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Evolutionary Coupling Analysis Method of Software Entity Based on Episode Mining
ZHANG Xin-Yu', JIN Wu-Xia',LIU Jing-Wen*, FAN Ming?, LIU Ting®

'(School of Software Engineering, Xi’an Jiaotong University, Xi’an 710049, China)
%(School of Cyber Science and Engineering, Xi’an Jiaotong University, Xi’an 710049, China)

Abstract: The entity evolution coupling analysis of software systems is helpful for analysis activities such as co-change candidate
prediction, risk identification of software supply chain, code vulnerability traceability, defect prediction and architecture problem
localization. The evolutionary coupling between two entities indicates that these entities tend to be changed together in the software
revision history. Existing methods present a low accuracy to detect the frequent "having distance" co-change in the revision history. To
address this problem, this paper proposes an evolutionary coupling analysis method based on the combination of Association Rules
mining , Episode mining and Latent Semantic Indexing(Association Rule , MINEPI and LSI based Method, AR-MIM), which mines
co-change relations of "having distance". The experiment verified the effectiveness of AR-MIM by compared with the four baseline
methods on the dataset, collecting 58 Python projects, 242074 pieces of training data, and 330660 pieces of ground truth. The results show
that the precision, recall, and F1 score of AR-MIM are better than those of existing methods in co-change candidate prediction.
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+# Fix for behavior inconsistency on numpy.equal for object dtypes deftest_get chunk n rows(row_bytes, max_n rows, working memory,
+# For numpy versions < 1.13, numpy.equal tests element-wise identity of objects max_n_rows=max_n_rows)

+# instead of equality. This fix returns the mask of NaNs in an array of

+# numerical or object values for all nupy versions. +@pytest. mark parametrize(" value, result", [(float("nan"), True),

+ (npnan, True),

(np float("nan"), True),
(np.float32("nan"), True),
(np float64("nan"), True),

+ nan object_array = np.array([np nan], dtype=object)
+ nan object_mask= _nan object array |= _nan_object_array

+if np.array_equal(_nan_object mask, np_ array([True])): (0, False),

+ def _object dtype_isnan(X) (0., False),

+ retum X =X (None, False),

+ ("", False),

+else: ("nan", False),

+ def _object dtype_isnan(X) + ([np.nan], False)])
+ retum np frompyfunc(lambda x: x I=x. 1, 1)(X).astype(bool) +deftest is_scalar nan(value, result):

+ assertis_scalar_nan(value) is result
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1 for commit X in filechange X: IERBUSCAE X FASCAHF Y 2 (8] 43 A «PE 3 i 3 AR
2 for commit_Yin filechange Y:
3 If (time(commit_Y) >time(commit X)) and (width(commit_Y,commit X) <=max_width):
//F% commit_Y 1 commit_X 2 J& KA, B> commit [H ¥ /NF max_width, )\ 9AE1EA B B I 245,
4 then
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6 end
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12 end
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RQ3 ik 2o E AR Python I H L, iFfl AR-MIM %5 B 4 & R, W82 45 A H
I iR R AT 2 R

RQ4 ZH¥ B 43 H1: 1€ Python WU H b WPl A R S50k B X AR-MIM 777214 58 [ 5 1.
3.2 BEWE

3.2.1 mMBWEERE

A SCAE Python 10 H b #E47 5256 9 1 U4 A JT K Python R4, 4 X% 1 Jin 4 NV Jebnoun %5 A1
B LA, BT A Github |3t 82 2] 499 4~ Python Il H,J5 3 M GitHub & F 59 A4~ AT 438 AH 5 ¥ Python i
H,—3t 558 /> Python Wi H % T3k, A& 3C A 558 AT H i ikt AHE 7800 70 4 0 3 S A 7 & AR T H
T E AR HEELHE: ()i IEREAETT P LR H/N T 800 H I H i BRI AE T, 3k A4 I3 s ALHRR & 3 i 75 2 b il B B A
— 3 FURE B HE R AT BT DD IR 3 (Git commits), &£ 5 [ 7 504 32 MR 4 fig AR IE B0HE 2 A AT SR L (2) i 4
FEAZ P s, OB 52 1) i (fixed Issue) MN4/NF 100 130 H iR RI7E T, 5 F 728 58 52 T S 56 B 75 B4 4
ground truth 248 48, 9 Hi & ground truth (1 AERH M W AR T BIMEAT I3 52 2260 5 R % i 11 fixed Issue 4222,

