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3MicT aHoTalll

Huceprariiina po6oTa TPHUCBSIYCHA TOCIIDKCHHIO 1 BHUPIIMIEHHIO aKTyaJlbHOI
HAyKOBO-TIPAKTUYHOT 3aj7lauyl  aHajidy TMpolECIB pPO3POOKH Ta  HaJIaroJKeHHs
KOMIT'IOTEPHUX  TporpaMm, JUIs  MiABUIICHHS  SKOCTI  HAaBYAaHHS  CTYACHTIB
nporpaMmyBaHHiO. PO3yMiHHS TOTO, SIK CTYACHTH pPO3POOJISIIOTH Ta HAJarokymTh
nporpaMHe 3a0e3neueHHs, 1 npoOjieM, 3 SKUMH BOHHM CTHKAIOTHCS, MAa€ BEJIUKUN
MOTEHITIa JUIS MiABUIIEHHS SKOCTI HaBYaHHS MPOTpaMyBaHHSA. A, SK BiJIOMO, SIKICTh
IpOrpaMHOro 3abe3nedeHHs 6e3rmocepeHbO OB’ 3aHa 3 SAKICTIO BIIOBIIHOTO MPOIECY
po3pobku. CTaHmapTHHUI MIIX1 10 OLIHIOBAHHS, KM BPAXOBY€ TUIbKU pE3yJbTaT, HE
BIJIMOBIA€ Cy4aCHMM BUMOTaM JI0 HAaBYaHHS IPOrPaMyBaHHIO.

B ocHOBI nmochimKeHHS JICKHUTh MNPUIYIICHHS MPO TE, IO IHCTPYMEHTH, SKi
30UparoTh JaHl NMPO BUKOPUCTAHHS CEPEJIOBUINA PO3POOKH, MAIOTh OUIBIN JeTalbHE
pPO3yMiHHS pOOOTH PO3POOHUKIB. AHANI3YIOUU, SK MPOTPaMICTH BUKOPHUCTOBYIOTH
CepeOBHINE PO3POOKH, MOKHA BHSIBUTH 3aKOHOMIPHOCTI TOBEIIHKH Ta BH3HAYUTH
po0IemMu, 3 SIKUMH BOHH CTUKAIOTHCA.

VY nepromMy po3iiai BUKOHAHO OTJIS] Ta aHAII3 HASBHUX MIAXO/IB 0 OTPUMaHHS
iHbOpMaIIii OI0 MPOIECiB PO3POOKH Ta HANATOKEHHS MPOTPaMHOTO 3a0e3TMeUeHHS.
[Tokazano, o GararorpaHHi JOCTIKEHHS HE TPYHTYIOTHCS Ha MOJEISIX MPOIECIB 1 HE
JAI0Th MOXKJIMBOCTI BUBUYCHHSI MPOIIECY KOHKPETHOTO PO3POOHHUKA.

BcTraHoBieHO Ha OCHOB1 ICHYHOYHX AOCHIIKEHb, IO MOCTIMHHI MOHITOPUHT

MPU3BOJUTH 10 3HAYHOT'O MOJIITIIESHHS YCIIIIHOCTI CTYACHTIB.



[IponeMOHCTPOBaHO, 1[I0 BHUCOKMH pIBEHb MPAKTHMYHOI MIATOTOBKU 3
MpOrpaMyBaHHs mependavae, M0 Po3pOOHUK BONOJIE €PEKTUBHUM CTHIIEM PO3POOKH
nporpam, 1o BKIIOYAE:

— 3aCTOCYBaHHS METOJy TTOKPOKOBOI JeTai3allii;

— HaBWYKU JICKOMIIO3MIIIL;

— BIAMNOBIAHICTH TEKCTY MPOrpaMu CTaHJIapTaM MPOTrpaMyBaHHS.

HocnimpkeHHss B 00JacTi HaBYaHHS MOKa3alid, 110 1HAMBIAYalbHUN 3BOPOTHUMN
3B’SI30K JloTOMara€e cryjaeHTam BudmTHCS. OJHAK JaTH TaKWd 3BOPOTHHHA 3B’S30K
CTyJIEHTaM, SIKi HABYAFOThCS TPOrPaMyBaHHs, JOCUTh CKJIATHO.

