RAE2EHR ISSN 1000-9825, CODEN RUXUEW E-mail: jos@iscas.ac.cn

2026,37(5):2063—2084 [doi: 10.13328/j.cnki.jos.007453] [CSTR: 32375.14.jos.007453] http://www jos.org.cn
O EBLEABE PAFRT T RRBUITA . Tel: +86-10-62562563

*
[

E TS athins| D AaNBI R ERKIR A
B, BEM ATLY 2 B, IRE A

VT TR RS TSRS SRR S BE, Wit /i 310018)
YCPERFEEREAR KRS R SHAR R, 28 AR 230026)
JEE1EE BHE, E-mail: wipan@zjgsu.edu.cn; A, E-mail: ybl@zjgsu.edu.cn

W B XX R LB AR S, A B TARACE A 69 AL A2, 4 BY TR % 18 &) TARF R £
B AE B AT LARE TR AR EIRA Tk, A2-Fm G 3 8RR 1) IA TAEATIR A 69 50 M 46 (4
HE B IR EG B) T8 LA O ARMFEATHAREZE RA (B MIATR 0T E; 2) A TFhAES
MM EQ B RS FEAETB T, ARBAEN XML, A IHEF AL EEZ AW EEBET L TR MY
R, T ALK Z 6 64 18] 33 (AFFEAR) #BBALE T S ES A S AEH R T 2 M Hn. KT, B —F RS
AoAiAag] AKX XA RRA 7 k. &4, R #H S0 E AN E @ 6 *F £ 44469 £ 4R B W % CCN (class
coupling network), Al VA KR K Z A #9456 K % . R, 426# & CON b R Z |0« A 340 18] 32 09488 “AT BT &
FBaA iy B RS £ T2 M R0k, 25| A GEN (gravitational entropy) B E4FA BN LG TR M. R B,
#B KM GENEX PTA £ #ATIRF #9), Am iR B mF e £ R, RE, BT E oM HAKEE/ T LN
AFORELXFR, dtmstan #5604 RATHAL, il 18308 BE R DI F KA R, MM TR MRk 69 X ALK 8 A
TR Java M b4 e sE R R R 1) ke & RAILAT 15% (3K top-25) 49 &0, i H iE MR L B H B ELT
HoAd 11 APt 77 ik 2) 12 R S) Ao Arat 48 R ATHAL, B B T R F R Z 7 iR 696 3) A8 KA 49 RR KA 7
KATIZF ikt AL A B E Bk, 4) I F R EEATHE ERTORZ ).

KR KA RIRA; SR 5] X W SR EE

PEESES: TP311

s S R, MR, BT, U, R, Mtk TSRS 7 A SRR S EEE IR AL B AER, 2026, 37(5):
2063-2084. http://www.jos.org.cn/1000-9825/7453.htm

5| k%3 Pan WF, Yang YW, Yang ZJ, Jiang B, Wang JL, Yang BL. Key Class Identification Based on Dynamic Analysis and
Gravitational Formula. Ruan Jian Xue Bao/Journal of Software, 2026, 37(5): 2063—-2084 (in Chinese). http://www jos.org.cn/1000-9825/
7453 .htm

Key Class Identification Based on Dynamic Analysis and Gravitational Formula
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Abstract: Key classes are a crucial starting point for understanding complex software, contributing to the optimization of documentation
and the compression of reverse-engineered class diagrams. Although many effective key class identification methods have been proposed,
three major limitations remain: 1) software networks, which are graphs representing software elements and their dependencies, often
include elements that are never or rarely executed at runtime; 2) networks constructed through dynamic analysis are frequently incomplete,

potentially omitting truly key classes; and 3) most existing approaches consider only the effect of direct coupling between classes, while
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ignoring the influence of indirect (non-contact) coupling and the diversity of degree distribution among neighboring nodes. To address
these issues, a key class identification approach is proposed that integrates dynamic analysis with a gravitational formula. First, a class
coupling network (CCN) is constructed using static analysis to represent classes and their coupling relationships. Second, a gravitational
entropy (GEN) metric is introduced to quantify class importance by jointly considering direct and indirect couplings in the CCN and the
degree-distribution diversity of neighboring nodes. Third, classes are ranked in descending order based on their GEN values to obtain a
preliminary ranking. Finally, dynamic analysis is performed to capture actual runtime interactions between classes, which are used to refine
the preliminary results. A threshold is applied to filter out non-key classes, producing a final set of candidate key classes. Experimental
results on eight open-source Java projects demonstrate that the proposed method significantly outperforms eleven baseline approaches when
considering no more than the top 15% (or top 25) of nodes. The integration of dynamic analysis notably improves the performance of the
proposed method. Moreover, the choice of weighting schemes for coupling types has a minimal impact on performance, and the overall
computational efficiency is acceptable.

Key words: key class identification; software network; gravitational formula; entropy; software measurement
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THAS T HAR BRI SBEIR A T E R RE. 2) B ATHA #5r TAER I 338 70 i e g5 R 45 (B2 B3 70 i Hh iR
ARG 51, R A5 A R AR AN AT, 43 5 BUITRA R PR SR A I 48 A AE B L IE DGR SR  XURY. 3) A I vEAE
MR EAR bR EE R B R T KA B G X R E BV, AL T R A a4 (AEEefil) #5-5 pszm; H
F T AR JE T SR RE RS, AT AR SR A 2 AR N [RIARE T BB R]) SRR, XA T
SRR R 0 P B ARAR TCIE TR A A T Hh 20 I 248 19 485 R R A, 38 7 2 00 288 o 2k ) A =4

T R ER ), AR SCHR T — RS s AT 5] ) AR SR A 7% CDAG (identifying key
classes using dynamic analysis and gravitational formula). ¥ 45, CDAG {3 F i A5 23 8 AR 78 T 190 5 S AR AR R 24
#i 2% CCN (class coupling network), LA G UL L K2 ARG % R HIX, CDAG A% & CCN 22 ]
L R ] 2 ) R AR TN SR 0 AT 2 R VRS T ST B B s, A T — AN R R R —— 31 T
(gravitational entropy, GEN), FH AW RRIE B, S8 )5, CDAG 1282810 GEN B B 2Rt A7 B 71, i #4
BWEL BT AR, BE, CDAG EE I A I AR WERIZ TR R 2 M TS A8 B R, T #I0 HE 7 1 45 S it
ATt Ak, Fim i v E B RIS R AR IS BESE, AT 15 B 5k 1Y) SRR AR LA 8 ANTFIRT Java BAHE N SEIR XN R, I
SR 11 RO AT L. B AT AE R, AR SCHR ) CDAG 7B 4E B3I T I ont L7 .
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B AR R R A AT I 22 R M 0T S B I . A LU T AR AE AR, GEN W] LATE 14 [H] b %1 0 28 1 25 A4 R AiE.

2) Fe T ER S M BRI ZS /3 W B AR AR 45 6 R G B 2RFUN J7vE, A8 F BNAS 2 T B AR #2520 AT i 4 R kAT
Ak, EFEM B B3 E R 18475 BIIEE DL R E Y 4% EEPIR

3) AT SCREANBIGEAN 5 R AL, RATATF T SEER AT A3 40 & CDAG J73E RS, AH G BERE AT A
https://github.com/wfpan/CDAG T #k.

AICE 1WA BRI T Sha A1 51 75 A R SSBESR AN J5 . 28 2 1185 78 7 B0 S aeAa 5 4
WA . 25 3 A B OCBESR B AR ST VAR AL IR, B G s SRR EE T — 2 T AE.

1 CDAG 5%

CDAG JrikEZAE 3 M2 (WE 1 i) © CON M EE; @ GEN fRARIIHIE; @ RHFR KOG,
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%1 CDAG J7iERESRE

1.1 CCN fyt3E

WIRT R IR, A8 2 20 AT AR R B 3R A R 28 T R B 35 SEAR S, AT 5 S0 #4456
BNAS 3 T B A A G A D 28 3o 43 i 0 P 461, T e 5 BB A JEE PR R I 4% AN 4> (GBI B R R DG HERS). oy
T R A X 5 e A A, BATE HERS AT EEAR TS T B ARAR S G 107 SR A DesE S, Bl i S
Hriaidt CON HIFE & 28 B B0, 083 Zhas 7 Mot 502 70 b 1 25 SR AT Ak

9T #E CCN, CDAG ¥4 EH 2 4 BT H R KT Java A B0VRARRE HEAT 200, MEAT H URAS b i) & R T 3
(B, O, g B, E. R ESE) DR TT R RINIA KRR CEZ MMM AIC R 0 ORI RIo8
R AR RS, B RIUNE S S 8 CON 1 AL H R FA M BUE. BATER 8 B0 R
BAEM L3 M- 4 SNAP (software network analysis platform)™ ™ R HL_FiR Bk i 45 #15 B

CON [y7E Yl F 501129,

CCN=(V,L) (D

Horp, V& CCON 0717 S 4, AT A 2% L & CON A A4, A TR 282 RIMEA KR, fEAH,
R Java 1, BOFIMZE I GRR. BeAh, FRATZ S BT S B E AR E 7 M b 2 400, Bl B AL BZ
[HIAFAEZ 26 T R A FE 07T AL B 1A ), UM AR B o i — 4%

7E CCN M id 2, oA TR 2 (3t 9 PR FIZR BRI A4 % CCN R A M3 (A, B).

1) 4874 5% & INH (inheritance relation): 25 4 J# i K4 T “extends 4k 7K 2 B.

2) S R IMP (implements relation): 28 4 83T %8 “implements”SEHLEZ 1 B.
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3) B4k % PAR (parameter relation): 28 4 R JTEAE LASE B AHERR M SHL

4) 4 JAA F K & GVR (global variable relation): 3¢ 4 FFELE LI B NEHERM B .

5) JRi#RAE f: 9% & LVR (local variable relation): 28 4 H 817 T LA B NEFESERA R 5B 40 &
6) IR[FIZETISE R RET (return type relation): 28 4 FHAZELEIR [F{E ST 22K B 777,

7) S£4114k 3¢ & INS (instantiates relation): 38 4 H1s261{k T35 B ST 4.

8) JEMETT M % &R ACC (field access relation): 28 4 7%V 1A 1 LA B N EHR IS 1Y (1) g 4.
9) J793: 1 9% & MEC (method call relation): 28 A4 W75 F 725 B SR I T 1.

CCN £ —MIBCE MM, ©5—/MUEHRE ¢ KL ¢ PAE—T0F ,; I8 XUWF:

_ | wiy, (nun)eL
Vi = { 0, HoAh 2)

Fort, wy; A W G, jy AL, BT RS R 2R R IR ARG SR BE . IR, oA RIS TR A &
SRPEEER. NSRRI G, ) FEHE, Wy, = wys B, ;= 0. BRI, 3R gy BISCEEZE T 2R w;.

TEM P05 (U Java) B, ARIZRBE&2A A FRAUE GRS, I BIX RS & SBR[ R A AT
RATFAERE B 25 I, S IR AORE & ok B AN SZ R & AL 0, ()T th 32 & 2828 e A AT R g gy 9111924,
IBAh, TEFR IR R G, AN AT R 22 AR R AR 2RO 28 B AORR & . BRI, TETH B A28 2 T RS A 5 AT
B, FRATTHG B AN RIS IR & 7= A (0 9 B AT R0, BV R AN 7 2 RN SR wy, T A R

wi= Y fiw, 3)
Hett, r € {INH, IMP, PAR, GVR, LVR, RET, INS, ACC, MEC} /& bif 9 Fifl & KA 2 —; pr e i 5 j 2 ]R8
v BIHRE R AR AR, FLE W] LI I 0 T BTUSCAR R AR A S5 40005 B0 s w, R A& 2R EY r IBUE. Bk, 3R wy; 1958
BEAETH0E w, WE. TEASCH, FATE 3 A 875 308 w, AL

(1) Brito E Abreu %5 A\ P T — R T 45 4 20 A5 AL i DWM (distribution-based weighting mech-
anism). 1% /7%, A FIZEEURE G IBUE 2 BERS & 28 B B A 6 P A ELA I 1) 0 A AR AT AR AL, T8 7R R

10’ Ni;tra # 0 A Ni:ner = 0
w, = 1’ N Nintra:O/\Nimer:O (4)
round|(0.5 + 10X$), FoAth
Nirntra + Nirnter

Hor, Nr RN AR AR IR IERLN (R S TR A 3 5 HH BOLEE ) — AN BT HH A A ) R TR

(2) Kang % A\ PR T —FhE T 5 R (LT % OWM (ordinal-scale-based weighting mechanism). %77
EERT RN 6 FREEEAL, HRNENIDTR 1-10 218 FIEEAE N HBUE. A SCK AT IR H 9 FikE & 287
5 Kang 5 NI H ) 6 Tl & 8B HEAT IR OFFRIDE R W3 1 FioR). Kang 58 AR & ACC Fll INS FFlE &5
B, Rk, 748 IR 0, FRATIH 2 X PR bl & S 2L,

(3) Sora 25 N PR I T —FhEE T 9256 (AL 7% EWM (empirical weighting mechanism). 7£1% J7% 1, /A3
R PR AR A2 38 I 0 o A M) S SR SRAS 1), B 3000 ) SR AR B AT st 5 ST, &% G R TR BT %o L PRI L. AL
ENER 2 Fow.

