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Pesume:

API-6asupanu reneparopu (eurs. API-Based
Generator — ABG) omoryhasajy pa3sBojHOM THMY /1
KOPHCTH IIPEHOCTU CODPTBEPCKOT WHIKEFHEPCTBA,
Bofenor mozenuma (Model-Driven Software
Engineering — MDSE) 6e3 yBobhera 3Ha4ajHIX
U3MeHa Y TPEHYTHU Pa3BOjHU IIPOTIEC WA
apXUTEKTypy periema. MehyTum, kopuriheme
ABG-oBa ca API-jem nedunmcanmM y TepMuHIMA
CHHTAKCE IMJHHOT TIPOrPAMCKOT je3UKa MOXKe OUTH
3aXTEBHO W HenpakTu4IHO. Pyunu passoj ABG-a Ttako
Jla TIOJIP2KYM KOHIIEINITE BHINET HUBOA AIICTPAaKIIAje KOju
ce Mory Hahu y nocrojehem periemy 3axTeBa IIYHO
BpeMeHa u eHepruje. OBa jucepTalyja IpeJcTaB/ba
HOBH IIPUCTYII 34 [IOJIyayTOMATCKU Pa3BOj
API-6asupanux reseparopa no umeny SAGED (enru.
Semi-automatic API-based Generators Development),
quju je musb J1a yopsa kpeuparmwe ABG-oBa
npunarohennx ysohewy MDSE npucryna y
nocrojelie copreepcke npojekre. SAGED npucrymnom
ce OBO IIOCTHIKE KPO3 1) IpyKambe yBUAA Y UIHOME
KOju OU ce MOTJIM CMATPaTh JOOPUM KAHINIATAMA 33
reHepucame Kojia u ii) ayromMarusanyjy Kpeupamba
API-ja ABG-a 3a renepucame Koja, J1e(UHUCAHOT
TepMuHuMa uaeHTudukopanux uauoma. SAGED
MPUCTYII Ce OCTamkha Ha Pylapemhe UInoMa 13
nioctojeher, HesabeIMpaHOr M3BOPHOT KOJA
KOpHUIITNEmeM TeXHUKE MAITMHCKOT yYerha, 10 UMEHY
Herapamerapcke bajecose mpobabuInCTHIKE
rpaMaTuke cyrncrurynuje crabana (enru. Probabilistic
Tree Substitution Grammar — PTSG). TnaBun
JIOTIPTHOCH OB€ JINCEPTAIlje YKIBYIy]y
cneruduranujy SAGED npucrymna, npumeny u
ontumusanujy Type-Based Markov Chain Monte
Carlo (MCMC) meTona 3a alpoKCUMAIT]y
nmenapamerapcke Bajecose PTSG merone, kao u
Pa3Boj je3rpa 3a 3aKJ/byUNBabEe HINOMa KOoje ce MOXKe
MPOIITUPUTHU HA PA3TUIUTE TPOrPAMCKE je3UKe.
Takobe, qucepraruja caapKi U UMILIEMEHTAIIN]Y
SAGED mnpucrymna 3a nporpamvcku jesuk CH#, 3ajeiHO
ca CTyJIMjaMa CJIytvaja Koje JeMOHCTPUPA]Y HHeHY
edUKacHOCT. Je3rpo 3a 3aK/bydnBabe UIUOMA U
nmiementarnuja SAGED npucrymna 3a C# cy
JIOCTYITHU KA0 TEXHUIKA PeIlerba OTBOPEHOT KOJIa.
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Abstract:

API-Based Generators (ABGs) allow practitioners to
achieve the advantages of Model-Driven Software
Engineering (MDSE) without making significant
changes to their current workflow or the architecture
of their solution. However, using ABGs that are
defined in terms of the syntax rules of a target
language can be cumbersome and impractical.
Additionally, manually developing an ABG based on
higher-level concepts already used in an existing
solution is labor-intensive and time-consuming. This
thesis introduces a new approach called
Semi-automatic API-based Generators Development
(SAGED) to expedite the creation of ABGs
customized for MDSE development of existing
solutions. SAGED accomplishes this by (i) providing
insight into code idioms that could be considered
good candidates for code generation, as they
frequently appear in the codebase, and (ii)
automating the creation of a code-generation API for
an ABG, defined in terms of the identified code
idioms. The SAGED approach relies on mining code
idioms from existing, unlabeled source code based on
a machine learning technique called the
non-parametric Bayesian Probabilistic Tree
Substitution Grammar (PTSG). The main
contributions of this thesis include the introduction of
the SAGED approach, an explanation and adaptation
of the Type-Based MCMC as a method for
approximating the non-parametric Bayesian PTSG,
and the development of an open-source inference core
for implementing the inference method in different
programming languages. Furthermore, the thesis
presents a solution for implementing SAGED in the
C# programming language, along with case studies
that demonstrate its effectiveness. The inference core
and the C# implementation of SAGED are publicly
available as open-source solutions.
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Pe3ume

YBoa m MOTUBAIIja

Jucepranuja ce basu ayromarusanujom passoja API-6asupanux remeparopa
koua (eursi. API-Based Generators — ABG) paau snakuer ysohema codrepckor
MHKEHEPCTBA BODEHOT MOJIE/IMMA Y KUBOTHU IUKJIYC TocTojehnx codpTBepcKkmux
IIpojeKaTa.

PasBoj u ompxkaBame CI0XKeHUX CO(MTBEPCKUX peIllema Koja Cy TOAmHAMa
UMIUIEMEHTHPAHA MOry IocTaTH u3y3eTHo 3axrTeBHH. Ppenc n Pymmne [1] kao
3HAYAjaH y3POK TEIIKONa y Pa3Bojy CJIO2KeHOr codTBepa HABOJAE IIUPOK KOH-
HenTyaJaHu ja3 usMely somena mpobJeMa M JIOMEHa MMIUIeMeHTanuje (eHril.
problem-implementation gap). TIlporpamep pelerme NMIUIEMEHTUPA ATICTPAKIIA-
jaMa HIDKEr HHBOA OJ OHHX KOjUMa je IpobjieM M3pakeH, YuMe ce y Pa3Boj
YHOCH CJIOXKEHOCT Koja HHje CBOjcTBeHa caMoM pa3Bojy codraepa [2]. Codrrep-
CKO UHXKeHmepCTBO Boheno mogenuma (eurst. Model-Driven Software Engineering
— MDSE) oBaj ja3 cyzkaBa Tako IITO MOJieJie TPeTupa Kao IpumMapHe apredakre
pa3Boja, a U3BPIINBY AIJIMKAIIA]y W3BOJIU U3 MOJEJa IPUMEHOM TpaHcdopMa-
muja [3]. Tpancdopmanuje amju je W31a3 TEKCT Ha3WBajy ce TpaHcOpMaImje
Mmozena y teker (enri. Model-to-Text — M2T), a muxoBa npuMeHa paju j100u-
jama mporpaMcKor Koja Ha3uBa ce renepucame koza [3]. omro cy momenu na
BUIIIEM HUBOY alCTPAKIMje U OJIMKY JOMeHy po0JieMa O] IPOrPAMCKUX je3MKa
OTIIIITE HAMEHE, TIOTOJHUJU Cy 3a CHeInUKAIN]y, PA3BOj U OJPKaBabe CJIOKe-
HUX cOPTBEPCKUX permemna [4].

Hajedukacuuju naunn npenacka za MDSE je uzmena nocrojeher paspojaor
Iporeca Tako Jia yKibyun upenopydene MDSE rexuuke, mro o61vHO 1OBIAYA 3a
coOOM U TIpOMeHy apxuTeKType. Takas mpea3ak HOCH ITOTEHIHjaTHe TPOIIKOBE
U PU3HKE, & 3aNHTEPECOBAHE CTPAHE YECTO CYMba]y Y KOPUCT KOjy IIPOMEHE MOTY
JIOHETH ¥ OTIUPY Ce 3HAUAJHUM M3MeHAMa CBOjUX pa3BojHuX mporeca [5]. Oryna
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morpeba 3a nocmenenum TPEJACKOM, pu demy je yBoheme MDSE mpucryma
OTI'PAHMYEHO TIOCTOjeNUM OKPYIKEIbEeM, IPOIECUMa, U APXUTEKTYPOM, a PyUIHE U3-
MeHe KO/a MOpajy OUTH Iojip2Kane OapeM JIOK IpeJsia3ak He Oyjie 3aBpIleH.

Kipyuno je nurame: Kako o4yBaTH pydHEe n3MeHe n3Mely jiBa IUKJIyca re-
mepucama Koma?! Behinna ayropa mnpejiaxke fa ce pydHO MUCAHU U T€HEPUCAHU
KOJI JIp2K€ OJ[BOjEHO W HAKHAJHO WHTErPUIIY MEXaHU3MHUMAa Kao IINTO Cy I'eHe-
panmjcku ja3, mapumjasiHe Kiace win samrTuhere 30me [6]. OBu MexaHU3MH,
mehyTum, Hamehy cTpyKTypy mpojexTy, Kojy mocrojeha apxurekTypa WM KO-
putheHn TPOrpaMCKy je3uIy He MOPajy Hy»KHO moapxkartu. Takohe, Hapydmrar
MOKE IIOCTABUTH 3aXTEB Jia PYYHO Merba reHepucanu Koi [7].

Ia 6u ce omoryhmio renepucaibe KoJa y3 O9yBaihe PyIHNX M3MeHa 6e3 mpo-
MeHe apxXuTekType rnocrojelier npojekra, mory ce kopuctutu API-6a3upanu re-
HepaTopu — OMOJIMOTEKe M pajHu OKBUpHU Koju 00e30ehyjy API 3a npernusne
M3MEHE IIPOIPAMCKOI KOJIa ¥3 OUyBalbe HeroBe CHHTAKCHE HUCIIPABHOCTHU, TUME
ce cupedaBajy I'pellke Koje OM MOIjle OMETaTH IIPOIEC Pa3Boja U HAPYIIUTH I10-
Beperbe Hapyauona [8]. ITpumepu cy JavaParser API [9] 3a jesuk Java u Syntax
Tree API mardopme Roslyn [10] 3a jesuk C#. Y HAIINM NIPETXOMHIM HCTPAKHA-
BamnMa, ABG-oBu cy omoryhunn Heomerany (seamless) mHTerpanujy reHepu-
CAHOT M PYYHO IIMCAHOT KOJA IIPU ay TOMATH3AIM]H PAa3B0ja JUHIje CODTBEPCKUX
OPOM3BOJIA Y MHIYCTPHU)CKOM OKpy»kemy [11, 12, 13].

VYmorpeba ABG-oBa, mehytum, uma cBoje npemnpeke. API ce dopmysuime y
TEPMUHUMAa IPAMATHKE TPOrpaMCKor je3uka 3a koju je ABG namemen, a edu-
kacHocT Kopumnihema ABG-a kao ocHOBe 3a pa3Boj reHepaTopa KoJa JTUPEKTHO
3aBucH oJ HUBOa ancrpakimje meropor API-ja [8]. IIporpamcku jesurnu omre
unamene (eurs. General-Purpose Programming Language — GPL) umajy cioxene
rpamaruke, na API 3acHoBan Ha HUXOBUM KOHIENTUMA 3aXTEBA HABODEHE CBUX
rPAMATHIKUX JI€TA/ba U JETAJHHO ITO3HABAE CHHTAKCHUX IpaBuia. Hamma mper-
XOJIHA MCTPaKMBamba IMOKa3yjy Ja je pa3Boj reHepaTopa Kojla 3HATHO CIOPUjU
KaJa ce ymecto obpabusava mabmona xkopucre ABG-osu [12]. Pyuno nporn-
peme CKyIa TOJIPXKAHNX KOHIenaTa Moxe npubmmkutn ABG gomeny mpobite-
Ma, aJii 3aXTeBa II03HaBaIbe rocrojelier Koja, nieHTu(hUKOBaIbe TOHaB/bajylinx
KOHIIenaTa BpeHuX yKbydnBama y APl u mmmiemenrarujy onrosapajyhinx API
MeTOoJIa.

TTomro je y dokycy ose aucepranuje rocrernetna unrerpanuja MDSE y pa-
3B0j moctojehnx cucrema, MOXKe Ce MCKOPUCTUTH YUIHEHHIA Ja CY €JIEMEHTH
ITOCJIOBHOT M TEXHWIKOI goMeHa Beh mpucyrtHu y mocrojehem komy. Obpaciu
IIOTOTHY 38 ayTOMATH3AaIUjy MOry ce mpoHahn pymapemeM uamoMa: KOHIIEIITY-
aJIHO 3a0KPY2KeHHX 00pas3ala KOju Ce UeCTO MOHAB/bA]y y MPOIPAMCKOM KOy
codTBepCKUX perema 1 UMajy jeqHy ceMaHTHuKy yiory [14, 15]. Ha ocHoBy
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TAKO CTEYEHOI 3HAIba MOXKE Ce ayTOMATH30BaTH crelmjamnsanuja ABG-a, dnme
weroB API nocraje KOHITM3HM]M U IPUMEHUBUJU 32 JATH 33/aTaK.

IIpeamer, 11u/b U XUIIOTE3€ UCTPAXKNUBAIHA

Tlorpeba 3a ucTpakuBameM mpousJiasu u3 cieaeher:

e llnTerpanuja reHeprcaHor W PYyYHO MUCAHOT KOJA IMyTEM CIEINjaan30Ba-
mor MDSE asata moxe ce mocruhu momohy ABG-oBa jep npy»Kajy Buiie
[IPETHOCTH, YKJby4dyjyhu MoryhHOCT Hperu3HUX 3aXBaTa HaJl [IPOrpaM-
CKUM KOJIOM y3 OdyBame CHHTakcHe ucrpaBHocTu. Mehyrum, ABG-oBu
ommre Hamene ca API-juma nedunmcanum kounentuma GPL-a cy Temku
3a KOpHuIllieme, a MUCAE MPOrPaMCKe JIOTUKE MOYXKE Y3€TH JI0CTa BpeMe-

na [8, 12].

e Pyuno kpenpame ABG-oBa crierudnanmx 3a onpeljenn 1omMen 3axreBa o
ayropa MDSE asara mosnaBame u mpobGIeMCKOr JJOMEHA U ITPOrPAMCKOT
KOJIa, KAa0 U TexXHUKa 3a npomupuBambe ABG-oBa HoBuM API meTomama.

e [locrojeha mcrparkuBama Cyrepuiny Ja je IpOHAJIANKEHe UIUOMa Y KOIY
moryhe kopuifiereM MeTo/Ia 3a pyaapeme uapoMa [14, 16]. Mehyrum, y
JIMTEpaTypu ce He MOory Halim ¢BM JeTabym MaTeMATHIKOr MOJesIa KOju Ou
omoryhmo mapaJesnarny obpajy BHIE IBOPOBa CHHTAKCHUX cTabajia ojjes-
HOM, HUTH OINC CKAJIAOUTHE MMILJIEMEHTAIIH]E.

o JIpema HalleM ca3HAIY, UCTPAKUBAaIbe KAKO YCIEIIHO ayTOMAaTH30BATH
pa3Boj ABG-oBa u npuOIMKUTH UX HTPOOJEMCKOM JOMEHY JI0 CaJla HHUje
obpaljuBaHO y Hay4YHOj M CTPYYHO] JIMTEPATYPU.

IIpumapan mue quceprarmje je nedUHUCAHE TPUCTYIIA U IPOjEKTOBATHE MM-
IJIEMEHTAIIA]e 3a:

i. IIOJIyayTOMAaTCKO OTKPUBaIe MJIUOMa KOjHU Ce TTOHAaB/bajy Y KOy IMOCTOje-
hux mpojekara, Koju cy m00pu KaHIUIaTH 38 TeHEPUCAbEe KOJIa U KOPUCHU
3a Oynyhu paseoj, u

ii. momyayromarcko kpeupame API-ja 3a remepucame koma, geduHUCAHOT Yy
TepMUHUMA WJIeHTU(MUKOBAHIX WJIMOMA, Koju yiaa3u y cacras ABG-a.

Kpajwu mwn je ABG unju je API nedunucan mcroBpemeHo y tepMuHHMA
CHHTAKCe MPOrPAMCKOT je3WMKa UM PEJIEBAHTHUX KOHIIENATa BUINEr HUBOA, MPH
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JeMy CBaka M3MeHa HauumbeHa TakBuM ABG-om Mopa mpoum3BecTH CHHTAKCHO
ncrpasaH kKoj. IIpucryn Mopa OuTn He3aBUCAH O KOHKPETHOI IIPOTPAMCKOT je-
suka 1 ABG-a, a merosa UMILIEMEHTAIMja TPOIIUPUBA 32 MOJIPIIKY ITPOU3BOJb-
HOM IIPOI'DAMCKOM j€3UKY.

V critajiy ca HaBeJIEHNM, [TOCTABJHEHA j€ OMINTa XUIOTe3a:

HO: Morylie je kpeuparu pelieme 3a ayroMarusanyjy passoja API-6azupannx
reHepaTopa KoJia MpUIaroheHnx TEXHIIKOM JOMEHY KOju je CreruduImpan mpo-
IPAMCKHMM KOJIOM JIATOT CO(PTBEPCKOL PEIerha.

13 me cy u3senene cienehe xumnorese:

H1: Moryhe je momyayToMaTcKu UIACHTU(MDUKOBATU PEJICBAHTHE UIUOME Y
JIATOM TIPOTPAMCKOM KOJLY.

H2: Unentudukanmja uamomMma MOXKe ce U3BECTU Ha CKAJIaOWIaH HATHH.

H3: Moryhe je ayromaruzosaru pa3soj ABG-oBa Ha ocHOBY mjieHTHDUKO-
BaHUX WJAOMA.

TTopes MmoryhnocTu Kpenpama TAKBOI pelllerba, MOTPEOHO je UCTPaXKUTU U
edukacuoct nobujernx ABG-oBa, Kpo3 xumnoresy:

H4: API merone ABG-a, ayToMarcKu W3BeeHEe M3 PEJIEBAHTHHUX WIMOMA
KOJIa, e(pUKaCHUje Cy 110 IUTalby BpEMEHA Pa3Boja U MoTpebHe KOJIMYUHE KO/ Y
onuocy Ha ocHoBHe API merosie 6asupaHe Ha KOHIEIITUMA I'PAMATUKE je3UKA.

Teopujcke ocHOBe U HperJie]] Jureparype

YV Apyrom morJiaBJby M3JIO2KEHE Cy TEOPHjCKe OCHOBE JHcepTalije: KOHIIEITH
MDSE napajurme u ocHoBe pyiapema uiaunoma koga. MDSE je nmosunmonupano
y OIIHOCY Ha COPTBEPCKO MHIKEHEPCTBO 3aCHOBAHO Ha MozeauMma (edrsi. Model-
Based Software Engineering — MBSE), passoj codrsepa Bojjen Mmoiesmmma (enrir.
Model-Driven Software Development — MDSD) u apxurexrypy Bohery mozmesu-
ma (enrin. Model-Driven Architecture — MDA) [3, 17]. Ofjanmenu cy merosu
KJBYIHHU KOHIIEIITA Ha KOje Ce JIUCEepPTaIrja OCIamba: MOJIEJ, METaMOJIeJl, YeTBO-
POCJIOjHA apXUTEKTypa MeTa-HUBoa [2, 18], arcTpakTHa 1 KOHKPETHA CHHTAKCA,
kao u tpancdopmanuje mogesna [3, 19, 20].

Koz renepucarma Koja anajusupanu ¢y ciegehu mexanusmu: (1) renepucame
3aCHOBaHO Ha mabaoHnMa ¥ (2) reHepucame 3acHoBano Ha API-jy [8, 21|. IIpeu
je jemmocTaBaH m OP3 3a UMILIEMEHTAIU]Y, IITabJ/JIOH ce THUIle Tako Jja 06e30emu
OYEKNBAHU M3J1a3, Al Ce CHHTAKCHA MCIIPABHOCT PETKO TapaHTyje, a MHTerpa-
nuja ca mocrojelimM mporpaMcKuUM KOIOM je BaH JIOMEHa pa3Marpama. pyru
TeHepUIIle U MPENU3HO Memba porpaMcku Kof Metogama ABG-a anju je qusaju
HAMETHYT IPABUINMa I'DAMATUKE.



ITopes HABEIEHOT, pa3MATPaHNU Cy U PA3JIUIUTH OJHOCH MOJENIa U Koja [22],
Ka0 M MEXaHU3MU 3a MHTETPAIUjy PYIHO NUCAHOT U IeHepucaHor Koua [6].

Wanomu cy meduHncann Kao Majud (PParMeHTH KOJU Ce YeCTO jaBJbajy y
IPOTPAMCKOM KOJIy JATOr COPTBEPCKOI PEIIeha U NMAa]y jaCHO ojipeheHy cemaH-
Traky yiory. OQaroBapajy 4ecTo MOHAB/BAHUM MOJICTA0/IMMa CHHTAKCHIX cTaba-
na (14, 23]. Mory camp:kaTm MeTanpOMEHJbUBE — MECTa KOja Ceé DA3JIUKYjy O
BUXOBE I10jaBe 10 nojaBe y Koxay. Oj uHTepeca cy 3a nporupemne ABG-a jep
JIOKYMEHTYjy KaKO Ce je3WK, Pa3BOjHH OKBHUD MU OMOJMOTEKA KOPHCTE Y I0-
crojeheM cucremy, a MeTaIIPOMEHJBHUBE Ce IPUPOJIHO IIPECTUKABA]Y Y IIapaMeTpe
API merona.

AsrrepHaTHBHE TEXHUKE 33 OTKPUBaihe MOHAB/bAba Yy KOJY Cy Takohe aHa-
JIM3VPAaHe, NAKO Cy Marbe TIOrOJHEe 3a Halry npuMeHy. Jlerekmja KaoHOBa [24]
Hasiasu Hajeelin, a He HajkopucHuju dparment [14]. Pynapeme API-ja [25] 3a-
HeMapyje CHHTAKCHY CTPYKTYDY, a aJIlOPUTMU pyJaperma decTux crabasa [26]
Bpalhiajy maJie u resepuuke dbparmenre [27].

Y rpeliem moryaBiby je mar mpersies CPOAHUX HCTpakuBarba. JluckyTosa-
Ha Cy Hallla paHWja pelrnema Koja padmarpajy moryhnocr yBohema MDSE 6e3
norpebe 3a m3menom mnocrojeher passojaor nponeca [11, 12, 13] kopumhemem
ABG-a, ca naryiackom Ha Moryhum nobosemamuma. [lokasano je na gakoha ko-
pumifiesba ABG-a aupekTHO 3aBucH 07 HMBOa ancrpakiuje merosor API-ja [8].
Ha mpumep, Roslyn Syntax Tree API omoryhasa wnTepBeHInjy Ha O6HIO0 KOM
eJleMeHTy cuHTakcHor crabsia jep API moaprkaBa cBe KoHIIENTE BPJIO KOMILIEK-
cue rpamaruke C# jesuka. akse, API je Ha BpJI0 HUCKOM HHMBOY alCTpaKIyje
u Texkax je 3a xkopuilieme. Kounmsuuju ABG-osu nonyt JavaPoet [28] cy orpa-
HUYEHU Ha (PUKCAH MOJICKYI KOHIIENATA je3uKa. XUOPUIHA PElIeha, Kao IITO Cy
Testura.Code [29] u nama 6ubimoreka RoseLib [11, 30], myxe API ma Bumem
HUBOY arctpakije y3 moryhuocr kopumhema ocHoBaor Roslyn Syntax Tree
API-ja 3a ciyuajeBe Koje He IOIAPXKABAjy.

ITomro je musb oBe jucepranumje a ce u3 nocrojeher Koja U3ByKy KOHIIEII-
TH PEJIEBAHTHU 3a JAJbU Pa3Boj, Koju 6u ce morom ysperuiun y APT ABG-a, y
HACTABKY I[OIVIaB/ba ce aHajau3upa npuctyn Asjgamanuca u Carona [14] 3a pyza-
pere namoMa m3 KOja [0 MMeHy HermapameTapcka bajecoBa mpobabumimcrmaka
rpaMaruka cyncrurynuje crabasna (eurus. Probabilistic Tree Substitution Gra-
mmar — PTSG). To je HajcaBpeMeHMjU IIPUCTYT 3a PyJaperme UJINOMa U3 CHH-
TaKCHUX cTabaJia KOj! IPUIIaIa MPOOAOUINCTIHIKAM MOJIEJINMa 38 HEHAJIIJIEIAHO
OTKpuBambe obpaszana y HejabesupaHoM Koy [31]. 3a npakTudHy MMILIEMEHTa~
uujy Amnamanuc u Caron nupemiaxy merony Type-Based MCMC (enrut. Markov
Chain Monte Carlo) [32], amu y nmreparypmn ce He Moxke HahW ONMUC KAaKO je
MIPUMEHHUTH Ha JIOMEH PYJapermha UIoMa U3 KOJA.
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Ha xpajy morsaB/ba cy aHaJu3upaHu PaJOBU KOju ce OaBe ayToMaTu3a-
mujom passoja MDSE amara: sereknumja kioHoBa 3a usBoleme QVT (enrur.
Query/View/Transformation) mabmnona [33] u jesuka cuenuduaHnx 3a J0MeH
(errsi. Domain-Specific Language — DSL) [34], yueme npasuia npesofema mo
upumepy [35, 36], LSTM (eura. Long Short-Term Memory) HeypOHCKe Mpexe
3a 3aKspyamBam-e Tpancdopmarmja [20] n Benmkn jesnuxum monenm (enru. Large
Language Models — LLM) [37, 38|. HaBesienu paioBu He pasMaTpajy ayToMaTh-
zanujy passoja ABG-oBa. 3a Hally npuMeHy HEyPOHCKE MpeyKe HHUCY IIOrOHE
jep ¢y ,JIpHe KyTHuje" umja ce HAyUYeHa TPaBUJIa TEITKO MEHHa]y, JIOK CY TPaMaTHUKe
cyncruTynuje crabasa pasyMIbUBE, a JOOUjeHN WJIMOMU JIAKO M3MEH-UBH.

SAGED mpuctyn

Henrpanuu ponpunoc mucepranuje je SAGED (enru. Semi-automatic API-
based Generators Development), HoBu upucryn 3a nojyayromarcku pa3soj API-
O6a3vpaHnx reHepaTopa Koju je mpe3entoBan y morsasby 4. [Ipuctyn ce cactoju
ox xBe dase u derupu Kopaka (ciauka 4.1):

o daza 1: OTKkpuBambe KOHIEIIATA!

— Kopak S1: 3aKJ/byInBambe UIMOMA M3 TIPOTPAMCKOT KOJIA,

— KOpak S2: Kypupame.
e Maza 2: [Ipomupeme ABG-a:

— kopak S3: renepucamwe API merosa,

— kopak S4: uarerparuja API merona y ABG.

3a 3aK/byvunBamb€e WINOMA U3abpaHa je anrpoKCUMAaIlja HermapaMmerapcke Ba-
jecose PTSG meroze [39, 16|, peanuzosana npuinarofjenom Bapujanrom Type-
Based MCMC wmeroge [32]. U360p je MOTUBHCAH B-€HUM CBOjCTBUMA IUCKYTOBA~
HUM Yy IPETXOHUM IIOTJIAB/bUMA: Y IIATAY je HEHAJIJIeJaHO MAIIUHCKO YVIEHE,
KOje He 3aXTeBa Jiabenuparme Koga. MeTosa je 3acHOBaHA HA CTATUCTUYKOM MO-
JleJty, T8, 3aKJ/bydyje WIMOMe KOju Cy 3HAYAJHUjU 3a HAILY IPUMEHY OJ MeTOIa
KOje Ce OCJIambajy caMo Ha, y9IeCTa0CT IOjaBe CANIHUX (pparMeHara, a 3aK/byde-
HU WAMOMHU HY2KHO IIOIITYjy I'PAMaTHYKa IPABUIIA je3UKa. YCIeX 3aKJbyYNBaba
3aBUCH OJI YJIA3HOI' CKYyIIa: IPOrPAMCKH KOJI MOPa IIOKa3UBATU U3BECTAH CTEIEH
PEIeTUTUBHOCTH, IIITO HUje 3HAYAJHO OIPDAHMYEHE jep je M3BOPHU KOJ HEPETKO
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penerutuBad [40]. Tunwaan TpEMEDH Cy TPOjEKTH KOJU CJIEJIE YCTATbeHe PA3BOj-
He IIpaKce WIN KOPHUCTe DaJiHe OKBUPe KOjU IIPOIUCYjy HAUUH IIPOrDaMUPaA,
Ka0 M CKYIIOBU CPOJHUX BapUjaHTU UCTOT IIpou3Boia nomyT SPL-a.

