A2 1SSN 1000-9825, CODEN RUXUEW E-mail: jos@iscas.ac.cn

Journal of Software,2019,30(6):1759-1777 [doi: 10.13328/j.cnki.jos.005427] http://www.jos.org.cn
©rp [E B2 Bt AT BT R Tel: +86-10-62562563

Weibull 4375 5| ik # [& Bk fE AT = 14 4 hem
TAEL & K0 kmEl Fmel Apg!

Yulivg K2 B2, 78 KR 030006)
(S IRIE TR () WENURN S SR e, LA i 264209)
WINAE#: £ 45, E-mail: wangjinyong818@163.com

B E BRMARRE LI THRAZ IR S AR F 0,04 RS E . R TR e A L. BRI
355 AR RRATAR B, S A B 4G LRk S TR AT, AT 693 RE ST AR AR 5| E LB bk AT R S | SE e L R S B R
B R M KA B 25 A2 R 2| B A4 b AR 5| Shid £ & — AN F e Ae W A4 M AL R AH
ZHIFRF LT — & R T E BRI T S b3 RAEA (2 % — AR AR IE N B (B 2) B EH K 38T
RH R L HIE R RGHERE L XAMRIR S IR AR TR P RHES | B AT I — R —F LT
Weibull 27 5| i 4 4 B 5T S8 M58 KARA) B 30 1 8 (4 40) B SR Weibull 27 51/ 48 % 49 SR 30302 T 42
h G EERL 64 2L A TR M A AR ) PR AN HAR R AT RO AR I R B P R B4 R A8 R e AR A e HARAE A AR 1L,
H BG4 A Fa TR M AR VA B B G 4G Sk

SRR AR SE AR AE T S0 M RARA AR S A AR R F R R Weibull 4 64 HRE i 255 3
PEES S TP31L

FOCE R BB IR IR K W, 50T U6, 2= 5 vk Weibull 43 A7 51 3k W e fR 402 mT S R OB AL - 24 4R ,2019,30(6):
1759-1777. http://lwww.jos.org.cn/1000-9825/5427.htm
5| %20 Wang JY, Zhang C, Mi XP, Guo XF, Li JH. A software reliability growth model based on Weibull distribution

introduced faults. Ruan Jian Xue Bao/Journal of Software, 2019,30(6):1759-1777 (in Chinese). http://www.jos.org.cn/1000-9825/
5427 .htm

Software Reliability Growth Model Based on Weibull Distribution Introduced Faults
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Abstract: Software debugging is a complex process and affected by many factors, such as debugging resources, debugging tools,
debugging skills, etc. When detected faults were removed, new faults may be introduced. Therefore, it plays an important role to research
an imperfect debugging phenomenon in the software debugging process. How to model fault introduction in building an imperfect
debugging model is still an unresolved issue. So far, numerous software debugging models are developed by researchers, for example,
assuming the fault content function is a linear, exponential distribution or proportional to the number of removed faults, etc. However,
they can not entirely satisfy the realistic needs due to fault introduction complicated changes over time. In this study, an NHPP software
reliability model is proposed based on Weibull distribution introduced faults and the fault content function following Weibull distribution
is considered. The related experiment is carried out which validates the fitting and predictive power of the proposed model. The
experimental results also show the proposed model has much better fitting and predictive performance than other models using two fault
data sets, as well as better robustness.
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0T R4y MG RN VAL 4 R R PR LA RN T e 0, R AT RO B AR 1 R R A AR 2 RilOr A 63% AN
80Y6 1) - i 4t B A 39t A2 i, 23 ) Y 63% 71 800 1) g it 50 3t 4 R 40 45 A THASEAR 1) S0, 38 42 379%F1 20%1(1)
AL M R FH A TOUIN R0 DAL 4SS 280 PR 2 R g A1, FRAT T4l B i £ 3 Rl R £ 2 4 K140 6091 80% [ Tk
i B A2 11, 23 591 ] 60%RI1 80%6 1) i 5% HbE 45 Sk 8L & RNy T 1 284 1 25 550, 80 4% 40061 20% (1) ¢ P 50 4 42 FH ke T
DU PPAik 455 28 1 2 .
33 EEMSEMEITAE

A S BT 72 B KRR AL v U732, e ml AR 7R by
—m(t,_))" )
(¥i = Vig)!

