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Abstract: Fault localization is one of the most expensive, tedious, and time-consuming activities in software debugging, and it is also an
indispensable step in software maintenance. Due to the variability of faults, fault localization is even more challenging in software product
lines. Although significant progress has been made in fault localization for single-system software, research on fault localization for
variability in software product lines is still insufficient. Meanwhile, existing methods face challenges such as low efficiency and poor root

cause localization due to the issues of repeated generation and checking of feature interactions, as well as the propagation of faults
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between program statements. To address this, this study proposes an efficient and accurate fault localization method for software product
lines, which performs localization at both the feature level and the statement level. At the feature level, based on observations of inclusion
relationships and identical subsets between suspicious feature selection sets, the method identifies suspicious feature interactions more
efficiently. At the statement level, a reduced causal model with mediator variables is used, combining causal effects and spectrum-based
effects to achieve more precise fault localization. Four advanced fault localization methods for software product lines are selected, and
experiments are conducted on six real-world software product line systems for comparison. The results demonstrate that the proposed
method significantly outperforms other mainstream methods in terms of localization efficiency and accuracy.

Key words: software product line; fault localization; causal inference

TEBURE A AR, A RR SR E R R EE, MR M4 (software product line, SPL) #& SEHLIX —
H bR 8T R AR . Linux #:/E 245 AUTOSAR XZEHL T RS Firefox WA ZipMe K47 R 4855
B B FERE AN FH AR PE 4 R SPL BARIT R 9. RRE 2 SPL H AN A ShAE A 52 0, SR AEAR Y (feature model,
FIM) 2 FH o ftf it e B3 i A RALE M AR L2 IR 0 TR 56 R I 2 TR S TR ko & ity P AR IR AR HE S 28 i s
SRR SR FRde B AH B (1 RFAE B Bl R  L 7 SR BB i (RER), A AR iy 1 BT R IR A3 R o e, {H A
HEIN T B AR, R R S 6 AP L SRR AOMRUEYE T SPL B RS BRI (bug) B AT AR B
(X e HE TE SPL Hp E LU s 7= i B R A, T #E FE At ™ e T 3 T BT K.

G000 R G AR LG, SPL RS MBI A A B X0 7 7R S R b, E RN R T i — Ay
SE RGP IR A R AT, BT (RS . iC B AR o6 R A A2 B 1, (8 B g Anie | 1Y 5 ANIH], SPL RS IHkIG
ARl T E AT AR 7 5, SEEA T S AETEDIRERIG. Bk, T 72 8 2 N7 5 8 ) 3L = ARRE FRRE
& (FRONFFIERS H), SPL Z G0 e SR (138 g 5 I 52 2 1Y), SPL Fy ko 52 1A 35 P AN EL S IR AT 55, B
U 2R B s A R ) 2 s w2 67 . BT B R VR B R S L, A BT Mt R 2 T AR AR s B i
RAET E AL BB BIIE ), A2 TE AR RE IR T 7. RRAIE 25k B 58 A7 2 VB R SRR R 58 o R B All, — 38 AR AR A, 3 [ s
Bl SPL 4 e s for. U,

AR, WFFC NG T — S8 7] SPL R St BRI 5 67 753 O (E, 5 8 R G R e i i U A
B, AR SCHIE AT SRR s Bt Arrieta 25 A BURFH 3% T 45038 19 B 52 7 (spectrum-based fault localization, SBFL) £ A
THEATE ZBYRHESS B (B FTi SRR AN 0N 2) I PT SBE 1, SEBIL T ARRAIE R e o 7. 15 i ) L B Be o 7 5 1,
Nguyen 25 N VR H 7 VarCop J7i%, %77 7 FH 7T 28 1k BB 1A 1R V00 R AT S RO SRRAIE 28 T, B 3 TR U A 3¢
ARBE B AT SRR A, 5T, VarCop M7 it FEL G S A iR B T SBFL AR THR0E ) AR A5 250 7 LA SR BT ) 4%
SRR E AL, X — B AR R IGRER T A AR R . S RATT AN, VarCop A& H HTME—EE5%F SPL 2 4 ] AL 6k [ H1E
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ASCiEE — AN HSE SPL #4t (BankAccountTP) 1A AZERFEHEAT B . 8] 1 J@7R T BankAccountTP 4t H4F
fiE Transaction ¥ transfer B SCIN, #ifdef 745 4 FH R AR AE IR B, X oR B0 I REAEA Transaction. Lock-
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BanAccount fil DailyLimit. 2§ 11 25155 NELEIER) (B8 amount 1fij E~amount). X & —/ N[ ARG, KN EA S
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1) )5 K& SBFL A1 VarCop = ZARMIAT v HE, A% fik A) 8] PRI S RAPATIIT . X EWAE, X T—%i5H),
BLLE AR I WA A/ i A SR R BORE 22 T E SE e DR /7= o o R BB/, T SEAR B R AL,
BHTEA) 11, 12 A1 13 ZERIE I MR ol B AT R — 3, (RIE 4] 11 7EI8 I M) s B AT IR BCE 2, T
FECH A BN AR, ST b, 1 R IE ) BT B W B S SR ) AT (R ) 12 FNEA) 13), F HEkEG
FERE R G 805 ), FERR P M. DAL 45 HRaR 0T, Sk 24 0 A — L85 T TR B R R o ARG A B ) AT SRR,
R TE VT RS fff 1P T 8 S R B 15 ), I AR B B8 T AR OC R AL IR (I DL T 1T BE iR I v SEi5 1), Ak, 75K
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#ifdef Transaction S P T OP2yy OP2yuq, C
public boolean transfer(Account source,
Account destination, int amount) {

#ifdef Lock

1 if (!lock(source, destination)) { 11106 663 10.840 0.873 0364
2 return false; 0 30 663 —0.045 0.000 0.000
3 W
4 try { 1161 663 10908 0.000 0.000
5 if (amount <= 0) { 11 61 663 10.908 0.935 0.402
6 return false; 0 30 663 —0.042 0.000 0.000
7

#ifdef BankAccount/Dailylimit
8 if (!source.update(amount®-1)) { 11 31 663 10953 0977 1.260
9 return false; 2 15 663 1977 0.118 0.500
10 }

#ifdef BankAccount/Dailylimit
11 if (!destination.update(~amount)) {| 11 16 663 10976 0.998 5.000
12 source.undoUpdate(amount®-1); | 11 12 663 10.982 1.000 2.500
13 return false; 11 12 663 10.982 1.000 2.500
14 }
15 return true; 0 4 663 -0.006 0.000 0.000
16 } finally{

#ifdef Lock
17 source.unLock(); 11 61 663 10.908 0.935 1.700
18 destination.unLock(); 1161 663 10.908 0935 1.700
19 }
20}

1 £kt BankAccountTP 45, R[eE i VA o2 103 60 T i

NTRAN L EAS R, ASSCERXT SPL $i 1 — Al D) SR AT 208 ) e AR B R A7 75 1% FCS-FL, B EFETHER
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FHEZEAL I, FCS-FL A A8 0 7 55 ARG L7 it 18] PR 8 22 5 (FLAA 8 SCILER 3.3 7)) SRl i T e ik
ZH. SYAH TIEAF R, FCS-FL SR T — Fl ] BEAFAE A2 1. 25 550, 2 A A I 2 A7 B0 LR IE SR THR 7 2%
HOHAE, N AT BERAIE A HAEAT R PO AR B T SR AR & AR IR A e L rh, 2 TR OC R A — A
N HRA Y AZ BRI 2 g D) SR PR, AT PR30 A0 i T A i e e X 45 SR ) PR SRRz, I L 5 0 5 i A SE B
SEAERA HOTE A RERBEE AL, A B 1 TR, 1 C D9 P AR SRR Y 1 24 g R SR AR R i o 4R L RSB 1 ) BBk 1 R
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2 N V2R P DR PR 5 0 DR SR 2008, 308 o R A i A 8 i U8 5 540 A T

S5 TR, FE AR () B A B AR A R SR AR AE B R G IR AR B R O S, IR RIS
RO T MR, AR T IE P AN, AT F R 5 R T X AR AR, DU B VETEA RS~ 1 E L
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HEAT B 2 A7, ESK ARG L. R, 76 {50 2R 5 B0 (R0 B e s O B AR BT, 3 R R e U0 A Rk P52k i/ &
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15, 8IS E B A ITREEAS Y, A= R B o AT SRR A e /IR (R 7=, LA {5 o SR TR B 5. 2 AT AR B KR,
Nguyen 25 A\ U022 1) 7] 25 B [ R 1, R8T IR SRk SEBURR AR R 10 58 0. 155, A3 T U0 BoR g/ Mg R 2
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FEAE fHOFTA = b T MR G F={fi, fon..o find, BDHEAE £ € F (= 1,2, [F) A PRCIRE, 1E# (3T
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2.2 YFERX EERPA

RFAE 2 T8 (38 LA A AT R 5 B30 48 R A I TR AR i B0, R 52 L3 T WA 2R 45 42 15 R A Th e BB, 43
N AR TR 22 T (i A0 0 i AR AR A LA . AR 3 i B R AR A LR B A 48 1R TR 2 1) A2 ELAE Y, B
BB RGAET BB I, tnbERE . ATAYE. TR, S XREEA— T2 SEThEE R, B H R
FE ST TR BN L B M, ThEE B AE 22 HL BRI 2 B R B30 R SE I ThREME R I, TR G Th kR 2k
NG TUANIAT A, 75 BE R, 75 TR A L, A SCHR B (K RFAE A2 FLA e > T R B ARSHE A8 L B

WF—ASPL RAT, SRFEFHER H B B8 T i AE 5= 5 BB . KA AR I8 77 S S KT R IE S
HARR HAE LA, B, ST REEE RINBCE SRS C=CrUCr = {c1,02,..., ¢}, FoH Cp T Cr 43 B RN I IE
MARE H B A TR MELE A € Cp MIRHIE S HHARAN 2 /2 S 80T AR Bk AR AR R . #5 2, B BiFII
T S B R A S AN B /N T,

1) RFEAR ISR TR AT A6 7 B A TEC B AR B T — AN Rd i 1 7= .

2) F/IMERTE B AT — FEEA O 2 SR A AR DG 1.

