad BKIIOYaeT TONBKO J1BA THIA BEPUIMH (TIapaMeTphl U ONEpaLiy) U 1Ba
THIA Oyr MEXIy ATHMHU BEpIIMHAMH: BXOJHAsl Oyra COEAMHSET BEPIINHY-BXOJHOH IapaMmeTp C
BEpIIMHON-0ONepalyel, BEIXOJHAA Tyra COEIUHIET BEPIIMHY-ONEPAIMI0 C BEPIINHON-BBIXOAHBIM
napamerpoM. IIpumeps! Busyanusammu PII, HOCTpOEHHBIX HAa OCHOBE NPOLEAYPHOM U
HETpOoIeJypHO! TIOCTAaHOBOK 3a71ay, MPUBECHBI Ha PHC. 3.

PaspafoTimnks 1 m

NONEIOBATETH g |
TIPHIOACHHT ]

— === KOHLenTyaibHuIil YpoBenn

Y poBeHb cepBHC- '71/7
OPHEHTHPOBAHHOTO

+
I
L4
noeCTee s
e Y POBEHE OPOTPAMMHO-
A ANMTOPHIMHYECKOTO
ofecneseHus
: g 2 Vi ;
+~————— YopaeneHne gt e Y pOBEHL HPOTPAMMHO-
—————— »  KounuenmyaibHbe crasm ST annaparHoro obecnedenns
LERE T »  Kondurypaunouusie ceasu

Puc. 2. Yposnu apxumexmypul 6bl4uciumenvHoil cpeobl Cepeuc-opueHmupo8antblX RPUTONCEHU.
Fig. 2. Architecture layers of computing environment for service-oriented applications.
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Puc. 3. Busyanuszayus PII,
NOCMPpOenH020 Ha ocHoge npoyedyproti(a) u nenpoyedyproti (b) nocmanosox 3adau.
Fig. 3. Visualization of the scientific workflow
based on procedural (a) and non-procedural (b) problem formulations.
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5. Cucmema ynpaeneHus PI1

Ha puc. 4 npencraBiena cxema paborsl BCI'P. FDE-SWFS peasm3oBan Ha mporpamMMHOH
miatrpopme Node.js. PazpaGorTumku NpuiIoKEeHHH C MOMOLIBI BebO-HHTepdeiica KoMIUIeKca
OIUCHIBarOT BerauciuTensHyto Mozaens COHIT. Ha BerancnurensHoO#M Monenu pa3padoTIuK CTPOUT
PIT no mponenypHoil mim HENpoUenXypHOH mocTaHoBKaM 3anad. PII, Moxker ObITH peann3oBaH
cleAyIonMMH criocodaMu: Ha ocHoBe komnozuimn WSDL-cepBrcOB, npe/cTaBiIeHHON Ha SI3BIKE
nporpammupoBanuss Python; B Buge otmensHoro WPS-cepBrca, KOTOpBIH —peann3yeTcs
TpamuioHHbli PII Ha oOcHOBe WCHONHAEMBIX MOAyded W 3aJaHUil UId  BHEIIHHUX
METaIUIAHMPOBIIMKOB M CHUCTEM YIpaBleHHsS 3amaHusMu, Takux kak Condor DAGMan wu
HTCondor; ¢ moMoIisio cTaHIapTU3UPOBAHHOIO JIeKIapaTUBHOTO si3bika BPEL.
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Puc. 4. Cxema pazpabomru u npumeneHust nPUioNHCeHuUll.
Fig. 4. Scheme of application development and use.

B mnocmemnem cmydae, PII Moxker wucmomb3oBaThcs J0ObiMu  BHemHUMH — CYPII,
noanepxkuBatomumu BPEL. Ha puc. 5 nmpeacrasnens! cxemsl BeinonHenus PI1 mox ynpasiennem
FDE-SWFs.
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B pamkax Cxemsr 1 monb3oBarens ¢ momomipio uaTepdetica FDE-SWFs popmynupyer nocraHoBKy
3aJaud Ha BBIYMCIUTEIFHYIO MOJIETb NpeaMeTHol obnactu. [lo chopmynnpoBaHHON MMOCTaHOBKE
3ala4d MOAYJb IJIAHUPOBAHUS BBIYKCIICHUI BBINOIHSAET MOCTPOCHHE IUIaHA pEIICHHE 3aJayd B
Bune PII BO BHYTpeHHEM IIpEACTAaBICHUH CHUCTEMBL. MOIynb IpeoOpa3oBaHMs ITPOU3BOIUT
konBeprarmto PII ma BPEL pmns wucmoms3oBammss Bo BHemHux CYPIL Jlanee Momyns
HMHTEPIPETalluy OCYIIECTBIAET ACHUHXPOHHO IapajulelbHOE BBINOIHEHUE IMOCIEA0BATEIbHOCTH
onepauuit PI1, npencrasnennsix B Buae komrnozuunu WSDL-cepBucos. [lonydeHHble B pe3ynbTaTe
BbinoiHeHuss Kommo3unuu WSDL-cepBuCOB pacyeTHbIE aHHBIE COXPAHSIOTCS B XPaHWIHIIE
naHHbIX. [lo 3aBeprieHuto BeimoiHeHUs PII monmp3oBaTens MOXKET OCYIIECTBUTH BH3YaJIU3aLHIO
PacUeTHBIX JAHHBIX C LEJbI0 UX JaJbHENIIEro aHaausa.

Cxema 2 B ommmumu or Cxemsl 1 mpeamonaraer, yto onepamuu PII, BMecTo mpeacraBieHbI
nporpaMMHbIME Moayismu. Ilpouecc BeimonHeHust PII cocrour B cienyromem. Crenuanuct
npeAMeTHOW  obnacti  (KOHEYHBIH  Monb30Barenb) (GOpMYIMpYeT TOCTAaHOBKY — 3a/1a4H,
MOATOTABIMBAET HMCXOAHYIO WH(OpMAIMIO M HCHONHSEMBIE MOIYIHM C TOMOIIBI0 MEHEeIKepa
BBIUMCIIEHHH. 3aTeM BBIOMpaeT HeoOXoIuMbIe pecypchl (pecypchl cynepkomnbioTepHbix KT,
o0sauHBIX TUIaT(GOPM, COOCTBEHHBIX BHICOKOIPONU3BOIUTENBHBIX CEPBEPOB H JIP.) C yIETOM KBOT Ha
UX WCHOJNB30BAaHME M CMOCcOOBl JocTyna K HUM. Menemkep aBromartndecku ctpout PIT u
reHepupyeT CHeUU(UKALUI0 BBIYUCINTENbHOr0 3ananHus. [lojcucreMa KOHTEWHEpH3alUH
OCYIIECTBIISIET BbIJICIEHHE TPEOYEMBIX PECYPCOB, MOJTOTOBKY 00pa30B B COOTBETCTBHH C KJIaCCAaMH
pecypcoB U mpukiIagHbIMu MoxysiMu PII ¢ mocnenyrommm 3amyckoM KOHTEHHEPOB Ha JTaHHBIX
pecypcax (puc. 6). Ilo roroBHocTH pecypcoB s 3amycka PIT mepemaercst coobmienne CYII3
(mampumep, HTCondor wnu PBS Torque), koropas Takke HHTErpHpoBaHa B o0Opasel [locie
3aBepiieHUst BeIMoigHEeHUs PII MeTamnmaHHUpPOBIIMK OTIPABISIET MOIYYCHHBIE pE3YAbTATHl B
pacuerHyto 0Oa3y naHHBIX. [lojb30BaTenb TaKKe MOXET IPOM3BECTH BU3YAIM3aIMIO PACUETHBIX
JAHHBIX.

Monrsosarenn  Saf™ [oassosarean  Maf® HNoapzosarems P
HPHRE S v g npunomenss gt Teonoprama r.
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Puc. 5. Cxemvi ¢vinonnenus PIT: Cxema 1 (a), Cxema 2 (b) u Cxema 3 (C).
Fig. 5. Schemes of the scientific workflow execution: Scheme 1 (a), Scheme 2 (b) and Scheme 3 (c).
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Fig. 6. Scientific workflow execution in a containerized computing environment.

Bosmoxknocts BbinonHenust PI1 ¢ nmomoisto WPS-cepBucoB peanusyercs Cxemoit 3. B atom
ciyqae PII peructpupytorcs kak WPS-cepBucel. FDE-SWFs aBtomarusupyer cosnanue,
peructpanmio u npuMeHenue WPS-cepBucoB. B uactnoctn, FDE-SWFs apromartnuecku
peructpupyer nporpamMmueile Moxynmd u  PII B Bume acmmxponHeix WPS-cepBucoB B
COOTBETCTBYIOIMX KaTajlorax Ha reomopraie. PI1 Moryr BKito4aTh BBI30BBI Ipyrux cepsuco WPS,
YTO TO3BOJIsIeT paboraTh ¢ Habopamu cepBucoB. B FDE-SWFS nomnepxuBaercsi BO3MOXKHOCTb
obmena aiinamu mexxay WPS-cepBucamMu B KayecTBe MX IapaMeTpoB, B TOM 4YHCIE OOMEH
JaHHBIMH C CUCTEMOH XpaHeHUs JaHHBIX Ie0IopTaa.

Ha puc. 7 npuBenex rpaduk BpeMeHH pa3pabOTKH U BBITOIHEHHS TECTOBOTO MPHIIMKEHHS C JBYMSI
PIT B OT u FDE-SWFs niist Bcex Tpex cxeM, MpeCTaBICHHbIX BBIIIE, ¢ HAKOIUIEHHEM UTOTOBOTO
pe3ynbrara. beuth ydTeHbl CeAyolHe ATamnbl pa3paboTKH U MPUMEHEHHS TPUITIOKEHUSI ISl OTHOM
W3 3aJa4d KCCICJOBaHMS MPOLECCOB (DYHKIMOHMPOBAHHUS W CBOMCTB MOJEIH JHEPreTHYECKOM

uH(ppaCTPyKTYpHI:
1) omnmcaHue BBIYHCIHTEIBHON MOICIH;
2) xonctpyuposanue PII 1o mporie1ypHO# MOCTaHOBKE 3a/1a4H;
3) xonctpyuposanue PII 1o HemporeIypHO# MOCTAHOBKE 3a/1a4H;
4) xoudurypuposauue pecypcos BCT'P;
5) BBOZ MCXOAHBIX JaHHBIX;
6) samyck u BeIoIHEHME PIT;
7) momy4eHue pe3yabTaTOB BBIYHCIICHHIA;

8) Bu3yanuzamus pe3yiabTaTOB BHIYKMCICHHI.
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Fig. 7. Test application development and execution makespan.

ITpu pabore c cepucamu B OT IOMOTHUTENBHO YYUTHIBAINCH BPEMEHHBIE 3aTPaThl HA UX CO3AaHNE
B py4HoM pexxume. B FDE-SWFS cepBuch! ist BbINoNHEHHs: Motyiel puknaanoro [10 co3patores
aBTOMAaTUYECKHU. Pe3ynbTaThl CPaBHUTEIBHOIO aHAJIN3a BPEMEHH BBIIIOJIHEHMS NOKa3bIBAIOT, YTO
pasButue GpyHKIMOHANBHBIX Bo3MoxkHocTe OT B FDE-SWFS no3Bomniio cyiiecTBeHHO COKpaTHTh
BpPEMEHHBIE 3aTPaThl IPH BHIIOTHEHUH BCEX TPEX CXEM.