MebhyTum, meroma rapaHTyje CHHTAKCHY MCIIPABHOCT WJIMOMA, ajii HE U Hhe-
rOBY IOTILyHOCT (HA IPUMEp, UIMOM MOXKe I0YeTH else rpanom 6e3 if rpame,
cimka 5.2). 360r Tora HaIl HpUCTYI U ajaT 0be36elyjy momarne, jesuduku cre-
nuduane nadoOpMaIje 0 TOMe Koja BPCTa IBOpa cTab/ia CUTYPHO HEj€ MOYeTaK
dparmenTa, YuMe Ce 3aK/byUHBAbE YCMEPaBa Ka KpPeUparby IMOTIYHUX HIIUO-
ma. [lomTo cy cemaHTHKa W KBAJUTET WIUOMa CyOJEKTHBHU M 3aBUCE O KOH-
rekcra [31], a oBa MeToma YecTO HaJA3U IUIMTKE WJUOME, HEOIXOJAH je KOPAK
KypHupama y KOMe Ce BPIIH IPerjell pe3yarara, Oupame KOPUCHUX HINOMA, T€
criajame U Tpujarohasame ciaydajeBuMa kopwuinhema. [lo moTpedbu, 3akibydn-
Babe Ce MOYKe ITOHOBHUTHU Ca JPYyI'UM apaMeTpPUMa WJIM Ha HOJCKYILY JaTOTeKa
ca MporpaMcKuM KojoM. KypupaHu uanoMu, ca KOHTEKCTYAJHUM TTOAAIAMA, TI0-
TPeOHUM 3a MHTEerpalyjy, yjias3 cy y apyry dasy.

Y apyroj dasu ce nonasu ox nocrojehe ABG ocuose (ump. Roslyn Syntax
Tree API) koja momp:kaBa OCHOBHE oOllepalifje KpeHparba, YUTamba, axKypupa-
wa u O6pucama (enrs. Create, Read, Update, Delete — CRUD) HaJ  cMHTaKCHUM
eJIEMEHTUMA, YIIPAB/bAE CTAKEM IIPOrpaMa MPUJINKOM YJIAHIaBaFha OlEPaIll-
ja, Kao u oTKpuBame cuHTakcHux rpemaka. ABG ocHoBa 6u Tpebasio na uma
diekcudbmwIHy CTPYKTYPY y KOjy C€ MHTErDHUIINY W T'€HEPUCAHE W PYIHO J0JATe
API meroze. Y kopaky S3 ce Ha ocHOBY ofabpanux ujanoma renepurry APT me-
toze 3a nocrojeiy ABG ocHOBY Koje KOpHCTe HeHY HOJPIIKY U IOIITY]y HeHY
CTPYKTYpY. ¥ KOopaky S4 OHe ce CIiajajy ca OCHOBOM.

Pesynryjyhu ABG Tpeba ma 3aj0B0/bu ciiejielie 3axTene:

1. mpenusHy cenekiujy nocrojehux ejremenara Koua,

2. MHKpeMeHTaJIHE U3MeHe, Koje oMoryhaBajy Kpenparme KOHCTpYKIuja efimx
OJ1 OHUX KOje CTBapa IojeMHaTHa MeTO/Ia,

3. odyBame CHHTAKCHE UCIPABHOCTH, Y3 jaBJ/halbe YIIO30PEHA Kaa ce OHA He
MOYKe TTOCTHNM,

4. mMexaHU3Me paziBajara pydHO mucanux u remepucanux API merona,

5. cBeoOyxXBaTHY MOJPIINKY 3a M3MEHE, Tj. HOKpUBame BellmHe OYeKMBAHUX
CIleHApUja U3MEHEe CHHTAKCHOT CTabjIa, V3 JaBambe aJITePHATUBHUX HAYMHA
3a HelloJip2KaHe.
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3aKJ/bydnBambe NANOMA KOJIa

Ilero moryiassbe Jlaje MaTeMaTHIKe OCHOBE METOJE 3aKJbyUNBarha U JIUCKY-
Tyje JIOIpUHOC aucepTaryje y oBoj obnactu. ITosrazehu o KoHTEKCTHO €1060/1HE
rpamatuke (euri. Context-Free Grammar — CFG) u mene npobabuimcruike Ba-
pujanre (enrit. Probabilistic CFG — PCFG), yBoiu ce rpaMaruka CylncTUTYIIHAje
crabasa (enrt. Tree Substitution Grammar — TSG) u mena npobabuarCTHYIKA
Bapujanta PTSG. TSG je KapakTepucTHYHa [0 TOME IITO HETEPMUHAJ MOXKE
OUTH TpenucaH eauM (pparMeHToM crabiia, a He CaMO HEeIOCPEeIHUM IIOTOM-
mumMa (mpumep je gar Ha cauiu 5.2). @parmentu PTSG koaupajy Hesokajanu
KOHTEKCT, [Ia Cy MOTOJIHU 3a MPEJICTAB/hAe UIUOMA, 4 HETEPMUHAJHU JIUCTO-
BU TIPUPOJIHO MPEJICTaB/bajy MeTanmpoMensbuBe. [IpobiieM mpoHaIaXKema uIno-
Ma cBoju ce Ha yueme PTSG koja npormpyje mosnary rpamaruky Go u J100po
objarmmana cKyl 3a obydasame [14, 16].

Sak/byunBame ce U3Bou BajecoBUM IPHUCTYIIOM, IIPU Y€MY Ce KaO allpuop-
Ha pacmojena Haj dpparmentTuma kopuctu upuxiteoB mpomec. On mma 6ecko-
HAYHY TOJPINKY, TAKO Jla CBAKOM (DPArMeHTy Joje/byje TMO3UTUBHY AIPUOPHY
BepoBaTHONY U mcHo/baBa (peHOMeH ,00oraT MocTajy OoraTwju’, 1Mo Kome ce 3a
dparmenT koju je Beh yodeH y ckyimy mnonaraka npeasuba na he ce y 6ymyh-
Hoctu TojasipuBaru vemhe [39]. BasHa pacmojesna dbparmenTa padyHa ce Kao
IIPOM3BO/ TEOMETPHUjCKE PACIIOJIEIEe HaJl BeJTUINHOM (bparMeHTa u BepoBaTHONA
PCFG nmpomyknmja ox kojux je dparmeHT cacraBibeH. llomro Tagny amocre-
PUOpHY pacrojieny Huje Moryhe m3padyHaTH, OHa ce arnpokcuMupa ['udbcoBum
y30opkoBameM [41] Koje uTepaTuBHO TeHEpHUINE Yy30pKe U3 AIIOCTEPHOPHE PACIIO-
JieJie CBaKe IIPOMEHJbUBE, YCJIOB/bEHE BPEIHOCTUMA CBUX OCTAJIHX.

CsakoM uBOpy cTabJia IpuIpyKeHa je buHapHa MpoMeHsbuBa b,: BpemHocT 1
O3HaYaBa J1a je YBOP KOpPeH HOBOr (hparMenTa, a BpegrocT 0 J1a je 9BOp yHyTpa-
mu 9Bop Tekyher dpparmenTta. Beposarnoha na asa cycenna dpparmenTta fg u
f+ 6yny cuojena y jenan dpparmMent fjqs, padyHa ce U3 allOCTEPUOPHHUX BEPOBAT-
Hoha cBa Tpu ¢pparMenTa, Tako Jia (pparMeHTH KOjU Ce UeCTO jaB/bajy 3aje/IHO
nMajy Belly BepoBaTHONY Jia ocTaHy 3ajegHo. MeTojia ce Tako CBOJIM Ha IIET KO-
paka: (1) napcuparme naroreka mozaarom rpamaTukom Go, (2) rpancdopmaryjy
nobujennx crabasia (Hup. bunapusaiyjy), (3) 10/e/bUBambe HOUeTHUX BPEIHOCTH
upoMersbuBama b, pajgu opmuparsa nodeTHux dparmenara, (4) uTepaTuBHO
aXKypupame BPeIHOCTH b, y30pKOBameM W3 HapejleHe pacrogese u (5) y3op-
KOBambe (bparMeHaTa HAKOH CBaKe MTepallfje, II0 UCTEKY MEPHOa CArOPEBamba
(errit. burn-in), Ha OCHOBY OpOja HUXOBUX II0jaB/HUBAMA.

T'ubcoBo y3opkroBame Huje ckagabdbmwiHO jep obpahyje uBop mo usop. U3 Tor
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passiora mpeysumamo nobosbmake Jlnanra n capaganka [32] mo mmeny Type-
Based MCMC, nma 0CHOBY KOjer ce 4BOPOBM HCTOI THIIA TPYUHINY y OJOK U
a)XKypupajy 3ajeJlHO y jeJIHOM Kopaky ajropurma. lIpema Halmem casHamwy, y
OBOj JUCEPTAIUjH je MeTOJja MPBU IIyT JETa/bHO IIpOTyMadeHa u pa3paljeHa 3a
nomen PTSG, camuno npusnarofasamy koje cy Ilenr u 'nigea [42] ussesu 3a
CHHXPOHE KOHTEKCTHO CJIO0OHE IPAMATHKE.

Tun uBopa mpema ommToj AeduHUIUj oapeheH je yTHIajeM KOju JI0esa
BPEJIHOCTU IIPOMeH/bUBOj b, mMa Ha BeKTOp Opojada dparmenara. Jlompunoc
Jucepralyje je mojemHocTtaBibeme: y qomerny PTSG nomesa mHyste ocrasiba, (ppar-
MEHT fjoin TETOBUTHM, a JOfeNa jeWHUIe Ta Jesan Ha dparmente f, n fi. Ha
OBaj Ha'HH ce TUIl Aedunuire TPOJKOM (fjoin, ft, fs), THIMe Ce yMECTO IIeJIOT BeK-
TOpa IIPOMEHA 4YyBa CaAMO JIeJIMMUYHA WHMOpPMAIUja O OKPYIKEEY 9BOpa, IITO
3HAYAJHO CMambyje TOTpedy 3a BOhemeM eBUJIEHIINje U YTPOIIaK MeMopuje. UBo-
POBHU UCTOTI THIIA I'PYIHILY Cé CAMO aKO HUCY Y KOH(JIUKTY, Tj. aKO Cé EUXOBU
dparmentn fj,;, He Ipeknamajy. 3a 610k B HeKOHMDIMKTHNX YBOPOBa HCTOT
THIIA PAcIofesia Opoja jeauHua m Koje ce I10/1e/byjy OJIOKY IPOIOPIINOHAJIHA je
(‘ﬁl)g(m) [32], rme je g(m) dbyuxnmja 6pojata dparmenara Ban 6J0Ka, Tapame-
Tpa KOHIleHTpaIrje u 6a3He pacrojesne. ¥y JUCEPTAIUji ce U3BOAM yrporrhena
BapujaHTa oBe (pyHKIWMje, npuiarohena mqomerny PTSG: jequnn auaMONUM 1Ipou-
3BOJIa, PA3JIMIUTHU Off JeJIMHUIIE jJeCy OHU KOJU Ce OJIHOCE Ha TpHu (pparMeHTa Koja
JeUHATTY THI — fjoin, ft @ fs — ¥ Ha HeTepMUHAJIE y BUXOBIM KOPEHCKIM IBO-
posuma (enrit. root node). Oyukimja crora uMa JBa OBJIMKA, 3ABUCHO OJI TOra
Jla JIU je KOPeHCKH 49BOp (parmeHTa fs MCTe BPCTE KAO 3ajeJHUYKN KOPEHCKU
gBop dparmenara fjoin, 1 f;. Kopak ysopkosama ce 3aBpluaBa y30pKOBAILEM 11
U JIOJIEJIOM M JeIMHUIA, YBOPOBUMA, OJIOKA.

TloraBipe ce 3aBpiiaBa MpPE3EHTANINjOM HUMILIEMEHTAIIMOHUX IeTa/ba BE3a-
HUX 3a Tpemobpaay mapcupannx crabasa. IIpBo, crabia ce OmHAPHU3Y]jy, TIME
rpaMaTHKa [oCTaje Mambhe PeTKa, a UINOME y CeKBEHIIaMa Hapeaou 60/be ce 00y-
xBaTajy. Apyro, memoBu KOHCTPYKIMja KOjU HE MOTY CaMOCTAJIHO Jia IIOCTOje
upuapyKyJjy ce IeIuHu Kojoj nupunagajy (Hup. catch 610k y3 try GJIOK), KaKo
6u 3aKJpyueHN uanomu 6mn normysu. Tpelie, mojeauHe BpcTe YBOPOBa, yHAIIPET
ce duUKCcUpajy Kao KOPEHCKHU, OJHOCHO HEKOPEHCKHU YBOPOBU (hparMeHarTa, ImMme
ce 3aKJbyYMBahe yCMepPaBa Ka MIMOMUMA YNji CY KOPEHCKU YBOPOBU CTPYKTYP-
HU eJIEMEHTH IIPOrpaMcKor jesuka koje ABG ocHoBa Moxe Jia IpUXBATH.



RoseLib kao ocuoBa ABG-a

ITecro nmornasbe onucyje RoseLib [11, 43, 30], ABG oropenor koja mnu-
can y je3uky C#, pa3BHjeH y HAIINM PAHUjUM HCTPAKMBAIbUMA KAO CJIOj N3HAJ
Roslyn Syntax Tree API-ja, koju ce y mucepraruju kopuctu kao ABG ocHoBa.
RoseLiib campxu merojie Bezane 3a kournente jesuka C# mo3Hate mporpamepu-
Ma, MEXaHHU3Me 33 HaBHUTaIlWjy KPO3 IIPOIPAMCKHU KOJ, IPOBEPY PYUHUX M3MEHA
KOJla m3MeDy IMKJIyca reHepucama W CHHTAKCHO ucrnpaBHe u3Mene Roslyn C#
cunrakcaux crabana (eurs. Roslyn C# Syntax Tree — RCST). O6uiazax peasu-
3yjy Ha6u2amopu, Kjiace Be3aHe 3a KOHIEIITE je3nKa UHje ce METOJIe CeJIEKIHje
yIaH4daBajy Tako Ja yrnorpeba ciiemu mpaBuia rpaMaruke, y3 mpaheme mocehe-
HUX YBOpOBa y Kjacu StatefulVisitor. Meroma StartComposing obe3behyje
Turcku 6e30e1aH npesiazak Ha u3MeHny u Bpaha ogrosapajyhu xomnosep — wian
xujepapxuje Kiaaca (ciuka 6.2) ca OCHOBHUM oOllepaliijaMa Kpeuparba, ayKypu-
pama un Opucama Koje ce KoMOmHYyjy y cioxkenuje tpancdopmarmje. Cramem
IPUJINKOM yroTpebe ce yIpaB/ba IOMONY Nu6om YBOpa, MEHTPATHOT 33 Olepa-
uujy, u pepepenmnoz IBOpa, IOTOMKa KOjU Jaje J0JaTHU KOHTEKCT.

RoseLib mocenyje n momatHe DYHKIIMOHAJIHOCTHA KOje OMOryhaBajy JaKIry
ymorpedy y MDSE nomeny: nosesnuke 3a npaheme (euri. traceability links),
BapujanTy MexanuzMa koju Kopucru jesuk MOFM2T [44], u uposepy unTerpu-
rera (eHri. integrity checks). Pamu uMmiuiemenTupama nose3nrka 3a npalieme,
passujen je jesuk CSPath, koju je mactmpucan jesmkom XPath [45] n mmvrure-
MeHTHpaH MeTajesukoM textX [46]. Fberos maTepmperep je 3acHOBaH Ha 06pacity
nanna oxrosoprocru [47]. CSPath omoryhasa mucame TeKCTyaqHUX U3pasa Ko-
ju ce MOT'y YyBaTH BaH IIPOIPAMCKOI' KoJa U Koju oMoryhasajy Jia ce ojapehenun
€JIEMEHT MMOHOBO IpoHalje y KOy y HApEIHUM NMUKJIyCHMa reHepucama. [Ipose-
pé MHTerpuTeTa M3PadyHaBajy Xell BPEIHOCT (parmMeHTa KO/ia KOjH OJroBapa
nozictabiry ca KOpeHoM y n3abpaHoM YBOPY, HAKOH YKJ/Iamarmka KOMEHTapa U HOp-
MaJii3almje, TaKo Jia CeKyHIapHa HOTalyja He yTude Ha pe3yiatar. llopehemem
ca paHuje cauyBaHOM BpegHOIINy reHepaTop yTBphyje /1a Jin je mporpaMcKu KoJy
py4HO MemaH u3Mely J1Ba IUKIIyCca.

Ha xpajy norsasma je mar npumep Kopuiihiema reHepaTopa.

Nvnnemenranuja SAGED npucryna 3a jesuk C#
Cezmno morviaBibe pejcTaBiba pedepenTHy apxurekTypy (ciauka 7.1) u cie-
nujammsanujy SAGED wmeroze 3a nporpamcku jesuk C#. Kopak S1 peamusyjy

kommonenTe IIpedobpahueay u Ungepenuep. [lpenobpalupay uncru yiasse jga-
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TOTEKe O] CEeKyHJIapHe HOTAallfje U ejleMeHaTa KOju HeMajy 3Hadaja 3a 3aKJby-
qMBamke (IMpEeKTHBe, using Hapeade) U MOXKe Jia TPYIHIIE JATOTEKE HA OCHOBY
crabia HacsiehuBama, Koje ce y C# 1pojeKTuMa 9ecTo Malupa Ha CJIojeBe alljin-
kanuje. OBuM ce 10O0JBIIABAjY paCIOesie IPU 3aK/by InBamby 1 yop3aBa o0pa/ia.

VY noriasiby je omucano Jeszzpo saxsyuusarsa (euri. Inference core), jeanuxu
HE3aBHCHA KOMIIOHEHTA OTBOPEHOI KOJIa KOja MMIIJIEMEHTHPA HEeIapaMeTapCKy
BajecoBy PTSG meromy anpokcumanujom Type-Based MCMC, kaxko je onucano
y IIETOM TOIJIABJBY. Y OKBHUPY HCTPAXKUBAIha je je3rPo 3aKJby INBaha, [IPOITUPEHO
Kako 0u ce mMmiieMeHTupao uHdepentep 3a C#. YMeCTO CHHTaKCHUX cTabaJia
KOHKPETHOI' IIapcepa, je3rpo paju Haj uarepuuM crabnma (kiaace Tree u Node,
ciuka 7.2), a ancrpakrhe Kiace TreeCreator, NodeCreator u Writer cy Tauke
[IPOINKPEHa: IPBE JBe 3a [PeBODerme CHHTAKCHUX CTabajia y MHTEPHY pelpe-
3eHTaIH]jy, a Tpeha 3a NCHUCUBabe 3aKJbyYeHNX (bparMeHaTa Kao HIMOMa KOJa.
Knaca TypeBasedSampler m3Boju 3aK/bydnBame, a BookKeeper Boau eBuyeH-
[jy O YBOPOBHUMA, TUIIOBUMA U OpojaunMa (pparMeHara u KOPEHCKUX IBOPOBA.
WNudepemnrep npomupyje jesrpo ocaamajyhu ce Ha Roslyn mapcep.

Kopak S2 moapxkasajy Busyaausamop, koju reaepuite HTML npukase yiia-
3HUX Jaroreka (ciamka 7.4) ca 000jeHUM UAMOMUMA, HBUXOBOM YYeCTaJomiy u
Be3aMa Ka JPYTUM IojaBaMa UCTOT ujauoma, u Pykosanay, koju omoryhasa cria-
jame WJIOMa y3 OvYyBalbeé CUHTAKCHE HCIIPABHOCTU M I'DYIHCAIHLE JIATOTEKA Ca
3ajeIHMIKUM HIAOMOM pajn oaBojeHe obpase. Ha kpajy Kypupama moTpebHO
je zagaru ume API merose, nmena nmapamerapa IpeCIUKAHIUX HA METAITPOMEH-
spuBe, 1 RoseLib KoMmozep y Koju ce MeTo/1a HHTErpuire.

Dagzy 2 peasnmsyje Tpanchopmamop, y3 6a3y 3narea Koja CaJpKH MOJATKE O
TOME KOje BPCTe UBOPOBa IIOjeJMHA KOMIIO3€p MOXKe Jla 00pa/iu, Koje IabioHe
Tpeba KopucTuTHu U e ce Hasmaze RoseLib u remepucann me10Bu KoMmosepa.

TpancdopmaTop crpoBoau caeaehn mocTynaK: n3abpanu (pparMenT IpeTBa-
pa y C# uHTEpPHOJUPAHU CTPUHT Y KOME Cy METAIPOMEH/HUBE 3aMEHeHE Mapa-
MeTpUMa, Kpeupa JeKJIapalyjy MeToje, TeHEePHIIe TeJI0 MeTojie MabIOHOM Be-
3aHUM 3a n3abpaHy KOMIIO3ED M Ha KPajy Jlo/aje MeTo/dy y IapiyjaaHy KJacy
koMmmo3epa. Mexanunzam naprujasnnx kKiaaca o0e3dehyje HeoxoaHo pas3/Bajame
PYYHO IUCAHUX W T€HEPUCAHUX METOA.

Csaka Tako remepucana Meroza (Ipumep Jar Ha cauny 7.6) ce Ipu HO3UBY
IIOHAINA Ha cJyeehn HAYMH: HajIpe [IPOBEPaBa Ja JIU je TPEHYTHO CTalbe CeJIeK-
II{j€ ITOTOJTHO 3a HAMEPaBaHy U3MEHY, 3aTHM HHTEPIIOINPa U mapcupa (pparMext,
1a 0JI0Mja OIepaIrjy ako J00MjeHO MOACTab/I0 HIje CHHTAKCHO UCIIPABHO. ¥ Cy-
npotaoM, yrpahyje momcradio y RCST u ceekryje meroB KOpeHCKH 9BOP, TAKO
Jla ce HapeJHe OIepaliije MOTy HaIOBE3aTH.
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EBanyaruja

OcMo TorUIaB/be €BaJIyupa MPUCTYI KPO3 TPU UCTPAYKUBAYKA ITHTAFHA!

e RQ1: Jla sin basa orkpuBama KOHIIENIATA IPOM3BOJIU PEJIEBAHTHE UIUOME
Koja?

e RQ2: /Ta yin je Ta da3za ckajsadbuina?

e RQ3: Jla s cy API meroue uzseene SAGED npucrynom edpukacHuje 3a
yrorpedy ox nmocrojehux API merona ABG-a?

Opxrosopu Ha RQ1 u RQ2 norsplyjy xunoreze H1 u H2, xunoreza H3 no-
TBpDeHa je yCIIeNIHOM UMIIJIEMEHTAII]jOM Pelllerba U3 CeJIMOI II0IJIABIba, & II03H-
tuBaH oarosop Ha RQ3 morephyje xumoresy H4.

Keanmumamuena esaayayuja je mepuiia mpenusHocT (yaeo 3aK/bydeHuX
uMoMa IpoHal)eHNX ¥ TeCT KOPITYCy ), IOKPUBEHOCT (IIPOIIEHAT CHHTAKCHUX IBO-
pPOBa TECT KOpITyca MOKPUBEHUX MIUOMUMA 3aKJbYUICHUM M3 KOPITyca 3a 00yda-
Baibe), MPOCEUHyY JIyXKUHY MIUOMa U cKajabuiHoct (oaHoc Gpoja JUHUja KoJa
U BpeMEeHa HaKOH KOjer ce IOYUIbe Ca y30pKoBameM). IIpBe JBe MeTpuke Ha-
JIIKY]y UPEIU3HOCTH U 013uBy (eHIVI. recall) y mperparkupary HHDOpMAIUja,
NpUJIArOeHNM oMeHy pyJapema uaunoma [14].

CKyI mmojilaTaka ce cacTojao of TPU PYTHO IperjejaHa mpojekra n3palena y
CJIMYHO] TEXHOJIOTUjU:

e KOJIeKIUje CTyjeHTCKuX npojekara [48] (mecnaect Rent-A-Car Be6 amuu-
KaIlyja PAa3BUjE€HUX OJ] CTPAHE JBOYWIAHUX THMOBA Ha OCHOBY UCTE IIOYETHE
crenuduKanuje, NITO OAroBapa cKyity upoussojga y SPL-y),

e School Bus ammukanuje [49] (mocenyje jacuy crpykTypy ca mobpo jedu-
HUCAHUM CJIOJ€BUMA W BUCOKY DPENEeTUTHBHOCT IMPOTPAMCKOT KOJIA) 1

e Licensing amsmmkanuje [50] (u3abpana je jep je ciioxkKeHa, ca HEJOBOJHHO
1106po iebUHICAHUM CJI0jeBUMA.).

V3 omabpane mpojekTe, 3a eBasIyarnjy je uckopuiiheno u jeganaect C# mpo-
jexaTa OTBOpeHOT Kozla 13 cKyIa Asamanuca u capagavka [51]. Jakse, anamusu-
paHo je yKyIHO deTpHaecT npojekara (tabesa 8.1) Benuunne oJ1 0Ko 4,5 Xusbajie
1o mpeko 600 xusbaja auHUja Koma, o0jeaumeHux y jaBHo gocrymad Mendeley
Data ckyn paju npoBep/bUBOCTH €KCIIEPUMEHATA.

Caaku Ipojekar moJiesbeH je Ha KOpIyc 3a o0yuasame (70% matoreka) m Tect
kopryc (30%). ITouerna BeposaTHOha 1a uBOp Oyme M3abpaH 3a KOPEHCKHN GuiIa
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je 0,85, mapameTrap reomerpujcke pacrozese 0,025, napamMeTap KOHIIEHTPaIHje (v
5, TIEpHOJT caropeBama 75 UTepalyja, a Ipar MojaB/buBambha UII0OMa 2 V3 HajMaThe
8 usopopa. Y mpoceky je 40,1% (+18,8) mamoma 3aKkjbydeHHX U3 KOPIyCa 3a
obyuaBame nponaheno y recr kopiycy. Ummomu cy nokpuau 39,1% (£17,4)
9BOPOBA TECT KOPITyCa, a IMPOCEYHa JIyKruHA nanoma bmia je 14 aBoposa.

Mertosa je ncmpaBHO yKa3aJia Ha Maiby PEleTUTHBHOCT Licensing amaukarm-
je (mpermsuocr 25,9%, mokpusenoct 29,0%) y ommocy Ha School Bus (71,1%,
65,0%) u crynenTcke npojekre (75,7%, 69,5%). 1 Koy ocranux npojekara, OHA
PENETUTUBHUJU Cy JAaBaJid BUIE BpeIHOCTH. Bpeme obydaBarma pacio je Jin-
HeapHO ca Opojem jmHUja Koja: 3a HajBehn mpojekar, ca mpeko 600.000 jguHIja
HakoH yuinhema, 75 urepanuja Tpajao je 1,5 catu Ha padyHapy ca IpOIecopoM
Apple M1 Pro u 32 GB memopuje.

Ksarumamuena esasyayuja je IpuMerbeHa Ha Mepemhe Opoja uanoMa, Koje je
TOKOM KypHpama Tpebasio PyJIHO MemaTh Ja Ou Ouin yrnoTped/bUuBU 3a ITeHepu-
came API merona 3a ABG. BaksbyunBarbe je IOHOB/BEHO HA TIPBa TPH MPOjEKTa
110 citojeBuMa, n3nsojennm momohy Ilpenobpahusada u pyYHOM HHCIIEKITHjOM, Y3
dbukcrupane KOpeHCKe YBOPOBE HA CTPYKTYPHUM eJieMeHTUMa, (IIPOCTOPH UMEHA,
KJace, Metozie) paju yckinahenoctu ca RoseLib kommozepuma. Ynanou Harmer
tuma ca uckycrBoM y ASP.NET paspojy, koju HucCy Onjin paHuje yIno3HATH Ca
pasMarTpaHuM IPOjeKTUMAa, KypPUpaJd Cy uamome 3a morpebe kpenpama MDSE
ajaTa KOju ayTOMATHU3Yje OJIpyKaBarbe jeJIHOT IIPOjeKTa KPO3 CBE CJIOjeBE, a CIIOJb-
HU [IPOTPAMEPH, Ca BUIIE O IIeT TOANHA UCKYCTBA Y JATOM TEXHOJIOIIKOM CTEKY,
OIIEHWJIN Cy HUXOBY BPEJIHOCT.

3a CTy/EHTCKE IIPOjeKTe MIEHTU(PUKOBAHO je jeJaHaeCcT IPylia CPOJIHUX ap-
tedpakara. Kypupame je Tpajasio 1Ba cata u qajo npeko 50 m3abpaHux MiIuoMa
(upumepu paru na caunu 8.2). Ilopen rora, 12% uaentudukoBaHux UAMOMA
MaJIo je u3MermeHo Pykosaonem na 6u ce mobuse noroanuje API merone. Crosb-
HU IIPOrpaMepH MPENO3HAIN CY CEMAHTUKY HIUOMAa MaKO UM HEje AT HUKAKAB
KOHTEKCT.