B, SEREAC H B MRET Cr NANE T Cp. F5E L, ATREAFTE 2 AMRREAZ B[R] B 3 2 BREEAH S PE A
NP, AR SCH X RS AE AT ELAE T B AEAS B
23 BEGRENSERYRET
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b, BEERE— A R OC), [R5 T EREA] s € S B N —ANEHUE O(s), B s (TSR, Be b, — AT
(Y L T VR RARE S A BT AL RS ) BB BT BB /D, I HLBRBRA B 4] 1 ol S EUR ] e .
3.2 HARER

A SCHEH ) FCS-FL ik B AHELL 4 5 SC I 2 Biow, 8 WP BE: R fE Gl b e 5 R 8] e b s 7. 7E
REAE R IR 8 AL B, BEARHITAR AT 2, B T ShBAAE DMV B AN A 7= W RIS TE R AR IR B AR s LR, B
Bt £ 75 I P SRR I R A A LA IR S 2k U BB A O B 3, 3 T A T SRR IR B AR A, AR B LY 1-7 B
TERFIERE A, 0438 FZAFHL 7 11 55 A 2 A0 R R AR 58 L. S, SRATI96 A2 SR B AR G M e mT B4 E 28 L,
F @ AL R R E A AEIR A BN B LB BL, SEAIRAE A B e, SRS ARIE I A v T 0 e B AR D)
AR IE S T ARG ). 53, WS — ST BRG], 20 BB AT A R AR SRR, A A PR B 2k A
AT RN e Ja, AR R B 5 16 P S AR AT R e, AR T S 1k 1 P U ) BV SO RR B £
3.3 SMAIEFHERZ EIRA

WS 2.1 35 PR, Bk 22 T8 [R] I 36 A2 SR AR S P AN i Ntk . Fsiz b, AT BB AEAE 2 N ERME A T [R IR 23X
PR AP TR R SR I 7 S P AR IR 22 R, R R BT T R R A DS M AT BN R R
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EAEH, FRREEAINE A AT BERFHE RS B, 6 F R, A SCH DR e X

TR TR AR TR 7
B & A 1T
HHAEAE A 1 FHEZ T
1
i
— P o asemi i —
== SN > uuﬁfﬁiVﬁEj‘%filﬁ 4—-
B 5% — =
R ] A BERFE R LA
—] HETRFEY) 13 5]
- -— A 5EIEA)
f AR 2 T A
=F B e R 1 [ RGN
-_—u | A T FE T
eI T A T g T e s o s
Wpemmgsss |0 T Tno oo B 1

[ 2 FCS-FL [HESR &

TEN 1 FRAEE RS 5. A5 AN TS o O BC B A R — R A AR R, W FRORAEZRRE FIX B4 P Sh A7 (e s
TR R

B, FEPADT I E DA e = (= fi,+fon+f5) ey = {(+fi, +fo,—f5), BPINTCEERAL £, T f _EAEESS
TEEREZE ST

EN 2. ERFHEEBES. — AT MELE o X T A —AF ML E o, I AR IEE B2 R R4S, /)
ey MXF T ep MZEFHHEEBEES Dy, c,).

B, FAEPA T B E BN ¢ = (= fis+ o, + ) s = (+fis+fou—f3), W ey AHIT T ¢, 122 AR L B S
H D(cy,er) = {=fi.+f3}.

TEN 3. A BEARE IR A W T — AN KRB 7 AL E ¢ AT B S B AR A PCs, ¢ BT SRR %
PAELN ¢ 5 PCs s FTAT 1 B 0 22 SR e 4 (13, o DS (@O = U Dle,c).

i, FEE—NE 3 A M E R SPL R4, BE S —/MRIEE M REE ¢ = (—fi. +f, +f, + ) A ET
7% FECE PCs = (1, 0o}, HH o = (+f,+fos— s+ ot Tl oo = (+f1 4 fout oo —fo}. FE T E N 2, ¢ B o, W2 RAFMEE
BEEN D, c) = {—fi,+fi}, c Be, NERFIEEFREE SN D(C,c,) = -fi,+f). Bk, c MTTEERHEEFRE SR
DS (c) = D(c,c)UD(c,c2) = {=fi,+fs, +fi}.

EX 4. BT HES. ST — KRB W E o, KSR FESHITE 1-7 B4R 421
¢ MTETERHERE HAR A

B I AR, S PP K 2 R AE 28 LR e R AN R i 6 AU, TR AR S B 1-7 BT 4 BARIIE
KA R,

Biln, A —ANARBE W HICE ¢, BN IEIERES DS () = (-fi.+fi.+fi), H LI TFEN-1),
(+1) (L 2 B FEEA A fi, + ), (oA 1) (= frs + 1), 3 N T RN (= fi + o, + ). BlIL, ¢ BITBERMERL HAES N
{(=/0)s (+15), (+ 1), (= fris +13), (+ s + S (= frs +fa), (= i+ fr + S

TE S 5. A BERGAEAC . 5 2 S B A S AN B /N I TR A8 T B R S A E 52

FEAR LI FE AR, T AR IR I 2 b R V8 {0 R AR A8 B A5 6 BV 4 22 2 A). Z SCHE HE 1) 10 880 4 Rl B8 AR5 ik 58 EL AR 1)
7593 B A 2 2 18] R R ) T RS AR S L. 2% 5 R 0 T AT B i I R AT A AT S S
A, A IR EAC B A IR B R ANREAE A B A AT St (RIVAS 2502 75 09 2 BB AR S MR /).
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B VAT DU SRR SR AR R 5 258

1) A= 5 AT SRR AE IR B R & 2 MR A& R R, X 2 S8R BUE I RIEAS L. B0, fA7Em ARl
PR SEREIE R & 00 0H DS | = (= fi,—for + o =i} FA DS, = {=fi,—fo, +f3s = fis—f3)}. IR DS, C DS,, ¥ E
NHFLEVE 2 AR R T8 (RRAEAS B, 5 ANEAT A B, 33X S [ (R R AIE 58 EH o o R A A 2 e AT A T e k. IR
1, 7 706 B P SRR IR R A B, DABE S AH [R] AR IR AE B4 3 53 A A

2) ANFIETERFE RS B4 A 2 IRAFLEAR R 74, 4 {38 5010k B 53R 7 A [ ARORRAIE 22 L. 811, A7 53— A 22 RARRAIE
B D= (+fi,+foo+ = fih HTEEEN () (=L 1 T D ITFEEE N (. (oo + 1) (F o= f)s
) B D T EESEEMARTE *f,—f). REMUBR TENRIEBS T4, 5L LAE KEAM R RHEAS
., EURE V2 R RHE A L2 i B R AG 2. Ak, FIFZAEHLE (UG 75 ) (RAF A Ak (RFAE A8 B, 45 2431
RFEAE HLAE AT, WA AT AT S MRS 25, 2 3BT RSB A . ik X R ik, AT DA 2050 o B S AG 2, b M 42
REAE R I T8 AL IR R

A SERFAE A AR 77 v D AR RS an ik 1 fio. 10k, WRE 188 S AT, M T EARIE I = i E, tHE e
T AT SRR AE IR B A, TR R AR T I 7= 5 2 1) [ AT SRR RS R AR & W REAFAE 3 00 R, SR 6-8 1THIR, &3¢
BALE I T SERFIEIE R AR &, 635, B0 1 AR 9-19 1T 30R, SR B & 37 [ T SERFIESE FREE &, JE T RAF ML A A
AR S FARAE A2 B IFBEAT AT AR 2. B, St AT B MRS ELAE

L R7 3 WG ET ( ER AT | I RFS

N A7 G E SRS C = PCsUFCs, Jo1 PCs Ml FCs 43 | 3 il 5 A i 1) 7= i il B 4R 4
fth: AT REMIRHIEAE HAE S Fls.

1. FIs — @

2. Cache «— @ /I T IRAFA B FRFEAS B

3. A — o MRAFARIB I P L A SRR IR RS

4. for i « 1 to |FCs| do /3 JJi A& 3EiTr= L&

5. A« DS(FCs;) Il A 120 FCs; B ERER HAE G

6. if AMBEET AMEE—NMES

7. continue

8. endif

9. fork«1to7do

10. Q « KltemSet(A,, k) // KltemSet(A,, k) vt 5 A, 1) k By ¥4
11. for j — 1 to |Q| do

12. if Q; € Cache

13. continue

14. else if O i & BRI AH G AN IR /M
15. FIs < Q;

16. end if

17. Cache « Q;

18. end for

19. end for

20. end for

21. return Fls

ARSI AT R AR A HAR B T3 B MR S B R GA A K, S HAR AR A B A e B AL A iR IR
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THOUT, BUA] BERS AR 3 58 & 2 M) AN AEAE B 5 5% 28 LUR A MR B 74, 4R D5 iR IO TR O(IFCs|x|€), e
\FCs| AR P B AL, 1Q AR 1-7 B 84 H L B R BR Bt . s b, 4aRH 0 I R= B T A 24
ESRPIRAE O (HSEIRER S RQU), $2 7712 MR R 2 KM e

e, A RIPTA A REARR AE A B S, MR SCHR [11] Sk, 38 AR R U BOR IR 3 T SR iE 6, 95 8: T e is
A R AT BEVE VT Al 58 SRR, VEAAIRR B TTVA S WK [11].

3.4 BT R AR E R 1Al

AT VELRA Y 2 P Y A0 240 1] DR SRS, HL 5 A R AR ) DX DA K% B R S0 R T 7.

T () ol A0 R AR 0% R — s R L R 1 i A ) PR SRR R 1. B, FERR Y AT I B R, x4k
VBRI T (U0 57 Al B A ) FE 18] 52 Fa N 538 AT M8 T 2 A HL T SR A, AN AR AR B X I 25 i 4
SRR, TR 6 A2 AL I o (10— S B ise. Rk, AR SOR IR 7 M (program dependence graph, PDG) #4)i&
AP T R SRR VA P ) SR IR, 3 5 FT S o 5 R ) B SR E., 5, T R B ) AR O R
AR BT AL, S AMER TITH), FORAEARE I S R R B B T i) XTSRRI A s, A A T X
FRARA), W s ok AR B AT B 1, TR0 0. HE, M3 st (] A PR SR OG &%, e ep o RV PR SC R il /)
R RO 2R R AE . X T PSR ) sy Al sy, 7 5y X s A7 AR K080 BREZ RRA G 21, WU ) of AR 99 sl A B — 2
[ 5 0T R . foe e, R R BRAR BT il Y, BB 1 810, 235 3m I plid i ORGSR T R
TERHR T RE- S BON AR T, PR R 25 T B ) AR T RO R — SRR R A R A .