exp[-(m(t) - m(t;,))]-

N T T BT P I O HCA
I=logL.
T T | B Iy L, DR B AL (1 2 4 (a,b,d, o R C) R U il T HE K (a7 ™, d 7, o FiT CT):
o o o o a

a ob od da oC
3.4 RERYIEEELLEL
1) #l4E 1(DS1)
M 2 LU B 75 H 63%I) i b ot S i, 5 AR RUAH L, 34T e 3
o 4K SSEpredict I J7 1T, 32 AR B 1) SSE preqice FIEL B /1>, /& 124.0; L DSS BERY, 2y 241.6; 8% 75 /& P-Z
I g 851.6;
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o K BiaSpredicr IIE /5 T, 2 H A B BiaSpreqicr /), I 0 3.5, 507k 4 DSS #7414, 2h 5.5,/ 74 1SS #
TUFN P-Z KT 4 10.1;

o 93K Variancepregice HIAH 7 1T, 32 BT ) Variance pregice FIE R /N, 4 5.1, 3L A G-O Bi%, Yamada A
SEEPHIRIE A1, Yamada A58 36 ]R8 -2, Zhang-Teng Pham #%4 | Kapur #74-1 F1 Kapur #74-2,
#B AL 6.5;5 22 4 1SS BERIFN P-Z #EAY #4 21.7;

o 1755 RMSPE eqice (M1 77 1H] 42 B 1) RMSPE pregict I fE 552/, (X 4 6.2;3L K4 G-O #i% . Yamada A
SESE IR A1, Yamada AN 5235 AL -2. Zhang-Teng Pham #5 %, Kapur #74-1 F kapur #74-2,
#8h 8.9, 8% 2= 4 1SS BEALAN P-Z MY ik 23.9;

o X AIC{H s - B AIC {2/ A 76.1;3L¢k h DSS B8, & 76.2;5 7% /& Zhang-Teng
Pham B74 7 93.1. L4k DSS B & 1HR 4, B (1) AIC {HF1$2 H B (¥ AIC {H AR B2if, {H /2 DSS R
[ SSEpredicts BiaSpredict, VarianCpredicte F1 RMSPEpregicy MR E1378 AT F& AT 2R W F4) 4. BT bk 38 ) (A 284
1 T JE At PR A T A TR A s, 7 S B £ i 0045 2 L A0 00

Table 2 Comparison results of different SRGMs for the first data set (63% of DS1)
F2 L AR AN B R A A 1 LA 4 SR (63% i )

BEA (NN E SSEpredict | BiaSpredict | Variancepredict | RMSPEpredict | AIC
G-O Hi! a=279.2228,b=0.0199 431.4 6.1 6.5 8.9 85.1
DSS f a=84.1429,b=0.2178 241.6 55 11.7 12.9 76.2
1SS FiA! a=72.6964,b=0.3739,=11.8833 849.5 10.1 21.7 23.9 76.6

Yamada /5% 3
o =279.2228,b=0.0199, o= 429.2 6.1 6.5 8.9 87.1
- a=279.2228,b=0.0199,#=0
Yamada 5835
o g =279.2228,b=0.0199,2=0 429.2 6.1 6.5 8.9 87.1
T AE-2 a=279.2228,b=0.0199,&
P-N-Z i a=71.2595,b=0.3706,4=11.2637,2=0.0018 758.4 9.6 20.5 22.6 78.8
P-Z sy a=0,b=0.3739,/=11.8833,2=0,C=72.6964 851.6 10.1 21.7 23.9 80.6
Zhang-Teng a=86.9153,b=0.0198,4=0.0097,
Pham 57! 2=0.0777,c=0.0647,p=0.3915 4328 6.1 6:5 o 931
Pham Zh
D ﬁgg a=82.1168,b=0.2423,0=0.0117 304.2 6.1 13.1 145 77.9
Kapur #%1-1 | a=241.8748,b=0.1823,2=0.1338,p=0.1262 | 431.4 6.1 6.5 8.9 89.1
a=278.4365,b=0.4822
L7 y '
Kapur #%1-2 0,60, 0028,p=0.0415 4375 6.1 6.5 8.9 91.1
P a=2.0628,b=0.0135,0=0.0227,
P A d=1.094 C=431.056 124.0 35 5.1 6.2 76.1

Bl 3(a)g i T 3 A R A P i RRe B £ 1 Y 63%EAT M ALL 5 AN TG F) 959 A LA IX [A), KA T B RE T H:
S PR TR AR e b 0L 5 W Bt A A L TN 17 A S B P R A 0 R 2 o P s e 2B K B 5 Ak AE I 3(a)
Hh S U 5% 1) (1 e K e e A b v AR AR AR 1) 950 T S ) IS R AT A i, B HH AR A AR L IR LA R
SRR A P B A T AT