Licensing amnkamnuja je mokasasa jsa orpanudesa SAGED merosme. TIp-
BO, METOJIa je OCET/bUBA Ha IPOMEHY PEIOCyeIa eJIEMEHATa, KOJa: aTpuOyTH Ha
KJIacaMa KOHTPOJIEPA, Ha IIPUMED, HUCY YBEK HABEIEHU UCTUM PEIOCIEIOM, I1a
3aKJ/byYEHU UJIMOM Ha TOM MECTY J00Hja METAIPOMEH/bUBY YMECTO KOHKDPETHOT
n3pasza. pyro, MmoryhHocTu 3ak/bydnBaiba OrDAHUYEHE Cy KOJ HEPereTHTUB-
HOT' UMIIEPATUBHOT KOJIa. Y OBOj AILIMKAIIAjU TOCJIOBHA JIOTUKA HUje U3JIBOjeHA
y 3acebaH cji0j, Behi ce mpoxkuMma u Kpo3 CJI0jeBe KOjU Cy WMHAYe PEeleTUTUBHHU,
IIOIIYT CJI0ja KOHTPOJIEPA, IIITO HETATUBHO yTUYE HA PACIIOJEIIE DY 3aKJbY TMBa-
wy. O6a mpobieMa pe3yaTyjy IIUTKUM U TeHEPUIKUM 00PaCIMa KOJU yMeCTO
KOHKDETHHX HCKa3a CaJIpKe MEeTAIPOMEHIbUBE.
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Esaryayuja epuracrocmu topeaniia je BpeMe pas3Boja u Opoj JMHHUja KOZIA
npu nMmiuiemenTaryju ucror MDSE asara kopurnthemem pBo OCHOBHE a 3aTHUM
u npomupene Bep3uje budbanoreke Roselib y kojy cy momare API merose rene-
pHCaHe Ha OCHOBY KyPHUPaHUX UAuoMa (IIPUMEPH IbUXOBe ylorpebe cy JaTh Ha
ciimru 8.3). 3agarak MDSE ajara je 6uo ja ayroMarusyje oiprkaBarbe jeiHe
crynearcke Rent-A-Car Be6 ammnkanmje Kpo3 cefiaM cjojeBa. Ca ImponmpeHnM
ABG-om nanmcano je 24% marmbe JuHRja KOJIa, a pa3Boj ajara Tpajao je oko 20%
kpalie. /lonpunoc je 6uo Tum Behu mro je uzabpaHu UAUOM OUO CJIOXKEHU)U.

OBu pesyiratu cy yrnopeheHn u ca HAIIUM PAHUjUM HCTPAYKUBAEM Y WH-
JIyCTPUjCKOM OKpYy2Kemy, v okBupy komnanuje Schneider Electric y Hosom Ca-
ny [12], rue je 3a kommuiekcan MDSE asiar TokoMm Builte o1 e rojgute uspajeno
HEKOJINKO CTOTUHA I'eHepaTopa, o Kojux oKo croTuny 3a C# apredakre oMoy
Roslyn-a u mpse Bep3uje Roselib-a. Tamo je pa3Boj reneparopa 3a jeJiHy BPCTY
apredakTa y mpoceky 3axreBao 20 4oBek-4acona, Jok je ca SAGED npucrymnom
CJITYaH TeHepaTop Pa3BHjeH 3a MPOCETHO 15,5 YOBEK-YacoBa, ITO 3a MPOjeKTe
OB€ BEJIMYUHE IIPEJICTAB/bA 3HAYUAJHY YIITEIY.

EBanyanuja je mokasasia s1a cy 0AroBOpH Ha CBa TPH UCTPAKUBAYKA IUTAIHA
oTBp/iHU, YuMe cy norsphene xunoreze H1-H4 u, nocpenno, ommra xunoresa
HO. Youenn cy u nzazosu:

o Kypupame 61 Tpebasio yHAIIPEIUTH PAHIHPAHEM U IIPETPArOM HIHOMA,
jep ajar He moMmake Ipu M300py HAjKOPHCHHUje Bepauje Mmely cimaHum
ITIOMUMA.

e Merosa je oceT/buBa Ha PEIIOCIIE] eJleMeHaTa KOia, IITO je JeJTUMUYIHO
ybutazkeHo coprupameM y [IpenobpaluBady, ajqu uMIepaTuBHU KOJ[ 3aXTe-
Ba JIaJba IMODOJLIIALA.

e [Ipuctym je HajIETOTBOPHUjU 32 AIJIMKAIIN]E Ca YCTA/LEHUM KOHBEHIIHjaMa
U PEIeTUTUBHUM KOJIOM, JIOK je KOJ| BeJINKe BapujabUIHOCTH, Ijie KOHBEH-
[ije HUCY WCIOIITOBaHe, HEOMXOHO Belie aHrayKoBambe Pa3BOjHOr TUMA.

HpeTH,e BaJIMJHOCTH OJHOCE Ce Ha:

e ucmnpasaocT nmiuiementamnuje Bajecose PTSG meroze, mro je agpecupano
[peryieIoM KoJia Off CTpaHe BHUINe YJIAHOBA TUMA U JeINHUIHUM TECTOBUMA
(mupexTHO MOpeheme ca opuruHagTHUM pagom [14] aHuje Gumo moryhe jep
CY BerOBU CKYIIOBU IMCAHU HA Java MPOrPaMCKOM je3WKY ).

® 110/00HOCT CKYIIA IOJAaTaKa, IIITO je aJpPecupaHO KOPUMINEHeM IIPOjeKaTa
PAa3JIMYUTOr TOPEKJIA, BEJINYNHE U KBAJIUTETA.
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e 00jeKTUBHOCT Mepema e(PUKACHOCTH, IITO je aapecupano mopehemem ca
KOMIIJIEKCHUM I/IHLLyCTpI/IjCKI/H\l aJlaTOM HUMIJIEMEHTUPDaHUM HCTHUM TEXHO-
JIOTHjaMa, ¥ CJAUIHOM OKPYKEY U Ca UCTUM PA3BOJHUM THUMOM.

SaKJI)yan n 1npaBOd JaJberl' NCTPa2K1Balba

YV nucepranuju je nokasaHo ja API-6asupanu reneparopu omoryhasajy sa
ce MDSE wuckopuctu 3a ayroMaTusalujy Jda/ber pa3Boja mocrojehinx mpojeka-
Ta, Y3 OUyBalbe HBUXOBE apXUTEKType W Pa3BOJHUX IIPOIeca. ¥ IOTPeO/HIBOCT
API-6asupanux remeparopa ce 6urao nosehasa xaja ce API nedunurie y xon-
[ENITUMA BUIIET HUBOA AICTPAKIIHjE, M3BEICHNM M3 UINOMa IIPOTPAMCKOr KO/Ia
JIATOT TPOjEKTA.

TTopen camor SAGED npucryna, Koju 3ak/bydyje HIHOME HEAPaMeTapCKOM
Bajecosom PTSG meromom u3 HesrabempaHOr KoJia U ayTOMATU3Yje Kpenparbe
API merosia 3a Kypupane ujanome, JONPUHOCH JUCEPTAIUjE Cy U:

® CHCTEeMAaTHU3aIhja JIUTEPATYPE O 3aK/bYUNBAILY HIUOMA KOIa, ca 0bjalmbe-
BEM CBUX KODaKa oJladbpaHe MeTOJ[e U UMILJIEMEHTAIINjOM OTBOPEHOT KO/Ia,

e nerajbHa paspasa Type-Based MCMC merose 3a anmpokcuMalijy Hera-
pamerapcke Bajecose PTSG u meno npunarohasame nomeny PTSG pamgu
I10jeTHOCTAaB/bEHA U ONTUMU3AIIN]E,

® je3WYKMU HE3aBUCHO je3TPO 3aKJbyINBaiba, 00jaB/HEHO Kao PEIerhe OTBOPe-
HOT KOJIa U IIPOIIMPHUBO HA PA3JIMYHUTE IIPOI'PAMCKe je3UKe,

e npomupemne jesrpa 3a jesuk C#, 3ajeano ca apxurekrypoMm ABG ocHoBe
U HAYMHOM H>E€HOT ITPONIUPUBAIba HOBUM METOIAMA.

IIpucryn je eBasympaH KBAaHTHTATHBHO HA YETPHAECT IIPOjeKaTa, KBAJIMTA-
TUBHO Ha CKYIIy CPOJIHUX CTYJEHTCKHUX IIPOjeKaTa M JBa yIOPEJIUBa IIPOjeKTa
OTBOPEHOI' KOJIa ¥3 CIIOJbHY BaJujaIujy, n Kpo3 usrpajamy MDSE amara.

V 3ak/byUKy je CyMHpaHa U IIOTBpJa Xuroresa: y tabesn 9.1 je npukazaHo
Kako je csaka ox xunoresa HO-H4 morsphena u rme ce y paay Hajiaze oiroBa-
pajyhu mokasu. Pasmorpene cy um UMILTAKAIMje pe3y/aTaTa, a 00jaB/beHU CKYTI
roJlaTaka U U3MepeHe BPeTHOCTU YrHe OCHOBY 3a mopeheme 6yayhux ymampehe-
b METOJIE 3aKJbYINBaIba.

Bynyhu pajs yemepen je na cmarberbe orpede 3a PydHUM KypPHUPAbEM IIyTeM
yuanpehema asarta 3a mperyiel 1 MAHUITYJIAINA]Y AIAOMUMA, KA0 W HCTPAXKU-
BameM TO0OJbINAaa METOe Koja Ou, mopesl cmHTakce, Tpebasao ga y3Me y 00-
3Up U ceMaHTUKYy Kofa. [lmaHupaHo je mpormperme UMIJIEMEHTANAje HA JIPyTe
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IIporpaMcke je3mke, ITO je3rpo Beh omoryhasa y3 oarosapajyhum mapcep, Kao
U KBAJUTATHBHA €BaJjIyalldja KOPUCHUYIKOI MCKYCTBA IO y30py Ha €BaJIyallujy
jesuka cuenuduIHAX 3a JIOMEH. 3HadajaH OpOj CIAMYHUX HMJIMOMA KOJH Cy OT-
KPUBEHH y CTYJEHTCKUM IpojekTuMa u School Bus ammkaruju orBapa murame
ITIOHOBHE yIIOTpe0E CITeINjaIn30BaHNX T€HEPATOPA Y CPOJHUM TEXHUIKHUM JIOME-
HUMa, Y CMUCJy Kpeupamba jesbeHe oubauorexke API merona. Hajzau, cse Behia
PACIIPOCTPAILEHOCT MeHEPUCAIbA KOJIa KOPUIINEHeM BETUKUX Je3UIKUX MOJIesa
(LLM) oTBapa MHTEpECAHTAH IIPABAI] HCTPAYKUBAA — HUXOBY MHTEIPAI]y Ca
dopmasaujum MDSE merogama, npu uemy 6u TpaHcdopMaliije Koje u3Bojie je-
3UYKU MOJIEJIM MOTJIe OUTH CadyBaHe Kao IIOHOBHO YIIOTPEO/HUBU U MPEIBUINBI

ABG wuzpa3zmu.

MeTtogosoruja ncTpaknBarba

HcrpazkuBame je CIpoBeJIEHO TI0 METOIO0JIOTHjU HCTPAYKUBAIbA Yy HAYIIN O JTH-
zajuy (eursu. Design Science Research Methodology — DSRM) [52, 53] y Bapujan-
T [ledepca n capamanka [54], unju cy kopann: (1) nneatTudunkanuja npobiema,
(2) nedunncame nusbeBa pemema, (3) IpojekToBame U pasBoj, (4) memMoHCTpa-
muja pemiema, (5) epanyanuja u (6) KOMyHHUKAIMja PE3ysITaTa.

1. Unentudukamnymja mpobremMa 1 MOTUBAIIN]a je TUCKYTOBAHA Y YBOIY YV CEK-
mrjama 1.1 u 1.3, TeopujcKMM OCHOBaMa y IOIVIABJbY 2 M KpPO3 aHAJIU3Y
CPOJIHUX MCTPAXKUBAaa y IOIJIABIBY 3.

2. lleduHncarme Nu/beBa pellema, XUIIOTe3a, 3aXTeBa KOjU Ce IOCTaBJba]y
IIpeJi, pelllelhe U OYeKUBAHUX Pe3yJITara je JaTo y cexknujama 1.2, 1.4 u
4.2.

3. TIpojekroBame u pa3soj je obpaljero kpos crnermudukanujy SAGED mpu-
CTyTIa y TOIIaB/by 4, N3BOhemhe MaTeMaTHIKOT MO/JIeJIa 3aK/by IMBAHA UJTU-
oma ca upuiarofjaBamem Type-Based MCMC merone momeny PTSG y
moryiaB/by 5, onuc RoseLib 6ubsmoreke kKao ocHoBe 3a pas3soj ABG-a y
moryiaBJby 6 ¥, Ha Kpajy, Kpo3 pedepeHTHy apXUTEKTYPy Ca UMILJIeMeHTa-
[MjOM CBUX KOMIIOHEHTH W aJaTa MOKPUBEHUX jeIUHUIHUM TECTOBUMA Y
IIOTJIABIBY 7.

4. JlemoHcTpaluja perema je MOKPpUBEHA KPO3 MpUMEHy (a3e OTKPUBAIhA
KOHIIeNaTa Ha Tpu npojekTa u usrpajamwy MDSE anara momohy u3Bemennx
API merona (cexmje 8.2 u 8.3).
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5. EBasnyanuja je u3BpieHa y HOIVIaB/by 8 KPO3 KBAHTHUTATHBHY €BaJIyally-
jy Ha derpHaect npojekara (ceknmja 8.1), KBaJUTATUBHY eBaIyalujy ca
crosbHOM BasmaimjoM (cekimja 8.2), nopebheme edrKacHOCTH ca OCHOB-
auM ABG-om u crymujom uz ungycrpuje [12] (ceknuja 8.3), auckycujy u
aHaju3y npermu BajaugHoctu (ceximje 8.4 u 8.5).

6. Komynukaruja pesyarara je o0aB/beHa KPO3 OBY HHUCEpTaIjy, 0bjaB/beHe
pamose [43, 11, 12, 13|, pemema orBopenor koma [30, 55, 56, 57| u jaBHO
JIOCTYTIAH CKYT TojaTaka [48].
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Abstract

API-Based Generators (ABGs) allow practitioners to achieve the advantages of
Model-Driven Software Engineering (MDSE) without making significant changes
to their current workflow or the architecture of their solution. However, us-
ing ABGs that are defined in terms of the syntax rules of a target language
can be cumbersome and impractical. Additionally, manually developing an
ABG based on higher-level concepts already used in an existing solution is
labor-intensive and time-consuming. This thesis introduces a new approach
called Semi-automatic API-based Generators Development (SAGED) to expe-
dite the creation of ABGs customized for MDSE development of existing solu-
tions. SAGED accomplishes this by (i) providing insight into code idioms that
could be considered good candidates for code generation, as they frequently ap-
pear in the codebase, and (ii) automating the creation of a code-generation API
for an ABG, defined in terms of the identified code idioms. The SAGED ap-
proach relies on mining code idioms from existing, unlabeled source code based
on a machine learning technique called the non-parametric Bayesian Proba-
bilistic Tree Substitution Grammar (PTSG). The main contributions of this
thesis include the introduction of the SAGED approach, an explanation and
adaptation of the Type-Based MCMC as a method for approximating the non-
parametric Bayesian PTSG, and the development of an open-source inference
core for implementing the inference method in different programming languages.
Furthermore, the thesis presents a solution for implementing SAGED in the C+#
programming language, along with case studies that demonstrate its effective-
ness. The inference core and the C# implementation of SAGED are publicly
available as open-source solutions.
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1 Introduction

1.1 API-Based Generators in Model-Driven
Software Engineering

Further manual development and maintenance of a software solution with a large
codebase, which has rapidly grown over the years, can become challenging. To
change or significantly extend such a solution without unwanted consequences,
one must have detailed knowledge of its internal structure and the interconnec-
tions between its components.

France and Rumpe [1] argue that a significant factor behind the difficulty of
developing complex software is the wide conceptual gap between the problem
and the implementation domains of discourse. The manifestation of such a
problem-implementation gap is that a developer implements software solutions
using abstractions that are at a lower level than those used to express the
problem. So, in the case of complex problems, bridging the gap using methods
that rely almost exclusively on human effort will introduce significant accidental
complexities that are not inherent to the development of software [2]. In effect,
current manual code-centric development approaches are not always adequate
for mitigating and managing the complexities of such large-scale solutions.

Model-Driven Software Engineering (MDSE) is a software development ap-
proach that utilizes models as primary software development artifacts, with the
key premise that programs are automatically derived from such models [3]. Mod-
els are key to success in modern software engineering, in domains such as railway
systems, automotive, business process engineering, and embedded systems [58].
Reports claim various benefits of using MDSE, such as shorter development
time with fewer bugs, easier maintenance, and a better understanding of the
problem and design [59, 60, 61].



The advantage of MDSE is that models are at a higher level of abstraction,
much closer to the problem domain relative to most programming languages,
which makes models more suitable to specify, produce, and maintain complex
software solutions [4]. An executable solution is usually derived from mod-
els using transformations. Transformations aimed at producing textual output
are called Model-to-Text (M2T) transformations, and the operation of applying
M2T transformations to create code is called code generation [3]. The auto-
matic derivation of an executable solution through code generation helps bridge
the problem-implementation gap without introducing unnecessary accidental
complexities.

From the perspective of an MDSE practitioner, the most effective way to
transition from manual development to the MDSE approach is to modify the
current system’s development workflow to incorporate MDSE practices and up-
date or rebuild the existing architecture to support it. However, this transition
comes with costs and risks. Current research indicates that stakeholders may
doubt the benefits of this change and resist making significant modifications to
their development processes [5].

1.1.1 Gradual transition to MDSE facilitated by ABGs

When aiming for a gradual transition, the implementation of MDSE is con-
strained by the existing environment, processes, and architecture. Manual
changes must be supported at least until the transition is complete. Therefore,
it is important to consider how manual changes are preserved between code
generation iterations. Most authors suggest that hand-written and generated
code should be kept and maintained separately to prevent overwriting manual
changes by a code generator. Their integration can be achieved using mecha-
nisms such as generation gap, partial classes, protected regions, and others [6].
However, there may be cases where the existing architecture or code artifacts
do not allow for the use of these mechanisms. Additionally, stakeholders may
request to retain flexibility and directly change the generated code [7].
Application Programming Interfaces (APIs) are the user interfaces of li-
braries or functionalities used by programmers [62]. They support programmers
by promoting code reuse, providing abstractions that simplify programming
tasks, and unifying their programming experience [63]. Libraries and frame-
works that offer an API for making precise modifications to programming code,
while maintaining its syntax correctness, are known as API-Based Generators
(ABGs), and they implement the fundamental code generation pattern of the
same name [8]. Examples of ABGs include JavaParser API [9], for generat-



ing Java source files, and the Syntax Tree API of Roslyn [10] (code name for
the .NET Compiler Platform). Comprehensive ABGs allow for precise changes
to specific parts of the code while maintaining syntax correctness, which helps
prevent mistakes that could disrupt the development process and damage stake-
holders’ trust.

1.1.2 Problems with ABGs and a possible solution

The suitability of an ABG depends on the abstraction level of its API. General-
purpose Programming Languages (GPLs) have complex grammars, and an API
based on these grammars must be expressive enough to support various use
cases. Using ABGs as a foundation for developing MDSE tools for complex
projects can be time-consuming and labor-intensive due to the need to specify
every grammar detail [8]. Additionally, it requires a deep understanding of the
complex syntax rules of a GPL, which may discourage some developers from
using ABGs for code generation. Our previous research indicated that the de-
velopment of code generators is much slower when using ABGs in comparison
with templates [12]. Although these two approaches to developing code genera-
tors cannot be directly compared, as the use cases are not entirely overlapping,
it would be helpful to make development with ABGs less cumbersome.

To make ABGs more user-friendly, we need to define the API in terms of
higher-level concepts that extend beyond syntax-related elements. This would
enable coarse-grained code manipulation at the level of code fragments associ-
ated with these concepts. By reducing the need to specify detailed grammar
rules, ABGs would become more concise and easier to use. Consequently, using
ABGs to automate development tasks would become more accessible. However,
obtaining such a customized ABG for a specific use case requires identifying the
appropriate set of higher-level concepts.

As we focus on the gradual transition from the manual development of an
existing system to development based on the MDSE approach, we can leverage
the circumstances. We can learn from the parts of the business and technical
domains that have already been explored and identify patterns in the code that
seem useful for automation. Learning can be done through code idioms mining,
where code idioms are useful concept-embodying patterns contained within the
codebase of a software solution [14, 15]. Based on the obtained knowledge,
we can automate an ABG’s specialization to make its API more concise and
practical for the given task.



1.2 Defining and describing the subject of the
research

This research aims to utilize inference of useful code idioms from the code-
base of a software solution and automatically derive a specialized ABG that can
enable easier automation of the software solution’s future development.

With the explained goal of the research, we first specify the general hypoth-
esis HO.

e HO: It is possible to create a solution for automating the development of

API-based code generators tailored to the technical domain specified by
the given codebase.

From the hypothesis HO, we can formulate the following hypotheses that we
aim to validate. These correspond to the two parts of the specified goal of the
research.

e H1: It is possible to semi-automatically identify relevant code idioms in
the given codebase.

e H2: The identification of code idioms can be performed in a scalable
manner.

e H3: It is possible to automate the development of ABGs based on the
identified code idioms.

The combination of hypotheses H1 to H3, together with the supporting im-
plementation of a system that facilitates reaching the set goal, can be used to
support assumptions related to the solution from HO.

After addressing the possibility of crafting a solution, we also need to focus
on the effectiveness of ABGs produced using the said solution.

e H4: API methods of an ABG, automatically derived from relevant code
idioms, are more efficient in terms of development time and the amount
of code required compared to existing basic language-related ABG API
methods.

1.3 Explaining the need for research

To summarize, the need for research stems from the following:



e Creating the logic for integrating generated and manually written code
through a specialized MDSE tool can be achieved with ABGs, as they
provide a few benefits. They facilitate precise integration and a syntacti-
cally valid output. However, comprehensive ABGs with APIs defined in
terms of a GPL are cumbersome to use, and writing the logic can take a
lot of time [8, 12].

e Bringing ABGs closer to the domain problem being solved manually re-
quires MDSE technicians not only to become familiar with both the prob-
lem domain and the code, but also to know how to extend an ABG of
interest with a more suitable API.

e Existing research suggests that finding repetitive code idioms in a codebase
is possible using code idioms mining [14, 16]. However, the literature
does not specify all the needed steps for a scalable implementation, so a
systematization of the literature is needed.

e To the best of our knowledge, the research on how to successfully automate
the development of ABGs and bring them closer to the domain problem
is missing from the literature.

1.4 Research objective with emphasis on
expected results

The primary research objective is to define an approach and design an im-
plementation for:
e The semi-automatic identification of recurring code idioms in the existing
codebase that are good candidates for code generation and beneficial for
future development needs.

e The semi-automatic creation of a code-generation API for an ABG defined
in terms of the identified code idioms.

The end goal of the defined approach is: a scenario where the API of an
ABG, meeting the requirements, is defined in terms of both the syntax of a
programming language and relevant higher-level concepts. The API of an ABG
is defined in terms of the grammar of a target programming language, as well
as more complex constructs corresponding to code idioms inferred from the
existing codebase. Naturally, code alterations performed using such an ABG



must produce syntactically correct code. The expectation is that by expanding
the range of supported concepts, implementing code generation becomes more
manageable as the ABG aligns more closely with the problem domain.

The designed approach has to be general-purpose, independent of any spe-
cific programming language or ABG. Its implementation must be extensible to
support any arbitrary programming language.

Given the primary objectives, the end goal, and the accompanying explana-
tion, the more concrete expected results are:

e A novel approach for the semi-automatic API-based generators develop-
ment called SAGED, which defines all the necessary steps to achieve the
set goals.

e A Type-Based MCMC applied to the domain of code idiom mining, and
utilized to approximate the non-parametric Bayesian PTSG method, with
all necessary algorithms formally defined and explained in detail.

e A language-independent inference core, suitable for creating extensions for
various programming languages.

e An extension of the inference core specialized for C#.

e A visual tool for curating inferred code idioms, allowing for the review
and manipulation of results.

e An ABG that supports the manipulation of C# code.

o A code generator that extends the ABG with new API-based methods for
selected code idioms.

1.5 Methods to be applied

To conduct research in a systematic, structured way, Design Science Research
Methodology (DSRM) can be used to streamline efforts to derive concrete, gen-
eralizable results [52, 53]. Peffers et al. [54] defined what a DSRM research
process should look like, as shown in Figure 1.1. The literature contains varia-
tions of the process flow, but the presented one is commonly used. It defines six
nominal steps in the process. Although these steps are sequential, there is also
support for iterative refinement. Furthermore, DSRM does allow research to
have four different entry points (depicted in the lower half of the figure), from



which the research can proceed. In the next few paragraphs, we explain the
steps introduced by the authors and how they relate to this thesis.
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Figure 1.1: The DSRM process, adapted from [54] and [52]

The first step of the process is Problem Identification and Motivation. It
necessitates the definition of the specific research problem and justification of
the value of a solution. The second step is Define Objectives of a Solution, where
the objectives of a solution are inferred from the problem definition. Section
1.5.1 Theoretical examinations discusses how both of these steps are covered
within this thesis.

The third step is Design and Development, which includes determining the
artifact’s desired functionality and its architecture, and then creating the ac-
tual artifact. Subsections 1.5.2 Development of a theoretical-conceptual
model and 1.5.3 Development of a technical solution cover this step
jointly, explaining the theoretical model used to create the solution, the solu-
tion’s architecture, and its components.

Next, DSRM includes two steps to define the usefulness of the solution:
Demonstration, where the efficacy of the artifact to solve the problem is demon-
strated, and Ewvaluation, which involves comparing the objectives of a solution
to actual observed results from the use of the artifact in the Demonstration step.



The way these two steps are covered by the thesis is explained in Subsection
1.5.4 Verification and evaluation.

The last step of DSRM is Communication, which obliges researchers to com-
municate the problem and its importance, the artifact, its utility and novelty,
the rigor of its design, and its effectiveness to researchers and other relevant au-
diences. Of course, the thesis itself serves this purpose, together with the related
published papers and artifacts in the form of open-source solutions provided to
the broader audience. Thus, this step is omitted from further discussion.

1.5.1 Theoretical examinations

The first part of the theoretical examinations begins by further exploring ex-
isting approaches, code-generation patterns, and tools for integrating generated
and manually written code. Then, the research focuses on the approaches ap-
plicable to MDSE and M2T transformations, with an emphasis on those that
support preserving manual changes through generation iterations.

After building a comprehensive theoretical background on the state of re-
search on M2T transformations, a set of requirements that an ABG must con-
form to is defined to ensure the efficient use of ABGs for transitioning to MDSE.
Then, existing ABGs are compared against the requirements to assess their suit-
ability.

Similarly, the literature on the automatic discovery of repetitive, useful
concept-embodying patterns in code is further explored. Requirements are for-
malized and used to compare relevant techniques.

1.5.2 Development of a theoretical-conceptual model

The development phase of a theoretical-conceptual model includes the design of
an approach for semi-automatic development of ABGs. All steps of the approach
are explained in detail. The steps include the code-mining process, where the
application of Type-Based MCMC to this domain, as an approximation for non-
parametric Bayesian PTSG, is explained, along with the included algorithms.

Besides the mining step, other steps include curation and the automated
development of an ABG. The resulting ABG should conform to the requirements
enumerated as part of the theoretical examination.



1.5.3 Development of a technical solution

The development of the ABG should reflect the requirements defined as part of
the theoretical examinations. At this point, it seems sensible to use and adapt
some of the existing ABGs with the APT at a higher level of abstraction, making
them a working basis. This basis includes extension points that can be used to
automatically add new API methods.

The needed components reflecting the design of the approach, which help in
further semi-automatic development of the ABG, are:

e Inference core, a component that finds existing code idioms in the code-
base. The goal is to have this component be made in a (programming)
language-independent way, and to allow future specializations for any lan-

guage;

e Inferencer, a component which extends the inference core with the pos-
sibility to infer code idioms from codebase written in C# programming
language;

e Visualizer, which allows practitioners to see found code idioms and navi-
gate through the code, providing insight into repetitiveness and the con-
text in which the found code idiom occurs;

e Handler, a component that allows practitioners to manipulate code idioms
in a controlled manner. For example, a practitioner might want to join
two adjacent found code idioms, and the tool should allow them to, but it
should also take care that the resulting code idiom conforms to the syntax
rules of the language;

e An ABG basis with API methods purely related to language concepts,
with an architecture suitable for automated extension.

e A code generator that generates appropriate API methods and integrates
them with the ABG basis.