#1 OWM IREUT Y #2 EWM IREU; %)
BUE Kang%§ N\ FIRE & 257 ARSI AR BUE iigee Y]
MEC, PAR, LVR, 4 IMP
! Dependency RET 3 INH, PAR, RET, GVR
55 Aggregation{Cqmposition GVR 2 MEC, ACC, INS
association 1 LVR

7 Generalization (concrete parent) INH (concrete parent)
9 Generalization (abstract parent)  INH (abstract parent)
10 Realize IMP

© TEBREEEEIEDT  htp/ www. jos. org. cn



FAEE S AT A M AT HaKa) L4k £ 5 2067

1.2 GEN IE#rHIE

WHTETR, RE BT S AR 2B T RN EE N, BRI AR F R A (Rl #8555
AR RUBE AT I 2o AR 28 R B R R, S ESUCIAMERA 4 T b 20 1 201 D % o 28 R A R AIE DA R 2R 1
BTV N TR BRI, AT T 5173 A MG B P .

J3A3 51 70T A SRR B APk 22 TR el R A R AR AR LR R B2, 51 A AT T L 2 TR
(5] F7. BEAh, 15 B8 TF R AT AR B RS2 REE RIS E O BiEBR, REM SRR . AHIE P
K. Bk, FATE ST 51 J7AGE (R &, 4 R F A 0 I 2 (] P [R) 42 (I sy 8- DA B AT 8 49 B8 AT 11
ZAEVERT R E B R . BRI S, AL T 51 DAL g 7 — M TR E BRI 845 5] 718 GEN.

TR 51 7108 GENG) FIE LR

GEN()= ) INF, )

J€sibo(i)
Hoh, GENG) RonT /i BI5| T8, sib, (i) R 570 5L i A KENTET o WA RMBEIES, INF,; &
JNT A A i TR 7). WA S (5) AT AN, GEN (i) IBIL A4S sib, (i) N1 X505 ¢ BRI 00 ok
BT AU R BR b, o EB/NEUE R 1, SBOKNEUE R PSS IR BLAR (X245 A1 mRT 22 1] 55 % A8 11 3 KD,
FEARSCH, o BUE N 3, FEH TR SR 1) SR LR, 2 E B2 3 3-Fi P A AT JE R i 5%, 2) AT 75 B3t
FAT R R B R AR, I K o (8 23 WS PEARAR bR T LA
AT (5) Hh, AT A IR T INF, A58 LR
INE = o TEXIE
oY dy
oy, d,; FORTT A RN R 2 R AR KL Y AR R SR BN A MR TE, A RS A
FETHEAS RIS i i) E .
rf;.’ I SR

(6)

d; j
dij pi,j

= e 9
ZheV/\j;th Phj
Hoeh, pl AT R VT R Z IR 0, WY BR AR HORE; VR CON I rdE; Z Py FoRT ALY B AR S
heV A j#h

h Z1H d,; BB AR S R, r0 SEBR B BAL R AT § BT AT K d,; B BRI T R BT RN d
W ARSI EL . ] AR, SR B T AR 5, T R S G L BRI 1T 1 .

IE; [W5E L0k
deg,
P,=——"—, x,weV (8)
ersib(w) deg"
e,=— Z P.nP,, x,weV 9
xein(w)
Wy
IE, =e, + Z e, |, u,y,wevVv (10)
vein(w) Zueon(v) Wy

Hor, deg,, FRARAT KL w BTN (CCN H5 77 11w HERILBIBUR); sib(w) Fom 198l w S 1-Br &8 JE 55 kit
FRITER AT P, F0R T i w RIINASURE o5 e 1-Ri QIS8 P 5 s ASCE A A B A5, Y DA 220 5% o 2L - 4R350 P9 1
RS B in(w) 7 CON 2K w NIL B4R E ST RIS e, F01 P, 1IN on(v) 278 CON 28 v 1) L1
SBJE TRV E S wy,, TR 11T (v, wy FIHIAUE. WA (10) ATAL FERMR IE,, B R, BATAMEHE R TR w B
He,, EHE TR w NEZ ERBE v EEBLREFE D e,

© PEBEBPHIFST  hip:/www, jos. org. cn



2068 HAFFIR 2026 F5F 37 AF 5 A

i LR, 4E BIR GEN B5E Srh, FATIEE 2 30 (6) 5 R 1 A 1A [ 4% £ X S8 B BHE A SR SEBr
L, 230 (6) M@ % 7 51 AP
F= G@ (11

Heb, FRWAMIEZ 5] )1, G Z51 J1H B M A m &P R, r Rk AR, AR, AT
AT (6), AT A B F1 AR PRI R R B B 71 S E B, RS B R T CON A9 T s [l 1
AR KL d,;, G B T AR (7) e S

e, ATEIEIS A (9) F T A0 E T SUZ A0 1 2R T s . A3 (9) SRITZ P, 1,
ST T A ow NJEE AR JE T AU A A L. T R RER, B B R E XA T SRR T RAPEZ AR
5 BB R, SRS P REE EEERIEH.

ZE L nln, AT ) GEN FRbRSE-6 25 e 1 2822 111 1) 20 75 R0 A0 8 15 s BE 23 A1 11 22 B Mk e d B M 1)
i, AT T LA TR e 0 ) 2 £ O 4%+ 214 1 85 R AR AE B IS 1 B T
1.3 HHFREEAIR5

R T — AR CON Z 5, FATT LA GEN $8Ar B S84 77 p M E 2, 3k vl UK IEZR 1) GEN
B BT 04T B P HES, Rl e AT R AR OGRS, 15 B I M DGR 28. TEA S, P HEP IR
PN B 1) K38 GEN HIHTHIZHET; 2) MR ST WEEHE T 145 LT Ak, T SO MR . HEF
PRI 15 23X 3 A7 AT A28, FIET, FOAHEP R T B & e, BT ARG e 2B 15 .

(1) RMEBE

TE VR MG GBS IR I, RO B — AN BIME &, FERHER T kx| V] (k A E S, V128 CON H R S8
ANBEAT ke AN AIZ AT SR R DGR EIAT PR SR, BRIME & — A R U 77 =K.

© ke BUE 15%, BRS04 bl 15%x| VA0 M s S g2k B4 oy 17 8 A i iEfl CDAG J7 kRt fg, 3
TERIE T 1%-14% (BKAN 1%) 3£ 14 MEVENHTTRE.

o k BUE 25, RPK B A top-25 ANRAL R S P O T A LAY CDAG ik BT fg, TRATIE L
T 124 GBKN 1) 3t 24 AMEAEAHBIE.

() VI

BATCIE N GEN {EAE 9 HE P AR, 8 F PO HE P BE N Bra 84T B e 5. R s a1 )i 2/
B, AERATISR IR T 2 AN B A R R 5] 288 JE ik R 10 ) R AR AR SO, IR L R AR, FRA1E
IresRBEAE I T N E A R AHF A E, B T SROX LA A AP HEE S 1 ISR SN E (BN a) DL
HEAE B SR 2R S I B (R b), X 2 L HRME 128 S I B I E N (a+h)/2.

Q) HEF SR

UTRHTFTR, BT CON S TEAE“ANHE [ ) . “ANHE" ) CON 2> S TR B e B R HE, A T 3R
Fen R SU BHER 1, ATV F B AS A TR S WS HE T B 45 BT AL, SRAb R R A 5 AN B O &
BRI, @ AT, A TSRAEATELE; @ /T ATHUIE, ISR HAT I B K R & @ Xt
KMESHTY 7, © WAHF 4R, SBEO-@RINA/S I R E T2,

@ A& ik e 431

TE 520 481 g g de R v, AT 75 B A il I 9] R R PT R AT M7 25 R AL ThAg. X T GUI (BT
JIF) &G0, TP 5 E Tl R 8 5y 58 B R IR A I D e AN BRAT 3 5%, 3 sl A9 i) B B A R AL T
B B XA B AR SO, AT I 4T P AR T R B SOARME Bk B BRI SR E A D B se g (R TR
YR Bhial FIAR FR A AT G 4 38]), 3R E 22 BRARF & S PR (R e 0= 1.

FAd F Stanford Parser”” T B} Al #VE T Mt ob (I SCACHEAT 2047, 1 5, BATKA)F AT TRACEE, K 47
RNEATA), FHXGATABIRbRER Y Qnshid. 4. BEIRSE). LK, RIEKE R R I T g, 3
AT IR, HFIF A TP TG, BB, shadSZOoBR, DRENZEMHEEXRR. Hp, gl

=3
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RARVEAT N, BIRARBAERX R AR, ATEIE T “nsubj” (FiF). “dobj” (HERIE) EXEMAF KRR, A
T DR AR AR Bl iR R AL A SC IR R B AR B S UL R, AT E XS “amod” (B2 B IE) BB MHE R, ULk
B ZIRMEN R . BUG, BB PR RS B8 FIESE BAERA— AN R B e SeffH
WA — AT EFERIEAT N GRIESDIA) . RIEXT R (2 3) DURAH KRR (S B

B 2 JEoR T8 argoUML A P AR T R 19— BESUAR. AT HAE Dy Stanford Parser T B[4, AT AT LA
REIE 3 g R AR 3, G174 3 AN (B BLALIE S = B hRiR) 2K, 200 BL<1;72;73; 7 F
Sk e, <1 TFSRBUER > RN BRI R . <25 TR SRR > F R B KSR RS B, EAZ 8 AP S B, bR
T2 BT (<% Sk a3, <357 Sk (130 43 F T id SR AR X R IR %38 38 A 1] 4615 (W1“inllist”) 1)
T RSB ENE R A M2 AL E BT 3 AR SR X A0 5 T # A TS ) AR BTk, B A sl sl P 3R, AN
AT PAB N TG 55 00K R A5 B ARATY, 38 T DAAE — RE R 2 L ORI BT A2 A P 0 P 497 4R 1) 58 B 41

8.2.2.1. Selection

Here button 1 is used to choose (select) a model element (in a list or tree or on a diagram) on which subsequent operations will take place. Multiple model
elements may be selected by using Shift and/or Ctrl in combination with button 1, see Section 8.2.5, “ Shift and Ctrl modifiers with Button 1 ”. Selection is
always clearly indicated by a colored background On a diagram, the selected model element is indicated with colored "blocks" at the corners/ends of the object.
Model elements can be selected or deselected in different ways

« Button 1 click. Deselects all model elements, and selects the one clicked on.

« Button I motion. Button motion (moving the mouse with the button down) in the diagram, not on any model element, allows to draw a rectangle around model
elements which will be selected when the button 1 is released.

« Menu functions and shortcuts. Many menu operations change selection as side-effect, e.g. creating a new diagram. Many keyboard shortcuts for menu
operations change the selection, e.g. Ctrl-A, which stands for the Select All function.

