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Software Reliability Model with Irregular Changes of Fault Detection Rate

WANG lJin-Yong, WU Zhi-Bo, SHU Yan-Jun, ZHANG Zhan

(School of Computer Science and Technology, Harbin Institute of Technology, Harbin 150001, China)

Abstract: The traditional NHPP (non-homogeneous Poisson process) models are proved to be a success in a practical test. However, the
model performance always suffers in the realistic software testing environment due to the ideal assumption which derived the traditional
NHPP models, such as constant fault detection rate and smooth or regular changes. In this paper, an NHPP-based software reliability
growth model is proposed considering an irregular fluctuation of a fault detection rate, which is more in line with the actual software
testing process. The fitting and predictive power of the proposed model is validated using the related experiments. The experimental
results show the proposed model has a better fitting and predicting performance than the traditional NHPP-based models using the
real-world fault data. Meanwhile, the confidence interval is given for the confidence analyses of the proposed model.

Key words: software reliability growth model (SRGM); non-homogeneous Poisson process (NHPP); irregular change; fault detection

rate; software reliability
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AT, SR 5 P A T S A 2R Sk i e v ) S e e P B8, I A AT AR S R R T S 2 A 0 SRR A TR R
T B SR T A G582 30 AT AR N (78 204t 0 3 SR A A ] A M A B SR D R A A B B, N —
B SEBRAIE S 25 B2 W g N 2 R A T A T 3G KA R T A AR A R A DA e R e
HEAT N VAR I A A 7 T it R e 1 T S R B T A TR SR R B P A i R R B e B R
TR — AN BT 2% 10 0] 8, 52 VT 2 PR 38 108 ) 00 IR 35 A R T B . I g R U, Il A 05 55 3
DRI 25 A - IR 1 4 A RO 8 DR 25 455 FLIILAE O T R IR 3R A T S MRS B 7 — 8 450 R 2 6 ORIV aff 1) (R 7 3L
A AT JUIAS 3G Y, BT b AN LA 00 P . it R 5 i s A 00 23 ) AR T A 2 K T 52 o 8 2 e v A 00 A A
E AU, B AT AR — AN S8 A AR U R I TBOPE ]
BT SRR SN A R I TR PR R BRI AT AN SR 2 e ) A R L A T A R R
TAIAE — N B L DA 38 AR P SO AT SEE EAR TR, AT LA & A 2 W i 452 1k DR, 1 5 AR 8 AR IR A 7 i AR i
0 40 BV W] SR VI K (SRGM) P B T & ke, Herp, 3 5% A #4 3 #E (non-homogeneous
Poisson process, ffi Fix NHPP) B £ 552 o (1038 v BUAS 17 AR Kl i 51 1 K B R A 6 Jon A DG,
IR 40 5 A 0 236 (R AN R AR AL NHPP R8P W] S P B — e mT LARI 43 3 26— R A e JE AR
), B i 0 e WA R ) 23 Ay S R AR A = WA TN R A R A ).
o TS 1 2RI SRR, Goel PUB W 7E (¢, i+ Ar) IS 1H] A, 30128 K 00 LY 0y s s e B R LE ¢ I I) P 4 b
el % A0 e 1) 5 S O L A A I i — A LA B X S B R A RO PR R T S R A O T
Fol R g e FRE A AR T4 189 I I FLB S T B ) R %, Goel I HE T — A — A 1 B T e v A R
(GGO). [ T 58 2 YA 7Y, IV < B 18 8 6 W0 21 (14 g s 3 B0 e 25 ok 847 3 100 e e 51 388 4, Goell "2k
DA T AN 58 3 A Y, B AR AT 25 B M s ], A5 A e 4 5 b, D O 2 T e s A 26 4 5 B0 A
56 R PR Y

