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Abstract

In modern software engineering, development processes have transitioned from tra-
ditional waterfall models to agile and continuous integration/
continuous delivery (CI/CD) frameworks. This shift allows for rapid responses to
market needs. However, it also requires frequent code changes. Continuous modifica-
tions often compromise the consistency between new and existing code. Consequently,
these changes increase the risk of introducing software defects. The cost of fixing such
defects increases exponentially as they move toward later stages of production. There-
fore, identifying potential defects early is a critical challenge for quality assurance.

Historically, defect prediction research has been based on structural metrics, such
as cyclomatic complexity and lines of code (LOC). These metrics analyze the state of
the code at a specific point in time. However, structural metrics cannot capture the
dynamic characteristics of the development process. Recent studies have begun to
utilize change metrics derived from version control systems (VCS). These approaches
show a stronger correlation with defect occurrences than structural metrics. Never-
theless, existing change-related methods face two issues. First, they do not consider
the irregular timing of code commits. Second, they focus on a single component, such
as methods or commits, without combining local and global perspectives.

This work investigates a defect prediction method that incorporates three ap-
proaches to address these issues. First, the method treats commits as irregularly
occurring events. Rather than measuring data at fixed intervals, it focuses on the
differences between consecutive commits to reflect the actual changes of software de-
velopment. This enables the machine learning model to track changes in complexity
that may not be apparent in structural metrics.

Second, the proposed method combines multi-level metrics to capture both local
and global trends. We extract per-method metrics to reflect local implementation
errors. These include changes in lines of code, token counts, and cyclomatic complex-
ity. Simultaneously, we extract per-commit metrics to represent global impact.These
include the number of modified files, lines added or deleted, and ”change scattering”
measured by entropy. By combining these perspectives, the machine learning model
can identify risks where a minor local change might have a significant global impact.

Third, we introduce a review prioritization method based on "effort-aware” defect

prediction. In real-world development, resources for code review are limited. It is
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often impossible to review every single change in detail. conventional methods often
assume that review effort is uniform across all components. However, the actual
effort depends on the scale and complexity of the changes. Our method defines a
corrected review effort using the scale and complexity of the changes. Next, we apply
combinatorial optimization algorithms to detect more defects with less effort.

To validate the effectiveness of our approach, we conducted experiments on five
open-source projects: Elasticsearch, Hazelcast, Netty, OrientDB, and Neo4j . These
projects cover diverse domains, including distributed search engines, network frame-
works, and multi-model databases, ensuring that the findings are applicable to various
software architectures. We used the BugHunter dataset, which provides information
about defect-introducing and defect-fixing commits. The defect prediction model was
built using a random forest, a machine learning algorithm capable of handling nonlin-
ear relationships and providing feature importance. Performance was evaluated using
F1 scores and Area Under the Curve (AUC) through 10-fold cross-validation.

We confirmed that the proposed method consistently improves the accuracy of
the prediction in all target projects. Compared to conventional models using only
structural metrics, the inclusion of change-related features led to an increase in the
F1 score. In particular, for projects where the prediction performance was low using
conventional methods, the proposed approach significantly improved the prediction
performance. The AUC values are high for all projects, and this reflects a strong
ability to distinguish between defect-introducing commits and defect-fixing commits.
Statistical analysis using the McNemar test indicated that these performance gains
were consistent and not attributable to random variation.

Furthermore, we found that the review prioritization method is effective under
actual resource constraints. Even with a little review effort, the proposed method
was able to identify a large majority of defects. For a given effort, the proposed
method detected more defects than conventional methods, suggesting that this model
effectively prioritizes changes with a high risk of defect introduction. The Wilcoxon
signed-rank test supported the significance of this improvement. The proposed pri-
oritization method achieved an efficiency gain, identifying approximately 70 to 75%
of all defects within only 20% of the total review effort. These findings suggest that
developers can find most potential issues by their a little review effort.

Analysis of feature importance revealed that commit-level metrics, such as the num-
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ber of added lines and modified files, served as the strongest predictors of defect risk
in most projects. However, method-level metrics also provided critical information;
for example, the change in token counts was identified as a significant predictor in
the Netty project. Interestingly, Partial Dependence Plot (PDP) analysis showed a
trend where smaller changes often had a higher probability of containing defects. This
suggests that while large commits indicate broad impact, subtle modifications at the
method level can effectively signal defect risks. Additionally, small changes are easier
to review, meaning defects within them are more likely to be identified and recorded
in the dataset.