2 argoUML #AEF At b 1038 7 S04

1;1:button model multiple element selection model select element model element2:choose%VB|element%NN;select% VBN|model multiple
element%NN;select% VBN|model element%NN:3:in|list:in|combination;with|button;with|”;by|background;On|diagram;with|block:at|corner;oflobject;
2;1:2:3:

3;1:2:move%VBG|mouse%NN;draw%V B|rectangle’NN;release% VBN|button%NN;3:with[button;in|diagram;on|element;around|element;
4;1:selection selection 2:change%VBP|selection%NN;create% VBG|diagram%NN;change% VBP|selection%NN;3:for|operation; for|function;

3 {§iH Stanford Parser f#T ] 2 STAS 2 145 5

Ak GUI B350 FE, BRI R/ 56 T 30t e 45 446 14 10 BA SCAY. (R 3 GUI 38 5 23 SR AR 0l 25 Zh RE
FEIZS, B b 45 Th e It Ui B AR RS . X el A2 2 F RGO S5 2 B TR T H i, e 5 R4t
) FE Dy Re. Bk, % T 3E GUI FA:, FoATT B K B IR A 52 (1t 7 2% Dy RIS B AR AR g X A 491, a8
AT MR A SRAT PAT BT

@ AT MG, AT KA AT FE

N T AR BB AT IR P R T R AT LI, RATEE T Kieker™ & T —ANHIAS. iZ B AHs i N 2514 1)
TEARRG 1, S A S AT AT A SE R %, IR 7R TR 1 B AR s A R RS 455 B, IX Le (5 B
YL T RGISAT I AR TC R A L SE A HAT N,

&l 4 FT7s H 2 31 argoUML AT J5 YOS B #3820 BRAT LI (trace) 15 8. B 4 IR —AT X N — AT 10 5%
(records), fRE— K FZIAAH. BT H 10 MFEA K, FBZ U 8. LAE 4 55 1 ATiE% (A EHEN
FIN ) A “$17 RN ZACFARR T — N VE R E4E. “17129167172672124007 72 — AN (A8, R751% 8 FH 34+
& A KA. “public boolean org.argouml.cognitive. AndCM.isRelevant(org.argouml.cognitive.Critic, org.argouml.
cognitive. Designer) & — AN 7 VL I SE 345 4, Fl TR Z0 R 7715, “<no-session-id>"#& /R~ 21 1D, F TR ER
R F 21, ©382172649628893224 1711 3% T & trace ] ID (tracelD). “17129167172671937007F1
“17129167172672123007 43 51| 27~ F7 9294 F () FF 4G I 1A) 38K (tin) FN4h SB[ (tout). “DESKTOP-0JCC7TQM” A T-12
FRAEZIAHEE I ENL (hostname). <9737 F FE 1% 5 EFIBATIRT (eoi). “2 RN 1ZITIETEHERR P IIRIE (ess).
FF BRI R REE 27% Kieker (K1 P2 TP
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$1;1712916717267212400;public boolean org.argouml.cognitive. AndCM.isRelevant(org.argouml.cognitive.Critic,
org.argouml.cognitive.Designer);<no-session-id>;3821726496288932241;1712916717267193700;1712916717267212300;DESKTOP-
0JCC7QM:973:2

$1;1712916717267213100;public void org.argouml.cognitive.Critic.beActive();<no-session-
1d>;3821726496288932241;1712916717267212800;1712916717267213000;DESKTOP-0JCC7QM;993;2
$1;1712916717267214300;protected java.util.List org.argouml.cognitive.CompositeCM.getMechList();<no-session-
id>;3821726496288932241;1712916717267214100;1712916717267214300;DESKTOP-0JCC7QM;995;3
$1;1712916717267218700;public java.lang.String org.argouml.cognitive.Critic.getCriticName();<no-session-
id>;3821726496288932241;1712916717267216700;1712916717267218600;DESKTOP-0JCC7QM;998;5
$1;1712916717267220300;public java.lang.String org.argouml.cognitive.Critic.getCriticName();<no-session-
id>;3821726496288932241;1712916717267219800;1712916717267220200;DESKTOP-0JCC7QM;999;5
$1;1712916717267221800;public java.lang.Object org.argouml.cognitive.Critic.getControlRec(java.lang.String);<no-session-
id>;3821726496288932241;1712916717267221000;1712916717267221700;DESKTOP-0JCC7QM;1000;5
$1;1712916717267222100;public boolean org.argouml.cognitive.Critic.isEnabled();<no-session-
id>;3821726496288932241;1712916717267216200;1712916717267222100;DESKTOP-0JCC7QM;997;4
$1;1712916717267222500;public boolean org.argouml.cognitive.EnabledCM.isRelevant(org.argouml.cognitive.Critic,
org.argouml.cognitive.Designer);<no-session-id>;3821726496288932241;1712916717267215600;1712916717267222400;DESKTOP-
0JCC7QM;996;3

K4  argoUML BAFHAT JE 13 2 88 2 hAT Pk

@ AW PATEIE, NERFHAT IR K2k

TERAPAT SRR, —DNERAIEYE <5 K2R/ . Wi, 457 A R B |, J73% B 7T
feit— I vk € Jrid D. Rk, —ANJ7 v AR A B — A SR BT IR 3%, 1IX — 4R RN — > trace.
TE—A> trace H, FT A MiC3% BT A1 tracelD. MAb, eoi 3R M ATICRKAETE trace F AT INT, 5B HAT I
JiiEH eoi [ 0; ess Fon A HT A rE TR B R IR BE, Bl AT I 7 VEH ess H 9 0. B, @ 70— A
trace PN %103 [ tracelD+ eoi Al ess, FATAT LATG 2% trace W 7VEZ (B SZR A ¢ &, B0k 1 #5587 WBATHL
2 (— trace) FE U A Z (B A O R FIRBUEFE. FE 1 B [BIZ 2458 O(n) (n 9% trace P IIFATIE3%20).

Bk 1 NPT BB IO 2 R 55 2.

N —A trace (— IR eoi [EFHFHES S 1 record iE3%);
fr: ik MR AR R,
FOR EACH record IN trace DO
IF # A 4% THEN
IF record.ess<#¢ Tl record.ess THEN
WHILE # A~ A7 H. record.ess<t% Tl record.ess DO //[7]
AR T record
END WHILE
IF #%Jy%* THEN
Bkt FOR 7535
END IF
PRINT “#:10i record. methodName###record.methodName” //###: i Ff
B 241 record AN
ELSE // W 24 record [ ess K TARTIIT R 1 ess
PRINT “#10 record. methodName###record.methodName”
#2470 record A%
END IF
ELSE // BN 21 it
WM record NAR // HIGETE LT, FHic AR
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END IF
END FOR

FRATCLE 5(a) Wi Java AT5 B BB, 7R ABAT PLIZE SRR 7 v 2 18] FH 28 R A 2. AR B AR v Boxt 2
) GUT I & — A R B A48, B 08 R st 8 R B A R 1E. v T P e GUT 7t
I b i, AT main() J7i%k GZ 7 EAREARS A B ) 8 F Bookstore 25 searchBook() 7775k & AR
GUI #4E, DASRIOG R AT B 8 i e 8 I F2 B B 4%, 7T LASRAS ] 5(b) o BT ELE, JEiEd 500k 1 3958
THEZ AR R (WE 5(c) ). BARRSHE 2R 558, BHAT IR %M tracelD 434, tracelD AH[A
FIE RN —H, RRENETH— trace, 1% 18 eoi X JE T F—4 trace BIidR AT T FHES. LLE 5(b)
A, BT B 5(b) & — R J7 R (main() i H searchBook()) 78 2 I $AT BLILE, #e 11 B AG H#H 1) tracelD
(6675601285158273025), J& T[]l — A trace. L THFHEI G, Hid kAL B IMO-@ PR, Hk, AT IZHET )5 1
trace (I03R4E) FINBIHE 1 b, L | IRIE S0 ess 5 E Bh#f i J7 7% 2 AT A 9 2R SRR 1 Al 4, 1) 45
HHTICRI ess (HR T HI— 2K 10K ess fH, REIRE T — KON B RTHERM 1 4HHCRRIT7E. B, 218 5(0)
1, L KO ess H (ess=2) KT HAT— 21 %OM ess {H (ess=1), XRRNICFOMIJTiZ searchBook() A T id 3
©® 777k getBook(Boolean). [A Ik, A A2 S(c) FHITAAKRD. 2) & 4 8T1C R M ess /M T HEE T —&Kid
KM ess M8, IXBLHIRT— 2K IC KRR R CE AT 78R B, Bk 1 BT — R P00 HARERAE, BRI
I ess /N T 2 ATIER A ess H, X R RARTNER F 7R A T 24 80id sk i 7. s, 7EE 5(b) #, id7%@
1] ess {H (ess=2) T H AT —&K1CFKON ess {H, ERNILFKOXI N5 E getBook(Boolean) CLHAT 5EEE, HLET 3.
AT E B33 8 A getBook(Boolean) [ searchBook() 7714k, 7713 2 searchBook() Fl getOffers() 2 [F 1 FH ¢ &
(B 5(c) T KL R Q). R, TATAT LMARBRAATS ) H AR R (B 5(c)).

public class BookStore { $1;1731815295558386900;public org.example.Catalog.<init>();<no-session-
private final Catalog catalog/* GVR */ = new Catalog()/* INS */;| | id>;6675601285158273025;1731815295558183600;1731815295558203300;DESK TOP-0JCC7QM;2;2 &
private final CRM erm/* GVR */ = new CRM(catalog)/* INS */: | | $1;1731815295562346300;public org.example.CRM.<init>(org.example.Catalog);<no-session-
public void searchBook() { id>;6675601285158273025;1731815295562335100;1731815295562342600; DESK TOP-0JCC7QM:;3;2 @
catalog/* ACC*/.getBook(false);/* MEC ¥/ $1;1731815295562375900;public org.example.BookS tore.<init>();<no-session-
erm/* ACC */.getOffers();/* MEC * id>;6675601285158273025;1731815295554350300;1731815295562373300;DESK TOP-0JCC7QM;1;1 2

} $1;1731815295563238100;public void org.example.Catalog.getBook(boolean);<no-session-

id>:6675601285158273025:1731815295563217900;1731815295563233800;DESK TOP-0JCC7QM:5: 2‘

}
$1;1731815295563287100;public void org.example.Catalog.getBook(boolean);<no-session- @
public interface Cataloglnterface { id>16675601285158273025;1731815295563281300;1731815295563284900; DESK TOP-0JCC7QM;7;3
void getBook(final boolean complexQuery); ’$1 ;1731815295563295200;public void org.example.CRM.getOffers();<no-session-
} id>:6675601285158273025:1731815295563270800:1731815295563293600;:DESK TOP-0JCC7QM:6: 2
$1;1731815295563302000;public void org.example.BookStore.searchB ook();<no-session-
public class Catalog implements Cataloglnterface /* IMP */{ id>;6675601285158273025:1731815295562400500;1731815295563300400;DESK TOP-0JCC7QM:4; 1)
public void getBook(final boolean complexQuery) { $1;1731815295563311700;public static void org.example.Main.main(java.lang.String[ ]);<no-session- a
nothing to do here 1d>;6675601285158273025;1731815295550527700;1731815295563310200;DESK TOP-0JCC7QM;0;0
} .
! (b) B3 HItrace
public class CRM {
private final Catalog catalog;/* GVR * public static void org.example.Main.main(java.lang.String[ ) ###public org.example.BookStore.<init>()
public CRM(Catalog catalog/* PAR */) { public org.example.BookS tore.<init>()###public org.example.Catalog.<init>()
this.catalog/* ACC */ = catalog; public org.example.BookS tore.<init>()###public org.example.CR M.<init>(org.example.Catalog)
} public static void org.example.Main.main(java.lang.String[ ))###public void
private void getOffers() { org.exampl e.BookStore.searchB ook()
catalog/* ACC */.getBook(false);/* MEC * [public void org.example.BookStore.searchB ook()###public void org.example.Catalog.getBook(boolean)| 1|
} lpubhc void org.example.BookS tore.searchB ook()###public void org.example.CRM.getOffers() ];Z;
} public void org.example.CRM.getOffers()###public void org.example.Catalog.getBook(boolean)
(a) R BIARTS () FBIITTIEF IR R

Bl 5 ki F Ok R R EUR Y
IR T I R O R G, FRATTRT DU 7 15 1 58 BE 25 42 v 31485 D7 vk I EE B2, TR vk 2 1) 1) 1 FH
KARME ATIEERZ B R, Flan, 7K 5(c) F, @FrkriR ¢ & (searchBook() Fl getOffers() 2
B B8 F 9% 2R W] LAU 26 BookStore Fll CRM (AR 96 &R 2%, FRATTAT DUSRAR R A AT W R vh 8 28 I
A, LR Z RRIR AR A&,
@ XEHEEFATY R
B 7 IR0, B R 1 (BRATHN R 28) A2t R 5 R H SRR AL SR, 4 DO ANBCS I8 8 A Re B
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I B AT 77 AT R ER A IR, S5 N E EAAE AT B e, A EEARRUS AT TR E R,
TR o B4 1 8 AR S T I B (S 07E), A B ST IS, FA BTN EES S
TR A ok, MR EBAT A A A A H SR, W RBEES A € SR T, BAEMASEES 53
TOERIR A S0 TS T BOABE S VR O, DAL T RIS, shas o ir sk 2 T LAl 3R ). 78
A, FAE BN 2 A 3R AR B SR B 45 R AT AL, RIS i A bRk T — LR EUA I 22K (h
RIF) FEOL WS, XATRE X HEF 45 =k — 2 g, R, T R E W BRIX ARz m, AKX B i
AT ERATY 78, R IR TE VL E e IR i R 2. B URIAR S ot .