Bl 3(b)& th T4 A R A P R 4 1 (19 809632 AT B DL £ M TN IF) 959 (K) B A5 X W), BA TR e Hh:
B Y P10 25 IR S b 0L o o 0, R oA b T SE2 s 1) S DR 2 o B e R AR BRS04 E D 3(b)
o S B W55 3] (1 5 S AR A b R AR B A 1) 95% b S W) I FRATT B e B, B AR A A AR L IR P AL
SRR 1 3t PEI0 H Weo h 2E

MIEL 3(a) A 3(b) rI LA o5t R AR AN T8 S H 639 1) e B33 30 & Y 800 1) W s B340 I, #48 R AR e
UL AP i i 004 R R i 3t TR PP s 2 DALk, ) DA B 45 1 388 PR AT AR G PR UL RE ) AR A
bt YN i

Bl 3(c)4y Hi T 4 AR A ] B el A 2 11 6396 AT I AU R TN 1) 95961 HELA X 7], B AT RE A 24
H PR ASE R AR G b0 i e 0, O e b PO P b 7 s RO AT A 53 A0 AE B 3(c) R, S5 o WL 45 0 Fp il o 5 i AR
U M V& AL B TR ) 959% b Jit vl [ I F AT Tt RE TG 8, B 1A 2R A AR 18 40D 5 200 SRR VA 1 b LI 0 P e o e
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AT .
3(d) 2t 12 Hh R 2R A T s H i £ 2 1) 8096 AT e bl A AT 1) 95961 T4 DX [, FATT e REF 5138
H PR ASE R AR G b0 i i 500, 5 0 b 00 P W o A 2 RO BCRE. 3 A0 A 1 3(d) v, S5 B WL 5 00 P il o 5 i AR
I M AE SR BN IK) 959 b S rp ) I FRATI L RE A ), 4 HE RS AT AR 10 005 250 R RIORS s e FUIU 1 W i e
ML 3(c) R 3(d) T LA H 4 H AR AN 10 0 Y 6396 1Ay e s Atk 10 2 FH - 8096 1) i A4k 1T 412 L (1 5 23
AIRLS i 0L W e, O L VA A e U0 A A A A PR AT DR b, £ A 0L 5 A A s PRI 7 T, B e
(158 20 AT AR G e
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Fig.3 Plots of mean value functions and 95% s-confidence bounds for the actual data
B3 1) Bn M BB 1 L 2 HH SR 24 48 R R 95% A5 X 1)

M 3 1T LA B, 76 1] 8006 fK) #e b K 4R I, 5 JLABE AL AT LE, FR AT e 3

o K SSEpregicr FIME 7 1HI 42 AT (1) SSEpreict BB /1N, 2 2.9; H 4Kk DSS #EHL, 24 3.6; 8% 75 2 G-O #
. Yamada A58 32 B RL-1 F Kapur #52714-1, 49.5;

o K BiaSpregict IIE 7 1M1, ¢ i B8 F) Biasyreaice (1 1E 55/, {4 0.8; Lk DSS #5244 F1 Pham Zhang IFD
B, 0.9;5: 750 G-O Bi%Y, Yamada /56 56 1 1AM 711 i Kapur #5781 K032 2.9;

o 4K Varianceyregic 1118 75 THI, $2 H AL (¥) Variancepregice [FI1H 5/, 4 1.7,3L0 A DSS BEAL I 2.0 45 %2
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ISS #7L, P-N-Z #ALF P-Z B2 354 5.4;

1795 RMSPEpredicr R {EL 7 1T, $7& H A (1) RMSPEpregice FE 15/, 0 1.9 50y DSS BEAY, Oy 2.1; 85 % 2
ISS HE AR P-Z FLAY #K 2k 5.9;

A1 9% AIC iy T 4 VB 1) AIC Rt 2 d5e /N X R 95.7; 34K DSS i, /& 96.2; 5 % 52 Zhang-Teng
Pham %Y,y 115.1. 548 DSS BRI S AHRAF, &K AIC {E R AL ) AIC AR B2l H 2 DSS #¢
UT) SSE predicts Bi@Spredict, VarianCepregict M1 RMSPE regice 9 EL A1 K T $1 HHASEIR AR I () (. AT bk 418 3 () 4573
) FCA 1 AR A P % PSS TR A L, A7 ST 47 0 B L 5 B 0 AR TR R P R AR b R

Table 3 Comparison results of different SRGMs for the first data set (80% of DS1)
3O L R AR AR R G A A 0 LA 4 TR (B0 i i )