3’sicoBaHO, IO JOCIHIKEHHS B 00JacTi pO3pOOKM MPOrpPaMHOTO 3a0e3MeUeHHS
3a3BUYail IPYHTYIOTHCS Ha JIAaHWX, OTPUMAHUX 3 CUCTEM KOHTPOJIO BEpCid, aje He 3
cepenoBuIa po3pooku. CrucreMa KOHTPOJIIO BEPCii HE MOXKE OI[IHMTH BHECOK CTYACHTA
B KIHIICBUW pe3yJbTaT, OCKUIbKK HE Hajae iHQopmarllito mpo mpoiec po3podku. BoHu
nuiie GIKCYITh ICTOPit0 3MIH MK KOMITaMU Ta HE BiJOOpaKarOTh peaibHY €BOJIOIIIO
KOMY.

Ha BimMiHy Bim 11p0T0 B Amceprariii iHGoOpMallis 1010 MpoleciB HAMMCAaHHS Ta
HaJIaro/XKeHHS MPOrpaM OTPUMYETHCS O€3MOCePeTHHO 3 CEPEIOBUIIA PO3POOKH.

Y  nmpyromy po3auii  3a  JIONOMOTOK  IHCTPYMEHTIB ~ KOHCTPYKTHBHO-
IPOJYKIIIHHOTO MOJIeNOBaHHS (HOpMai30BaHO MPOIIECH PO3POOKH Ta HAJAro KCHHS
IIPOrpaMHOT0 3a0€3MCUCHHS.

[TokazaHo yHiBepCadbHICTh 1 TMEPCIEKTUBHICTh BUKOPUCTAHHS KOHCTPYKTHBHO-
MPOIYKIIIHHOTO MOJICITIOBAHHS ISl BUPIIICHHS 3aBJIaHb PI3HUX MPEIMETHUX 00IacTeil.

Po3po61eHO KOHCTPYKTOPH JIJIS

— ((opmyBaHHsS icTopii pO3pOOKM TpPOrpaMHOrO 3a0e3NeUYeHHS TpH
BHKOPHCTaHHI CepeIOBUINA PO3POOKH IS ITOAATBIIION0 aBTOMATUYHOT'O aHAITI3Y;

— xiacudikamii icTopii HamUCaHHS TEKCTYy MPOTpaMu MO THUMAX 3MiH i
moOynoBH (haiimy KypHAITY MO 3 METOI BUBUEHHS MPOIECY PO3POOKH CTyIACHTAMU
KOMIT FOTEPHUX MPOTPaM;

— (opMyBaHHS XypHaTy MOAINA MpPU HAJIAroJKEHHI IporpamM B CEpeIOBUIIIL

PO3pOOKH.



BusnadueHo 3B’S30K KOHCTPYKTHBHO-TIPOAYKIIIHHOTO MiAXOMY Ta BUKOPUCTAHHS
MetofiB Process Mining 3 06’ €KTHO-Op1EHTOBAHUMHU MO/ICIISIMH.

Ha OCHOBI KOHCTPpYKTHBHHX MOJEJIEH CTBOPEHO MIOMOBHEHHS 10 CEpPEIOBHINA
po3pobku  Visual Studio s peamizaimii MOXIMBOCTI BIJACTIIKOBYBaHHS pPOOOTH
KOXHOTO CTYJI€HTa sIK Ha J1a00paTOpHUX 3aHATTAX, TaK 1 1]l YaC CaMOCTIiHOT poOOTH, B
SIKOMY BC1 JI1i 110 PO3po0IIl Ta HAIArOMKEHHIO (DIKCYIOThCS B KypHaJlaX MOI1H.

Buxopucrtano metonu Process Mining ais aHamizy 1 noOyAdoBU Mojelei
HpoIIeCiB pO3pOOKK Ta HajaroKeHHs mporpaM. Meton Discovery — mist popmyBaHHS
MoOJIeJIel MpoleciB Ha OCHOBI (aitniB xkypHaiB moaiin. Merox Conformance Checking
— JIJIsl TIOPIBHSIHHSL PI3HUX BUKOHAHb IMPOIIECIB 1 BUSIBJICHHS MOBEIIHKOBUX CXOXKOCTEH
Ta BIAMIHHOCTEH.