MY 7R M T HT I FR A I CR A 54915 B DL A ) CON. BN F.

o 20 (B R) 2P 78 B AT iE iR B4 ) “implements” Fl “extends”J< HE 7=, AT AHERR IR 738 53
RAE. OGO RN ARR, AR EE O Z AN R, HAS R w4k &S eE. AL THES
HT15 2] CCN, F+LABhZR /BTl i e /5, 1R S K &R (implements Al extends) 2544 ) 1B, R BN H E 82
B AR SR B2 O R AR I R 28, e AR BI24E . DLE] S(a) AR5 H 192K Catalog J9#il, L CCN 1
FATTREIR A H 2K Catalog SEIL 7 #: 1 Cataloglnterface 1IX—2% &, RIMFFESNZ 24T Cataloglnterface # 13K B #&
HEAE 7y R R B L, AR T LK 32 0 CatalogInterface 535 Catalog #EATIREK, I3 78 R84,

o MY 78 AT HE TR AR S5 8015 B AT EER CON, iRl 303 /A i SR T 28,
FFE— B TR SRR LS R B EARBRE AT A TR TSR DU B N A, I RATR
FEIRI EHRER ACC K FR (BIEV MK R) KT HRIBLE MM ZE SO B0, STk B R 1 s
[ B, BRI R P R (A1 AR T MO R B P BB 2, BRI T LU A 28 9 R B 2R A .

® TiAHE 25 R

PAVE R 78 5 1 R G X HE Fp 4 AT oM, RIS T-ZERI B HE T R HELE AT kx| V) (k 9E 2 Eo) BUAT & (k %
) 13K, VERTHR IR AR B R 2K, R RAEET T REREES, WA 5HT o< V+1 80T e+1 A8 128
AT58 4, LAY B B SRAERTRE 25, I T B2 5 L 1E IR OGBS U IAE BT A< |V BYCHT & 2R R 2R

2 SRRt

T R CDAG HVETER M R BEUN FIG 2hE, AT T — R A SL58. ZEASCH, CDAG 75218
F JDK 17.0.9 #l Eclipse 4.30.0 JF & 1), Fr A B S250 £ — 62 Windows 11 64 (7 #:/E R %, 2.60 GHz ¥ 13th
Gen Intel(R) Core(TM) i9-13900H CPU 1 32 GB W ¥Z ] ThinkPad %545 _F S ().

2.1 WK SZIXT R, 5 2.2 AR TR, 8 2.3 WHEAH TR TR RUR M R AR, 5 2.4 YR sE
B PR 45 SR T of 45 I HT. 4 2.5 R4 SR A R AT 20 #.

2.1 IR

SCHR [10] WeBE T A SRS SRR 5T A R I B SR, W T — MBS 18 /) Java SR OGS 4R
e RBRATHTRN, KR4 A R BR R S BRI MNBAR R, A SN ZEAR I FIfiE T 8 MR A LISk
It %, BA TR H AN 10 ANAE, BER T LU 4 55 EE: 1) A5 E0E T 00 R & ELBHE O e i
WA EAIUL), F AR sk 2) B (BTCIEIR B BAFIE AT 2 AU SO BRI PE; 3) IDK WA IS B, TCVE A i
BATHEE; 4) 38 GUI RGeH b N B BRG] (3l B st B8k ).

ASCAE AR 3 B, o, argoUML & — 3 O0F IR UML g4 TH, T 0I@& M4 UML B
JEdit 2 — IR TR T 2SR AR 2, SCRE 2 PhmfEiE & VS s MG A 2 ; jHotDraw /& —3K Java HESE,
Tl 2D BRI, HIREE T KRB IIAE; Meter & —FITUR Java BFFES, FI Tk b A0 14 A I &
Mars #& — NI Java T H, B0 TR EHUSEE, DA RIE KR FE AN F SRS E R,
Maze 72— H Java SEHLE S 4% PDFBox 2 Java &, FI TG, #/EASREL PDF SCRS N 25 ; wrodj & —
A Web ZHRALACHEZS, Fl T R 46 A% 22 JavaScript Al CSS B

FIWAH TIX 8 MRAUHIIEAG R, ORTE A/ BAS . RIGTHHE. wiiE. ROEE. ik
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EAEE S AT A M AT HaKa) L4k L5 2073

JE eI R ORISR, R IATOUE A T 8 FAR I, (HARZ A X BATHIEE 07 A KIR2I, ROYIX L R
GLAAIRIF K2 FEE CR A FSUE. BA A F FIED.
®3 EKBMARGM AN

WiH A ARRBAT # 2k R TrigE TR REEREL
argoUML 0.9.5 74334 67 846 6178/2851 12
jEdit 5.1.0 112492 41 1082 (9) 7601/4085 7
jHotDraw 6.0b.1 28330 30 544 5205/865 9
jMeter 2.0.1 22701 42 260 2000/834 14
Mars 3.06 132589 95 1085 (32) 11105/5738 29
Maze 1 8881 6 63 (6) 563/284 27
PDFBox 2.0.7 135514 109 1285 (33) 10482/4792 12
wrodj 1.6.3 33736 99 567 (9) 3256/1274 12

2.2 XfEEATE

T K% CDAG J5 104 3k, JATABLA B 7 i £ 7 11 ROk AE % b 15 h-index!'™. a-index!",
PageRank!'"*"!, PageRankBR!'"?%, k-core!'®. ICOOK!""), PageRankIVOL™’! ElementRank!’. Pridel!,
MinClass™ il iFit™, FA TSI T I 2t 512, FH1E L FH IR o 2 R 430647 17 06 B2 (0 TR 2 (n 228 38 3 H
KA, WSTR)TT /AL A, DA A il I e o) b 7 v DU IS B AR X 45, M4 ZIAH RE R 285 2R 38 0 B TAE R
B i Rnt BT, B R RN IRATE Z S 08 115 B R B LI L8 TAE. [RINF, A M B 0 S0 B SR T 7 V38 AR AR A 5
b7k, EEF AR A W Ok E R R AR, 45 R AE S EAF B0, T B e g R
AR FAS BN, KT M 7 i 5 W ik AT 6 Bl SO KB TR, 25 I e bl AR R A T AR R 2K
HEME, FEOCEN RIAT M HE TR, IR 75 1.3 Wi ke B 1777,

X 11 R BT IR

o h-index: 7 VEN T RUTEER AT PZE A 1) h-Fa B Dy e B (A

o g-index: % VER T SR W28 h 1) a-48501F BT

® PageRank: % /7128 H PageRank HETHE I SR MR M1 ER AR X 25 v 1) B 24

® PageRankBR: % /7% Y PageRank /154, R X HILET: & R UG R AFED 4 B2 B IR A,
LTINS B B2 4 A A1, FH HIAAUE R —F.

® k-core: 1Z 7 VLG AR 48 A B (coreness) 1E A3 8 B, 2R S I EUE 8L 4250 (k-
core decomposition) Fiki+H 15 F 1.

© ICOOK: 1% Jj V204 5 s AE 3R A P 48 H — AU A% B (generalized coreness) /E  FC B ZEVEAH. 45 s — &AL
HHE I — AL k-core 43 fi# (generalized k-core decomposition) 5%t H 152 H.

® PageRankIVOL: 1% /7 5 PageRank J7 A0, B AITET: 7EIRBE RAER 28 4 BB ZMALIE LK B 1l
T2, PageRankIVOL #t—30E BT 4 5 B 2 [045 114 BUHKL 1ERENLER S 4), PageRankIVOL #f—25 i T W
25 (1T R

o ElementRank: %7 iAW @A SRR L2 ZE A 2%, I8 H PageRank Fikit & — 2 W45 2877 M =
B, E I R AR B B SRR B R AN M.

o Pride: 1%771% 5 PageRankIVOL J7iARAU, T EDCHIFET : EREHLBEEE L0, Pride HE— 258 1 R 2% 11 1
FIRE IIALRE K X 2% AR B R R AL FE

® MinClass: %553 TRIFIMES & T —AS81ets OSE, H8H OSE i A RIEE R G (1 B B L.

o iFit: 1% /713 T PageRank HVEFWE 7 FIMES M T — M Hidebs CG, IHEH CG FER I HE B,
2.3 ENIERR

SREEISTR V2 A PR Fe bR B G IR (Precision) A 812 (Recall) 1 F1. 548 bR ) B AR 2 AR

TP

Recall = ———— (12)
TP+FN
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TP

Precision = ———— 13

recision = (13)

Flo 2XPre'c1:si0nXRecall (14)
Precision + Recall

HHp, TP (true positive) i PRI N SR ) SEBR R BRI 4L FP (false positive) 8 1R IR S8 2 1) S2 b 2 3E
REERIEE; FN (false negative) T8I VAR I EE AT SR & R BRI, TN (true negative) 8RR EE
I SEPR 2 JE BRI EE. LAk, ST ISR 7 @, Recall. Precision F1 F1 754k 38 & —F1, BD Recall
KT 53 Precision 1 F1 KB K, AT 7 MR HRIE Recall Precision Fil F1 31X 3 4R, fEAK (12) W,
3 TR IR I L PRl 2 B R IR, 40 BESE PR BRI — AN R P OSBRI B R TR, Recall SE
B b SR B AR 58 7V IR R T B SSBRE H b9, 7 VR, FE Recall {HBRK. Y& T Recall C4 W] VLB R —T7
VETE SRBE IR U TH )M R, 75 208 S IR304y, A SUAARIE T Recall (45 5, A D HHE 2 45 vl LA https://
github.com/wfpan/CDAG &b T %K.
24 FLWERRSH
AW HE SRS O T 5 AN AT ) R T S5
o RQI: TER B AL AT 15% 175 RN, CDAG 7& 75 FLBAT J5 72 A 2402
o RQ2: TER B AL top-25 17T A, CDAG & 75 LBl A T i A 302
® RQ3: FNA /BT X BRI R B H 22
® RQ4: A[AMIRALT 5%t CDAG FIMERE R 75 A 50 ?
® RQ5: fEIZ{T R J5 1, CDAG 72 172
BAVZIEE 1 FrRFP B CONL TR EEM . 0 ST He P Fisxt 4 kAT itk 298 2Rk 5%
RIS AR R, TRATHE FEI G T R LA 90 i) R foe B4 S, VRS 56 7 AR R
RQL: fER AL BT 15% 9719 miit, CDAG 2 &5 LA FE A 20
H 87 C A A D SCH AR R 72, AT AT IR FRATHE H 1 CDAG 77745 S8 ISR 12 15 L B 1 7 V22380 R
SUF. BV BIE k BUE 1%-15% (BKN 1%) BIE L, REREAEE AT x|V (V18 CCON H 7 530 1SR
HEOCEEE. B 6 BRI A CDAG K 11 Fixf b 7 iE7E 8 N 15 ANBIME LIS 4 R (Recall
{H). TERE CON B, A TR A DWM A 6] 82 R84 AL