Unit tests must cover all components. Moreover, as finding code idioms in-
volves complex algorithms, special care is taken to ensure they are implemented
correctly.

1.5.4 Verification and evaluation

All hypotheses stemming from the general hypothesis HO must be validated.
Therefore, we need to evaluate whether the developed theoretical-conceptual



model and the technical solution contribute to affirmatively answering the gen-
eral hypothesis.

To address the hypothesis H1, we have to verify that the steps involved
in the semi-automatic identification of code idioms in a codebase indeed find
code idioms relevant for future development. The evaluation of the steps should
be both quantitative and qualitative. To mitigate bias, we must externally
validate that the identified and curated code idioms are indeed relevant for
future development. We can rely on external developers who possess general
knowledge of the technical domain and can reason about their usefulness.

The scalability of the method used to find idioms needs to be assessed to
address the hypothesis H2. As the identification process also includes manual
curation, it is also required to evaluate its labor intensity.

The steps to perform this evaluation are as follows:

e Quantitative evaluation of the relevance of automatically inferred code
idioms, both on datasets from the literature [51] and on datasets with
known properties. The metrics to be measured are (i) precision — the
percentage of inferred idioms found in the test corpora, (ii) coverage —
the percentage of the test corpora covered by the inferred idioms, and (iii)
average length of the inferred idioms, as explained in [14].

e (Qualitative evaluation of the relevance of found code idioms, by measuring
the number of idioms that require modification to be suitable for future
development, along with external validation of their relevance.

e Measuring scalability of both the inference method and the curation pro-
cess. To achieve this, the inference should be conducted on projects of
varying sizes and properties.

Based on the relevant code idioms identified in the previous steps, we can
now address the hypotheses H3 and H4 as follows:

e The identified code idioms are used to automatically derive API methods
that extend the ABG basis.

e To compare the efficiency of using the extended ABG against the baseline
(an ABG with the API defined purely in available language terms), we
can build the same MDSE solution with both and compare the required
time and the number of written lines of code.

Through these steps, by validating hypotheses H1 to H4, we can deduce
the answer to the general hypothesis HO.
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1.6 The possibility of applying the expected re-
sults

Industry reports highlight various benefits of transitioning to MDSE [64].
However, many stakeholders remain unconvinced that the transition would help
alleviate their problems to justify the costs [5]. Having the possibility of a
more gradual transition is crucial in addressing stakeholders’ concerns. Seamless
integration of MDSE tools with the existing manual development workflows
is essential for having a gradual transition. Central to this problem is the
integration of manually written and generated code.

ABGs help solve this problem without introducing significant changes to
the current architecture and setup. They allow practitioners to create MDSE
tools customized to specific projects [13]. However, developing MDSE tools
using ABGs can be laborious. The industry case study shows that developing
code generators using ABGs takes significantly longer than building them using
templates [12].

Provided that the outcomes of this research are successful, the possible ap-
plicability of the results is as follows:

e The resulting code-mining technique and related algorithms, implemented

within the open-source component named Inference Core, can be extended
to identify code idioms in codebases written in any programming language.

e A set of open-source tools specialized for the C# programming language
can be utilized to find and visualize code idioms, providing insights into
codebase repetitiveness. Additionally, tools for measuring the performance
of the inference method can quantify this repetitiveness.

e The automated development of an ABG for C# can relieve practitioners
from needing to understand ABG implementation details, thereby reduc-
ing the effort required to develop them.

e The SAGED approach, in general, can facilitate the adoption of the MDSE
paradigm across various scenarios, including the automation of mature
software projects that traditional MDSE approaches have not previously
covered.

1.7 Thesis organization

The remainder of this thesis is organized as follows:

11



Chapter 2 lays out the theoretical foundations, including the core concepts of
MDSE with an emphasis on code generation and the integration of hand-written
and generated code, and the notion of code idioms along with techniques for
mining them.

Chapter 3 reviews related work, discussing the benefits and challenges of
ABGs, the state of the art in code idiom mining, and existing attempts to
automate the development of MDSE tools.

Chapter 4 introduces the SAGED approach, its two phases and four steps,
and the requirements that the resulting ABG must fulfill.

Chapter 5 presents the mathematical background of code idiom inference
based on non-parametric Bayesian PTSGs and explains how Type-Based MCMC
is adapted to this domain to process multiple syntax tree nodes simultaneously.

Chapter 6 describes RoseLib, the C# ABG developed in our previous re-
search, which serves as the ABG basis.

Chapter 7 presents the reference architecture and the implementation of
SAGED for C#, covering the language-independent inference core, its C# ex-
tension, the extension of RoseLib with generated API methods, and the practi-
tioner tooling.

Chapter 8 evaluates the approach quantitatively and qualitatively, measures
the efficiency of using the derived API, and discusses the results and threats to
validity.

Finally, Chapter 9 summarizes the contributions and outlines directions for
future work.
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2 Theoretical Foundations

It is difficult to overstate how transformative software has been and still is for
humanity as a whole. It is so ubiquitous and so impactful across all aspects of
our lives that it is hard to find even one aspect left unaffected. Pretty remarkable
considering that the first stored program was run just eight decades ago [65].
A lot has been achieved since then, and software entities are more complex for
their size than perhaps any other human construct [66].

Of course, the process of creating software has been gradually improved over
time. As the need for more predictable development grew, software engineering
(SE) was recognized as a distinct field of engineering. And there was a reason for
it, as it was early recognized that writing useful and efficient computer programs
within the required time was difficult, leading the community to coin the term
software crisis [67]. Furthermore, the community came to understand that
just adding additional personnel to a project does not ease the problem [68].

SE is an engineering discipline concerned with all aspects of software pro-
duction, from the early stages of system specification through to maintenance
after the system has gone into use. It focuses on selecting the most appropriate
method for a set of constraints and circumstances in which the development
takes place, to achieve the required quality within schedule and budget [69].

And even though decades have passed since the SE discipline became estab-
lished, and much work has been done to systematize and organize the devel-
opment process, there are still many reports of software projects going wrong
and of software failures. Software engineering is criticized as inadequate
for modern software development [69]. The sheer and increasing complexity
of software systems has often been singled out as one of the main reasons for
this [66, 70, 71, 69).

In his seminal paper called ”No Silver Bullet - Essence and Accidents of Soft-
ware Engineering” [66], Frederick Brooks Jr. split the complexities of software
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development into two types: i) essential complexities that are part of the very
nature of software, and ii) accidental complexities, those related to the tools
we use. Then, he argued that no single technological advancement can lead
to improvements in the development process at an order-of-magnitude scale, as
long as accidental complexities are not ten times as difficult to manage as the
essential ones.

Even though it was published 40 years ago, this paper sparked a debate
that remains heated today. Perhaps it is better to say especially today, with
the advent of large language models (LLMs) and LLM-based tools that are
being developed to help write and understand code [72, 73]. It remains to
be seen how these advances will influence the future of SE, as it is unclear
how stochastic LLM-based development approaches can be combined with more
formal approaches to ensure predictability, as evidenced by mixed results in early
studies [37].

This thesis focuses on an SE paradigm called Model-Driven Software Engi-
neering (MDSE). The core idea behind MDSE is that there is a great difference
between a problem domain and the domain of the software implementation -
a problem-implementation gap. MDSE tries to mitigate and manage software
system complexities by narrowing the problem-implementation gap. The nar-
rowing is achieved by raising the level of abstraction and automatically deriving
the implementation [1]. In the next section, we will explain the main principles
of MDSE;, the foundations for the thesis’s contribution. As this thesis leverages
advancements in the field of code idiom mining to advance MDSE, the second
section of this chapter introduces the necessary theoretical foundations of this
field.

2.1 Model-Driven Software Engineering

MDSE provides a comprehensive vision for software development that treats
models as primary artifacts used for all aspects of software production. In
other words, MDSE aims to manage software development complexity through
models, abstracting away concepts that are not important to the problem at
hand. The running software is then derived from models using automation.
MDSE has made incredible contributions to leverage abstraction and au-
tomation in almost every area of software and systems development and anal-
ysis. In many domains, including railway systems, automotive, and business
process engineering, models are key to success in modern software engineering
processes [58]. The success of MDSE is not limited to business domains but
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extends to technical domains, such as reverse engineering [74], testing [75], and
developer operations [64].

The success has been affirmed by numerous claims and empirical evidence
of the benefits of using modeling and MDSE. Torchiano et al. [76] conducted a
survey of the Italian industry to investigate the relevance, benefits, and prob-
lems of using modeling. Their findings indicate that adopting simple modeling
yields common benefits (better design support, improved documentation, bet-
ter maintenance, and higher software quality). At the same time, model-driven
techniques make it easier to achieve improved standardization, higher produc-
tivity, and platform independence.

Burden et al. [77] state that a key benefit of MDSE is that it allows do-
main experts to be directly involved in the development process because they
understand the model. According to them, direct involvement leads to a higher-
quality product. This is confirmed by a recent study in which Alfraihi and
Lano [78] conducted a survey. Participants agreed that MDSE offers clear ben-
efits, especially improved software quality and communication. However, these
studies, as well as others such as [5], report problems predominantly associ-
ated with tool immaturity and the complexities of integrating them into the
development workflow.

2.1.1 Positioning MDSE

Modeling is considered to be one of the most essential processes of the human
mind [79]. Thus, inherently, it has always been a part of efforts to build software.
However, not all fields of SE necessarily rely on formal models. Different fields
of software engineering can be distinguished and interrelated based on their use
of models [3]. Figure 2.1 depicts the four main modeling areas of SE. Note that
this thesis includes the word software and the letter S in these acronyms to
make them more specific, but they are often omitted.

The broadest field is Model-Based Software Engineering (MBSE), which
refers to the use of models in the software engineering endeavor. Here, models
are not necessarily a key part of software development, although they are im-
portant [17]. For example, under MBSE, a class diagram may be created solely
as a specification - a blueprint for the development team [80]. MDSE is stricter
in this regard, as it emphasizes the role of models to the point where they are
considered key engineering artifacts, and it requires them to be formal so that
working software can be derived [17].

While MDSE covers different parts of the software lifecycle such as require-
ments engineering [81], development, and deployment [64], Model-Driven Soft-
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ware Development (MDSD) focuses on the software development process, and
is considered a subset of MDSE [17, 3]. Lastly, MDA, or Model-Driven Archi-
tecture, is considered a specific style of MDSD [22, 82]. MDA is an approach to
software design, development, and implementation spearheaded by the Object
Management Group (OMG). MDA provides guidelines for structuring software
specifications that are expressed as models, with the main goal of separating
business and application logic from underlying platform technology [83].

Figure 2.1: Different MD* acronyms and their relation, taken from [3]

The contributions of this thesis lie in MDSE. Thus, the following subsec-
tions explain the fundamental concepts of MDSE. Subsection 2.1.2 first briefly
explains the core concepts of the paradigm. Then, it focuses on the modeling
part of MDSE. Afterward, the automation part is analyzed in more depth, as
it establishes the foundation for the primary contributions of this thesis. As
a continuation, code generation techniques are explained in Subsection 2.1.3.
Lastly, as we cannot expect the automation to cover 100% of development needs,
Subsection 2.1.4 discusses how manually written code gets integrated with the
automatically derived artifacts.

2.1.2 The Core Concepts

Figure 2.2, adapted from Brambilla et al. [3], illustrates the primary concepts of
MDSE across two fundamental dimensions of software development. Conceptu-
alization refers to the act or process of forming an idea or principle in mind [84],
the output of which is a model: an abstract representation of a system or pro-
cess that enables predictions and inferences to be made [18]. Implementation,
the second dimension, concerns mapping models to existing or future running
systems [3]. In essence, it concerns how executable software is derived from
models.

Focusing on the first column of the figure, models serve as the primary arti-
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Figure 2.2: Conceptualization and Implementation, adapted from [3]. The au-
tomation row is marked red to emphasize that contributions lie in this area of
MDSE.

facts to describe the target application. If the problem domain is complex, the
narrowing of the problem-implementation gap is addressed through a variety
of models that describe complex systems at multiple levels of abstraction and
from multiple perspectives [1]. These models can be transformed into one an-
other, and MDSE aims to develop, maintain and evolve software by performing
model transformations [19]. When the transformation finally generates code
artifacts, we call that process code generation, and that type of transformation
model-to-text transformations [20].

Let us now analyze how items in this first column map onto other concepts
following the conceptualization axis. The model itself needs to be defined us-
ing a formal language — a modeling language. The modeling language contains
concepts of the application domain, which can be both technical and business
in nature. Furthermore, transformations also need to be defined in a way that
allows their execution. Later in the text, we will discuss both the modeling lan-
guages and transformations in more detail. Concerning transformations, most
of the attention will be given to M2T transformations and code generation, as
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this is where the contributions of this thesis lie.

Although it nicely presents the core concepts, this figure represents a simpli-
fied, most straightforward scenario for deriving the implementation in MDSE.
The reality is that, for example, in some scenarios, no code needs to be produced
because an engine can interpret the model directly. Furthermore, when there
is a need to produce code, it is not necessarily a simple process. Sometimes,
the produced code needs to follow certain rules for integration with an existing
codebase, or it needs to be woven with manually written code. As further de-
velopment of existing software systems and integration into existing code-first
development processes [13] are the focus of this thesis, we will need to explain
these intricacies in detail later in the text.

Modeling and Meta-Modeling

Meta-
Metamodel

Figure 2.3: Meta-modeling, adapted from [18]

The first row of Figure 2.2 maps nicely to Figure 2.3 from [18]. To un-
derstand it, we first need to clarify what we mean by a model. According to
Stachowiak [85], a model must possess three features: i) a mapping feature,
meaning that it is based on an original (the system); ii) a reduction feature,
meaning that it reflects only a relevant selection of the system’s properties; and
iii) a pragmatic feature, meaning that it can be used in place of the system
with respect to some purpose. When modeling a system, we can employ dif-
ferent types of models, each describing the system from a different angle — a
viewpoint [86].
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A model, however, cannot be expressed in a vacuum. In the very act of
describing a system, we commit to a set of concepts and rules for combining
them — that is, to a modeling language. This language is itself captured by a
model: a metamodel, defined simply as a model of models [2]. The metamodel
makes explicit which constructs are available and how they may be combined,
so that any model conforming to it is a valid sentence in the language it defines.
In other words, the metamodel provides the language in which we write models
of the system.

This relationship is recursive, because a metamodel is, after all, still a model,
and therefore needs its own language to be expressed. That language is provided
by a meta-metamodel, which stands one level higher on the conceptualization
axis and supplies the concepts used to write metamodels. The recursion does
not continue indefinitely: it terminates at a level expressive enough to describe
itself, so that the meta-metamodel conforms to itself and no further layer is
required [18]. Reading the top row of Figure 2.2 along the conceptualization
axis thus reveals a ladder of abstraction in which each level defines the language
used to express the level below it — the meta-metamodel yields the language for
writing metamodels, and a metamodel in turn yields the language for building
models of a concrete system.

This ladder corresponds to the four-layer metamodeling architecture stan-
dardized by the OMG [2], which names these layers M3-MO0. The meta-
metamodel sits at the topmost layer, M3, occupied by the Meta Object Facility
(MOF), which is self-describing and therefore closes the recursion. A meta-
model resides at M2, the level of modeling languages such as UML. A model of
a concrete system lives at M1, conforming to its M2 metamodel. Finally, MO
holds the actual runtime system that the M1 model represents.

What the metamodel defines is the abstract syntaz of a modeling language
— its concepts and the rules for combining them, independent of any notation.
To actually read and write models, this abstract syntax has to be paired with
a concrete syntaz, the notation through which the language is presented to its
users [3]. A concrete syntax can be graphical (a Graphical Concrete Syntax,
GCS), where models are drawn with diagrammatic symbols such as boxes and
arrows, as in UML class diagrams, or textual (a Textual Concrete Syntax, TCS),
where models are written as text. The same abstract syntax may be equipped
with several concrete syntaxes, allowing the same underlying model to be ren-
dered graphically, textually, or both [3].
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Model Transformations

In software development, data, structured as models, are manipulated on a
daily basis through systematic model manipulation operations. Automating
such operations, typically in the form of model transformations, can reduce the
time-to-market of project development and improve its quality [20]. Let us now
introduce more concrete definitions of model transformation.

Kleppe et al. [87] provided the following definition: A transformation is the
automatic generation of a target model from a source model, according to a
transformation definition. A transformation definition is a set of transforma-
tion rules that together describe how a model in the source language can be
transformed into a model in the target language. Finally, a transformation rule
is a description of how one or more constructs in the source language can be
transformed into one or more constructs in the target language. Mens and Van
Gorp [19] suggest that a model transformation should also be applicable to
multiple source models and/or multiple target models.

Building upon these definitions, we can categorize model transformations
based on source and target artifacts. Given its role in MDSE, a model can be
considered a default source, that is, an input to a model transformation. There
can be multiple intermediate steps along the implementation axis, which refine
the model, and are often automated as model-to-model (M2M) transformations.
The last step consists of a model-to-text (M2T) transformation that takes these
low-level models and generates a textual output, i.e., the final code, as a re-
sult [20]. To emphasize once more: we call this M2T process code generation.

Furthermore, more complex MDSE workflows can also include text-to-model
(T2M) transformations, which are employed in the context of reverse engi-
neering, and text-to-text (T2T) transformations, utilized for program transla-
tion [20, 36]. While some authors prefer to reserve the term model transforma-
tion strictly for M2M processes (e.g., [8]), Mens and Van Gorp [19] discuss that a
model can range from abstract analysis representations of the system, over more
concrete design models, to very concrete models of source code. Hence, from
this broader perspective, model transformations include all these combinations
of transformations.

Another classification of model transformations is based on the metamodel:
transformations with source and target domains conforming to a single meta-
model are referred to as endogenous or rephrasings, whereas transformations
with different source and target metamodels are referred to as exogenous or
translations [88]. Examples of endogenous model transformations include model
refactoring, optimization, normalization, and examples of exogenous include
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synthesis (e.g., code generation) and reverse engineering [19, 89].

Two things have to be considered when designing a model transformation:
how data is extracted from a source model, and how the target gets assembled.
The contribution of this thesis is tied to the domain of M2T transformations;
more specifically, how the target code gets generated. There are different pat-
terns for extracting data from the source model in this scenario, such as visitor-
based and metamodel-based [88, 90], all compatible with how code is generated
in our approach.

2.1.3 Code Generation

In more general terms, code generation has been used since the 1950s [91], when
the first compilers were built. In fact, most standard techniques used in com-
piler construction can also be applied directly to model-based automatic code
generation [4]. However, in MDSE, we mostly think of code generation from the
perspective of automatic programming. The underlying principle of automatic
programming is that a user defines what they expect from the program, and the
program should be generated automatically by software without any assistance
from the user [21].

There are many different ways to generate code. Traditionally, it is con-
sidered that there are two fundamentally different approaches to generating
code: template-based code generation and API-based generation, and that all
other code generation mechanisms and patterns stem from these two [8]. Re-
cently, LLMs have also been considered for this specific use case, with promising
results [92, 93], but it is evident that more research is needed to achieve the pre-
cision of deterministic approaches. Thus, in the following text, we only analyze
and compare the two fundamental approaches.

Template-based Code Generation

Other than being fundamental, template-based code generation is one of the
most commonly used approaches for implementing M2T transformations. It fits
nicely into the straightforward implementation flow of the MDSE (presented in
Figure 2.2). Per the definition from [21], a synthesis technique is a template-
based code generation (TBCG) if it consists of a set of templates specified in a
formalism, where the specification of a template is based on a design-time input
such that, when executed, it reads a runtime input to produce a textual output.

Figure 2.4, adapted from [21], shows the general components along with their
inputs and outputs. The main component is the template. Templates allow
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Figure 2.4: Template-based code generation, adapted from [21]

users to specify exactly what they expect the output to be. They are written
in a templating language, formally specified so that they can be interpreted
by a template engine. It has a static part, text fragments that appear in the
output "as is”. It also has a dynamic part embedded with markings, splices of
meta-code that encode the generation logic. One reason for the popularity of
template-based code generation is that the template itself resembles the output
to be created.

The dynamic part — markings — uses design-time input. In MDSE, this
input is the metamodel. A model, that is, data that conforms to the metamodel,
is the runtime input to the template engine. So, based on the data and the
template, the template engine can produce the output.

The most prominent examples of TBCG tools are: Eclipse XPand [94],
Acceleo [95], which implements the MOFM2T transformation language [44],
FreeMarker [96], Microsoft’s T4 [97], Jinja [98], and others. When thinking
about the limitations of these tools and TBCG in general, note that the out-
put’s syntax correctness is rarely guaranteed, as most tools are general-purpose
and agnostic to the syntax of any programming language. Additionally, how the
generated code is integrated into any codebase is out of scope for these tools.

API-based Code Generation

As stated in the Introduction, libraries and frameworks that offer an API for
making precise modifications to programming code, while maintaining its syntax
correctness, are known as API-Based Generators (ABGs), and they implement

22



the fundamental code generation pattern of the same name [8]. Examples in-
clude JavaPoet [28], a Java API for generating Java source files, and the Syntax
Tree API of Roslyn [10]. There are also ABGs that can rewrite bytecode, such
as ASM [99] and ByteBuddy [100]. The contributions of this thesis are related
to source code, so in the following text we are only concerned with ABGs that
generate source code.

Grammar AST/CST
Formulated inj llnstance of,
Terms of Adheres to
Code-Generating - N Creates or
Programs Calls > API T Modifies | Code

Figure 2.5: API-based code generation, adapted from [8]

Figure 2.5 shows the general concepts related to an ABG. When creating
M2T transformations, practitioners write programs that use the API of an ABG.
This API is formulated in terms of the grammar of the programming language
it serves to create or modify. Generated code, of course, needs to adhere to the
grammar. In practice, not all ABGs can really modify the code. Some of them,
such as JavaPoet [28], can only generate new code. Others, such as JavaParser
API [9] and Roslyn’s SyntaxTree API [10], can perform full modifications of
an existing codebase, allowing for precise changes to specific parts of the code
while maintaining syntax correctness.

In Figure 2.6, under a), you can see a method named saylt, which we would
like to add under the HelloWorld class. Under b), you can see how the Java-
Parser API allows us to try to find this class and, if it is present, build the
saylt method part by part and add it. This is a significant difference from using
templates: the built code follows the grammar rules, as the API design enforces
them. Furthermore, the API allows us to integrate the created code.

2.1.4 Integrating Hand-Written and Generated Code

So far we have only discussed MDSE concepts from a simplified perspective,
where deriving the implementation is straightforward and unidirectional. The

23



cu.getClassByName("HelloWorld").ifPresent(helloWorldClass -> {
Parameter param = new Parameter(
new ArrayType(
StaticJavaParser.parseClassOrInterfaceType("String")
package com.example.helloworld; ),
“names");

BlockStmt body = new BlockStmt();

public class HelloWorld {
public void sayIt(String[] names) {

}

} MethodDeclaration mainMethod = new MethodDeclaration()
.setName(”sayIt")
.setModifiers(Modifier.Keyword.PUBLIC)
.setType("void")

a)

.addParameter (param)
.setBody (body) ;
helloWorldClass.addMember(mainMethod);

I H b)

Figure 2.6: An example of using JavaParser API; the code with a green back-
ground under a) gets created and integrated by the code under b).

reality can be much more complicated. Brown et al. [22] discuss different uses
of models in assisting software practitioners to create running applications, and
the relationship between the models and the code. Note that not every case
presented in Figure 2.7 would be classified as MDSE. A term that has not yet
been introduced is Roundtrip Engineering, where changes can be made to either
the code or the model, and the two are then reconciled [101]. On the surface,
Roundtrip Engineering provides the most flexibility of all the cases. However,
it is not always possible or sensible to model every specific part of a system or
its behavior, nor to map every code variation back to a model. Furthermore, it
is also relatively difficult to implement compared to the other cases.

Thus, most MDSE solutions aim for the ”model-centric” or the ”model-
only” cases. We will now focus on the "model-centric” case, where the model
gets translated to code. To support having case-specific code manually written
and added to the codebase, MDSE solutions have to provide mechanisms for
such partial code generation [3]. In these partial code generation scenarios,
the code generation process needs to be crafted so that it does not overwrite
manually written changes in future code generation cycles. Various mechanisms
have been proposed to resolve this problem [6], such as protected regions and
the generation gap, the main premise being that hand-written and generated
code are kept separate and then integrated afterward.
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Imposing such a structure on a project might not be received well by stake-
holders [7], especially if the project started in the ”code-only” case and there is
an initiative to move towards the ”model-centric” case [12]. It is also possible to
rely on Version Control Systems to integrate hand-written and generated code,
but then developers have to perform the integration manually whenever there
is a merge conflict. As part of our broader research [12, 13, 11], our group has
worked on a workflow that revolves around semi-automatic integration, built
upon API-based generators.
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2.2 Code Idioms Mining

2.2.1 Code Idioms

Code idioms represent small code fragments that occur frequently in the code-
base and have a single semantic role [14]. In other words, code idioms are pieces
of code, patterns of various complexities, that software engineers repeatedly
use on different occasions with specific intent. They can contain metavariables,
which denote places in the code that can vary per occurrence. Another way of
describing code idioms would be to say that they represent frequently recurring
subtrees of syntax trees [23], where ending nonterminals map to metavariables.

Examples of code idioms are
shown in Figure 2.8: a) an idiom
used for reading from a file and b)
an idiom for opening a connection to
a database. Code idioms are partic-
ularly interesting for automating the
extension of ABGs because they cap-
ture how a programming language,
framework, or library is used in an
existing system. Additionally, the
metavariables naturally map to the
parameters of the API methods.

The process of automatically iden-
tifying a set of code idioms given
only a corpus of previously written
idiomatic code is called code idiom
mining [14]. Mining code idioms has
been used in different settings, from
helping developers with better sugges-
tions while programming [14], detect-
ing correct or incorrect code idiom us-
age [15], or finding them to optimize

if (!rile.Exists(path))
{
using (FileStream fs = File.Create(path))

$Body

}
a)

using (SqlConnection connection =

new SqlcConnection($nName))

{

try

{
connection.Open();
$Body

¥

catch (Exception ex)

{
logger.Error(ex.Message);
throw ex;

¥

3

b)

Figure 2.8: Code idioms that contain
metavariables denoted with a $ sign.

performance [102]. However, no papers trying to use them to automatically de-
velop API-based generators have been uncovered during our literature review.
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2.2.2 Mining Techniques

Given that code idioms are patterns of code used repeatedly in a codebase, we
have to distinguish among different, perhaps simpler, techniques that could be
used in this scenario. The most prominent technique for uncovering patterns in
a codebase is code clone detection [24]. However, code clone detection methods
have an inherent problem: they tend to find the largest fragment rather than
the most useful one [14]. Furthermore, they try to uncover contiguous blocks of
code that are not necessarily syntactically correct.

Another class of methods that could possibly be used to find patterns in
code is API mining, where techniques aim to automatically extract a set of API
patterns, which are lists of API methods that are usually used together, and
that together characterize how an API is used [25]. API mining is interesting
because techniques try to uncover how an API is used when documentation is
lacking. However, as stated by Allamanis and Sutton [14], idiom mining differs
markedly from API mining because idioms have syntactic structure.

The techniques we aim to utilize are those that address the syntactic struc-
ture of code idioms while striking a balance between repetitiveness and size; that
is, techniques that dissect syntax trees to uncover recurring subtrees. The two
main classes are Frequent Tree Mining [26] and probabilistic methods [14, 103].
We discuss both in Chapter 3. Furthermore, because this thesis also makes con-
tributions in this area, Chapter 5 discusses in depth a method called Type-Based
MCMC.
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3 Background and Related
Work

In this chapter, we will discuss the benefits of ABGs and the challenges asso-
ciated with using them as a foundation for the development of MDSE tools.
Next, we will explore the process of inferring useful code idioms from the code-
base. Finally, we will present currently available research on automating the
development of MDSE tools using various artificial intelligence techniques.

3.1 Benefits of ABGs

From the perspective of an MDSE practitioner, the most effective way to transi-
tion from manual development to the MDSE approach is to modify the current
workflow to incorporate MDSE practices and update or rebuild the existing ar-
chitecture to support it. However, this transition comes with costs and risks.
While there are success stories [60, 61], current research indicates that stake-
holders may doubt the benefits of this change and resist making significant mod-
ifications to their development processes [5]. The successful adoption of MDSE
depends on the organization’s willingness to adapt [61]. In our experience [12],
it is beneficial to build stakeholder trust by demonstrating the effectiveness of
MDSE without immediately imposing significant changes. Therefore, when aim-
ing for a gradual transition, the implementation of MDSE is constrained by the
existing environment, processes, and architecture.

