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W E BT 5 ETARITE SR RAR LA, R NGRAR, VA FHE LB R TRRRIBEERT @ H
H—F 4R S MR A & AR ACE, $2 E —FF 454 SVM (support vector machine) #= XGBoost (extreme gradient boosting)
894k KARR!, R T WARRIE B 1545 F0k SR I 3 S5 A2 MR AB A . B 28, AR — R A AN 45T A8 T Hmsg 2
b ERE G TFAER (SVM F= XGBoost), 18 it FAEA 44 FRM A AL 5 R AL TFAER, FFARIEILAR D BT AR K
B T m— N XAEA C-SVMXGBoost (chained SVM and XGBoost). £ A ) 1% 4% H- ik A& s 0K 8 4] B, 4% B ) %
4 64 4k KA R B G HE 5 R BON XI5 B 2 9542 (TN 9642), FARFN 12 5 B AR M 312 &, 3t A 48
ARG A% B 64 TN BE AR BEAT AR IR, JRIBUG #2642, T B & A, AR X E R TR T IIAMRE T RZERIRE
BRGRF MR GIHATER, A REE B AFRBONRIIE. 7RG, RGIMA R T = A 0E B ERZ 4K,
F A 4E XA C-SVMXGBoost, #—% 3 & Al iX 2 F . %5 K, C-SVMXGBoost £ Hpb &-2F o ik XAEA £ 38 &
fif AR TR ) AR, TR FHMRBCR, A S A BRFIEML, TR T EERER ERGTE 15%, T3t
PRELAA PRIEARK, AR KAARAZ - LR E LT 34 65%.

KHEE: WX H 4], SVM; XGBoost; 48 XAER!; 234128 2

FPEES S TP311

hocg AR BRI, ATIB AR, Tk T, BhE AR, RN, kAR, 455 SVM 5 XGBoost i #E R 2 B 478 1 I F 49 AR . R AT 2AR,
2024, 35(6): 2795-2820. http://www.jos.org.cn/1000-9825/6905.htm

U 5] % 30 Qian ZS, Yu QY, Zhang D, Yao CS, Qin LY, Cheng YW. Multi-path Coverage Test Case Generation Combining
Chained SVM and XGBoost. Ruan Jian Xue Bao/Journal of Software, 2024, 35(6): 2795-2820 (in Chinese). http://www.jos.org.cn/
1000-9825/6905.htm

Multi-path Coverage Test Case Generation Combining Chained SVM and XGBoost
QIAN Zhong-Sheng, YU Qing-Yuan, ZHANG Ding, YAO Chang-Sen, QIN Lang-Yue, CHENG Yi-Wei

(School of Information Management, Jiangxi University of Finance and Economics, Nanchang 330013, China)

Abstract: Machine learning methods can be well combined with software testing to enhance test effect, but few scholars have applied it to
test data generation. In order to further improve the efficiency of test data generation, a chained model combining support vector machine
(SVM) and extreme gradient boosting (XGBoost) is proposed, and multi-path test data generation is realized by a genetic algorithm based
on the chained model. Firstly, this study uses certain samples to train several sub-models (i.e., SVM and XGBoost) for predicting the state
of path nodes, filters the optimal sub-models based on the prediction accuracy value of the sub-models, and links the optimal sub-models
in sequence according to the order of the path nodes, so as to form a chained model, namely chained SVM and XGBoost (C-
SVMXGBoost). When using the genetic algorithm to generate test cases, the study makes use of the chained model that is trained instead
of the instrumentation method to obtain the test data coverage path (i.e., predicted path), finds the path set with the predicted path similar

to the target path, performs instrumentation verification on the predicted path with similar path sets, obtains accurate paths, and calculates
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fitness values. In the crossover and mutation process, excellent test cases with a large path level depth in the sample set are introduced for
reuse to generate test data covering the target path. Finally, individuals with higher fitness during the evolutionary generation are saved,
and C-SVMXGBoost is updated, so as to further improve the test efficiency. Experiments show that C-SVMXGBoost is more suitable for
solving the path prediction problem and improving the test efficiency than other chained models. Moreover, compared with the existing
classical methods, the proposed method can increase the coverage rate by up to 15%. The mean evolutionary algebra is also reduced, and
the reduction percentage can reach 65% on programs of large size.

Key words: test case; support vector machine (SVM); extreme gradient boosting (XGBoost); chained model; multi-path coverage
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TSR A B A2 IR E bR B 2 AR AN ORI TR, BRI B bR R A 2 4. Bk, Al
JRAF A A (R AR, W O He 220 26 22 H AR A% nl A 0 e R RO 1y 4R O, g 3 451 1
AR, W TR AR LA

T 22 W A5 B i AR A R B0, 590 782 o5 5 470 5 SR 481 ) 10 S D B840 T B % 1) (R AR A A B 42 s Ak
R IRl SR s i B BR B A R DI e 38 5l S2AE F A 2 R M R kAl b 3 AL 513k (genetic algorithm,
GA) BAEEDA. gt . & RMEg g, 7T AR & Ao, HAE 8 30 A e s Jy i i
Moz, AN, e geig AL AW AE e 5 S8, i, 255 BN Rk, BREE TR TR R, s AT i s
J ERY 10 5 AR A ) 8 o, AL 3 ek et S92 ) 3 R AR 2 v . FRAT 13 5 B o A I 4 2 A st A SV R
T AN ) Y, R AR R WA S A N VR G [ 44 3% (back propagation, BP) 128 R £ AL T 55 A I 1
B R T AR AR TR A 2l I (R S5 1 ) R

WAL, BB HLAS 27 S 0T E AR R, CARE 8 a5 A LA 2 S 5 WA B 10 347 I AR DS ST (R 51
Gong 2 N\ O — P 1A FIUASE IR Ay Bl a8k 10 1% 450 78 5 A i 74 ) 3k, 58 P A QBB 2R i T4 AN A PR3 7
FEAH. FRATIAESCHR [10] 2 HE—Fh 3 F5 M J AL (support vector machine, SVM) [0 V=5 T T & )3 & i JF =5 FH & A5
WA BRI A D 54 4 )7 81 N-Gram Zi i /E 4 BEHLARHK (random forest, RF) (IFEAR, FEE /) SRR, i)
X 2 AR, Esteves 28 A UM ] XGBoost (extreme gradient boosting) 52 TN {2 75 55 I BB, LA AL 2%
5 S IR A LE S DL R FH ()3 53¢, 6 SR B I 2 07 920 T A e s A .

TEARZ WA A, SVM Fll XGBoost R A/NMEAR . IRFER . mvEmvE SO0 M bk) 2 N, HeEfxs
TAEBEA FEAE R B % AL

ISR serb, W H AR 10 2 45 B bR AR AR TR — 8 IVBCR. 4R B AR RN AR T s T 7R 0
FRZS (AR BER AR, WY SURZS B0 PTG A E— A a0 S R B T30 3 B N B S8 2 45 e, AT HT S
— R AT AR TN EA — 8 IR PR T SVM A YN s 5 B, o T E AR E A BAT B U 150 20U, XGBoost
BT B R IR AT R, 5 T AR S B AR o SRR T AR, Ak, A& T/ INEEAS L ey 4 5 ) A s
I, AlE SVM 5 XGBoost #57 k A5 78 76 H A B 42 1R B0 B9 e 2, 1 al A A LA VI 2RI A0 . AT 4k
PR [R)H 28 B S5 34

BT, ASCE —F RS SVM 5 XGBoost #5881 I H T st A& Sk AT 22 B A% 7 55 0K F 491 28 1 1) SR s,
FH R B TR A QA5 e AT 72 3R OISR B0 7 6 ) B A2, R0t 23 By TN B A2 5 bk B AR A DG 1, NTTSE B2 H bk
MR, T EESE R JLAN 7 T I TAE.

1) F gAY, R — 5 B R A S8 N5 T 3G A (R ASE 2R (R, ot 28 S T A (R ABE 28 ), A5 A TR R ARk 2|
BARAE, WIVIZR 55— AR, S BUCREAN B8 AR AU SR R TR, AR AR 8 A7 715 At 0 P 0 44 e U A 2 e
K, # 4 C-SVMXGBoost #E AR, A H A AR e Tt I I o 110 25 26 B 4.

2) Al N AR A R FH s AR Sk A AR A 9 B, e 0 i AT AN, 30 3 11 0 47 e R 2R Tl >4 iy
MR EARE AT, FE R ST B ARAT U H FRER 1, Fdt— IR S, FAATEAN L H Rk A%, WIEEAT 4 bk
BAE, SREURS A B AT, v S0E N . v R VIR A B 52 3542 5 B AR AR E R B, 7R X AR S
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SRR, 5N AR 2 G A R R, 7 4 n & 4.

3) B RTEE AR A RSB AR, SRS AR E— 20 0 e, w RO A T . RS i A, K B AR
iff % 20 PRV SV DA B AR, B BT I AR T A5 78 C-SVMXGBoost.

4) SEEGRE LG A3 AT AR 8 5 0 P 9 A A3 9 5 T BE U S, JL e, A R 2 BT 3 S0 L P S 28 R
A BRI R WA 181 AR Rk R T T T B AR ST VR S AR A AR AL R T, DL CAT S VR AR sk
RPATHT L.