1.0

1.0
0.8 0.8
3006 306
=< 04 <04l P
0.2 02| 4 |
0 . ot
0 2 4 6 8 1012 14 16 0 2 4 6 8 1012 14 16 0 2 4 6 8 1012 14 16 0 2 4 6 8 1012 14 16
k(%) k(%) k(%) k(%)
(a) argoUML (b) jEdit (c) jHotDraw (d) jMeter
1.0 0.40
- 0.35 10
0.30 0.8
= 0.25 2 06
S S 0.
$ 0.20 S
=015 <04
0.10
0.2
0.05
0 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 1012 14 16 0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
k(%) k(%) k(%) k(%)
(e) Mars (f) Maze (g) PDFBox (h) wro4j
—o—g-index —o-PageRankBR —-PageRank - ICOOK < /-index ——k-core
——PageRankIVOL —-ElementRank ——Pride ——MinClass —o-iFit -=-CDAG

Kl 6  Recall@top-k (] DWM A RIZEBIHE AL, &k N E 7t )
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FAEE S AT A M AT HaKa) L4k £ 5 2075

M6 FTHN, 2R DWM iy CON HA [F B RS IRAUR: 1) BF — PO EEEX 8 N REEH 15 AN EE L
WIS B 45 3 2) MBMEE T 15% I, BR T Maze RG22 5h, CDAG fEHAL 7 MRE LT (@AZET) 11
FhXT 79235 3) MERMEM 1% LUK 1% N2 14% 1 FEH, CDAG 7E K& T T (B4 ZET) HAth 11
Ao EL 5 4) TERB 2 BIME AL, CDAG Eb iFit (40 jEdit /£ 1% 1 2% At). ICOOK (Ul jHotDraw [ 2% 1 5% Ab)+
h-index (U1 jEdit ) 2% Ab). Pride (U1 jEdit 1) 2% 4b) B8 2. 25K H OWM EL EWM 2 CCN HAS [F] 2R B 8 A I
B, FRATTHAR 3 T AU 25 R (S5 R & 7 FE 8 Fiw).

VT
7/
0217

0

0.8
1.0 1.0 0.7
0.8 0.8 0.6
~ ~ ~ 05
06 3 0.6 3
S S g 04 A
~< 0.4 ~ 0.4 =03 I
02 02 02 /%////
Vvl
0 0 0'(]) po-o-d
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
k(%) k(%) k(%) k(%)
(a) argoUML (b) jEdit (c) jHotDraw (d) jMeter
1.0
0.9 1.0
0.8
0.7 0.8
= 0.6 -
§ 05 § 0.6
=< 04 S
03 = 0.4
0.2
0.1
0
0.1

0 2 4 6 8 10 12 14 16
k (%)
(e) Mars

0 2 4 6 8 1012 14 16

k (%)
(f) Maze

——a-index

——PageRankIVOL —- ElementRank —— Pride

0 2 4 6 8 10 12 14 16

k(%)
(g) PDFBox

—o-PageRankBR —PageRank < ICOOK ——h-index —+k-core

—MinClass <-iFit = CDAG

0 2 4 6 8 10 12 14 16
k(%)
(h) wro4j

Bl 7  Recall@top-k (fli [l OWM RN FZEE G SIRAL &k NE 73 )

02+ 7

L

0.2 | ¥

0

0.8
1.0 1.0 1.0 0.7
0.8 0.8 0.8 0.6
~ =~ =~ ~ 05
06 3 0.6 3 0.6 p 3
3 3 3 L | g 04
= 0.4 <04 <047} ) 203
0.2 0.2 02 ° 0.2
0 0 0 0'(1)
0 2 4 6 8 10 12 14 16 0 2 4 6 8 1012 14 16 0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
k(%) k(%) k(%) k(%)
(a) argoUML (b) jEdit (c) jHotDraw (d) jMeter
1.
e 1.0 1.0
0.8
0.7 0.8 0.8
= 0.6 ~ ~
§ 83 §0.6 [ [ §)0A6
&= 0. ~< 0.4 v = 0.4
0.3 4 i
0.2
0.1
0
0.1

0 2 4 6 8 10 12 14 16
k(%)
(e) Mars

0 2 4 6 8 101214 16
k(%)
(f) Maze

—o—g-index

0 2 4 6 8 1012 14 16
k(%)
(g) PDFBox

—o-PageRankBR —-PageRank < ICOOK —/A-index —k-core

—+MinClass <-iFit = CDAG

0 2 4 6 8 10 12 14 16
k (%)
(h) wro4;j

——PageRankIVOL —o- ElementRank —— Pride

Kl 8  Recall@top-k (ff ] EWM AA[EIZEE FHEERAL, & AE 73 )

WRTFTIA, &E —FITELEITE 8 MRS 15 AN RME L #RI LT, KR RA T — 25 T AR T iE R
MEREE (8 MRS EBAERE. ik, FA115] N T Friedman K3 (Friedman test)*”. Friedman &5 /& — M2
Bk ie 77 v, AT DURAE AN [F] 5 VELEAS [R5 — A (R BB AL 1) Recall {8, V1 EREE BIE AL AN [R) 77 V276 4N
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2076 WA IR 2026 5 37 K F 5

WU B HRA. AEASC, 12 BT HEA s 9 B, HARRI PAE (23 ME/KF) 12/ T 0.05, X%
WA 45 RAE 8 SR B e (AN R VE 2 1B B 2 57 ), REZ L5k 2 AR R 22 57 T — DN InE R A BOR M
Recall 8, F7m1ZITIEMERERRET. FERRAE Recall (EXIAN R T7 0647 HEA4 6, Friedman A 360K L0 ) 75 45 70 BL B/
KIHEAAE (Rank {8). MIET 9 AT, CDAG 1E 3 FAN A AR 5 2 IBATT 3UF, JIHEAESS 1, B CDAG HUS 1 e df )
BAAPERE.

12 12F
11 + 11+
10 10 +
9+ 9L
- 8 ~ 8t -~
S 7L s =
3 I 7+ 3
&5 6L < 5
6 F
| T
3 I 4
2+ 3r
2
k(%) k(%)
(a) DWM (b) OWM
—o—a-index —o—PageRankBR ——PageRank —+—ICOOK i /h-index —>— k-core

—o—PageRanklVOL —o— ElementRank —o— Pride —=—MinClass —— iFit —o—CDAG

K9 12 B A RIEAUTT T - FHES (Rank@top-k, k N H 4 LLIERY)

HR4E Friedman A2 50 A1 45 1, FRATTRT LA H 4508 TERCEEANBIL AT 15% (9719 550T, CDAG WA 5 BE LT
HAb 7%

RQ2: 7EAG A AN top-25 K7 sl , CDAG 2 75 LA i EA %02

R TAEH IR 15% 1ENRE, ERS T — S B K RS, R EHT 15% FIZRAE 5% o8
2, ARl e &t 2 AR BESE. 5110, PDFBox L4 1318 AN (I 3 Fiar), IR [BI AT 15% MIZE8 84450 198
ANAE IR GRS, SR Z R G LR & 12 DN FLIERIJGHESS. ik, 198 Mg ik S5 93.9% #B & AR 4.
FEARAS o, FATSIEBE & BUE 1-25 CEKA 1) BRI (RS R AR top-k FIZERE 1% 1k S 25, LIS &7
TETE QU 2 AR /b (28 [ v RE. 1 10— 12 BRI AT 757 CDAG & 11 Bkt B 5 iR 7E 8 MR, 25 MR
B FBUFIEE R (Recall 1H).

1.0 1.0
0.9
0.8 0.8
0.7
= 06 06
3 305
3 04
< 04 = 8,3
0.2 02
0.1
0 0
. . . . . =0.1
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
top-k top-k top-k top-k
(a) argoUML (b) jEdit (c) jHotDraw
Lo 0.60 o
038 033 08 |
0.45
~ 040 06
15 3
& 8%(5) & 04+ /
T A
0103 0 ‘
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
top-k top-k top-k
(e) Mars (g) PDFBox (h) wro4j
—o—g-index —o—PageRankBR —-PageRank - ICOOK - h-index ——k-core

—-PageRankIVOL —- ElementRank ——Pride —+MinClass <-iFit = CDAG

10 Recall@top-k (1 F DWM NSRS AL & A
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HEF F AT ESAAG] AKXt KR A

Recall

O OO0 OOOoOo-
—o—whrboawwoo

Recall
S LCoLooooooo—
—O=NWREAULNALINROD

2077

ML 10 A%, 24K H DWM A CCN HOAR[RISEAY RS & AT 1) WA —FP 7k EIX 8 A RGN 25 MRIMA
AEERERAR T S UF LS, 2) 7F argoUML &R4iH, CDAG BT (BIAZET) HAth 11 Fixt HhJ7vE; 3) B argoUML &
i 4, CDAG TEHB 4> BI{E AL EE iFit. Pride. MinClass. ICOOK. k-core. h-index 257777, 4% OWM B, EWM
79 CON AN [ R & S8 BRI, FRAT T A5 38 1 Al &6 3L (&5 R wn& 11 FIE 12 FoR).

1.0 1.0 1.0
0.9
0.8 0.8 0.8
0.7
~ 0.6 = 0.6 < 0.6
g g §0s
S04 Soat S04
0.2 02r 0.2
¥ 0.1
0 0 0
$0.1
0 5 10 15 20 25 0 5 10 15 20 25 5 10 15 20 2§ 0 5 10 15 20 25
top-k top-k top-k top-k
(a) argoUML (c) jHotDraw (d) jMeter
0.60 1.0
b
043 08
0:40
<1 408
g 023 g
s O S 0.4
0.20
ik .
0:08 02r
—0.05 0
—0.10
0 5 10 15 20 25 0 5 10 159820 25 5 10 15 20 25 0 5 10 15 20 25
top-k top-k top-k top-k
(e) Mars (f) Maze (g) PDFBox (h) wro4j
——a-index —o-PageRankBR —-PageRank +ICOOK - /-index - k-core
—-PageRanklVOL —-ElementRank ——Pride ——MinClass —-iFit ~ —=-CDAG
B 11 Recall@top-k (ffi 1 OWM N7 [ 2R AL L A A
1.0 1.0
0.9
0.8 0.8
0.7
_ 0.6 06
3 05
S04 S04
0.3
0.2 0.2
0.1
0 0
0.1

0 5 10 15 20

0 5 10 15

0 5 100 15 20 25

top-k top-k top-k top-k
(a) argoUML (c) jHotDraw (d) jMeter
0.65 1.0 1.0
%
823 0.8 0.8
04 0.6 0.6
3 8%8 3 . 3
o < <
< 0235 S04 S04
i ) )
8: (1) (5) 0.2 4 s ﬁL@/ 0.2 .
0 e 0 000 0
. . . —0.05 . . . . . . . . .
0 5 10 15 20 25 0 5 10 15 20 25 0 ) 10 15 20 25 0 5 10 15 20 25
top-k top-k top-k top-k
(e) Mars (f) Maze (g) PDFBox (h) wro4j
——a-index —o-PageRankBR —-PageRank < ICOOK ——/-index —k-core

——PageRankIVOL —- ElementRank —— Pride

—+MinClass —-iFit

—~~CDAG

12 Recall@top-k (¥ F| EWM N AR 8 A TR A

5 RQ1 2L, FATTHAEH Friedman i 503E— 5 /0 B A TR 5 AR AR (8 MRS LAk dEae. 12
FhOF R HEA A 13 B, HAIRE PAE TN T 0.05. IXFRIAFRA RIS RIBL RS (AR EZ mEHE
ZE5), B 72 (A AP AE R 22 5. B 13 T4 1) 24 F DWM AR AR A BB, CDAG B &+ 3
il 11 FhJ5ik, IUTE top-14+ top-15 AbME 2= T iFit J7ik; 2) /£ OWM Al EWM Fi A AN [ I AE & 2R AU BT UF,
CDAG 5 iFit AH LR, (H2 B B T HAth 10 Fix b 7732

©
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2078 HAFFIR 2026 F5F 37 AF 5 A

AT G HLGT B CDAG 5 iFit PR RE, JA1E— P T CDAG AL iFit i Win/Tie/Loss {6 (G T
Friedman &% i 45 5D, 45 R I0% 4 P, 7£% 4 #, Win {578 CDAG T iFit BIIKEL, Tie (ARRHEA 51k
Recall fA—HEHIIREL, Loss {H#E 7~ CDAG Z T iFit 11X %, DWM/OWM/EWM X3 CCN i AN [R5 KA [
BAIHIHE AT, N2 4 T4, 7 DWM TR T T, CDAG 7E 20 BB AL T iFit 535, 16 3 MEIME AL S iFit #
fe—FE, 75 2 MEIE AT iFit J7ik; £ OWM AT AR, CDAG 7E 14 AN BMEAME T iFit ik, 78 3 AN RME A
5 iFit YERe—FF, 78 8 NMR{EL S T iFit 51k 72 EWM BT 20T, CDAG 1E 13 MRME AT iFit 773, 75 14
HE AL iFit HERE—FF, 72 11 ANBIHEA S T iFit 77ik. ik, WK S, CDAG 7E 47 ANBHEAME T iFit 77i%, 78
7 ANRMEAL 5 iFit PEAE—RE, 76 21 MRMEAL S T iFit J7i%; #5 2, CDAG 7£ 54/75 MR AL A 2T iFit.