In conclusion, this research demonstrates that using the time-series data of code
changes and combining multi-level metrics improve the defect prediction performance.
By providing a model that considers the review effort, we offer a practical decision-
support tool for developers. Future work should focus on identifying the specific
intent behind changes, such as whether a change is for a new feature or refactoring.
Understanding the purpose of the change makes it easier to detect the cause of defects

and helps create more targeted advice.
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Hazelcast X7 w73 |0.783 £ 0.019 | 0.931 4+ 0.011
Neodj A7 v 73 |0.739 £ 0.033 | 0.936 &+ 0.011
Netty A7 w73 | 0.708 £ 0.028 | 0.925 + 0.016
OrientDB A7 w73 | 0.664 £ 0.025 | 0.899 + 0.019

£7aY 27 FTFL 227 OfEHEREZZ 0.02 505 0.03 F2E., AUC OEREFZZ 0.01
15 0.02 FBEBICINE->TED., #R2FERTFT—XOFEFTEIKRELKETTLELT
HREZ RIET 2 Z L D HER S N,

53 RELLEXFMIVIRDFAFEE DRSS

RMBEREELZ O LZER, IBELEZEEX PV AR FHICKRELFE TS 2
CHEREINS, 27 Y7 P THBELT, a3y FHAUDEEX N 7R TH 3
lines_added GEAITH) & num_files (ZH 7 7 A MED) 23 Efiz iz, TRHIIEZE
FHEERTIEETH D, RIRBEAY 227 DFER TR T L 2> TWb, 72, entropy
(EEDLMD) 2L D7uY 7 P TEERFEEYL U THEL. ZEIREREFTIC
EHRLTWS 0, EEEFNIZOHM L TW 2008 THNCHEST 3 Z L RSz,

XYy FHAOZEEX MY 7 2 EELFRIHEHREIRME T 2, FFI1C Netty Tl
tokens_change (b — 7 YDA L&) D3 d BELFHE L 72 o 72, —J7. Elasticsearch
X Hazelcast Tl lines_added X° num_files ¥\Wo 7z I v FHEADX MY 7 20 E
fiz S 2 EANPE SNz, ZOMEIX. Tud 2y bD KX A4 USRI MEZ KL T
Wi EEZLND,

5.1 12, fAEFlE LT Neodj 7oy =7 MBI 2RHMEEEE 2RI, Neodj
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Tl¥ lines_added GEMTE) RO BERFFHMETHD. XV T nun_files (&
7 7 A VKD, entropy (BEDLAD) MV TWS, XYy FEADOX MY 7 2T
tokens_change (b —72 Y BOZEE) 2 LALICHE L. RATHRZLOERD FHNIZE
HLTwW3, ZOfENPS, a3y MR XYy FRADEEX M) 7 X 2flAGEbYE
52T, EEORKMRE RTINS Z(LOMEZRZ S Z e PR L 2D THREDM
Lok s Z e RS Lz,

ooooo

ooooo

ooooo

length_change

operation_type_added 0.0197
00188

HEFF

—

0.0303

HTRP

0.00 0.02 0.04 0.06
Feature Importance

5.1: FEEEE (KFEAH: Neodj)

5.4 REX NI IADH3HFHEEFANOZE

HEEORWREEO MR Z o LR, a3y PR EXY Yy FHEAADX MY
7 ZTH MR 72 DB X Tz,

a3y PROX MY 7R, BESRWAMER L, RFEDa Iy MINRRZRZ
BETHHD, —HICKBRLEENGEN S, ZONMDIRD &, HEARZE & RHIHE
IRIEREBINRY 7 7 7 XV Y T WO B ZMHOEENRELTWS I 2K L T
W3,

XYy FRADX MY 7 RFRIR %% /R L7, tokens_change (F—72 VDA
{t&) % lines_change (fTRXDZ(LE) OFIMEIZ 0 TH . RIFEARLKMAEEIZ D
DPHBEZAY Y RREBEINDZHEF. NEREIEICHEE 2 2 RSN,

CORRIER, BRTFEOFHMNRICHEZ 52 %5, 23y PRSP Y v FEAOD
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XMV T ZADRoT2FHICTED. FVXLT7 5 VR ME, FIONAELRZEE 2 &I
T =X RGO Z2EE T 5, ZOFER, REOFB CTHRHEBICHRE T /MR EH
12 & A RMGIBAZFERINCIEZ 2 Z L A3AJREL 12 5

5.5 HHHE r FRARERDOBRME

Partial Dependence Plot (PDP) %MA\WT, HEELZRNHE & RIGEAMRDREGZRE
HrL7zo PDP IXFEDRBEDELZZ(LEI B X THIERPED L 51228 T %5
RS,

Iy PRZOZEEX MY 7 228 WT, ERENT 21200 TRIGIEARERDLK
T33Py 27 b T—EHLTHEINL, XYy FEADX MY 7 XTI,
tokens_change (F—72 YEOZE(E) 20 HESED 2o T, RIGEATERD LA
T B AR S i,

IR0 6. 2 Iy FERROFED/NE K RIBIZPDPDE XY vy FADZEED
INEVE WS HHAGDED, BROEWREAY A7 2R Z DAL IR o7z,

5.6 KT RAEEDHE

FURELT A LVA MRS AERZAHLL, ETADBED XS RO ERKL T
WL T0WB2Z0M Lz, IRERDAIFUKIZE D, FEEEEELZ U TIIEETERVWA
K72 SR 2 It AT RE T & 5,