o NFFHE 2 SR AT S AR I ——— A A P R AR Ak (KA R, Yamada %5 A PTOE B A B AT
A, BRI B R TER A S BRIk HH T Delay S-shaped A (DSS). o5 —ANAHL AT Ky
Inflection S-shaped 7 (ISS) il T 78 BAF AR 24 o 51 e i 2 1) 77 6 e B AR AU % A HE A, ¥
LA IFR K Logistic M1 Gompertz 184K il 2 A5 78 SR P 551 f mT 3 1 DAL A e A e 7 2 1)
S-shaped AT & PRI AN 56 38 B Y 2 vh A0 A7 17 245 0 T B2 70 A0 190 5 B A ) e A 780 494 T7F e
scl3-16),

o (RFESE BRI DU FE R AR I 238 AR VAN S SRR AR I, T e S R AR IR A X A S AR B ER 3 28

B AT SRR AR R R R T R A A AR A I . L VR SCREESY T XA AR A0 4
Yamada 25 N7 08 1 W3R T 4E & (test effort) (RAR 4k, 35 H AT 7 90358 T A/E B8 00 g o K0 00 B & 22 1) 1y
KR T — A M A S LR 55— 5 T, 70 352 b ek 78 rp A e #2022 0 Bz
FIR 22 R 28 149 56 W 450 T 8 1 23 00 6 ) e P DA 28 0 B 353 1100 2 A B R e, e e A 0 3
VF AR ST AR A (1, 1] B AL AN I ) 5 b AR AR Ak, Xt gl Bk g s 3 12T 45 - Huang 26 N P75 &
TR W AN 2 PR B R R ABATT S — BRI A 9T T 288 3 s RS R L N SRR T SR AR A,

T L THI 2 B FRATT AT LA A B R A HE AR AR 0 2R 1) 3 AR A L U G-O B AL RSP AR AR AL 1
DSS BERS; = S A A 1 A8 4k 41 R U AR BRI B nOBE Y A 3K S AR R A ST B A e AT I LA A
TR e AR 2% 52 BB . TR W RS D — AN 28 R BE AL ok R, 2 2 — AN A B FE A R — AR
1 SIZ [ 0 i G S R e A A A R A A A B R A U 1 AR A R AR AR A T LR AR IR R
HISESRAG A R AN T A% A B 1 45t T e i A 0 2 ot s [0 A 0 U AR A R 15 . A B 1 T BRATT BB s A M
B, 70 FA IR A 00 5 B A (] A AR S B B AR . TR T A SO AT T R T — AN S bR
DRI e B I RS DU AE 40 ) NHPP 3R ] SE PR G R RY, F 12 08 T T R ON M ATF 0 20 00 3 o R v g e
G W) 28 AN 0 AR Ak R B G, FH I 5 12 SR i vy 304 T 0 e A 28 %) 0L 0 o 42 e, 3 v Sl S 7 R e T e A Y
SR T S B 00 A A DA T R AR A S 56 5 IR 0 s FRATT 4R R RS 2R A B A PR LG P S R SR AR Y e D e
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Fig.1 Fault detection rate irregularly changes with the testing time
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> WAL t INZ BRI TEE
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Ho () kY58 B B0, Ae) by 5 e 5 o 5 TR b S R B W 1) ma(6) 5 AN TR IR P ] S A A — i e i s @ A
B @ AT @57 LA B oy 7 R
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&

m(t) = a(1 - exp(-| ;b(u)du))

= a(l - exp(~  (bu" + 6y (u))du)) (n
=a(l—exp(—=(bt"“"V /(d +1) + S£(1))))
=a(l—exp(—=(bt"“"*V /(d +1) - 57t/ 2)))

M =0 B ,m(0)=0;24 t—owolif,m(w0)=a.

o R R BT RN N

At) = ? =a(bt’ =57 /2)exp(=(bt'“"V [(d +1) - 5% /2)) (12)
o TRER I e R BT RN
bty=—2D_ _pt 5712 (13)
a—m(t)

FEAE XA PS8 a FoRAEHAT B AR 39T A I L e O 50 B, T Y a SRl T 000 b 7 A ) i 5
2R b FORAE AT IR R e I W ) A A AR AT AR b DRSS I e D) 8 W ) R 2 4
d BRI 246 AT DAL e M i 2R 7 WG I A 2R P AR 0 SO B Bl DR, AT DR 7 A A ) 5 A R D O Bl
JE AL, PML ) 4 N2 B0 T HERS Al v S0P ) S R B 2 S