AR LA BB 3R AR SR 2SR B 58 4 Python 35T H /E A 700 538 2 45 13X 58 > Python 3T H I FE A5
BLH A #Commit AAFRAZ T J7 s b (42 58 2 4 #lssue AR T H 1 fixed Issue Hi. MR 2 7T LLWLEE F, X LE 15
I (9 17 S 458 $i i 43 Afi /5 840~43661 25 2 6. fixed Issue $L i3 Aii . 101~3864 2 i), K 5 Wl ALALE R T Xtk
ERSNOEE

=3



REM F: L0FTIBGRM FIRIFARE AT = 2211
<2 Python I H MAH(E B

#Statistic | LOC File | #Commit | #lssue | .o o

3500

Min 6,133 30 840 101 . %000

2500

Medium | 6,9085 460 6,417 294 00
20000

Max 521,002 | 3238 | 43,661 3,864 1900

10000 1000

Sum 6,258,092 | 39,464 | 530270 | 33,169 500

0 0

(a) #commitNum (b) #IssueNum

Bl 5 Python T H (4222 77 sk A0 il /4y A
2% Jin % NPIBRE ) Python I H A4, A SCHEHIX 58 NI H (4TI, 45 R a2k 3 fiis Bl i, 2% 3 P i
F—4T R 39.7% (58 NI H F45 23 ) J&8 T Scientific and Numeric 448, 2 17 42 AL Wi H,6 2 F Al
T H ASCWCER R T H R 35 T % 2 [ 1 A0, BT = K B AU Scientific and Numeric(39.7%)+ Software
Development(27.6%) LA & Web and Internet Development(12.1%).58 NI H #1425 A AL TUH 1 33 AMHE AT TUH.
3 Python I B 140k 43 A

Domain AL T H %L 4k AT T H % S A7kl
Scientific and Numeric 17 6 23 39. 7%
Software Development 3 13 16 27. 6%
Web and Internet Development 3 4 7 12. 1%
Database Access 0 3 3 5. 2%
Image Processing and Computer 1 1 2 3. 4%
Game and 3D Graphics 1 0 1 1.7%
Desktop GUIs 0 1 1 1. 7%
Network Programming 0 1 1 1.7%
Education 0 1 1 1. 7%
Others 0 3 3 5. 2%

3.2.2 IZEF ground truth W&

XFBATE, AR AR RS Git WHENTUE 6 2491520 BT AR AT A& 1T T S0t % 5% 2l
{1 T ARV R AN H A ST A% F K FAB AT D 52 5 NP AL AT 75% 505 25%. 81 75%IE3T I s 4
B SR F2 R S A 2 18] AL RS & 08 R JE 25%H T 42 B ground truth 285 (GS), 38 UE I 2R 48 4288 M AL AR &
I 3 (7] 2% 5 {358 T A HE R . 5% Kagdi 25 APV Rolfsnes 2 NPV TAR 76 17 s2 A 5k H 2% e s o So 1
B4 5, H 2B A SOR S B R T 30 BB IR AT, DLHERR A G 4258, 59 & I S R 3, il - GPflow Tl H
H,commit 927eda FFIEEL T 36 A .py XAF, MR HE commit message fifiiR, %3 58 % T T LAE “ Add types to the
configuration, and remove unused imports. ” ZIRAJE T A& 238, 7 B 205

T RN A GS WEITE ARG 25% 3T I L ik th 518 8 Issue G- AT A A 4k GS.
AR & A 0w Se 6 H Github API M Github b 3RHUINH Y fixed Issue. A iE$F T tag N closed HJ Issue,IF
20 T tag N wontfix, duplicate,invalid,help wanted [#J Issue, K| N iX & Issue 35 8AH ST AL BT H 20 5 o SR 5
I H G 25% 01837 I 52 F1 fixed Issue VGHE, 3R H fixed Issue A58 FIHEAS. AR FIULED J7 15 &, H git log
M commit message I AH IS issue id, K K 2 issue id F1 Github 3R 25 # fixed Issue VLD K NIEE fixed
Issue T 7= A A& 5 SO, 5 26 BRSO AE - GS, GS ={<file1,file2 >} 3Lk filel 1 file2 1B T Al — fixed
Issue MR ¥ R REFE, A SC A 58 AT H i, LY 42 5] 242074 2% commit /E i)l Z54E,330660 4~ ground truth. +*