REFE (R7v 7 3) OPWEARTIE, L—1t / — FAHET lines_added GEMATED
% tokens_change (F—27 VHBODZE(E) LW oZHX Y 7 ADHEIHHEI AT
Wiz, ZRHIE. 23y POHBER XY v RO LE L WS RRIIRIEHRZ R TR EE
ThHb, FERDEWEET AL DRHEIMNERINS Z Lid. a— FORMENRZL
BRIETFHNC BV TEERREE Lo TS I ZRL TV,

5.7 [BE—%71TORMEFRHEMDEE

REFEOBMEZFMT 2720, LE 2 =315 2 R 2 5 L, £
5312, LE2—51% 20% BL 40% ICHIR L 72858 D RIEFERRZ R,

®7uYxr P TREFEVPEFEFEZ EED, A—DLr b a—5icB 3 2 RIEFER
ROWMHBTHER SN LE 2 —57] 20% DIRFR T, BIFEFEN Y 56.7% O Rifa%z
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% 5.3: LY 2—%7120% B kU 40% BT OXREFER %

LEa—%20% R | LE2—%7 40% R

Juyzrt | BFEFE | REFE | BEFE | #REFE
Elasticsearch 64.7% 68.1% 78.8% 86.6%
Hazelcast 56.1% 56.1% 77.6% 80.0%
Neo4j 53.0% 68.8% 72.5% 89.5%
Netty 55.8% 75.6% 77.4% 93.5%
OrientDB 54.0% 65.8% 72.6% 85.7%

FET DI L, IBEFIETIZ66.9% ZFHA L. 10.2 KM ¥ POBEZZER Lz, L
Y2 —%7140% Tlid, BEFFIED 75.8% 1xf LIBEFHKIE 87.0% 42 b. 11.3 KA ¥
rOWER R SN,

F#1Z Neodj & Netty TIXBHZFRINRDEZL S N7z, Neodj TIEL ¥ 2 =577 20% KRl
T 15.8%. 40% IRfriT 17.0% OE %R L=, Netty Tl 20% i T 19.8%. 40% K
T 16.1% oFEL 2D, DT 20% OFH NI TRED 5% Lo Rzt 3 2 2 e
A[REIZ 7 o 72, — 7. Hazelcast TlE 20% R CHEN R N2 o725 DD, 40% K
T 2.4% OBEIHER I NIz,

X 5.2 12, Neodj IZBIF 2L ¥ 2 =5 T 2 RIEFERBOREMRZ R~ BRF
EOHRSBFFEL D ELICHMELTED, H—HNTEIDZL ORMEFHEAGETDH
LMD,

BFESEEMDOREE Wilcoxon DFFSIEMAREIC L D, XEOHREIIEREMEEMEEL
720 THAIWHREZRT,
3% 5.4: RMaFEALRIIH T 5 Wilcoxon OFFSNENFEE DGR

i | BEFTE | IREBETE | FISER | pE
20% 56.7% 66.9% +10.2% | 0.0625
40% 75.8% 87.0% +11.3% | 0.0313

LB 2 —%7140% O R TR HE R RUES R S Lz (p = 0.0313). —77. 20%
DR TIFAERETEDONZDI2 o7 (p=0.0625), Z4UL, 20% R Tld vy =2
FEIDIE S D EFHKE L Hazelcast TEEHED R S0 o 72—75 T Netty % Neodj Tl
KIERHEP R ONTT2DTH 5,
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EO6F

25

6.1 RBRERDOMEECERASH

HH5ETHEONLTEREREMERICEN L, RETER I NEEMEZAMLET 5, 1
LFE RT7vy73) & 52007027 bIRTTHEFEFELHKLTEFL 2a 7y
M EL7ze LE 2 =93 2 REBFERBDIHTTIE. 20% O L ¥ 22— 1 TR
D 70~75% EMHARETH 2 Z 2RI Nz, LA L, TOHDRERLHWL D DEE
BIDAET %,

BLEEY I I T7DEET A IDNEKEET 71 INEHDBEVIEERMREARERDS
<%K3DH? Partial Dependence Plot 77#H1iC & D, BIITHRZEE 7 7 A VR ED
EHEBREF T MY 7 ZOMEDEINT 31250 T, RFGIBEABRNME RS 2 @@ 27
0yl P T—EHLTHEINL, ZUIERIIR T 2R TH 5,

BLEE7O00 0 FTUICRBFRAICKEZSZIZ[FHENELRZION ? FHEHEEE
Z ot L7, Netty TE =27 Y BOZEPREZFHEETH > 2D L, o
TuY x 7 bTIREINTESCEE 7 7 A VBB LN 2 D72, ey MU CTEERR
E D R 2 B D0,