2 MXIfE

FEVU O BB U, A2 38 A2 B A% S 488 o DI 91250 % . Sum A5 PR UK 491 ) 1 2 422
PR B MU B IS5 2, i — 2D Bl eR,, (%7 i ST AR B I 5 B A AR B P S — IR AR SR N
BT SR, AR AT IR0 PR X I P, A AR 0 T T SN B . B R A N PRSI B LR A 2 42
TR B A P o L, AL 5 A IR 3 15 245 R 3l P 4910 A B O S ). Feng %6 A U CUSR AR 11 7 S A % 187
(K)ot — P s 2 F AR (TR S B s, LB A2 5 B RRE, S AR 4R 42
SRUBCER 23 AT 345745 A IRl 91 7 w23 S PG 0 LA R 389 i P SRR S 9, 488 7o 22 B AR IR0, 12007
VAR i 5 U 900 56 S B AR IR B e, 028 T e — DGR A3 SN0 s AR K 5 . Y e S N O 3 e R AT R
J () 22 B AR MK A R, 38t 22 B A ol YA E P SR U5k, DGR I BEHLRAE Ty Ul B i H btk 4, (EF
ARAG IR K7 ik, RO TR B SR A, MO .

MESEBIEFERT A, B v 2 B A% B A R, R g il 3 49 26 R AT S B @A T 20K, (8] I DR
DI R 22 FEE, LU DA e ot A . O A 76 s A BAT = MR 2 Ak, w5 B R e SAE
ST TR SR S0 AT R A T S AR AL B4, X BN, ORI A Z, 9 I UKL

FRA VAT 1o O B - VR AR, D4 AR BURE P (¥ D10 75 P 491 8 PR B384 vk ol A A prh U, 988 v g P
J R 1) A J %, A2 TR OR8] EE TR B RO AR BLRE e I 28, B2 B %, WS IK AE H H AR R 45
Di Nucei %5 A MR HH L TR AFR 3804 10005, LU A8 T 22 AN 00 78 25 v ) 1) 00 s P 49000 20 5 H e 1 R, %1 v
JETUAR IR IR BT R GG, 12OV MEREAT T . SR A A VY R T 15 s A SV 1 I AR 2 1 M R 4
ARSI i, K AT TR IR SRS RN G SR R, SR T AR R, (HOR TS R A IR e I B P oE 4. 3
AT — b A 15 D R AR 8 S ARE A DT R P32 1) 22 B A0 i ST 1), e B 1 T3 I JEE B B, R AT RS,
REAC AL U 5 F bR BRI IR B, 220 T GBI kA A TR J3E 10 582 . o s e AL VO s S v 2 A1 a4,
RI3 TR, I H A AEARRERY b, G55 1A% S0 8 I B (AN AL B A 58 B, AEDNS T i 4R 2L A 5
FIPERE T B .

AL, BAR SRR DI B A R TR A B R, AR S ORI R St T A 451, A bR
e BEAh, Bl 2] U5 2 i B IR B AR R TR 22—, R I S T GE ), nT st Stk
PRI RE, DR R AL 53 B N5V, AR 284 52 BBOR S 274 X R

k7 2 N I Ao 22 0 2 SRS Y B A, Yl e 8 0 v 3 I 1 S IRD, % VAR YRR H b 4%
(P 22 1 L, EL U803 B . Gong 45 A PHR HH— i T AR BTS20 10 4 A2 80 2 0k il 2
T7 ik, MR8 2 BUES R R P RE AR 70 D 2 TR, 23 N e B ARBIABERY, A0S AREAT VR I, IS @& A
RS IRY FREIN AT 7 S8, 0 o v A 2R M 182 L Rt T A QA TR S A A 38 40 () SR AR, T LSt
o AR A At 2 A T o A R AR, TS M AR SR ¥ P Skocelas 45 A U — i PR b2 9 4 2
P R 7 i, S0 AR T 5 1 199 46 i A\ R W s g A B ) bR SO T T e

FRAHE P SRE ) HLRNAREAL (SVR) A ) A= ple 5 T D vk U, Sk SVR AL o0 365 3 3 {1 I 7
FH O IR, 12077 130t o PP AR 7 5 1 L, 5 SR AR 22 B A U 75 A AT 24 N 1 SVML 5 MU B v 44
Fr 3 B BB RIS R, EAZ 5 A S B A o 5 B A I ). Pradhan 45 A U7 HH— ke T S gt
AR, A AR SRR DL H S Y ARG PSR R 7 SN BN, LLSCHRE 2 H AR, (HAR S 18 3280 5

© VBRI hupy/wew. jos. org. cn



2798 HAFFIR 2024 F5F 35 5% 6 &

EZHURR.

BT B0 2 B ME R R . ARG, FAT B I 20 BCR, FE R A i B A D 7 T S HIAH X )72 Esteves
5 N UM XGBoost 571 TN A2 75 5y tH B B, R T30 66 ) RIVBEAL i R Aok [ Fr B 2R, 2t SRR SRAE J
125, BT E TR T Dy BB B AR, 7R AR AL A i R PR 53 380, XA A AL AR i R X e AL AL B
Z 15 1], Bhati 25 A P XGBoost 221 # IDS Hh, Jy IDS HEAEI 10 0 B Bk ) 2 A V. b 52 N PR I 4 22
KARG I NBEHLAR AR SR, o5t Android S ARAFAI DOy, (AR P APK SCPFHE R s 2 B AEI I

MIVE TR, L 27 1 07 5 ARG s 55 B A 45 o, HERE MR R, A 2 fs L S AR S 4 5,
I FASUL U S Y A, ¢ e T Bk AR A DI F 9 2B B B, AT TS RO I T 2 H AR g A b, HLAT SR
TP U I TR, TREI AE AR A, SX S T MR A AR R I A 22 B L s D) i il T = 2Rl
I3 2T B SRAPE, LAAS DA B .

SR 81 A A o, BRI B0 78 A AR 0 4 0G 7 2 BV M R AR 1T mOIRS R 1B 49 28 ), ik
B 2 2107 3%, AT — 2% Se BE A%, i HL, BHEAE R UL IGO0, 12 75 925 7T A R80T A R O S AR N ). AR,
855 AL S m] AR KK B RN, 2R B SO 7 R 8 (B, T 5 RS A R DA ), DA ek A
BN PO R 28, DB 1R NSRRI BT AR, IX SR A G B (U ZRAE AR, 7545 /I FE
A AR m A L.

EExs LI 70T, ASCEG A SVM BRI NEAS AR Zebk S5 LUK XGBoost B IR AR L et vHEAf 4 45
PRFA, K P I T 5 A2 0 () i U 7Y C-SVMXGBoost, 4R A 72 sk Ik £l 1 7 26 6 42, M4l Lk 12
Pl B o 5 2 IARALLE AR A DA A g U i Bl P 7 5 B 22 e A%, 3 B R P DI ZRRE A mh 1) 94 20 Mol
(B0, 3 3 P AL e PR AN ), Al B A A A4, DA JLOR B, T8 C-SVMIXGBoost xR,

3 BMMEZRSHEXEMM

A SCHIH C-SVMXGBoost 4 xS 51 I 2 #4645 78 a6 DU 491 28 J CEAARE AR 4n f5 SC B 1 i), LG C-SVM-
XGBoost FE AR E GvEBh WA 4.1 7). BE AN B (BT WA 4.2 1) & C-SVMXGBoost %
RS RYEEr (VAR WL 4.3 1) S5, bAh, MIEBUREARIE$E . C-SVMXGBoost 85 3R AL PPl S5 M B2 5 1F )
P SEEG 55 v RSB0 A, 45 A R LA R LER 5.3 1Y

1) C-SVMXGBoost AU B RBEER . A DI B K HOok I 1) B 45747 s 78 15 45 8., A SVM Fil XGBoost
TR SR AN AR Y 25 TR A TR AR, 0 0 B 50700 S OG0 5K B e v P A28, Ak vk 3L
B T R AR TN e A28

2) B IEAL IR A AR KA AR PR N 280 AR 2 o T 2 A A (0 7 G B A, R TN R AR A
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3) C-SVMXGBoost 4 A5 B S AR B, 0l ik AL o O B 035 A DL R e AT TRT I (RDRS 1 642, 1 L Rt i
PRI BARAE 9 FREAS, T3 C-SVMXGBoost UMY, 78 J5 gLk i 5 .

3.1 MEAIR
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P =(p,, 5., p0) ) MV HAABLEE, L R B A2 )2 IR FE . AR SC T 1L B AR AR BLE (A2 Sim) B2 AR TE (e ok
Depthyeye) BIVFE A AN AZ (13) A (14) Fis:

k
D =pp
Sim(P,P") = HT (13)

k
e, Z(pb = pp) FORINREH A 6 Bk 4% PP sl b AN RS HARERER PT b AN RUIRES AR B0 AL
D 5 25 B 8 AE M B0 1 46 B 45 AR AT 0745 8 15 6 46 4 2B LA

.
+
Depthea= Y. % xh (14)
b=1

e, py A PRE 72 o B AR (K28 b AT RUIPIRES; h O AR RO, & (0<e<0.01) & MRDMHE,
PAGRAEAE T RCRESh O I, 2795 s AR IR R BEAN A 0, ATTVE R HAE A 0.01.