6. CpasHumenbHbIlU aHanu3

B paMkax CpaBHUTEIBHOTO aHAM3a PACCMATPHUBAIOTCA — CIIEMYIOIIHe (DYHKIIMOHAIBHBIC
Bo3MmoxkHoctu FDE-SWFs:

o moamepxka PIT B Bume HampaBieHHOro rpada ¢ MUKIaMH U BETBICHUSIME (C; );

e TOJIEpKKa cepBHCc-opreHTHpoBaHHBIX PIT (C,);

e mojepkKa cranmapra crenudukanuu PIT (c3);

o mozmepkka B3anmoneicteus ¢ WPS-cepsucamu (c,);

o moanepxka Konrtehrepusammu 10 (cs);

e TeHepanWs aBTOHOMHBIX MPOrpaMM Ha 0a30BOM S3bIKE IPOTPAMMHPOBAHHS IO

BoimonHenuto PIT #esasrcumo ot cpenst CYPIT (cg).

Crenenp peanmuzamuu QyHKIMOHAIEHOW Bo3MokHOCTH B CVYPII ompexpensiercss cieayronInMu
mokazarensiMu: peanuzoBano (1), yactuuno peanmsosano (0.5), ve peanmmzosano (0). Beca wy—wy
BOCTPEOOBAHHOCTH  (DYHKITMOHAILHOW BO3MOKHOCTH 3aJaHbl HAa OCHOBE arperMpoOBaHHBIX
CyOBEKTHBHBIX OIICHOK TOJIb30BaTENel. Pe3ybTaTel CPaBHUTEIBHOTO aHATM3a TIPHBEICHB! B Ta0I.

2. E — 3T0 cymMMapHasi OIeHKa paccMaTpuBaeMoro Habopa (YHKIHOHATBHBIX BO3MOXKHOCTEH
CYPII, onpenensieMast COOTHOIICHUEM

— n
E= Zi:l WiCi,

Trac n — YucCio q)yHKHI/IOHaHLHLIX BO3MOJKHOCTEH.
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Tabn. 2. @ynkyuonanvhuvie so3modichocmu CYPII.
Table 2. WMSs capabilities.
CVYPIT/
wMs 1 ¢
oT 0.5 0 0 05 0.5 0 050 0.75 0.50 0.30 0.90 0.30 0.85

€3 €4 €3 Co W W, W3 W, Wg W E

Pegasus O 0 0 0 10 05 1.05
Apache o 16 5 0 10 05 1.80
Airflow

Galaxy 1.0 10 10 0 10 O 2.65
FDE- 2.65

SWFs 10 10 10 05 05 10

st cpaBHeHus BeIOpansbl npenmectBeHHUK FDE-SWFs — ¢peiimBopk OT, cucrema Pegasus, onxa
u3 nunepoB cpemu TpamuimonHeix CYPIL, u cucrembr Apache Airflow [42] u Galaxy,
MIPEJCTaBIAIONIME AaKTMBHO pa3BUBarolleecs HampapieHue cucteM mnogaepkku COHII. B
KOHTEKCTE paCcCMaTpUBAEMOro Habopa BO3MOKHOCTEH nepamu sieisirorest Galaxy u FDE-SWEFs.
3TO BO MHOrOM OOYCJIOBJIEHO TOAIEPIKKOH cepBHc-opueHTHpoBaHHBIX PII, cranmapruszanmeit
cierdukanmii pabovnx MPOIECCOB M OCOOCHHOCTSMH CHElHaIH3allii JaHHBIX chcTeM. Tak,
HarpuMmep, XapakKTepUCTHKHU C, U C; MMEIOT HEBBICOKHE Beca W, U Wy CPEIW MOJIb30BaTelei
tpamuionHbix CYPII. OpnHako ¢ Toukm 3peHus mnonb3oBatencii FDE-SWFs B obmactu
UCCIIEZIOBAHMUS CUCTEM SHEPTeTHKH 3TH XapaKTEPUCTUKHU MPHOOPETAIOT OOJBIIYI0 BAXKHOCTB.

7. [f[pakmuyeckoe ucnosib308aHue

B nacrosiiee Bpemst FDE-SWFS ycnemno ucnonb3yercst npu pa3paboTke W NMPUMEHEHHUH psilia
NPWIOKEHUH A  pelleHus 3ajad B OONacTH HCCIISNOBaHUS CBOMCTB M IIPOLIECCOB
(YHKIIMOHUPOBAHUS KPUTHYECKH Ba)XKHBIX 3HEPreTHYecKux MHQpacTpykTyp. B wactHOCTH, C €ro
MIOMOLIBIO OCYILIECTBIIAETCS MOATOTOBKA M NPOBEACHHE KPYMHOMACIUTAOHBIX IKCIIEPUMEHTOB IS
peLIeHns CIeAyIOmuX 3a1ay;

e r00abHBIN aHAIU3 CTENICHH YsI3BUMOCTH dHEpreTudeckux unppactpykryp [43];

e OIICHKA MaJICHUs IPOM3BOANTEILHOCTH CUCTEM IHEPIETHKH M3-3a HEOPIHMHAPHOIO MOTOKA
OTKAa30B KX 3JIEMEHTOB IPH BO3HUKHOBEHHHU KPYITHBIX BHELIHUX BO3MyIeHuit [43];

e mpoduIMpoBaHHEe W TOCHenyomas oneHka 3¢dexkTuBHOCTH padoThl aITOPUTMOB
onpenereHns HaIeKHOCTH (DYHKIMOHMPOBAHHMS OSHEPTeTHUYECKHX CHUCTEM pPa3IMYHON
koH(urypauuu [44];

e ompexenieHWe HanOoiee MOAXOAAIINX aJrOPUTMOB  CTPYKTYPHO-IIApaMETPHIECKOM
ONTUMHM3AIMK MOJEJTel JHEepPreTMYecKMX KOMIUIEKCOB HA pAasHbIX YPOBHIX HX
TEPPUTOPHAIIEHO-OTPACIIEBOM HepapxXun c TIOMOIIIBI0 TECTUPOBAHHS u
MHOTOKPUTEPHAIBHOTO BEIOOpa HCCIIEyEMBIX aaropuTMoB [45].

OtnuuurenbabiMu ocobennocTsiMu FDE-SWFS nipu pazpaborke COHIT Ha ocnoBe PIT B cpaBHeHMH
¢ m3BectHBIMU CYPII sBnsttoTest:

e wucrosnb3oBanue Texuonmoruu In-Memory Data Grid mist pasmertienns pacrpeie/ieHHbIX 6a3
JaHHBIX B ONEPATUBHOM MAaMSTH Y3JIOB Cpelbl C HENbI0 CYIIECTBEHHOI'O YCKOPEHHUS
00paboTKK ¥ aHAIIN3a ATUX MaHHBIX [43];

® CO3JJaHME HCIBITATENBHBIX CTEHIOB, INPEAOCTABIBIIOIINX pa3paboTyhKaM CpencTBa
MIPOBEACHUSI OKCIIEPUMEHTOB IO OIEHKE KadecTBa 00pabaThIBAeMbIX JaHHBIX,
¢yHKIMoHMpoBaHus mnpukiagHoro [10, aHanmm3a pe3yabTaTOB pPAacdyeToOB M APYIHX
ocoGeHHOCTe# pa3pabaThiBaeMbIX mpriioxkeruit [44, 45];

e xoHcTpynpoBaHue PII ¢ MCHonb30BaHMEM CIEIMAIbHBIX CHCTEMHBIX ONEPAaTOPOB, B TOM
YHCIIe ONEepaTopoB arperupoBaHMs M J€3arperupoBaHMs JIAHHBIX, TIPOBEICHUS
MHOTOMETOHBIX PACYeTOB, TMHAMHUYECKOrO NIAHMPOBAHUS BRIUMCICHHH U 1p. [44, 45].
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FDE-SWFS akTMBHO HCIONB3yeTCsl B y4eOHOM Ipolecce B paMKaX IUCLMIUIMH I10 H3YYEHHUIO
MapaJIeTbHBIX M PACIIpEeIeHHBIX BBIYUCICHUH ISl CTY/ICHTOB M aClMPAaHTOB 00pa30BaTEIbHBIX
opraHu3zanuil.

8. 3aknroyeHue

C pa3BuTHEM HAy4HBIX TIPWIOKEHHH, OCHOBaHHBIX Ha paboyMx Tmpoleccax, BO3HUKAET
000CHOBaHHasl TMOTPEOHOCT, B HMX pPa3BEpPTHIBAHMM C HCIIOJIb30BaHHEM cepBUCOB. CepBuc-
opuentupoBanusle CYPII 3auacTyio CymiecTBEHHO pacuIMpSIOT BO3MOXKHOCTH TpaJWIMOHHBIX
cucteM noAoOHOro HazHaueHus. OHHM peaNu3ylOT HOBYIO apXHUTEKTYpy, OTBEYAIOIIYIO
COBpPEMEHHBIM OHM3HEC-TIapaJiurMaM TPOBEICHHsT KPYIMHOMACIITAOHBIX MEXIUCIUTLIMHAPHBIX
uccnenoBaHuii Ha ocHoBe PII 1 B OJTHO# Mepe MCToNb3YIoIIeH MpenMyIecTBa HHPOPMAIIMOHHBIX
Y KOMMYHUKAIIMOHHBIX TEXHOJIOTHH.

B aT0ii cBsI3M B CcTaThe pacCMOTPEHBI BaXKHBIE acreKThl pa3dpaborku W npumMeHenus COHII u
peanuzanuu BblLeynnoMssHyTol apxutektypsl B BCI'P cpencrBamu FDE-SWFs. Otnuuurenbhas
ocooenHocth FDE-SWFs 3akmouaercst B obecrieueHHH pa3HOOOpa3HBIX CIOCOOOB MOCTPOSHHUS U
BemonHeHus PII. PIT ctpourtcs mo mpoueaypHO#l Wi HempoleaypHoi moctaHoBKaM 3afgad. OHu
MOTYT OBbITh peanu3oBaHbl Ha ocHoBe kommo3uiiud WSDL-cepBucoB, B Buae otnenbaoro WPS-
cepBuca, KOTOPBIN peanusyercs TpaauuuoHHbIi PII Ha OCHOBE HCIIONHSAEMBIX MOAYJIEH U 3a0aHUN
JUIs. BHEHIHUMX MertaruiaHupoBiiukoB n CYII3, a Takke ¢ MOMOIIBIO CTaHAAPTU3UPOBAHHOIO
neknaparuBHoro sizbika BPEL. CoorBercrBenno B FDE-SWFS peannzoBano Tpu cxembl
pa3pabotku u BeimoiaHeHus PI1. Kpome Toro, mokazaHo, 4To B CpaBHEHHH C M3BECTHBIMH CEPBHC-
opueHtupoBanabiMd  CYPII FDE-SWFs mnpemocraBisier psii  BaKHBIX JOMOJHUTEIbHBIX
BO3MOXKHOCTEH. B mx umcie wucmonb3oBanue TexHoimoruu In-Memory Data Grid, cospmanue
UCTIBITATENIbHBIX CTEHAOB M KOHcTpyupoBaHue PII ¢ ucronb3oBaHHEM CliEHUANbHBIX CHCTEMHBIX
orepatopoB. B Hacrosimiee Bpemsi FDE-SWFs ycnemHo ucnonb3yercsi npu pa3paboTke psiia
MIPWIOKEHUH Ul pellIeHus 3a/1a4 aHalnu3a MPOM3BOANUTENBHOCTH U YSI3BUMOCTH dHEPTeTHIECKUX
uHdpactpykryp u  uccnenoBanus dddexTuBHOCTH  pabOTHl  ANTOPUTMOB  CTPYKTYpPHO-
napaMeTpUuecKol ONTUMHU3ALUK TAKUX HHPPACTPYKTYP.