BEE700 7 FEATRBEFAORENRELZDH ? Fl a7 OKEREIZ Netty T
0.29. Hazelcast T 0.11 25K 2.6 fGDOENH SNT-, T OMWREZEIXMICER T 2 D,

BAAROFHEAELE T —R2 Y MME. ChODRBICEXZ-HICRHEN? SZZ 7V
Y X 4% BugHunter 7— %t v + OHlFIDBFERICE D X S ITHEL TV 50
ARETIE, Zh b DEERITH U TBEHEM RO R e RIFRD T — X 2 HWTELT 5,
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6.2 EERRCRMEEAFEROER

%5 5 B D Partial Dependence Plot p#r THEIZi X Mz TEERBN/ NS WIZ ERIIEA
FERDEV] EWVWHOHANCDOWTERE T S, ZOBRIIEE vy FT—HL THERR
ENTED., BATERLIMISLDRERNPFEET S EZ N5,

ABREFIAT 206 LT, UFOR#SEDLE Z Sh 5,

BRBEELY > TILDHORE ZoMRIE. —HI2ERIIKT S L5 ITEBbR
%, IS, V7 VU 27 THOMIETIE, BEBABSKE W ERIREE (Bfia—
FEDH7=DDRMED HEL B2 I ePHOLNTWS, L L., RIFFE TR L 725
BEFADTEL TV 2DERMEHEETIZRL, Fa 3y FPIRMEEEDHERTH 5,

D2 0DOMEROMHEZMFET 28X, EFEOY 7 v 2 THRBIIBITSa Iy YA
ADHMTDH B, V7 v v = 7HFETIE. EHEHOKEDD/ NI TH D, KB LTI
RN DT D 5, BEIRFEE T TV T — 2128 2 RO HBER 2 548 5 %
7=, B FABBENRBZEEOEBICE T, X hZ L DRMEH L 7 DRH# % %5
THILIWCRD, Lo T, HcxDa3y bORMEEMELS TH, ¥ T A EA
PN T UE, OB THE XN 2 RIOMEEIEZ < b, Ry LTFHlE T VI
Z DI CEWRMHR AR Z M5 2 A6etEd 5,

SV AU, KEEZEE X RIGEE DS EWATREEDH 2D DD, Z DD 7w
72D, ET LD THNZB W TN B 2Rl mv, — 77, /MNRIRZEEIZERE Z Z {0
M, FORDZIDZIIZLDREEEZEATED, TEFT VMR IOREEFEE LTV E
ZHbb,

BEEOUHECBNOEE NEELEE e KEBLRZE T, ZOHMNPHEINRR S
AlREMED D %, Hindle H1&, KR aI v b2 A 73) - DT Z2TED
WEZ ML, ZHEOFIC X > THEICHEZLMHEND 2 Z & 2R L7 [26).
ootk ZEOHNE NEIGM (Adaptive) ] TERER (Perfective) | MEIER)
(Corrective) ] D 3 DIXHEL TV, ZORE, WTHOHBEIZBWTHECHREE
PR Sz, B BB W TEIRFE W R AR S Nz, INEB R o
Iy FTIE RERIREE XD HEIEWNREE (NJEIE) HMTbi s EHAD D - 7o D
WHRL, KR Iy TR BIEXD DRBHARZEE (BEEEMSLY 7 72740 v 2)
MELEEFN TV,

Hindle 512 kAU, REEDMEIE (Corrective) (& TARIFMiH) CTRFTHIZALE I
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F22e0%L, R LU UMIBERZEIZZDR TV, HLT, AT LDWELHWE
L HME LB (Perfective) REFIIZ DB HPANILL . 2L DT 7 4 IVITHK
NF 270, RERBZEBEL L2 D 5,

—R7T 2. ZEFBKRDO/ NS WBIERZZE DT BRMEOEBAFERIZEN X S5 I1I2E b
%, LU, AT LDMEENEVEGEIE. L ZARFNREBIETH>THI AT LR
KOBEWZBL BN D D, NMNIRLBZEERLT LD LETH S LR 5720,

HEREORBOEE ZHOBBICK o T, BREL LY 27 —2A S R ORED
B30 REENDH 5, Bosu B, LE 2 —DEMEREREEFEDOY A X 2 HIIKFT S Z
ERFERLTED 27 KEBLZEECIEIEHIRRAESRNECZR 2 Z L 2R L TV 5,
FIFEIC. Kononenko H13, ZEY A AW L 2 —RICKEEET 2 e HELTED
28], LEa7—#E D% ORMERRTRESDS Z L ERLTNS, COLE 2—
DR X OHEIX, RIGERRARICHEL G X 2A]EMENH 5, MNIBELEEIZL L 2 -5
BATH DD, BENBREPFEA IR T, BHDa I vy b TEBIEEN 2 A[REED
W, —J7. KRR ZHE TR MmEINEE R 20, RIEVPELEI NPT, BIES
NI VE FRET 2A[REMD D 5, AW THH T %2 BugHunter 77— &%t v MM SZZ 7
NI ZLIZHEDSWTRMBEATI Y PERELTWE 8, EEREIZEBIEZ NI RMHED A
M IRMEHD ) 2 LTINS, Lzdio T, /INIEREZE CHEXN 2 EWRIREA
MERIZ, BHEIVNERTH 2 IZERMEBEEDE N EZRTDOTIERL, L 2-255
THZ=DRMERENEGVI L EZRLTOWRAREELRD 5,