A AL EE TN X P 4910 82 i 1) 3 T 9 6 1FD A A, 2 B R 2R 3 I 0 P 961 0 PR i 82 i B A5 L b
AR 8] AR AR AP B e, SR W OB Zy A A 1 H R AR IR 1. RIS, ARADUPE AR I RE B 2 H bR R AT K1Y
A Ty i M. RO, b G B AR AL R BRI AT 8 25 A 8 e H b B A o S dfi i ot 49 AR R, I LS N B AR 2
TRPE, NBRARTT RO BENE T TN H AR IMAFRI, AR 2 R A 10 2 JOBR, R %A AR L i AR 9 B 22, )
M7 R 138 L.

NPT R AR AR ADURE B 2 R RTS8 5 5, B T A R E o, ol TR ARAH ADURE IS 10501 H it
PRI o 1) E D 3R, HACE K, WO 0.5<a<1. ERARAHLRE Sim b 1 I, 2o Il 4 8 o H bx
HAR, WK o BB 1, PRI AMARIE N AN SZ Sim 560, RGN BB 15 AR UL Sim A4 1IN, 3247
DK IR o F AR BR AR, SIS AN N AR 2 32 AR AR DU L5 JR GO BE (K 3K [R50, DRI, e AR A0 3 I P Akt

© PEBEBPHIFST  hip:/www, jos. org. cn



2802
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BT Uk, RGN PR EL (IC 0 Fitness) s B ARALUE 5 Bt A2 )2 SR E 4L A, A (15) Bros:

Fitness = axSim+ (1 —a)Depthe,

4 ETF C-SCMXGBoost 3158 490t 4 BX

ASCHG SVM FIl XGBoost S 3] 77 5 AR SR AR 45 &, P ) 3 1 e XA 28 R I X 250 0 1) 7 i i
12, WD TR P AR L, IS4 TN R AR AR B AR B AR AR, SR TT ReE 25 T 2 1) H AR AR, IR/ IE Y R T
LA MR FE BB 1], B8 R AR
4.1 C-SVMXGBoost $EE R

PR g S A b T I 5 P AL B 7 < B 42 1) C-SVMIXGBoost B, ISR AR IR T T s 4
BRI SE A . A A i AR A ] 2 .

e —

| R

syl
e

K& %5 IF BRAFI
SRUF ) TR

JR L
(RUEFEA)

Do TeemeR )0 — N l |
NIRE T HIR oy SN EREEDN ‘
| 7 | TER ||| | s e |
| v |

|| e || |

! 3 NS (D ‘
; 1 ‘|§§ Fh ||| |
: R &

| e || 1 J | A !
: T o T THAAK |
; ISy MR || i - AR ]|,
[ || . B < - e 0 T
L || — — == & =
| \ g AR B e ‘
| il A

| \ - f = U B T U T ALY !
| —_— Ly il

! K R 44 UFA =3 = ] R
DB B e HENE S s [P iR | ‘
! ()

e
e
@ HikER

K 2 HE RS C-SVMXGBoost HIH4 it f#

R SERE N AR th 2 A AR SOERT RR, RENERAE T ROUFAIZAZAE, B — Y PR R f5 — A0 i R
A€ R, DRI, RV R TR ) 5 RS TR I 75 2% R — AR 1 A R B R R WA 1.

15)

Bk 1. B C-SVMXGBoost #4 7.

BN THERURE RS L SubModel Threshold (SMT), #4245 55N Number Node (NN);
HitH: C-SVMXGBoost 174

BEGIN

1. test_data—Generate a set of test data randomly;
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2. paths, level depth<—Get path information and compute level depth of test_data;

11 SRBEARAE BIFRIH AL (14) TR AR R IR
Select the pre-trained model according to the input data type; // H& 4 Z s S 2 B Fi il s Y
count = 0; /| Bt k)T %
num_model = [1; /| TRAT TR 74
precison_Ist = [1; /] TRAF TR B
sample«—test_data; /| FIHIZRFEAR
WHILE (count < NN): // {8428 10 T 71 284 ) gt

submodel«—modelTrain(sample); // TRHE A (1)-A K (@) AT (5)-A K (8) VLA R FA Y

10. precision«—preciCompute(submodel); // 1RIE AT (9) THHEATIE E
11. precison_Ist.append(precision); /] R4 T HLTKS fE
12. sample«Update sample by next node; // ¥ F— 15 RIIAFEEEHAFEAR

0 2 NN W

13. count +=1;

14. IF precision >= SMT:

15. Save submodel,

16. num_model.append(count);
17. END IF

18.  END WHILE
19.  WHILE len(num_model) < NN: /| FA~ A2 fL AR LA BRI 7R

20. IF num_model[i] <> num_model[i+1]-1:
21. count = num_model[i] + 1; // % count N HA27T SR BAR TR
22. sample«<—Update sample by test data and path nodes; // TR FEA
23. Select another pre-trained model to retrain the submodel that does not reach the threshold;
1] S HAB TN ZRRE T RN 2R TA B B E IR
24. Select optimal submodel of the current node by Formula(10); // i 242 (10) 3EFAZ A2 AR EAl TA Y
25. Save submodel;
26. num_model.append(count);
27. END IF

28.  END WHILE

29.  C-SVMXGBoost«—Chain the submodels according to the order of path nodes;
AR A Z (1) $LBR AT U AR IR B 1Y

30. Output C-SVMXGBoost;

END

FESLE 1, B8 L ATRIEE 2 A7 AR A AR UE A B B, BRI AR B s 5 4 U4 N R 0 R SR I ik 12,
TR AR 2GR BE . TERENLAR SO IR BEl BB IR, B ORATE AR M. 28 3-7 47, LTI 2R 8Y, 1ia ik 2
B FEAR. 5 8-29 17, HE: C-SVMXGBoost £, I, 5 8—18 AT YNGR AT 19 s (1 A0 1Y, 1 ST AR, 15 3
TUBFEA, Geit TR BN 5 Ok BRI 7R 2 B, DD L ORA; 5 AR B, K B 5. 5 19-28 AT EZESLIH
AR RN TR R IR . vk, B 20 AT RIEE 21 AT SR TR AT Z IR N I I R AR A B 22 AT RN ER
23 4T, BB FEA, TR U SR MR AR T S R 55 24-26 1Tk . ARAF T AT S A TR, 5 29 4T
858 BRI R P T A PR AR I 0 420 9 st I B, A e OB AR, JEAE 26 30 ATt
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4.2 Fh& C-SVMXGBoost $ERIE R AR E MR 4 B
oA SRR B T A Bl O R 0 OB AR R R e i 480, S R AR A2 A IR, 384 i 2 il ik
FHEI R 3 Bros.

| wmtenn ||

Gyl
L) )\1‘5’! RLFRC
TR A "
i i
an 75
M
i
o O i JIVNGHT] |
SRR %A G R
L BT BR 12 55 B
H b A AOARALLRE B‘
~ [T
AL BIFHALLEE - :
B2 5
y___ ik
FRELTII 2645 7
o 7 g 0k 451 A
= &
3
[
il LS
2
AR Ay
. . X
& A4

3 MG C-SVMXGBoost i AU A% G322 E el sl H 1)

A P28 A S A B P 481 Rt P o, AR SR s 4 e 20 O o A 1 2 6 B A, AR Bl B A
TR, bR AR, THEEAMRIIE NLE. 7EAT AR TR IN SN JRAGHEAS sP A R F5 9 F 481, it/ Ho A R rh A7 8K 2
AR g 97 3. U 9 2 B e I AR 2.

B3k 2 Fle C-SVMXGBoost 4% 2RI ()5 AL 5 A0 I 2 R

#i\: C-SVMXGBoost fi, HAxfg124E Tarpath, BAZMAE B Path_Sim_Threshold(PST), Fi# X /IN Pop_Size,
MK Pop_Individual, Y 0ARK E Chromosome _Length(CL), HALAEL Evolutionary _Time(ET), 38 XA
Cross_Probability(CP), Mk Mutate Probability(MP), .75 ™K Excellent_Individual(EI);

S HIREAE New testdata, A7 o BB 425 UncoveredTarPath.