SR, 2T PDG 13 2 i 7 B D5 R BRE R G FANIE 5 AT DR ER AN VAl — 5 T, VR 2% B 1 A AE 2 i R SR A
THIHERE 55— D5, B K ERRBE 2 FRAR R A PPAS 2R (LS8 8 73 RQ4). LAk, AT W FE R W] PDG K ii%
AR T REAEE PR PO 0N 17 1 B8] SR P T B 1 TR SRS T R AT T BT PR 3R, Aho 25 A PR Y T — Bl
TS A TRIHIAR, GBI L B /N AT [ 518, (8 PR B S A6 P v (K A T P G R, AT A B — AN SR )
FIF T DR A 04T 10 B30 . ST AR AR A, X T — AN il R G AR AT — AR BE IR )55 R (BIAREE Y 1),
TREEPTA BISCHT G AT U ARG R, LA 21 T DX SR AR Al 1 AR PSR 812 P9 SR B A v, A B o
5T R TR I G5 R AR R ZR A B T AR B A R B 45 SR R 1 T AL T R AR, AR BLIEAL b, PR G T 20 R
SR 3 9 N AR BE T AT AP T AR VR 2% R R, JF IS £ I SRS DI C R B AR, W IR 1 a1 U A A
X B AR I T [ VA RS8N o BE RE T BRI A% i 22, SCREIRAS— BUR B SR ARl i

T S PR 2 T BRER B EAT BAR 23 A, A2 BRI, A 6 BT PR R W v o A B A AT U .

1) JG T IHEN: 25— 2H AR s AR BELIT T AN AL B & T 45 AR & Y 15 T4, BAEL S AR 280 AU
FREAR, W2 Bl AR 5 A A A TV U, TP 2 TR SRR Al - 42 1 VR 2 v B,

2) JET L BRI, 35— 5%ER T 5 Y MR T a5 1 %1048 1 T, WAKZE 2 T3EAIT7 08
ST JETTRIFEAEIE W R R AL BEAR B 5 45 A & 2 (8] 7T REAFAE 3L R I R iR A TR K

3) JEITERAR: 4R T 2] Y 19— 48842, L3 1 200361 T, IF L E AR T-Y MERFR B, XK
(RN STy S VMRS P S VA [ W X b

T RGEAT S AR T RETT R SR A BRI A BE A2, 51 NBIAM KR &, DR AR AR R 35 vh N 7 A G

5) AT FERE AR T ST B T, K — AR [ 52 R S8 B BN N SR AR AR (0 L 3 2. 7 DR SRAE v, 0)
ST TN F) A B B 5 BEAT 25 AR Ak, AR 2 TR 0l rh s X S AR B AT PEL T VR 2% B A, SR A5G D 1) ER1 SR RS
filitt.

il 1 Ja TR YE. AR RRE G b, ABIEA) s BT RS P(s) KRPHET s — Y T A JE T TER AR RN
R

filRe: 42 G b, WA JE TTHISE X, Bk R TR m b — A5 s AR HAR A s BISCT 1 v. X P(s) 2 AHALRITEE
W 1 AEZARSSICTT s AL AR, AT T i TR AR 22 B BELINT. 35 R A2t ST R BT T, 7 BEZ AT Rk
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HJE AR A BEIT PR AR, BT P(s) AR SSIETT s i) JE AR H B 2 A% 8 4 1 5 oA ME - J5 AR 2%, B8 4205
WERHLWT. R, P(s) BT s BORTAT Ja 1B AR RO, 355, WA XS P(s) AP — N0 5l v AT 26 P, X4 S BUR B —
FREN2HETIHE s « Vo Y, BRI P(s) H8AME— 11 il #0A FE I 42 305 T B8 A2, IR /M. 2R 1, P(s)
FE I AL S 1 THE D ) f5 /N T B A

ARl 2. Uy R] R . LR E G AR RE NS TE IR ACABE T, i L A B ST A A o A ST A

fRe: AR, P(s) B T AR s 5 Y I ERRIRSAR R AN T HAR R, SRR R E RS R4, X
RIRF [ E P(s) JG s IR b 4% i) - 0 AR — #f s, RIALERARSE PERRAT. [RJEE, 45 58 s R P(s), F717 RUEES M(s)
IPAAT IR A 58 4 ph P - e ol ok g, BRR PP i Y O0HE 32 R pRAS S2mi, DRt A S PR 7R BT

il 3. LA HNME. X TAHARRE T, B RER=R,R,,....R) SHERZE Y, fE4EWLE X HIFMT,

2
6? 62 =0,j= 1,2k, B) TXF ¥ B BRSBTS A o A28 0 R, BSR4k, 4 B0 5 A R0z T
M 7658 HLIF.

ke 76 G R, s ST fom e M(s) BIME—2ZI0 T 2 MR EE IR s Y. XERENGIERESZ s X532 m 3%
[FISCm 2R 3 s, WA s —m— s AL . BWRE s S m 2B ALFER AN iEs- Y HE
BBES s> m— Y NAERAENIE Y 2468, BHRZIC A NERSE XL, XU B9 2% 842 n] i AE A e sk AH

2
BT, ERE 67?6};? =0. i, TR EARRBEAE G A RROL, T A A 1 OIS 2R Al T 2 2O 5 )2 RN,

23 (@) HESON:

Y=a+1T+pX+vR+¢ (®)]

H, RAPN B RN E, v RRa P R

RRR 4. WL M. AR G Hp T T e Y T B AL AR

FRRE: TE AT s AT E AT (S Rl R HPATHRE {0, 1}, AW S5 77 SUERIET PDG, oI 7E — kAT 3
ME— A 5. SR, S BT AT i ARE i/ o M B DR, B A 24 1 R SR B O AR TR AT AR R D T AR AR
IR ARG, 5 A2 R SRAHE T I R 1 PO M T 4

Zr b, T 14 R ez, DAL 3G A% I 28 5 1 R SR R T e A 2 (5) B 3. 9F BT A (5) 1531
PR BERAH T2 T A @) WEREEE, HARZED e PR ZT /AN, FINAR (5) %18 T SETERR T A 15 1%
SR, T R A (R BRI 5 AT 55

S S T BT M B B D SR AR R Mg i 4 Y, AR )T transfer (L5 3 ) #HATULHA, H 52 PDG W 3(a)
Fro, AT 5 BB AR P v 0 ) BAT 3, NS AR R s 18 A () AR OC R BATE R 11 AR ALY
RN, B A 24 1 R R AR G0 B 3(b) o, TR IE D 11 S AQHT s A AR OE &R, R R4S R AR
ALY, AEFTA B Y B . B R AN 1L AL Y BRI RN, BRI A R T THEN e TR R . B
SR, R 8 BT T AU 11 B Y MAEEAR, BRI ATAR RS 111 18— Y. #:47, I 7T s 12, 13 F IS AE A A
AFFANNTT B 11 X1 A5 Y [ IR SR ARV A o

S H AR R, Baah %5 A\ PO H ) D SRR 40 (] 4 BT, 2B AR B 15 0 11 QY AR 4 i D) 2t
KZ. RPN T7 295 B0 PR 5 B A T] DUV BRER, I VR A% D] 7 0 DRl SR 20080 T Ak oy SR () s ). SR TAT, 5 oAt 40
WSR2, SR E LA S5 Hh IR I 45080 Bl R 7 AT I FRAR 3. R, ph A 3T A SR 1T R BR SRR ]
Reim i A SR R S, AT SRR T B BN R AU BN, 1] R T s AL b Al e . 45
un, 7E transfer 725, 15A) 11 SEHATGZE @ 2 F B AT — PR TR 12 013 B30T, Bk, &3¢
2 H 1) 24 7 PR SR PRI ASE BN A BT U - S e AR i K RN R SR AR TR R DU R ZE T e N T 2,
BEMRTE 1 VR Ak v 1.

g5 P RTIR, W TR A 7 5 RS, B AT BEE A X AT DL TR i DR AR A B A e ek SR
(R SRR SRTH, BT AN R P2 i R G0 B AN R R P 15 ) S AR OC R, 3 BRI BEE FIAEAN [R) 7 i vh 245 BAS [ 1 A
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RBGNAE. X FBE— 2R AT BEE A, ARSI AP AR BB AT IR &, R 5 BRI B A e 25 O MH.

(a) transfer[fJPDG (b) H 1o IR P A
K3 R transfer 1Y PDG R4 Hi ) ] 5 P A AY

Bl 4 Baah %5 A POt i DR S P R A

3.5 FEHEAIATRETTERHF

X AT R — S5 AT BRTE A s, [R) I 25 8 LSt 0 o R 1) FR1 RS L AN R . 2R M AU R & A Dy — P R S 3
FWE, e T B RN R, AR T R AT A I SRR 2. BRI, AR SCR A BAME B IR &y R A
SRR AN R %07 SRR REOR B B S5 (IR IR A I R R RURE, SR A A 2 S i R 418 1) 4 J SR T H A DG PE (S
B RE R REAE N BEE AR T SHE. BE = [e,en,..., 0] FRRITAH AT BETE A0S PR S5 SR RER AN, SR
v AT SR A0 1) %o 3 SO A 1 B R, CE R SR, SR Softmax B8 HUN P A AT SBEE G (1 PR AL RO A8 Bk AT IH
— A IR T R RETE R IR AN E' = €], €}, ..., efs ). T, X T2k I BEIE A s, Bl G JL AR AN
FIARE 25 RiAE Ry B 24 1R ) s (7] SEAE, BA:

suspiciousness(s) = uxE’(s) + (1 —u)xH(s) (6)

e g AT 10 DR SR A5 R A 255 S AN EEAEL, H(s) RN TER] s FISIE RN, suspiciousness(s) [EEK, KR1EH] s
(AT SRR . BRI SR 5 AT RS A A AE AN [R5 T B 22 BR Ak TR A s i B 20 5 A tH AR 22 T, A%
RURE AT AR AL TOAR SCRF; T 2G0T AH S iR S A S5 R I, AL SR BSOS ) i DME IE. 45 3 fir A7 v & 15 A 1 AT BE4E S, A
PUE R B T SEE AR I T SE(E HEAT HE T