BRFEEDOEERCRINSE NELEEIIRBROIRVBFEENEY T 2 2 L A2 WATEE
WD 2, Jubd [29]1F. AV R—7 4 ¥ ZHISICE T 2FEICB T, FARFEE N
L CiZ Simple-Complex ¥{IEDAE S A INT VWS 2 ZME L TW5, T DOEIETIZ,
A= vy = E3ERMD 1 EBICANTBIED XX 7 Z2E| D 4T, Z0HD 2~3 HETNY
DRAICHEDHEESZ Z 2T, BRI a— FR—ZANOHEREEZRD XS, —J7., Kb
BEBARE IO L TIX. Exploration-Based {EEDI W S0, ERDEEK TAEREMED
BWRZZNED Y THNZEAICH 2, ZDEIIT, BHREDORBRL NIZIELTEX R
7 DIEMEX RN HEIND ZERENT VWS, T2b5, BBROBOEBEEN, &
FTHNCIE L RABEEEZMAIFER, Moo~ ErRE L L, REEEAZBT
LESZeDd s,
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6.3 7O xY FEOFKHEEZEDHEE

FHEREEEZ M LR, oo M Ko THELRRHENRIR 5 T L DR
STz, BIZIE, Netty TIE b —27 Y BOZ(CENRDEELFHETH o DI L,
fhoZ < D7y =27 b TIRBIMTRPEE 7 7 A VB iz 57, AEHITIE, 20
ZENEL ZHBIZOWTEET 5,

B7OIOCRAXADET—FTIOFVYDORE 7ol DORAAL VR T—FT7
FrRtED, EERFHEICEEL S X TV AN D 5, Netty 1ZIEFRIHIA v F v —
77V —=LT—=2THH, BBPIAETERADPKONATVS, 2y PV =277 B talro
FLETIE, DITDPRI=T VL RUVDOEE (fil: N4 PA—X—DU, 757y D
B1E) PERBRMZIIZRIIAREELH S, 207D, b= VBOELED LS 7%
MR EEX MY 7 ADPEBIZR S EZ NS, —7. Elasticsearch 2 Hazelcast @
XN AT LFBT, RHEIREREL v N EED, BEOEHFENILD, 2D XD
m7uy=Z bTIE. a3y FRERORED, EEOEMMECEEH T X DEUNCE R
21 725, Neodj ® OrientDB D K5 2T —XR—=ZAT AT LTI P70 ¥ 7 a
VIR EBEHOEMMELE V., ZhsnTuay =7 bTIX, BEDILD D PEERE
B aEAPE SN,

BREE7TOCLRCY—IOFE Tuodz7 bORREToEXPRLHHLTWSY —Ld,
HELRHECHE LG Z 50 REDPDH 5, MWTAMINLy 2RO 0y 27 T
. BHEIZ XA M XK o THHER X bV 7 X720 TH HEEEDORIMHENAIRETH 5, Z
DEIRGE. ZEX MY 72K 2EMNZEROMELS AN 725, £, B
iza—FLba—nt2%2{FEo7 0y =7 TR, MNIBREECHEEICL Y 2 —
ENBD, ZEY A XERHEY X7 OBIRDGSF 2 R]EMEDLN D 5,

BXMEOBRICEZRE ny=2 P THRAET I RMOBEICK - T, HEEZKHE
DRZ LMD D5, vTy I AT, FFDIOEMN S LZE DM & BEDTE S |
a— NORB LR T SRRT 2 M2 RMENERICR S, X2V T4 N7 FFED
X2V 7 4 HE Bl ADKREEDRAN, R O Aid) ZRioa— FEFTHRELS
T, a— FOEMMERIHERZ 4 77V L 0EHEICR T 2R ENEEIC RS EZHN
%o AWIFLTII RO Z XAl 3 —BUIHh o T\ B2, RGO I8 25 Tl
ETNEMETH T, LD ERERRBETHZAIEIC RS EEZ 6N 5, ZHUITHK
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DEZELZIMFTRETDH %,

6.4 7OV FMEOFHIEREDER

AFFETIE, b 207y =7 MIREFEZEA LR, F1 227 OUERICRK
2.6 {507 (Hazelcast: 0.11 vs Netty: 0.29) 2 XNz, KRETIX. Z OMEREZE DA
WSS % D 2 IRRENC TS B,