B paMkax Oymymux uccienoBaHui MPUCTaIbHOE BHIMaHKe OyeT BOIpocaM MOBBIIIECHHS CTEIICHN
aBTOMATU3alMK WHTETpallill M KOHTEHHepu3aluu CHCTEMHOro u mpukianHoro IIO c mensro
JanbpHeimero yny4qmeHus 3Qp(eKTHBHOCTH pa3BepThIBaHUs U BbINONHeHUs npunoxenuit B8 BCI'P,
a TaKkKe ONTHUMM3ALMH MCIONb30BaHUS BBIUHCIUTEIBHBIX pecypcoB. Kpome Toro, miaaHupyercs
pa3paboTka METONOB M CpEICTB OOECIICUEHHs BOCHPOM3BOIUMOCTH  BBIYUCIHTEIBHBIX
SKCIIEPUMEHTOB M0 BhINONHEHUIO PIL.
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Abstract. In the last decade, Learning Analytics (LA) has evolved in a positive way, considering that the term
emerged in 2011 through the Society for Learning Analytics Research (SOLAR). This area of data analytics
can be identified as a specialization of Educational Data Mining (EDM). LA emphasizes student learning
outcomes. In addition to, a better understanding of student learning behavior and processes. While EDM
focuses on helping teachers and students with the analysis of the learning process using popular data mining
methods. The purpose of this research is to explore the first decade of work with the application of Learning
Analytics in Higher Education Institutions (HEI) in the context of Tutoring Information Systems (TIS), with
the intention of supporting institutions, teachers and students to decrease dropout rates. This article presents a
systematic literature review (SLR) with 17 primary studies, comprised between 2014 and 2024. The findings
reflect the use of LA in improving or optimizing learning using student academic history obtained through
Learning Management Systems (LMS), noting the scarcity of works with a focus on tutoring or academic
advising. Ultimately, a gap is opened to apply LA in HEI, with information from Institutional Tutoring Program
(PIT), integrated with information from an LMS, to contribute to student permanence.
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Annoraums. TepmuH yae6Has ananutrka (LA) 6601 BBeieH OBIIECTBOM HCCIEIOBAHHN B 00JIACTH aHATUTHKH
ooyuernst (SOLAR) B 2011 romy, m B mocrnemHee IECATHIETHE 3TO HalpaBlIeHWE Pa3BUBAJIOCh CaMBIM
TIO3UTHBHBIM 00pa3oM. JTa 00JacTh aHAIUTHKU JTAaHHBIX MOXKET OBITH OMpe/ielieHa KaK MHTEIUICKTyalbHBIH
aHanu3 oOpasoBarenbHbIX JaHHBIX (EDM). B nomomHenme k Tomy, uro LA MO3BOMSIET Jydile TOHSTH
TIOBE/ICHHE W TIPOIECCHl OOYYEHUs CTYJCHTOB, ydeOHas aHAJIWTHKA Takke obecreynBaer Ooiee deTkoe
BBISIBJICHHE Pe3yJbTaTOB OOYYeHHUsS CTY/IEHTOB, B To Bpems kak EDM ¢okycupyercst Ha oka3aHHH ITOMOIIN
MpernoaBaTelsiM U yJalluMcs TIPH aHaJIM3e Tporecca o0ydeHHsT ¢ UCIIONb30BaHUEM IOMYISIPHBIX METOIOB
WHTEJUIEKTYaJ bHOrO aHalii3a JaHHBIX. Llenbio JaHHOTO WCCleIOBaHMsS SBISIETCS H3y4eHHE IepPBOro
JeCATHICTHS pabOThI C MPHMEHEHHEM METOIOB y4eOHO aHaIMTHKH B BBICIIHX yueOHbIX 3aBeneHusx (HEI) B
KOHTEKCTe O0yJaromux WHPOPMALMOHHBIX CHUCTEM C IIEJBI0 MOIJIEPIKKH YIPEXKICHUH, MpernoiaBareined u
CTYIICHTOB ISl CHIDKGHHs TOKa3aTeleil orceBa. B 9TOH cTaThe NpENCTaBlICH CHCTEMAaTHYECKUH 0030p
JIuTepaTypsl ¢ 17-10 NEpBUYHBIMHM MCCIEAOBAHUSAMM, NpoBeAeHHbIMU B mepuon c¢ 2014 mo 2024 rog.
[MonmyueHHbIe pe3ynbTaThl OTPAXKAIOT HUCHOIb30BaHHWE LA Ui ynydlleHHs WIM ONTHMHU3AlMK OOYd4eHHs C
UCHOJIb30BAHUEM AaKaJeMHUYECKOH HCTOPUHM CTYAEHTOB, MOJNYYCHHOH C IIOMOILIBIO CHUCTEM YIPaBICHHS
o0y4eHHeM, ¥ OTMEUalOT HEXBAaTKy paboT ¢ aKLEHTOM Ha O0y4eHHE WM aKaJeMHYEeCKOe KOHCYJIbTUPOBAHHE.
B KoHeyHOM cyeTe, BCKPbITA HEJOCTATOYHOCTH NMpuUMeHeHus MeronoB LA B BVY3ax k undopmanmu or
ITporpaMMbl MHCTUTYLIMOHAJIBHOIO OOY4YEHHMS, MHTETPUPOBAHHON C MH(OpPMAIMEH OT CHUCTEM YIPABICHUS
o0y4eHHeM, KOTOpbIe MOTIM Obl BHECTH CBOM BKJIaJ B IOCTOSHCTBO CTYAEHTOB.

KiroueBble cioBa: yueOHas aHAINTHKA, NPENOJABAHUE; KOHCYJIbTHPOBAHHE; CHUCTEMAaTHYECKui 0030p
JIUTEPATYPBI; BbICIINE Y4EOHbIC 3aBEACHUSL.

Jost murupoBanms: Canac-Maprusnec A., Pamupec-Maptuness A., Maptunec-Pamoc C. YueOHas aHaTUTHKA
B BBICILICH IIIKOJIE: JECSATUIIETHE B cUcTeMaThuueckoM ob3ope urepatypbl. Tpyast UCIT PAH, Tom 36, Bbir. 6,
2024 r., ctp. 215-230 (na anrnuiickoM s3eike). DOI: 10.15514/ISPRAS-2024-36(6)-12.

Baarogapuoctu. I'pantom Ne 730418 uccienoBanue GpuHAHCHPOBAIOCh YHUBEpcUTETOM Bepakpyca depes
(bakynpTeT CTaTMCTMKM M HMH(OPMATUKH, ACIUPAHTYpy B OOJACTH KOMIIBIOTEPHBIX HayK, a TaKKe
HarioHanbHbIi COBET MO I'yMaHHTapHeIM Haykam, Haykam W TexHoiorusm (CONACYT). Mbl Takke
6naronapum Beicimii TexHONMOrMYeckuii MHCTUTYT [lepoTe 3a moAnep KKy UCCIeIOBAHUS.

1. Introduction

The use of learning analytics (LA) in the online learning environment has increased exponentially,
because its application can help institutions, teachers and tutors with problems such as decision making
and measurement of student success, considering the digital footprint that can be obtained from
students in each Higher Education Institution (HEI). Currently it is a reality to mention that Higher
Education has been forced to retake the use of technological tools such as Learning Management Systems
(LMS) due to the arrival of the COVID-19 pandemic in two thousand twenty, because although these
tools are not new, there was a resistance to their use in an official way. However, LMS gained great
importance after the pandemic, tools such as Google Classroom, Microsoft Teams and Moodle are
some of the most implemented by HEI in the world [1].

When talking about LA, it is important to mention that it is an incipient term, which arises as a
specialization of Educational Data Mining (EDM), which first appeared in 2005 at the first workshop
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on Educational Data Mining [2], being in 2008 the 1st International Conference on Educational Data
Mining, held in Montreal, Quebec. While LA arises in the summer of 2012, being in the Society for
Learning Analytics Research (SOLAR) where they define it as: “#he measurement, collection, analysis and
reporting of data about learners and their contexts, in order to understand and optimize learning and the
environmentsinwhich itoccurs ” [3]. Meanwhile, EDM is defined as “An emerging discipline concerned
with developing methods for exploring unique types of data that come from educational settings and using those
methods to better understand the learner and the environments in which they learn” [2]. Therefore, we
can say that first, LA places greater emphasis on student learning outcomes, a better understanding of
student learning behavior and processes, in addition to better educational research. Second EDM
focuses on helping teachers and students with the analysis of the learning process using popular data
mining methods.

Some of the areas that have been considered for applying these analytics are:

1. Create alerts for stakeholders: monitor students’ academic progress to quickly and correctly
identify negative student behaviors, such as lack of motivation, dropping out, etc;

2. Group/profile students: separate students into groups according to their individual
characteristics, personality traits, preferred learning methods, and other considerations;

3. Predict student performance: by calculating a performance estimate of grades, knowledge
or score.

However, it has been observed that there has been little exploration of the academic tutoring that
HEI students receive.

It is worth emphasizing that tutoring is an institutional program that arises with the intention of
supporting students in their academic, personal and professional processes during their education in
any HEI in Mexico. Therefore, Institutions such as Normal Schools, Universities and Technological
Institutions, have their respective tutoring programs dedicated to support students during their
academic life. Thus, from these systems it is possible to identify diverse situations of each student,
from economic, health, academic and social points of view, problems that can directly impact their
academic performance and even cause failure and in the worst-case scenario, desertion [1]. Therefore,
thisarticle is an extended version of the research published by Salas et al. 2024 [1], where the updates
of the last decade to perform SLR, the discussion achieved during the presentation of the same at the
11th International Conference on Research and Innovation in Software Engineering (CONISOFT 2023),
as well as the integration of new findings, are considered. The integration of new findings, are part of
the content that can be found in this publication. It aims to provide the reader with the following
points:

Tutoring Information Systems (TIS) that use LA,;

Identify on whom these TIS are focused on;

What are the most common interests in TISs;

How can SITs be quantified and categorized;

How the IES use the LA for tutoring;

How do they interpret and visualize LA-based data in the IES;

What information has been analyzed in the SIT of the IES and what they used for the
analysis.

N o H RN R

2. Background and related work

For contextualization it is important to define that according to Siemens [4], LA is defined as “The
measurement, collection, analysis and reporting of data about learners and their contexts, in order to
understand and optimize learning and the environments in which it occurs . With the implementation of
LA it is possible to find out more hidden information about learners in online learning. For this reason,
it plays a relevant role in online learning whose main interest is to identify problems with learning and
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improve the learning environment.