FEASCHIBTFL T, T BETE A FR A RS0 v S8 MRS T it R T B S0 PN P A RL B BEAT VRS . 88 77 b ) oAl
AT it I o BN M AL 1) R T BEE A HEAT VT AL . B AR U, ARG R R AR L B R T BEE ) s 10
B, AR s W BERR . ETE, s FEAE L IR 77 5 o L BIASER 22, FE AL 17 o L AR D, T BE I
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M. BRI SR T BASR Ry i SBFL 6475 &, 40 OP2. 3T B 503 (1 B4t A At oo A 308 3k 72 it o £ 25
WA, AR, AR A5 2% 1] S8V A 70 B A B e 3a0RD SR 8 1 i B ek P ) 2 R L, 36 & A ) SBFL Fa kit
TR

SERR b, FE T 77 S PN N 4 S A A X AT S AT B iR O RS R T B R IS AT,
FE T AR I P S S AT . AT R IR A R R AR E I 17, R AR R AT AR ). TR &
BEIEA s, FIRER LM IBUR & 107 SO AT H T 77 BPAE ps(s) M T B n IR VP4 1s(s), BRI e/ ME SRR
7z, Bl

N

=

H(s) = < ps(s) + (L —n)xts(s) @)
Horh, p FORBUEE R L

4 SLENRE

AT VEH A A S0 SE R AR, AR EE R . W T I R DA AR AR SR dE T . BT SRR IITE — SRR A
A Intel Core i5-12450H CPU (2.00 GHz) 1 16.00 GB RAM f{J Linux %45 3% b 52 i, X T4 F2iE =, M Python S
PUAT BRI A2 H AR B RS A AT BEVEIEAY, FE A R IBM A & TR IOIE T Java 19 Wala HEZESZHL. BhAh, B f
[R5 56 45 SR DL K FCS-FL (R4S A AR TE https:/github.com/Songluhaining/FCS-FL.
4.1 HEE

ARG PE T — AL AT AR G I R B A T 2 F T VA FCS-FL, i8R £ B 5 7 6 N E 5L SPL R4,
HAp 3 260 A HAT BB I B BR A ZEBIRT 999 AN 2 AN I LA B IE K 22 BB S0, b Ah, BRI 7R L 2R
RGFIERUN 6 3 27, {EA) T 15 2N 42.9%-99.9%, SEEANM(E S a2 1 Fros. A3 IR, S8R0 A, X
2 H HTME— A TF (K F T SPL P i A FLAL A MRS L i S 42 1.

ARG FFIEEL R AR ) 245 2 EZ7N ] sRE ST MBI EER (%) A
Elevator-FH-JML 6 18 13 26 92.9 854
BankAccountTP 8 34 56 298 99.9 143
ExamDB 8 8 48 214 99.5 513
Email-FH-JML 9 27 20 55 91.7 439
ZipMe 13 25 20 139 429 3460
GPL 27 99 103 267 99.4 1944

4.2 HEER

AT R AR LA 7T I (RQ) LATEAR 3R H 5 RO 2.

RQ1: FCS-FL {EHFE B & 7 T R 48 T iR FE A 2 K2

RQ2: TE B R, FCS-FL FTE A 5k b 5 o7 RS M e 2

RQ3: 7E £ k15T, FCS-FL AR BRI 2 L g A7 n 42

RQ4: 7E FCS-FL H, AN [E] (R S AR AR A 20 (7) H o B AS [ EARL Ko B o o7 R SR P 2 i o e 2

TEARWE TR, RQL B 1EI0UE BT 38 /7 1A TE R IE BR8P (R 3 3R , IX 2 J S0t 70 1) RRL IR Rl 2 T 00iE 45
5, RQ2 Bt — PPl 7 VR 1E SR I 37 5 B R e AR P RQ3 MK X — PRk P B E 2 Bt =, B A
BERZMATHER M. &5, RQ4 40 kMBS EIRE, R H T Bk RE IR,

HEZ RQL, A SPL RGEHI AT SRR R, 75T A 7= 5 1 v SERRAE I B4R &1, GRil e &
AT BERF AR B A B LA, DA AR [R) AT S5 4R 38 438 4 B 26 AR R IR 28 LA A LR AF). 326 T X AN LRI 4R ] SPL
RGBS AIEIL, T FE T FCS-FL 5 2948 RIS B4R AE A8 A, A, il 5ot ik bR E N R AT E
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BRI BE S PSP RIAAT IR T, T U B Bt D YRR AR A T AR E A ELN (1 v R

ST RQ2, R 5 AT SBFL 4845, 4 %19 Tarantula®!. Ochiai™!. OP2™', Barinel™#l Dstar'”, 3%
AT AT FCS-FL ALyt 7 ik rh. 78 BB I 22 49) E, B AE A5 HE 4R Rank. EXAMYORN Hit@X™ (B4R E X4
5.3 47) FL# FCS-FL 5 3Lk 77 k1058 ML MERE. B %6, 25T Rank A1 EXAM ELHHR H 59255 3 v 07 25 (R B 4 5 7 1
e, B, RYR S Rk B IS A 1 SBFL $84R 15 ATAE /74 Hit@1-Hit@3, LAIPAH 3R H T IR IR IR e AL RE ). 4%
& 3 MR AR M FCS-FL 75 BB =49 E LR R B

NALEE RQ3, ¥ FCS-FL 5 3 /Mot 5 ikAE 2 SR 2 Lk a7 sea bk, 361 RQ2 HiE 1 SBFL #6847, FI
F Hit@1-Hit@3 1 PBL (W28 5.3 1) Lb# FCS-FL 5 3EHE 77V AR R 2 17 A

MR RQ4, T4, 40 HIAE A A 20 187 ) [R5 BB AL . Baah 5 A PO HE (10 D8] AR TR R A S 10 ) SR P R 3k
7 DRI SR AL VA 76 SRR e 248 I, TR I 0 DR SR AL VA 7 v B 4% 1 TR SRR, B2 A ] DR ) e 73 81 )
fie, LA FCS-FL WA R, 42385, 43 B 1 24 {0,0.1,0.2,...,0.9, 1}, Hh# FCS-FL /£ Bk e 22451 _F ) Hit@1 LA
P i DR L 50 AT A e 07 P o B
43 FNIERREETE

#F Hit@X. Rank. EXAM I PBLI"™IX 4 M EARIEAHE 7 15 A0 S0, 3% Se P8 bR 7E BB 5 AT 55 vh e
AL B2 ST R R A AR

1) Hit@X £k 8 258 X S8 )k & RIS IEE A R4, 4100, Hit@l SiFES 1 R & R SIEIE A1
FEBIEL. Hit@1 7T DRI VR AR R E B fE 1. — M 5, FE R & AN 75 AR 2 /D 2 10 v 8 18 ) BT m] 5 437 3B e,
WARSCE ERE X €(1,2,3).

2) Rank JHET JG B T A 76 0T BETE A1) FH KIHE 4, HER BRSBTS SV 00 A 8RR

3) EXAM A& 45 A5 00 21 B 18R B A A0 50 R 300 o A R AT S ) 1 LU A8, A9 135 ) P B A3 R 4T

4) PBL & T 22 WhBE B0 OPRAY, R — e S0 iE A SRR IE A BT o5 B B 4B, o Bl s s S i e Aor
RE TR pR.

T 4 MRS, 2y FBPL. SBFLYU. S.SBFLE™H VarCop!", 55 B J7 ik HEAT LI X LY . X 26
JiE& P SPL ke 5E 7 10 S it )5 vk, HRi B A AT,

1) FBP & — 3 T SBFL $ A AUHFAE Bl 52 17 7 1.

2) SBFLFS* S — b BE T 45138 () e B 2 LB AR, 132 I P T B R G B AR Bl s 2 7. N SR 3IE A 2 SBFL,
K P 7 i RV R RS 2 X AR AIE T (1 e — 1 ) 3 ) (BUARFAE-A75), JERI R BT 7= i R B A R A7 V7 A

3) S-SBFLP™* 2L —Fhph ik () SBFL 7732, HAEAL ] SBFL 5 b5 Pl 57 FI 00 0K B 5 1 5 e b 4 55 1)
).

4) VarCop'' & — Pl J T RFAE G R0 B 1) G 110 J2 G 3R 52 A7 )7 252 FERFAE G b ) R Sk g A S M R S5t /NP 52 7
BRPARFIERE B EE A BB TR U0 v A SBFL AR e AL Bk FATE ). #RERATAT AN, 1X 2 H AT SPL %I & 7 H 1t
RS PR A A

5 XWHERSHH

AR TAE 6 A SPL R4 LIH— R 55156, H@id A s i g5 Fok [ 2 A0 B2 I 72 1] 4L
5.1 FIEEHHER IR PREMREA (RQD)

Bl s FFEZE I R T 75 SRR PR 2R B L BATRRAE S B B s A BT, BN 22 M8 e B, & ) T SRR BEAE & TR
R B E ) (R LA ). B FTR, 6 > SPL R S h AR & BT SRR E L B 4E 4. LA Bank-
AccountTP A, 1% R A 56 A HEEE R, KB 2] 56 AN s (WA AR, K aAN 3R SRR IZHEs]
SR IME. B ExamDB R4u4h, R 5 M RGNFSA SR E S (AT 12.9% 5 62.8% Z[H), BHETE
AALFR I T A oK B AR E RS L. % T ExamDB & 4%, HoR# RHIh E & F )y 0. — AT REHIMRE
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A AR B B R BURK. W5E 1 FUR, ExamDB RGUH 8 MR E, AR LL T Hfh &g s . iR
P B BRI, AT RERS AEIE AR 1 (0 A B A 2D, IX A AR5 SR R A LA AE. BRIk, R RGO T, Rl
77 bR L ) TSRS AL I AR R AL 1Y, K BRI LR AR 15 0T DA R T 5 5 T BRI 58 HAR A R K.