In a gradual transition, manual changes must be supported until the transi-
tion is complete. Therefore, it is important to consider how manual changes are
preserved between generation cycles. Most authors suggest that hand-written
and generated code should be kept and maintained separately to prevent over-
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writing manual changes by a code generator. Their integration can be achieved
using mechanisms such as generation gap, partial classes, protected regions, and
others [6]. However, there may be cases where the existing architecture or code
artifacts do not allow for the use of these mechanisms. Additionally, stakehold-
ers may request the ability to retain flexibility and directly change the generated
code.

One solution to prevent overwriting of hand-written code during the code
generation process is to rely on Version Control Systems (VCS). Bernaschina
et al. [7] present a model and code co-evolution workflow that preserves the
code changes (delta) between two consecutive generations by treating the code
generator as a Virtual Developer. Newly generated code is then combined with
the existing codebase by relying on the merge functionality of Git. However,
relying on VCS mechanisms shifts the responsibility to developers performing
the merge, as VCSs are not content-aware.

If we want the MDSE tool to
handle the load, its code gener-
ation process could be based on Initial
ABGs. ABGs allow for precise Generation
changes to specific parts of the
code while maintaining syntax \
correctness, which helps prevent 2
mistakes that could disrupt the Model Update
development process and dam-
age stakeholders’ trust. In one
of our papers, we demonstrated
how ABGs can enable the seam- Reconciliation
less integration of generated and
hand-written code, automating
the development of a large-scale
Software Product Line (SPL) in
industrial settings [12]. By com-
bining precise code changes with
automated conflict detection and
handling, integration was auto-
mated to a greater extent than
by relying solely on VCSs. Figure 3.1: Seamless MDSD Workflow,

Figure 3.1 shows the Seamless adapted from [11]

Workflow we devised as a part of
our broader research, enabled by using ABGs [11, 12, 13]. The workflow starts

N

N

Model Diff

/

Integrity check
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by generating initial code parts based on a model. If there are any changes made
to the model that would require new code to be generated, we: i) compare the
old model version with the new one to find the differences at the Model Diff
step; ii) try to trace the code elements generated in the previous generation
cycle; iii) if they are found, check whether they were altered manually at the
Integrity Check step; iv) if possible, reconcile the model and code automatically.
If automatic reconciliation is not possible, manual assistance from the user is
needed. In this workflow, ABGs facilitate the Tracing, Integrity Check, and
Reconciliation steps. However, using ABGs comes with its own set of hurdles.

3.2 ABG challenges

When tool developers want to implement MDSE tools to handle the integration
of generated and manually written code, they face a new set of challenges. The
effectiveness of ABGs in different scenarios and their suitability for complex
use cases depend on the abstraction level of their API [8]. Existing ABGs
typically offer abstractions based on the syntax of a target language, resulting
in a relatively low abstraction level. General-purpose programming languages
often have complex syntax, making the APIs provided by these ABGs difficult
to use.
An example of an ABG
with a lower level of ab- ExpressionStatement(

straction is the Roslyn InvocationExpression( .
. MemberAccessExpression

Syntax  Tree X¥PI' ,Tyus SyntaxKind.SimpleMemberAccessExpression,
API enables manipulation IdentifierName("Console"),
of syntax trees, which is . Identifingame("WriteLine")))
useful for code genera-  -/ithArgumentList(
. ; ArgumentList(
tion. Figure 3.2 demon- SingletonSeparatedList<ArgumentSyntax>(
strates the complexity of Argument( :

: 5 LiteralExpression
Fhe granlnlarlrl(jﬁé,shﬁnv SyntaxKind.StringLiteralExpression,
ing how the API is used Literal("Hello World")))))));

to add mnodes for the
Console.Writeline("Hello Figure 3.2: An example of using the Roslyn ABG.
World") ; statement to the
syntax tree of a program.
The resulting syntax subtree containing the inserted statement nodes is shown
in Figure 3.3. The nodes colored blue are instances of concepts defined by the
C# grammar. Because the API is based on these concepts, it can be challeng-
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ExpressionStatement

InvocationExpression

SimpleMemberAccessExpression ArgumentList EndOfLineTrivia

IdentifierName 5 IdentifierName Argument

Console WriteLine StringLiteralExpression

WhitespaceTrivia "Hello World"

Figure 3.3: An example of the complexity of GPL syntax: a syntax subtree
representation of the Console. WriteLine(”Hello World”); method invocation

ing to use for code generation since every grammatical detail must be specified.
Additionally, the large number of syntax-related concepts to learn can hinder its
adoption. However, this low-level API is necessary for comprehensive support
in altering syntax trees.

Projects such as JavaPoet and KotlinPoet offer more concise and easier-
to-use ABGs. These projects focus on specific concepts related to the syntax
of the programming language they are designed for. They provide an API
that facilitates code navigation and the creation of complex constructs. An
example of using the JavaPoet ABG to define a HelloWorld class, with a main
method and a System. out.println("Hello World"); statement, is displayed
in Figure 3.4. Instead of defining code constructs step-by-step using syntax tree
nodes, whole language-related constructs are defined using the supported API
methods. However, these kinds of ABGs often do not provide comprehensive
support for altering code.

There are hybrid solutions such as Testura.Code [29], which builds upon
Roslyn’s Syntax API. It serves as a wrapper, trying to mitigate the complexities
of working with the Syntax API. Whenever a user needs to manipulate code in
a way not supported by Testura.Code, they can always continue to use the plain
and comprehensive Syntax API. This thesis builds upon a similar hybrid ABG
named RoseLib, which we developed in our previous research and describe in
detail in Chapter 6.
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Although these concise MethodSpec main = MethodSpec.methodBuilder("main")
ABGs are more user—friendly .addModifiers(Modifier.PUBLIC, Modifier.STATIC)
’ .returns(void.class)

the range of concepts they .addParameter(String[].class, "args")
support is defined and fixed .addStatement("$T.out.println($sS)",
. System.class, "Hello World")
by their authors. Expand- .buildQ);
ing this range can make an TveeSoec hellonorld = TvoeS
ypeSpec helloWorld = TypeSpec
ABG more relevant to a .classBuilder("HelloWorld")
given problem domain, en- .addModifiers(Modifier.PUBLIC, Modifier.FINAL)
bli th ivulati £ .addMethod(main)
abling € manipulation o .buildQ);

code fragments related to

additional concepts. ~ Ex- Figure 3.4: An example of using the JavaPoet

panding the range of con- ABG for defining a class, a method, and a state-
cepts that RoseLib supports jent.

would make it even more

relevant to a given problem domain. Doing so manually, however, requires
becoming familiar with the existing code, identifying recurring concepts worth
including in the API, and designing appropriate API methods. The following
sections explore existing literature, which suggests that this process could be
semi-automated using code idiom mining.

3.3 Code Idioms Mining

Techniques from data mining, frequent tree mining, and probabilistic grammars
can be applied to mine idioms from source code repositories [104]. Frequent
tree mining algorithms [105, 26, 106, 107] have been extensively studied in the
literature. They focus on finding subtrees that often occur in a database of
trees. These algorithms tend to return small and generic code fragments [27].
There is a straightforward explanation for why this is the case. Given a fragment
T, it can always be made more frequent by removing one of the leaves, even
if it is strongly correlated with the rest of the tree. Pham et al. [27] describe
a method that tries to extract larger and more useful fragments by applying
several constraints on the FREQT [108] frequent tree mining algorithm.

A method that inherently tries to infer larger idioms can be used to avoid
constraining algorithms in such ways. The method presented by Allamanis and
Sutton [14] uses statistics to address the problem of inferring larger and more
significant code idioms. The presented method belongs to a class of pattern-
mining probabilistic models of code. It aims to discover a finite set of human-
interpretable patterns from source code without annotation or supervision [31]
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by inferring a Probabilistic Tree Substitution Grammar (PTSG) that is good at
explaining the codebase. The method is state-of-the-art in code idiom mining
from syntax trees, but relying on the syntax to retrieve concepts has limitations.
The resulting code idioms tend to be shallow [51]. There have been attempts
to improve the method further for different use cases.

Allamanis et al. [51] experimented with enriching ASTs with variable muta-
bility and function purity information to mine code idioms, which better explain
the loops found in code. The information is added either manually or retrieved
through dynamic analysis using tests. Likewise, Sivaraman et al. [103] rely on
augmenting ASTs using dataflow information to infer better idioms found in
imperative code.

However, within our research, we are not solely interested in code idioms
related to imperative code or loops. We will rely purely on mining code idioms
from syntax trees using the method explained by Allamanis and Sutton [14].
Enhancements similar to those that utilize the enrichment of syntax trees with
additional information will remain an opportunity to be considered for future
work. To create a practical implementation of the method, the authors suggest
using Type-Based MCMC [32]. However, to the best of our knowledge, there is
currently no explanation in the existing literature on how to practically apply
the Type-Based MCMC method to the domain of mining code idioms. In this
thesis, we have provided a detailed explanation, the necessary steps to perform
it, and its open-source implementation.

3.4 Automating the Development of MDSE
tools

To the best of our knowledge, there is currently no research in the literature on
automating the development of ABGs. Although there are papers that discuss
transitioning to a model-driven approach, they mainly focus on a complete tran-
sition and do not consider the specific requirements we outlined for automating
the development of ABGs, as explained in Section 4.2. Nevertheless, papers
that contribute to the area of automating code generation in MDSE have to be
investigated, as the techniques they employ may have potential applicability to
our use case.

Note that in the last few years, much attention has been given to the au-
tomation of M2M transformation creation. Different machine learning tech-
niques have been applied to automate this process [109, 110, 111]. Although

33



much inspiration can be drawn from it, code has its specifics, and these M2M
approaches are therefore excluded from the following analysis.

Chénard et al. [33] explore techniques that facilitate the migration of systems
to a model-driven environment using Model-Driven Architecture [112]. They ad-
dress the challenge of discovering a Platform Description Model (PDM) from
a system’s implementation. One aspect of this challenge involves identifying a
set of QVT (Query/View/Transformation) transformation templates, which are
parameterized models that capture the source code of the system’s implemen-
tation platform. Their approach takes the source code of a legacy system, its
platform-independent model, and the UML model of the implementation plat-
form as input. They utilize code clone detection to identify repetitive sections
in the existing code and create the templates.

Similarly, Rost [34] suggests leveraging code clone detection to extract a DSL
and associated generator templates from multiple reference applications. The
goal is to develop a tool that reduces the initial effort required for creating an
MDSE infrastructure. We also considered using code clone detection methods
to identify repetitive code sections. However, we opted to use the inference of
PTSGs instead, as we believe it is a better fit for our use case.

Lano and Xue [35, 36] present a solution that utilizes symbolic artificial
intelligence techniques to streamline the development of code generators. Their
focus is on inferring rules specified in a textual concrete syntax transformation
notation called CSTL [113]. These rules define how parsed subtrees from one
textual language can be translated into subtrees of another textual language,
given specific conditions. Their approach aims to automatically derive CSTL
code generation rules based on a dataset of corresponding text from source
and target languages, a process they refer to as code generation by-example.
However, their work primarily focuses on automating program translation rather
than automating the further development of existing programs. This means that
the source and target in their approach are different, whereas in our approach,
they are the same. Furthermore, their work requires labeled examples, which
are not necessary when utilizing unsupervised machine learning.

Artificial Neural Networks (ANNs) have also been used for the inference of
transformations. Burguefio et al. [20] present a method that utilizes Long Short-
Term Memory (LSTM) ANNS to infer different types of model transformations.
The focus of the authors is to train their networks to take the UML class model
as input and generate the structural part of the corresponding Java code. These
neural networks learn rules based on the shared concepts of object-oriented pro-
gramming in both languages, as well as project-specific rules such as primitive
data type conversions.
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Advances made with another type of ANN — Large Language Models (LLMs)
— have spurred discussion about the possibilities for their usage across the
scientific community. It is becoming evident that LLMs may change how we
develop software in many ways. However, it is also clear that the traditional
computer science formal and precise analytical methods often do not apply to
using LLMs [38]. Initial reports regarding automating the development of soft-
ware systems using LLMs confirm this statement. Acher and Martinez [37]
experimented with synthesizing variants into SPLs using GPT-4 [114]. They
tried using GPT-4 on five different cases with mixed results. For example, they
successfully generated an annotated SPL out of Java variants. However, the
created code templates contained syntax errors, preventing the whole SPL from
being compiled.

One drawback of using ANNs is their black-box nature, where learned rules
cannot be easily modified. In contrast, TSGs are relatively easy to comprehend,
and resulting code idioms can be easily altered.
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4 Overview of SAGED

This chapter introduces SAGED, a novel approach for simplifying the process
of creating code-generating programs tailored to specific solutions. It consists
of two phases: Phase 1 (P1) — Concept Discovery aimed at identifying code
idioms that are good candidates for code generation, and Phase 2 (P2) — ABG
Eztension for automating the creation of API methods based on the identified
idioms. A discussion of the approach is given in the following sections (see
Figure 4.1).

8§1 - Code
Idiom Inference

"

$2 - Curation
0

S3 -API
Method S4 - Integration i:@?} ABG
Generation

Phase 2 - ABG Extension

Phase 1 - Concept Discovery E

Figure 4.1: Overview of the SAGED approach

4.1 Phase 1 — Concept Discovery

The first step of the SAGED approach, belonging to the P1 — Concept Dis-
covery phase, is Step 1 (S1) — Code Idiom Inference. The method we use to
infer code idioms from an existing codebase is an approximation of a technique
known as non-parametric Bayesian PTSG [39, 16]. To support this approxima-
tion, we have implemented and adapted a variant of the MCMC method called
Type-Based MCMC [32]. We chose this method because it is suitable for our
use case for several reasons: (i) it is a form of unsupervised machine learning,
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allowing us to find patterns in source code without annotation and supervision;
(ii) the method is based on a statistical model, which can infer more meaningful
code idioms compared to methods that rely solely on fragment frequency; and
(iii) the inferred code fragments adhere to the grammar rules of the chosen pro-
gramming language. In Chapter 5, we explain non-parametric Bayesian PTSG
in detail and provide a practical explanation of Type-Based MCMC. We also
define the needed input and outline all the necessary steps and optimizations.

The success of the inference relies heavily on the properties of the provided
dataset. The code within the dataset should exhibit some level of repetition in
order for the method to produce satisfactory results. It is worth noting that this
property is not overly restrictive, as previous research has shown that source
code tends to be repetitive and non-unique [40]. Examples of source code that
can be used to infer idioms include projects that adhere to established best
practices or utilize frameworks with well-defined structures. Additionally, a
single project may consist of multiple slightly different variants, such as a set of
products in an SPL.

Certain application-specific details about the inference process must also be
considered. Firstly, the chosen method ensures that an inferred code idiom
conforms to syntax rules, but it does not guarantee that it will be complete
enough to be immediately usable. For example, an inferred idiom may start with
an else clause without a preceding if clause. Since the goal is to generate an ABG
that produces both syntactically valid and usable code, it is necessary to ensure
that the method achieves this. Fortunately, there is a way to avoid incomplete
fragments by providing additional language-specific information. Another detail
to consider is that different types of code idioms may be of interest depending
on the specific use case. For instance, someone might be interested in code
idioms related to the structural components of code. To guide the method, it is
possible to specify where code fragments should start.

A list of inferred code idioms provides valuable insights into the repeti-
tive nature of the code. The repetition further supports the assumption that
these idioms provide a practical opportunity for automation. However, the
semantics and quality of the inferred code idioms are subjective and context-
dependent [31]. Furthermore, as explained in Chapter 3, code idioms inferred
using the inference method tend to be shallow. This is why the next step,
identified as Step 2 (52) — Curation, is necessary. Useful code idioms can be
manually curated to generate more applicable ABG methods. This approach
also allows for re-running the inference if the method’s parameter values need
adjustment or if the input codebase needs to be changed, such as by only per-
forming inference on a subset of available files. Finally, the selected and curated
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code idioms, combined with additional contextual data required for their future
integration into an ABG, serve as input for the second phase of the approach.

4.2 Phase 2 — ABG Extension

The SAGED approach enables the expansion of supported concepts in response
to future development needs. By broadening the range of supported concepts,
it becomes easier to implement code generation as the ABG is more closely
aligned with the problem domain.

Figure 4.2 builds upon Figure 2.5, and illustrates the end goal of the ap-
proach, a situation where the API of an ABG is defined in terms of both the
syntax of a language and useful higher-level concepts. The API of an ABG is
shown at the center of the figure. The API is defined in terms of the grammar
of a target programming language and in more complex terms corresponding
to code idioms inferred from the existing codebase. Of course, code alterations
performed using such an ABG must produce syntactically correct code. The
resulting ABG should comply with the following requirements:

e Requirement 1 — Precise Selection: To enable precise changes to
existing artifacts, the resulting ABG should allow selection of existing
code elements.

¢ Requirement 2 — Incremental Changes: An ABG should enable
programmers to make incremental changes to target code artifacts, facil-
itating the creation of code constructs larger than those that individual
methods of the ABG can create.

Grammar AST/CST
+ Project Specific
Concepts

Formulated inj Llnstance of,

Terms of Adheres to—‘

Code-Generating

Creates or.
Programs Code

Modifies

Calls > API|

Figure 4.2: A figure from [8] adapted to our scenario — ABGs defined in terms
of both grammar and domain concepts
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e Requirement 3 — Preserving Syntax Correctness: To ensure that
code remains syntactically correct after modifications, the ABG’s API
methods that allow for manipulation should be aware of syntax and pro-
vide warnings if syntax correctness is not met.

e Requirement 4 — Separation Mechanisms: There may be cases
where useful code idioms are not found through inference, or it may be
easier to manually define an API method for working with them. There-
fore, the architecture of the ABG needs to provide a separation mechanism
to accommodate both manually created and generated methods.

¢ Requirement 5 — Comprehensive Support: Modern GPLs are com-
plex, making it difficult to have a concise ABG while also providing com-
prehensive support for changing artifacts. The ABG should support most
anticipated change scenarios, but it should also provide an alternative for
unsupported ones.

To create a complete and usable ABG that meets these requirements, it is
important to start with an existing ABG basis that can handle the generated
methods. This ABG basis should support basic CRUD operations on syntax
elements, state management, and error detection, upon which the generated
methods will rely. Additionally, the ABG basis should have a flexible structure
that allows for integration of both the generated methods and any manually
added API methods. During the second phase of the SAGED approach, in Step
3 (S3) — API Method Generation, methods should be generated that utilize
the support provided by the ABG basis and adhere to its structure. Finally,
in the last step of the second phase, known as Step 4 (S4) — Integration, the
generated methods should be merged with the ABG basis.
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5 Code Idiom Inference

Given that code idioms are essentially fragments of syntax trees, the problem of
mining source code idioms can be considered a problem of inferring commonly
occurring syntax tree fragments from the dataset. In their paper, Allamanis
and Sutton [14] describe a language-independent method for mining code idioms
named non-parametric Bayesian PTSG, which we find suitable for generating
the output ABG. The advances presented by the authors, combined with the
theoretical background in the field of NLP presented by Cohn et al. [39, 16],
form the basis for the S1 — Code Idiom Inference step of the SAGED ap-
proach. However, the presented approximation for the method called Gibbs
sampler [41] has the limitation of processing one node at a time. Considering
that both codebases and syntax trees can be relatively large, it is essential to
address the scalability of the implementation. The authors mention that they
perform optimizations without going into detail. To optimize the method, we
rely on the enhancement described in a paper by Liang et al. [32], which al-
lows us to group multiple nodes into blocks that are then processed jointly,
speeding up the inference process. Furthermore, as this is a general-purpose en-
hancement, we adjust it to the domain so that we can create a memory-efficient
implementation as well. This adjustment is similar to the one described in a
paper by Peng and Gildea [42], where the authors optimize the approach in the
domain of Synchronous Context-Free Grammars. In this chapter, we provide
a detailed background on the inference method so that we can describe our
implementation in Section 7.1.1. To explain how the inference works, we first
introduce probabilistic models of source code.
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5.1 Syntactic Probabilistic Models of Source
Code

The inference method we consider relies on PTSGs for representing code idioms.
To define a PTSG, we can start with the definition of a Context-Free Grammar
(CFG). A CFG is formally defined as a tuple G = (X, N, S, P), where:

e Y is a set of terminal symbols;
e N is a set of nonterminal symbols;
e S € N is the distinguished root nonterminal; and

e P is a set of productions (rules) r in the form of z — y , where z € N
and y € (NUX)".

A Probabilistic Context-Free Grammar (PCFG) assigns a probability to each
grammar production. The probability of a production is denoted as P(r | z),
where z € N is a nonterminal, and r € P is a production with x on its left-hand
side. Given the assigned probability, a PCFG is formally defined as a tuple G
= (X, N, S, P, IT), where II is a set of distributions P(r | z).

Similar to a CFG, a Tree Substitution Grammar

£ £ (TSG) is also defined as a tuple G = (3, N, S,

E/ l\E L E/ l\g P). However, a TSG allows nonterminals to rewrite
l as entire tree fragments, instead of just immediate

Pr.0.4 Pr-05 Pr:0.1 children, as in a CFG. That is, productions P in

T T a TSG have the form of z — f, where z € N is

<é) ,L a nonterminal, and f is a tree fragment of height
Pr025 Pr075 > 1. Each leaf of a tree fragment can be labeled

as a terminal or a nonterminal. Analogous to a
Figure 5.1: An example of PCFG, a PTSG also assigns a probability to each
a PTSG grammar rule (Figure 5.1). Fragments of a PTSG

can be used to encode non-local context, making
them suitable for representing code idioms. Furthermore, nonterminal fragment
leaves are convenient for representing idiom metavariables.

We can say that a PTSG G1 extends a CFG GO if every tree with a positive
probability under G1 is grammatically valid according to GO. The problem of
finding code idioms then comes down to learning a PTSG that extends a known
grammar GO and is good at explaining the training set.
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Essentially, the inference method we use to extract knowledge from the
dataset assumes that the CFG is known and tries to identify productions from
that grammar that commonly co-occur in the same sequence. Figure 5.2 depicts
a code snippet written in the C# programming language under a, and a corre-
sponding syntax subtree under b, obtained using the .NET Compiler Platform.
Parsing of a dataset is the first step of the inference process. The compiler used
contains knowledge of the C# CFG. The same figure also shows what could be
one interesting rule of a TSG, where an IfStatement produces a subtree circled
with a red line. We chose this rule because it corresponds to a code idiom writ-
ten under c, which represents a common way of validating input parameters of
a method and reacting by throwing exceptions if the prerequisites are unmet.
The Bayesian PTSG method aims to find such subtrees. The inference process
is described in the following sections.

5.2 Inferring a PTSG

Now that we have defined syntactic probabilistic models of code, we can present
a mathematical model that is used to infer a PTSG from the dataset. The goal is
to identify the posterior distribution over fragments f, given the training corpus
t. Bayes’ Rule gives a model with the form provided in Equation 5.1. As P(t
| f) equals 1 when t and f are consistent, or 0 otherwise, the prior distribution
over the fragments is the part of the model that does the work [39], so we now
focus on it.

P(f|t) x P(t | )P(f) (5.1)

The Dirichlet Process (DP) is used as the prior. It has infinite support,
meaning it can assign a positive probability in the prior to all possible fragments.
Additionally, the DP exhibits a 'rich-get-richer’ phenomenon, which means that
if a fragment has been observed in a dataset, it predicts that it will occur more
frequently in the future. These properties make the DP useful for this use case.
Applying this to PTSGs, we can specify the form of a distribution from a set of
distributions over TSG productions denoted as II, as follows:

1L, | Oy fhg f ™~ DP(OZw7/,L( | ‘T))
flo~T,
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Figure 5.2: An example of a) a code snippet written in C# where a method’s
prerequisites are checked; b) a subtree of a syntax tree retrieved using Roslyn,
corresponding to the code snippet above, where one possible TSG rule stemming
from an IfStatement node is circled in red. Green rectangles denote nonterminal
nodes, while terminals are colored blue; ¢) a code idiom corresponding to such
a rule.

« is a concentration parameter that can be used to control the impact of the
'rich-get-richer’ phenomenon. While it is possible to automatically specify values
for a,, to some extent, we set it manually and refine it over several runs, since
our goal is exploratory knowledge extraction rather than fully automatic model
fitting. g ¢ represents the base distribution for a fragment given the fragment
root nonterminal z. At this stage, it helps to understand PTSG inference as
a CFG extension problem. Since the CFG is already known, the PCFG can
be estimated using Maximum Likelihood (ML) from the training corpus. To
calculate pi, ¢, we draw from the probabilities for the expansion of nonterminals,
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as shown in Equation 5.2, where |f| represents the size of fragment f, Pgcom is
a geometric distribution with parameter pg, and r ranges over the multiset of
productions from the CFG that are used to create f.

Ha f :Pgeom(|f|ap$)HPML(T) (5.2)
ref

As it is not possible to calculate the exact posterior distribution II,,, we can
approximate it using a Markov Chain Monte Carlo (MCMC) algorithm called
Gibbs sampler [41]. The Gibbs sampler iteratively generates samples from the
posterior distribution of each variable in the model, conditioned on the values of
all other variables. A number of initial samples are discarded until a stationary
distribution is reached, which is called a burn-in period. It is worth mentioning
that the order in which variables are considered does not affect the probability,
as DP is exchangeable. Equation 5.3 represents the integration over all possible
values of II,, which we use for sampling from the posterior. As the equation
denotes, besides o, and p, s, the posterior also depends on the total number of
times the fragment has occurred (count(f)) and the total number of times the
nonterminal z has been rewritten (the function h(f) returns all the fragments
rooted at z).

count(f) + o pizy
count(h(f)) + a

Lastly, we explain how this approach for sampling from the posterior can
be used to learn a PTSG that can better explain the dataset. Given that CFG
Gy is known, parsing a file using a PTSG can be done in two steps. The first
step is to parse a file from the corpus using CFG Gy, which results in a CFG
tree T. The second step is to separate the nodes composing T into fragments,
according to which production in the PTSG was used to generate them. In
other words, we parse the files at the input, as the dataset provides hints about
which fragments must have been in the grammar.

A binary variable b, is associated with each node in the tree to represent
the separation into fragments. The assignment b, = 1 indicates that a cut of
a preceding fragment has occurred and that the associated node is both a leaf
node of the preceding fragment and a root node of a new, adjacent fragment.
Conversely, the assignment b, = 0 indicates that the associated node is not
a root node of a new fragment but remains an internal node of the current
fragment. Nonterminal nodes of Figure 5.3 for which b, is equal to one, and
that are considered leaf nodes of a preceding fragment and root nodes of adjacent

Ppost(f) = (53)
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Figure 5.3: An example showing potential separation of f;ui, into f; and fs at
node ThrowStatement. Fragment root nodes are colored dark green, and the
inner nodes of a fragment are colored light green.

fragments, are colored dark green. Currently, the value of b, associated with
the ThrowStatement node is zero. So, this node is an inner node of a fragment
rooted at IfStatement. However, if this value changed, the fragment would split
into two: a fragment circled in red, which contains the ThrowStatement as a
leaf node (f;), and a fragment circled in blue (fs), of which it is a root node.

We can use Equation 5.4 to calculate the probability that a node will be
declared an internal node and that two adjacent fragments f; and f; will be
joined into one. The equation implies that the more two fragments f; and f;
occur jointly, the higher the chances they should not be split. Calculating the
probability that b,=0 for the ThrowStatement node of the example provided
with Figure 5.3 includes calculating the posterior for the whole fragment f;on,
fragment f;, and fragment f; using Equation 5.3.

Taking everything explained so far into account, the method for inferring
idioms from the source code could be performed in the following steps:

1. Parse the files from the dataset into trees using the known grammar Gg

2. Transform trees to better fit the method being used, e.g., binarization
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3. To create initial fragments, assign values of 0 or 1 to b, variables associated
with nodes of a tree

4. Tteratively update the value of b, associated with each node by sampling
from the distribution given in Equation 5.4.

5. After the burn-in period, sample fragments after each iteration based on
the number of times they occur in the output.

B _ Ppost fjoin)
P(bm B 0) - Ppost(fjoin) + Ppost(fS)PPOSt(ft) (54)

5.3 Processing Multiple Nodes at Once

So far, we have provided an explanation of the inference procedure and the steps
to perform it. However, the Gibbs sampler used for inference is not scalable,
as it moves one node at a time and can take a relatively long time to reach
a stationary distribution for large datasets. To address this, we rely on the
enhancement presented by Liang et al. [32], who introduced a method to update
a block of highly coupled variables together. The variables are grouped into
blocks based on their type, hence the name — Type-Based sampler. A move
of the Type-Based sampler is essentially a blocked Gibbs move, as it samples
from the posterior distribution in the same way. Here, we explain the formalism
and equations introduced by the authors, interpret them from the perspective
of PTSGs, and simplify the implementation where possible.