The following are some of the papers that were reviewed prior to conducting SLR with the intention
of getting into the context of the work on Learning Analytics at HEI. In a study conducted by a
university in Korea, empirical validation of the effects of a Learning Analytics Dashboard (LAD) was
sought the results of this study, it was observed that students who interacted with the LAD scored higher
compared to those who did not use it [5]. These results mark a path with respect to the need to review
the LAD with features that motivate and support students who have different levels of academic
performance [5].

On the other hand, a second study proposes the question: How do we begin the institutional adoption
of learning analytics? This question is a common one among faculty, administrators, and researchers
who seek to conduct Learning Analytics (LA) [1]. In summary, this study builds on established models
for the adoption of business analytics, showcases two projects conducted in Australia, to develop and
evaluate approaches for LA adoption in HEI [3]. The focus of the study highlights the importance of
the socio-technical nature of LA and the complexities relevant to adoption in HEI.

A third study aimed to investigate student expectations regarding the characteristics of learning
analytics systems and the willingness to use these features in learning. It was an exploratory and
qualitative study, applied to 20 university students, who were interviewed about their expectations
about learning analytics features. The findings of the study were complemented with a quantitative
study applied to 216 students [6]. As results it was found that students expect Learning Analytics
functions to support their planning and organization of learning processes, as well as provide self-
assessments, adaptive recommendations, and produce personalized analyses of their learning
activities [7].

Among the studies conducted, there is also "Learning Dashboard for Insights and Support during Study
Advice (LISSA), a LAD designed, developed and evaluated in collaboration with advisors, which aims
to facilitate communication between advisors and students through the visualization of qualifications
that are available in the HEI. The study found that the dashboard supports the ongoing dialogue
between the advisor and student, motivating students, activating the conversation and providing tools
for personalization, depth and nuance to the advising session, providing information at the factual,
imperative and reflective levels, and engaging those involved in an active role during the session
[71.

In another study, the use of a Learning Analytics Dashboard (LAD) to inform the teaching of five university
professors was investigated using qualitative inductive analysis to identify salient emergent themes.
The results of the study showed that instructors did not always draw on analytics with specific
questions, but rather with general areas of curiosity [1]. The findings were synthesized into an
analytical model of instructor use that provides useful categories of activities for future study and
support [3].

On the other hand, an empirical study was identified, whose objective was to analyze both intrinsic
and extrinsic motivation factors perceived through LMS such as Moodle. Said study is based on the
self-determination theory (SDT), the findings of the study reveal that intrinsic and extrinsic motivation
significantly influence the effectiveness of student-perceived learning and the improvement of
academic performance [8].

Another of the studies reviewed, focuses on determining the motivation of students in LA context, in
this study aims to perceive the state of student motivation at a high level of abstraction. The results
showed that it is possible to perceive the state of student motivation at a high level of abstraction [9].
Finally, one study identified was student-oriented, providing information and promoting self-regulated
learning. Inthis study, a LAD design aligned with SRL (Self-Regulated Learning) theory was created,
which was called My Learning Analytics (MyLA) [10], which seeks to better understand how students
use a learning analytics tool. The study consisted of performing a sequential analysis of student
interactions with three different dashboard visualizations implemented in an LMS. The results of
this study showed discriminatory patterns in the use of the dashboard between different levels of
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academic performance and self-regulated learning, particularly for students with low performance
and high levels of self-regulation. The finding of this study highlights the importance of differences
in students’ experience with a student-oriented dashboard and emphasizes that one type of dashboard
does not fit all in the design of learning analytics tools [11].

3. Research method

The research process was initiated through a Systematic Literature Review (SLR) in order to use
explicit and systematic procedures as opposed to traditional research. Therefore, it followed
Kitchenham and Charters’ [12] guidelines on SLR in software engineering and Zhang’s guidelines
[13] proposed under the concept of *Quasi-Gold Standard (QGS) *applied in the identification of relevant
software engineering studies. It is worth mentioning that Kitchenham’s methodology is based on three
phases that are planning, conducting and documentation, to achieve the identification of relevant
studies. However, in this research has been combined with the methodology proposed by Zhang, to
provide greater rigor in the search for relevant studies, considering that Zhang contemplates the
automatic search and manual search to identify relevant studies, in addition to applying a sensitivity
and accuracy assessment that confirm the rigor of the SLR. In addition to considering some
recommendations from the works [14-15] the review proposed in this paper is composed of two
subsections: Planning and Conduction.

3.1 Planning

In this phase, the formulation of the research questions was carried out, the search process was
established, and its description follows.

3.1.1 Research questions

To drive the review process, the following seven research questions were generated, where each
question seeks to clarify the panorama on the application of Learning Analytics in Higher Education
Institutions (HEI).

1. [RQ1] Are there Tutoring Information Systems (TIS) used by the HEI where LA is used?

2. [RQ2] Inthe approaches used, is was at the center the student at the center, teaching tasks or
tutorial management?

[RQ3] What are the declared interests identified in the TIS in HEI?

[RQ4] How can the TIS used in HEI be quantified and categorized?

[RQ5] How does HEI use LA for TIS?

[RQ6] How does the TIS use in HEI interpret and visualize LA-based data?

[RQ7] What information has been analyzed from the TIS and what was used to analyze the
information?

N oo hw

3.1.2 Search process

The search process in this article followed the “Quasigold standard” (QGS) strategy [13]. This
process consists of five steps: 1) ldentify related databases, 2) Establish the QGS, 3) Define or
obtain the search string, 4) Perform the automatic search and 5) Evaluate the performance of the
search. Each of the steps is described below in the context of the investigation.

1) ldentify related databases
In this phase, journals were selected for the manual search and databases (DB) digital
libraries and indexing services for the automatic search to. The following six journals were
considered: Knowledge and Learning, Technology, Informatics in Human Behavior, for the SLR
decade update the following journals were added: Information Development, International
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2)

Journal of Instruction and Perspectives on Psychological Science, for their relevance to the topic
to be addressed, as well as for the Educational Institutions participating in the edition, the
impact factor they maintain and the periodicity of the journal. Six others, by automatic
search, coverage, overlap and accessibility of libraries and search engines. The following
were included: IEEE Xplore, ACM Digital Library, Springer Link, ScienceDirect, Wiley Online
Library and EBSCOhost Academic Search; the selected databases are available in the
information resources of the Consorcio Nacional de Recursos de Informacion Cient ifica y
Tecnoldgica (CONRICyT) provided by the Universidad.

Establish the QGS

In this phase, the inclusion and exclusion criteria are defined, after which a manual search
is carried out in the previously selected journals, which consists of analyzing all the volumes
and identifying the articles that meet the established criteria, in this update of the SLR the
last decade is contemplated, from 2014 to February 2024 and the criteria of the first version
of the SLR are maintained; Table 1 shows the criteria established in this Systematic
Literature Review (SLR).

Table 1. Inclusion And Exclusion Criteria.

Inclusion Exclusion
Id Description Id Description

Access to the publication is through National

Ic1 Consortium for Scientific and Technological EC1 The publication is an exact duplicate of a
Information Resources (CONRICyYT) provided study obtained from another search engine
by the university.

IC2 g:égﬁ?gggﬂon date is from 2014 to EC2  The publication is not in Spanish or English
The publication must be a research article

c3  On software, learning analytics and tutoring EC3 The full text is restricted in the retrieved
in higher education institutions (Journal publications
Article)

ica The publication must reference at least two ECa The publication is not applied in Higher
search terms Education Institutions

IC5 The publication must answer at least one
research question

3) Define or obtain the search string

>

advising”, “Academic counseling” and ‘“Higher Education Institutions” were taken as
reference. It should be mentioned that depending on the databases (DB) consulted, the search
string was refined and adapted depending on the fields available in the advanced search of
each database (DB) [1]. Table 2 shows the search string used in a general way in all the
previously mentioned search engines.

At this point in the review, the terms “Learning Analytics”, “Tutoring System”, “‘Academic

Table 2. Search String Executed.

Search String

(“Learning Analytics™”) AND
(“Mentoring system” OR
“Academic Advising” OR
“Tutoring System” OR
“Academic Counseling”)

4) Perform the automatic search

220

In this phase, the search was performed in each of the database (DB) selected by applying
the specific syntax in each of them. In this update, a total of 157 publications were obtained,
achieving an increase of 86 studies linked to our search string, it notes, unlike the SLR
presented previously [1], the 157 studies found were verified by applying the inclusion and
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exclusion criteria to obtain the final corpus.

Selection of Primary Studies. To carry out the selection of these studies, it was necessary to
apply the process of inclusion and exclusion criteria, which consisted of three stages, as
shown in Table 3. This organization served to reduce the number of publications while
retaining the relevant studies for subsequent analysis.

Table 3. Study Selection Process.

Stages Criteria

Stage 1 IC1, 1C2 and EC1
Stage 2 IC3, 1C4, EC2 and EC3
Stage 3 IC5 and EC4

The following is the selection of candidate studies after application of the inclusion and
exclusion criteria, as shown in Table 4.

Table 4. Results of the selection of candidate studies.

Id Source C%r;ggdrgte Filter 1 Criteria I/E Included

1 |IEEE 21 0 17 4

2 ACM 22 4 15 3

3 Springer 28 0 16 12

4 ScienceDirect 82 67 7 9

5 Wiley OnLine 2 0 0 2

6 EBSCOhost 2 0 1 1
Total 157 71 56 30

5) Evaluate the performance of the search

where:

At this point the results of the automatic search are compared with the manual search (QGS).
To achieve this, we used the equations proposed by Zhang et al. [13]. First, the Equation
sensitivity or recovery was calculated Eqg. (1), to obtain the number of relevant studies
retrieved, we subtract from the total number of studies retrieved automatically, which are 157.
140 studies were not relevant. To obtain the total number of relevant articles, we divided it
by the total number of Relevant studies found, thus achieving 100% of the corpus ([157-
140/17]*100). Afterwards, to calculate the precision we found 17 studies found by QGS.
10 are not relevant, therefore, we proceeded to use the Eq. (2), to obtain the precision, the
number of relevant studies recovered, subtracting the 71 studies obtained through the
automatic search, the 10 studies that are not relevant and then we divide it by the total
number of studies retrieved in the automatic search, thus obtaining 93% of the corpus ([157-
10/157]*100). Therefore, it is identified that both parameters are within the suggested
threshold that indicates the percentages must be greater than 70% to be acceptable, the
maximum Equation sensitivity can be observed in Eq. (3) and the optimal precision in Eq.

(4).

Sensitivi NRSR 100% @
ensitivity = 0
v TNRS
o NRSR
Precision = 100% 2
NRS

NRSR = Number of relevant studies retrieved
TNRS = Total number of relevant studies
NSR = Number of studies retrieved

o 157 - 140
Sensitivity = EETI 100%=1.0 3)
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o 157-10
Precision = 1574190% =0.93 4

3.2 Conduction

3.2.1 Quality assessment

At this point in of the process, the 30 selected studies are taken up again and again subjected to
validation to identify only those studies that meet the necessary quality; therefore, the quality
assessment instrument was prepared, which contains the quality control questions. A value of 1 was
assigned to the questions that are answered with the word yes, a value of 0.5 for those questions that
are considered to be partially compliant and O for those that are not. Table 5 shows the questions asked
to assess the quality of the study.