12 12+ 12 -

: (1) nl W ¥

9 10 - R 10 - :

8 R - 9t %

N v

=< 7 = ~ 8t
£ . g 5,
< x 5] [

5 6

4

5

3

2 4|

1 3r

0 L L L L L L L L L L 2 L L L L L

0 5 10 15 20 25 0 5 10 13 20 25 0 5 10 15 20 25
top-k top-k top-k
(a) DWM (b) OWM (c) EWM
—o—a-index —o—PageRankBR —~—PageRank ——ICOOK ~ —+— /-index —>— k-core

—o—PageRankIVOL —o— ElementRank —o— Pride —+—MinClass —o—iFit —o—CDAG
13 12 FIPEAEA R T P84 (Rank@top-k)
# 4 CDAG HIH iFit ff) Win/Tie/Loss {&

LD DWM OWM EWM it
Win 20 14 13 47
Tie 3 3 1 7
Loss 2 8 11 21

FR 4 Friedman f56 (1945 A Win/Tie/Loss {H, FATTHT LAMS H&518: fEA B AT top-25 (971 fil, CDAG M
BAKT & W F 0T HoAh 77 7%,

RQ3: B M i TS8R 20 & B 3H 302

WE 1.3 WATR, A SIS W T CON A GEN R ki Sei s (Wb HEr 45 ) AT, ek
o, AVKAS I Z A ERAE RSB R Nk, BATE CDAG i <HE 745 F A0 B s, M T — Pt i e it
FR A 772 CG (identifying key classes using gravitational formula), 3814 %tk CDAG #1 CG fE[A—AN &G, [H—
AN BRME AL Recall fERATTS A BRIERIBCR . 5 E3CEREL BAT ks 7 BEA I 15% (7T 15%) FlSEA
HEIT 25 (top-25) PIFME L T RIS SR (G5 R WKl 14 RIE 15 FioR).

k (%) k(%) k (%)
(a) DWM (b) OWM (¢) EWM

—o—CG (argoUML) —o— CDAG (argoUML)——CG (jEdit) —v—CDAG (jEdit) —<—CG (jHotDraw)—>— CDAG (jHotDraw)——CG (jMeter) —o—CDAG (jMeter)
—o-CG (Mars)  —+CDAG (Mars)  —o—CG (Maze) = CDAG (Maze) —o—CG (PDFBox) —+—CDAG (PDFBox) —v—CG (wrodj) —<—CDAG (wro4j)

K 14 CDAG vs. CG (Recall@top-k, k 975y ELFER)
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BAAE S AT A M AT HaKa) L4k L5 2079

1.0 F
0.8
S 0.6
S
S04t
0.2
0 C L L L L L L L L L L C L L L L L
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
top-k top-k top-k
(a) DWM (b) OWM (c) EWM

—o—CG (argoUML) —o— CDAG (argoUML)——CG (jEdit) —v— CDAG (jEdit) —<—CG (jHotDraw)—>—CDAG (jHotDraw)——CG (jMeter) —o—CDAG (jMeter)
—o-CG (Mars)  —+—CDAG (Mars)  —o—CG (Maze) = CDAG (Maze) —o—CG (PDFBox) —+—CDAG (PDFBox) —v—CG (wrodj) —<—CDAG (wrodj)

El 15 CDAG vs. CG (Recall@top-k, k J9HEHIL )

RN E R, B 14 FTE 1S 8 TEEME S T CDAG M CG 7E 8 MR & Xt th &5 1. ik 4 R
5 AR (10 CG (argoUML)), R H B[R — AR CDAG F1 CG L IAIHEAT. AE] 14 FIE 15 145
Ruln, A RS . EFTA RMEL, CDAG LT AR CG.

M CDAG 5 CG X Eb 45 B a] 0 FEA B AL BT 15% (R top-25) I s, A ShAS 0 % 4 SR 3t AT A4k
BT 2T CDAG J7 P Ag.

RQ4: ARIFIRA T 2% CDAG HIVERE & A 522

A 3 Ry CON A R ZE B B A AL A (5) RN, AR 2 F 2 BRI 281 GEN H. &
A IS FIFRIIRAUTT 2% CDAG J73: P RE IR,

ME 6 8 AT 41, TEA R HIEAL T KT, CDAG TE Rl —A™ & 4t (1) 324N RE 8 BB Ak S AR 80 B A A8 R B4E. 4510
1t argoUML BJBME k=2% &b, CDAG TEA [F AL 77 20T E 7351 72 0.500 (DWM). 0.667 (OWM) Fi1 0.583
(EWM), iX S6 i HASAH [F]. 3% 5% B AN [ FRTAS 7 =00 65 A — & 2 mm. e b, A3 Friedman #5363 — 25 43 4
EBANMIRE 8 N FRS) L, AR 4 CDAG HAERIRIT. CDAG 72 A R X F KP4 e 16
FioR, FARE) PAE (B MK ¥ KT 0.05, X R BAT S Feie 2 R 8%, BIRR 72 (a3 AT 38 22 5

24 r —o—DWM 267 —o0—DWM
—o—0OWM R
——EWM
22
=
5]
=20+t
1.8 F
0 2 4 6 8 10 12 14 16 0 5 10 15 20 25
k(%) top-k

Kl 16 CDAG JEfEAFBAUT R 1P HE4
M4 Friedman #8536 19 45 R BARRL I P AE, AT LA 4548 AN IF IR AL 500 CDAG YRR IH 2%
RQS: TEIZAT % Ji T, CDAG #2& 75 A 472
Py —Fsiz i S B 2R N 7%, CDAG 7 2 B 1A R (4 R 4t h i 202 A7 A8 7). 9 T 9Ffl CDAG

(2, FATBRER 7 HAE 8 SRR AR b HEAT S SRS IR AR ST (] Vi .
MIE 1 R, CDAG IS [B]THAE T ZORIET 5 AN B (1) SR G B, TR A S, (2) TR A 2K
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2080 HAFFIR 2026 F5F 37 AF 5 A

GEN 8, F-0 4% 18 GEN H T RE P HES; (3) SRELIEFE; (4) PuAT I 1] LAIRBUHAT SUZE; (5) S BT duAT 30
75 ASRE 1 9% 28 S 284, R0 SRAERAT Y 78, R0 45 Rk T Ak,

M 5 TR 78 8 AL Z4 b, CDAG ¥JAT AAE 35.5 min 58 <43 R I 5%, CDAG £ jEdit &% L
it %2, 4] 35.46 min; 7 wrodj R4 EAERT B/, AU T 40 3.53 min. BEAk, BAFRATA B I A 1 B0 LK,
AT — A IR B R RERT 351 7E 22.98 5. 4 T H& = S 6 (R85 R, I 9 AR BAUA T R e S 6 2 1Y) 10 A A e )
— I A B LR SE . B S 22, 3R 5 R (4) XA AT AR 23X 10 AN 2B FR R 55 22 (R AN 2 AR (W R N . 78
% 51, PDFBox Fl wrodj 3 (3) ¥/ FIFERT v 0, iX R ERFAEARAE GUI 3AF, TAEA T IR 4 & B
PRI A, XSS A AT E T 10 ZATLAENS S, Ioh, #EE M BATH 12 DWM X FIEAUT 2.

TESEI0 I AR P AT TR I, BT T8 I B S AT 5, AR B0 2 AT = ARFERS TR (9, D9 T 1R 31 jEdit (VB
1091 N35) K2, CDAG Ht 4 FEIT 2 35.46 min. & RS K, ThAEE %, CDAG R 5 H A e 2%
VG REIT T 2 (R AR T EA SR AR G4 B BT 55, 33K a5 ) ) B I8 2 AT DA 32 1. b ah, RATTIE v] LLE R G
2R R IRERAT P2 I AR RN FE R, X AR T AE RGBT IR R BAT B, AT kit <SRBI A ) A et
W32 B3 B AN B 9 FE IS R ER T, SRR 1T 48 7 V258 47 IR 1)

5 CDAG EASLI R G E RN EHFE (s)

FEIH 4> argoUML jEdit jHotDraw jMeter Mars Maze PDFBox wro4j
(€)) 37.3 43.4 17.3 12.4 40.2 1.1 28.5 132
2) 22.8 112.4 21.8 2.9 72.7 0.3 183.8 243
3) 1028.7 1623.1 819.1 1664.8 945.3 648.6 0 0
4) 282 324 210 225 528 108 299.5 169.3
5) 67.2 24.8 9.1 9.4 387.7 24.5 1440.3 4.99

SAFEI 1438.0 2127.7 1077.3 1914.5 1973.9 782.5 1952.1 211.79

HRAEXT CDAG 755560 R G0 I [ #E K 08T, AT T0] LIS 4518 CDAG 1EIZ 17 30 J7 i & 1 LA 32 11,
2.5 BHMEHHF

AT MAIE R et PR RIS 2t 3 A5 T S8 BT AR 45 SR A skt

(1) KA 2

I R 2 B O S5 P F I P8 An 2 VR R B T AR RS, AU GEN WA S S E A, IF
18 Recall PPN 57 P RE. o, GEN MIRAES5 K £ BE T 2K 1 35 B Recall & [F) 28 A o5 it 51 FH (I 0PA
b, 2B R R R R 1 S BE2E LU ). A T R GEN FI Recall {615 FIHERATE, Wk w3 A 2otk
S, FRATTX TR S BARRL AT T 78 43 AR,

(2) WA &k

DY A 280 A B G S e — e b 3y O 4 R . ZESE 1.3 AR, T R S T A M I
) B T TS VR R HE A B0 A, FRATTR A 1R IMEAL BRI R, IXSERR ESR AR — MR R R
BRI bt TT LLSR F B ATLRS s 7 B 0 7 2, B 7 A R T Y LA 2R R, BERLIE — MR B AT SR
1A, AR A B BEALE —ANMEREATTRRIEE 2 4, LR BR_RIX &SI N—ERBEHLYE, SEOREH Recall
THAE P IRMAL FIE AT 45 BHEA R BIMEIZAT 1000 YR ISAE, HI0 1L 8 4o 5N GZ 1) 1000 IRIER A A
S R oL A T BRI RN, FRATRA 7RI EA B 7 =K.