[ T S HUE SSEpredict Biaspredict Variancepredict RMSPEpredict AIC
G-O i a=153.875,b=0.0408 49.5 2.9 2.4 3.7 107.1
DSS a=90.9335,b=0.2031 36 0.9 2.0 2.1 96.2
1SS 7! a=83.9267,b=0.2919, 5=8.3426 23.1 2.3 5.4 5.9 98
Yamada 4563 _ _
A1 a=153.8759,b=0.0408,2=0 49.5 2.9 2.4 3.7 109.1
Yamada 456 5 _ - )
LR a=174.6693,b=0.0331,2=0.0002 37.7 2.6 2.8 3.8 109.3
P-N-Z i1 a=83.9879,b=0.2918,/=8.3473,=0 22.6 2.3 5.4 5.8 99.9
P-Z A a=0,b=0.2919,5=8.3427,2=0,C=83.9267 23.1 2.3 5.4 5.9 102
Zhang-Teng a=12.2235,b=0.0448,5=0.0133,
Pham 517 2=0.0012,c¢=0.5169,p=0.0806 483 28 24 3.7 1151
Pham Zhang - _ _
IFD A a=90.0669,b=0.2169,2=0.0072 4.2 0.9 2.1 2.3 98.1
Kapur ##4-1 | a=152.8639,b=0.8999,2=0.0066,p=0.0456 49.5 2.9 2.4 3.7 111.1
i il a=152.7261,b=0.31,4=0.0002,
Kapur 52 %1-2 =0.0037 p=0 1326 47.3 2.8 2.4 3.7 113.1
e R TR a=0.2972,b=0.0273,2=0.2286,
FE A d4=2.0058.C=259.0116 2.9 08 17 1.9 95.7

2) ##E4E 2(DS2)
M 4 7T LA 31, A6 ] 63% ) il b K5 B2 I, 5 Ay B0 P ] S MRS AT LE, FRAT] e 31

A7 9K SSEpredict [ 77 11, £ Hi A 7R (K] SSE pregicr MIE I8/, 12 848.6; 2L Ui Kapur #574-1, 2 1328.5; 5 % A2
Yamada /56 % I AB -1, 38647.3;

K Biaspregicr IFE /5 T, 4@ H AR AL (1] Biasyregicr IHE I /N AR 7.2;3L0K 0 G-O B4, ISS FiAY, P-Z
MY, Zhang-Teng Pham #5714 | kapur #2714 -1 Fil kapur #74-2, %88 9.0;3% 2224 Yamada A~ 5¢ 3 A B -1,
A 45.7;

A4 0% Variance pregict 1 77 11, 42 Hi A58 1) Variancepregicr 1 {H f5 /)N, 41 4.1;Zhang-Teng Pham £ 74 1y 4.1;
Kk G-O A, 1SS B, Yamada AN oE 3 RIAMEIAL-2, P-Z #4744, Kapur Bi%!-1 F Kapur #%4-2,
#R 2 4.3;5% 72 % DSS BN Pham Zhang IFD % #5%4 31.5;

1 % RMSPE pregict (1918 7 THT, $& H 15 28 1) RMSPE pregice IFEL 55 /N, 1 0 8.4; 3L ¥k 24 Zhang-Teng Pham, >y 9.9;
B 7 ¢t Yamada A~ 56 55 B4 -1, 0 53.0;

A7 5% AIC {H 77 T, 32 B ) AIC (B /2 8/ AUk 116.9; 4k Yamada AN 56 36 I AR AL -1, 72 117.1;
I 72 & Pham Zhang IFD B, 2 175.1. 54K Yamada AS5¢ 3 B8 8L -1 & 318 4, & (1 AIC {E 13
B AIC (HIR 421, H2 Yamada 5636 KA S -1 1K) SSEpregict, BiaSpredict, VarianCpregicie 1
RMSPE pregict [1EL 51326 326 K T4 H RS AR I (10 8. DA bt 412 H PR 4SS 28 55 il 90 6 e T S R BE AL A LG
U (R0 A s B 1140 F% 0 R0 S R Tff b TS0 A2 v o A e s ) B )
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Table 4 Comparison results of different SRGMs for the second data set (63% of DS2)
F4 02 MY AR Ay SR IO LA 25 IR (63% i i A )