All the studies found were evaluated with the proposed instrument to guarantee the quality of the chosen
studies. The possible score to achieve was between 0 and 8 points. After the evaluation, all the studies
that achieved a score greater or equal to 6.5 were considered; see Table 6. It was observed that 56%
(17 studies). See Table 7 met the established quality criteria for the most part, while 43% (13 studies)
did not meet them, therefore they were discarded from the final selection.

3.2.2 Data Extraction

This phase consisted of extracting the most relevant data from each of the primary studies identified,
with the support of the Parsifal platform. Bibliographic information was extracted for each study
such as: title, authors, year of publication, source, type of publication, DOI, keywords and abstract.
Italso includes information that helps to answer the research questions.

4. Results

This section of the article presents different results obtained during the SLR of the research, such as:
text analysis applied to the bibliography of the corpus through the VosViewer software, frequent word
cloud of the content of the articles generated from MAXQDA 2022, in addition to answering the
research questions. A narrative synthesis is provided based on the data identified in the research
corpus. To start, an overlay visualization generated by VosViewer is shown, see Fig. 1. Itis possible
to observe the grouping through four clusters formed with titles and summary of the corpus, where
the terms Learning Analytics, Educational data Mining, Environment and Dashboard are found,
demonstrating the linkage and relevance they present in the research. On the other hand, as shown in
Fig. 2, relevant works within the SLR are scarce, however, the application of LA in HEI is a topic
of interest from 2015 to date, observing a positive trend of articles towards 2024.

4.1 Answers to research questions

[RQ1] Are there TIS used by HEI where LA are used? Based in the work carried out by Chatti et
al. [32] who proposes a reference model for Learning Analytics (LA) based on four specific
dimensions, (1) what (e.g., data, environment and context), (2) why (e.g., objectives), (3) how (e.g.,
techniques/methods) and (4) who (e.g., stakeholders), model that helps to have an overview of LA
and its concepts of relevance, in addition to including the review carried out by Bodily et al. [17]
where they categorize the works under an approach between various subfields of educational
technologies. In this review we analyze the objectives and technologies that guide those interested in
making effective decisions about teaching, within the analysis we can identify the following
categories to classify the most relevant jobs in the educational field and LA, see Table 8.

[RQ2] In the approaches used, is the student at the center, the teaching tasks or the
management of tutorials? Based on the studies reviewed, it can be classified that the works where
Learning Analytics (LA) is applied are mainly focused on the following actors [16]: teachers, students,
tutors and researchers, with the latter having less presence in the research reviewed [25, 28]. According
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to Robert Bodily [17] in his review of student-oriented learning analysis dashboards and educational
recommender systems, most of the systems found are oriented 74 percent to the instructor, and he
also states that researchers do not conduct much research on the impact of the systems on teaching
and learning. Also, Perez Sanchez [27], Ranjeeth [23] and Rafique [26] focus on students.

Table 5. Quality Assessment Instrument Used for Included Study Evaluation.

Id Question

QA01 Are the objectives, research questions, and hypotheses (if any) clear and relevant?

QA02 Is there an adequate description of the context in which the research was conducted?

QAO03 Is the suitability of the case to address the research questions clearly motivated?

QA04 Are the case and its units of analysis well defined?

QA05 Is the case study based on theory or linked to existing literature?

0A06 Are the data collection procedures sufficient for the purpose of the case study (data
sources, collection, validation)?

QA07 Are ethical issues (personal intentions, integrity, confidentiality, consent, review board
approval) adequately addressed?

QA08 Is a clear chain of evidence established from observations to conclusions?

Table 6. Primary Studies Quality Assessment.

Id QA1 QA2 QA3 QA4 QA5 QA6 QA7 QA8 Total
PS01 1 1 1 1 0.5 0.5 1 1 7.0
PS02 1 0.5 1 0.5 1 1 1 1 7.0
PS03 0.5 1 1 1 1 1 1 1 7.5
PS04 1 1 1 1 1 1 1 0.5 7.5
PS05 1 1 0.5 1 0.5 1 1 1 7
PS06 1 1 1 1 1 1 1 1 8.0
PS07 1 1 1 1 1 0.5 0.5 0.5 6.5
PS08 1 1 1 1 1 1 1 1 8
PS09 1 1 1 0.5 1 1 0.5 1 7.0
PS10 1 1 1 1 1 1 0.5 1 7.5
PS11 1 1 1 1 1 0.5 0.5 0.5 6.5
PS12 1 1 1 1 1 0.5 0.5 1 7.0
PS13 1 1 1 1 1 1 0.5 0.5 7.0
PS14 1 1 1 0.5 1 1 1 0.5 7.0
PS15 1 1 1 0.5 0.5 0.5 1 1 6.5
PS16 1 1 1 0.5 1 0.5 0.5 1 6.5
PS17 1 1 1 0.5 1 1 0.5 1 7.0

Table 7. Primary Studies.

Id Author Year Database
PS01 Reyeset al. [16] 2015 Springer
PS02 Siemens et al. [4] 2015 ACM
PS03 Bodilyetal. [17] 2017 IEEE
PS04 Rojasetal. [18] 2017 EBSCOhost
PS05 Tempelaar etal. [19] 2017 IEEE
PS06 Vibergetal. [20] 2018 ScienceDirect
PSo7 Herodotou et al. [21] 2019 Springer
PS08 Guerraetal. [22] 2020 Wiley
PS09 Ranjeeth et al. [23] 2020 ScienceDirect
PS10 De Laet et al [24] 2020 Wiley
pPsi11 Guzman et al. [25] 2021 Springer
PS12 Rafique et al. [26] 2021 IEEE
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PS13 Perezetal. [27] 2022 Springer
PS14 Kaliisaetal. [28] 2022 ScienceDirect
PS15 Haoetal. [29] 2023 ScienceDirect
PS16 Prinsloo etal. [30] 2023 Springer
PS17 Kauretal. [31] 2023 IEEE
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Table 8. Categories of systems using learning analytics in higher education institutions.

Category Article

Intelligent tutorial systems [17]

Predictive systems [21], [26]

Academic performance system [17],[20]
Educational recommendation systems [27], [26]

Learning boards [17], [22], [21], [26], [28], [20]
Educational data mining system [17], [27]

For example, in Ranjeeth’s literature study, some of the predictions that have been made are:
predictions of student grade point average (GPA), prediction of student performance in graduate
programs, prediction of instructor performance and likely student performance in gaining admission
to college, prediction of attrition from college programs, and prediction of student grades using social
network theory analysis. For his part Rafique says that student performance can be predicted from the
student’s digital fingerprints [22], i.e., demographics, behavior, facial emotion control records while
using an intelligent tutoring system [21]. While for researchers the most predominant focus is on an
online learning environment to predict student performance and timely intervention, however,
Rafique expresses that it is very limited work in traditional learning environments.

[RQ3] What are the declared interests that are identified in the TIS in HEI? According to the
research work conducted by Bodily [17] in 2017, it is possible to identify that there is an interest
in identifying student-oriented LA reporting systems with respect to their purpose, functionality and
the types of data collected. Also, Schwendimann et al. [17] mentions the interest in the mechanisms
by which student-oriented systems attempt to improve teaching and learning, which requires analysis
through different categories such as type of data, target users, and evaluation. Learning Analytics
Dashboards (LAD) also identified by their acronym LAD were found to have evaluated categories
such as: goal orientation, usefulness of information, visual effectiveness, ease of use, comprehension,
reflection, motivation for learning, behavior change, performance improvement, and competency
development.

[RQ4] How can the TIS used in HEI be quantified and categorized? In the various works reviewed,
multiple approaches and objectives have been observed, however, none of them gives an answer to
this question since most of the cases where tutoring is discussed, their focus is on intelligent tutoring
systems, as identified by Bodily, to this point the only ones that come closest to working with tutoring
in Latin America, are the systems generated by Learning Analytics in Latin America (LALA)
expressed in the research of Guerra et al. [22]. This arises from a framework called COALA [24]
(Context Adaptation for Learning Analytics), which is constituted by four dimensions for adapting
tools: objectives of using a Learning Analytics Dashboards (LAD) (e.g., identifying subjects in
which students have low or high performance), stakeholders (e.g., advisors, teachers, students and
administrative staff), key moments in which the use occurs (e.g., at the beginning of the academic
year, when a course is registered or when they receive grades) and the interaction of stakeholders
(e.g., face-to-face sessions with the advisor-student). This project was conducted within the context
of Latin America partner institutions, the participating institutions were University of Cuenca in
Ecuador (Cuenca), University Austral of Chile (UACh) and Polytechnic Superior School of the Litoral in
Ecuador (ESPOL) [24].

[RQ5] How do HEI use LA for TIS? Among the works reviewed, there are three cases where the use
of LA applied to tutorial information systems has been most closely approached. Identified in the
following institutions: University of Cuenca, University Austral of Chile and Polytechnic Superior School of
the Litoral. See Table 9. Thethree cases coincide in combining information from the curricular structure
and academic records to observe student progress [1]. However, the three Latin American universities
adapted an advisory board, originally implemented at KU Leuven in Belgium. In all three cases, the
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context was the main factor for adapting the dashboard, taking up that the LALA project [22] focuses
on four different elements of the context such as: Objective, Actors, Key Moments and Interactions.

[RQ6] How do TIS used in HEI interpret and visualize the data based on LA? Several
institutions have begun to adopt Predictive Learning Analytics (PLA) [21], they use a number of
computational techniques (e.g., Bayesian modeling, cluster analysis, predictive modeling) to identify
which students will pass a course and which are at risk. According to Merceron’s categorization [20],
it is identified that predictive methods (regression and classification) with 32% are considered the most
frequent, below are relationship mining methods (association rules, correlations, sequential patterns
and causal data mining) and methods for distilling data for human judgment tied with 24% frequency,
where statistics and visualization are included. According to Viberg et al. [20] the application of
methods for data analysis has been increasing from 2014 to 2017, reflecting from 2017 an increase
in mining methods compared to previous years. In the work of Kim et al. [34], k-medoids clustering
and Random Forest classification followed by logistic regression were applied for the analysis of the
identified cluster profiles to analyze students’ self-learning patterns in asynchronous mode.
Likewise, to predict whether students pass or fail the course, the following models were used:
Ramdom forest (RF), K-Nearest Neighbors (KNN), logistic regression (LR), neural networks
(NNETS), TreeBagging (TB) and Bayesian additive regression trees (BART) Perez et al. [27].

Table 9. Some Applications of Learning Analytics in Higher Education Institutions.