BXMeII Y bOFE X7y 71 (BENX PV 7 2DA) TOTHEEL., X7 v
73 (EBEX MY 7 ZEMEK) TOSEEROBICHHRERBEGRIBR SN, FElX Y
JADHEMLoT2ETN (AT v 7 1) OFHEENEBENENS ey s bTIk, £H
X MY ZZBBMEDETFTIL (AT v 7 3) THHEDFHBEILELLRV—FHT, X
7 v 71 OTFHRBESHRIERN ey 2 7 b TR, X7 v 73 TTHRBENNE LT
WZ g h 5, BARNICIX, Hazelcast 1327 v 71 TBHZ F1 227 0.68 & HLEAE
WHRERER L TB D, HEORMDPREMN TH S, —F. Netty dR7 v 71 TF1 &
a7 0.45 EARWVERETH o725, AT v 73 TO0.75 £THLEL, 0.29 WS RADMWE
g%~ L7z,

ZOBfRIE. MENX MY 7R EEX M) 7 ZOMEMMEEZRLTWS, #ERX MY
I ZADHTTRDPREER 0 27 TR, BHEX Y 7 AT 2 RRVITEWRD RS
BIMHERET %, WIS, FERIX MY 7R THZEETHMEER 70y =7 b Tk, £8
A MY ZADEZENPNE T2 5,

HERDIZ, WEEOERIIHIIDOLT, IRXTOTBI 2y bTRT v 7 3 DRMEN
BREF1 22728070 L EICGELTVWE I THDE, ZHE, EMNX MY 7R EHX b
VI ZADMAGORICED, Ty =7 MEOMEZBER T, X D LELZTHEE
WKHBZeERLTWS, 27y 71 DF1 22713045 225 0.68 £ 1.5 O &HFHTIE
5OVTWVWEA, A7y 73 TE0.70 205 0.79 & 1.1 fFEEICPERLTWS, 205
DEDEIE. MEFENZHL 0D 27 MR L T—E L MEERRMT 2 Z 2 25A]
RECTHB L 2EKT 2,

X5, BIFEFFEOMR WBEOBBREZH LN T 270, 7027 b7 —
Xty MBI 2BMH2 72 (REgpEEns T —%) OElGEZHEHL, F1 2a70%
EBIFEY OMBERFAET L. £6.110. &0 FORBEYZ 9 20H &L F1 dERE
ZNERS

ZDFER» S, BES 7 A0E |G F1 BEEREOBIZRWEDHES (Pearson MHEIREL
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#£6.1: T—Xty rOGHs Z AEE YL F1 SZERBOBR

Tayzr b | Y 7 A0EHE | F1 8ER
Netty 0.22 0.29
Neodj 0.26 0.26
OrientDB 0.26 0.22
Elasticsearch 0.35 0.19
Hazelcast 0.37 0.11

r=-0.93, p=0.020) PEEIN, ThDE, T—Xty M¢HORMZELAY v K
DEEIPMENIZY (F =X DORGEHIREZWNZL), EEX b Y 7 2DEBINT X % MHEEK
EHRPK ENERDD 5,

ORI D XSRS 2 Z e R[EETH %, T — XA N F & 2D T
W27y x2 bt (Hazelcast: BPE2 2 37.5%. Elasticsearch: 35.0%) Ti&. HiEHy
X MY 2ADATHIGE 7 A 2% 2 7 20BN HEHES TH D, BIFEFEOMHE
DEWV, — . T—ROAEMENIRKRENT Y 27 b (Netty: G2 7 % 21.8%. Neodj:
25.8%) TX. B1E7 2 ADDEIRT D % 7= DMEERI X bV 7 2D A TIEGAI DK EET H
D. BIFEFEOMRMEL RS, TOXI AT - LT, ZEX MY 7 XH4E
3 2RERVIN R Z(LORIE. PEIRY 7 223 5 7= DB RIE#R & LT
FHCHMNCHRES 2 L EZ 5N 5,

7 — X DO RNIGENIFEIR AT BT 2 —RINZERET D 253, AHFEORRIE, RiR 51
RERICEDKEHE X MY 7 ZDMAEOEDI NG T — 21203 2 BN LED—D
DS B5ZeRRBLTVS,

6.5 ATFdV—Tro#l

B7—4%tv b+ BugHunter 7—&t v b Tl&, REGEAZI Y bORFEICSZZ 713
VZALERHALTWS, SZZ 1k, NZEIEaIy o ZHERE M- TRIBERA LR
a3y MERETAFETDH S,

SZ7Z 712 A LADEFNE. KR T -2ty b ZBEINCHERERETH 5 8. B
MR 7Y XA DRSS VR TH 2, MTroBIOaIy b 2E0LY
By 7 MZBWT, AFITL S 7 NUTIHEBRERNTRWD, SZZ 11X VCS ¢ ifEE
AT LADBERETEHT 5 2 & TR T NN EF— 22BN ATEET H %,
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— T, SZZ I T 2 EDIFEET %, Herbold & DFEIC KUK, SZZ IER
faBIEa Iy b5 0D 1 ZREL, SZZ BRIGBIEL LTHANLEZaIv FDS5 b
FIRCRIMBEIETH 2 DI TH S [30], ZAU, SZZ HEEEE Y R 7 LIk X
NIeNT DAZBYT 570, BMREESCHBFICER SN MEZHEHTERVwZ .
WHERT 5,