Y TpeThoMy pPO31iTi NPHUBEACHI PE3YNIbTaTH EKCICPUMEHTAIbHUX JOCIIIKCHb.
[lepeBipeHO  Ta  WIATBEP/DKEHO  MOXIMBICTH  3aCTOCYyBaHHS  chopMOBaHUX
KOHCTPYKTUBHO-TIDOAYKI[IMHUX  MOJene Ta  po3poOsieHnX Ha  iX  OCHOBI
THCTpYMEHTAJIBLHUX 3aCO0IB Il BIJICTEKEHHS TPOIECIB PO3pOOKH Ta HaJaro KCHHS
IPOrpaMHOro 3a0e3MeyeHHs .

BuKOHaHO eKCIIeprMEHT y BUTJISIL OJIMITIA U 3 HAJIAaro/HKEHHs, MiJ Yac SKOTo 3a
JIOTIOMOT'OF0 PO3POOJIEHUX THCTPYMEHTIB BIICTE)KYBAIHMCS Ta (DIKCYBAIUCS Jii yYaCHUKIB B
CEPEIOBHIII PO3POOKH.

JIJIs  eKcriepuMeHTy Po3poOJieHI TporpaMu 3 3aCiSTHUMH THUIIOBUMHU JIOTTYHUMH
MIOMIUJIKaMH, SIKI BU3HAYEHI Ha OCHOBI1 JOCTIPKEHb MPO HANOUIBII MOMIUPEHI TOMIIKU
nmo4atkiBiliB. KoxXHOTo pasy JoriuHa MoMuiIka 3acisiHa y OJJHOMY PSIKY KOy MPOTPaMHU.
Bci mporpamu CHHTaKCUYHO KOPEKTHI, ajleé BUKOHAHHS KOXKHOI 3 HUX MPHU3BOIUTH JI0
HEKOPEKTHOTO pe3ynbTaTy. I1[06 momoMortu BUABUTH BCi MOMWIKH, CTyACHTaM
HaJIaBaBCs TECT 3 BXITHUMHM Ta BUXITHUMH JJAaHUMHU, 110 BIAMOBiAaI0TH crienudikarrii.

VY excnepuMeHTi B35B y4acTh 41 CTyJIEHT 3 MEPIIOTo IO I ATUi Kypcu. Bci BoHn
Majgu TONepenHid AocBim po3pobku Ha C-MOMIOHMX MOBax MporpamMyBaHHS 1
BUKOpPHUCTaHHs cepenoBuia po3podku Visual Studio. Beworo crygentam tpeba Oyino

BUKOHATH I’ ITHAJAITE 3aBJIaHb 3a 4 rOJIWHU.



[lin yac ekcnepumeHnty cpopmoBaHo 487 ¢daimiB xypHamiB noAid s 41
yYacHHKA. 3arajaoM KypHajau o1l cKilagarTbes 3 2415 ceciih HanaromxkeHHs Ta 16536
MOA1i.

ITo pe3ynbpTaTaM €KCIEPUMEHTY MPOBEICHO KiIacu(iKallil0 YYaCHUKIB Ha OCHOBI
KUIBKOCT1 MpaBWJIbHO BUKOHaHUX 3aBnanb sk "High", "Middle", "Low". Cryaentu
BiIHOCATHCSA 10 Kiacy "Low", K10 BOHU BUKOHAJIW MEHIIE MOJOBUHU 3aBJaHb, TAKUX
— 9. Crygentu 3 "Middle" kimacy BukoHanu Oinbliie MOJOBUHU 3aBllaHb, aji€¢ HE BCI,
takux — 23. Ctynentu 3 "High" knacy BukoHanu Bci 3aBJiaHHs, Takux — 9.

Pe3ynbraTr MOKa3aau HAaBUYKH CTY/ACHTIB 110 HAJIArODKEHHIO MTPOrpaM 3 THITOBHUMH
JIOTIYHUMH TIOMWIKamMH. Bramocs BUSBUTH TPOOJIeMH, SIKI € OUIbII CKIQJHUMH IS
JIOKaJTi3allii Ta BUTIPABIICHHSI.