100 +
-
g0 | -
* *
= -
< 60|
4 ¢
2 40 a
20 +
o
0L - L |
I I I I I I
Elevator-FH-JML BankAccountTP ExamDB Email-FH-JML ZipMe GPL

K5 AN SPL RAGEH B & AT BRRHELE FEAR A1) o Bl R

& 6 HE— M T, FERSAEAS T AT BE MR 2 I, A SR AL BT LA 20 BOAG 2 40 5 R AR 3 FL A b (3
ANTIZIZE). G 6 iR, ExamDB REEHISF3 454 0, 33X 2% K 47T 21 2[Rl <2 R B 40R (g . 13
R SADERYG, PRI LD HN T.9%. 27.3%. 15.6%  35.2% Hl 40.3%, X B A A 7T SEAFE e R & 4
AR BROK B ST R AE A L. Rk, AR SO S8 A7 AL AT DAY 249 K & 26 53 A mT S PR AG 2, R L T B KB SPL

100
w0 | 1
g 60 -
‘M’ *
K 40
e ®
| a i
0+ —e— L— 4
L L L L L L
Elevator-FH-JML BankAccountTP ExamDB Email-FH-JML ZipMe GPL

K6 AN[F SPL RGUHRHIEA HAS AL 1405

9 B UL B FCS-FL #ERHIE SR I 8 A E 28 B4 T+, 3K 2 73l J@7R T FCS-FL 5 VarCop £ 6 ™ &%t
AR BAS SR8 A7 I 1A () L, A& FCS-FL #H B VarCop 192> L. i3k 2 firoR, FCS-FL 7 6 4
G L ERMH LT VarCop ¥4 AT T %, HH7E Elevator-FH-JML. ZipMe #l GPL L/ F LG8 T
50%. %t -F ExamDB, FCS-FL &5 VarCop WA f i, J R FRTEZ R G A & M0 L 28 5008 0. 0 T HAR
5N A4, FCS-FL #HEL T VarCop BElk/> 22> 33.9% MR Er I EL. XF T 5 KU R4, 41 GPL, R4 & 40Ha 4t
BRI B, 9D 1K FE LB I RRE 28 AR AR A = 1. X T8 1T 18, B T 7F ExamDB LW B34k, £ 5
KRG LR EW . BAN, FCS-FL 7R85 AE 20 B 72 A7 b R S AE R E SR Z I R G S AW, sk 2 A
7R, FCS-FL 7£ GPL _E[{) P45 AE 2 e s 52 A2 I 1R] A 2481.130 s, EE VarCop FB&E T 41%. XL T TR 7k &
KINHE 22 45 H i T e 5 B AT BRI AE A8 B IR . J5 838 Fh I R m B L 5 5.
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# 2 FCS-FL 5 VarCop ta 2 FHFAESS BEFI T 318 4T I 18] LU

24 P R AR AR AL _ AT [A] _
VarCop FCS-FL WD EEAI] (%) VarCop (s)  FCS-FL (s) WD LM (%)

Elevator-FH-JML 6 73 36 50.7 0.002 0.001 50
BankAccountTP 8 731 443 39.4 0.038 0.031 18
ExamDB 8 117 115 0 0.002 0.002 0
Email-FH-JML 9 1103 729 33.9 0.039 0.034 13
ZipMe 13 3079 1471 52.2 0.094 0.087 7
GPL 27 9646128 3875392 59.8 4216.437 2481.130 41

25 b, SO0 25 SR B AR SCHR I T SRR A R A T VEAR IR T B M AT R A W BARTE. AHEL T ELE
JiiE, BT R BRRRAE AT B 2% B SRR 1] DL o AR ORI RS A K B R AR IESE B, SEIIE R Z M ARG b DK A&
33.9%-59.8% MIHFHEAC H. BhAb, X F MUK SPL RS, U0 GPL, fE4FE A BT B4 E R B K R i R,
FCS-FL /b I8 47 B 18] EEBITS A 41%, X AR EFHLE T RQL.

5.2 BEPEIER TEAMEEIMLEE (RQ2)

# 3 MK 4 3l 7R T FCS-FL 5 2kl L 7E B IE 241 T 1) Rank Fl EXAM. 45 R 7R, FCS-FL Fl2k#E A
IEFEBTEALT ] OP2 b iy I H TE AR I8 L 8 77, IX KA OP2 b5 HE3& & H TIE 4 M SPL R 4. Toin (il FH Wk F
SBFL #8845, FCS-FL [#J Rank 1 EXAM #H bt T £t 7 vE 2 AR [0, 72 OP2 #8451, FCS-FL REMLT FB, A
FB X 3% R A B, kR b SRR AR 2 B ba 2 7. BhAh, $EH I J7VEAE 5 Bl SBFL #845 T 11°F33 Rank {4
AHLLT SBFL I S-SBFL 43 442 1 3.94 1 2.04, iXx % B SBFL BN H T SPL R4 ik IR1F R 1 A7 M RE.
AHLLT VarCop, FCS-FL f£ Rank Fl EXAM 43 A& T 0.25 F1 0.17, 3% 72 K AHE H I D SRAR Y m] LASR A+ 7T S84
FIVEAR TR . (R, FCS-FL 7F SR FE S0 _F R R ia e A Ve REAE L T 35 4E v B R R 3.

#* 3 FCS-FL 5 #EJ77:4%E A E SBFL #6845 R Rank HLis

SBFLAE#r FCS-FL VarCop S-SBFL SBFL FB
Tarantula 5.65 5.97 7.79 12.27 104.56
Ochiai 4.85 5.07 6.89 7.95 90.19
OoP2 4.17 4.26 5.24 5.33 77.93
Barinel 6.71 7.11 9.73 12.27 104.56
Dstar 4.63 4.83 6.54 7.89 87.94

#* 4 FCS-FL 53 #EJ7 75754 E SBFL $8%5 11 EXAM AR

SBFLf&#r FCS-FL VarCop S-SBFL SBFL FB
Tarantula 1.49 1.69 2.45 3.25 17.58
Ochiai 1.29 1.42 1.73 1.92 14.01
oP2 1.15 1.36 1.56 1.56 12.72
Barinel 1.74 1.94 2.44 3.25 17.58
Dstar 1.27 1.40 1.68 1.90 13.65

& 7 JEoR T FTHR T 18 B T A BB R h Hit@ 1 -Hit@3 FT 5 5000 b ). A AT DU U, 78 S bk
Fe 1 R, FCS-FL ¥ Hit@1-Hit@3 A L FEMET VA A 3271, L2 Hit@1. BT R0 A0S 2508 (b4,
FCS-FL fig g /5 0 2 [ 0 g S iaiB sy 228 1 106 &, Rk Hit@1 FIRIE A, thsh, FCS-FL e
46% I Z205 H i VR 2 B AT R BB T A, S LR 80% MO AR AN FRAR BT A 3 453 A RV AT s o BBk B ).

ST RQ2, S2U6 45 BB T F B Bk [ =5 B, FCS-FL [k 06 52 17 B8 0 S8 vy, JC i fd Wi Rh SBFL F54%,
FCS-FL #Rn] LIS B & AL i e 1o 1 BE. TR K 52 A2 A8 77, FCS-FL 8381 J7 v W B4 7+, 8 F FCS-FL 768l —
2 1) BRI B R 5] R — YRR 7 BT T E A BBR 1 ).
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“ BN SBFL | S-SBFL [l VarCop [l FCS-FL

60 -

40t

ZHIE S H (%)

20+

0

Hit@]1 Hit@2 Hit@3
Kl 7 FCS-FL 57 7E BB E 240 4 1 Hit@ 1 -Hit@3 HLi (E 6183 260)

53 ZERPRIER TREZE LA IELE (RQ3)

K 8(a) &/~ T FCS-FL 5EMET7VLAEH OP2 fbsfE i3 2 BREE S 6] 1 1) Hit@1-Hit@3. MEF T LA H,
FCS-FL 7E Hit@1 I T B B8 %, Bl FCS-FL B TEMEIT 35% MIZ G| ol o — SR AP 258 1 10
P, T S T VR T 25%, St/ SBFL Al S-SBFL T 5%. I /& (R A4 i) [ AL 40 ] 1 IR SR &R, Ik
1B 2 AR BETE ) AP AR VR AR R, AT BT TR DR A g kR . AHEE T VarCop, FCS-FL £ Hit@1 [ %
% Hit@2 1 Hit@3 5 W1 &, K4 FCS-FL 76 5.2 ({24t o] KB PG 15 ) HEF 258 1, 1 VarCop 7E 5 £ 1 2 il
URER BRI TS A HE P 2255 2 5EE 3. BeAb, R 2 i S0 1) 8 r 5 N & 4% HLIR HE, FCS-FL {5 RELE T 70% %
B AERT 3 2% R BETE A bR B B 1A A).

20 60 r —a—SBFL S-SBFL
SBFL S-SBFL [l VarCo FCS-FL VarCop —4— FCS-FL
| | p 50 P
70 + -
;\; 60 40
550+ . g
e 2 30
40 A~
Z 20
= L L
= 30 ] )
.
20 10 [ o
10 L
0 w L
0 2 4 6 8 10
Hit@l Hit@2 Hit@3 W%ﬁw iE‘/EU E’]@[E
(a) Hit@1-Hit@3 1 FL 5z (12 H: 999) (b) PBLIJLL#E

K8 FCS-FL 53EAETTVEE 2 BRI S EIERE R HLEL

8(b) &R T FCS-FL 534 57A7E PBL 4845 LRI HER. 45 B BoR, FCS-FL (£ A L BREE EBIP R &5 1 4
BRI TR A 2 17% FIBEE A, BB T 3R ik, XU T FCS-FL BA EAL AR IR 2 AL 1 . SBFL Al
S-SBFL 1T K% R IE S E AL, 58 2 AN HH R I FR P 15 ) 43 2 W BB 18 ) (R HE 44, DRLIEG B VD ARG 28— 2% 18 ) B 11
PBL #3 0. $2 1575 PBL 12k 5 VarCop BUNHEIR, (HALEHT 10 ZZi5AJH), FCS-FL /] PBL 355 1. iX & K
PR T L ) T SR 1 AR R T T ORI R A BN, T FCS-FL #4ME R T RF R R R R,
MNTTRTE T J5 155 8 LI P .