(3) A R

AN RO SRS T . A S T 8 A Java JT R TR TR H A SEI & it A SC sz
AR ISR T BECVE BT B AR Java REEUATE RS (HRIX 8 AN RS V2 N E B IR AT 7L,
AR AR, S5, B — &M 2R AR RN, 65— fL R BT LLgi b X Rl et g sebr b,
XA R A R A7 AE T SRR 7T P AR R SR TAE R, ALK A 78 J& B IR Java RG0LA KR Java RS
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EAAE S AT A M AT haKa) L4 £ 5 2081

3 HBXR

eI 22/ 10 249, WFAE I T KER 5 EA T IR [ SR (22 Java BAF) HR OGS, XLt
JEREAT LAAr P2 ol B 2 o) ik g I B 2 > .

T MBS 2 5] 5 0 T IR R SR R PR A D %, 3 T A S PP 28 T ) e e, R I 2 HE AN
i SE P S R HIIR . Zaidman 28 N N8 BETHEHE AT (execution scenarios) SKUSCEE B HIZE AT B, Bt
TR 2 2B AR M 1, FFA ) HITS Sk SRR BBV, Perin 28 N 1PN 0 25 20 M M) 2 840 # I, I ) PageRank
SR B A P RS, A I A N VR A A e N U e At Pl e 2 2R 2 2 ) R ARl < &R, 3 T >R
PageRank. /1 #6550 a $RE0EEARbR T B2 00 5 B0, SFIMad B E IR0 8. Steidl 5 N IR H T B0 B0 4 5 P A
B IfAfF HITS. PageRank 252 Fli A BF B AR B b 2845 A B k. Meeyer 25 A UM B 1E3th o EALTE 1A I
% 3 k-core 2} iR T2 BUIRAE L (coreness), T IR R S 3. 2B S5 N VAR F A FRAR S AR 70 sk
TR R G, IR F e — BN 510k AR 0 B Pan 25 N UM T — BRI S48 2K (1) ICOOK
i GITER R T RGOMBUE A AR, HAR- I T —Fh— Ml k-core 3 A J7VE SRV i — b %3
(generalized coreness), 3t LA — AL A% BRI A BB IR S5 425, Sora 25 A\ U72O5EF PageRank 5325 M H:
A4k (PageRankBR) R CHESS, IHF Kk T —EXRMRHEIER G, B R WO F K\ 0158 St 2 AR 1 H 4544, Do
Nascimento Vale 2 A\ BT 4 1E R GHATIR AR RIS T, 32 T — 4N Keecle B2 E 317715, FIT I &
b oS, Pan S N USRI T — Bl T 2 2 H0E 48 1 S8 25U 7 72: ElementRank. %7 VA M B 12K 2 1)
Z JZ AW 4, FEAEH PageRank By S8 — 2 W45 o2 i (0 S5 200, bl it R A RAE R EME BN, £
BRI E B, Liu 28N PRI 7 —Fh OGS IR 51 757 PageRankIVOL. i% )77 7E PageRank [f3E Rl i —
o2 B T IBURT N 46711 st Hiox 28 B AR5 (B2 ). Pan %5 A\ PI7E PageRankIVOL (56 B3 H T —FhoGi i1 51
J51% Pride. %5 iETE NN R HE— 20 18 T 4% h 1 S B BB L 28 B B R S A BE F 5. Li 45
N PR T — R SC R K) MinClass 715 1% 07 008 Bl GOSN 2%, JE 55T ME St 8 T — ANV
HE BV FEFR OSE. Pan 2 N PRI T —Fh IS AR5 572 iFit. %7 A T 28U 1R A R 3
T PageRank HyEFYEL 37 FIMESHR_ H T — NEEREBEMRITER CG.

A W 2 2] 5 RS T B AR bR AR ML 2% 25 ) H AR 43 2 2% AT S8 25, Osman %5 A\ P F— 4L it
FRFF (design metrics) ZIEI 2 [ RFAE, JFRF X Lo brE JMLAS % 21 4 3R RRAE RN 2R o0 B R T A Y . Thung 55
NPz 7 — AU 483645, F5 Osman 25 N BB FE RS &, 1 L AR 31 70 JE 8% MIRRAE LA I 45 S 2 T
B Yang 25 N PP H T — R T 4188 2 o1 10 S B ISR J7 i MCCondenser, M 36 [7) T2 75 21 1) 24 Pl 16 4
PN, AT N PO T — Pl T R e 4 I 4 P S B SRR T . SR, o B S T VR M T A b
ZMBARLE. £ — A RADAEAE IR MEIRLE, WA 580G oA F. R, IUA 18R A7 70 ™ B AR
A i R 5140, AE JEdit B, SREER AR S R GERE 0.641 6%, IXAEAF TR o<l R AT 4L O
—ANHERE, RISt PR T X IR IR .

AR ) CDAG J5iE AR T Ar 28 K B SR AL AR 27 2 SR M e 2 2528, DR & T o s & 2 ) vk,
{22, CDAG 534 MG B 5 2] 5 XAFE— S X 5, EZAHE: 1) A TAEFEAE R AR T2 2 [ 1) B K
L FOR M 2 A B BLAR b B, A FR R a RS U, B T R AR R R T
A G (R (B A R 5550 BUINALE (BLEARE (K11 EAUERT), 5T PageRank SEf( 5z 1011517202324
FEHRE T EEMERT 5 A AR T o B IR BTy VA R 2 R L R AR B N T s 2 ) R R,
A LN R AT B T S EARAEZE B 5. FRATISR Y GEN T8 FRERE5 1 T 282 8] ) (R B2 5l & F0 4
JE 1T RURE A3 AT 1) 2o R VOGS SIS B M R R, AT AT LA S 4 T R 220 ) D) 4 R ST I A AR AE S RS ) B
. 2) H AT T3040 W B 88 2 R 50 5 T A TAEAR D (721, B35 2R SR T A A Ak 49 4, B R SR it Dk
BIRSREC V2, PRI P R R 2. b, LA TAE AR XS B A SREUK R EHATY 72, AAEBR R K
Bor. FRATTHE H A DS A R IO v B — e & v, v TS 83N A o i A S B LA, R, A SCHR ISR &R
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FEIRME T LAAT UG A RS SRBRIS A )L. 3) BAAT AR R BEKE SIS A AN S o0 46 A ie ok, A T IEE A 3h 2
Gy M T U AR SRR R SEACRE™, I P A 7 W ik« 4™ AR s RO S R SR SR 2 ) 1) AL AR ST A
BNASIIHT B T T A W A0 G5 R EEAT Ak, AT 1 2 A8 e 8 25 7 A7 0 222 00 0 0 2 < AN Y T e, 48
T RBEI I R

4 FRANMT—HIE

AR T — AR T2 70 W B 5 0 2 A R IR R T 125, 3 1 0 25 0 W A S SRS Tl AR R 5, T
BTN G| 323 A 5] T3R8 bR LR I B B, HE T SR B B AW HE . RN, ASCHI A B iR
WARISATIN R W LSS B R &R, HEMTN AT S5 R BT DAk, Il € B RO g AR R i 2K, 15 3 ik
MISCHEE. 8 NITIR Java Bt b SCEe 45 RR W, AR EAGBILHT 15% (81 top-25) 975 i, CDAG M EE AT &
BT H AT LT (B ot 45 REEAT AL A B T4 T+ CDAG T3 Mk RE; AR HIEAUT 205k CDAG
(R BE A 235 52 0; CDAG TEISAT R B T A2 1.

FET 0 TAE R, BATIHRIAE At AR Java BAFBPAVREAE PGS CDAG J7vARIA 2. BhAh, JATHURT 7e i
SN ENEDHTELF K455 77 2 0B IO EAT 2 B, BUE— P 3 G U A RCR.

References

[1] Bennett KH, Rajlich VT. Software maintenance and evolution: A roadmap. In: Proc. of the 2000 Conf. on the Future of Software
Engineering. Limerick: ACM, 2000. 73-87. [doi: 10.1145/336512.336534]

[2] Cornelissen B, Zaidman A, van Deursen A, Moonen L, Koschke R. A systematic survey of program comprehension through dynamic
analysis. IEEE Trans. on Software Engineering, 2009, 35(5): 684—702. [doi: 10.1109/TSE.2009.28]

[3] Yang YM, Xia X, Lo D, Bi TT, Grundy J, Yang XH. Predictive models in software engineering: Challenges and opportunities. ACM
Trans. on Software Engineering and Methodology, 2022, 31(3): 56. [doi: 10.1145/3503509]

[4] Maalej W, Tiarks R, Roehm T, Koschke R. On the comprehension of program comprehension. ACM Trans. on Software Engineering and
Methodology, 2014, 23(4): 31. [doi: 10.1145/2622669]

[5] Pan WF, Ming H, Kim DK, Yang ZJ. Pride: Prioritizing documentation effort based on a PageRank-like algorithm and simple filtering
rules. IEEE Trans. on Software Engineering, 2023, 49(3): 1118-1151. [doi: 10.1109/TSE.2022.3171469]

[6] Zaidman A, Calders T, Demeyer S, Paredaens J. Applying webmining techniques to execution traces to support the program
comprehension process. In: Proc. of the 9th European Conf. on Software Maintenance and Reengineering. Manchester: IEEE, 2005.
134-142. [doi: 10.1109/CSMR.2005.12]

[7] Zaidman A, Demeyer S. Automatic identification of key classes in a software system using webmining techniques. Journal of Software
Maintenance and Evolution: Research and Practice, 2008, 20(6): 387-417. [doi: 10.1002/smr.370]

[8] Zhou YM, Xu BW. Dependence structure analysis-based approach for measuring importance of classes. Journal of Southeast University
(Natural Science Edition), 2008, 38(3): 380-384 (in Chinese with English abstract). [doi: 10.3969/j.issn.1001-0505.2008.03.004]

[9] Pan WF, Ming H, Chang CK, Yang ZJ, Kim DK. ElementRank: Ranking Java software classes and packages using a multilayer complex
network-based approach. IEEE Trans. on Software Engineering, 2021, 47(10): 2272-2295. [doi: 10.1109/TSE.2019.2946357]

[10] Pan WF, Kessentini M, Ming H, Yang ZJ. EASE: An effort-aware extension of unsupervised key class identification approaches. ACM
Trans. on Software Engineering and Methodology, 2024, 33(4): 84. [doi: 10.1145/3635714]

[11] Pan WF, Wu W, Ming H, Kim DK, Yang JK, Liu RC. Improving the condensing of reverse engineered class diagrams using weighted
network metrics. In: Proc. of the 46th IEEE/ACM Int’l Conf. on Software Engineering: Companion Proc. Lisbon: ACM, 2024. 374-375.
[doi: 10.1145/3639478.3643520]

[12]  Yau SS, Collofello JS. Design stability measures for software maintenance. IEEE Trans. on Software Engineering, 1985, SE-11(9):
849-856. [doi: 10.1109/TSE.1985.232544]

[13] Perin F, Renggli L, Ressia J. Ranking software artifacts. In: Proc. of the 4th Workshop on FAMIX and Moose in Reengineering, 2010.
1-4. [doi: 10.7892/boris.4966]

[14] Wang MS, Lu HM, Zhou YM, Xu BW. Identifying key classes using A-index and its variants. Journal of Frontiers of Computer Science
and Technology, 2011, 5(10): 891-903 (in Chinese with English abstract).