Jist po3yMiHHS TIOBEAIHKM YYacHUKIB 3 KOXXHOrO Kjacy 3acobamu Process
Mining copmMoBaHO BIAMOBIIHI MOJIEII MPOIIECIB HA OCHOBI KypHAJIIB MOIIM.

Ha ocHOBI oTpuMaHuX MOJeNei MpoleciB HaJaroJKeHHs Ta HAWOUIbII 4YacTo
NOBTOPIOBAJIBHUX CeCii  BAaJoCs BUSBUTH 4 1A0JOHW TIOBEAIHKA YYaCHHUKIB
EKCIIEPUMEHTY.

3a pmomomoror Mmeroay Conformance Checking 3aco6iB Process Mining
IIPOBEICHO TIOPIBHSHHS MPOIIECIB PI3HUX YYACHUKIB 3 METOIO BUSBJICHHS OCOOJMBOCTEH
[IOBEIIHKH.

VY yeTBEepTOMY pPO3AUI MPOAEMOHCTPOBAHO IHCTPYMEHTH MJIi aBTOMATUYHOTO
MOHITOPUHTY Ta Bi3yalli3amii MpOIECiB HAMKMCAaHHA Ta HaJaro/PKCHHs MPOTrPamMHOTO
3a0e3neyeHHs..

Po3po6iieHi iIHCTpyMEHTH JT03BOJISIIOTH:

— (iKCyBaTH B3a€MO/III0 PO3POOHUKIB 13 CEPEIOBHIIEM PO3POOKH;

— ¢dopMyBaTH KypPHAIIH MOIN PO MPOLIECH PO3POOKH Ta HAIATOIKCHHS;

— Bi3yai3yBaTu Tporec po3podku y Burisai 3D 300pa’keHHS 3 MOXJIHBICTIO
MaciTadyBaHHS Ta OO€pTaHHS.

Jns  posmmpenHs cepeaoBuina po3podbku  Visual Studio  MoxIuBICTIO
BIICTE)KYBaTH YBECh IHIpOLIEC PO3POOKM Ta HANAroJKEHHsS MporpaMm po3poOJieHO

VSPackage 3a nonomororo Microsoft Visual Studio SDK.



Ha piBHiI mporiecy ¢ikcyroTbest moaii 3 6a30Boi0 iHGOPMAIII€I0, TAKOW SK THIT
noaii (Hampukian, 3MiHa abo 30epexeHHs Koay) Ta yac. Ha KOHTEKCTHOMY piBHI
30epiraroThCsi KOHKPETHI JaH1 3aJIe’KHO BiA Tumy noAli. Hanpukian, noaii 30epexxeHHs
30epiratoTh iM’s1 (paitny, sikuit Oyno 30epexeHo, Ta croci0, 3a JI0MOMOTO0 SIKOro 0yJio
BBEJICHO [0 30epekeHHs (HAMPHUKIIAA, 32 JIOMOMOTOI Trapsyux KJIaBilll 4Yd BUOOPY
MIYHKTY MEHIO).

Jlns 30epekeHHs Ta aHali3y JaHUX, MO0 MPOIECIB PO3POOKH Ta HAJArOIKCHHS
po3po0JieHO 00’ €KTHO-OPIEHTOBAaHY MOJEb, SKa BIAMNOBiAa€E TEepMiHAIAM 3 1X
aTpuOyTamu 1 6a3yeTbcs Ha MOJEINI MOA1M B cepeloBUII pO3pOOKH.