BEGIN
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1. init_ pop<Initialize(Pop_Size, CL);

2. test_data—toDecimal(init_pop); I/ ¥ WILEFHEEAT Bk 11k

3. iteration—0;

4. FOR iteration IN ET:

5. new_pop_indiv < init_pop;

6. prepath«Input test_data into C-SVMXGBoost; // 3BT 1%

7. sim_path<comparePath (prepath, Tarpath); // 3RE -5 T B4R ARALR H br 42
8. IF sim_path <> @ : /| fAEABAL AR

9. precise_path—getFromlInstru(test data); // 7ERRATFE T H 3R IORS i 12
10. fit— calculateFitness(test_data); // #5430 (13)-2 20 (15) TS S B
1. IF fit=— I:

12. UncoveredTarPath<Delete current path from Tarpath; // B 2417 B Ax 515
13. New_testdata«—test_data; I/ P47 20 MREYE, H T )5 Sop R 5 5T
14. END IF

15. END IF

16. Roulette(Pop_Size, new_pop_indiv, fif); /] ¥ S IEE A&

17. Pop_list—Crossover (Pop_Size, CL, CP, EI); // 5| NFi MABEATAE Ak

18. new_pop_indive—Mutate (Pop_list, CL, MP); // SEJiti "8 7 #4f

19. test _data<—toDecimal(new pop_indiv);

20. iteration += 1; /| ST IERIREL

21. IF UncoveredTarPath== @:

22. BREAK;

23. END IF

24.  END FOR

25.  Output New _testdata, UncoveredTarPath;

END

FESLE 2, 58 1 ATRIES 2 ATHIER AR E R0 JL 3L 300 k. 35 3-24 17, {5 B) C-SVMXGBoost #2858 /%,
B ERAE, A2 B 5 H AR R R A . Se B8 S AT RIS 6 4T, B AUH d N\ BN A o R4S T B 4.
7-10 AT, ARHE M B 12 518 B AR B A2 R ARG A2, 1 A R S\ SIS RET, SRICRE B B A%, IR0 5300E B
JEAR. 5 11-14 47, FOENEAA 1, W H bR 55, K I0MBR, JORA7 A ar iR s, 55 16-20 17, 4 H ARk
1 Rl AT o5 BRANAEAE TR B 45 5 H bn 42 (AT DU AR I, U EA TR e 3. AT X AR B i, A6 S e
TGN T AR SE DA, 8 3 8 5 2R R R, I Ze Tk AR, 58 21-23 4T, I A3 H AR AR 2 5 b i o, 454
W78 25 )58 IR 75 A AR AR Bk 21 IR I A 0k, 55 25 47 8 dpriR Bt (T 3B bEA) LUK H ARER 12
(11 2 175 .
4.3 C-SVMXGBoost $53 18 FI &2

C-SVMXGBoost % xUAS Ak 5 & B2 ke 1) O, Ay A B A48T st 1) UM 485 SR S50 e v, 122 A5 280 5
SR, DABE R RS R e AR A S A LA 3.

H % 3. C-SVMXGBoost 4 A\ A9 56 87

SN FEABLTY C-SVMXGBoost, HrilliRE s New testdata, B ¥r#§454E TarPath;
it : Updated C-SVMXGBoost 154,
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BEGIN

1. prepath«Input New testdata into C-SVMXGBoost; // FH 532 2 # PR EH sk B i) i 44
2. sim_path«Search target path in TarPath similar to prepath; // - T B A2 AL B AR B 42
3. IFsim_path<> @:

4 precise_path < getFromInstru(New_testdata); // TEARAERE Y SRIBURT i % 42

5. lev_depth < calculateLevDepth(precise_path); // #3423 (14) VISR 8 2% 12 1) )2 IR B
6 new_sample < Update(New _testdata, precise_path, lev_depth);

7. ENDIF

8.  Updated C-SVMXGBoost<—Repeat the steps in Algorithm 1;

9.  Output Updated C-SVMXGBoost;

END

FESEE 3 0, 35 VAT AER 247, K55k 2 T RAG O HT A B 4 A C-SVMXGBoost #E U, SR %
A2 K SCARDAIR) FARER A2, B8 37 AT, A A AEAT LB AR, K0 el oy A 1 4 B A e v AR AR 1 B A2, T ST 1Y
JEGREE, ELR KA R A LA AR 2 SR B RAT IR SR REAS; 55 8 AT ISR 9 A7, ARFEHIE 1 R EUHT B
Frith.

5 KRS

AR B C-SVMXGBoost 5 AR R F B 42 (v ff e, DASCINR ) 0 25 s, A e B 420 S () SR RE e A0 1
MEFR P REAT SE6 DL TF LG B
5.1 IR

SO PPN B3 T AR ) 22 e A I A9 A 3 T Y B R, [ N AR Sk B AL P 5 A R R i, A S s S
TR JLANPR .

1) AR 3 R . e A2 o AT 1A 28 43 RE 2 () 3 1.

2) P35I b 1) 7 b 2R A UL > ) LA C-SVMXGBoost 54K, V-S43 Y 25 B 75 s 1) S A0
-7 341H.

3) SAAT B ). DA A (s 1) e, A Gt A vk IR P T I 1) D4 R P T o i A 90 S Jl P 461 2 i Py BT
AR SCHT VAR AT 1) ) Ay e s e QA2 55 A a0 1 1) 22 .

4) 7 5 KRR P IS AT T IR, AR RAT RE I, B ] 76 S5 R AR P 7 5 40 1 A i 2, DU
B AN 1. B 55 R T R IS AT 5 e 278 w5 S 84T VB .

5) HEARARE R B, s YR I AR By, T F 4k s i A A 2 i 7 R A AR B ) 5L R

6) I8 EAAREL. R A ) 1) RS 7 O, MR AT — o IR B, FRIRPAT 1N, 35 4 B AR B, 91 678 s
1 H bR, WA I i 7 o B A0 R A AR 25 7 B R AR S Py, PG A B A 8 5, DK S K {E (B, HRAEAR SR
BIAEL) 1 29 AR YRR PP 1 I 75 09 HEA AR L. P38 AR AR B RIE 7 3k S8 Y i 36 i i AR B R (9 34 4.

UEAh, A SEE M R R R AR SO VS SR LU VEEE A R FR bR T A S0 R, AT ). B R R A
HAREL B LA RR, FEAEAH RS AT SO R, PEAT DI LSS 5.3.3 75, 58 5.3.4 1 RIZE 5.4 715,
52 ZWWE

SEIEAE K Win 10 BRE RS, Python ZiFRiE . jdk 1.8 it . PyCharm Zw#% I H.. A1 C-SVMXGBoost 5
SRS B G bt FH T st A BRI S s, LA AR HE (R PR 5 A v 70 2 M 2 5 A 2R B, DI B DR 5 DN TR P
DR = 5 2 B, I G A AR AL AR v B N e st e, A A J S (A I 481, 3 LK A% S B A 22 0 A8 SR
29°0.9, B AR SFEE N 0.1, WIAFH IR Fy 40 45 T I WG AR IR S0 45 5 v DRk P 4910 2 e sl 2R 2%
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J7 v FESEHG, S0 45 SR AT AN A S B0 B B PR, S A, AR SCHR (7], 504% 2 Bt B A 1 BRAIX ) A 6
piRey s &SI AL G
AR T ARSI EA B EIAE, N 4 P ae SR, GG 2 MR AN 11 A TR R, RAREE R 1

#1 OEREFEEE

FRIPARR e Rt AN ABAT 4L RN

— i 8 |
PG2 A E 15 1
PG3 LuhnCheck 24 1
PG4 T2 196 5
PG5 Snake 163 11
PG6 Gobang 470 23
PG7 Account 1670 36

Tk PGS Nav Acc Data PP 3990 155
PG9 Sed 934] 77
PG10 Flex 14405 162
PGl1 GO 28547 2982
PG12 DepSolver 8988 227
PG13 ClustalW 23265 468

fEZR 1 ¥, PG1 (https://blog.csdn.net/s1156605343/article/details/106177863) 1 PG2 (https://www.jb51.net/
article/184534.htm) A FEAlFEF, PG3-PG13 24 TMVFEf7. i LuhnCheck ARAT =50 502: (hitps:/blog.csdn.net/
weixin_33716557/article/details/91539545); PG4 4 & &) v+ H. A% 5% (https://www.cnblogs.com/quemenggio/
p/7799468.html); Snake A FTHZIE HL A7 AK; Gobang Al N AL Hyk 1 T T U AL YR, FEF Account Jy 8 s Mk,
HIhRe i H P& sk HEMAE; 723 Nav Ace Data PP il 3 il A 211 & 1% JLFPFE /7 (PG5-PG8) FK I
T https://gitee.com/explore. F£JF Sed Fl Flex 3k H A PIANIAS (https://sir.csc.ncsu.edu/php); FEFF GO &k
% RIS A% (https://blog.csdn.net/chongshangyunxiao321/article/details/50997404); F# 5 DepSolver +&:—Fl 47 2 1
PR = YEEf L RS2 (https://github.com/chef-boneyard/depsolver); F# ) ClustalW & —F# F 12 & K R 7 Ee s 1 A
(https://github.com/coldfunction/CUDA-clustalW). 751X JLFFR )3, 2% i B AL 4 P2 18 5 0 22 57, 1
PG1-PG10 KAlEA SO VARIAT RN, JFE UL 8 FeFe, B PGT1-PG13 I HAR 5200 HE.

5.3 IRBVIGIES IR 54T

A B C-SVMXGBoost 75 MR A il F2 e BIOCHEAE H, Ho 4 SRS e 5 Mt I TS - 2 2
RHEBL LA, FRagt L vk rh & S o A AR 55 A F ) P4 - DU s ot . T T S B AR ST VR A Rk, A
TGRS BECBOAORE RE . BT R RIS TRV RE . DU 491 A sk 38 45 5 T
53.1 TFRUMFEAHEILS

SVM. XGBoost. RF (BEHL#RH). BP (BP #1289 2%) SERR K AT RLAF7» RACR, alke e TS 10k s
T FEREASAE S S 1R A2 T, FEH e B 2 (R kG B B — R I R . 3 2 Ao 5 2L 306 A [0 2 (R DI R A
i, 25025 BRI DRSS L AR R (0 S 2% B (BDFEAR I ZRE0E), 2 MR B N UBTR 7 (LSRR PGL A
i) FHRL KR 7> (L TMEFR R PGS ), AN AR A K T 1% A8 B 43 SRS 5 5 I TR #EAT 2047 . 2% FE BT
ARHFORASEL LK, HOX H AN E 1000, 2000, 3000, 4000. 5545 F U1K 4 Bos.