To define a type, the authors introduced the structure of choices z, which,
in the context of PTSGs, contains elements in the form of a tuple (z, f). A
node’s type is defined based on the impact that assigning either value to the
b, can have on z. This impact can be observed through the total count of
fragment occurrences in z. Let n,¢(z) = |[{z € z : z.x = z,2.f = f}| be the
total number of times a nonterminal xz has been rewritten using fragment f.
Next, let n(z) = {n,s(z)} denote the vector comprised of counts for all the
fragments found in the dataset. The additions to n(z) based on whether 0 or
1 has been assigned to b,, denoted with An(z)™" and An(z)""' respectively,
form the basis for the definition of a type:

t(z,z) < (An"Y An®) (5.5)
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To minimize the need for bookkeeping, we modified the previously explained
general-purpose definition of a type based on changes to the domain of PTSGs.
When we assign the value of 0 to the variable b, we are left with fjsi,. On the
other hand, assigning the value of 1 leaves us with fragments f; and f;. Only
increments corresponding to these fragments can be added to n(z). Due to this,
we can simplify the definition of a type to Equation 5.6. Simplification allows
us to store only partial information about the node’s surrounding fragments,
rather than the entire vector of changes to n(z). This significantly reduces the
need for bookkeeping and, consequently, the impact on memory.

t(Z,I) = (fjoinaftafs) (56)

There is still one prerequisite that must be considered when grouping nodes
of the same type into a block. It is said that two nodes z and z’ have the
same type if their possible additions to the n(z) are the same, meaning that
An(z)*® = An(z)”", or, in other words, (fioins frs fs) = (Foim, [i> f2)- In
order to group such nodes, we also need to take into account an edge case where
changing a value of b, would change the type of z’ or vice versa. Translated
to the domain of PTSGs, if there is an intersection between fjoin and f,;,,
we cannot update z and z’ jointly, and we consider these two nodes to be
conflicting. Only non-conflicting nodes from the dataset with the same type
can be grouped into a block B that can be updated in a single move.

Figure 5.4 provides an example of what defines a type. The type of the
ThrowStatement node under a) is determined only by fragments f;, fs, and
the combined fjoin. Anything outside of this scope does not matter. The
current value of the b, variable associated with the ThrowStatement also does
not matter. The ThrowStatement node under example b) is almost of the same
type as the ThrowStatement under a). The only thing that would need to
happen for them to be grouped as part of a type block is that the dark green
colored IdentifierName under b) changes to a non-root. There is no possibility of
having conflicting nodes for these two ThrowStatement nodes because conflicts
are caused by repetition in a part of a syntax tree.

The following mathematical proposition is used as a basis for performing the
update:

Proposition 1. For any set B of non-conflicting nodes with the same type,

p(bp | b\ bp) oc g(m) (5.7)

pon 8\ 0) o () o) 5:8)
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Figure 5.4: Fragment root nodes are colored dark green, and the inner nodes of
a fragment are colored light green. An example shows two nodes under a) and
b) of the ThrowStatement kind, which are not the same type. For these two
nodes to become the same type, the only change that would need to happen is
that the dark green colored IdentifierName node becomes a non-root.

where b = {b,}, a vector of all binary variables associated with nodes; bg =
{b. | © € B}, a vector of binary variables associated with nodes grouped into
a type block; m = Y _pbe, a sum over binary variables associated with nodes
grouped into a type block; and g, a function of m [32].

This proposition provides a way to sample values for variables associated
with a block’s members, denoted with bp. Equation 5.7 indicates that the
sampling of a vector bp conditioned on the binary variables associated with the
rest of the nodes is proportional to g, a function of m. Variable m represents
the number of ones that could be assigned to these bg variables, and its value
ranges from 0 to the size of a block | B |. It is not relevant how values are
distributed inside a block because variables have the exchangeability property.
Thus, there are (‘2') possible ways to distribute the values, each with the same
probability g(m), resulting in Equation 5.8.

The exchangeability property also implies that the likelihood of a new as-
signment of values to bg depends on the changes to the number of fragments
affected by such an assignment. By definition provided with Equation 5.9, the
difference of changes made to the vector of counts of all fragments found in the
dataset equals the sum of changes made by assigning m ones to arbitrary nodes
of a type block and those made by assigning (|B| — m) zeroes to the rest of
the nodes of the type block. A single value in this vector of count changes is
denoted with AnZ™,
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AnB™ Z mAn®t + (|B| — m)An*? (5.9)

As derived by Liang et al. [32], the function g(m) is calculated according
to Equation 5.10. Recall that a, is a concentration parameter and that p.s
is a base distribution for a fragment given the fragment root nonterminal z
provided by Equation 5.2. ngy (z~B) denotes the number of times a fragment
f has rewritten a nonterminal z when we exclude the type block from the
structure of choices z. Similarly, the n,.(z~®) denotes the number of times any
fragment f has rewritten a nonterminal z when we exclude the type block from
the structure of choices z. The superscript operation found in Equation 5.10 is
the ascending factorial.

Per the definition of the ascending factorial a(®), if k equals zero, the value of
a®) is one. As previously discussed, the only changes that can be made to the
vector of counts of all the fragments found in the dataset are of those fragments
defining a type. That means that in the sequences of all the nonterminal nodes
and the fragments that rewrite them in Equation 5.10, the only non-one factors
obtained with the equation are related to the type-defining fragments fjoin, ft,
fs and their roots. Thus, a simpler version of Equation 5.10 adjusted to the
domain of PTSG can be derived.

(Anf}""

Qg Uy ngr(z—B
g(m):HHf( fhaf + nop(z77)) (5.10)

-B AnB:m
seN (az + ng.(z7B))An2)

For the sake of brevity of the final equation, let us single out a part of the
numerator related to a single fragment and its root (Equation 5.11). Let us
also single out a part of the denominator related to a single root nonterminal
(Equation 5.12). Then, we can write a variant of Equation 5.10 adjusted to
the domain of PTSG as presented in Equation 5.13. As presented, there are
two cases of the equation. Fragments fj.n, and f; always have the same root
node. However, the root node of an f; fragment might be of the same kind as
the root node of the other two fragments of a type-defining triplet. For those
two scenarios, different non-one factors of the sequences of Equation 5.10 are
obtained, and thus, the two cases. We will denote the root nonterminal of fjqin
and f; as z1, and root nonterminal of fs as 5.

g (m) = (Quppiag + nagp(z~))Aner" (5.11)
gdp.(m) = (o + nx‘(z*B))(A”Eﬁm) (5.12)
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if x1 and xo are of the same kind

otherwise

(5.13)

After calculating g(m), values produced using Equation 5.8 that approxi-

mate the posterior distribution need to be normalized, as the distribution is

only proportional to the expression on the right-hand side. Sampling from the

distribution given by Equation 5.8 and assigning m ones to the type block nodes
completes a block move.

5.4 Preprocessing of Parsed Syntax Trees

There are a few things that can be done to improve the inference process by
altering syntax trees to better suit the inference method. The first issue to
address is the sparseness of the found CFG rules. To address this problem,
syntax trees are binarized to make the CFG less sparse and better capture code
idioms in sequential statements.

Another consideration is what we aim to achieve through the inference pro-
cess. Inferred idioms should possess three properties: syntactic correctness,
completeness, and conformance to the desired ABG. As mentioned, GPL syn-
tax trees can be complex, and inference is a stochastic process. Given that a
subtree of a PTSG is derived by following CFG rules, each inferred fragment
is guaranteed to conform to syntax rules. However, a fragment may not be
complete enough to be usable. For example, consider a try-catch statement in
C#. Neither part of this statement can exist independently, and it would not
make sense to have them as stand-alone idioms. Therefore, it is appropriate to
link the catch part to the try part of the statement.

Also, we need to consider what the ABG basis we integrate into can handle.
RoseLib, used as an ABG basis and described in detail in Chapter 6, primar-
ily focuses on the structural elements of the C# language, such as classes and
methods. Thus, it is suitable for discovering code idioms rooted in these ele-
ments. By declaring these nodes as roots, we guide the inference process to find
potentially useful code idioms that can be integrated into the ABG basis. To
bind a node to the preceding fragment, we set the value of the associated binary
b, to zero. To declare it as a root, we set the value to one.
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6 Roselib

In our research, as part of efforts to mitigate the difficulties of working with
Roslyn’s Syntax Tree API, we developed an open-source ABG called RoseLib [11,
43, 30], written in C#. RoseLib provides a layer above the Syntax Tree API,
enabling the easier creation of code-generating programs that make precise mod-
ifications to C+# files without compromising their syntactic correctness.

It contains methods related to C# language concepts that are familiar to pro-
grammers, and includes mechanisms for code navigation, checking for changes
in existing code between code generation cycles, and making syntactically valid
alterations. The provided methods can be separated into two distinct groups
— tree traversal and tree modification. Furthermore, to allow for easier use
through different code generation cycles, it provides traceability links for track-
ing code elements. This is a variation of an established mechanism for tracing
model elements to corresponding generated text parts, similar to the one in the
MOFM2T language [44]. Lastly, it provides a new mechanism called integrity
checks, which facilitates checking whether previously generated code has pos-
sibly been altered between code generation cycles. The following text explains
this in detail, ending with a proof-of-concept example for clarity.

6.1 Traversal and Composition

In this section, we discuss how RoseLib can handle basic operations for travers-
ing and modifying Roslyn C# Syntax Trees (RCSTs). A simplified class dia-
gram of the tree traversal part of the API is shown in Figure 6.1. Classes central
to traversing trees are navigators. Concrete navigators are related to C# lan-
guage concepts, hence their names. The starting point for the traversal using a
concrete navigator is a selected RCST node of the corresponding syntax kind.
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Traversal is implemented through selection methods organized in different se-
lector interfaces. Selecting descending nodes of arbitrary depth is enabled, and
one navigator class can implement multiple selectors. Selection methods are
designed to allow chaining so that usage follows the language rules (stemming
from the grammar). Navigator methods’ return value types reflect this but are
omitted from the diagram for clarity. Each navigator inherits the Stateful Visitor
class to track the nodes of a tree that were visited. Lastly, each navigator has a
StartComposing method to facilitate a type-safe beginning of tree modification,
which returns the requested composer class if the current selection allows it.

The StartComposing method returns an instance of a requested composer
class, a member of a hierarchy of classes that can alter RCSTs shown in Figure
6.2. Concrete composers are also related to C# language elements and provide
associated basic create, update, and delete operations. These operations can be
combined to create more complex transformations. As shown in the diagram,
every composer is associated with a stateful visitor to keep track of the state
through changes. The state contains a stack of syntax nodes and hides the fact
that these are part of an immutable RCST.

Two concepts are introduced to help manage the state: pivot and reference
nodes. Pivot nodes are of a syntax kind corresponding to the concrete composer
and are the central point of operations. Reference nodes are one of the descend-
ing nodes and provide additional context for operations. An example would be
having a class for a pivot node and one of its fields as a reference node. The
operation that adds a new field would then add it to the pivot class under the
reference field. Pivot and reference nodes are chosen when transitioning from
traversal to the change stage. The StartComposing method of navigators in-
vokes the static CanProcessSelection method of a concrete composer to check if
this composer can handle a given pivot and a possible reference node. If it can,
a new instance of this composer is instantiated, and changes can take place.

6.2 The CSPath Grammar

CSPath is the language used to implement traceability links, where a textual
expression saved outside of the codebase can be used to locate code elements
within it. The CSPath grammar is inspired by the XPath language [45] because
it serves a similar purpose, and expressions written using it have a similar form.
CSPath was implemented using the textX meta-language [46]. A class diagram
corresponding to the grammar is shown in Figure 6.3, together with represen-
tative expressions. As shown, a path is composed of multiple parts. Each part
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denotes a descent towards an instance of some concept. Descent is always rela-
tive in CSPath, meaning that the descendant syntax node of interest does not
need to be a direct descendant of the current one found in the state. CSPath
concepts are mapped to concepts of the C# language. The most significant
structural C# concepts are supported by RoseLib, such as namespaces, classes,
and their members. Every descent starts at the syntax node corresponding to
the Compilation unit concept of C#. This concept is not explicitly defined as
a CSPath concept but is automatically implied and found in the state. CSPath
expressions can also contain predicates associated with concepts, which serve
to find the instance of a concept (syntax node) with the appropriate attribute
value. Possible attributes are dependent on the concrete concept the predicate
is applied to and are not defined by the grammar but by the RoseLib library in-
stead. These attributes correspond to the parameters of RoseLib’s API methods
for navigating syntax trees. Note that RoseLib can create CSPath expressions
automatically based on the current selection.
The example expressions in Figure 6.3 illustrate the following:

e A descent towards a first namespace with a name matching the regular
expression;

e A descent towards a first method with TestMethod as a name. From the
expression itself, it is not known what the parent concept of such a method
is; it could be a class, an interface, or some other C# concept.

o A descent towards a method named TestOut with a class as an ancestor.

6.3 CSPath Engine

Now that we have explained the structure of CSPath expressions, we can explain
how the engine interprets them. A diagram of the engine’s design is shown in
Figure 6.4. The engine relies on textX to create an instance of the CSPath
model based on a given expression. The processing of path parts is done by the
logic implemented using the Chain of Responsibility pattern [47]. The chain
comprises handlers. Each handler inherits BaseHandler, implements the Handle
method, and holds a reference to its successor (except the last one).

For interpretation to occur, the engine instantiates a context, combining a
CUNavigator instance with a path part first in line for processing. This initial
context is then passed through the chain. If a handler can handle a specific
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Figure 6.3: Showing a) the CSPath model and b-d) example expressions

Engine Context
current contextt
handleffile: String, path: String) navigator: BaseNavigator
17| pathPart: PathPart
1
CSsPathParser
1, handler 1 ;ur:r:essor
BaseHandler
partHandlerMethods: Dictionary=PathPari, Methodinfo=
handleContext(context: Context)
CUHandler TypeHandler
NamespaceHandler CSRTypeHandler EnumHandler

Figure 6.4: The CSPath interpreter engine

navigator and path part pair, the descent is performed by applying the appro-
priate selection method. The selection method returns a navigator appropriate
for the selected syntax tree node, and the processing of the current context is
finished. If none of the handlers can handle the context, the path cannot be
processed. Path parts are iteratively combined with succeeding navigators to
form new context instances, which get passed through the chain. The handling
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procedure is repeated until all the parts have been processed and the descent is
over. The last navigator returned by the handle method contains an appropriate
state and can be used for further descent or to start syntax tree modification.

6.4 Integrity checks

Once a node has been selected, it is possible to calculate a hash value for the
code snippet corresponding to the syntax tree fragment rooted at this node.
The way this node was selected is not significant, and it could be selected either
directly using selection methods or indirectly using methods for manipulating
syntax trees. Both navigator and tree manipulation classes have the GetSub-
treeHashCode method, which performs the calculation.

Before hashing occurs, we need to ensure that secondary notation does not
influence the value, which is important because insignificant changes to the
code snippet would impact the resulting value, making the integrity checks less
useful. For example, changes in indentation or added comments would cause
the integrity check to fail, even though the code’s semantics did not change.
To prevent this, we temporarily remove all comments from the code snippet
and normalize indentation. Then, we can calculate the hash value of the code
snippet. To perform an integrity check later in time, code generators must
invoke the calculation on the same tree fragment once again and compare the
newly derived value with the one obtained originally. If these are not identical,
a change has occurred between the generation cycles.

6.5 Proof-of-Concept Example

To showcase how the Seamless workflow from Section 3.1 can be implemented,
we present an example based on the metamodel shown in Figure 6.5. In this ex-
ample, an instance of a document is mapped to a C# class with the same name,
and document fields are mapped to the corresponding fields of the class. Based
on this metamodel, we define a conforming model: a Work order document with
Order ID (Integer) and Order date (DateTime) fields. Lastly, suppose that such
a class has been generated in the initial generation cycle.

With these prerequisites, we now describe how an example code generator
can handle a model change in which the Order ID field is modified to the String
type. Figure 6.6 shows sample code for a generator that can handle this change.
To change the field type in the code, the generator first needs to ensure that
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Figure 6.5: The metamodel for the example

the field is in the navigator state. As shown, the generator does not need to
implement any case-specific logic for descending through the syntax tree, as
it can rely on CSPathEngine to interpret the CSPath expression and perform
the descent, returning the resulting navigator. To check that the field has not
been changed between the cycles, the generator can calculate its current hash
value and compare it to the value saved in the previous generation cycle. If the
check fails, the code generation cycle stops. The integrity check logic is also not
case-specific. The example ends by changing the field type and producing the

resulting code.

CPathEngine cSPathEngine = new CPathEngine();
var navigator = cSPathEngine.Evaluate(

reader,
"/Class[name="'WorkOrder]/Field[name="'0rderId']""
DN

var hashValue = navigator.GetSubtreeHashCode();

if (!hashValue.Equals(previousHashValue))
{

throw Exception("Code was changed!™)
3

var output = navigator.StartComposing<FieldComposer>()
.SetType("String")
.GetCode();

Figure 6.6: A code generator that can update the type of a field
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7 Application of SAGED

In this chapter, we present our solution for implementing the SAGED approach,
designed to handle code written in C#. However, the main component respon-
sible for the inference method, referred to as the inference core, is language-
independent and can be extended for other programming languages as well. We
chose C# due to our prior experience with ABGs in industrial projects using
this language. Additionally, we can utilize our previously published results [12]
as a baseline to evaluate the SAGED approach’s effectiveness.

Figure 7.1 displays an overview of the reference architecture. The following
sections discuss the solution’s components and the two phases of the approach.

7.1 Concept Discovery

Two components enable the implementation of the S1 — Code Idiom Inference
step: the Preprocessor and the Inferencer. The Preprocessor is responsible for
cleansing and preparing the input files by removing most secondary notation
elements from the code, such as comments and documentation, and eliminating
primary notation elements that are not useful for inference, such as directives
and using statements.

Additionally, the Preprocessor can group input files based on the inheritance
tree, a common mechanism for defining layers in C# projects. Code within the
same layer typically addresses similar tasks, so we expect useful repetitions to
be found there. This grouping has two key benefits: first, it improves inference
results by positively impacting inference distributions; second, it mitigates scal-
ability issues and enables faster inference by performing inference on a smaller
dataset.

The prepared files serve as input for the Inferencer, which is built by extend-
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Figure 7.1: Overview of the SAGED reference architecture

ing the inference core to perform inference on C# files.

7.1.1 The Language-Independent Inference Core

The inference core implements the non-parametric Bayesian PTSG inference
method explained in Chapter 5. This implementation is available as an open-
source project [55].

The data structure presented in Figure 7.2 is designed to make the inference
core language-independent. Essentially, the inference core does not handle syn-
tax trees created by language-specific parsers; instead, it operates on a matching
set of internal trees. Parsed syntax trees must be translated into internal trees,
where an internal tree is an instance of the Tree class, comprised of nodes that
are instances of the Node class ordered into a parent-child hierarchy. Each node
has a label and fields that store the information used for the inference process.

Of course, some details about the language, such as a CFG and syntax
tree structure, must be provided to execute the method. Therefore, the core
includes abstract classes focused on input and output operations that need to be
concretized. The classes TreeCreator and NodeCreator are abstract and must
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Figure 7.2: Class Diagram of the Inference Core

be implemented when extending the core to build internal trees. The Writer
is also an abstract class that must define how a fragment of an internal tree is
transformed into a code idiom.

The TypeBasedSampler class performs the inference, while the BookKeeper
class supports the process. The BookKeeper keeps track of nodes, their cor-
responding types, and the counts of fragments and roots found in a parsed
dataset. The specific processes and algorithms of the inference methods imple-
mented with TypeBasedSampler, which complement the theoretical background
described in Chapter 5, are explained below.

The inference method begins by creating appropriate internal trees from the
dataset. An overview of the process for creating these internal trees is presented
in Figure 7.3. The process consists of three steps. In the first step, syntaz trees
are obtained from a language-dependent parser. In the second step, the obtained
syntax trees are translated into internal trees composed of instances of the Node
class, which the inference method can handle. The parser provides knowledge

Obtaining Syntax Translating Syntax Transforming Prepared
Dataset Tr Trees Into Internal Tri Intorpe
ces Internal Trees ernal Trees ernal Trees

Figure 7.3: Overview of the internal tree creation process
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about the grammar, which we capture during translation by setting the label
of an internal tree node to the type provided by the parser. These labels will
be used later to derive the CFG and calculate the PCFG. In the third and final
step of the process, the internal trees are transformed to be more suitable for
the algorithm, as explained in Section 5.4.

To bind a node to the preceding fragment, we set the property isFragment-
Root of the Node class to false. To declare it as a root, we set it to true. The
property isFized of the same class prevents these values from being changed.
During the binarization process, the inserted binarization nodes receive labels
related to the parent node whose children are being binarized. The two men-
tioned abstract classes, TreeCreator and NodeCreator, facilitate the creation of
the internal representation. Implementing the corresponding create methods for
each case should follow the steps explained above, along with any other steps
deemed useful for achieving better results.

Once the internal trees are created, we can proceed with the next steps of
Algorithm 1. The subsequent step involves deriving the CFG by examining the
labels assigned to different nodes and identifying the existing productions in
the grammar. Based on this derivation, the PCFG is constructed by dividing
the count of each production by the total count of productions with the same
left-hand side. The derived productions and their corresponding calculated
probabilities are then used as input for calculating the base distribution using
Equation 5.2.

Now that we have an internal representation to support inference and a
PCFG to extend, we randomly divide the internal trees into initial fragments.
It is important to maintain a high probability of dividing the trees, as the
method takes larger steps when the fragments are initially smaller. We then
count the roots and their fragments, sorting the nodes according to their type.
The BookKeeper class is used to keep track of this information as the fragments
change. The different types of nodes are represented by the Type class. To
conserve memory, we reuse instances of the Type class for all nodes of the same
type. This is necessary because having millions of instances could significantly
impact memory consumption. We continuously update the information stored in
the BookKeeper as the method progresses. The order in which types and nodes
are stored in the BookKeeper is determined randomly. We shuffle the types and
nodes with each iteration of the algorithm to prevent any unintentional bias
from affecting the inference process through ordering.
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Algorithm 1: Training of Type-Based MCMC

CreateTrees()
TransformTrees()
CalculatePCFG()

CreatelnitialFragments()

SetNodeTypes()

currentlteration = 0

while currentlteration < totallterations do
ShuffleTypesAndNodes(types)

foreach type in types do

typeBlock = CreateTypeBlock(type)

valuesForM = []

for m = 0; m < typeBlock.size(); m + + do
valueForM = CalculateEq5.8ForM(type, m)
valuesForM.Add(valueForM)

probabilitiesForM = Normalize(valuesForM)
drawnM = SampleM (probabilitiesForM)
ones = SampleOnes(typeBlock.size(), drawnM)
UpdateSitesAnd Types(typeBlock, ones)
if currentlteration > burnin then

| WriteFragments()
currentIteration++;

The remainder of the method follows the steps of Type-Based MCMC infer-
ence discussed earlier. The only step that requires further explanation is how we
create type blocks. As mentioned, only non-conflicting sites (nodes) of the same
type can be grouped into a type block. To determine if two sites of the same
type are conflicting, we need to check whether changing the value of the b, vari-
able for one site would alter the type triplet (fjoin, ft, fs) of another site. Each
potential site to be added to the type block is considered individually to check
for conflicts with the sites already in the block. Once a site is determined to
be non-conflicting, the nodes in the associated fjoin fragment are marked. The
assigned mark is unique to the considered type and iteration, helping to iden-
tify any potential intersections with subsequent type sites. For each subsequent
site of the same type, we search for these marks within the associated fragment
fjoin- 1f no marks are found, we conclude that there are no intersections and
that the site does not conflict with any previously added sites. The pseudocode
in Algorithm 2 describes the process that each site must undergo before being
included in the type block. The CanAddToTypeBlock method checks for possible
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conflicts, and the SetLastTraversed method is used for marking purposes.
Algorithm 2: Checking site for Conflict

Function CanAddToTypeBlock (siteNode,iteration):

joinRoot = FindJoinRoot(site Node)

if IsConflicting(siteNode, iteration, joinRoot) then
SetLastTraversed(siteNode, iteration, joinRoot)
return true

return false

Function IsConflicting(siteNode, iteration, node):

if IsNodeSeen(node, siteNode. Type, iteration) then
‘ return true

foreach child in node.Children do

if IsBorderNode(child, siteNode) then

if IsNodeSeen(child, siteNode. Type, iteration) then

‘ return true
else
if IsConflicting(siteNode, iteration, child) then

‘ return true
return false
Function SetLastTraversed(siteNode, iteration, node):
node.SetTraverselnfo(siteNode. Type, iteration)

foreach child in node.Children do
if IsBorderNode(child, siteNode) then
| child.SetTraverselnfo(siteNode.Type, iteration)

else
| SetLastTraversed(siteNode, iteration, child)

7.1.2 Supporting Concept Discovery from C+# Files

To extend the inference core so that it can infer code idioms from C# files and
create the Inferencer, we rely on the Roslyn platform. Roslyn provides the parser
containing the knowledge about the C# grammar needed to obtain RCSTs.
The Inferencer implements the TreeCreator and NodeCreator abstract classes,
depicted in Figure 7.2, allowing the creation of internal trees from RCSTs.
During creation, we also adjust the structure imposed by Roslyn to better suit
the inference method. For example, we introduce additional nodes for identifiers
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where necessary, ensuring that the results can be more generic.

We also allow practitioners to specify which RCST node kinds should be
fixed as roots or non-roots, enabling them to guide the inference process. Upon
completion of the inference, the inferred fragments represented by the internal
trees must be translated into C# code idioms with metavariables. Consequently,
the Inferencer also implements the Writer abstract class provided by the core.

The output of the Inferencer is a list of code idioms enriched with contextual
data needed for future integration into the API. This output includes: (i) a
fragment with included metavariables, which should be replaced with exact
code fragments when generating code using the resulting API; (ii) the RCST
kind of a concrete fragment root node. Additionally, internal trees enriched with
information about the PTSG as a result of the inference process are preserved
for future use.

Practitioners are responsible for the S2 — Curation step. Curation is a
subjective process, so practitioners may review the results of the inference, ma-
nipulate the code idioms, and select the ones they find useful. Two components

namespace SchoolBusAPI.Controllers
{

[ApiController]
[ApiVersion ("1.0")1]
public class InspectionController : ControllerBase
{
private readonly IInspectionService _service;

InspectionController. IInspectionService _

mark: d1d050d7
same idioms
same subtrees:

[HttpPost]
[RequiresPermission( Permissions.SchoolBusWrite )]
[Route( "/api/inspections/{id}/delete” )]
public virtual IActionResult InspectionsIdDeletePost ([FromRoute] int id)
{
return this. service. InspectionsIdDeletePostAsync ( id ):

}

[HttpGet]

[ RecquiresPermission( Permissions.SchoolBusRead ) 1]

[Route( "/api/inspections/{id}" )]

public virtual IActionResult InspectionsIdGet ([FromRoute] int id)
{

return this. service. InspectionsIdGetAsync (id):

}

Figure 7.4: An input file enriched with code idiom information using the Visu-
alizer. Idioms are assigned a unique color for distinction. The tooltip provides
insight into the frequency of a code idiom.
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facilitate this process: the Visualizer and the Handler. The Visualizer provides
insights into the inference results by allowing practitioners to browse input C#
files enriched with information about inferred code idioms, as shown in Figure
7.4. The displayed information includes aggregate data — such as the number
of times a code idiom occurred and the number of subtrees corresponding to
each code idiom present in the input files. Additionally, the Visualizer enables
users to navigate through the code by providing links to other locations in the
code where the same code idiom is found.

The Visualizer assigns a unique mark to each code idiom. This mark can
then be used for curation with the Handler. The Handler facilitates the joining
of inferred code idioms while ensuring syntax correctness. It also allows for
the grouping of files that share a common code idiom. These grouped files can
be processed separately. This grouping extends the inheritance-based grouping
carried out by the Preprocessor, enhancing inference distributions.

At the end of the curation pro-
cess, practitioners must provide the
information needed to generate ABG
API methods. This includes the [Reaa—
API method name, parameter names CesCompoze:
mapped to metavariables, and the ABG  |E s
structure elements where the generated
methods should be integrated. To as-
sist practitioners, we have created a
page (shown in Figure 7.5) that dis-
plays all the required items. The page
also offers guidance by listing the possi-
ble ABG elements, referred to as Com-
posers, where a code idiom can be in-
tegrated based on the root node kind.
The following section discusses the in-
tegration process and these Composers.