*%E! {iJ'IVI' H@’%M{E SSEpredic[ Biaspredict Variancepredict RMSPEpredict AIC
G-O By a=585.7512,b=0.0131 1333.0 9.0 4.3 10.0 120.1
DSS #iR a=194.1617,b=0.1287 5183.8 13.9 31.5 34.5 173.1
ISS i a=585.7512,b=0.0131,4=0 1334.5 9.0 4.3 10.0 122.1
Yamada A~ 5835 _ _ -
SR a=59.8799,b=0.2029,2=0.0496 38647.3 45.7 26.9 53.0 117.1
Yetmffqa%{\lﬁ;% a=378.1685,b=0.01999,2=0.0075 1858.5 10.8 4.3 11.6 122.0
R -2
P-N-Z #i%Y a=23.9593,b=0.4902, 5=0,=0.2519 2776.3 1351 5.3 14.2 123.6
P-Z fiH) a=0.2009,b=0.0131,5=0,2=0.0038,C=585.687 | 1332.2 9.0 4.3 10.0 126.1
Zhang-Teng a=9.6139,b=0.0000249,5=0.2013,
Pham % % =0.0017,c=0.1817,p=0.0018 R i 41 99 123.8
Pham ZhangIFD £ 7 a=194.1617,b=0.1287,a=0 5183.7 13.9 31.5 34.4 175.1
Kapur f1%-1 a=536.6977,b=0.1136,2=0.0837,p=0.1259 1333.0 9.0 4.3 10.0 124.1

a=584.4283,b=0.04315,

$=0,0=0.0023,p=0.3042 1328.5 9.0 4.3 10.0 126.1

Kapur £ #1-2

a=1.3149,b=0.00211,2=0.3558,
d=1.4428,C=4051.6536

PR A A 848.6 7.2 4.1 8.4 116.9

M 5 ] LU 2,76 FH 80% 1 i B 4 A b, L5 I At AR 280 AH Ll FRAT B 21

o K SSEpregicr IFIME /5 THT, 48 A EL (1) SSE pregice HIAE 5 /1N, & 220.8; L% Kapur #121-2,° 364.0; 5 % &
DSS # %4 F1 Pham Zhang IFD K%Y 2 2091.2;

o K BiaSpregicr IAE J7 1T 42 A5 AL 1) BiaSpredict [FIEL I /N A A 4.3;[F]IF,G-O AL, 1SS #5172, Yamada
A EWIRBAL-1, Yamada A58 I -2, P-Z B, Zhang Teng Pham #5578 . Kapur f74-1 F
Kapur #2782 #J& 4.3; 308 P-N-Z #5754 2 6.9;8: 7 4 DSS #%1F1 Pham Zhang IFD 1%, 12.2;

o 5K Variancepregicr HIH J7 11, 42 H A8 (1) Variancepreict MBI /1N, 4 7.3, 3L 00 P-N-Z B, 7.5, 5 7
2 DSS KA FI Pham Zhang IFD #5254 #5 28.4:

o 7K RMSPEregict M1I1E )5 THT 42 AR LK) RMSPE pregicr I I /N AN 8.5;P-N-Z #81h %) 8.5, KK
Kapur B74-2 2 10.8;8% 2 /& DSS ##4fl Pham Zhang IFD ##& # % 30.9;

o HIK AIC {72 MBI AIC fHR 25NN 145.3; 3Lk Yamada A58 35 AR AL-2 )2 147;
I 7% & Pham Zhang IFD #5425 208.1. B4k Yamada /S 5¢ 36 AR -2 L& 1R LF & 1 AIC {E AR
ML) AIC EARBZUE, H 2 Yamada A58 8 K BER -2 1) SSEpredict BiaSpredict, VarianCpregicee 1
RMSPE preqict B R 4 H AR TR AR S (10 7. 1K1 0bb, 388 PR ASE 280 4 5 T At ) 5 A2 T 0 A 2R L i e
A Re RTINS R A W 1 B ) A T I A R A ] A

3) ¥4 3(DS3)

M 6 1T LU 2,75 FH 60% (14 5 bt A4 A B, ) G At 1 T 5 Pk 4SS 2R AH L, FRATT B

o K SSEpreqict FRIMEL T 1T, 3 HY AL 1) SSE pregicr MBI /1N, /2 35137, JLIE P-N-Z 452, 0y 419.85; 5 7
Kapur #£%-1,% 65503;

o K BiaSpregicr IMME 7 11 FEH AR Biasyredior M /DN, 3.0,k P-N-Z #i5 2 9.0;5 % 4
Kapur #i#4-2, % 129.67;

o 4K Variancepregict 1 (L7 T, 3 AL F) Variancepregic {5 /N, i 4.66; 1L 000 P-N-Z B8O 4.73; 4%
74 Kapur £571-1,°4 98.36;

o 17K RMSPE pregice I 7 THI 42 H A5 (1) RMSPE preqice B 550 /N A K 5.54; 3L Ky P-N-Z B2 4Ky 5.72;
I 72 72 Kapur £588-2,#8% 129.89;

o 7K AIC {H 77 1,32 LAY (1) AIC {2 e/, A 14810, H 0k G-O BEAY, 2 149.41; 572 7% Pham
Zhang IFD #5224, 74 160.5.
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Table 5 Comparison results of different SRGMs for the second data set (80% of DS2)
F5 2 MY AR PO Ay SR IR ) LA 25 IR (80% i i A )