[15] Steidl D, Hummel B, Juergens E. Using network analysis for reccommendation of central software classes. In: Proc. of the 19th Working

© TEBREEEEIEDT  htp/ www. jos. org. cn


https://doi.org/10.1145/336512.336534
https://doi.org/10.1109/TSE.2009.28
https://doi.org/10.1145/3503509
https://doi.org/10.1145/2622669
https://doi.org/10.1109/TSE.2022.3171469
https://doi.org/10.1109/CSMR.2005.12
https://doi.org/10.1002/smr.370
https://doi.org/10.3969/j.issn.1001-0505.2008.03.004
https://doi.org/10.3969/j.issn.1001-0505.2008.03.004
https://doi.org/10.3969/j.issn.1001-0505.2008.03.004
https://doi.org/10.1109/TSE.2019.2946357
https://doi.org/10.1145/3635714
https://doi.org/10.1145/3639478.3643520
https://doi.org/10.1109/TSE.1985.232544
https://doi.org/10.7892/boris.4966

EAEE S AT A AT HaKa) L4k L5 2083

Conf. on Reverse Engineering. Kingston: IEEE, 2012. 93—102. [doi: 10.1109/WCRE.2012.19]

[16] Meyer P, Siy H, Bhowmick S. Identifying important classes of large software systems through k-core decomposition. Advances in
Complex Systems, 2014, 17(77): 1550004. [doi: 10.1142/S0219525915500046]

[17] Sora I. A pagerank based recommender system for identifying key classes in software systems. In: Proc. of the 10th IEEE Jubilee Int’l
Symp. on Applied Computational Intelligence and Informatics. Timisoara: IEEE, 2015. 495-500. [doi: 10.1109/SACIL.2015.7208254]

[18] Jiang SJ, Ju XL, Wang XY, Li HY, Zhang YM, Liu YQ. Measuring the importance of classes using UIO sequence. Acta Electronica
Sinica, 2015, 43(10): 2062-2068 (in Chinese with English abstract). [doi: 10.3969/j.issn.0372-2112.2015.10.027]

[19] Pan WF, Song BB, Li KS, Zhang K1J. Identifying key classes in object-oriented software using generalized k-core decomposition. Future
Generation Computer Systems, 2018, 81: 188-202. [doi: 10.1016/j.future.2017.10.006]

[20] Sora I, Chirila CB. Finding key classes in object-oriented software systems by techniques based on static analysis. Information and
Software Technology, 2019, 116: 106176. [doi: 10.1016/j.infsof.2019.106176]

[21] Do Nascimento Vale L, de Almeida Maia M. Key classes in object oriented systems: Detection and assessment. Int’l Journal of Software
Engineering and Knowledge Engineering, 2019, 29(10): 1439-1463. [doi: 10.1142/S0218194019500451]

[22] LiH, Wang T, Pan WF, Wang MC, Chai CL, Chen PY, Wang JL, Wang J. Mining key classes in Java projects by examining a very small
number of classes: A complex network-based approach. IEEE Access, 2021, 9: 28076-28088. [doi: 10.1109/ACCESS.2021.3058450]

[23] Liu SR, Guo ZQ, Li YH, Lu HM, Chen L, Xu L, Zhou YM, Xu BW. Prioritizing code documentation effort: Can we do it simpler but
better? Information and Software Technology, 2021, 140: 106686. [doi: 10.1016/].infsof.2021.106686]

[24] Pan WF, Du X, Ming H, Kim DK, Yang ZJ. Identifying key classes for initial software comprehension: Can we do it better? In: Proc. of
the 45th IEEE/ACM Int’l Conf. on Software Engineering. Melbourne: IEEE, 2023. 1878-1889. [doi: 10.1109/ICSE48619.2023.00160]

[25] Osman MH, Chaudron MRV, Putten PVD. An analysis of machine learning algorithms for condensing reverse engineered class diagrams.
In: Proc. of the 2013 IEEE Int’l Conf. on Software Maintenance. Eindhoven: IEEE, 2013. 140-149. [doi: 10.1109/ICSM.2013.25]

[26] Thung F, Lo D, Osman MH, Chaudron MRV. Condensing class diagrams by analyzing design and network metrics using optimistic
classification. In: Proc. of the 22nd Int’l Conf. on Program Comprehension. Hyderabad: ACM, 2014. 110-121. [doi: 10.1145/2597008.
2597157]

[27] Yang XL, Lo D, Xia X, Sun JL. Condensing class diagrams with minimal manual labeling cost. In: Proc. of the 40th IEEE Annual
Computer Software and Applications Conf. Atlanta: IEEE, 2016. 22-31. [doi: 10.1109/COMPSAC.2016.83]

[28] Zhou CY, Zeng C, He P, Zhang Y. GKCI: An improved GNN-based key class identification method. Ruan Jian Xue Bao/Journal of
Software, 2023, 34(6): 2509-2525 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/6846.htm [doi: 10.13328/j.cnki.
j0s.006846]

[29] Brito E Abreu F, Gouldo M. Coupling and cohesion as modularization drivers: Are we being over-persuaded? In: Proc. of the 5th
European Conf. on Software Maintenance and Reengineering. Lisbon: IEEE, 2001. 47-57. [doi: 10.1109/CSMR.2001.914968]

[30] Brito E Abreu F, Pereira G, Sousa P. A coupling-guided cluster analysis approach to reengineer the modularity of object-oriented
systems. In: Proc. of the 4th European Conf. on Software Maintenance and Reengineering. Zurich: IEEE, 2000. 13-22. [doi: 10.1109/
CSMR.2000.827300]

[31] Kang DZ, Xu BW, Lu JJ, Chu WC. A complexity measure for ontology based on UML. In: Proc. of the 10th IEEE Int’l Workshop on
Future Trends of Distributed Computing Systems. Suzhou: IEEE, 2004. 222-228. [doi: 10.1109/FTDCS.2004.1316620]

[32] Newton L. The Principia: Mathematical Principles of Natural Philosophy. Berkeley: University of California Press, 1999.

[33] Ma LL, Ma C, Zhang HF, Wang BH. Identifying influential spreaders in complex networks based on gravity formula. Physica A:
Statistical Mechanics and Its Applications, 2016, 451: 205-212. [doi: 10.1016/j.physa.2015.12.162]

[34] Liu ZM, Huang BN, Hu XG, Du PB, Sun QY. Blockchain-based renewable energy trading using information entropy theory. IEEE Trans.
on Network Science and Engineering, 2024, 11(6): 5564-5575. [doi: 10.1109/TNSE.2023.3238110]

[35] Lee J, Kim DK, Kim S, Park S. Decomposing class responsibilities using distance-based method similarity. Frontiers of Computer
Science, 2016, 10(4): 612—630. [doi: 10.1007/s11704-015-5001-5]

[36] Christakis NA, Fowler JH. Social contagion theory: Examining dynamic social networks and human behavior. Statistics in Medicine,
2013, 32(4): 556-577. [doi: 10.1002/sim.5408]

[37] Stanford Parser. 2024. https:/stanfordnlp.github.io/CoreNLP/parser-standalone.html

[38] van Hoorn A, Waller J, Hasselbring W. Kieker: A framework for application performance monitoring and dynamic software analysis. In:
Proc. of the 3rd ACM/SPEC Int’l Conf. on Performance Engineering. Boston: ACM, 2012. 247-248. [doi: 10.1145/2188286.2188326]

[39] Kieker. 2024. https://kieker-monitoring.net/

[40] Garcia S, Fernandez A, Luengo J, Herrera F. Advanced nonparametric tests for multiple comparisons in the design of experiments in

© TEBREEEEIEDT  htp/ www. jos. org. cn


https://doi.org/10.1109/WCRE.2012.19
https://doi.org/10.1142/S0219525915500046
https://doi.org/10.1109/SACI.2015.7208254
https://doi.org/10.3969/j.issn.0372-2112.2015.10.027
https://doi.org/10.3969/j.issn.0372-2112.2015.10.027
https://doi.org/10.3969/j.issn.0372-2112.2015.10.027
https://doi.org/10.1016/j.future.2017.10.006
https://doi.org/10.1016/j.infsof.2019.106176
https://doi.org/10.1142/S0218194019500451
https://doi.org/10.1109/ACCESS.2021.3058450
https://doi.org/10.1016/j.infsof.2021.106686
https://doi.org/10.1109/ICSE48619.2023.00160
https://doi.org/10.1109/ICSM.2013.25
https://doi.org/10.1145/2597008.2597157
https://doi.org/10.1145/2597008.2597157
https://doi.org/10.1109/COMPSAC.2016.83
http://www.jos.org.cn/1000-9825/6846.htm
http://www.jos.org.cn/1000-9825/6846.htm
http://www.jos.org.cn/1000-9825/6846.htm
https://doi.org/10.13328/j.cnki.jos.006846
https://doi.org/10.13328/j.cnki.jos.006846
https://doi.org/10.1109/CSMR.2001.914968
https://doi.org/10.1109/CSMR.2000.827300
https://doi.org/10.1109/CSMR.2000.827300
https://doi.org/10.1109/FTDCS.2004.1316620
https://doi.org/10.1016/j.physa.2015.12.162
https://doi.org/10.1109/TNSE.2023.3238110
https://doi.org/10.1007/s11704-015-5001-5
https://doi.org/10.1007/s11704-015-5001-5
https://doi.org/10.1007/s11704-015-5001-5
https://doi.org/10.1007/s11704-015-5001-5
https://doi.org/10.1007/s11704-015-5001-5
https://doi.org/10.1007/s11704-015-5001-5
https://doi.org/10.1007/s11704-015-5001-5
https://doi.org/10.1002/sim.5408
https://stanfordnlp.github.io/CoreNLP/parser-standalone.html
https://stanfordnlp.github.io/CoreNLP/parser-standalone.html
https://stanfordnlp.github.io/CoreNLP/parser-standalone.html
https://doi.org/10.1145/2188286.2188326
https://kieker-monitoring.net/
https://kieker-monitoring.net/
https://kieker-monitoring.net/

2084 HAFFIR 2026 F5F 37 AF 5 A

computational intelligence and data mining: Experimental analysis of power. Information Sciences, 2010, 180(10): 2044-2064. [doi: 10.
1016/j.ins.2009.12.010]

FiFh 32538 3k

[8] JAGREA, 48 3. 2 TR M /0 I (2R BB B 7. R K240 (A ARFHER), 2008, 38(3): 380-384. [doi: 10.3969/.issn.
1001-0505.2008.03.004]

[14] A, S, S, 430 FIA b SO SURT A B SR DGR, THEHLRLE HIR R, 2011, 5(10): 891-903.

[18]  Z=RUB, ¥ K, D40, =G5, Skattly, XIFAL. 5 UIO P oI B SR i 7244, 2015, 43(10): 2062-2068. [doi: 10.3969/
j.issn.0372-2112.2015.10.027]

[28] A4l WO, TG, Tk BE. GKCI: Budk i3 T B P 20 0 265 (1) G TR 7525, 32441, 2023, 34(6): 2509-2525. htp://www.jos.org.
¢n/1000-9825/6846.htm [doi: 10.13328/j.cnki.jos.006846]

EEEN

R, WL, H%, CCF mgiss i, LRBTF SR AHAT TR, A MR, B2 4.
R, B2, BT OO AR, R4

BFIL, W, %, OISO TR, B2,

R, Wk, #%, CCF Al e i, 2T F ST AR, g5 it 58

FEHRE, HL, B, CCF %lk4e 0, RO R SR AHAT TR, Bz,
HRaRk, [+, #i%, CCF A& R, EZF ARV BE 248,

© PEBEERKCEIFR  htps/www. jos. org. cn


https://doi.org/10.1016/j.ins.2009.12.010
https://doi.org/10.1016/j.ins.2009.12.010
https://doi.org/10.3969/j.issn.1001-0505.2008.03.004
https://doi.org/10.3969/j.issn.1001-0505.2008.03.004
https://doi.org/10.3969/j.issn.1001-0505.2008.03.004
https://doi.org/10.3969/j.issn.1001-0505.2008.03.004
https://doi.org/10.3969/j.issn.0372-2112.2015.10.027
https://doi.org/10.3969/j.issn.0372-2112.2015.10.027
https://doi.org/10.3969/j.issn.0372-2112.2015.10.027
https://doi.org/10.3969/j.issn.0372-2112.2015.10.027
http://www.jos.org.cn/1000-9825/6846.htm
http://www.jos.org.cn/1000-9825/6846.htm
http://www.jos.org.cn/1000-9825/6846.htm
http://www.jos.org.cn/1000-9825/6846.htm
https://doi.org/10.13328/j.cnki.jos.006846

	1 CDAG方法
	1.1 CCN的构建
	1.2 GEN指标的构建
	1.3 类排序及关键类识别

	2 实验设计
	2.1 实验对象
	2.2 对比方法
	2.3 评价指标
	2.4 实验结果及分析
	2.5 有效性分析

	3 相关研究
	4 结论和下一步工作
	参考文献