Hi Pl 4(a) S 4(b) W40, FERVINIUBERE P |, 4 Fh 7888 SVM, XGBoost, RF, BP 173 Kk BEIEAE 73 i 7EREA
Hit 3000, 4000, 4000, 4000; TEBAHBIRE -, AT 70 FEHE BEVEA I TEREASZ I 4000 I, 5 FEA KK
AN, RS R AN A PRI A ). (HUE, WA TRETE AR RIFE P b2y 2 B i AR G 34T 5, Bl A AN 4L
BRI, A ME R AR AR T 2818, 5> TR RS 00 SO0 T B 3
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(d) BRI PGS b %7 R B I RIS ] %o Ll

K4 F B RS Y T MO RREA SR A2 SR L RIS )0 L

FEARAIE 7~ BERORS 2 (45 00, SV 1] SR TT BE D, i 4(c) ME 4(d) TG HY, AR B/INIBHE 8K
FUBERL Y, B FEA SR 0, SVM, XGBoost, RF 1X 3 AN 152 B [ 1| 25 st 0] 38 2245, BP 484 n 5 o4 o i, HL
SVM F1 XGBoost [{1llZxi ] /bF RF Fl BP IX P 4~F AR L.

S50 A(a) MEL 4(b) FI 2P 2ERE R, 24 REAR SR A 2000 B9 H11E] 3000 I, K HE2 TR0 k) 23 SkE BE AT AL TR
THIYBE, FEAKE N 3000 390015 4000 I, 5 FRBERORE FESE AN 2, BR T BP ~FAEAY, A AR (1 Y11 5 ek ) 1 e
BN, R, 458 2% BN A TR AR, FEAR SR E N 3000 ZEAT 8 A3@. IEAh, I EEAS FIFE R B & TR 73 2%
K NIt ), A2 /MR AR SR |, SVM R XGBoost 5 LAt 9 Fh 4 700 45 38 5 4. 8 DR B b B (i 7 Fe
PG1 I, SVM R E ARAIE 43 28 &5 S HERA 1) RIS, Y SR TR0 AR 5 /0 0 A3 Sl 5500 20 I 58 1 F2)7 PGS I,
XGBoost fBAERERE FAALLT SVM AL, VIZRE [ R T SVML ZE DG AS R A, 35143 R B 15 Ykt 1) 7
1175 L&, SVM Fl XGBoost X A~ H8 0] B 4078, AHHAR 8, 38 H 03K R A2 10 sk 20 28 5 100l g .

532 FERSHI LG Kb

HY_E RS AT g, AREHE IR A KR, T RRORS B AT T e

7 ). DO G PR A SR, DL IEA
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SO 1 e U (B C-SVMXGBoost) S 17 b H A AR 7K FE 15 ] [ 5 0D S0 A D 3, B S A e b by
— 3, I RCETE 2 RS, 43700 3000, 6000, 10000, ALY 73 2408 BE1E— 20 R TP AT L. RRAL S8 7y M EE S I,
gL s o, b n RoRFEARSE.

100 100 100
98 | 98 | 98 |
=l == = m [ "]
= ‘ B B - 5
#Z o4 | = o4 | ® o4 |
92 | 9 9 f
o0 L o0 L Vi
@*ﬁ $°°$ < ?Sc&@% %Q@ 0° < ‘ch&oo%& Cﬁ\‘l\ 0° U ‘&00%&
+* cﬁﬂd» * cﬁ‘l\* * q@‘l»
¢ % ©
TR TR RLRY
(a) PG1 b & BB 53 5 BEX6T LE (n=3000) (b) PG1 -SRI 53 FREERSLL (n=6000) () PG1 L4 Hi7H 43 k5 B Xt LL (n=10000)
100 100 100
95 | 95 | 95 |
90 | ] - 90 | [ - 90 | === WEE =
: |[Em 2 |[m 2
.ul;:( 85 r % 85 r M&;:( 85 r _
o= 4 = 4
80 | = 80 | = o0 f
75 | 75 L 75 | =
- =
70 I b 1 I I 70 I I I I I 70 I I I I 1
Y 3 \? o N S \4 & S X R o
< $@e°°$ < ?;0%00 %q $6%°o$ & :,0‘?’00 N 4&0@ & ?;c&oo
S s <o
¢ ¢ %
R sl sl

(d) PGS |- &M HREBERTLL (n=3000)  (¢) PG LA BUAL A SREHERT LL (n=6000)  (f) PGS LA BRI I3 SRS LE (n=10000)
s ARTIMASRR e | () % B0 5 RS FE L

FHIEL 5 m] 40, S U RS AE A [V RS 3 RIS R AR A IR %, T 43 20 L 4518,

1) P57 BUASE A0 42 % o A8 43 0 P LA — o B ). AR/ NSRRI PG b, 3 UM R RS FE 4 v T
94%, TMIEECKMARTR T PGS b, EATHIKGEA BT N . Hrh, TR SVM il XGBoost 17> 545 TE 85%-95%
Y P ; RE £E 75%-85% Yu [l 4 ; BP 7E 70%—78% 0l Y. A8 &5t B /NIUBLIK R S 27 PG, I 2B R 1 &
AT PGS, SVM HEBUFI XGBoost AR B 7EAN [ FEA S B M5 0L T, 34T RF Al BP A2

2) BRI Rl A AR R e TSR EORS . 6 EE SVM, XGBoost il C-SVMXGBoost iX 3 R A, Hodtf T4
J¥ PG, THLH SVM B 5 1 5 T XGBoost LAY, X T 27 PGS, THAL XGBoost AU & T SVM A
T FEAC AR R E I b, SVM BT 5 XGBoost #581 %- A L #. 8 AR C-SVMXGBoost s ik 7154 SVM
Fl XGBoost [, AR R fEEEBFT PG I &0 & AREUE BRI PGS I, ‘& BRE FE 3 X i A28, (A
It C-SVMXGBoost FJ 5 HEAff b 700 4 422 17 AR A

3) BEAE T BRLRG 15 R A BN B RE ARSI N, AEANFIRRT b, DL LR AL o SRS 4 A I 4%
Fh. AEARUERE B YRR B2 A AT EE , R nT Re A &b RE AR, MR AR S 2 3000 B Al 2 RE A T oKk
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C-SVMXGBoost AHxt T HABRRY, K 5 B, Ab T 90%—95% 2 1a), (BBt FEASSC R 1B 0, H A 542 TR R
b, X U A A BT /A AR s b RAT s B ks

1) FED 420 SRUUASE 280 24 b % P 451 o R, A 2R S RASE TR 1 25 75 b ) 2 S i A Ak R 1) OB DR 3R DAL,
TS ) A, X LRSI (S YN ZR I RIHEAT 2007, Al 6 P, 1% R AT R I HEAT s, JLrp R A b
AL E (5B S PIFEAR SN R, X NG FE AR = 3000, 6000, 10000 31X 3 FifHL), PALFRE R &I
5 PG PRI 2R ).

20
—— C-SVMXGBoost 200 —— C-SVMXGBoost _*
18 -=- SVM 180 L -=- SVM 7
16 L & XGBoost -4 XGBoost _-7
v RF 160 | v RF b4
— L —_ _~
z 14 ~+-BP . 2 140 | e -
= = K
= = 120 + ¥ =7 v b
® § 100 -
H_ g'_ 60 [
40 |
20 +
1 I I I I I I I 0 I I I I I I I I
3000 4 000 5000 6 000 7000 8 000 9 00010 000 3000 4 000 5000 6 000 7000 8 000 9 00010 000
FEAH FEA K
(a) PG1 (b) PGS

K6 AR > IR & AR 2 Y ZR I )6 LE

H & 6 WA, X LEA RIS AS [ R P IS FRE A SR R PRI 2R ), w] 43 2000 R )L i 4 e

1) R85 RSN 52 2% B o RSB I ] i) B A K . AN [RIB L AE R 7 PG F PGS LIMZE Rl & i, % T
FURLAEE /N TR SRR T PG, ZEANRIREA SR, JURMBERY (1) P Y 2] ) 25 ZEAE 0-8 s 2 1), BP BLELAEREAR SR N
10000 i, SEJ YN i ] B e PTIA 24 15 s; R T IUBLEOK AR IR 2 A TR 7 PGS, TEA FIFE A &, E3 I Zh
) - ZEAE I AE 20-80 s 1 100-120 s 2 [7], BP BERIEREAL 4 10000 I, SP3YIZRIN [R) f5z 5 AT I 20 200 s. F
AL, UK L A AR U 2R A TR ASE B A A B I, L J3 R X R P AR S 2%, AR i %,
WGkt 22 T8 A, AR T-JoAh LR T8 SVM R XGBoost B8 T 51 25 B 1] 5524, BP A7 91| 25 168 i) K-