*%E! Tﬁﬁ'%;}ﬁ{g SSEpredict Biaspredict Variancepredict RMSPEpredict AIC
G-O #iM a=411.3659,b=0.01947 365.7 4.3 10.0 10.9 149.6
DSS iR a=211.9166,b=0.115 2091.2 12.2 28.4 30.9 206.1
ISS 7! a=411.3659,b=0.0195,4=0 365.7 4.3 10.0 10.9 151.6

Yamada /5% 3
o g =411. ,b=0. o= 365.7 43 10.0 10.9 150.5
S -1 a=411.3659,b=0.0195,a=0
Yamada /5% 3
RN =411.3659,b=0.0195,=0 365.7 4.3 10.0 10.9 147
-2 & o=
P-N-Z 5 7# a=29.7626,b=0.4722,5=0,02=0.1874 488.9 6.9 75 8.5 149.5
[ a=0.0872,b=0.01947,3=0,
P-Z 5 2=0.0014,C=411 3575 365.7 4.3 10.0 10.9 155.6
Zhang-Teng a=63.9842,b=0.000058,=0.0889,
Pham #5i7! 2=0.1514,¢=0.1363,p=0.3069 87 i 10.0 10.9 1576
Pham Zhang
IFD i a=211.9167,b=0.1150,2=0 2091.2 12.2 28.4 30.9 208.1
Kapur #i%-1 | a=408.3188,b=0.13298,02=0.0074,p=0.1475 | 365.3 4.3 10.0 10.9 153.6
a=384.7579,b=0.1478
i ! 2
Kapur ##%-2 -0, 2=0.0647,p=0.1409 364.0 4.3 10.0 10.8 155.6
S a=5.7,b=0.002125,#=0.4168,
B d4=1.19.C=5002.5649 220.8 4.3 73 8.5 145.3

Table 6 Comparison results of different SRGMs for the third data set (60% of DS3)
F6 5 3 4B AR L AR AR A R G A 1 L A 4 AL (60% I K3 )

*%E! 'fIJ'ITI— E‘]%%M@ SSEpredict Biaspredict Variancepredict RMSPEpredict AIC
G-O fi a=207.8778,b=0.0048 502.47 3.45 4.89 5.99 149.41
DSS f##Y a=49.1034,b=0.0688 872.99 5.32 10.97 12.20 158.05
ISS #iAL a=124.5116,0b=0.0127,5=0.5930 441.38 3.28 4,78 5.8 151.40
Yamaledige 8 a=207.8776,6=0.0048, z=0.0555 502.46 3.45 4.89 5.99 151.41
P A1

Yamada A 5g 3

LR 2 a=207.8771,6=0.0048,a=0 502.45 3.45 4.89 5.99 151.41
P-N-Z i a=114.4073,0=0.0146, 4=0.6856,2=0 419.85 321 473 572 153.40

P-Z 17 a:33éi%§gbg:9?'coffféﬁ: P 493.8 3.43 4.87 5.95 155.41
Do | RGOS | g | e | an | e | w
PTEE gg‘ g a=49.1034,b=0.0688, =0 872.99 5.32 10.97 12.20 160.5
Kapur f7-1 | a=207.5796,b=0.0630,2=0.0768,p=0.0014 | 65503 48.27 98.36 109.57 153.41
Kapur f571-2 3=207.5699,6=0.0918, 472310 | 129.67 7.39 129.89 156.41

£=0.0015,0=0.0527,p=0.3453

T — a=6.6591,b=0.0092,0=0.4198,
FE A d4=0.7208,C=203.7921 351.37 3.0 4.66 5.54 148.11

M 7 R EUE B R 80% 1) i B 540 B ) [m] e ARAS B AH e, FRAT 1 e B 28

o K SSEpredict B 7 THD 3 AR TR SSE predict (MBI /1N, 2 6.7, /X /¢ Pham Zhang IFD K%, 17.44;
i 2252 Kapur ##4-1 34 3943.9;

o 17K BiaSpregict E 77 1, & H A R 1K) BiaSpredic I AE 52/, 14 0.61; 7k Pham Zhang IFD 5%, 2% 0.94;
Ik Kapur i71-1,24 16.57;

o 14K Variancepregicr I1E 77 11 42 Hi A5 RUFT Pham Zhang IFD #E5 [¥) Variancepregice [FE#0E 0.84, 4 5/
Hkh DSS AR R 1.14; 5% Kapur #75-1, % 2.80;

o 3K RMSPE preqict IHIE /7 T, 52 H A28 (1) RMSPE pregicr IEL I /N, A 4 1.04;3L X 4 Pham Zhang IFD 52,
hy 1.26;8 72 & Kapur Bi%-1 ) 16.8;
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o 7% AIC {HJ71H 2 AT AIC B 2 B/ I 188.67; 5Lkl G-O #54Y f& 190.01; 5% 7 4t DSS %

74k 198.61.