HaykoBa HOBHM3HA OTpUMaHUX Pe3y/IbTaTiB MOJISTAE B TOMY IO B POOOTI BIepIIIE:

— BHKOHaHO ¢opmaiizallio MpoIeciB PO3pOOKM Ta  HaIAroKEHHS
IPOrPaMHOTO 3a0€3MeYeHHS 3ac00aMi KOHCTPYKTHBHO-TIPOAYKIIIHHOTO MOJICTIOBaHHS,
10 Ha BIAMIHY BiJl ICHYIOUHMX JO3BOJISI€ PO3MISAATH Il MPOIECH SK IMOCIITOBHICTh
€JIEeMEHTapHUX [Id 3a MPOAYKIIHHUMHU TpaBwiaMu, (OpMalli3yBaTH MPOLECH
dbopMyBaHHS KypHATIB MO1H Ta Bi3yali3yBaTH Il IPOIIECH;

— po3poOJieHi Mojesli MpOoIEeciB PO3pPOOKM Ta HaJAroPKeHHS Iporpam
3acobamu Process Mining, mo Ha BiAMIHY Bl ICHYIOUHMX JalOTh MOJXJIUBICTb
aBTOMAaTH3yBaTH aHAJII3 IIUX MPOIIECIB;

— po3poOJieHI IHCTPYMEHTH HJia 300py MaHMX IIOAO i Iporpamicra y
mporeci po3poOKH Ta HaJaroJPKEHHS TMPOrpaMHOro 3a0e3leueHHs 3 CepeoBHIIa
po3pobku Visual Studio.

Hucepraiiss € YacTHUHOI HAYKOBO-IOCHIIHOI poboTn «KOHCTpYKTHBHO-
MPOIYKIIHHE MOJCIIOBAaHHS B 3ajadaX pO3pOOKH MPOTPAMHOTO 3a0e3MeueHHs»
(2021 p. Ne  pgepxpeectpamii  0121U109167), sxa BukoHaHa Ha Kadeapi
«Komm’rotepanx  iHQOpMaIiiHUX ~ TeXHOJIOTiH»  JIHIMPOBCHKOTO  HAI[IOHAIBHOTO

VHIBEPCUTETY 3aJII3HUYHOTO TPAHCIIOPTY iMeH1 akanemika B. JlazapsHa.

Kuarwo4oBi ci1oBa: KOHCTPYKTUBHO-TIPOAYKIIMHE MOJEIIOBAHHS, KOHCTPYKTOPH,
Process Mining, po3poOka MporpamMHOro 3a0e3MeueHHs, HaJIaroJKCHHS, OTJIsl KOy,

HaBYaHHSI, THKEHEPIs MPOrPaMHOTro 3a0€3eUeHHS.



ABSTRACT

Zhevaho O. O. Modeling and analysis of the process of developing and
debugging computer programs. — Qualifying scientific work on the rights of the
manuscript.

Thesis for obtaining the Ph. D. degree in specialty 122 — Computer Science. —
Dnipro National University of Railway Transport named after Academician V.

Lazaryan, Dnipro, 2021.

Abstract content

The dissertation is devoted to research and solving the urgent scientific and
practical task of analyzing the processes of developing and debugging computer
programs, in order to improve the quality of students' programming education.
Understanding how students develop and debug programs and what problems they
encounter has great potential to improve the quality of programming instruction. And,
as we know, the quality of the software is directly related to the quality of the
corresponding development process. The standard approach to assessment, which
considers only the result, does not meet modern requirements for teaching
programming.

The study is based on the assumption that tools that collect data on development
environment usage provide a more detailed understanding of developers' work. By
analyzing how programmers use the development environment, patterns of behavior can
be identified and the problems they encounter can be identified.

The first chapter reviews and analyzes existing approaches to obtaining
information about software development and debugging processes. It is shown that
multifaceted studies are not based on process models and do not provide an opportunity
to study the process of a particular developer.

Based on existing research, it has been found that continuous monitoring leads to

significant improvements in student achievement.



It is shown that a high level of practical training in the field of programming
implies that the developer has an effective style of program development, including:

— application of the step-by-step method;

— decomposition skills;

— compliance of the program text with programming standards.

Research in the field of learning has shown that individualized feedback helps
students learn. However, giving such feedback to programming students is quite
difficult.

It has been found that research in software development is usually based on data
from version control systems but not from the development environment. Version
control systems cannot assess the student's contribution to the final result because they
do not provide information about the development process. They only record the history
of changes between commits and do not reflect the actual evolution of the code.

In contrast, in this dissertation, information about the processes of writing and
debugging programs is obtained directly from the integrated development environment.

The second chapter formalizes the processes of software development and
debugging by using constructive-synthesizing modeling tools.