2 https://github.com/zxylz/ AR-MIM.git



REM & SEOHTIENIMS RIRERIGE ST & 2212
ASCK A gensim T H AL JEIR GS R FE 545 R 3K 4 JB7R T 1E gensim I H J5 25% M2 11 7 52 Fh i
—E AL S commit Id, commit 18 5 [ Issue, LA S commit 77 & A 28 55 ) S04 5 i commit 2589¢5ab 7,
& 8% 7 3L ' gensim/corpora/mmcorpus.py', 'gensim/utils.py' Fl'setup.py', 1& &E T Issue #3077,f# ¥k T “ various
documentation warnings” [ &%,
Fz 4 gensim Wi H I HIRAEE

commit fixed Issue AR I A

2589cSab | #3077(fix various documentation warnings) | 'gensim/corpora/mmcorpus.py', 'gensim/utils.py', 'setup.py’

cc441b7b | #2096(Fix documentation for various 'gensim/corpora/dictionary.py', 'gensim/corpora/hashdictionary.py’,
modules) 'gensim/corpora/mmcorpus.py', 'gensim/corpora/wikicorpus.py',
'gensim/interfaces.py', 'gensim/matutils.py’, 'gensim/models/phrases.py’,
'gensim/models/tfidfmodel.py', 'gensim/similarities/docsim.py’,

'gensim/sklearn_api/phrases.py’, 'gensim/utils.py’

5355¢065 | #1910(Refactor documentation 'gensim/corpora/mmcorpus.py', 'gensim/corpora/textcorpus.py’,

for gensim.similarities.docsim) 'gensim/matutils.py', 'gensim/similarities/docsim.py’

c3f08cla | #1825(Add Cython version of MmReader) 'gensim/__init__.py', 'gensim/corpora/mmcorpus.py', 'gensim/matutils.py’,

'gensim/test/test_corpora.py', 'setup.py’

f£ gensim T H FF, AR 153 4 ) fixed Issue (W13 4 fion) BEA fixed Issue FEE KIS 4L &, 0]
AR B 74 A SO, 300 H #54  gensim/corpora/mmcorpus.py B, M 74 AN S Rk B S B bR SO
gensim/corpora/mmcorpus.py [ 3¢ fF X R A ok I H A E fE % W M GS.GS A
{<gensim/corpora/mmcorpus.py,gensim/utils.py>,<gensim/corpora/mmcorpus.py,setup.py>,<gensim/corpora/mmco
rpus.py,gensim/corpora/dictionary.py>,<gensim/corpora/mmcorpus.py,gensim/corpora/hashdictionary.py>,<gensim/
corpora/mmcorpus.py,gensim/corpora/wikicorpus.py><gensim/corpora/mmcorpus.py,gensim/interfaces.py>,<gensi
m/corpora/mmcorpus.py,gensim/matutils.py>,<gensim/corpora/mmcorpus.py,gensim/models/phrases.py>,<gensim/c
orpora/mmcorpus.py,gensim/models/tfidfmodel.py>,<gensim/corpora/mmcorpus.py,gensim/sklearn_api/phrases.py>
,<gensim/corpora/mmcorpus.py,gensim/corpora/textcorpus.py>,<gensim/corpora/mmcorpus.py,gensim/similarities/
docsim.py>,<gensim/corpora/mmcorpus.py,gensim/__init__.py>,<gensim/corpora/mmcorpus.py,gensim/test/test_co
rpora.py>}

33 BEMENBA SIS
(1) JET RBM 8 AL RS A 2 BT 773 (Association Rules-based Method, ARM)
BARpHrid R 5 2.1 o (20 BR(2) i T SR BRI 7 A P2 30 A A 45 4 ).