Table 7 Comparison results of different SRGMs for the third data set (80% of DS3)
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RT3 AR AR R R G AT 1 L A 2 R (B0 i 4 )

[ [ERES SSEpredict Biaspredict | Variancepregict | RMSPEpregict AIC
G-0 fiAl a=143.9553,6=0.0075 29113 | 3.92 2.49 164 190.01
DSS Fi il 2=59.8918,0=0.057 47.01 158 114 195 198.61
1SS U 2=62.8386,0=0.0484,4=2.8007 92.15 221 147 2.65 19121

o 3.92 2.49 164

Y‘Eiig;f“f 2=143.9553,6=0.0075,:=0.000001 291.13 192,01

-

Y e 3.62 249 264
iggi;;f“f a=143.9553,b=0.0075,=0.000001 291.13 192.01
P-N-Z i %Y a=62.8386,b=0.0484,5=2.8007, =0 92.15 2.21 1.47 2.65 193.21

R a=14.3849,6=0.0211,/=0.6313, 259 2.2 343
Pz B =0.0452,C=72.5585 2 195.75
Zhang-Teng a=76.6018,0=0.0454,4=0.2255, 352 2.29 219
Pham #7% =0.0024,¢=0.0166,p=0.7184 253.317 197.87
Pham Zh 0.94 0.84 126
D HiA 2=55.9203,=0.0798,0=0.0141 17.44 195.76
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. 2=132.0361,0=0.3282,40.0, 3.96 249 268
Kapur fi7-2 pe2ep-00s0 296.66 196.01
P 2=6.8740, b=0.0140,4=0.7129, 0.61 0.84 104
kiikiian d=0.7286,C=206.1978 67 188.67
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4) H¥u4E 4(DS4)
M 8 1] LG T, 7E F 60% 1t i s B4 42 ), [R) FAth 50010 v 5 A TR AH Lb, BRAT T RE T 31

K SSEpredict IIAE J7 T, H& ALK SSE preict A f />, 2 322.1; X2 Yamada A58 3 R AL-2, 04
1181.5; 5% % & Kapur Bi%l-1,24 2878.6;

A K BiaSpredict M H 7 1, 32 tE AU BiaSpreqict I e/, AN 2.74; Ho k) Yamada A~ 58 26 AR 7L-2,
Sk 4.63;8% 7 Kapur #%4-1,% 29.57;

A4 0% Variancepyeict 118 77 1, $& Hi AR AL () Variancepregicr 1 E fc /), oA 1.67; H2/0E Yamada A8 56 5 1 i
#-2,% 10.02; 8% %k Kapur B8-1, 2 60.29;

K RMSPEpregic MIE J5 T, 32 AL 1K) RMSPE pregice (1 {H 55 2 A A 3.21;, 347K 4 Yamada A 5¢ 3 i 145
9.2, 11.04; 8% % & Kapur ##4-1 2 67.15;

R AIC {571 48 H LR AIC E B2 5 /N, I 101.76; H 0K N G-O #i%Y /& 102.58;5% 7 /& Pham
Zhang IFD #5288, 2 131.24. 52 H (1455 200 7 b5 A 0 1ok vi] S A 280 A LG A5 B8 4 1 i o 405 0 Tl 28 e

Table 8 Comparison results of different SRGMs for the fourth data set (60% of DS4)

=8

55 4 AL AN BT T S0 AR ) L A 45 R (609t i i 4 )

[ it S 8E SSEpredict | BiaSpredict | Variancepredict | RMSPEpredict AIC
G-O #E a=30.0517,b=0.0487 1648.3 5.47 11.94 13.14 102.58
DSS a=27.5453,b=0.1244 2235.4 6.42 14.08 15.48 123.7
1SS f5i Y a=30.0517,b=0.0487,=0.000001 1648.3 5.47 11.94 13.14 104.58