Idiom Setup

Metavariable 1: $IdentifierToken

Metavariable 2: $IdentifierToken

Figure 7.5: The page for providing
data needed for code idiom integration

7.2 RoseLib Extension

The implementation of SAGED is

based on RoseLib. The goal is to enhance RoseLib’s API by adding meth-
ods that handle the addition of subtrees to RCSTs based on inferred idioms.
This transformation turns RoseLib into an ABG that combines the syntax of a
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language with higher-level concepts. These methods tackle the most challenging
aspect of using ABGs: creating larger transformations. In this section, we refer
to RoseLib’s structural elements and the mechanisms used for the extension.

7.2.1 Addressing the Requirements

To explain how having RoseLib as a basis assists us in obtaining an ABG with
the desired key properties, we analyze the requirements specified in Section 4.2:

e Requirement 1 — Precise Selection: RoseLib utilizes Roslyn’s parser
to parse C# files. To enable a gradual descent through an RCST in
search of a desired node, RoseLib provides mechanisms to keep track of the
selection state contained within a class Stateful Visitor. Keeping track of
selected nodes enables chaining methods that perform the descent relative
to the selected node. If the desired node of an RCST is present, it will be
the final element added to the state; if not, an error is raised.

e Requirement 2 — Incremental Changes: The selection state within
Stateful Visitor, together with surrounding mechanisms and node selection
methods, provides a basis for methods performing RCST manipulation
to allow incremental changes to target RCSTs. Each change made with
RoseLib’s API updates the state so that another change can follow.

¢ Requirement 3 — Preserving Syntax Correctness: RoseLib pro-
vides multiple functionalities to help maintain the code’s syntactic cor-
rectness. It facilitates a controlled transition from the selection of nodes
to the modification stage. A component that modifies RCSTs declares
that it can modify a specific node kind. Additionally, it provides guards
that can be called before a modification takes place to ensure that the cur-
rent selection state is consistent with the intended modification. Lastly,
some validity check methods can be called to ensure the RCST is syn-
tactically correct after modifications. New API methods added with the
SAGED approach can utilize these mechanisms.

o Requirement 4 — Separation Mechanisms: RoseLib contains a set
of manually written selection and modification methods related to a sub-
set of C# concepts. It also has an underlying structure that can be ex-
panded when creating new methods with the SAGED approach. The Par-
tial Classes mechanism [6] is used to enable the extension of the existing
RoseLib structure.
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o Requirement 5 — Comprehensive Support: As explained in Section
3.2, RCSTs are complex and contain many concepts unfamiliar to most
software developers. RoseLib was designed to conceal these complexi-
ties and provide support limited to the most familiar language concepts.
However, RoseLib’s selection state, which comprises RCST nodes, can be
accessed whenever needed, and Roslyn’s Syntax Tree API can be used to
cover cases unsupported by RoseLib.

7.2.2 Performing Extension

We extend RoseLib’s API with methods for adding subtrees to RCSTs based
on inferred code idioms. The extension relies on the composers introduced in
Chapter 6 — the hierarchy of RoseLib’s classes that can alter RCSTs, primarily
associated with the structural elements of the C# language such as classes,
methods, and blocks. The extension is relevant for composers that add complex
subtrees to a selected node.

The Transformer, depicted in Figure 7.1, is responsible for steps (53) —
generation of API methods based on selected idioms and (S4) — integration
of generated methods with the RoseLib composers, covering the whole (P2) —
ABG Eatension phase of the SAGED approach. Template-based code genera-
tion is used for generating API methods, and the Partial Classes mechanism
available in the C# language is used to integrate generated API methods with
the existing ABG basis. The following text explains this process in detail.

A portion of the data required for successful API method generation is pro-
vided during the PI — Concept Discovery phase. This includes idioms with
metavariables and contextual data, as well as data added by the practitioner
during curation — names for a method and its parameters, and a chosen com-
poser to which the generated method should be added. The Knowledge base
component provides the other portion of the required data. It provides the
Transformer with information about (i) which node kinds an individual com-
poser can handle, (ii) which templates should be used by the Transformer to
generate a concrete APT method, and (iii) the location of the RoseLib code and
the folder where generated parts of composers are stored.

A simplified descriptive pseudo-code corresponding to the algorithm used by
the Transformer to generate methods is provided with Algorithm 3. Data re-
sulting from the P1 — Concept Discovery phase, together with data contained
in the Knowledge base, serve as input for this algorithm. The steps of the algo-
rithm are as follows. First, an inferred and selected fragment with metavariables
is transformed into a C# string literal. In this step, metavariables are substi-
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public ClassComposer AddGetOne(string name, string returnType)

CompositionGuard.NodeOrParentIs(Visitor.CurrentNode, typeof(ClassDeclarationSyntax));

var fragment = $"public {returnType} {name}(int id) {{ return _context.getOne(id); }}";
var member = SyntaxFactory.ParselMemberDeclaration(fragment);
if (member!.ContainsDiagnostics)

throw new Exception("Parsed code not syntactically valid.");

}

var referenceNode = TryGetReferenceAndPopToPivot();

var newEnclosingNode = AddMemberToCurrentNode(member!, referenceNode);
Visitor.ReplaceNodeAndAdjustState(Visitor.CurrentNode!, newEnclosingNode);

var navigator = BaseNavigator.CreateTempNavigator<CSRTypeNavigator>(Visitor);
navigator.SelectMethodDeclaration(name);

return this;

Figure 7.6: The resulting method that can insert a code idiom into an RCST

tuted with parameters whose values will be interpolated at runtime. Then, a
method declaration is created based on the provided method and parameter
names. A body for this method is generated using a template related to the
chosen composer. Finally, the generated method is added to a partial class of
the chosen composer.

Algorithm 3: Generating an API method

var transformedFragment = TransformFragment(fragment, parameters)

var method = CreateMethodDefinition(name, parameters)

var template = RetrieveTemplate(composer)

var body = template. TransformText(transformedFragment,
rootNodeType)

method. WithBody(body)

var path = RetrieveComposerLocation(composer)
if('Path.Exists(path)) CreateComposerBase(composer)
AddMethodToComposer(method, composer)

An advantage of automating ABG API method development is that users
do not need to be familiar with ABG’s internal details. However, to explain
how the generated code fulfills the set requirements, we provide an example of a
generated API method. An example method added to the ClassComposer can
be seen in Figure 7.6.
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The code generated by the Transformer depends on the provided input,
but the example shows how such methods generally work. As shown, first, a
method of CompositionGuard is invoked to check whether the current state is
appropriate for the intended modifications. Then, a code fragment in the form of
a string literal is interpolated and parsed. If the parsing of the fragment creates a
syntactically correct subtree, the subtree can be included in the existing RCST.
Otherwise, the operation fails. Finally, the root node of the created subtree is
selected and added to the state so that possible subsequent operations can take
place.

7.3 Practitioner Tooling

So far, we have introduced all the solution components to explain how the
SAGED approach is implemented. In this section, we will explain these com-
ponents from the perspective of an MDSE practitioner. Some overlap with
previous sections is intentional, as the aim is to add implementation details
relevant to practitioners.

7.3.1 Visual Studio Code Plugin

From the practitioner’s perspective, the main tool is the Visual Studio Code [115]
plugin [56], which integrates the approach seamlessly into the existing developer
toolkit. It provides Ul components that interact with the introduced compo-
nents of the architecture and related artifacts: it lets users cleanse the code,
specify parameters for inferring code idioms from the currently active project,
understand the algorithm’s behavior, visualize the inferred code idioms, and
generate RoseLib methods.

Visual Studio Code is built with Electron, a JavaScript framework that al-
lows creating desktop applications that are rendered by the Chromium rendering
engine [116]. This means that standard web development technologies such as
JavaScript, HTML, and CSS are used when building the UI of a plugin. How-
ever, to keep the editor fast and responsive, Microsoft created the Language
Server Protocol (LSP) [117]. LSP separates the often heavy work of code anal-
ysis from the user interface. The two communicate using JSON RPC. So, we
built our language server to perform the business logic, and Ul components
communicate with it.

The plugin has different pages that correspond to different functionalities,
related to steps and phases of the SAGED approach. For example, one page
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Figure 7.7: Visual Studio Code plugin, where a page for selecting code idioms
and creating corresponding RoseLib methods is shown.

configures the inference parameters, another lets you review the inferred idioms,
and another lets you select code idioms to generate a RoseLib method. Figure
7.7 shows the page for generating RoseLib methods, where it is specified how a
method will be called, in which composer it will be included, and how the code
snippet looks after configuration.

7.3.2 The Visualizer

As stated, the Visualizer provides insights into the inference results by allowing
practitioners to browse input. While the basic Visual Studio Code plugin only
lets users list and search for found code idioms, the Visualizer creates whole files
that color and mark the found code idioms, giving users additional information
in the familiar context of their codebase.

The algorithm of the Visualizer goes as follows: it iterates through the files,
assigning unique hash values to each of the found idioms. If there are two
instances of the same code idiom, they will receive the same hash value. While
iterating, it creates a map, keeping track of how many such code idioms there
are and their location.

Then, for each processed file, it creates an HTML file using the T4 templating
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engine [97]. The end result is HTML specifically because it can easily be shown
with the Visual Studio Code plugin. While creating the file, the map is used
to retrieve the information about which hash code, color, and a set of links to
other instances should be included with each separate code idiom.

7.3.3 Measurement Instrumentation

Understanding the codebase’s repetitiveness and choosing the right set of pa-
rameters are not straightforward. It often requires some experimentation. The
tool that we developed, named StatEval, can be used specifically for this pur-
pose. It is an auxiliary tool that measures (i) precision — the percentage of
inferred idioms found in the test corpora, (ii) coverage — the percentage of the
test corpora covered by the inferred code idioms, and (iii) the average length of
the inferred idioms.

StatEval is used for the evaluation of the SAGED approach presented in
Chapter 8. To ensure trust in its results, we covered its functionalities with unit
tests, and the code is available as open source [57].
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8 Evaluation

In Section 1.2, we formulated the hypotheses that we aim to validate. With
them in mind, we defined the following research questions that the evaluation
aimed to answer:

e RQ1: Can the Concept Discovery phase of the SAGED approach produce
relevant code idioms?

e RQ2: Is the Concept Discovery phase scalable?

e RQ3: Are API methods derived using the SAGED approach more efficient
to use than existing ABG API methods?

In Section 8.1, we quantitatively measure the performance of the inference
method on a large dataset to provide insights into the algorithm’s behavior.
Then, in Section 8.2, we perform a qualitative analysis to evaluate the usefulness
of the inference output and the need for curation. Together, these answer RQ1
and RQ2, validating hypotheses H1 and H2.

To address RQ3, in Section 8.3, we compare the efficiency of using an ABG
extended with API methods generated by the SAGED approach against the ef-
ficiency of using a basic, unmodified ABG for developing a custom MDSE tool.
We also compare the obtained results with the results of our previous research
conducted in industrial settings in collaboration with Schneider Electric’s de-
velopment center in Novi Sad [12]. Hypothesis H3 is validated constructively
through the successful implementation of the system described in Chapter 7,
which is actively utilized to generate the customized ABGs tested in RQ3. A
positive resolution to RQ3 directly validates hypothesis H4.

This corresponds to the Demonstration and Evaluation steps of the DSRM.
In DSRM terms, the artifact under evaluation is the SAGED approach together
with its reference implementation, and the objectives of the solution against
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which it is assessed are the hypotheses H1-H4, operationalized as research ques-
tions RQ1-RQ3.

8.1 Computing the Metrics for the Inference
Performance

During the quantitative evaluation, we measured (i) precision — the percent-
age of inferred idioms found in the test corpora, (ii) coverage — the percentage
of the test corpora covered by the inferred idioms, (iii) average length of the
inferred idioms, and (iv) scalability — the relationship between the number
of Lines of Code (LoC) in a project and the time needed to achieve burn-in.
Metrics (i) and (ii) resemble precision and recall in information retrieval but
are tailored for the code idiom mining domain [14]. The data were obtained
using StatEval, the auxiliary tool we developed for this purpose, introduced in
Section 7.3.3.

Methodology — To ensure a thorough analysis of the inference method’s
behavior, we performed a quantitative evaluation across a range of projects,
as presented in Table 8.1. Initially, our dataset was based on three items,
listed in the upper section of the table: the Student projects dataset, the School
Bus application, and the Licensing application, all utilizing a similar technology
stack. We manually inspected these projects to evaluate their repetitiveness
for accurate result interpretation. Then, we added eleven open-source projects
written in C#, introduced by Allamanis et al. [51]. These projects, listed in
the lower portion of the table, enhance the generalizability of our dataset. The
wide range of projects ! enabled us to deduce reference values for metrics (i) and
(ii). In the following paragraphs, we introduce the initial three dataset items
we have chosen and then describe the setup for running the inference process.

The Student projects dataset [48] consists of sixteen projects developed by
two-member student teams in a Web Development undergraduate course. These
projects were not created specifically for this study. All teams received the same
initial project structure and requirements for a Rent-A-Car web application.
This collection can be viewed as a set of products in an SPL. The rationale be-
hind choosing this dataset item is that automation is most cost-effective when
the code has similarities and repetitions. The development process can be sum-
marized as follows:

1 To enhance the reproducibility, we combined all the projects into a Mendeley Data dataset

at https://data.mendeley.com/datasets/6jmbv4gjz8/1
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e The students were asked to implement various common functionalities for
a web project. Tasks included data management and persistence, file han-
dling, handling HTTP requests, WebSockets-based communication, data
validation, and addressing security-related requirements.

e All projects were built using C# and the ASP.NET framework. The
libraries used included Entity Framework as an object-relational mapper,
Unity for dependency injection, and SignalR for real-time communication
using web sockets.

e Students were encouraged to follow the same practices when faced with
different problems but were also given the freedom to independently search
for answers.

Both the School Bus and the Licensing applications are open-source projects
representing web servers with REST API endpoints, developed under the super-
vision of the Government of British Columbia, Canada. The web server of the
School Bus application [49] was included due to its well-defined layered struc-
ture and high level of repetitiveness within the layers. In contrast, the Licensing
application [50] was added for its complexity and lack of clearly defined layers,
which results in most of the business logic being placed within the controller
layer.

To perform the inference, we split each project into training and testing
corpora, using 70% of files for inference and the remaining 30% for testing
the results. The files were cleansed, and imports were removed. We set the
probability of designating a node as a fragment root during initial fragment
creation to 0.85. The parameter for the geometric distribution in Equation
5.2 was set to 0.025. Based on experimental results, we assigned the value of
alpha in Equation 5.10 to 5. The burn-in period for the run was set to 75. We
established the threshold for the number of occurrences of a single code idiom
at 2, expecting such an idiom to contain at least 8 nodes.

Results — The summary results across all dataset items are presented in
the last row of Table 8.2. The calculated metric values indicate that, on average,
40% of idioms inferred from the training corpora are found in the test corpora.
Additionally, on average, 39% of the test corpora AST nodes can be explained
by the found idioms. Lastly, the average length of an idiom is 14 nodes. The
table also provides standard deviation values for the calculated metrics, giving
a baseline for interpreting results for individual dataset items.

Table 8.2 also shows metric results for the three dataset items we manually
inspected to verify their repetitiveness. Based on the results and our under-
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Project Git SHA  # LoC

Licensing App 603b285 40115
School Bus App a29a056 71705
Student projects fbee3fb 69 623
castleproject/Core 28b8715 87285
JoshClose/CsvHelper 852bd46 36154
dotliquid/dotliquid 0398754 17246
libgit2/libgit2sharp 5046978 46406
apache/logging-logdnet 00cc486 24546
apache/lucenenet 7401968 607098
mathnet/mathnet-numerics f196418 221184
etishor/metrics.net dee08fd 14599
mongodb/mongo-csharp-driver 836aa60 387 662
jdiamond/Nustache 9d7d84e 7723
Sandra/Sandra.Snow 72b097d 4532

Table 8.1: Projects on which we tested the inference process. Projects in the
lower part of the table are introduced by Allamanis et al. [51]. The number of
LoC of each item was calculated after it was cleansed for inference.
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Project Precision Coverage Avg Length

(%) (%) (# of Nodes)
Licensing App 25.9 29.0 14.42
School Bus App 71.1 65.0 15.55
Student projects 75.7 69.5 16.75
castleproject/Core 57.4 43.3 13.95
JoshClose/CsvHelper 42.6 44.5 14.40
dotliquid /dotliquid 24.1 27.8 13.18
libgit2/libgit2sharp 25.6 35.3 12.57
apache/logging-logdnet 26.9 224 12.93
apache/lucenenet 47.5 48.7 13.14
mathnet/mathnet-numerics 54.4 53.8 14.98
etishor/metrics.net 23.3 194 13.13
mongodb/mongo-csharp-driver 43.4 51.9 13.37
jdiamond/Nustache 21.3 24.8 13.64
Sandra/Sandra.Snow 22.6 12.1 14.01
Across All 40.1 + 18.8 39.1 £17.4 14.00 £+ 1.15

Table 8.2: Samples of measurement for all the dataset items. The averages and
the standard deviations across all the dataset items are shown in the last row.

standing of the repetitiveness in these items, we conclude that the method cor-
rectly indicated that the Licensing application is less repetitive than the School
Bus application and the Student projects dataset. Regarding the items first pre-
sented as a dataset in [51], a brief manual inspection led us to conclude that the
results align with our expectations; the more repetitive projects yielded higher
values.

Lastly, we present Figure 8.1 to illustrate scalability. The inference was
performed on a computer with an Apple M1 Pro processor and 32 GB of RAM.
The horizontal axis represents the number of LoC in a whole cleansed corpus,
while the vertical axis shows the time needed to reach the burn-in set at 75
iterations. The results indicate that the time required for training increases
linearly with the number of LoC. As shown in the graph, for the largest project
with over 600,000 LoC after cleansing, it took 1.5 hours to complete 75 iterations
of training.
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Figure 8.1: Time required to complete the training with a burn-in period set to
75 iterations compared to the number of LoC of the whole cleansed corpus

8.2 Qualitatively Evaluating the Inference
Output

The quality of the inference output is measured by the number of inferred idioms
of interest that need to be changed manually during curation to be considered
useful for an ABG.

Methodology — We re-ran the inference process on the first three dataset
items to identify idioms that may occur across the training dataset and those
specific to certain layers. By examining the inheritance trees using the Pre-
processor, we isolated groups of related files corresponding to the layers of an
application. We also conducted a manual inspection to find groups not defined
by inheritance. For each identified layer, we used a setup similar to that in Sec-
tion 8.1. To obtain output that aligns with the RoseLib composers, we applied
the configuration related to permanent cut nodes for the dataset, focusing on
C# structural components, such as namespaces, classes, and methods.

Our team members, experienced in developing ASP.NET web applications
but unfamiliar with the dataset projects, curated the inferred code idioms and
measured the changes needed to make them useful. The curation focused on
idioms for deriving APIs for custom MDSE tool development. The purpose of
the MDSE tool was to automate the maintenance of a selected project from
the dataset, covering all application layers. The team members singled out
idioms deemed useful for automation. External developers with over five years
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of experience in the technology stack assessed the value of the resulting idioms.

We analyzed the results for each dataset project. We will primarily focus
on the Student projects dataset in the following text. This is because there is
a large overlap between the technologies used for the Student projects dataset
and those used for both the School Bus application and Licensing application,
resulting in the most commonly used code idioms being the same.

Results — For the Student projects dataset, we identified eleven relevant
groups of related artifacts. The curation process took two hours and resulted
in over 50 selected code idioms addressing the intended use case. Additionally,
12% of the identified idioms were slightly modified using the Handler to avoid
overly generic idioms. Some idioms were combined to derive more suitable API
methods. A team of external developers successfully recognized the semantics
of the resulting idioms without any context provided.

Figure 8.2 presents several idioms selected from this dataset to demonstrate
their properties. A new domain model class structure is shown in (a). To ensure
that Entity Framework recognizes a newly added model class, the project’s
database context class must include its declaration. Many such declarations
were inferred and are shown in (b). However, numerous inferred declarations
were specific to the domains of the projects, reflecting the existence of multiple
similar projects.

A new migration class file must be created once the model is added to the
database context, as shown in (c). This allows for specifying changes to be
made to the database schema. A function for paginated data retrieval is pro-
vided in (d). To facilitate data manipulation through REST API endpoints, the
ASP.NET framework allows the addition of controller classes. These controllers
are mostly defined in a similar way and contain various methods for HT'TP oper-
ations. An example of a method that handles HT'TP PUT requests is provided
in (e). When updating information through an API, a database concurrency
exception can occur. The idiom shown in (f) demonstrates how this exception
is handled.

For the School Bus application, using a combination of the Preprocessor
and manual inspection, we isolated eight application layers. Within them, var-
ious code idioms were discovered, similar to those found in the Student projects
dataset. Again, some idioms were too generic and required improvement through
curation. We conducted a qualitative analysis of the inferred idioms and con-
cluded that they are relevant for extending the ABG with suitable API methods.

In the Licensing application, the controller layer highlighted the limitations
of the inference method, which is highly dependent on the order of code ele-
ments. For instance, attributes placed over controller classes may not always be
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namespace RentApp.Models.Entities public DbSet<$IdentifierName> $IdentifierToken { get; set; }
[Table($StringLiteralExpression)] b)
public class $IdentifierToken
{

public int Id { get; set; }

} a)

. . public $GenericName GetAll(int pageIndex, int pageSize)
namespace RentApp.Migrations {
return $SimpleMemberAccessExpression

public partial class $IdentifierToken "Skip((pageIndex - 1) * pageSize)

: DbMigrati
{ igration .Take(pageSize);

public override void Up() { } } d)

public override void Down() { }
} c try

) {
E: ionStat t

[ResponseTypeCtypeof(void))] miefu Conprered);
public IHttpActionResult $IdentifierToken(int id, } !

. . $Parameter) { catch(DbUpdateConcurrencyException)
if(!ModelState.IsValid)

{

if(SLogicalNotExpression
return BadRequest(ModelState); (sLog P )

{ return NotFound(); }
else { throw; }

}
$Block }
e) f)

Figure 8.2: Inferred and curated code idioms from the student dataset

in the same order, leading the inference method to create a generic code pat-
tern that matches most cases, using a metavariable instead of a specific value.
Another issue arose from the absence of a service layer, resulting in diverse
and non-repetitive code in the controller layer, negatively impacting inference
distributions.

8.3 Evaluating the Efficiency of Using the De-
rived API

To evaluate the efficiency of using the derived API methods, we compare their
use to the challenges of developing custom MDSE tools using basic ABGs. The
metrics we use to evaluate the efficiency are development time and the number
of LoC.

Methodology — To calculate the metric values, we developed a custom
MDSE tool that automated the maintenance of a single project from the Student
projects dataset using both the basic and extended versions of RoseLib. Both
versions of the tool generated code for seven different application layers. Both
variants were implemented by the same developers from our team, who had

80



CompilationUnitComposer composer = new
CompilationUnitComposer();
var classComposer = composer

CompilationUnitNavigator navigator =
new CompilationUnitNavigator(reader);
var updatedDbContextCode = navigator

.AddModelClass("vehicle_properties",
"VehicleProperties")
.StartNavigating() )
.SelectClassDeclaration() .StartComposing<ClassComposer>()
.StartComposing<ClassComposer>() .AddDbSet("VehicleProperty",
foreach(var property in properties){
classComposer.AddProperty(property); b)

.SelectClassDeclaration(
"IdentityDbContext"

var output = classComposer.GetCode();
a)

CompilationUnitComposer composer = CompilationUnitNavigator navigator = new
new CompilationUnitComposer(); CompilationUnitNavigator(reader);
composer.AddControllerClass( navigator
"VehiclePropertiesController" .SelectMethodDeclaration("PutVehicleProperty")

.EnterBody()
.EnterClass() .InsertConcurrencyExceptionHandling(
.AddPutMethod("api/vehicle-properties/{id}", "unitOfWork.VehicleProperties.Update(property)"
"PutVehicleProperty",
"VehicleProperty property") .GetCode();
.GetCode();
c) d)

Figure 8.3: Examples of using API methods derived from curated idioms

more than two years of prior experience with Roslyn and the basic version of
RoseLib from the industrial project described below. The team developed the
basic variant first, then the extended variant. Development time reflects the
total person-hours spent implementing the generators for all seven layers, and
the LoC count covers the generator code written against the ABG API.

Examples of derived API methods based on the idioms from Section 8.2
used in the MDSE tool are shown in Figure 8.3. In a), a newly added API
method called AddModelClass generates a model class named VehicleProper-
ties. In b), the existing RoseLib API method SelectClassDeclaration selects a
class named IdentityDbContext, and the newly added API method AddDbSet
generates and inserts code into the IdentityDbContext, registering the gener-
ated class VehicleProperties with Entity Framework. In c¢), we demonstrate
how RoseLib’s methods can be combined to create larger code constructs. Two
newly added API methods are combined to generate the new Vehicle Properti-
esController REST controller class and insert the PutVehicleProperty method
to handle HTTP PUT requests. Lastly, in d), we illustrate how the PutVe-
hicleProperty method is extended to handle concurrency exceptions using the
newly added InsertConcurrencyExceptionHandling API method.

As a second part of evaluating the efficiency, we estimate the time savings
of using an extended ABG by comparing the person-hours needed to develop a
code generator for a specific file artifact based on our previous research [12].
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In collaboration with Schneider Electric’s development center in Novi Sad, we
built a complex, custom MDSE tool to automate the development of their large-
scale SPL [12]. This tool allowed users to model their domain and automate
the development of SPL instances. The industrial context served as a valuable
example of a case where established MDSE practices had to be adapted for a
successful adoption, and where we used ABGs to facilitate a seamless work-
flow. The development process took over two years, during which we created
several hundred code generators within the MDSE tool, each handling one type
of artifact. Approximately one hundred of these generators managed C# arti-
facts using Roslyn and the initial version of RoseLib. The architecture of the
SPL applications was well-defined, with code generation focusing on files with
repetitive structural elements [12].

Results — For the Student projects dataset, the difference in written LoC
when using the basic ABG and the ABG extended with the derived API methods
depends heavily on the size and structure of the code idioms used. Generally,
the more complex the selected code idiom, the greater the benefits. When using
the extended version of RoseLib to build the MDSE tool, we wrote 24% fewer
LoC compared to the basic version 2. Similarly, we measured the time savings
for developing the tools, and it took around 20% less time to develop the tool
using the extended ABG.

We also assessed time savings with respect to our results of the research
conducted in collaboration with Schneider Electric. On average, in that setting,
it took 20 person-hours to develop a code generator for a specific file artifact
using ABGs with APIs on lower abstraction levels [12]. The code generator
typically had to generate or modify several code segments of the given artifact
type using multiple ABG API methods. With the SAGED approach, developing
a similar code generator took an average of 15.5 person-hours. Notably, here
we also observed fewer LoC per code generator. However, we do not report an
exact figure for this setting. The industrial generators combined ABG calls with
template-based code generation, which was introduced precisely to mitigate the
difficulties of working with Roslyn’s Syntax Tree API. As a result, their LoC
are not directly comparable to those of generators written purely against the
extended ABG, and the LoC comparison remains qualitative.

2 The examples of both the basic and the extended ABG being used to
generate the code for the layers can be found via the following link:
https://github.com/nenadTod/RoseLib/tree/master/Tests/Examples
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8.4 Discussion

Based on the findings in Sections 8.1 and 8.2, we conclude that the answer to
RQ1: Can the Concept Discovery phase of the SAGED approach produce rele-
vant code idioms? is affirmative. The inference method successfully indicated
the repetitiveness of the three selected projects in the dataset. We inferred,
identified, and curated code idioms, which external developers evaluated and
confirmed as significant. Additionally, we found that the implementation fa-
cilitating the Concept Discovery phase is scalable, as the training time grew
linearly with the number of LoC, answering RQ2.

Regarding RQ3: Are API methods derived using the SAGED approach more
efficient to use than existing ABG API methods?, we also reached an affirma-
tive conclusion. We demonstrated efficiency through development time and the
number of LoC written. The extended ABG API supported more efficient de-
velopment of code generators with fewer LoC compared to both custom-made
MDSE tools: the demo tool for automating maintenance of the student project
for Rent-A-Car and the complex tool designed for industrial settings.

Through the affirmative resolution of these research questions, we have sys-
tematically validated our hypotheses. By confirming the derived hypotheses
H1 through H3, we successfully validated the assumptions underlying the gen-
eral hypothesis, HO. Furthermore, a positive resolution to RQ3 directly val-
idates hypothesis H4, providing concrete measurements that demonstrate the
efficiency and practical value of the SAGED approach.

The evaluation identified several challenges with the SAGED approach:

e The curation process could be improved. The tooling provides helpful
information for determining the value of an idiom but does not assist in
selecting the most useful version among similar idioms. Introducing idiom
ranking and search functionality would help mitigate this issue.

e The inference method is sensitive to the order of code elements. We added
sorting functionality to the Preprocessor to help in cases where the order
of code elements is not important, which is consistent with the iterative
nature of the DSRM process (the identified shortcomings should inform
subsequent artifact design). However, further enhancements are needed
for imperative code; improvements listed in Section 3.3 aim to address this
issue.

e The SAGED approach is most effective for applications with established
coding conventions and repetitive codebases. This was not the case with
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the Licensing application, leading to some idioms not being identified.
Manual curation can help identify idioms in applications without estab-
lished coding conventions and with high variability, but it requires greater
involvement from practitioners.