RlE, T RQ3 WIS 2 LU R & 2. M LT 3E4E 1%, FCS-FL 7F £ S 241 o B B AR IR e 1L B8 0. Bhah,
S 23 R0 B T AR L 00 240 067 P RD SR PRI TR A A v A U B T ) e R G R R SR AR, L T S AR AN R
AT DATE A T 7 BRI TS A).
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5.4 FEIFERREFFENEN TR BEX EMEE NI (RQ4)

NS R BB (] CGy 3Ror) 1A Rk, K 55 53 Ah i DX SR B RLLE 6 A7 i 2k SR A I SR e 56
] L HEAT S AR, 306 1 o K] SR PEAERY 23 31 Dy Baah 45 A PR (¥ ER SR IS () CGy %) A 240 TRT 1 B 2R el A 2
(M CG; o). 5Ebr L, 1T CG3 ATREAAEIR, Joidk ELAEAT 5 R Pl AT TR RO VA7 A1 b, A St P — o g o

5 BN TAEMIE R BB TS TTVE TR, 2 HEH CGy« CG, Al CGy I BB 1 A7 (1 1 B Lh e, erpre—"3%
7N H T PRUR AR R K, TEvETE A BRI (] 9 o1 55 R SR AR, 448 CG 1E MR R IR LT, BT Elevator.
ZipMe Fl GPL HJiEA)FT i B 2, B — B s AR 45 B A IR R o B, DR e iR A 45 1. X 3%
B 3 K ) DR SR 4% 2 7 L PR IR SR A B A 8 2R, AR E AR KRG8 . X T ExamDB Al Email-FH-JML, {# i
CG; AT R R HEWT AT ASRIE L CG, Al CG, BALKITE ML ERE, N E 5 TIBAIRE 2 FIH R LR, EIRIBENED
FRII TR T LA 3 S A 1 R SR 82 SR T, 7E BankAccountTP Y, ff /] CG; B3 T 2 (0 APk RS, XA B R
2 a7 ) DR SR A B PT R B 22 RV TR TR T, 360 T B (1 A e e AR R 2R I 20, I A R 5 (D T R AR i
MEAE, S H00E B8 H A FE IR FE 808, R, S J5 T 52 4 i 15 21 04 D8] SR PR AR 34T (R SR 5 R
U ER. BEAN, IR S FFTH, I CG, 347 R, A M RERE T CG,. X2 FH CG A
YN R RS TTB, Chysk /b 5% 28 TR 7 22, A DR SR A5k R P+t B

%5 FCS-FL {8 A [A] 5 SR 14 e b e

“F-#JRank FHEXAM
A5 FCS-FL (CG,) FCS-FL (CG,;)  FCS-FL (CG3) FCS-FL (CG;) FCS-FL(CG,) FCS-FL (CG;3)

Elevator-FH-JML 1.54 1.54 - 0.34 0.34 -
BankAccountTP 2.71 2.73 2.80 3.53 3.55 3.66
ExamDB 2.46 2.56 2.27 0.98 1.02 0.90
Email-FH-JML 2.30 2.35 2.20 0.93 0.95 0.89

ZipMe 9.20 9.35 - 0.40 0.40 -

GPL 6.79 6.82 - 0.70 0.71 -

B9 JBR T u Mg FEAFREBUE T, FCS-FL [ Hit@1 R, KB E LRGSR KRE 7). WEI TR AT LAE H, A
T35S (RS R S 2 1 TG ST (AU (B4, e BUEN 0.9 35 1 H p BUE A 0.5 1), BRBE e AL RE 18 T F % 48
T, 24 u BUE A 0 3L 1 B, iR Hit@] ST IUETE 0.1-0.9 Y6l P 1) Hit@1. iX 3R, FCS-FL {A# 4t
S0 B R SR AR, LR B R AV R A 2 T ROX — I G ) S IRITE 1, AT S35 i % 5 v b e o7 R P PR R A
T R SR 280 7 0 5 At 3 AR Bt e o ) L A ), P 80 1 PR AR A . RIUEE, 453K R o 2k 8 R 150 R
EE PR, B9 R UL 20008 RONAN H 36 72 S VP Al B3 S VA e i (B, p B 0 58 1 Ho
BUEN 0.1), B @ ML B FATE ) 1 6E S0 2 R . IX B, BT 7 PP A AT T 8 sl A e AN RDRLBE b e Ak
AL EEE A (R TT SR, AT R AR 2R PR R 22

EAFERE IR, 2 p BUETE 0.1-0.8 Z (MBS, Hit@1 FHEA I, By RARAER I Softmax BEUH—1LIG
Xof BTG RS I SN AR AN eAb, p RN ETEBCARAR S AE (40 O A 1) B of BB 8 AL P RE I R B0 P AR, F 2R
] Hp T A2 DX 338 [ B R D T A0 00 S R0 DR SRz, RS B IR 2 0 B3 B, (19 20 G AR 1Y 1R 2 ikt
S/ B AU RN AU, R TEM AU 208 T — B 5 B, MR A B B TR T BII, MTARRE
R, MU B AR S LR TS 0 M AT . MR TS 4, BIEA) 7 o R I, n S A B A
SRSLRBLER, G g BN 0.2 5 0.3; Rz, TIIRLIE 42 i R SR AR KRR [RIEE, 2 0k 00 7= i () SR 7 7 R A
AT I T B A 5 B, 1 BB N 0.7-0.9; S22 T8 I - 8 Tl ik (4 4 A .

ET UL RS, 5 RQ4 BRI T AR SCHE HE 0 PR R BB, MR T B 28 T P Ao 0 BRI Y, sE & & T
T2 7 B 7 VAT 25, 5 A 240 17 F R S RIS 284 A B, 2B 0 AN e 4% (R IE B 1 9 48 3R, 3 e S AL 5 /g R 0 11 R SR AT
iy, 0T BT B AR A, 7RI e 43 BRAE 7 56 B R B g ELRE K p R SE R 1 b 52 67 B
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B9 Al (AR EAEDGS AR PR 58 37 BE 7 RS2

55 i1 i®

R4 FCS-FL RS TE £ 6 IE 3% 50 T SRIUAE A B IA B AL, HIE 2 A BRI H I T B 132 A g, (H X
THBAENIAE EAEF (ARRAE PSS, P [E R 55 ) B BRI SR AT S I8 A A 0 Rl — DR N, H AT O B
— R 5 LI B S TR R R AR, s 22 A SR AL DR T T P b B AR B AT AR, SR X 22 B L AE I T R
PRI 2878 B0k BdAT R 43 AT, IXAE S TR AR R Iy, TE R 43 A7 7E W 3 RRIE i R B R4 P IR 2 R R 5 R, 5
RV GE P HE P AR AE — e 22, S0 T 38 43 S 090 1) 5 o v T 2.

R B, R £ 24 16 R SR PRI TR SR D9 2 B 42 B T IR A 3R A T M L T AR F R R A AT 4.
ZAR AL S N FE PRI R IR S50 709 mIE SR, A8 T 3 308 3 5 B O A B AR I s
HILH, A 75 7E BR PG AE O J 37 BUAE HOR R AN R B, RBRSHERH U0 H S E SR E 4.

SR, S0 2 B b s b B SR PR vk, 758 30 23 28 ELALA AR A AR 28 5 A i 91 4n AR 1 0.

1) AN RIS B AR A P P B B TOUAAAE B, W) 83 SRS SR B TR IR HH IO A L PSS P88 A AT i B i £

2) ZANRFEILFRIVE R T F— AT B A BOIRAS R B, 7T G825 Y R385 B B AHFE R B4, 52 R SR B A2 1K
AR

3) — /MR IRECE P B IE I RS AL B R R I (R 3 57, TR 2 AL 1, BRI C RN E L.

XL I G R B, IR T (1 1 22 B AR AN A s B 7 R0 P v T P, AR A 2R (0 PR SR AR R AR T T B v
K. FE, JEERRATK 3 — Sy R AR R R E, BT NEEER P s R A BT, A S RPN S IE
DU A0 R AB W, SEIRNT B 2% 20 B 4 55 T DR R AR 1) B RS 1 IR 01 A5 A %

6 B %

nn

EEXh SPL, ASCHR Y 1 — o 5 I5) ROAAIE 200 %2 1 v Bk s 5 62 75 9%, 4609 FCS-FL. 27 AR L T B 7 i
FRTT T RFIE R BRI 58 B (0 R0 R F) 0 BRI sE A R HER 1. FCS-FL fERFIEZL BRI E AL, 36 T AT SERMIEAC L
SRS AR T2 AL, RV AT BERMEE AR S T B & R R 2 S ECE R WU R R IE S B PR A RIS IE R AR 15
) AR TR )5S 2 S B AR B0 A ARFIE 5SS . SIS SR 0 B 1 vl S RAAIE 52 . 25 2 S ] DA 2 £ 31
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A BERFAIEAZ T AR AR TE R SRR S8 (L rpy, AR SCHR Y 1 — b 240 0 F) DAL SR PSR, 2 7R T DA S B SR v 1 R SR
JSPE A, AN, JEILAE 6 N FSEHT SPL R GE F 5 RAMETT iR REAT SIS b, 45 R R H 5 VA AR SRR I AT 2 BRI 5
191 Hh 22 R T L B DA Ry B s S AR, W B 1 R SRS R 88 7 i 5 1 e

AT, FCS-FL fEAL BRI SPL AR GEIT, R AC B (98 2 2 (7398 2 BRI, I BAT 46 B4R BRI 1 R 5t
EORBAETT IR R, SEAh, X SPL SR 1R REAE R R — U 2 H R B AR 55, (HAH DGR TT R
B AR AR A, 575 R8P AL A2 TR R R B 5 (o2 152, LAk — SB G AN AL S 1IN 2. LA, T4l
B0 SPL kI € AT 55, MU TE 2 4k LA R B 4R, JUHR IR 2 R =01, 456 2 b A 70 B 5 IE N
IERHNE LU & FCS-FL, JRAE XS R AT e, ), 0BT X SPL SREAIE R E2 I 3 A R U5, KB Atk
DA A P 3

References

[1] Clements PC, Northrop LM. Software Product Lines: Practices and Patterns. Boston: Addison-Wesley, 2002.