(2) IR H ) 0 A 3 P SC T B T 25 45 (1) 3 A6 R & 4> BT 77 5 (Association Rules and Transitive Association
Rules-based Method ,AR-TRM)

Islam 25 A28 A B2 1 A% 53 1SS TR LU 77 ¥ (Transitive Association Rules, TRM), 344 3 F -F 7 I 34 [F) 25 58
% 34 I0. H HLAMATT 28 3 Tt 0 SIZ, 2C BB D) AR 4% 36 4 DG BR BT 77 ¥ 11 2H & (AR-TRM) £E T 3 [ 748 B8 gk ik 1 7
T b P 14 S B A U i B 1 £ 33 S BB ) 7 v BLAS T , TRI AE A SO P AR SC B R Tslam %5 APV A HE
FE B 77185, W S TR U] A0 A 356 M D TR T 77 vk 1) 4 SR O F 4 L B T OGO I AL AR A e T ik AR E
2 AR, TR A 2R 5 T A 33 S DA U £ 3 Ak R 4 40 T 1.

B RPA SR X, Z T 2EAERESILB HE X ZAEEi Y RAENE FHEMERRIBA X,
Z Z BT BE A M A R R X — Z R, i AL 38 1 S I U 7 V472 40 1) 485 SRt R X R A, DR A A 3 1k
IBE 0 U] .48 1] T B A= ¥ (condidence) i B B & DR E

TR S Apriori 9248 X\ Z 5 Y ZIABRBA,GRHN X >Y MY >Z X >Y, Y >ZH]
DA X, Z ZIa RSB X > Z . X > Z MBS EN:




REM & SEOHTIENIMS RIRERIGE ST & 2213
confidence(X — Z)=confidence(X — Y)*confidence(Y — Z)

confidence B R X\ Z Z [AFHA 5 R5E. 8 F W E confidence R H ik I8 4 3 [ I8 A0 M 2 1K 11 S k.

FU 2 5] AT BL— B A% 3%, BB AN AL confidence BB 4T: A0 B2 1RO Z > W AT BL4kZ: i b
B BRI X > Z 50BN Z > W B X > W.

Bl HIEE 4@ EE T AE 1.2 T RSSO 77545 B T = 25 ML FileS — File4, File6 — File4,
File4 — File6 AR5 ST 942 5 )7 52, File5 M1 File6 ¥ A FEMF commit k422 5 (H 2 th HU File5 — File4
Gl File4 — File6 LI £l f% oo M W File5 — File6 . A
confidence(File5 — File6)=confidence(File5 — File4)*confidence(File4 — File6)=0.5.% & confidence BI{H N 0.5,5
ZAF B — AL R File5 — File6 .

5 2N TN T A0 A 338 P D I ) 7 25 1 45 SR A 4 ] 6(a) B 7n T AR-TRM #2388 I B AL R 6 45
(3) FETHMHESHEMNI S M I77% (Fuzzy Overlap-based Method ,FOM)

Kruizinga UV H BB 5 3 (Fuzzy Overlap) 5732, FH -0 70 B0 0F 49 PR vk 38 5 4435 10 5% 28 Jinl* Y% At fif
R =R NG ok T P B W1 B W B ey e o s i

MR8 SR X AR T R R A B R, SeAR Y A R AR I A SR XY 2 0 A REAEAERE AR R,
PR B SRR B 1 AR — Bl BT 1A BRI R (XY) R, AR N R 2 B S
SR AT TR R XY B BE R AR BT st b, BRI A Y5 A R o0 T 7 VAN (R A R AR B S VR B A
B R R FRIL WS E (X,Y) FREE KR, IBA (Y, X) FFEA AR E LR

TR 5 MIM J5RAL, 1 2 MAEIT G st id A3 B s XA Y (AR 58 7 st o6 S qd X AR BE 7 s e —
A~ commit, 41 SR Y 1A T G S A A commit fE1ZIEACHT R KA, HL A commit 22 [8] ) FE B A ) 2 A
#BId BI{E CommitDistance 1 TimeDistance, HiIANK A T — Xk “H” H3LAS H i CommitDistance J2&HA4™
commit Z [B] [ #2322 2%, TimeDistance & M4~ commit & 2 K] 18] 22 B &3 3524k X A2k Y Z (8] Frfa i
R SRR