Yamada 4563 3 _ _
-1 a=30.05,b=0.0487,0=0 1648.3 5.47 11.94 13.14 104.58
Yamada e a=25.7509,b=0.0571,2=0.0038 11815 4.63 10.02 11.04 104.86
YA AR -2
P-N-Z #i a=30.0510,b=0.0487,5=0.0002, =0 1648.4 5.47 11.94 13.14 106.58
> a=3.512,b=0.0487, =0,
P-Z f5ifY =0.000001,C=30.0517 1648.3 5.47 11.94 13.14 108.58
Zhang-Teng a=27.8458,b=0.0011,5=0.0009,
Pham Kt 2=0.000001,¢=0.0528,p=0.9266 1647.7 5.47 11.94 13.13 110.58
Pham Zhang a=27.3715,b=0.1500,2=0.0201 2296.3 6.51 14.29 15.7 131.24
IFD 574
Kapur #%4-1 | a=29.8428,b=0.3338,2=0.1468,p=0.0070 | 28786 29.57 60.29 67.15 106.58
0. a=19.5822,b=0.0892,4=0.000001,
Kapur #71-2 2~0.3484,p=0.8376 1648.1 5.47 11.94 13.14 108.58
] 2=93.9382,b=0.000644
HL L iy ki ) ’ )
& gAY 4=0.0102.40.0027 C=908.7152 322.1 2.74 1.67 3.21 101.76

M9 TI LAFE 31, £ 1] 80%0 (K e s £l £ I, L5 Al B R AH LE, AT RE 6 75 21

K SSEpredict IIAE J7 T, & ALK SSE predict MME B /N, & 59.42; X2 Yamada A58 3 B AL-1, 00
335.56; ¢ % /& Yamada A58 3K iR -2, 24 16269;

A K BiaSpredict M 1H 77 1, 32 tE ALY BiaSpregicr I E e/, AN 171, Hoh Yamada A58 26 AR -1,
h 4.37; 85 25 4 Yamada A 56 36 R 412, 7 31.08;

A4 0% Variancepyedict 118 77 1, £ H AR AL () Variancepregicr 1E fc /), 4 3.45; 5.7k Yamada A8 56 5 1 i
74-2, 0% 7.37; 525 4 Pham Zhang IFD #i7%4  13.72;

B K RMSPEregice I /7 THIL 48 H A B RMSPE pregice I E 5 /), A A 3.85; 37k 4 Yamada A~ 56 36 i il 15
#1-1,70 10.11; %% %2 Yamada AN5¢ 3¢ AR AL -2, 480 31.94;

B AIC U7 2B AIC R E/DN A 124.98, KN Yamada A5 IHRBIAL-2, 2
128.07;3 % /& Pham Zhang IFD #5754,k 166.81. 4 H4 [FI A5 78 7 [ I Ath 1 5 A1 W 5 P A 28 A T, i B 0L &
B8 3 RN TIIN B A W 1D B 0 S LT A AR T e e R
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Table 9 Comparison results of different SRGMs for the fourth data set (80% of DS4)
F9 W4 MY AR Ay SR IR ) LA 2 IR (80%i i A )

*ﬁﬂ 1}11"’}9‘]5%{@ SSEpredict Biaspredict Variancepredict RMSF’Epredict AIC
G-O Bl a=37.555,0=0.0303 572.25 5.74 11.97 13.27 128.87
DSS Hi a=33.0402,0=0.0841 741.08 65 13.59 15.06 1575
1SS i a=37.5549,6=0.0303, 4=0.000001 572.26 5.74 11.97 1327 130.87

Yamada £+5¢ % a=20.1186,b=0.0801,¢=0.0091 335.56 437 9.12 10.11 128.54
AR -1
Yamada A*55% a=11.9648,0=0.1735,=0.0266 16269 | 31.08 7.37 31.94 128.07
YA -2
P-N-Z Bl | a=21.0987,b=0.084,$=04521,4=0.0103 | 435.09 501 10.44 1158 131.93
e a=1.01,0=0.0303,4=0.000001,
P-Z Wil 2=0,000001 g7 555 572.25 5.74 11.97 13.27 134.87
Zhang-Teng a=18.0465,0=0.000011,4=0.0002,
Pham #17f! =0.0105,¢=0.0631,p=0.4910 STAg9 Sl 11.98 13.28 136.87
Pham Zhang _ _
D Hit a=32.8443,0=0.0958, =0.0083 755.7 6.57 13.72 15.21 166.81
Kapur i1 | a=30.3567,0=0.5245,6=0.0716,p=0.1917 | 707.8 6.36 13.25 147 132.87
a=22.7409,b=0.0644
98] ) )
Kapur -2 50,0014, 3044150 N5 572.29 5.74 11.97 13.27 134.88
a=12.4677,0=0.0030
) 11k g0 ) )
F R 0=0.6746,40.9811 C=2730.4 59.42 171 3.45 3.85 124.98
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Fig.5 Denote sensitivity analysis of parameters of the proposed model for 63% of DS1, respectively
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