The versatility and perspectivity of the use of constructive-synthesizing modeling
to solve problems in various subject areas is shown.

Constructors have been developed for:

— forming the history of software development using the development
environment for further automatic analysis;

— classifying the history of writing program text by type of change and
constructing a log file in order to study the process of computer program development
by students;

— formation of a log of events during the debugging of programs in the
development environment.

The connection between the constructive-synthesizing modeling and the use of

Process Mining methods with object-oriented models is determined.



Based on constructive models, extension to the Visual Studio development
environment were created to implement the ability to track each student's work both in
labs and during independent work, where all development and debugging activities are
recorded in event logs.

Process Mining methods are used to analyze and build process models for
software development and debugging. The Discovery method is used to build process
models based on event log files. The Conformance Checking method is used for
comparing different processes and identifying behavioral similarities and differences.

The third chapter presents the results of experimental research. The possibility of
using the generated structural models and the tools developed on their basis for tracking
the software development and customization processes is tested and confirmed.

An experiment in the form of a debugging olympiad was conducted in which
participants' actions in the development environment were tracked and recorded using
the developed tools.

For the experiment, programs were designed with seeded typical logical errors,
which were determined based on a study of the most common beginner's errors. Each
time a logical error is seeded in one line of program code. All of the programs are
syntactically correct, but the execution of each leads to the wrong result. To help
identify all errors, students were given a test with inputs and outputs that matched the
specification.

The experiment involved 41 students from the first to the fifth year. All of them
had experience in C-like programming languages and using Visual Studio development
environment. In total, students had to complete fifteen tasks in four hours.

During the experiment, 487 event log files were generated for 41 participants. In
total, the event logs consist of 2415 debugging sessions and 16536 events.

According to the results of the experiment, the participants were classified on the
basis of the number of correctly performed tasks as "High", "Middle", "Low". Students
belong to the class "Low" if they have completed less than half of the tasks, such — 9.
Students from the "Middle" class have completed more than half of the tasks, but not

all, such — 23. Students from the "High" class have completed all tasks, such — 9.



The results showed the skills of students to debug programs with typical logical
errors. We were able to identify problems that are more difficult to localize and fix.

To understand the behavior of participants from each class by means of Process
Mining, appropriate process models are formed on the basis of event logs.

Based on the obtained models of debugging processes and the most frequently
repeated sessions, it was possible to identify 4 patterns of behavior of the participants of
the experiment.

Using the Conformance Checking method of Process Mining, the processes of
different participants were compared in order to identify the characteristics of behavior.

The fourth chapter demonstrates tools for automatic monitoring and visualization
of software writing and debugging processes.

Developed tools allow:

— to record the interaction of developers with the development environment;

—to form event logs about development and debugging processes;

— visualize the development process in the form of a 3D image with the ability to
scale and rotate,

To extend the Visual Studio development environment with the ability to track
the entire process of program development and debugging, VSPackage was developed
using the Microsoft Visual Studio SDK.

At the process level, events are logged with basic information such as event type
(e.g., code change or save) and time. At the context level, specific data is stored
depending on the type of event. For example, save events store the name of the file that
was saved and the way in which the save action was entered (e.g., by using hotkeys or
selecting a menu item).

To store and analyze data about the development and debugging processes, an
object-oriented model was developed that corresponds to terminals with their attributes
and is based on the development environment event model.

The scientific novelty of the results is that for the first time in the work:

— formalization of software development and debugging processes by means of

constructive-synthesizing modeling, which, unlike the existing ones, allows to consider
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these processes as a sequence of elementary actions according to production rules, to
formalize the processes of event logs formation and visualize these processes;

— developed models of processes of development and debugging of programs by
means of Process Mining that unlike existing give the chance to automate the analysis
of these processes;

— developed tools for collecting data on the actions of the programmer in the
process of developing and debugging software from the Visual Studio development
environment.

The dissertation is part of the research work «Modeling in software development
tasks» (2021 vyear, registration number 0121U109167), which performed at the
«Department of Computer Information Technologies», Dnipro National University of

Railway Transport named after Academician V. Lazaryan.

Keywords: constructive-synthesizing modeling, constructors, Process Mining,

software development process, debugging, code review, education, software engineering.
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