JE i # B CommitDistance F1 TimeDistance ] LA i€ i 18 IR 55 4 (9 L [FIAR TF 4n R Se kR — Ik “Hm)
(10 e () A 5 X AR 25 5 VA DR T8 4R DR bk, 75 2540 1 B 1R . Match Threshold, i i 4 /N 28 3 [ 4% B (1) S 4k %o

w~B: FEEE 4(a)H B F R B CommitDistance =1,TimeDistance=1000, 7] LL1§ 2| #4 4 K & (Filel,File2) ,
TSR RAE T PR R 3 AS (#4,#3) F (#6,#7) B0 Filel 7E#4 1148 B AT File2 7E#3 & A 1 48 T Filel
1E#6 PR AEAS W 5 File2 547 W R A T A8 . AE L, (Filel,File3) K4 T P IR BB "I 3R AR (#4,#5) A1 (#6,#5) .
(File2,File3) K24 T = UCRUMI (378 (#7 #8) . (#9.#8) . (#9,#10) . (Filed,File5) KR4 T Wk “His” ks
(#13,#13) . (#15#15) . (File4,File6) KL T PRI L AL (#17 #17). (#20,#20). % B CommitDistance [J1H N
1,TimeDistance 18 A 1000,MatchThreshold BI{E A 2,3 A 28 FE AR () SCAE S, I 2453 BIAFEE R & R R I S
¥tN: (Filel,File2) « (Filel,File3) « (File2,File3) . (File4,File5) « (File4,File6) .Id 6(b)JE R T 45 .

.

(a) AR-TRM 45 5% (b) FOM f 4t 3t
K6 AN R AR 15 2 1T 75 245 B i 45

(4) NE



RER F: L6WHT ISR IR LRIRNABE T T % 2214

B3R 3 RRTERE 1 PSR (U5 AR A TS R SR A AR ARM 4 A — 4R A A A B3R AR A
NI B RKAEIAE A LG B A LR AT ARM,AR-TRM IGF2H8 T “ 4381 7 JLA8 I A s ki
R B A S IR (B R i RAR AT AN 55 — D SEARA R & R R AR A # &K R.AR-MIM 2 ARM,
MIM il LIM J7E 45 & Bk 7423030 1 1R — 3228 R AR SR AR SR 42 1A “BE R A9 LA D 9 i SR — A sk
AR S — BARSE N WA S — AN SR R A AR IS4 AT T A R S 58 R HE S Tl i U B AR E
(KRS £ 5C R FOM 248 “ Bt 7 (K322 YO WIER — D SRR B AT A 19— B (8 AL 22 AT 53— D SERR AR,
IR A RS KA.

Xt B 4(a) s B SCAR AR B ) 52, B 4(b)(c)(e) FTE 6(a)-(b) s 1A il b A 42408 M AN R 9 4 2R 1
RS MIM {248 045 R K MIM 5 319 45 R Sl 7R w] LU L ARM, TRMMIM. #2408 2N [A] #9886 2%
Z,FOM #2488 7 KEMA LR PR TES T ARMMIM 145040852488 1718 2 H ALK A 0GR,

Bl A% ARM. AR-TRM. MIM. FOM 3t 4 Fh 5 R R L 7 iR AR-MIM ¥ 53X 4
FhTEEBEAT X E.
34 HESHEE

X T4 W AN AR & o i 5 R A SO B S 4L

X T FOM 77 ik, 3476 J5 Sz U0 e 25 1) B £ ¥ B .CommiitDistance Ji il 8 B 44T 7 sid b — R P H
% /70 SR U B 1 P 1 {E 2 s T A 5 K K B TimeDistance 383 25 B & 1T P s id 3t rh i SR 58 2 1
i ) 70 o 0 55 = 4> DU 99-fi #5156 F Match Threshold, 1 564 Match Threshold #E v 1 34T 1M B S 4H 1%,
TSI A L AR YRS A, e B AR U A (K156 95 AN 43 24 Match Threshold B 4.