2 MxXI{E

N T Ut WA A% ST IR T NHPP AR TR o g B e 00 4 T (1 22 A A B AT T3 — 49 [ A — L8 AH 5% f) NHPP A5 284
UPIY SuR N

FEREE K 40 S HLBEFUE TSR 1 VE 2 B0 vl S SR 0P ) S P A TR BB R A 1) R G2 A
P A A R e 3k, I LR B AL A A PR 24 ek 0 B A W I, e 2 e S R 2 e O HL A T ) B e 1 3k 3
BOF AT SRR AP AR B S SRR AR SR VA R 1 R (NHPP), ' 7 SE B 1 F1F B S T AR OK R,
TS T RN A W50 M 58, Goel Rl Okumoto™ i Hy 17— i) HRI B IF) 35T NHPP [543 A A58 A
AR A i B0 AT A P SE P 0 RAE 2R A A DARBE DN r, 00 l sA 00 6) H0  O LE - P DK o A
P ) AR PR BB, I LA RS D00 4 DA 6 5 A T 0038 A A 0 I P e iR (Fawlt intensity )7 JT 46 15 I
TN FEGE A R BRI H, Goel IBHEHH T 55— N 3 NS EUN— 1 GGO BEAL e h B ¥ b A ) ¢
VNiiE 8

SR AR e R U A R 0 1 A S ST A T R R R Py e (R o T IR — AN SR
it MR B A 0 256 A AN il 30 2 EL Y 0 s S I 60 0 3 Pt vl B G 0 B %2 PR 8, Yamaadla 25 A PIZERIF 5 24
VE AR SRR T B R IR i 282 S AL BRI T Delay S-shaped %4 Al S M4 KA AL Ohbal YR 3 4
PR FE B AR 1 2 I BB 5 B2t T 55 —F Inflection S-shaped #f4F l 5 M B ABEIAY BL 1 Py Fh
S-shaped A5 780 5 i A 1B B R W00 56 Ay P B AR Ak 1) 389 K AL R 4 50 A Yamada 25 AU 58 TR AR B (test
effort) (K1 224, 3 LTS T PK A o A0 g A I B0 2 1) PR 50 28 48 1 T — /A SR B 0 3 g~ R A2 A
AR R AR,

B PR AL G I 2 D~ AR A P 89 KBS AR 7 — 7 P JEE L A8 AT ORI Al b Ao R0 0000 7 00 X P
W 10 5 AL e T 592 s 10 00 e R e A K e R T B A2V 22 DR 3 S e 49 UK R A 20 B L K S
ANPUAR TS AT P03 25 DAL I 0 e o e ) 3 T AN~ R AR A 1), T AT RT RE 2 A1 L 22 A 1) 81 £ P koot
Tt vl AT i R T 36 7 A I ) 82 A A Al WU Bk 4 8% ) 25 (changing-point)®' ") Huang % A\ P72 15 1 /£ 8 11 JF
KA TR P AT g BSIF HEIF 2 M8 ROREE LR T NHPP (0P n] S PR REY, JF 78 20 BF 5
T RS I A AE M I R P A R AR AL ISR