[2] Nie KM, Zhang L, Fan ZQ. Systematic literarture review of software product line variability modeling techniques. Ruan Jian Xue
Bao/Journal of Software, 2013, 24(9): 2001-2019 (in Chinese with English abstract). http://www jos.org.cn/1000-9825/4433 . htm [doi: 10.
3724/SP.J.1001.2013.04433]

[3] Xiang Y, Zhou YR, Cai SW. Integrating preference in many-objective optimal software product selection algorithm. Ruan Jian Xue Bao/
Journal of Software, 2020, 31(2): 282-301 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/5637.htm [doi: 10.13328/
j-cnki.jos.005637]

[4] Bagheri E, Gasevic D. Assessing the maintainability of software product line feature models using structural metrics. Software Quality
Journal, 2011, 19(3): 579-612. [doi: 10.1007/s11219-010-9127-2]

[5] Aurrieta A, Segura S, Markiegi U, Sagardui G, Etxeberria L. Spectrum-based fault localization in software product lines. Information and
Software Technology, 2018, 100: 18-31. [doi: 10.1016/j.infsof.2018.03.008]

[6] Nguyen TT, Ngo KT, Nguyen S, Vo HD. Detecting false-passing products and mitigating their impact on variability fault localization in
software product lines. Information and Software Technology, 2023, 153: 107080. [doi: 10.1016/j.infs0f.2022.107080]

[7] Nguyen TT, Zhang XY, Arcaini P, Ishikawa F, Vo HD. Automated program repair for variability bugs in software product line systems.
Journal of Systems and Software, 2025, 221: 112152. [doi: 10.1016/j.jss.2024.112152]

[8] Wong WE, Gao RZ, Li YH, Abreu R, Wotawa F. A survey on software fault localization. IEEE Trans. on Software Engineering, 2016,
42(8): 707-740. [doi: 10.1109/TSE.2016.2521368]

[9] Li XL, Wong WE, Gao RZ, Hu LH, Hosono S. Genetic algorithm-based test generation for software product line with the integration of
fault localization techniques. Empirical Software Engineering, 2018, 23(1): 1-51. [doi: 10.1007/s10664-016-9494-9]

[10] Wong WE, Debroy V, Gao RZ, Li YH. The DStar method for effective software fault localization. IEEE Trans. on Reliability, 2014,
63(1): 290-308. [doi: 10.1109/TR.2013.2285319]

[11] Nguyen TT, Ngo KT, Nguyen S, Vo HD. A variability fault localization approach for software product lines. IEEE Trans. on Software
Engineering, 2022, 48(10): 4100—4118. [doi: 10.1109/TSE.2021.3113859]

[12] Zeng MH, Wu YQ, Ye ZT, Xiong YF, Zhang X, Zhang L. Fault localization via efficient probabilistic modeling of program semantics.
In: Proc. of the 44th Int’l Conf. on Software Engineering. Pittsburgh: ACM, 2022. 958-969. [doi: 10.1145/3510003.3510073]

[13] Cleve H, Zeller A. Locating causes of program failures. In: Proc. of the 27th Int’l Conf. on Software Engineering. St. Louis: IEEE, 2005.
342-351. [doi: 10.1109/ICSE.2005.1553577]

[14] Garvin BJ, Cohen MB. Feature interaction faults revisited: An exploratory study. In: Proc. of the 22nd IEEE Int’l Symp. on Software
Reliability Engineering. Hiroshima: IEEE, 2011. 90-99. [doi: 10.1109/ISSRE.2011.25]

[15] Kuhn DR, Wallace DR, Gallo AM. Software fault interactions and implications for software testing. IEEE Trans. on Software
Engineering, 2004, 30(6): 418—421. [doi: 10.1109/TSE.2004.24]

[16] Baah GK, Podgurski A, Harrold MJ. Causal inference for statistical fault localization. In: Proc. of the 19th Int’l Symp. on Software
Testing and Analysis. Trento: ACM, 2010. 73-84. [doi: 10.1145/1831708.1831717]

[17] Siebert J. Applications of statistical causal inference in software engineering. Information and Software Technology, 2023, 159: 107198.
[doi: 10.1016/j.infs0f.2023.107198]

[18] Leszak M, Perry DE, Stoll D. A case study in root cause defect analysis. In: Proc. of the 22nd Int’l Conf. on Software Engineering.
Limerick: ACM, 2000. 428—437. [doi: 10.1145/337180.337232]

© TEBREEEEIEDT  htp/ www. jos. org. cn


http://www.jos.org.cn/1000-9825/4433.htm
http://www.jos.org.cn/1000-9825/4433.htm
http://www.jos.org.cn/1000-9825/4433.htm
https://doi.org/10.3724/SP.J.1001.2013.04433
https://doi.org/10.3724/SP.J.1001.2013.04433
http://www.jos.org.cn/1000-9825/5637.htm
http://www.jos.org.cn/1000-9825/5637.htm
http://www.jos.org.cn/1000-9825/5637.htm
https://doi.org/10.13328/j.cnki.jos.005637
https://doi.org/10.13328/j.cnki.jos.005637
https://doi.org/10.1007/s11219-010-9127-2
https://doi.org/10.1007/s11219-010-9127-2
https://doi.org/10.1007/s11219-010-9127-2
https://doi.org/10.1007/s11219-010-9127-2
https://doi.org/10.1007/s11219-010-9127-2
https://doi.org/10.1007/s11219-010-9127-2
https://doi.org/10.1007/s11219-010-9127-2
https://doi.org/10.1016/j.infsof.2018.03.008
https://doi.org/10.1016/j.infsof.2022.107080
https://doi.org/10.1016/j.jss.2024.112152
https://doi.org/10.1109/TSE.2016.2521368
https://doi.org/10.1007/s10664-016-9494-9
https://doi.org/10.1007/s10664-016-9494-9
https://doi.org/10.1007/s10664-016-9494-9
https://doi.org/10.1007/s10664-016-9494-9
https://doi.org/10.1007/s10664-016-9494-9
https://doi.org/10.1007/s10664-016-9494-9
https://doi.org/10.1007/s10664-016-9494-9
https://doi.org/10.1109/TR.2013.2285319
https://doi.org/10.1109/TSE.2021.3113859
https://doi.org/10.1145/3510003.3510073
https://doi.org/10.1109/ICSE.2005.1553577
https://doi.org/10.1109/ISSRE.2011.25
https://doi.org/10.1109/TSE.2004.24
https://doi.org/10.1145/1831708.1831717
https://doi.org/10.1016/j.infsof.2023.107198
https://doi.org/10.1145/337180.337232

TiBT 5 GO RAT 6 R S R TS AT R 2987

[19] Johnson B, Brun Y, Meliou A. Causal testing: Understanding defects’ root causes. In: Proc. of the 42nd ACM/IEEE Int’l Conf. on
Software Engineering. Seoul: ACM, 2020. 87-99. [doi: 10.1145/3377811.3380377]

[20] Wong WE, Gao RZ, Li YH, Abreu R, Wotawa F, Li DC. Software fault localization: An overview of research, techniques, and tools. In:
Wong WE, Tse TH, eds. Handbook of Software Fault Localization: Foundations and Advances. Hoboken: Wiley-IEEE Press, 2023.

[21] Jones JA, Harrold MJ. Empirical evaluation of the tarantula automatic fault-localization technique. In: Proc. of the 20th IEEE/ACM Int’l
Conf. on Automated Software Engineering. Long Beach: ACM, 2005. 273-282. [doi: 10.1145/1101908.1101949]

[22] Abreu R, Zoeteweij P, Golsteijn R, van Gemund AJC. A practical evaluation of spectrum-based fault localization. Journal of Systems and
Software, 2009, 82(11): 1780—-1792. [doi: 10.1016/j.jss.2009.06.035]

[23] Papadakis M, Le Traon Y. Metallaxis-FL: Mutation-based fault localization. Software Testing, Verification and Reliability, 2015, 25(5-
7): 605—628. [doi: 10.1002/stvr.1509]

[24] LiZJ, Yan LF, Liu YZ, Zhang ZY, Jiang B. MURE: Making use of mutations to refine spectrum-based fault localization. In: Proc. of the
2018 IEEE Int’l Conf. on Software Quality, Reliability and Security Companion (QRS-C). Lisbon: IEEE, 2018. 56-63. [doi: 10.1109/
QRS-C.2018.00024]

[25] Boehm B, Basili VR. Software defect reduction top 10 list. Computer, 2001, 34(1): 135-137. [doi: 10.1109/2.962984]

[26] Baah GK, Podgurski A, Harrold MJ. Mitigating the confounding effects of program dependences for effective fault localization. In: Proc.
of the 19th ACM SIGSOFT Symp. and the 13th European Conf. on Foundations of Software Engineering. Szeged: ACM, 2011. 146-156.
[doi: 10.1145/2025113.2025136]

[27] Zakari A, Lee SP, Abreu R, Ahmed BH, Rasheed RA. Multiple fault localization of software programs: A systematic literature review.
Information and Software Technology, 2020, 124: 106312. [doi: 10.1016/j.infs0f.2020.106312]

[28] Weiser M. Program slicing. IEEE Trans. on Software Engineering, 1984, SE-10(4): 352-357. [doi: 10.1109/TSE.1984.5010248]

[29] Agrawal H, Horgan JR. Dynamic program slicing. ACM SIGPLAN Notices, 1990, 25(6): 246-256. [doi: 10.1145/93548.93576]

[30] Chaleshtari NB, Parsa S. SMBFL.: Slice-based cost reduction of mutation-based fault localization. Empirical Software Engineering, 2020,
25(5): 4282-4314. [doi: 10.1007/s10664-020-09845-4]

[31] Sinnema M, Deelstra S, Nijhuis J, Bosch J. COVAMOEF: A framework for modeling variability in software product families. In: Proc. of
the 3rd Int’l Conf. on Software Product Lines. Boston: Springer, 2004. 197-213. [doi: 10.1007/978-3-540-28630-1_12]

[32] Xiang Y, Huang H, Li SZ, Li MQ, Luo C, Yang XW. Automated test suite generation for software product lines based on quality-
diversity optimization. ACM Trans. on Software Engineering and Methodology, 2023, 33(2): 46. [doi: 10.1145/3628158]

[33] Nguyen S, Nguyen H, Tran N, Tran H, Nguyen T. Feature-interaction aware configuration prioritization for configurable code. In: Proc.
of the 34th IEEE/ACM Int’] Conf. on Automated Software Engineering (ASE). San Diego: IEEE, 2019. 489-501. [doi: 10.1109/ASE.
2019.00053]

[34] Kolesnikov S. Feature interactions in configurable software systems [Ph.D. Thesis]. Passau: Universitit Passau, 2019.