ARM A support fl confidence 4> Z%. 2% Mondal 5 N TAE ¥ support W BN 2,08F T RIS H

(support=1) FLIUJ, PR Ay AR 488 FLAT FAAFF 7147491, T sl JOp D) i £ Y8 A A B2 100 0 U 38 5 837 3 6 B0 confidence 1]

2% 7T Mo S NP T4E, & E N 0.33, LAt JE 5545 &

TRM A —4 confidence HIMH,Z % F % E N 0.7. L E T 10 3% (725 58 {5 % 100 A ff BF o v AT
AR-TRM H,ARM [#{f 1% & support N 2,confidence ¥ 0.33,TRM i confidence 4 0.7.

Xt MIM,ZE A SRR Y T, 5% FOM J7 749 Match Threshold % B 77 75,44 min_frequency ¥ B AR &
B ILA B AT 80 AN TH 40, max_width ¥E N 5 I BB .

B F LIM, 2% k2B 712 4 B num_topic ¥ 10, min_similarity 79 0.95.

B4 AR-MIM  J77%H ARM RI{H support 2N 2,confidence 4 0.33,MIM Al LIM %8 iR ikt &.
3.5 M IERR

AT A RS B R (P), A B R (R),F1 2 H0(F1) JUE AR [F 5 2 T 3 [5) 45 58 i 1% 10 ) fig

P T 1 A (AR AR B TN R AR I S B R BU IE A 3L AR LR ground truth S F1o: P AIR
FRR AT S5 8. A DA 2 2k B T 3 ) A8 B gk T P,R,F1:

P=|RSmGS|*1OO’ R=|RSmGS|*1OO, Fl:Z*P*R
RS GS P+R

Hrh GS %R ground truth 4. T ARM,AR-TRM,MIM,AR-MIM 238 ({1278 #8455 2 I, 2 R X R
[1),FOM J7V:F2 80 1) /2 R A O R I SO 25 BRIV R B, 44 - ARM,AR-TRM,MIM,AR-MIM 770, RS
RN AR 288 00 DL E AR SO R ET IR LU ER & 24 8 FOM VR, RS SRARTEARE & 1248 108 & B br 3
) ST

4 SLIRZER

A FERE Y] AR-MIM 5 O 4 F 512 1 S50 0 Lo 75 A 45




REM F: L0FTIBGRM FIRIFARE AT =

4.1 EWMESHT (RQD)
4.1.1 R E

AL AEH 3.5 WA HRFETREP), A B FR),FL 2 F(EL) L I0E AR [F 7 92 7500 [F 25 5 % % 5 1 fE
71.P,R,F1 B R K, 3 W 5 305 TR0 He (7] 28 4 3 00 11 2k R ek 4
4.1.2 LWEER

Bl 7 BIR T 1E 58 /> Python Ti H L AFH AR 7743 2 P R 1 FLL.HH AR-MIM /5K P. R F FL{E
b ARM,FOM,AR-TRM 7 5 #R . A< SC 3k — 25 48 FH BUR Bl 7 2% 75 5 #4856 (Wilcoxon Signed Rank Test)P!lt:
B AR-MIM 7751 P, R, FIE 2 5 B3 KT HAh 7 4s 1. 455 0017F,P: AR-MIM 7151 P KT HAh 75751
P,P-value<0.01.R:AR-MIM %I R KT HAh 55K R,P-value<0.01.F1: AR-MIM J¥E /) F1 KT HAt 550
F1,P-value<0.01.PA b =5 R IR TriE M HL IR it 52 3 L.

Percentage(’) Percentage(%) Percentage(%)
70 30 %0

2215

60 25 25

50

|

9.47%
x

13.99%
®

8.43%

20 20
40
15 _ 15
. 27.12% I
22.17%|[22.17 * 10.26% 947%
83| * 10 .