Wi 7 T4 38 1) 5 56 PR AR 2R IS RO W 38 16 g s S BT 2% 6k B AT T IR R L BE AR, g — AR 5 5 R A
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TR A Al V22 2 3 T ety oL 110230 [T A A ) ) F e gl 2 ok e, S R e T e A A BT R T W £
1556 2 R A VR AR 2 0 IS B R AR D 3R A R B PRSIV R AT M AR A P AN s S T AR 45
o Goel "1 ¥ YR H T AN5e S YR RS IRY B A 15 A 25 IR ISR I, A BT AR A ol 5 3, 9 T R T A 0 6y
B AN 5 SR A TR AR Y
o Huang 2% A\ PO12% p g [0 0 R0 21 455 110 3k A5 Bef 1) 48 38 ok 2, At AT T2 b 1 A RN JIC PR AR 45 HE A B 110 225 T
NHPP A5 5 3 A 5 MR8 KA Huang 25 A PTHB R 22 88 50 5 10 7 v Rt e AN 5 5 R ) AL
o Xiao I Dohi Ul I /N i 28 i () 77 1k AL DEAl NHPP 28109 402 m] S vEASE R (1 1 g
o Wang %5 AP0 FHI A SR0DR 25 6 A% R WT 9% 5 5 TR A R 52 38 PR L8 01 DA b (R AR B 56 &R
N THT PR T 9 BATT AT A B M 1 B P B A 0 A R T AR AR A RIAT AR AR LK, R 0 7 e K
PEIUAR T B8R A7 R0R0 T i 1 DP A 0 (0 T S A S o 1 2 R o R R AR R {E 52 3 LR 2 R
i) 30 4 0P R P T L A5 3 2 81 U TR 25 1 5 0 B8 0 R R RO B AT IR O R AR — AN R
A R A 52 FEA0 78 S5 Bk P 00 DT o v, 2 A 0 236 5 5 T e 20 R g 10 AR P40 A R D A A, AF 5 A A
IR T i v e RS WU S A AN R DU AR A6 K] NHPP 28 5 mf 5 AR AR 5 AR 45 552 o ) 6 W A 3 7 5 L
A S ) S B G SCARSCHR R T A D AN AR A ) NHPP SRR P S Pk 3 KA Jf 8
AN D3 S A R A AT TR B (R B0 TE R VA S50 25 SR I 5 oA NHPP BEIAYAH Lo, PM. A5 5 4 FA 4045 0 0
PERE.

3 HEMT

TEIX 71, PM ¥ 5 FLA AN [F) 45 A N FF & 1F) NHPP B HEAT 78 73 IO LA 3R 1 45 T I (RS B R J4) 4 ek 2
(MVF).[RI, 20 T #63 PM 1) AT {5 ¥ (confidence), L EAT T AH I 1) A5 DX 18] FRIAG o1 1 23 A b A0 B A A2 1) 2 80
S FHBRAUSR A TH(MLE) 7 7 Al v 2K (91737350 5 AR AN TH(MLE) J5 72 Ak TR AL 2 30, 15 JL A Al v A5 28 2 3
1077 125 A0 BB A 0 i M RO T HE A 7 9, B e s 3R i B AT XA R R AE KRR A A D0 B R AT
BT B v 200 65 B3 i 52 I 5 .

Table 1  Various NHPP models and proposed models
F 1 ANJAH NHPP £2ALRT PM

B B R E(MVF)
Goel-Okumoto (G-0)™ a(1—exp(~br))
Generalized Goel model (GGO)!'®! a(1—-exp(=bt))
Delay S-shaped (DSS)"! a(1-(1+b1)exp(-br))

a(l—exp(=bt
Inflection S-shaped (ISS)™! ﬁ
N
1+ Aexp(—at)

N

1+ Aexp(—at)

G-O with logistic TEF (GOLT)"?”! a(l—exp(=b(W () =W (0)))), W (1) =

Delay S-shaped model with logistic TEF (DSSMLT)"! a(l=(1+b(W (&) —W(0))) exp(=b(W (t) = W (0)))), W (1) =

G-0 model with a single CP (GOMSC)™"! a(1—exp(=(by +ba(1—1))))
a(l—exp(=(b7 +b,(t —7))))
1+ Bexp(—(br + b,(t —7)))
Proposed new model (PM) a(1—exp(=(bt" /(d+1)-51/2)))

Inflection S-shaped model with a single CP(ISSMSC)*"!