AFFETIE. TA6D L —FFT72ER L LT INOMHE D S BugHunter 7 —
Xty AL, SZZ ORFFNIBETFR  REFIRICHFE LS EET 5720, HNNR
PERELLEBICII R E BB 5 2 v, 7272 L. AL TE & 12 E 7L Ot ) 72 T HIKE
. EBRD JIT MERIECBI2EOTHKEE ML TW 2 A[REEDLH 5 Z L ITH
BT 20EDD 5,

XHI, AARETEE T e 27 bOF—Zty b ofiitids L a— FEO ER%E
5,000 T LT3, ZOHIRARMETFHREZEKFSE, LE2-—NFEDaIy +o
BRSO 2BNDD D, XDZL D7 —XEMHTIUIMERED X S 3 2 AlEElE
M5,

BEBZFE AR TEIERAE 7LV XL LTI YR LT 4+ LA MR LD
EFEOBEMATIE, 74— =2—F0%xy P7—2 (DNN) BEDEWFL Xa7
RRERT D ehME SN TS, DNN pENLMREZ RITHEB L LT, BRORENE
Zil U ORRE R R AR 2 BB EEHRETH o R L. R OEXOM AR %
NRHNTETILATRET H 2 RAFET 6%, BIZAIE. EEOHEL, FAFEE OB, 2—
F DR EEBEMICHAED E o TRIBIEAY R0 LR T % Lo 72IERE e Btk
DNN Z & D F#ICH R SN2 ATREMD D 56

=i AWFED T X LT 4 LA T RERLHEBE, R ZEH L2720 TH
%, AWFEOHMI THRBEDORKILIZT TR, ORI RMETANCES T 2028
By Zeildsd, 7Y XL7+ LA MIFEEEEES Partial Dependence Plot &
Wo e FEZRE L. 253 6.2 HioZHEHK L THIEROMFRS. 6.3 Hio S n
Y7 MEOREEEEEDOHE L Vo ERICAARTH S, DNN ZFHKEED EW
=T WERBN T 7 v 7Ky 7 2{LLR T TO X5 LR hhaRN#ETH 5,

7. AR TIE, TV XLT 3 LA DN N—= T X =R — (PEROE, T,
BN Y IR YY) DRGELZEEL TV, NAR=NFRX—R—F 2 —=V 71
0. MREDE ST LT B A[REMED D 5,

K, PRI I=7 Y)Y 7BV TRAY v FOEBEXA T2HALTh, EEOE
My RRETHh TS, FIZEK, RN Y 7 7> 2720 7 enws B ZREE L LT
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252 T, MHREL M LT 2 A[REMD D 5,

BERIC, LE 2 =903 2 REERBOHICBI 2L ¥ 2 —H 1 OFIEHIERIEE
FROLE 2 —HHERERIZIF LRV, BRERDL, LY 2 —HHIEEEOHBECEME
TR, LE a7 —DORHERa— FR—ADAFRICHHKIFT 27-DTH 5,

WM7T—XZXRT14 T—RRAXFT4 THEALEY 7 b2 7R T 27 P&, 3T
Java THEEINTWVWD, AMKDOFETHROLNIAMAONHEEZME T 279, SiEfr
MWz iy 27aerett) "TXEVERGA) e =5 —(=fFET L) D320
AT =IZHHEL, Java LMEFBEOLEEE LT, KT —&Xt vy MBI 2RO
BrEBET 5,

12oHIE, B RT L ZEMTH L, Java \FFNET T ZHRHALTE D, avy 1
FHIZZ S OBRIREE B E N 5, T4 L. Python % JavaScript @ & 9 72 EHI RIS
i??fd FITRHCHID TR T —DBEENT 2 2 2 B2V, ZOEWICK D, K%

T—&Xty MIEHEENZ KM, BAEED & 5 BHERP LR I AL OFHENEED
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def calculate_complexity_changes(complexity_data):
if len(complexity_data) ==
return {
: None,
: None,
: None,

: None,

}
elif len(complexity_data) ==
single_data = complexity_data[0]

if single_datal 1 == 1:
return {
: single_datal 1,
: None,
: None,
: None,
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'operation_type': 'deleted'
b
else:
return {
"current_commit': single_datal'commit_hash'],
'ccn_change': None,
"length_change': None,
'tokens_change': Nomne,
'operation_type': 'added'
b
elif len(complexity_data) == 2:
previous_data = complexity_data[0]

current_data = complexity_datal[1]

ccn_change = current_datal['ccn'] - previous_datal'ccn']

length_change current_datal['length'] - previous_datal'

length']

tokens_change = current_datal['tokens'] - previous_datal'

tokens ']

return {
'current _commit': current_datal'commit_hash'],
'ccn_change': ccn_change,
'length_change': length_change,
'tokens_change': tokens_change,
'"operation_type': 'modified'