2) il IR (1 il A i T L RE— s B ). FRATT A C-SVMXGBoost A5 78 i B Rl 1 A SVM I
XGBoost il &1 /. %Lt SVM, XGBoost il C-SVMXGBoost iX 3 Fi#bi R H rf 48 SVM ZEREA R 3000 I,
PRI R RS AK T XGBoost, Bl A AE A E & (1938 i, 2LUI ki 32 #7755 T XGBoost. 7EF2)7 PGS I, U
C-SVMXGBoost M i 11X FAME Y, 5 R S 3wy e RS R AR 182, I A 2l 20— rd I ) FH R e R T A 2R

3) FEARSCE XIS S YN ZRIT () A — 7 5. B FEABCE R IN, A2 3Ry PGL i 2 TRy
PGS, #7# SVM, XGBoost, RF fl C-SVMXGBoost [11F-¥JUIl 2k I (B35 N 2E 12, fEF2)7 PG8 L, BP AL I 2R 0 ] 2
JIBG . 7EREAS KB 3000 I, SVM, XGBoost 1 C-SVMXGBoost £ 8 i} [ 48 2745 /b, RF I [A) A% 4 42 ; BP 4
TN SR 1) SR AR A SRR, HAER 8 . I — RIRAIE T AR AR SR LR 2R () S

LA U F LA T S T S SE0 45 JE R A, AR SO 8 1 B U C-SVMXGBoost M8 1 T A5 RS B 45 v H.
DN ZRIN R 2D (AR AT SRl A, AE AR S RN SRt ) A AR R 3, AT B AR 34 S R A [R) R
(RRSSTRORE 5 N St [ () 75 3K, A ANl v B 0 8 . FLG Rl A T 5, FEARSCE AR B K, 75 IV FE
T 22 OB AR IR IR 10, MR 3R L T A 20 A, H5 REAS B UG B Ol 3000. BE4h, B2 PG R PGS AR 2 R i K IR B AR
7, HEATI S N 8 BN — 3, S — R AR M 2 S R RE T L AR mORAS T e iff o 11 sk, i A 2 e
TS AN )RR PR A LA B SR A 2 A ST 0L, T AR A RS P U O AR, 2 L2 B e
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K 5 44 SVM 5 XGBoost #9445 X, % #4542 B 2 3K A ) 4 %, 2811

53.3 C-SVMXGBoost f A PFAl

R i T 108 2 A A B (e I, B RS 28 (RS 52 AN SR 5 3 A At SO 0SS R SO 5 B, 3 ] oAy 5 4
v BT A ST

ILARYEEE 3.1 A5 A3 (9) THEFRIRUREIE, 5458 1 7 28 18 e 7= 3 4 B 7 IR B AN B A2 719 05040 Sl o A 1Y
SVM 1 XGBoost IR, Tl 7 ioR. o, BEAR BRI R F BRI R 42705 mUBUT 45, A bR RS R
o R IRRE BE. R BT ASTRIRR 7 (R B AR RO ], WG 43 TR B A TR B A0 N o D RS L. A, el T Ry
BARZ FRA, X FUAE AT R, T DAL 4 4 TR AOR L.

100 100
95 | 1 95 b ¢
~ 90 < ~ %0
°\v>( 85 | % 85 |
] .
= g0 | = g0t ¥
= v = —— PGl
K75+ + w75 b
= — PGl 2 s PG2
EH 70 + me PG2 % 70 + ===+ PG3
o5 | -4 PG3 = oes | PG6
> PG6 M =+ = PG7
60 | -e- PG7 % —— PGB
55 —— PG8 55 —« = PG10
(S so b 0.
5?5\\/\9,?(\\ q}?ﬁ‘\"’} S D;( \\}‘Jj{ 80 ’fi‘\:\ 5O A 5 9 'y \Q ) \Ay \\»q:v’ﬁ\\' % ,@\/b‘ ) 5 gff\\/e:yg(\\ '\“5?(\\ %Ay 89 N A0
AT AR e e e

(a) RAITEFE A9 SVM T 43 2605 (b) RIAFEF 1) XGBoost T 1% 4y okt
K7 ANFEFEF LR SVM B XGBoost AT 43 8k &

B 7w, B R 2R 2 A s kA, SVM BT XGBoost H5 RN T K 8 40 B 42271 AURATRI 45 SR 4.
o, SVM B TF2)F PG, PG2, PG7, PG10 A IR B AT U8R U, 35 T XGBoost; X T-#2)% PG3,
PG6, PG8, XGBoost #A 45 FL 45 f. B B 42715 U5 B AWM I AR, 3% P AN B - LA SR A TR AR %
BOLHA. R, TEORUEA AL I I (R A0 b, O i A () 28 RS 3 1) B A T, mil & A5 28 SVME 55 XGBoost
AT e AR TR (R AE A . IS0 R v R B, 2l R 7 N (RDAURFEAS) 22 5 PR /NI, ik
PR B ERERDRE IR B 5 B A RTHE T, A M O A DI 5 gl A e 10, TN e B (B e A 7R g )
SRR RIEE SVM BEAY X TR A 72 e K, AR o AR B, AR B i A\ T 2 4%,
TR A 0 AT 126 £ XGBoost BEA B/ K H, SVM Hl XGBoost AR FI7E #4> B A2 L FAFEERZE R, S E A 13T
FEOL S A TR g AR (R A SRR e Ah, R A TR A JaE I — A TC Y CRAIERRAN I A28 7m0 . 1) A L PR 0 e Ik
AHBAEGT Y3485, H A ) s AT 40, 7R DUCRE A AN AN R 0 T, XGBoost A8 A7 L3

D IE R SR J SRS 1S S IR0, IR 2 NIRRT (PG A1 PG2) F1 4 A TLFR)F (PG3, PGS,
PG8 Fl PG10) BIrHAT 5 Kk, LATA FHIAURS B 0 E R R HE R C-SVMXGBoost [R5 L, 45 W15 2 s,

FHE 2 T, R TR SE R, IWBE USRS SR, W T AN FINAR 7, AR SO R i OB ARG 15 458 e, 38 mT O
FEAE 85% LA b, 0 FRITREBURG BE W]k 95% LA b JLrh, F2JP PG3 BiBUR B i AR ARIA 87.73%; F2)T PG6 it i 1]
1K 97.85%; F2J¥ PG10 f 5 AT 1A 92.60%. % T# 5 A4 IFEIT PGS, BEAURS EEATI AT IA 90% LA L.

N AT [ I G ) S, A 2R Y11 5 B [ 5 2 R RIS DL % 4 S ) I AR A R KT 2R R T R4 /N
HAsOBEAB IR PGL F PG3, EAT IR B Y ZR I [A1% 2D, P32 7] 43 5010 24 0.67 s Fil 0.66 s; MUALES K H.
Gy SR % FR Y PG6 1 PGS, B T T BGRB[0 %, 430 22.39 s 1 45.83 s. IhAb, FHREBOR 0] 5
AT YN LRI AR AT — s s . o, AT PG W &, MU 1 & AR PG2, HZRIN AR 2. th T
PG2 T ZR T AT (PR 5 15, WG48 59 — AN TN G B AL SR b 2 1 AT B A0 1 T B, S o A8 9l — 52 1) I ).

ZE LR, W TG A AR, S B RS B 5 T B A B (R 8 R AR ) 5 T, 38 43 R AR 2 i ) 22,
R LR 15 2 R M A DU 35 3R T ey 2 1 e OB 7 i N 28 0038 P 481 2 b 3 — 2D 30 F
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#2 C-SVMXGBoost 1 I £ P FEFRE

' SER IR B AREFE (%) YIZRITTA] (s) SPEUIZRIT (s)

K 96.80 0.65
H2K 95.06 0.67

PGl IR 96.13 0.67 0.67
Hax 95.70 0.71
5K 95.04 0.64
1K 92.60 3.04
H2R 90.14 3.01

PG2 Hi3K 91.23 3.01 3.01
4K 90.04 2.97
H5IK 91.91 3.03
1K 90.66 0.66
2 87.73 0.67

PG3 H3W 92.40 0.65 0.66
AW 89.33 0.65
57K 89.73 0.69
IR 97.14 21.21
2K 97.85 24.23

PG6 3 96.90 23.15 22.39
HAK 97.10 21.16
S 96.93 22.20
1K 91.31 45.95
2R 91.70 45.76

PGS H3W 90.97 46.80 4583
AW 90.13 45.88
S 91.81 4478
E/ 4 90.85 7.95
2 92.53 8.37

PG10 H3X 91.62 7.13 7.62
A 89.02 7.12
5K 92.60 7.53

ATCTT i 5 AR B AR N T 38R SR v, A nT 2 e H R AR A DT 81 A 56 T B SO R vl ] T
A e R A P LS A SCTT R (AT R0, 3 L A St A (B, 422 S0 A S0k (R B AC LD B, G e A b e R A5
DR HCH (978 26 B A2) 5 A SCINEBHAT X L. S5 5RW5E 3 Fom. 4 S B R TE S VF I TR AR T, A ST VE AL 52
AR KRR E, 0 SR FREEAT IR, 590 3 VRO R AR, JEep, BEACARHUR B2 22 V1 0 B A SRR A N A
ARBR R 5 A SO 5 R A ARKSUR B 1) 2 AL A R8T 1 R A P B0 (AR 2 22 11 23 B AL Gt A 7 (11 12
BEAAR KL A ST VR B BEAC K ) 2 8L o5 AR Gt A 0 A LR A5 hAT I ) 22 222 7 73 BOOA AR e AR 722 R AT I 1)
ARSI R IAAT IR 18] ) 220 A% St A I EL 4.