3.1 RKIUAMLIT(MLE)
FE3X 45 B4 25 R AR RIS a,b,d B SIS T J7 35, TS AT B4 A 2 R 50T DL OR Ny
P(tiyit.y;. sty =Prim(t) Sy, om(t,) < ,|m(to)=0} (14
e m(n) F 7R AT DR IR R)E ¢ B 200 B2 DA 00 390 £ o s e, G 3 2 22 o 0T AR R Ay
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P, st V5o t,n Y,) = 0 P(tl,ayyl:at;;)iza’;:tn,yn) (15)

AR m(e) AT AR IR Ay 32 A, HLABUAR R B 1 P AR 7R R
=p(ty 150,925 - 5tnsVn) (16)

FATT AT ARt — 2D A v 5 SR 0 BBl AR e HOE 5
L=logl (17)

B RS AR DU R, AT LA K AR A o b" RS
aL_oL_aL oL s
6a 0Ob od 006
3.2 MREHIES
T AR AT RIS UE BT B AR B (R P R FRAT IR T 8 AN M B AR AT W, H T 3 AR e AR
TR P RE LU, JE 5 A R H 4R T A OB K P B LA, IR UE T PML 7 SE B A U 1 P i

o 1 AN EYE ARk B BTG B #51b &R 48 (Brazilian electronic switching system)——TROPICO-R
1500,'& /2 1 ] 1 500 4 HLTE %5 1 1 Z2 4601 AN W A 8647 81 AN 58l 4% H LK/ 2 300KBLIIA T 1
81 FAVIIN [],461 ks 22 75 TR RUK 2 AR 1 JR~5 30 J& i Hd 2 48 R GE30 R B B 3 13 10, 2R
31 JH~58 42 J BB 2 7 BB Bk A0, 58 42 A~ 81 B 2 78 R GARAER BOR 1G5

o HE 2 AW SR Ok 1 E LR I 4 BT R RIS AT Tk ) 4 e e b O (R R R T ST R (K ),
203 A FR A L B

o O3 /MEUEAE LK [ Ohba [ SCEE, B PL/2 HdE AR AR F R 0, 45 1317 000 LOCPHLH T 19 J4
(¥} ), 46 2% T 47.65CPU /M, 328 el o 45 B

5B 4 AN RO SR~ 5 8 AN B4 B Musal* WL - 10 S5 R 1 U o R 7 A P AN [ 2 2 i

ol Hor,

o A NMEEYEEE SR [ S iy & A5 ] &R S (real time command and control), &R 4515 (system code) A 1,
AT H AR $5 4 % (delivered object code instructions) >y 21 700, 3 H.7E 92 K M ILAE 2 T 88 682
AT I ] (executive time), f63l FF £ BR T 136 ANk,

o WERRIEE 5 AN B 4 2 A TR AE R i (operating system), REEID S SS1A,AZ AT H AR5 454 31
AILFJL AT 148 REIEIE T 16 501 830 AAAT B T A8 I3 23 B T 112 AN

o B 6 MNHBEHI ALK B TN 7> 55 R S (time sharing system), R ZEA4 & SS2,5 4] f# H b AX T i & %k
JUTJ7 4 655 KL LAE 3 60 262 806 ANPAT I TR KG I I LBk T 192 Al b

o G T ANMUSEEN A A T AL P R S (word processing system), R AL & SS3,A8 45 HI H AR IS T4 EL
L7, 3F BAE 657 KB ILAED T 57 676 499 NPT I 1) 46 I I Bk T 278 Al

o 8 MMM ELIR A TIRE RS, RENY ST SSA4, AT H bR ARES AR A O LT 0 HAE 619 K,
LT T 49 239 302 NPT I AL KL I IF LBk T 196 Al

s ST TR R FRAT T 1) 6 TR ABE AR P i ) o AR A e A R AR

o Y 3 APy st R E I AR T A AR R AR 8 WA FR A b i) P R B A T B 1 A R AR (DS 1) AT
H T3 SRR, 28 2 AR HE 82(DS2) W) H T4 e 1f) NHPP BERYIGIE, 55 3 ANl bs i 42 vl H
TR A B AR R E

o J5 5 AR AR AL T T AR AL Y M ik LA, BT Musa 71 S5 B B 3R AR T i A i AR T 1A
(7 A T 0 AP A 54 0 oA S0 U AT S PR 00 ) 5 e A 2R S o A 0 e e b e e e, T
R EN B 5 A1 i 5t R A7 28 AR AR A A G v 328 P £ B SRS AR B 5 A 2 1) NHPP B AR | 7% 5)) i B Y
FTR A R AR AL
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3.3 HEBLRERRHE
T BRSO IR e SO A R T A A, FRATTR T 3 AR I DE A v
FRE 1.
I J7 5% 22 (MSE) FH S il ik B0 W st S5 R 52 [ 900 A1 22 1) f S 24 0 8 e o