}

else:

return {
'"current _commit': None,
'ccn_change': None,
'length_change': None,
'tokens_change': Nomne,

'"operation_type': 'NaN'
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def get_commit_change_stats (repo_path, commit_hash):
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try:

repo = Repo(repo_path)

commit = repo.commit(commit_hash)

if not commit.parents:

return None

parent = commit.parents[0]

]
o

files_changed

o

lines_added =
lines_deleted

0
total_lines_before = 0

lines_per_file = []
diff_index = parent.diff (commit)
for diff_item in diff_index:
if diff_item.change_type in [
files_changed += 1

file_lines_changed = O

if diff_item.change_type ==
try:

a_content = diff_item.a_blob.data_stream.read().
decode ( , errors= )
b_content = diff_item.b_blob.data_stream.read().

decode ( , errors= )

63




29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

a_lines = a_content.splitlines()

b_lines b_content.splitlines ()

total_lines_before += len(a_lines)

import difflib

diff = difflib.unified _diff(a_lines, b_lines,
lineterm="'")
for line in diff:
if line.startswith( ) and not line.
startswith ( ):
lines_added += 1
file_lines_changed += 1
elif line.startswith( ) and not line.

startswith ( ):

lines_deleted += 1

file_lines_changed += 1
except Exception as e:

pass

elif diff_item.change_type ==

try:
b_content = diff_item.b_blob.data_stream.read().
decode ( , errors= )
b_lines = b_content.splitlines()
lines_added += len(b_lines)
file_lines_changed += len(b_lines)
except:
pass
elif diff_item.change_type ==
try:
a_content = diff_item.a_blob.data_stream.read ().
decode( , errors= )
a_lines = a_content.splitlines()

total_lines_before += len(a_lines)
lines_deleted += len(a_lines)

file_lines_changed += len(a_lines)
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except:

pass

if file_lines_changed > O:
lines_per_file.append(file_lines_changed)

return {
files_changed,
lines_added,
lines_deleted,
total_lines_before,
lines_per_file
}

except Exception as e:

return None

A22 ZEBEODLHKDDEE

def calculate_entropy(lines_per_file):
if not lines_per_file or len(lines_per_file) == 0:

return None

if len(lines_per_file) == 1:

return 0.0

total_lines = sum(lines_per_file)
if total_lines == O0:

return None

entropy = 0.0
for lines in lines_per_file:
if lines > O:
pk = lines / total_lines
entropy -= pk * np.log2(pk)

normalized_entropy = entropy / np.log2(len(lines_per_file))

return normalized_entropy
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def calculate_vcs_metrics(stats):

if stats is None:

return {
None,
None,
None,
None

}
nf = statsl|[ ]
la = stats([ ]
1d = statsl[ ]

entropy = calculate_entropy(statsl[

return {
nf ,
la,
14,
entropy

ID)
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def calculate_effort(code_churn, num_files, entropy):

if num_files == 0 or code_churn == 0:
raw_effort = 1.0
elif num_files == 1:

raw_effort float (code_churn)

elif entropy is None or entropy == O or np.isnan(entropy):
raw_effort = float(code_churn)

else:
raw_effort = code_churn * (num_files ** entropy)

effort = np.log(raw_effort + 1)

return effort
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def knapsack_greedy(weights, values, capacity):
n = len(weights)

items = []
for i in range(n):
if weights[i] > O0:
ratio = values[i] / weights[i]
items.append ((i, ratio, weights[il], values[il]))
else:

items.append((i, 0, weights[i], values[i]))
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items.sort(key=lambda x: x[1], reverse=True)

selected_indices = []
total_weight = 0.0
total_value = 0.0

for idx, ratio, weight, value in items:
if total_weight + weight <= capacity:
selected_indices.append(idx)
total_weight += weight

total_value += value

selected_indices.sort ()

return selected_indices, total_value, total_weight
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def calculate_cost_benefit_greedy(y_true, y_pred_proba, efforts,
capacity_ratios):
total_effort = np.sum(efforts)
total_bugs = np.sum(y_true)

results = []

results.append ({

b

for capacity_ratio in capacity_ratios:

capacity = total_effort * capacity_ratio

selected_indices, total_value, total_weight =
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knapsack_greedy (
weights=efforts,
values=y_pred_proba,

capacity=capacity

bugs_found = np.sum(y_truel[selected_indices])

results.append ({
capacity_ratio,
total_weight,
len(selected_indices),
bugs_found,
total_weight / total_effort if
total_effort > 0 else O,
bugs_found / total_bugs if
total_bugs > 0 else O
b

return pd.DataFrame(results)
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