Classification Name Goal Author Country
?Ouéndémsggi? Helps teachers identify at-risk Herodotou United
Anglyze) y students in online course etal. [21] Kingdom

ESPOL LAD (Escuela Support student-advisor dialogue Guerra

ggfﬂ;g:;)o litecnica when advising study plan in student et al. [22] Belgium
LISSA (Learning
dashboard for Insights Support student—advisor dialogue Charleer Belgium
and Support during  focus on first-year students etal. [7] 9
Learning Study A%dvi ce)
Analytics LADA (Learning -
Dash{)toard Analytics Dashboard ascljJ\F/)iF;g?s advice on study plan by ([a)teaILEEtzl] Belgium
(LAD) for Advisors) '
AvACc (Advising :
dashboard Avance gu;lle[ggz] Cuenca
Academico) '
Inspired by dashboard LISSA
TrAC dashboard superimposes the academic records
(Trayectoria on the curricular structure, since this ~ Gutierrez Ecuador
Academica y is the “natural” way in which et al. [33]
Curricular academic progress is understood in
the institution
To evaluate the support provided by
COALA framework  the adapted dashboard comprises
Context Adaptation  three modules including a Guerra :
Framework gor Learning P visualization module, a module for ~ etal. [22] Chile
Analytics) group formation and intervention,
and a prediction module ]
Smart Learning ga;;gt%] Pakistan
SHEILA (Supporting The proposed framework will . .
Higher E uczgt?on tog enhance systematic adoption of \?bleer g United
Integrate LA) learning analytics on a wide scale etal. [20] Kingdom

226



Canac-Maprunec A., Pamnpec-Maprusens A., Maprunec-Pamoc C. YyeOHast aHaTUTHKA B BBICIICH IIKOIE: TECATUICTHE B CHCTEMAaTHYECKOM
0630pe muteparypsl. Tpyost UCIT PAH, 2024, Tom 36, Bim. 6, ¢. 215-230.

[RQ7] What information has been analyzed from the TIS and what did they use for the
analysis of the information? It has been identified that to date only the data available in some of the
educational platforms have been used to generate conclusions from the LA perspective. Among the
data identified we can find: student demographics: age, gender, disability, previous grades, ethnicity,
successful completion of previous courses, previous experience of the student at the university (new
versus continuing student), best score in the previous course and sum of credits earned [21]. In the work
of Perez et al. [27], characteristics such as: LMS, numbers of accesses, participation scores, learning
activity ratings, submissions, published content, completed learning activities and peer reviews were
contemplated, where these characteristics presented significant statistics between students who failed
and those who passed.

5. Discussion

With the systematic review of literature, we have realized that there is little research that considers the
tutoring received by students in higher education institutions, through student support programs, such
as the Institutional Tutoring Program (PIT), which is promoted by institutions such as the UN (United
Nations) and ANUIES (National Association of Universities and Higher Education Institutions) in
Mexico. At the same time, it has been observed that when researchers make use of data, these are
only data extracted from LMS, or application of surveys. Therefore, an important gap opens up for
applying LA by integrating data ecosystems that can be made up of data extracted directly from the
LMS database, data that are generated manually by tutoring coordinators in HEIs, and even surveys
applied for concrete measurements such as emotion, engagement, and motivation, to mention a few. It
is worth stressing that working with this type of data is a major challenge, as it implies good data
quality and scope, as well as privacy and ethics in working with the data. On the other hand, itis also
clear that most of the works that present advances in LA issues are from the USA and European
countries. Thus, it is necessary to bet on the application of LA in HEIs, to contribute to the
institutions by supporting the permanence of students, to teachers, letting them know what is
happening in the student’s learning process, and to the latter, providing recommendations for them
to enjoy their learning process in the best possible way. The challenges faced by learning analytics
focused on student behavior are the integration of data sets from diverse environments, advances in
technology, and ethical problem solving. Despite these challenges, this research aims at solutions
that contribute early on by making recommendations or warnings to achieve student retention.

6. Conclusion

With the SLR on the subject it has been identified that the term LA as we describe it today arises
from the year 2011, being the most cited definition the one that arises in the “Ist International
Conference on Learning Analytics and Knowledge 2011 ”. Therefore, we can say that it is clear at this
time to identify that the objective of LA is to improve learning. It should be noted that, being
considered a new term, it is often difficult for some to identify the differences with its predecessor, the
term Educational Data Mining. It should be noted that although both work with educational data,
their approaches are different. Firstly, we have EDM which focuses on helping teachers and students
with the analysis of the learning process using popular data mining techniques such as: clustering,
association and classification to name a few, we could say that it seeks the transformation of data into
relevant information. Unlike LA where the emphasis is on learning outcomes, a better understanding
of the learner’s behavior and processes, therefore, its objectives are recommendations, predictions,
adaptation and personalization, in addition some common methods are usually used such as:
classification, clustering and association, in addition to, social network analysis, sentiment analysis,
prediction of learner success among others. It should also be noted that the term Tutoring in this
context is defined as a process of group or individual accompaniment that a tutor provides to a student
during his stay in an IES, with the purpose of contributing to his integral formation, besides
influencing the fulfillment of the institutional goals related to the educational quality such as: raising

227



Salas-Martinez A., Ramirez-Martinell A., Martinez-Ramos S. Learning analytics in higher education: a decade in systematic literature review.
Trudy ISP RAN/Proc. ISP RAS, vol. 36, issue 6, 2024. pp. 215-230.

the terminal efficiency rates and decreasing the failure and desertion rates. On the other hand, in order
for LA to achieve this objective, different techniques and methods are used, which are applied to the
data offered by the educational platforms. It is important to mention that there are still few studies
on this topic, but it has been identified that in Latin America LA has already begun to be used in
HEIs. As indicated, it is still a little explored topic with great areas of opportunity. All the studies
found present the common denominator of the use of student information regarding their academic
history or surveys as instruments for specific measurements such as academic performance, emotions
or student motivation during the course; however, there are still minimal cases in which other types of
information are used to predict their future behavior. This research opens a gap to resume studies
that can integrate academic information that can come from the SIS (Student Information System),
LMS tracking data and information from institutional tutoring programs. It should be noted that the
complexity of this part will depend on the ease of access to data from these tutoring programs, since
there is no specific system or standard for integrating the information, so each institution stores and
processes its data in a particular way. The challenge we face with LA is the integration of data
ecosystems from different sources, as well as data quality and scope, and data privacy and ethics.
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Abstract. The COVID-19 pandemic was the first health crisis to affect the entire world in this century. The
data captured revealed a lack of organization and control in health measures, containment, and mitigation
policies, as well as a lack of planning and coordination in the use of medical supplies, which motivated the
development of prediction models that provided predictive information on the evolution of the pandemic. In
this work, a time series of accumulated cases of infection was generated through official data provided by the
Ministry of Health of the Government of Mexico. Six deterministic and stochastic predictive models were
applied to this information to compare their efficiency in predicting cases of COVID-19 infection. These
models were applied to data from two cities in Mexico, Colima and the State of Mexico. The study concludes
that the ARIMA and ANN MLP models adapt better to the data that is generated daily, therefore, they have an
improved prediction capacity.
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Annoramus. [Tangemuss COVID-19 crana mepBbIM KpH3HCOM B 00JIaCTH 3[paBOOXPAaHEHUsS, 3aTPOHYBIINM
Bech MHp B 3ToM cronetud. CoOpaHHbIE JJaHHBIE BBISBIIM OTCYTCTBHE OPraHM3allMM U KOHTPOJS B Mepax
3[paBOOXPAHEHMS, CHCP)KHBAHUM M CMATYEHHH TOCIEACTBHH, a TaKkkKe OTCYTCTBHE IUIAHHPOBAHUS U
KOOPJMHAIIMM B HCIONB30BAHUM MPEIMETOB MEAMIMHCKOrO HA3HAY€HWs, 4TO MOOYIWIO K pa3paboTKe
Mozieniel IPOrHO3UPOBaHMUs, KOTOPbIE MPEJOCTaBIIM IIPOrHO3HYI0 MH(OPMAIMIO O Pa3BUTHHU NaHaeMuu. B
9T0i paboTe BpEeMEHHBIE Psi/ibl HAKOIIEHHBIX CIIYYaeB 3apayKeHUs! ObLITH MOJIYYESHBI C TIOMOIIBIO OQUIMATBHBIX
JaHHBIX, TPEIOCTABICHHBIX MUHHUCTEPCTBOM 3]paBOOXpaHeHUst TNpaBuTenbcTBa Mekcuku. K aroit
uHpopMamy ObUTH MPHMEHEHBI IIECTh JIETEPMHHUPOBAHHBIX M CTOXaCTHYECKUX MPOrHOCTUUECKUX Mojienel
IU1sL cpaBHEHUsI UX 3((QEKTUBHOCTH B IIPOrHO3UPOBAaHUH ciydae 3apaxenus COVID-19. Otu monenn Obun
MPUMEHEHBI K JIJAaHHBIM U3 ABYX roponoB Mekcuky, Komumer u mrrata Mekcuka. B mccnenoBanun nenaercs
BEIBOXL 0 ToM, uTO Mozienit ARIMA u ANN MLP ydnie ananTupytoTcs K JaHHBIM, KOTOPBIE T€HEPHPYIOTCS
€)XEIHEBHO, ITO3TOMY OHH UMEIOT YIYYIIEHHYIO CIIOCOOHOCTB NMTPOrHO3MPOBAHHUSL.

KioueBrbie caoBa: mangemus COVID-19; mammHHOEe 00y4YeHHWE; MPOTHOZUPYIOIIHE MOJIEIH; MOJENb
ARIMA; moznens ANN MLP.

Jst murupoBanmus: Koprec-Maprunec K. B., Dcrpaga-Ockusen X., Maptunec-Pebosip A. IIporHosupoBanue
ciyyaeB 3apaxenus COVID-19 B Mekcuke Ha ocHOoBe Mozeineli BpeMeHHbIX psiaoB. Tpynsl UCII PAH, Tom
36, Boim. 6, 2024 ., crp. 231-246 (na anrnuiickoM s3bike). DOI: 10.15514/ISPRAS-2024-36(6)-13.

1. Introduction

The COVID-19 pandemic emerged in December 2019 in the city of Wuhan, China; This event set a
precedent in the study of diseases and public health emergency declarations due to its rapid spread
globally [1]. In Mexico, the first case was recorded in February 2020 [2], despite containment
measures [3], increases in the number of cases were observed, generating multiple waves of
contagion until 2021. At this point, various models were created to predict the evolution of the
pandemic using time series, but their limitations are still recognized, due to the variability of the
data, the appearance of new variants of the virus, other socioeconomic factors, and the effectiveness
of various control measures. Therefore, the objective of this paper is to contrast the efficiency of
different models used in the literature for the analysis in predicting infection cases, considering only
the data collected by the Ministry of Public Health in Mexico [4], through the use of time series.
The rest of this work is organized as follows: In section 2, a summary of related works is presented.
Section 3 details the methodology proposed in this article, from obtaining and analyzing the data set
to the representation and experimentation with the various predictive models found in the literature.
Section 4 shows the results and discussion. Finally, section 5 presents the conclusions and future
work.

2. Related work on time series prediction

The data that describes the evolution of infections were used in several research groups for
implementing predictive models and also to analyze, both statistically [4] and focused on machine
learning [5-6], different characteristics of the COVID-19 pandemic, highlighting its effectiveness in
different contexts, for example:
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e Prediction of outbreak trends: Linear prediction models, support vector machines and
exponential smoothing were used in the research of [7] and [8].