0

L 0

) - 7.84%
}E‘ —L i 6. ;i'dm 5.%3-\3 6 1:3““ 5 ’ ‘ : J
1T 82T | T

ARM AR-TRM FOM MIM AR-MIM

ARM AR-TRM FOM MIM AR-MIM

(2P

(b)R

ARM AR-TRM FOM MIM  AR-MIM

(c) F1

Bl 7 b o7 2 TN e [ 725 B {38 TR ) &5 SR
# 5 #—BE/RT AR-MIM FJLF 7% PRF1 ME 2 AR Z(H. A WEER AR-MIM 5 LR J7ik 2

5 #)°F 31 {E . AR-MIM 7546 P A LT ARM Al AR-TRM 27 T 4.95%, A0 F FOM 27+ 7 12.63%, M LT
MIM #7+T 15.53%.AR-MIM 75351 P fH At F X A0 5 vk F 942 7+ T 9.52%. R H 19 #2 7+ 3 [ &
1.89%-4.11%, 4R TF T 3.47%.F1 (FRTH G 12 4.52%-6.15%, F YR TH T 5.41%.38 1 BUR B 58 8k 75 5 B 16
A FR EEH P-value /N T 0.05, 5 B8 R W8 B A Gi it W& 1% A PR, F1 A 9 bL A, AT BABRAIE AR-MIM 757 7%
TN s [ 725 B 5% 355 T FK) 388 SR B

=5 AR-MIM FIH AR T i i Ll 45

A((AR-MIM)—ARM) | A((AR-MIM)—(AR-TRM)) | A((AR-MIM)—FOM) | A((AR-MIM)—MIM) A1l
P | 495% 4.95% 12.63% 15.53% 9.52%
R | 3.93% 3.93% 4.11% 1.89% 3.47%
F1 | 452% 4.52% 6.15% 5.56% 5.41%

AT U AR-MIM 7% ARM 56 3 A R L ASC 5041 T AR-MIM Il ARM Tl 45 SR 1) %
S, MK I : AR-MIM F238 R MESBE T ARM 2B RI1 19117 5000, 3F B AR-MIM M Lt T ARM %
SH 2 T IR 2 N IX R W, MIM A LIM 7% T ARM RAEEFS I 2 A& % &,

UEAh, B 7 WEZE], AR-TRM %R 21 PRF1 HMEA ARM J52:45 I i 45 A 22 A KA SCE— 255t
TRM J7E RIS B30T, 38 5] AR-TRM J7iE45 5 ARM J7iE4 B ZE AR KR E K 6 R T 58 AN H 16
TRM J7 V£ 454 B 1) H 0 B . Hoh 58.62% 9 3 H 4 Fl TRM. J7 463248 AR B HL,39.66% 1) 351 B #2308 (1400 0 /> F
10 4, 0 — A1 H 23828 7 242 £ 00 KX L 5 ground truth 5t b, & B H A pyro T H A — 2 M0 7
T IE AR 3X Ut K 2 5 Python T H, TRM [ 77722 AN3&E A (1. [k AR-TRM 77 ¥ 1 =AM 47 A1 ARM 773 )L
A,




REM F: L0FTIBGRM FIRIFARE AT = 2216
M 7 W LA EE R 5 FOM AH EL, ARM J7 3% B2 ) P.R,F1 AR EE =5 . MIM J77% P 2 sl 79,3591 0 11.59%,
fH2 R & EBET 8.37%.
6 TRM J7iE42 3 i L 5 ol

F2 8 R0 2 T H H(k ) F2 8 R0 2 T H H(ke ) F2 4 R0 2 T H H(be s
0 34 (58.62%) 1 11(18.97%) 2 4(6.90%)

3 2(3.45%) 4 4(6.90%) 5 1(1.72%)

7 1(1.72%) 242 1(1.72%)

4.1.3 INGE

5 ARM,FOM,AR-TRM,MIM #f bt A< SC 2 HY f) AR-MIM J532:7E P R F1 #R A E LT, 155 BT+ T
9.52%- 3.47%- 5.41%. @EIL /3T ARM Fl AR-MIM Tl 45 16 2% 7, K PL AR-MIM tb ARM 212488 THE £
LI 3X 2 B MIM A LIM 7] BLER N ARM AN Re 248 2 00 R & 0C R S0 i 45 S48 7R 3R EUA — MR AE i LA ¢
RAEH ERRE “HEE” AR RANE UE B A B TR FHECER S 8T SR,

4.2 WA RXAMKBEIFEIREEN T (RQ2)

B AR TRARHD B B R I B AR 06 R e UK 82 B T 30 81BN M 5 B0 T I > 2 B
R A B xR IR B TR VE AR R, FAR I S T B AR AT S 2 AN K BL IF BRI 08 &R R BETE IS AT I ME —
5. Jin 2 NUITAESE K& Python 1 H 4 F4r T 7 3R e AR A B AE AN [R] 49 W7 AT 25 RO RS i 25 5 At AT T T
25 S 36 4 A T3 HE ) AR-MIM. 7 247 3R 5 200 15 s A0 B8 0, 08 5 3 28 D7 vk i3t 47 % L.