FUAT I 1) 7 T BAT — e P 3

B 55 T, AL IR RIE F] 100%, H 4> 5 AR 7 4T 50%-80% 2 1], 1M A SC 7 48 K 4 72 7
W7 55 F A 2] 100%, 7EFRT PGS A PG10 F 17 55 28 5 i, 2 3 95% FH 97%, 7 55 HRARTHR 1 2. A0
BB B IT I, A ST VR 5 H bs AR BT A A R R > F AR Ge st A vE. 6T AR PGL AT PGS, BTN H
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B F s

SVM 5 XGBoost #94£ X % 345128 2 MK A ) & A%,

2813

PR RS D, AL G AR AR B A B 4 JTARF 6 TR 2. 2 ASCTrikN 875 4R F1 5051 4R, 51L4t
BAEIEAHLE, 2 /DD 92.21%. bl H bR R ZUR BN, 4% Geist 4415 5 75 AL AREUE & 2 RI88 hn, AR S 0772 AH St
T8, (RS FT PGS P, MG BR AR ELE IR B, R 615621 AR, ARSI ELE Bk
S, o 195410 4, (AT EEAR GEIR AL IR T 68.26%. 3t RBOT I, AEFLF PGl Al PG2 vh, AL 4 4%
YR 0 314.47 ACRT 457.07 A8, A543 ok 6.23 ACHN 8.63 X, SALGE VM EL, 43 Hkb T 98.02% 1
98.11%; fEF2)¥ PG6, PG7, PGS "', LGt L2111 03 il 2 291.28 4%, 248.74 1R, 498.05 X, A5 ikm HilA
65.10 8. 73.41 18, 98.69 18, M Lb T4 Grisifkik, IR BIRD T 77.65%, 70.49%, 80.18%.

* 3 ATTE GG A R LA R bR H

Gl ML 5 ) C-SVMXGBoost
RRL — 22 — B - 00S
o HERERREL P e bR e s oy AR R CPIHMER S AT Z . v
: Gt ; 9 R H K
Edad gt ATk A O A TR B T IR AR
B R (%) 77 100
HEAARH R 43252 875
PGl 2 AL 31447 623 97.98 98.02 ~-7.29 0
PATHFE] (s) 53.38 57.27
5 % (%) 60 100
AR = 75540 2539
PG2 5 THHARE 457.07 8.63 96.64 9811 34.93 0
AT 1] (s) 65.02 42.31
i E (%) 58 100
AR 64814 5051
PG3 2 T LA p, % 35.63 92.21 94.18 16.42 0
AT R] (s) 77.05 64.40
TR (%) 73 100
M ARE = 128470 26365
PG4 2 SR HEAREL 33532 43.63 7948 86.99 3.08 0
PATHSE] (s) 62.41 60.49
B F (%) 64 100
AR = 215473 25710
PG5 35 SIS 425,38 20,54 88.07 93.06 21.22 0
HAT A (s) 85.10 67.04
HEH R (%) 75 100
HEAARH R & 292493 89534
PG6 37 SRR 291.28 65.10 69.39 776 %23 0
PATHFE] (s) 178.50 163.72
FEHiEE (%) 82 100
AR 5 285126 10092
PG7 61 T LA 248,74 1341 96.46 70.49 5.09 1
AT 1] (s) 301.20 285.87
HiiF (%) 65 95
AR A & 615621 195410
PG8 123 ST AL 498,05 osil 68.26 80.18 2.82 1
HATIA] (s) 831.28 807.83
iR (%) 67 100
AR & 175379 34621
PG9 12 AL e 5813 80.26 93.47 24.46 0
PATHFE] (s) 66.84 50.49
HEE (%) 71 97
AR 190217 50230
PG10 20 SEAILAC S B 07 7033 73.59 80.30 9.43 1
PATIN A (s) 129.30 117.11
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CL b 3 FpPAn fadn g5 R W, A3 55 2 HAR AR R b, AR SO AN I A [ — AR 7 56 5 2 10 H b
2, T HL TR D (R HE AR B P9 7 26 58 22 1) H bR 42

AT IS ) 77 T, A SC 7 VE AL G AR R TR B . 6 T R85 PG, ST A 2 22 11 43 B S —7.29%, B4 SE
J7 AT I (R W S T AR G A ik, L R R R AR P RN . AR, AR G AT I AR g AT i AR
P AR B AN EEAE B K 2 B ), 1710 A S 1 5 A ol O 28 2 BT ) A S 6o A2 e 4 2 P00k P 481 647 360 1)
IS E); % TF2 5 PG2, PG3 Fl PG4, PAT I Ta] b S AL SR AL EEATLE, 20 3l BEAK T 34.93%, 16.42%, 3.08%, RIASC 7k
AT I TG AL Zeade AL i, XLt IR 3 MR A BR AR T i B0 PG 22, HLBR A% 26 XE I T K. B A 7 A
DA R 2% 38 0, T2 )7 PGS, PG6, PGY, PG10, AL J7 32 AT IS RIAH G T 4% Gt AL D A 1% 22, 43 Tl ik
DT 21.22%, 8.28%, 24.46%, 9.43%. X THREF PGT M PGS, A S 7 AT I 1AIAH b FA% St 1k 45 A M w2,
A3 I T 5.09% i 2.82%, IR, AEX AR I BE Y, FRERANEOEN 45 22, IR AR AR AN 2 LA
WG AR TION 25 TR, B AR AR FE 50 5 32 58 W, AR BAL AR v 7= A — e B (R F5 Ak S5 5 5 e s 2R
TS () A X452 2 5 A6 A R P RSS20 Jo 58 v A 55 1 9 — 5 INF IR). ARV ke, 7R Sy il k2D AN b BE ) i
B I, LA R PR B A AR AR 5 T R I P88 2 i (R I PR 491, 72620 E A AR A el 7 5 H AR B AR 0 T 491, 1o —
SEFRRE b A R AR B il B B )

AL, 0T A RN B SR AL, I C-SVMXGBoost 5520 H ) ) 7 2008 i U 49 A6 e i AL, B
H AR A EOE 2, A M2 25 B A1 ROt S 3 0, O AR AR SAH X 38D, IXRE, i R 2R (1 AR J8 0 4R
SR H) e g, RV Wt AR SR B4
534 FETEEURIE 1R ACR

RS 5.3.1-5.3.3 TSI RN, — 5 T, S 1R AR N AORS BEAUAIC, FLGPREAE TN AS [F) 28 BRI s A R

SE IR BRE; 53— 5T, AS R [a) Ao 22 il -G AN 2 e R0 FR A 2 2%, RIS 23 76 21 B0 22 il Isf ). PRLUG,

To T 1 — DA 2 B () R SE B, (T 5 45 W P R TR R SR CETER S A SO RN 2 U7 5X0) AT X B,
DA 7543 50 0 A S £ 1) A 28 2 5 25 A e R 28 o 3 P T 2 A2 7 6 X0 N Y 4800 2 . S [ s 28
Wk 4 Pros.

%4 KRB PRI A6 B

ian WSy R SVM XGBoost RF BP
C-SVMRF v - \ e
C-SVMBP v - — v
C-XGBRF - v N —
C-XGBBP - v = v
C-RFBP - \ v
C-SVMXGBoost \/ \ — —

% 4 {5 SVM, XGBoost, RF 1 BP iX 4 A, Hoh C-SVMRF i 7% SVM Fil RF 4%\l &, C-XGBBP
T AR XGBoost £ BP [f14E xCflA, oA AT RIS th A by S A TRl A

NI 4 e AR RN 35 A S rh, RIS [ B ARAE 22 B AR AR A A o TR R X B R R
FURERT H bR AR B0 228K LR PG, PG3, PG6, PG7, PGS Ml PG10 #4758, 45 538 5 Fion. A B bR
IRAR L B SRR C-SVMXGBoost Lr A% OB 8 51 0, 3 BLZE SR PPN hs b e SOl A iX —Fa . L,
P 65 IR RS (SRR DS RE Ry A SRR 5 A e AR 2 (1 1 B /M (B KAy SLARVT AR bR 11k
HEREE VRN : Sy (B clcb R 13 o oAb e RS A 5 AR SORS RS AE AN [RI DPAR 4R bR T 1) 220 oy JE At e R L
LSS UNENEAZINIENE

FHAE S AT, £ B b e % ol 75 A T S50 b B 103 P 497 2 B
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B 5 454 SVM 5 XGBoost #9448 X, % 54128 £ M8 8 6 £ %, 2815