¢ Infection wave prediction: [9] and [10] applied LSTM and RNN to describe the fluctuations
in the increase in the number of infection cases.

e Prediction of positive cases: [11] used an MLP to predict the maximum number of positive
patients, [12] [13] demonstrated the effectiveness of the ARIMA and Prophet model, [14]
[15] used a model with LSTM-GRU to the same task, however this latest work added the
calculation of the future transmission of the virus.
In the current debate about which predictive model can efficiently provide, plan and address
response strategies and resource allocation, the limitations of each of them are identified, mainly
due to the variability and quality of the data that feed the databases, the emergence of new virus
variants, the control measures applied and the inclusion of external covariates. Therefore, the
objective of this article is to contrast the efficiency of different models used in the literature for the
analysis in predicting infection cases, considering only the data collected by the Ministry of Public
Health in Mexico [16], through the use of time series.

3. Methodology used in the comparison of prediction models

The methodology was divided into five stages (Fig. 1). In the first, COVID-19 data from Mexico
were collected; in the second, they were analyzed and pre-processed to represent them; in the third,
they were organized by time series; in the fourth, various prediction models found in the literature
were tested. The last stage was the graphing and comparison of the experimentation on the data
generated daily during the pandemic.

STAGE 1 STAGE 2: STAGE 3: STAGE 4 STAGE 5:
Obtaining th $ Analysis of the $ Representation $ Experimentati'on $ Comparison and
taining the inf . of data ! S graphing of real
COVID19 Data information. through time with prediction cases with the cases
Set in Mexico. Data series. models. predicted in

predictive models.

Preprocessing.

Fig. 1. Methodology for the analysis of time series with prediction models.

3.1 Obtaining the dataset

The data [16] comes from the Ministry of Health of the Government of Mexico, through the General
Directorate of Epidemiology, and was reported during the period from April 19", 2020 to December
31%, 2021. The data contains only the reported cases of COVID-19 in the different Health Centers
nationwide distributed in the thirty-two states. The total number of records obtained was 12,698,740,
of which 1,986,260 were analyzed, corresponding only to the states of Colima and the State of
Mexico. In addition, each of the records can be divided into groups of: infected, deceased,
municipality, state, latitude and longitude. Data were fitted to 7- and 30-day time series.

3.2 Analysis and preprocessing of information

Given the nature of the pandemic, the COVID-19 dataset [16] was found to have noise (mis captured
information), redundancy, some missing values (mainly in the comorbidity fields) and outdated data,
so0 it was proposed to normalize and transform in such a way that the resulting set was consistent.
For the case study of this article, data corresponding to two states in Mexico were selected:

e Colima: the state with the smallest population (731,391 inhabitants) [17].
o State of Mexico: the state with the largest population (16,992,418 inhabitants) [17].

The state of Colima has a territorial area of 5,625 km? while the State of Mexico has 22,500 km?,
that is, 23.23 times larger than Colima.
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During the year 2020, in the state of Colima 630,204 possible cases of contagion were reported
(Table 1), but only 8,025 were confirmed (Table 2); while in the state of Mexico of the 5,832,576
cases reported (Table 1), only 161,809 infections were confirmed (Table 2), within the
Epidemiological Surveillance System for Viral Respiratory Disease [16]. For the year 2021, the
number of infection cases in Colima was 33,509 confirmed (Table 2), and for the State of Mexico
there were only 427,068 (Table 2).

Table 1. Characteristics of the states of Colima and the State of Mexico [16, 18].

Description Colima State of Mexico
Number Inhabitants 731,391 16,992,418
Reported Cases Year 2020 630,204 5,832,576
Reported Cases Year 2021 658,977 11,126,420

Table 2. Data reported from the states of Colima and State of Mexico at the national level [16].

Types of Accumulated Cases Colima Estado De México
Confirmed 2020 8,025 161,809
Negatives 2020 7,438 210,710
Suspects 2020 1,802 56,530
Deaths 2020 820 23,961
Confirmed 2021 33,509 427,068
Negatived 2021 44,965 864,552
Suspects 2021 2,554 95,033
Deaths 2021 2,041 45,443

According to the number of cases registered at the national level (Table 1), Colima reported until
2021 almost 90% of cases with respect to its total population, and the State of Mexico up to 65%. A
possible cause for the reporting of a greater number of cases in the state of Colima may be related
to population density and its territorial distribution, since Colima has 130 inhabitants/km? on
average, while the state of Mexico has 760. inhabitants/km?, the latter concentrating the largest
population in its capital with respect to its 125 municipalities.

Once the data was reviewed and normalized, preprocessing was done, for this a Univariate analysis
was carried out in R and Python, to understand the distribution, central tendency, dispersion, and
other aspects of each variable in the data set, through a statistical summary and application of Filter
Methods such as ANOVA and Chi-Square [19]. In this stage, the objective was that each of the
characteristics obtained in the data set were within the same scale (for example, in the sex attribute,
the categorical values were 1 = woman, 2 = man and they jumped up to category 99 = not specified),
with the purpose that the values of its distribution and frequency did not affect the interpretation of
the predictive model. Some values were also imputed, such as the age attribute, where sometimes
atypical data were found but since they were scarce, values were assigned using the median.
Subsequently, SHAP (SHapley Additive exPlanations) [20] was used, because SHAP considers all
possible combinations of features and calculates the average marginal contribution of each feature
across these combinations, thus identifying which attribute is most important in a prediction and
detecting biases or inconsistencies in the predictive model. For our case study, this tool showed that
some attributes were irrelevant (such as those referring to comorbidities), helping to reduce the
dimensionality of our dataset. Finally, we verified the homoscedasticity of the data with the Box-
Cox Transformation. For future experiments, the accumulated cases were counted to obtain the
number of confirmed cases of infection, negative cases, suspected cases, deaths, and recovered
cases.
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3.3 Representation of data using time series
A crucial tool to understand, manage and control the spread of a disease is the time seri

es [21]; to

represent the information from the states of Colima and Mexico, the total number of infection cases
reported during the years 2020 and 2021 was counted by daily date and by week (Fig. 2 and 3).
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Fig. 2. Time series of accumulated cases of COVID-19 infection in the state of Colima,
period April 2020 to December 2021.
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Fig. 3. Time series of accumulated cases of COVID-19 infection in the State of Mexico,
period April 2020 to December 2021.

In the two previous series, the similarity can be seen in week 42 of the year 2020 (January 4™, 2021
and January 6™, 2021) and week 20 of the year 2021 (January 4™, 2021 and January 7", 2021) where
a downward peak is observed, this is explained because changes were made to the records, and new
attributes were added: PCR test information and new classifications. In week 45 of 2021 year,
Colima registered a decrease due to the cases of deaths reported compared to the cases of infection;
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In week 46 of 2021 year (corresponding to the dates from November 15", 2021 to November 21,
2021), both states had an uptick in contagion cases. The above could have derived from the case of
omission in the containment measures with respect to the previous two weeks, since in Mexico the
month of November is a month of traditions, in addition to the fact that approximately 80% of the
population was already vaccinated with the first dose [22]. In the distribution of the data for both
states, a certain seasonal component can be understood, because a stable range without trend is
maintained in the periods of growth and decrease. Given the complexity of the problem addressed,
in terms of the amount of information collected, the trends were exemplified on an annual, monthly,
and weekly basis, taking periods of 7 days and 30 days for experimentation.

4. Results in the comparison of prediction models

4.1 Experimentation with prediction models

In the literature, various models have been found that address the problem of estimating and/or
predicting the number of infection cases through time series [23] [24]. Therefore, six models were
experimented with that used different criteria, concepts, and methodologies, classifying them as
deterministic and stochastic (Fig. 4). In the deterministic model [25] the values in its parameters are
usually constant and rigid (controlled behavior), while in the stochastic model [25] the parameters
used have random or estimated values (probabilistic behavior), that is, according to the literature,
the latter captures the behavior of diseases more realistically. Once the data and predictive models
were identified, they were compared and experimented with each of them.

- r
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Mathematical < ¥* Follow patterns. \

Models #* Probabilistic Behavior. (* SES
Stochastics < % Estimated values. "L* ARIMA

% Inherent variability. * ANN

~
Fig. 4. Classification of mathematical models in the prediction of COVID-19 infection cases.

4.2 Comparison between Regression, SNAIVE and MeanF

The regression model [26-27] allows the incorporation of various predictor variables, however, it
attempts to place the value of its parameters in a linear manner, which makes its implementation
difficult to represent the real world, that is, collinearity in it can lead to imprecise estimates, so their
confidence intervals are wide. The SNaive (Simple Smoothing) [28] and MeanF (Averaging
Method) [29-30] models are methods based on past values of a time series, so their prediction
focuses on sequential data, so they do not adequately capture the trend. seasonality and randomness.
noise. These models are represented with the following equations (Table 3).

As seen in Fig. 5, using the Regression model [27], the prediction does not converge with almost
any data, however, it seems to exemplify the trend of the data. In Fig. 6, for the State of Mexico, the
regression model simply did not reflect a prediction during the year 2020 with an observed period
of 7 days; and for the data for the year 2021, it only reflected the trend they had.

Since the SNaive model [28] focuses on the estimated value of the average of the previous values,
in the graphs of both the state of Colima (Fig. 7) and the state of Mexico (Fig. 8) similarities were
observed in the behavior of the real values with the predicted ones, although the latter are far from
the real data.
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Table 3. Equations of Regression, SNaive y MeanF models.

Model Equation Parameters
Regression Y =8,+pBX+¢ (5 Y is dependent variable (that wants it to predict).
Bo is the ordinate at the origin or intercept.
B, isthe slope of a regression line.
X isthe independent variable (used to make the prediction).
¢ isthe error that represents the variability not explained by the model.

SNAIVE Vii1 = Y, (6) Y represents the prediction for time ¢ + 1.
Y, is the last value observed in time.
t time.
MeanF Vipr = %Z§=1Yi 0] Y;,1 represents the prediction for time t + 1.

Y; are values observed at the previous times, fromi =1toi = t.

t is the number of past observations in the time series.
The MeanF model [30], as its name indicates, is based on calculating the arithmetic mean of past
values in a time series to predict the future value, so it follows a constant pattern based on historical
observations, that is, its relationship with time series lies in making forecasts on sequential data. For
the infection cases from the state of Colima (Fig. 9), given that the data was scarce, only when these
were described every 7 days was it possible to capture a pattern similar to that of the real data,
however, in obtaining predictive data at 30 days, this model did not even exemplify a trend. With
the experimentation of the MeanF model in the state of Mexico (Fig. 10), during 2020 year the data
observed for 7 days had wider fluctuations compared to the real data; for the information collected
in 2021, MeanF became more robust and less sensitive to changes, reducing errors between observed
and predicted data.
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Fig. 5. Regression Model of the state of Colima.
== Prondstico utilizande Regresion para el Estado de Mexico 2020 *4+4 == Pronostico utilizando Regresion para el Estado de México 2021 ==
Intervale de 7 dias RMSE: 182501.14, MAE: 157179.57 Intervalo de 7 dias RMSE: 32071.90, MAE: 2308311
Intervalo de 30 dias RMSE: T69797.17. MAE. 666628 63 Intervalo de 30 dias RMSE: 132155.10. MAE: 93225 80
; : 4 d : :
4 led - 1 —— Observado (7 dies)
III — Observada (7 dias) ) [ === Pranbstico Regresin |7 dias)
fl === Prancstica fegresion (7 dias) 400000 | —— Observado (30 diss)
i —— Dbservado (30 dias) & | ===~ Pronéstico Regresian {30 dias)
5 === Proncebco Aegrasion (30 dizg) | 5
i o
& £ 300000
2 E
o s =
= w .
g i i
2 5 200000 ot
@ 10 2 .
= .
g : 1
E 3 100
Sos 2 100000
oa o
] 10 0 Ed] an s0 il 20 a0 i) 80
Diia: Dizs

Fig. 6. Regression Model of the state of Mexico.
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Fig. 7. SNAIVE model of the state of Colima.
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Fig. 9. MeanF model of the state of Colima.