[35] Dubslaff C, Weis K, Baier C, Apel S. Causality in configurable software systems. In: Proc. of the 44th IEEE/ACM Int’l Conf. on
Software Engineering. Pittsburgh: IEEE, 2022. 325-337. [doi: 10.1145/3510003.3510200]

[36] Yao LY, Chu ZX, Li S, Li YL, Gao J, Zhang AD. A survey on causal inference. ACM Trans. on Knowledge Discovery from Data
(TKDD), 2021, 15(5): 74. [doi: 10.1145/3444944]

[37] Imbens GW, Angrist JD. Identification and estimation of local average treatment effects. Econometrica, 1994, 62(2): 467-475. [doi: 10.
2307/2951620]

[38] De Chaisemartin C, D’Haultfeeuille X. Two-way fixed effects estimators with heterogeneous treatment effects. American Economic
Review, 2020, 110(9): 2964-2996. [doi: 10.1257/aer.20181169]

[39] Pearl J. Causality: Models, Reasoning, and Inference. Cambridge: Cambridge University Press, 2000.

[40] Musco V, Monperrus M, Preux P. Mutation-based graph inference for fault localization. In: Proc. of the 16th IEEE Int’l Working Conf.
on Source Code Analysis and Manipulation (SCAM). Raleigh: IEEE, 2016. 97-106. [doi: 10.1109/SCAM.2016.24]

[41] Furia CA, Torkar R, Feldt R. Towards causal analysis of empirical software engineering data: The impact of programming languages on
coding competitions. ACM Trans. on Software Engineering and Methodology, 2023, 33(1): 13. [doi: 10.1145/3611667]

[42] Aho AV, Garey MR, Ullman JD. The transitive reduction of a directed graph. SIAM Journal on Computing, 1972, 1(2): 131-137. [doi: 10.
1137/0201008]

[43] Ngo KT, Nguyen TT, Nguyen S, Vo HD. Variability fault localization: A benchmark. In: Proc. of the 25th ACM Int’l Systems and
Software Product Line Conf. Vol. A. Leicester: ACM, 2021. 120-125. [doi: 10.1145/3461001.3473058]

[44] Abreu R, Zoeteweij P, van Gemund AJC. An evaluation of similarity coefficients for software fault localization. In: Proc. of the 12th
Pacific Rim Int’l Symp. on Dependable Computing (PRDC 2006). Riverside: IEEE, 2006. 39-46. [doi: 10.1109/PRDC.2006.18]

© TEBREEEEIEDT  htp/ www. jos. org. cn


https://doi.org/10.1145/3377811.3380377
https://doi.org/10.1145/1101908.1101949
https://doi.org/10.1016/j.jss.2009.06.035
https://doi.org/10.1002/stvr.1509
https://doi.org/10.1109/QRS-C.2018.00024
https://doi.org/10.1109/QRS-C.2018.00024
https://doi.org/10.1109/QRS-C.2018.00024
https://doi.org/10.1109/QRS-C.2018.00024
https://doi.org/10.1109/2.962984
https://doi.org/10.1145/2025113.2025136
https://doi.org/10.1016/j.infsof.2020.106312
https://doi.org/10.1109/TSE.1984.5010248
https://doi.org/10.1145/93548.93576
https://doi.org/10.1007/s10664-020-09845-4
https://doi.org/10.1007/s10664-020-09845-4
https://doi.org/10.1007/s10664-020-09845-4
https://doi.org/10.1007/s10664-020-09845-4
https://doi.org/10.1007/s10664-020-09845-4
https://doi.org/10.1007/s10664-020-09845-4
https://doi.org/10.1007/s10664-020-09845-4
https://doi.org/10.1007/978-3-540-28630-1_12
https://doi.org/10.1007/978-3-540-28630-1_12
https://doi.org/10.1007/978-3-540-28630-1_12
https://doi.org/10.1007/978-3-540-28630-1_12
https://doi.org/10.1007/978-3-540-28630-1_12
https://doi.org/10.1007/978-3-540-28630-1_12
https://doi.org/10.1007/978-3-540-28630-1_12
https://doi.org/10.1007/978-3-540-28630-1_12
https://doi.org/10.1007/978-3-540-28630-1_12
https://doi.org/10.1145/3628158
https://doi.org/10.1109/ASE.2019.00053
https://doi.org/10.1109/ASE.2019.00053
https://doi.org/10.1145/3510003.3510200
https://doi.org/10.1145/3444944
https://doi.org/10.2307/2951620
https://doi.org/10.2307/2951620
https://doi.org/10.1257/aer.20181169
https://doi.org/10.1109/SCAM.2016.24
https://doi.org/10.1145/3611667
https://doi.org/10.1137/0201008
https://doi.org/10.1137/0201008
https://doi.org/10.1145/3461001.3473058
https://doi.org/10.1109/PRDC.2006.18

2988 HAFFIR 2026 FF 37 AF T H

[45] Abreu R, Zoeteweij P, van Gemund AJC. Spectrum-based multiple fault localization. In: Proc. of the 2009 IEEE/ACM Int’l Conf. on
Automated Software Engineering. Auckland: IEEE, 2009. 88-99. [doi: 10.1109/ASE.2009.25]

[46] Wong E, Wei TT, Qi Y, Zhao L. A crosstab-based statistical method for effective fault localization. In: Proc. of the 1st Int’l Conf. on
Software Testing, Verification, and Validation. Lillehammer: IEEE, 2008. 42-51. [doi: 10.1109/ICST.2008.65]

[47] Lucia, Lo D, Xia X. Fusion fault localizers. In: Proc. of the 29th ACM/IEEE Int’l Conf. on Automated Software Engineering. Vasteras:
ACM, 2014. 127-138. [doi: 10.1145/2642937.2642983]

[48] Keller F, Grunske L, Heiden S, Filieri A, van Hoorn A, Lo D. A critical evaluation of spectrum-based fault localization techniques on a
large-scale software system. In: Proc. of the 2017 IEEE Int’l Conf. on Software Quality, Reliability and Security (QRS). Prague: IEEE,
2017. 114-125. [doi: 10.1109/QRS.2017.22]

[49] Pearson S, Campos J, Just R, Fraser G, Abreu R, Ernst MD, Pang D, Keller B. Evaluating and improving fault localization. In: Proc. of
the 39th IEEE/ACM Int’l Conf. on Software Engineering (ICSE). Buenos Aires: IEEE, 2017. 609—620. [doi: 10.1109/ICSE.2017.62]

[50] Naish L, Lee HJ, Ramamohanarao K. A model for spectra-based software diagnosis. ACM Trans. on Software Engineering and
Methodology, 2011, 20(3): 11. [doi: 10.1145/2000791.2000795]

[51] Abreu R, Zoeteweij P, van Gemund AJC. On the accuracy of spectrum-based fault localization. In: Proc. of the 2007 Testing: Academic
and Industrial Conf. Practice and Research Techniques-MUTATION (TAICPART-MUTATION 2007). Windsor: IEEE, 2007. 89-98.
[doi: 10.1109/TAIC.PART.2007.13]

[52] Li XY, Orso A. More accurate dynamic slicing for better supporting software debugging. In: Proc. of the 13th IEEE Int’l Conf. on
Software Testing, Validation and Verification (ICST). Porto: IEEE, 2020. 28-38. [doi: 10.1109/ICST46399.2020.00014]

R Fh 32535 3k

[2] EEhpd, dk#, SRR, B PE S R ATAR M B R R R A LEIR. AR, 2013, 24(9): 2001-2019. http:/www.jos.org.cn/1000-9825/
4433 htm [doi: 10.3724/SP.1.1001.2013.04433]

[3] 1%k, AE N, B0, B i 1 m 4t 2 H AR RS ™ ik 8 2. B 2R, 2020, 31(2): 282-301. http:/www.jos.org.cn/1000-
9825/5637.htm [doi: 10.13328/j.cnki jos.005637]

EEEN

EiET, WL, CCF 2244 Y, T R RSO 3 R Bt TR, 2 BhRfifL.

B3R, W, BIZUR, kA4S, CCF lkex i, EZMF AR B TR, WALTH5E, 2 B hRfiiiL.

B, WL, %, WA R, CCF A8 & 54, RRBI A GO SRR 507, B R E TAE, AL st L.
KREE, W&, B, B LASI0, CCF Tkax i, 3 EHF RSO TS, HLE 2420, s 2emig R,

AR, Mk, R, CCF Bolkgx i, F US98 e AL S0, SR

AR, 1, 2R, Wb S0, SR SR LS 2 21, B, R R LB AR

© TEBREEEEIEDT  htp/ www. jos. org. cn


https://doi.org/10.1109/ASE.2009.25
https://doi.org/10.1109/ICST.2008.65
https://doi.org/10.1145/2642937.2642983
https://doi.org/10.1109/QRS.2017.22
https://doi.org/10.1109/ICSE.2017.62
https://doi.org/10.1145/2000791.2000795
https://doi.org/10.1109/TAIC.PART.2007.13
https://doi.org/10.1109/ICST46399.2020.00014
http://www.jos.org.cn/1000-9825/4433.htm
http://www.jos.org.cn/1000-9825/4433.htm
http://www.jos.org.cn/1000-9825/4433.htm
http://www.jos.org.cn/1000-9825/4433.htm
https://doi.org/10.3724/SP.J.1001.2013.04433
http://www.jos.org.cn/1000-9825/5637.htm
http://www.jos.org.cn/1000-9825/5637.htm
http://www.jos.org.cn/1000-9825/5637.htm
https://doi.org/10.13328/j.cnki.jos.005637
https://doi.org/10.13328/j.cnki.jos.005637
https://doi.org/10.13328/j.cnki.jos.005637

	1 缺陷定位相关工作
	1.1 单系统软件的缺陷定位技术
	1.2 SPL系统的缺陷定位技术

	2 基础知识
	2.1 SPL
	2.2 特征交互缺陷
	2.3 潜在结果模型与因果效应估计

	3 基于因果和频谱效应融合的高效SPL可变缺陷定位方法
	3.1 问题描述
	3.2 基本框架
	3.3 高效的可疑特征交互识别
	3.4 基于约简程序依赖的因果效应评估
	3.5 可疑语句的可疑值计算及排序

	4 实验设置
	4.1 数据集
	4.2 研究问题
	4.3 评价指标及基准方法

	5 实验结果与分析
	5.1 可疑特征交互识别中效率的提升(RQ1)
	5.2 单缺陷情形下定位能力的比较(RQ2)
	5.3 多缺陷情形下根因定位能力的比较(RQ3)
	5.4 不同因果模型和融合权重的不同取值对定位能力的影响(RQ4)
	5.5 讨　论

	6 总　结
	参考文献