Given the promising results from the evaluation of the SAGED approach,
we will strive to further enhance its effectiveness by addressing these challenges.
The threats to validity discussed in the following section address the rigor of the
evaluation, which DSRM requires to be communicated alongside the results.

8.5 Threats to Validity

We have identified several threats to the validity of our study. The first threat
pertains to the accuracy of the implementation of the Bayesian PTSG described
in this thesis. To address this concern, multiple team members thoroughly
reviewed the source code and wrote unit tests that cover the algorithms and
various mechanisms. Unfortunately, we cannot directly compare the obtained
inference results to those reported in the original paper [14], as their datasets
are different and in Java, while our implementation currently only supports C#.

The next concern is the suitability of the projects in the dataset for quan-
titative and qualitative evaluation. To ensure validity, in addition to student
projects from our department, we utilized two external open-source projects
from British Columbia and eleven projects provided by Allamanis et al. [51].
All of these were used for quantitative evaluation. For qualitative evaluation,
we selected the Student projects dataset, School Bus application, and Licensing
application, and performed the whole Concept Discovery phase. External devel-
opers assessed the value of the resulting idioms. By using projects of different
origins, sizes, and qualities, we were able to draw conclusions and highlight the
shortcomings of the SAGED approach.

The final threat concerns our objectivity in measuring the efficiency of us-
ing API methods automatically derived from curated idioms. To tackle this,
we created a demo MDSE tool that automates the maintenance of a selected
student project by utilizing API methods derived from curated code idioms.
We measured the average development time using SAGED and the number of
LoC produced per code generator for one type of artifact. We then compared
these results with those obtained from a complex MDSE tool developed in col-
laboration with Schneider Electric’s development center in Novi Sad, with the
LoC comparison limited to a qualitative one, for the reason given in Section 8.3.
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Despite significant differences in complexity between the two tools, we believe
this comparison is valid due to the use of the same technologies, similar project
settings, and the involvement of the same developers.

Since the basic variant of the demo tool was built before the extended one,
a learning effect could, in principle, inflate the measured time savings. We
consider this effect limited to familiarity with the target project, because the
developers’ proficiency with Roslyn and the basic RoseLib API had been estab-
lished over two years of industrial use.
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9 Conclusions

API-based generators offer a way to introduce MDSE to automate the develop-
ment of existing software projects while keeping their architecture and workflow
intact. They allow developers to make changes to specific parts of the code while
maintaining syntax correctness. However, ABGs have their challenges. Creat-
ing them to support larger and more complex systems is time-consuming and
labor-intensive. Furthermore, an understanding of the complex syntax rules of a
GPL is required. To enhance the usability of ABGs, it is important to define the
API in terms of higher-level concepts that go beyond syntax-related elements,
enabling easier and more concise code manipulation.

One approach to defining these higher-level concepts is by identifying and
analyzing code idioms of an existing project. Code idioms represent recurring
code fragments with a single semantic role found in existing codebases. Lever-
aging idioms allows for tailoring ABGs to specific use cases, making automation
more accessible and practical.

The thesis presents the SAGED approach for developing ABGs. This ap-
proach simplifies the development process by i) utilizing the non-parametric
Bayesian probabilistic tree substitution grammar for inferring code idioms from
unlabeled source code, ii) enabling manual curation of suitable code idioms
through a provided graphical tool, and iii) automating the creation of ABG
API methods for curated idioms.

9.1 Contributions of the Thesis

The main contributions of this thesis include the introduction of the SAGED ap-
proach, an explanation and adaptation of the Type-Based MCMC as a method
for approximating the non-parametric Bayesian PTSG, and the development of
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an open-source inference core for implementing the inference method in different
programming languages. They can be grouped into three categories: method-
ological, technical, and empirical.

Methodological contributions. SAGED is a novel approach for simplifying
the process of creating code-generating programs tailored to specific solutions
(Chapter 4). It consists of two phases: Phase 1 — Concept Discovery, aimed
at identifying code idioms that are good candidates for code generation, and
Phase 2 — ABG Extension, for automating the creation of API methods based
on the identified idioms.

To the best of our knowledge, the research on how to successfully automate
the development of ABGs and bring them closer to the domain problem was
missing from the literature, and no papers trying to use code idioms to automat-
ically develop API-based generators have been uncovered during our literature
review.

The approach also specifies the requirements that the resulting ABG should
comply with (Section 4.2).

Within the inference step, the thesis systematizes the available literature on
code idiom inference methods. As far as we know, there was no explanation
in the existing literature on how to practically apply the Type-Based MCMC
method to the domain of mining code idioms. In this thesis, we have provided
a detailed explanation, the necessary steps to perform it, and its open-source
implementation (Chapter 5).

In particular, we modified the general-purpose definition of a type to the
domain of PTSGs, defining it through the fragment triplet (fjoin, ft, fs). This
simplification allows us to store only partial information about the node’s sur-
rounding fragments, rather than the entire vector of changes, which significantly
reduces the need for bookkeeping and, consequently, the impact on memory.

Technical contributions. The needed components reflecting the design of
the approach were implemented for the C# programming language and released
as open source (Chapter 7):

e the language-independent inference core [55], which can be extended to
different programming languages;

e the Inferencer, which extends the inference core with the possibility to
infer code idioms from a codebase written in C#;
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e the Preprocessor, which cleanses the input files and groups them based on
the inheritance tree;

e the Visualizer, which allows practitioners to see found code idioms and
navigate through the code;

e the Handler, which allows practitioners to manipulate code idioms in a
controlled manner; and

e the Transformer with its Knowledge base, which generates appropriate
API methods and integrates them with the ABG basis.

From the practitioner’s perspective, the main tool is the Visual Studio Code
plugin [56], which integrates the approach seamlessly into the existing devel-
oper toolkit. We also developed StatEval [57], an auxiliary tool that measures
precision, coverage, and the average length of the inferred idioms.

The solution is built upon RoseLib [30], our ABG that provides a layer
above Roslyn’s Syntax Tree API (Chapter 6). It provides traceability links,
implemented through the CSPath language, where a textual expression saved
outside of the codebase can be used to locate code elements within it, and
integrity checks, a mechanism that facilitates checking whether previously gen-
erated code has possibly been altered between code generation cycles.

Empirical contributions. The inference process was tested on fourteen projects.
On average, 40% of idioms inferred from the training corpora were found in the
test corpora, 39% of the test corpora AST nodes could be explained by the
found idioms, and the average length of an idiom was 14 nodes. The time re-
quired for training increased linearly with the number of LoC. It took 1.5 hours

to complete 75 iterations of training for the largest project with over 600,000
LoC.

To enhance reproducibility, we combined all the projects into a publicly
available Mendeley Data dataset.

In the qualitative evaluation, the curation process took two hours and re-
sulted in over 50 selected code idioms; only 12% of the identified idioms were
slightly modified to avoid overly generic idioms, and a team of external devel-
opers successfully recognized the semantics of the resulting idioms without any
context provided.

Finally, when using the extended version of RoseLib to build the MDSE
tool, we wrote 24% fewer LoC, and it took around 20% less time compared to
the basic version, while developing a code generator for a specific file artifact
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took an average of 15.5 person-hours with the SAGED approach, compared to
20 person-hours in our earlier industrial research [12].

9.2 Validation of the Hypotheses

We evaluated the suitability of the SAGED approach. To examine the effec-
tiveness of the inference method, we first statistically evaluated the capabilities
of the inference method on a range of different projects. Then, we assessed
the quality of the inferred idioms on (i) a set of student projects [48] to cover a
scenario when there is a group of related projects, such as in the case of an SPL,
and (ii) two comparable open-source projects developed under the supervision
of the Government of British Columbia. We inspected and curated inferred
idioms and invited external developers to validate their quality. Finally, we in-
vestigated scenarios where curated code idioms are utilized to obtain new ABG
API methods. The obtained ABG methods were used to create an MDSE tool
that automates further development of one of the student projects. This allowed
us to draw conclusions about the efficacy of development using extended ABGs.

Table 9.1 summarizes how each hypothesis stated in Section 1.2 was validated
and where the supporting evidence is presented.

Viewed through the lens of the DSRM that guided this research:

e The problem and the objectives of a solution were established through the
theoretical examinations in Chapters 2 and 3.

e The artifacts (the SAGED approach, the language-independent inference
core, its C# extension, and the extended RoseLib ABG) were designed
and developed in Chapters 4, 5, 6, and 7.

e Their utility was demonstrated and evaluated in Chapter 8; the resulting
validation of the hypotheses is summarized in Table 9.1.

e This thesis, its publications, and the open-source repositories fulfill the
remaining DSRM step (communication), by making the results available
to academia and industry. This also enables the results to be reproduced.

9.3 Implications for Research and Practice

The automated development of an ABG for C# can relieve practitioners from
needing to understand ABG implementation details, thereby reducing the effort
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Hyp. Validation Evidence

H1 It is possible to semi-automatically Quantitative evaluation on fourteen
identify relevant code idioms in the  projects (Section 8.1); qualitative eval-
given codebase (RQ1). uation with external validation on

three projects (Section 8.2).

H2 The identification of code idioms Training time grows linearly with the
can be performed in a scalable number of LoC, 1.5 h for over 600,000
manner (RQ2). LoC (Section 8.1); two-hour curation

for the Student projects dataset (Sec-
tion 8.2).

H3 It is possible to automate the de- Validated constructively: the identi-
velopment of ABGs based on the fied code idioms are used to automat-
identified code idioms. ically derive API methods that ex-

tend the ABG basis (Chapter 7, Sec-
tion 8.3).

H4 API methods automatically de- 24% fewer LoC and around 20% less
rived from relevant code idioms are  development time; 15.5 vs. 20 person-
more efficient in terms of develop- hours per code generator compared
ment time and the amount of code with the industrial baseline (Sec-
required (RQ3). tion 8.3).

HO It is possible to create a solution Follows from H1-H4 and the success-

for automating the development of
API-based code generators tailored
to the technical domain specified
by the given codebase.

ful implementation of the system de-
scribed in Chapter 7.

Table 9.1: Summary of hypothesis validation

required to develop them.

The set of open-source tools specialized for the C# programming language
can be utilized to find and visualize code idioms, providing insights into codebase
repetitiveness, while the tools for measuring the performance of the inference
method can quantify this repetitiveness.

The SAGED approach, in general, can facilitate the adoption of the MDSE
paradigm across various scenarios, including the automation of mature software
projects that traditional MDSE approaches have not previously covered.

For researchers, in contrast to approaches based on artificial neural networks,

whose black-box nature means that learned rules cannot be easily modified, tree
substitution grammars are relatively easy to comprehend, and the resulting
code idioms can be easily altered. Together with the published dataset and the
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measured metric values, this provides a baseline for future enhancements of the
inference method.

9.4 Future Work

The main goal of our future work is to overcome the observed constraints and
reduce the need for manual curation by further automating the process of code
idiom inference. Two actions can be taken in that regard. First, the existing
tooling can be improved to provide a better overview of inferred code idioms
and facilitate easier manipulation of code idioms. Second, as mentioned in
Section 3.3, the inference method that relies on syntax to retrieve concepts has
limitations, as the resulting code idioms tend to be shallow. To address this,
we plan to explore enhancements to the inference method and investigate other
techniques that consider code semantics.

We also intend to extend our implementation with support for different
programming languages. The inference method is language-agnostic, and so
is our implementation of the inference core. As a part of our research, we
extended it to support inference from C# files as described in Section 7.1.2, but
given a suitable parser, it can be extended to support any language.

There are also opportunities to further evaluate the SAGED approach and
its results. So far, the approach has been evaluated in terms of the LoC that
needs to be written and the time required to write the code. However, given the
expectations developers might have of a resulting ABG, it would be beneficial
to conduct a qualitative evaluation similar to how Domain-Specific Languages
(DSLs) are evaluated [118]. In essence, performing such an evaluation would
provide insight into user experience in relation to usability, reliability, and pro-
ductivity. Additionally, using such an ABG might improve the maintainability
of code-generating tools built with it.

Lastly, in our opinion, the presented research can provide the basis for inter-
esting research paths. Given the significant effort required to analyze a specific
software solution and produce a specialized ABG for it, it is highly beneficial to
consider the reusability of these generators across other solutions within similar
technical domains. As demonstrated during the qualitative evaluation of the
inference output in Section 8.2, a substantial overlap in identified code idioms
was observed among the student projects, as well as between those projects
and the School Bus application. Consequently, there is a clear opportunity to
leverage the development effort invested in one codebase to reduce the overhead
required for another.
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Another, more distant research path is related to LLMs. The rapid suc-
cess of LLM-based programming tools such as Claude Code [119] and Ope-
nAl Codex [120] across the broader programming community has demonstrated
strong interest and motivation to automate programming tasks. As already
discussed in this thesis, it remains unclear how the unpredictability of stochas-
tic LLMs could be mitigated. It could be beneficial to integrate LLM-based
tools, such as Claude Code, with more formal development methods, such as
those provided by MDSE, where transformations performed by LLMs could be
serialized and represented as reusable and predictable ABG expressions.
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Osaj Obpasay uunu cacmaenu 0eo OOKMOpCKe oucepmayuje, O0OHOCHO
O00KMOPCKO2 YMEeMmHU4Ko2 npojekma Koju ce opanu Ha Yuusepzumemy y Hosom
Caoy. Ilonywen Obpazay ykopuuumu uza mekcma O0OKmMopcKe oucepmayuje,
00HOCHO OOKMOPCKO2 YMEMHUUKO2 NPOjeKma.

IInan Tpermana nmogaraka

HazuB npojexkra/ncrpaskuBama

Ayromarusanuja pa3soja API-0a3upaHux reneparopa pyJapemeM HIMoMa U3 U3BOPHOT KoJa

Automating the Development of API-Based Code Generators Using Code Idioms Mining

Ha3uB HHCTHTYIHje/MHCTUTYHja Y OKBHPY KOjUX ce CIPOBOIN NCTPAKHBAH:€

a) @akynTeT TEXHUUKUX Hayka, YHuBep3urer y Hosom Cany

0)
B)
Ha3uB nporpamMa y oKBHPY KOT ce peajiu3yje HCTPAKHBaH-€

JIoKTOpCKE aKaeMCKe CTyIuje, CTYAMjCKH porpaM PauyHapcTBO 1 ayToMaTHKa

1. Onuc nogaraka

1.1 Bpcra ctynuje

Yxpamxo onucamu mun cmyouje y okeupy Koje ce nooayu RpuKynsajy

Emnupujcko ucTpazkuBame y cOPTBEPCKOM HHKEHEPCTBY Koje KOMOUHYje ayTOMATH30BaHU
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1.2 Bpcre nogaraka
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B) FTCHOTHIIOBU: HABECTH BPCTY

F) AAMUHUCTPATUBHU NTOJAAIIN: HABECTU BPCTY

1) y30pLM TKHBA: HABECTU BPCTY

1)) cHumIy, oTorpaduje: HaBeCTH BPCTY
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€) TEKCT, HABECTH BPCTY _AKTYyeIlHa JITepaTypa y 00JIacTH HCTPaKUBama

) Mara, HaBECTH BPCTY

3) octano: Paau epanyanuje kopuurhenu cy nocrojehu, japHo J10CTYNHM MOAALU: H3BOPHHU KO
TPHHAECT NPOjeKaTa 0TBOPEHOTI K0/Ja MMMCAHUX Y NporpaMckoM jesuky C#, kao U miecHaecT
CTYIEHTCKHX MpPOojeKaTa Koje cy CTyAeHTH caMu jaBHO o0jaBuiiu Ha GitHub-y y okBupy
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1.3.1 Ynotpebsbenu copTBep u popmar 1aToTeKe:
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a) na

0) He
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B) HOBe Bepauje (ajioBa Koju caapike NOHOB/bEHA MEPEHha CYy HIMCHOBAHE Kao

Hamomerne:

Ha nu popmamu u copmeep omozyhasajy oemerve u 0yeopouny earudHocm nodamaxa?
a) /a
6) He

Axo je 0o02060p ne, obpaznodicumu

2. [Ipukymbame nNoaaTaKka

2.1 Meroponoruja 3a NpUKyIUbamke/TeHEpHCabe MoJaTaKa

Pann eBanyanuje kopumhenu cy nocrojehu, jaBHo 10CTYNHU MOJALM: U3BOPHHU KO TPUHAECT
npojeKaTa 0TBOPEHOT KOJ1a MMMCAHUX y MporpamMckoMm je3uky C# (1Ba omadpana npojexta Biane
Bpurancke KonymoOuje u jenanaect npojekara u3 cKyna Koju cy npeanoxuau Allamanis u
capagHHIN), KA0 U IIEeCHAECT CTYIEHTCKUX MpojeKaTa Koje cy CTyJAeHTH CaMH jaBHO 00jaBHIN Ha
GitHub-y y okBHpY npeaMeTa, a KOjU HUCY HACTAJIU 32 MOTPede 0BOT HCTPakuBama. U3
CTYAeHTCKHUX NMPOojeKaTa U3ABojeH je HCK/bYYHBO H3BOPHH K011, 0€3 ncTopuje Bep3uja u 6e3
N0JATaKA 0 AYyTOPUMA, H TAKO 00jeMIbeH Yy jelaH Pell03UTOPUjyM, TAKO 12 CKYN He Ca/iP:KH Be3y
ca CTyAeHTCKUM HAJI03MMa HUTH Apyre JimuHe noaarke. Ceu npojextn mpeysertn cy ca GitHub-a
y3 HaBeeHe SHA-1 unenTudgukaTope KOMHTA, M 00jeJUHEHN Y jaBHO JOCTYNaH CKYII MOJaTaKa
Ha mi1atgopmu Mendeley Data.

JonatHo, 3a 1eo epanyanuje kopuimheHn cy u pe3yJITaTH HCTPAKUBAKA CIIPOBENEHOT Y Capailbu
ca Schneider Electric pazBojaum nuentpom y HoBom Cany: BpeMe pa3Boja reHepaTopa Koaa u
KBAJUTATHBHH NOJALHU 0 00UMY Ko/a.

HcrpakuBame He YK/bYUyje HCIUTAHUKE Y CMHUCJIY NPUKYIUbaha JUYHUX M0/1aTAKA;
KBAJUTATHBHY NMPOLEHY H3/IBOjeHUX HAMOMA U3BPIIMJIM CY WIAHOBH THMA H €KCTEPHHU
nporpamMmepu, 6e3 NpUKyIN/bamha lUXOBUX JHYHUX N0AATAKA.

2.1.1. Y okBUpY KOT UCTPaXMBAYKOT HAIPTA CY TOAAIH MPUKYTJbEHH?
a) eKCIePUMEHT: MO0JIy-ayTOMAaTH30BaHHU eKclepuMeHT HajJ pHUKCHPAHUM Bep3ujama
codpTBepa

0) KOpENmanoHO UCTPaXUBAKHE, HABECTH THIT

11) aHaJIN3a TEKCTa, HABECTH THI _AHaJM3a J0CTYIHE JIUTepaType

) OCTAJIO: CTY/AMje CIy4YajeBa, Kao M aHAJIN3a H3BOPHOT KO

2.1.2 Hagecmu épcme MepHUX UHCMPYMEHAMA Uiy Cmanoapoe nooamaxka cneyuguynux 3a oopehemny
HayyHy oucyuniuny (ako nocmoje).
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_any KOpﬂlllheHl/I CTaHAAPAN30BAHU MEPHHU UHCTPYMEHTH cl'lelll/l(l)l/l‘ll-ll/l 3a JMCHUIVINHY.

2.2 KBanurer nojaraka u CTaHIapau

2.2.1. Tperman Henocrtajyhux momataka

a) [la mu Matpuua caapku Henocrajyhe nogarke? la He

AKo je oIroBop J1a, OATOBOPUTH Ha cieneha nuTama:

a) Koumuku je 6poj HenocTajyhux nogaraka?
0) Jla nu ce KOPUCHUKY MaTpHIle TIpernopydyje 3ameHa Hepocrajyhux nmomaraka? Jla He
B) AKo je 0IrOBOp [1a, HABECTH CYTeCTHjE 3a TPETMaH 3aMeHe HeJocTajyhnx mogaraka

2.2.2. Ha xoju Ha4WH je KOHTPOJMCaH KBATUTET rnoxaraka? Omucatu

Panu KOHTpoOJIe KBa/IMTETA NMOJATAKA, KOPUIUITEHHU CY PeNO3UTOPHjyMH OTBOPEHOT Ko/1a
npenopy4enu y Jureparypu. Ilopen npenopyueHnx, 104aTa cy ABa Py4HO MperjeiaHa
NPOIYKIHOHA cO(pTBepCcKa pellieha. J{0AaTHO, KOPHIITEHH CTYIeHTCKH IPOjeKTH HUCY HACTAJIU
pajau qucepTanuje, Beh cy pe3y/TaT He3aBHCHe U3pajie Ha IPeAMeTY KOjU ce THYe Bed
NporpaMupama.

Bep3uje nzBopnor koaa cy ¢pukcupane, a CBH IeIIOHOBAHH MPOjeKTH cy npuioxenu y3 SHA-1
niaeHTuunKarope komuta. Mendeley Data penozuropujym ayromarcku renepume SHA-256
KOHTPOJIHY CyMY.

2.2.3. Ha Koju Ha4uH je U3BpIIeHa KOHTPOJIA YHOCA [ToJjaTaKa y MaTpHiLy?

MMoganu cy npey3eTu U3 jaBHO JOCTYITHHX H3BOPA M PYYHO NperJieaHM.

3. TpermaH noaaTaka u npareha nokymentanuja

3.1. TpermaH u yyBame HojaTaka

3.1.1. Ilooauu he 6umu oenonosanu y Mendeley Data penozumopujym.

3.1.2. URL aopeca hitps://data.mendeley.com/datasets/6jmbv4gjz8/1

3.1.3. DOI 10.17632/6jmbv4gjz8.1

3.1.4. a nu he nooayu 6umu y omeopernom npucmyny?

a) Ma
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6) Ja, anu nocne embapea xoju he mpajamu 0o

8) He

Axo je 002060p He, Hagecmu pasnoz

3.1.5. [looayu nehe 6umu oenonosanu y penozumopujym, aiu he 6umu uysanu.
Obpasznodxcerve

__Huje npumemuso. IToganu he 6utu nenonosann y Mendeley Data peno3uropujym

3.2 Meranogany 1 JOKyMEHTaI#ja oJaTaKa

3.2.1. Koju cranmapn 3a metanozaatke he 6uru npumemeH? Mendeley Data miema 3a meranojgarke,
Kkoja ogrosapa schema.org u Dublin Core crangapauma. Ilpareha noxymenranuja odyxsara
YIYTCTBO €a ONHCOM CKYIa, OPEKJIOM M0AATAKAa, H YIIyTCTBOM 32 PeNpoAyKIHjy.

3.2.1. HaBectu MeTanonaTke Ha OCHOBY KOjUX Cy IIOJallH ACTIOHOBAHH Y PEHIO3UTOPH]jyM.

Ckyn je nenoHoBaH Ha miatgopmu Mendeley y3 cienehe meranonarke: Hacuaos (,C# projects for
code idioms mining”), ayTop u uncrurynuja, natym odjase (1. maj 2025), Bep3uja (1), onuc
cajip:kaja U HaMeHe cKyna, kateropuja (Data Mining), munenua (CC BY 4.0), Be3e ka noBe3aHum
nyoaukanujaMa u ka penosuropujymy cogprsepa RoseLibML, kao u nogaTke o AaTorenu
(Ha3uB, BesimunHa U SHA-256 koHTpoIHA cyMa Kojy mi1aT¢gopMa ayTOMaTCKH I'eHepuIne).
PeBu3nje nmojeiuHa4YHUX NpojekaTa JokKymMeHToBaHe cy hash Bpennocruma Git komura y
JHCepTaluju.

Axo je nompebno, nagecmu memooe Koje ce Kopucme 3a npey3umMaroe no0amaxd, aHaIumuyKe u
npoyedypanne ungopmayuje, RUXo80 Koouparse, 0emasbHe onuce sapujadau, 3anuca umo.

3.3 Crpareruja v CTaHIapIH 3a YyBambe MoJaTaKa

3.3.1. 1o kxor neproxa he monaru OutH dyBanu y penozutopujymy? _TokoM :KHBOTHOT BeKa
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Mendeley Data penosutopujyma, y ckj1aay ca leroBOM IIOJTHTHKOM 3a/p:KaBaba.

3.3.2. la mu he nmogauu Outn genonosanu mox mudpom? JJa He

3.3.3. Ma nu he umdpa 6urn nocrynHa oapeheHom kpyry ucrpaxupada? la He (cBuma)
3.3.4. [Ta i ce monary Mopajy yKJIOHUTH U3 OTBOPEHOT IPHUCTYIA IT0C/IE U3BECHOT BpeMeHa?
Jla He

O06pa3noxuTu

He IUVIAaHUPA C€ YKIIabalbe MoAaTaKa U3 OTBOPEHOI NpUcTymna.

T MOJATAKA H 3aIITHTA MOBEP/bUBUX HH(pOPMALHja

OBgaj oxessak MOPA OuTH NOnymeH ako Bally MOJAlY YKJbY4Yjy JIMUHE TTOJIaTKE KOjH Ce OJJHOCE Ha
YUYECHHKE Y HCTpaXXHMBamwy. 3a pyra UCTpaKhBama Tpebda Takohe pa3MOTPUTH 3aIUTUTY U CUT'YPHOCT
nojiaTaxa.

4.1 ®opmanHu CTaHIAp/AU 32 CUTYPHOCT HH(pOpMaIlija/moaTaka

VcTpaxuBayn KOjH CIPOBOJIC UCIIMTHBARA C JbYIHMMA MOPajy Jia ce IPUAPKaBajy 3aKOHA O 3aLITHTH
rmoJlaTaka o JINIHOCTH (https.//www.paragraf.rs/propisi/zakon_o_zastiti_podataka_o_licnosti.html) n
onroeapajyher HHCTUTYILIMOHAITHOT KOJIEKCa O aKaJeMCKOM HHTETPUTETY.

Huje npuMeH/bUBO; HCTPAKNBAK-€ HE YK/bYUYje Jby/e Ka0 HCIUTAHUKE Y CMHCILY Y3UMamba
IBHXO0BHX NMOJATaKa.

4.1.2. JTa nu je uctpaxxuBame 0100peHo o] cTpane etndke komucuje? Jla He

Axo je onrosop Jla, HaBeCTH J1aTyM M Ha3UMB €THUKE KOMHUCH]j€ KOja je 0100puiia HCTPaKHUBambe

4.1.2. JTa mn nojany yKJbydyjy JIMYHE IOJIaTKE yuecHHKa y uctpaxusawy? la He

AKo je 0JIroBop Ja, HaBeJUTE HA KOJU HAUYUH CTE OCUTYpAJIH TIOBEPJBUBOCT U CHTYPHOCT HH(pOpMaIHja
BE3aHMX 3a UCIIMTAHHKE:

a) IMogamy HECY Y OTBOPEHOM MPUCTYITY
0) IMomanu cy aHOHUMH3UpPAHU
1) OcraJio, HaBECTH ITa

5. locTynmHoOCT MogaTaKa

5.1. lMooayu he 6umu
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a) jaeno oocmynnu
6) oocmynnu camo yckom Kpyey ucmpasicugaya y oopehenoj Hayunoj ooracmu

y) 3ameoperu

AKo ¢y nooayu 00CmynHu camo YCKOM Kpyey UCIPAXCU8ayd, Hasecmu oo KOjuM YClo8uma Moy 0a ux
Kopucme:

Axo cy nodayu 0oCmynHu camo yCKoM Kpyay UcCmpanicueayd, Hagecmu Ha Koju Hauun Mozy
npuCMynumu ROOayuUMa:

5.4. Hasecmu nuyenyy noo xojom he npuxynmoenu nooayu Oumu apxusupanu.

6. Yiiore 1 0ATOBOPHOCT

6.1. Hasecmu ume u npezume u mejn aopecy 61acHuka (aymopa) nooamaxa

____Henan Tonoposuh, nenadtod@live.com

6.2. Hasecmu ume u npezume u mejn aopecy ocobe Koja 00paicasa Mampuyy ¢ no0ayumd

___ Henag Tonoposuh, nenadtod@live.com

6.3. Hasecmu ume u npesume u mejn aopecy ocobe xoja omocyhyje npucmyn nooayuma oOpyeum
ucmpascusayuma

Henan Tonoposuh, nenadtod@live.com
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