MSE=4l (19)

Ferp e 3R b A A ) MR AR (1 B, o, 3R B IR 0 ¢, LI 2 1) 8 5 K m (1) 22 7 B IR 2, B R A o145 21 19
il 5 5 35 (S 35 2 0N, U B VT L A AR g s L s T 1 1 R R AT
— Pk U A5 (1) 2 B 2 RS R W LA TR [ M AT A T 9D A5 2R 2 O A A 1 5 e, FRAT)
Y5 TEE 1 ANV AR AR A 20, 3 U
St -o, F
MSE =+ — (20)
k—u
b A s SR B e LA S 4R B

Pk 2.

5 2 ANVELEbRAE N K-S MR, — A b K-S WA B 7 3 (chi-square) 5 A 1 #5DF L A7 SR 3401 K-S A m]
DA AL A28 B T 43 A1 ok ORI AR 43 A1 e 55000 B s 3 UK

Dy=Sup,|F"(x)-F(x)| (2]
e R EREA K /N Dy, T -0 52 28 56 R0k V43 A bR B0 00 20 Tt B 450 ) T O, AL O 0 2 R A3 B ) 2
S 10 240 2 FRATT VT LA R e 0 2 R g K A B S KD 57 /N 1 KD AR B8 g 400 £ S T
[ 1 RE R AT

Frif 3.

53 MR (1) e e itk J2 ATC(the Akaike information criterion)™*! & J T TS5 109 11 30 25 ik e 5 9 1 A1t
I 2 B )AL AR R B0k 1) B KA 1R 8 00— Rk U, A 28 1) S B0 22 RS 2R (A P00 28 BB A 1T ATC L A o U
N T PRI PR 2 B0 A T A B 2 U, TR 1 S 8 22 ATC A 2 R B el P e 2l s L8 LI

AIC==2log(L 4R M H W It KAE)+2N (22)
o N FR AR th AU B RN ) ATC (B AR R L 1 e T
3.4 BRSO

TEIX 715,08 7 560 7 £ H AR 20 7 532 5 0 3 b 180 A 2550 P R 000 20 e o i ot e o P A e e, R AT T
2 FPMCHR B R AL T LT A 48 1 R 5 A A S A T Miusal> 0 - R 6 12 o 0 S 9 20 T
#(the software reliability dataset),iZZ(IGEEYE) V2 H T A4 AT S PEAC AL B 56 UE N VRS . FRATTIE HEAT T H S A 77
1 M0 R LA N TR P B LL e, B B 1S B A FE PML. 4545 1) NHPP. #3055 L S R T4 8 A g oy
341 A RLRL A R TROI A LL

1) HdREE 1(DS1)

M 2 0] UF FI:PM 76 5 AL B AL I L B B oh U4 MSE, s, B KDy UL ST MSE pregics BV KD progice HHB
/N EATS R 90.1,0.057 6 F1 336.5,0.072;5 /N JE Inflection S-shaped model with a single CP
(ISSMSC), 1143 7l /2 96.6,0.061 1 F1 437.5,0.098 4845 MSE 15, F1 KDy LA ST MSE preics T KD pregier (5 # h $52
KK/ Delay S-shaped(DSS), 114> Al & 250.1,0.089 4 F1 1 627.3,0.16. 1K ik, PM 48L& K& T () MSE, 1 KD {H#}
/bF G-O. DSS. HEEF) T G-O M) T 1SS B IX Ui B PM £E L5 TS L AR L IR 75 1R 58 1 i B 81 5 0
WEe Sy ax e g A v ] 2(a) G H.