RS5OSR S HA AR A R L 45 i heoxt b

£ HAR S o Ll e QA 28 ORI (%)
P “Pr N
R St ! C-SVMRF C-SVMBP C-XGBRF C-XGBBP C-RFBP C-SVMXGBoost  #x/ ICON
B R (%) 100 100 100 100 100 100 0 0
- ) A& 904 897 922 895 937 875 2.23 6.62
SRR 6.81 6.63 6.97 6.85 8.19 6.23 6.03 23.91
PATHFE] (s) 58.43 58.27 61.24 60.86 65.22 57.27 1.70 12.19
iR (%) 100 100 100 100 100 100 0 0
PG 5 AR = 4990 5023 5231 5206 8442 5051 -1.22 40.17
YA 34.27 35.32 37.10 36.78 65.31 35.63 —4.00 45.44
AT 1] (s) 62.89 63.02 65.11 65.07 74.42 64.40 -2.40 13.46
Hii & (%) 92 90 95 95 79 100 5 21
pG6 57 AR R 132714 148017 121736 117969 249326 89534 24.10 64.09
SRS 124.63 129.12 94.51 93.13 253.29 65.10 30.10 74.30
PATINA] (s) 257.00 270.33 261.54 260.19 284.02 163.72 36.30 42.36
TR (%) 77 75 86 83 68 95 9 27
PGS 123 MU R 539480 557125 329419 371842 591075 195410 40.68 66.94
SFYIEAREL 309.74 312.54 190.53 225.18 453.20 98.69 48.20 78.22
PATHFE] (s) 862.15 872.32 845.95 850.74 924.82 807.83 4.51 13.65
EiE (%) 85 82 79 75 69 97 12 28
PGI0 20 AR 91472 115745 136172 145975 227101 50230 45.09 77.88
T ARE 182.65 231.09 268.34 291.80 388.22 70.33 61.49 81.88
HAT A (s) 134.08 141.62 137.48 145.51 160.26 117.11 12.66 26.93

o

T ASCHE AR C-SVMXGBoost (J A2 7R ) 5 At 5 OB AL AE & PP 4R b5 L iR/
ARSI R R, FFAERT R A fry o b b IR D5 s AT i

PSCE R FEE IR AR R, T K RS R JEE

X TR AR PG # PG3, iX 6 Pk xUBLEY 70 2 5% 26 7 11315 3] 100%, AR AE R T PR3
FIBRAT I 8] 7 T, A xUAR Y C-RFBP AH LG T AR R 4 A 72 AN IR AR L, A5 OB C-SVMXGBoost L34
B, Bt ZERE PGL b, A SO AL T C-SVMBP 5 C-XGBBP; ZE/2/5 PG3 b, A AR AL /K T C-SVMRF
B, 2 B TR S AN B AL S, 7E C-SVMRF #E U h Ak $ SVML TR BRI W] TR BI%L ks B, 15 SVM
55 RE 78 3R A7 N A7 76 M 571 05110 3 SO AS AR 2 4 0 A8 135K K XGBoost, #UEE BATHI#EF 7 C-SVMXGBoost
HFAE T XGBoost TR, IX T AL 9% — @ KA G M A I T4, 105 LB T PG3 F2J7 AR B 4 o i o, ME7E o5 17 i dgi b,
XGBoost 7E%FR/T EIPEFAASER B, M-8R SCALE PG3 #2)7 L C-SVMRF HARUR 2.

TR 2T PG6, PGS F1 PG10, 50 R 7 C-SVMXGBoost 7t 4 FriEArfeks NI T oAl JLRRR H AR
B 8 ; AEFR T PG6 AT PGS Y, 8 H C-XGBRF 1 C-XGBBP {145 AL T- C-SVMRF, C-SVMBP #1 C-RFBP;
7EFE)Y PG10 1, AT C-SVMRF il C-SVMBP K45 LT C-XGBRF, C-XGBBP Fll C-RFBP. XJ Lt LA |- JLF
PR AR X SR e b ) B A B, C-SVMXGBoost )7 i 5 fse /N 2T 5%, S kT4 7t 28%; bR E e = 1, &
ANBCHEFR BE D 24.10%, B R SGHEFERE T IA 77.88%; SFIABELARCEL b, S/ NSCEFR B2 30.10%, H5 K ScEFR B T ik
81.88%; AT I i) b, st/ NACHERRE N 4.51%, fe N SCHFRE PIA 42.36%. 19 DLt (f 32 BE R PR 2, TG0 A2 50 4
N Em R BE RFE e (W0 PG6), I 45T AR EUE L FE R (W1 PGS), 8@l &2, K SVM Il XGBoost 4>
T R BTAE TR SRS, {754 R ORS8O Rl 15 44 T 1) 1T 43 J04% SVML, XGBoost 55 RF, BP P57
Rl ARSI AN B AR L bR o SR R e o, 0 % e A e Ak B DA R R A AN g i 25 ) R P R e, AS eV
U R AR Y AR/ 25. R, AHEE T4 SVM 5 XGBoost fill &9 C-SVMXGBoost A&7, Hth 4k 330 45 70 645 J3
BT R, fE1 AR e P v, A1 R A2 TN AL I 26 AR, A, t T RS RF A BP (185 OB AR FE R AR, 33K
TRUEAT AR AE IR B 2, RN HERR TR 2 AR AME, TSRS S & P ARE PATI
182 T AL EE R C-SVMXGBoost. T LA, 438 B AS RN FR 17 (I REAE LA R 75 5K, 18 $6-6038 1 T B E AT 4
SR TR R |43 4.
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53.5 AFIEAEEIEGS

N S 3 W AR ST 12 5 A G AT i S 6 25 SR IK AT S L, A A5 A SPSS24 (ke tH o Mk i), Sl BB
I TT ZE R (F RS, 5 MK a=0.05) REAT B & M0 Hr . R BRI PP AR SZIZ 4T 100 K, % H bR
A U B EACARES, KA Uit vk 5 AU T A HZ B A A P ALRE AR ST F gevth2a. |, 4l T7
LA BT (B, A RESS UE BTN 30 S50 45 R e W RE . JsUBCBE Hy A2 4P 3 8o 3, o P25+
R0 45 R WK 6 Fron.

*o6 KsiR

Ry FlE Hor i 4 R
PG1 40.75 fH48H,
PG2 18.65 fE4aH,
PG3 12.76 fH4iH,
PG4 4421 fi4iH,
PG5 16.34 {48 H,
PG6 24.40 fH4iH,
PG7 28.33 fH4iH,
PGS 29.65 4 H,
PG9 42.88 fH4iH,
PG10 15.74 48 H,

2 6 AT4n, AL JURIMARINER 10 FAEYIE KT FHE 3.04. X NGE 24 B m 36 30E: FEBRBENLIA 2%, AR T1%
GrigtAR ik, AR SO VR I N A 28 g R A0 95 0 P 481 R A R AN A b AR I A, 3 R
RO 0 R AL, I AR S v A k.
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AT SC S AR G AR VR REA T X L, IR T A SO VR B0 R otk — 20 e A SO AR B R ] TR VR AE £ B
o 5 42 0P 0810 2 S5 7 T (147 DI 3, 38 L — S ) R 3 A v sl ) s A 20 A 3 FH 9] 1) 8 g i v 6 L
S, AR I EITA T, e SRR L A 1Y i 4k IR SAEO A P ik s T i K H
bR 2882 H bR A2 AR A 51 A e T, 5 2R SO T T — 30 AR PERGR. TR T LA S 2 ik k)
LT VELERL T PG4, PG6, PGY, PG10, PG11, PG12, PG13 _E IR, X b as B anae 7 Fros. S o B b R e
BV AR T, A5 ik b A BT VR 3R T AORR BE, Xt ERARREA T, e d K7 o5 R (AR
0 LI EAEARIAR 7 28 56 3 2 72 IR dpe A AN I8 A AREE (B L g1 O Bl vk 5 AR SC 5 IR S35 A AR
Kz 22 ) Ll v L) IX AN TR bR

th 7 AN, ARECT S0 LR 7 ik, AR SO YRR 5 B TR, A5 A RO T B A — e g, I,
{EFET PG4 Fl PG6 |-, %L OGHE T EIE, A 15 5 1% 5 1A 0 36 2R 31K 21 100%; T3 HE b AR B 2 A8 L 1) 43
B A—6.11 F1-6.28, IX R WAL 7 V575 B0 2 3R ARUKEL. AH S, B 55 % AR 507 THI, AR 3C 50 n] 78 i 58 22 [V 78
H bRk A%, 1M D5 2 B e o A R 12

HFEP PG A PG10 [, hf b G5k fiME 3%, 2R 305705 %07 VA N7 26 338 0 100%; 13 E A AR S = (E LE 71
S350 0.99 F1 0.98, 3% F B A Sy VE T TR AR B D, 0 BT SE LR, FERRF PGY b, Ay vk 5% 7R
REARK, A 3; WIXPIIRET L5 /N B ARKZE ( E 473 710 4 0.86 FT 0.65.

X LEAZE P 2923, FEFEIT PG10 Al PG11 |-, 318 3 B KB 55 26 2548, 43 14 13 Fl 15, IX R A SO V0 &
W 4% 3k, 7R 5 % TR THEOK. Xt b SAEO 32, 7EFEY PG12 M1 PG13 b, %7 R 36 523 1 100% F1 85%,
A TT I 5 R4 B 100% F1 94%, LEFEFE PG13 LAl HETF 9%. 3X B, % bb HAl P Rl A BEAR B, AR SCAFE Y
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