= Pronosbico ublhzando MeanF para el Estado de Maxico 2020 #=4
Intervalo de 7 dias AMSE: 95305.38, MAE. 7762911
Intervalo d= 30 dias RMSE: nan, MAE- nan

—— Observads (7 dias)
Pranostico MeanF (7 gias)
— Observado 130 dizs|

=== Prongstico MeanF (37 dias)

126

Niomemn de casos de Infercion

v Prondsticn utilizands MeanF para el Estado de México 2021
Intervalo de 7 dias RMSE: 1690338, MAE: 11693.50
Intervale de 30 dlas RMSE: nan, MAE: nan

— Observata (7 dlas|

=== Pronastica Meanf |7 deas)
— Observado (30 dias)

=== Proncstica MeanF |30 dias|

L0000

200000

100000

Apr
Fechas

Fig. 10. MeanF model of the state of México.



Koprec-Maprunec K. B., Dcrpaga-Dckusen X., Maprunec-Pe6osip A. [Iporrosuposanue ciydaes 3apaxenns COVID-19 B Mekcuke Ha
OCHOBE MOzielei BpeMeHHbIX psafoB. Tpyowr MCIT PAH, 2024, Tom 36, Bbim. 6 c. 231-246.

4.3 Comparison between SES, ARIMA, ANN

The SES [29], ARIMA [30] and ANN [31-32] models are of the stochastic type and explicitly
capture the variability of past information, that is, they estimate their predictions from a tuning of
the errors generated from historical data, which generates greater certainty. These models are
represented by the equations shown in Table 4.

Table 4. Equations of the SES, ARIMA y ANN models.

Model Equation Parameters
SES Vipi=a Y, +(1-a) Y, (8) Y, isthe prediction for time ¢t + 1.
Y; is the value observed at time ¢t.
Y, is the prediction for time ¢ (the predicted value in the
previous period).
a is the smoothing factor, a value between 0 and 1 that
controls the weight of the most recent observation to the
previous prediction.
ARIMA Y, =c+ ¢ Y + Y s+ + Y, + Y isthe value of the time series at time ¢.
0181 + 026 5+ + 045 _gt+ & (9) cisaconstant
¢1, P2, ..., ¢, are the autoregression parameters, which
represent the relationship between the current value and
the past values of the series.
01,05, ..., 8, are the moving average parameters, which
represent the relationship between the current value and
the past errors of the series.
&, is the error term at time ¢, reflecting variability not
explained by the autoregressive and moving average
components of the model.
ANN z0 = wllgl-11 4 pll g1 = g(z/U) (10) 2z isthe activation vector before applying the
activation function at layer [.
w W is the weight matrix associated with layer 1.
al'~11 js the activation vector of the previous layer.
b is the bias vector at layer 1.
g() isthe activation function applied element by
element.

Although the SES [29] model is easy to implement compared to others such as ANN [31, 33] and
ARIMA [30, 32], in this experimentation, one of its limitations in prediction was the need to assign
an alpha value, which controls the most recent observation, which leads to a lack of long-term
memory, consequently it falls into an analysis where the trend of the data must be more linear or
constant, no matter if the amount of information is little (Fig. 11) or a lot (Fig. 12) to predict. In this
experimentation, the SES model simply did not converge with any of the data.

The ARIMA (Autoregressive Integrated Moving Average) model [31] consists of 3 main
components:

e AR (Autoregressive): which models the dependence of a current observation on past
observations.

o | (Integrated): which indicates the stationarity of a time series.

o MA (Moving Average): indicates the relationship of the dependence between a current
observation and past errors, using moving average coefficients.

In the ARIMA experiment, the time series of the state of Colima (Fig. 13) and the State of Mexico
(Fig. 14) presented the lowest error, likewise, the prediction reflected a more adequate behavior
concerning the real data.

Finally, an ANN MLP (Multi-Layer Perceptron) model [32] was experimented with, which, by its
nature, can solve problems that are not linearly separable in addition to capturing complex
relationships between variables. In this experiment, for the case of the state of Colima (Fig. 15), the
predicted data matched the real data better when they were studied for 7 days.
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With the data from the state of Mexico (Fig. 16),

are analyzed in a shorter time.
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Fig. 11. SES model of the state of Colima.
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Fig. 12. SES model of the state of México.
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Fig. 13. ARIMA model of

=¥ Pronostica utiizando ARIMA para 2l Estado de Mexico 2020 =+
intervalo de 7 dias RMSE: 32433.86, MAE: 2318E 59
intervalo de 30 dias AMSE 35704447, MAE 27271954

16
25 fm—— = Observade (7 dias)
| === Proadstico ARIMA (7 dias)
- ! — Qaservado (30 dias)
S 0 ‘\ T === Prondstico ARIMA (30 dias}
£
315
3
E 10
o
11
E 05
=
=
o -
e Mar Bpr May hm bl Mg S Oct  Now Der 215}'1
2.

Fecha d= ingreso.

=+Pronestico ublzando ARIMA pars el estado de Colima 2021 ==+
intervalo de 7 dias RMSE- 12362.02, MAE. 721272
intervalo de 30 dias AMSE: 97832 96, MAE. 68201 4€

i —— Observada (7 dissi
ry ~=- Prandsticn ARIMA |7 dias]
00000 | 1 —— Obseruada (30 dias|
5 === Prancstica ARIMA |30 dins)
& soa00a i i
£
E
400
§ 00000
&
g 200000
g
= 100900

=

hn A Bl et
21
Fecha de Ingreso

the state of Colima.

#= Prongstico utiizando ARIMA para el Estade de Maxico 2021
intervalo de 7 dias RMSE. 9927 80, MAE: 5872.31
intervalo de 30 dias AMSE:- 7BE74 .45, MAE. 550926.12

! —— Observada (7 diss)
~=- Prandsticn ARIMA |7 dias|

a0 |
i ] ‘.l —— Observada (30 dias|
§ === Prangsticn ARIMA (30 dins)
5 AD000d
E
@
Z 300000
a
& 00000
£ 100000
E
[
o ui ot i Ao l et Jan
121 iz
Fechas

Fig. 14. ARIMA model of the state of México.
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Fig. 15. MLP model of the state of Colima.
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Fig. 16. MLP model of the state of México.

4.4 Discussion of results

To evaluate each of the predictive models, the averaged error biases were obtained (from the real
data with the predicted data), and they were evaluated with the RMSE (Root Mean Square Error)
and MAE (Mean Absolute Error) metrics. A low RMSE indicates that the model is producing
accurate predictions, however, because errors are first squared before averaging, this metric comes
to penalize large errors more. Likewise, if an MAE is low, it indicates that the model has accurate
predictions, which, due to its nature, only shows the difference between the predicted value and the
actual value. The following Tables (Tables 5 and 6) show the data resulting from the application of
these metrics.

Table 5. Description of the predictive models in the time series of the State of Colima.

State | Year COLIMA 2020 COLIMA 2021
Period 7 days 30 days 7 days 30 days
Model | Error RMSE MAE RMSE MAE RMSE MAE RMSE MAE

Regression 14,134.65 12,142.29 58,415.69 51,311.96 | 39,775.02 29,277.04 163,975.69 121,424.67
SNAIVE 4,369.11 3,028.98 43,100.18 35,961.11 | 12,740.78 7,462.34 108,163.29  69,608.81

MeanF 8,349.20 6,860.82 NAN NAN 20,880.34 14,252.88 NAN NAN
SES NAN NAN NAN NAN NAN NAN NAN NAN
ARIMA 3,973.17 2,628.39 & 34,10841 27,086.93 | 12,362.02 7,212.72 97,832.96 68,201.46
MLP 89,143.18 = 207.80 230,727.87 = 362.03 | 393,878.89 = 487.74 @ 2,397,256.39 = 1,100.09

*Notation: Numbers in italics indicate high error values. Shaded values indicate low values. Values in bold indicate the
lowest values. NAN notes that the model did not make the prediction.

Table 6. Description of the predictive models in the time series of the State of Mexico.

State | Year STATE OF MEXICO 2020 STATE OF MEXICO 2021
Period 7 days 30 days 7 days 30 days
Model | Error RMSE MAE RMSE MAE RMSE MAE RMSE MAE
Regression 182,501.14  157,179.57  769,797.17  666,628.63 32,071.90 23,983.11 132,155.10 99,225.80
SNAIVE 39,708.42 27,767.02 539,959.12  443,259.18 10,244.29 6,065.27 87,527.85 56,576.14
MeanF 95,305.38 77,629.11 NAN NAN 16,903.38 11,693.50 NAN NAN
SES 138,509.47  104,560.84 1,074,355.99  834,084.13 NAN NAN NAN NAN
ARIMA 32,433.86 23,188.59 357,044.47  272,719.54 9,927.80 5,872.31 78,874.45 55,926.12
MLP 16,803,953.52  3,246.97 120207752.91  9,470.18 356,105.99 436.67 1,524,462.85 933.56
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*Notation: Numbers in italics indicate high error values. Shaded values indicate low values. Values in bold indicate the
lowest values. NAN notes that the model did not make the prediction.

Regarding the period analyzed, the lowest errors occurred in the data analyzed for 7 days. The
individual results of the MeanF and SES models showed that they were not able to predict data at
some point in the experimentation, because they require controlling or averaging previous data so
that the prediction has a value between 0 and 1. The results of the Regression model frequently
presented the highest error values in the MAE metric, which indicates that the predicted data never
converged with the real data.

The SNAIVE model, although it presented errors, the predicted data in its graph showed behavior
similar to the real data. The values with the lowest errors, shown in Tables 5 and 6, concerning the
experimental models were those of ARIMA and MLP (shaded in gray); Although the ANN MLP
came to present the highest values of errors in the RMSE metric, this only tells us that it usually
adjusts/adapts better to a longer period of time in addition to reducing the error more significantly
at a greater number. of data. The lowest results were presented by the MLP model (shaded in Bold),
with an observed period of 7 days. Within the previous graphs (section 3), you can see more clearly
the projection of the real data and the predicted data.

5. Conclusions and future work

Taking into consideration the set of data provided by the Ministry of Health of Mexico, some of the
predictive models did not show the expected predictive behavior; however, the results shown by
ARIMA and ANN showed lower errors compared to the other models. The prediction analysis
carried out in this work contrasts with the results of other investigations; unfortunately, most of these
do not share the parameters used, and the results usually vary concerning the data set they study in
their experimentation, which makes it difficult to improve the models and/or be used as a reference
to continue with new research. With the results obtained in this research, it is proposed to develop a
model that focuses on prediction, not only of cases of infection of the COVID-19 pandemic but also
of other diseases, adding other factors and/or experimenting with other types of models of ANN like
the LSTM.

Code Availability

All results for this study were generated using R and Python. The code that generated the figures in
this article is available at https://github.com/KeilaVCortes/COVID19_prediction.
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