© TEBREEEEIEDT  htp/ www. jos. org. cn



EAF F AN R TN EAC 6 BT AR A

2473

Table 2 Parameter estimation and comparison results of partial selected model (DS1)

R2 M IERIOB AL TR LR AR (B 2 1)

K SR 529 A BB A 1 J~42 Ji | 48% ki Mo, A\ 43 JH~81
MSE 5, KDy MSE )1 predict KDpredict
a=445.9429, b=0.000946,
Proposed new model (PM) §-0.2228. d=0.8579 90.1 0.057 6 336.5 0.072
G-0 model a=669.845, h;=0.01848,
with a single CP (GOMSC) 5,=0.01876, =31 104.9 0.0837 818.3 0.112
Inflection S-shaped model a=424.529, b1=0.06822,
with a single CP (ISSMSC) | 5,=0.06749, =2.16, =31 96.6 0-0611 437:5 0-098
a=7217.566,
Goel-Okumoto (G-O) 5=0.01652 102.8 0.089 1 1140.4 0.127
4=382.06,
Delay S-shaped (DSS) 5=0.09341 250.1 0.089 4 1627.3 0.160
DS1 DS2
550 300 T
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450

<— Fiting —>
400

|<— Fiting —>

=
&
2 3
= 5]
< Q
; 350 5 200
= _ E
2 300 <— Predicting —> °
250 2
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g 200 —GoO 2 100}
£ 150 —-—--DSS 2
Q 100 ——-GOMSC g
sol & | e ISSMSC —é
o . .+ PM E gl
10 30 50 70 90 55
Time (weeks) Time (weeks)
(2) DS1 (b) DS2
DS3 (100% of data)
= 400 —_——
3
& P
= - - §_Q
2 300 sy
2 P )
% ;/9 3 * 4
s 200 //,-/?' + Actual
_ﬂg /QI? == G-O
g /R/;'/ —-—-DSS H
2 . @;/’ ........ 1SS
2 100 LV o GOLT ||
= sn s ——-DSSMLT ||
E 3.7 + PM
5 0 = n " " L " L L L
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(c) DS3 (100% of data)

Fig.2 Estimated cumulative number of detected faults using DS1, DS2 and DS3

K2

for partial selected models, respectively

HIHbE i 4 DS1,DS2 Al DS3 Al v FA 15 73 356 £ 0 R4S 28 1 A 0 380 e i o 00 8 155 10

3(a)gr T PM A i B 1 HEAT WO UL 5 AN TN K] 95 % ) LA DX Ta) NI 3(a) il LAY 28 U 21:PM 1

TR 7 A R F AR G I 1 O A SR e A I 0 R 28T O T 3 ()t s S W )
ARG A T 4R ALY 95% ) BAS X 18] A
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Fig.3 Plots of mean value functions and 95% s-confidence bounds for the actual data
3 HSEBrR AR AR H PM 138 o6 HORT 95% 1) A7 X 18]

PR 4R 2(DS2)
AL, A FE 3 [RIRE Bt 575 H PM U4 S T (¥) MSE, R KD {5 #5/NT HAl A, il G-0,GGO 1 DSS 4t

B e A MSE,;76.4,KD143~0.04,MSE\ redic=53.4,KD 1 predici=0.0399.

Table 3 Parameter estimation and comparison results of partial selected model (DS2)

R3O EPEIIBI S BN U A UL S R (B4R 2)

50% i b K4l 50% 1 ki H 4k,
oy S M 1 JH~26 4 M 27 JH~51 J#
MSE 1z KDy MSE 1predici  KDpredier
Proposed new model (PM) a=192.1848, b=0.000899, 5~0.2159, d=1.3621 6.4 0.04 534 0.0399
Goel-Okumoto (G-O) a=5039.9, b=0.0011 22.4 0.053 4 715.2 0.2519
Generalized Goel model (GGO) a=346.6926, b=0.0093, c=1.2555 6.6 0.043 3 403.9 0.179
Delay S-shaped (DSS) a=194.5197, b=0.1011 17.8 0.079 5 88.9 0.079 9