4.2.1 IR E

(DRI A 3 A

fii | ENREPHSEBUREAN T H 55 75%A0 358 fAS ) &8 50R B a0k #5t, 23 0 8 ED (Explicit Dependency) Al
PD(Possible Dependency). >l T fF B 2 A A i 14, 2 2% Jin 2 N AR A SC R RE A i AT 25 o 1) B Ak
#L,80 P1 &S

)V e bw

ACAF A P(C)HE— 5 PFfl RQ1 1 ARM,AR-TRM,FOM,MIM,AR-MIM 115 J5 515 21 1) i AL B & (C)fil 35 &
B AR 1) RE 7, B AR T 5 U
[RSADS|*100

DS

H RS LR HFp TR B0 AR A DS R B 2 ak B AR 45 B P(C)FR 7R FL Rl 7 VA 15 3 i T AL 45
A [ It 7 2 =k B AR A 1 B 4 Bl P(C) B K, 3R 7R 378 8 I8 7 1k i = A T 1) e 0 k.

4.2.2 LWHER

Bl 8 Zon T 3K A 58 A Python T H A B A s Al 2 x40l 10 15 2., 58 AR i b o xa g o 2 8 s i 3

N IME A 1435 A, B AR S 13 E R 520 1

3000

P(C)=

2500
2000
1500

%
1435
1000

500

530
L I

PD ED

0

Kl 8 &= (PD)M & AR HL(ED) ) B &




REM F: L0FTIBGRM FIRIFARE AT = 2217
K 9(a),(b) 7 Bl B T FRh 5 43 B AR A 3R B aUR B K B P(C).TT LG HELMIM. il 38 5 XA
v AR BE 7 B 5, S 20 A B T 21.08%H1 24.92%. ARM A 3¢ 42 200 [ 20t 1) 6 0 o 22, UM 2 8.09%
FlI 8.67%.AR-MIM 77 MIM J7 324 K {2 R 8 AR 1) Eb 8] TE IS — 28, 39 {E /2 16.78%. 18.09%. H: i —Fil
JRE R AE AR-MIM J7 345 A IE S RE T (B 2.1 B BB(5)) A3 MIM J7 9 10 45 Sl 7 ek .
SEAR % L 9(a) AN 9(b) T AW ER 21,48 bh T S A, P 5 2 4 1R B AR 14 R 70 BE 5, 2418 23 )
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IEERIER.
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% 8 JBIN T AR B ST I TR AL RS A M 7 VAR AT REE AT TR E _E T 3[R 48 5 ARk I A P LR,F
HIME . A(—AI- Al) RRIE AL(-AD) BE A AL BiH PR,F1 BIZME.E T AG-AI- Al) Y8 1E48, 5 B, AT i H #
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R IFNIIEAE AL FIIE AT (-AI) 50 E P00 [ A% 5 i i 10 45
ARM AR-TRM | FOM MIM AR-MIM
P Al 18.52% 18.52% 11.38% 9.32% 22.68%
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HRORTIE SO G AT T E ground truth FRETIE 9 SCAR ELBIAME R 51.01%, 3 AT TH N 37.57%.A1 I H ground
truth HHT 38 ) SO L S 1B A EE TR AT I E AT I0E SR R E R, T AR GRS R T i 2P BRI A2 T R
W R 2 — A SC Gt 7 HEBR B 38 SCA IS Tk J7 25 e T s (1) 28 B 4 3 T 45 AR
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HeBRB SO, AL TE AR AL TR E TR0 45 SR 22 R 1 22 B 0 TR 0 SR HE R R SO T BUE AR S T VAL
ALTH ERIAFHIRE 2 —.

37.5Th




kER 5
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