5 H AR RA L, MSE, 1 KD &5 /M & Generalized Goel model(GGO),' & fi1{HI1E 4 52 6.6
0.043 3.MSE, fl KD TRIE 5 — /N /& Delay S-shaped(DSS), & AI1HI1E 75152 88.9 F1 0.079 9. 15 Al LA & FL
3t PM A R L 8L G RN TR0 4 f ok 26 25 St m] DU B 2(b) 1 2L 3(b)45 T PM A 35 4 2 AT b
LA FIFN ) 95%E A7 DX (i) A 3(b)uf LLE £1:PM AR GF b L& T Wb B0 00 T 0 1A A ke 1 £ i T
3(b) 2 7R L PM 1) 95% A5 X 11 AR 4 M AL 45 17 55 o 00 8% 241 119 g s 400 % A4 .
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3)  HdE4E 3(DS3)

M 4 1] LATS H PM IR0 A B8 015 00 BT 1R F 1009 160 s S8 33047 T AR SRR (R 9804 1k RS D0, 45 SR
PM ] MSE F1 KD {5 #/N T H AR 4035 G-0,DSS,ISS,GOLT A DSSMLT & 58 H et FeAi 132t 938 & MSE
KD 153 391k 42.6 A1 0.048 2;55 /NI /& Inflection S-shaped(ISS), & MSE F1 KD {43 5y 82.7 F1 0.073 7;
Delay S-shaped(DSS)f1 5 K& MSE F1 AIC 15,53 714 640.8 F1 0.11,1X 15 B, PM [F] #4741 47 1) 40 & W s 4
PR e 7 X 2e g5 BB v DU 2(c) 5 318 3(c)san T PM (£t 58 3 EAT B 404 1 95% 2 4% X [a], A
B 3(c) ] LA M b 2 PM R b8l & T B AR 0. B 3(c) B B, S B R A I W AR S s T AR T BT IR
H AR ) 959% A X 1) PN .

Table 4 Parameter estimation and comparison results of partial selected model (DS3)

FA AR BT 2 B T B 4 SR R 3)

o i 100% e 5 4o
B SHfE SR KD,
Proposed new model (PM) a=325.5336, b=2.7261x107", §=0.39105, d=3.6438 42.6 0.048 2
Goel-Okumoto (G-0O) a=513.15, b=0.0537 222.1 0.0952
Delay S-shaped (DSS) a=384.05, b=0.219 640.8 0.112
Inflection S-shaped (ISS) a=382.3631, b=0.1788, /=2.8865 82.7 0.073 7
G-O with logistic TEF (GOLT) a=395.57, b=0.0416, N=54.84, 4=13.03, a=0.226 114.1 0.094 4
Delay S-shaped model with Logistic TEF (DSSMLT) a=339.96, b=0.121, N=54.84, 4=13.03, 0=0.226 634.8 0.103

BN BL b SEB T DL TR A Y S A AR TR A B PML AT 7 B 0L 25 X SR A R TR A% 7 b At
I L 1T FL PML 24 A AR 5 1) B 2 A0 0 100, 0F T S T 14 s e 5040 4 8 A AR e 1 i P
3.4.2 ALl R TRON E g LE

T 84y AT RS, 50 PM A S B 30 I HP (A 05 R R0 B, A1 T i Bt 0 4 4~ 203 4 8 4l il 4y
H 4 3,50 A 50%,75%,90%FH 100%; e i 5 2048 42 1 50%, 75% 1 90% 2 45 F 5 2048 A6 157 50%- 1T 75%
FITHT 90% e Fie 5 4 e Al TH A B (W 2 40, 0 B 4 B2 5 50% 5 25% 15 10% e e £ ok PEAG 185 2L 11
TR 8 7100 100 % Al i Z090 A2 it P 2 350 110 e ok 3040 S 0 i A 204 P 0045 i e 5040 s 0 7 89 i ), 3R AT 3
HR[34] 0 I 7 VLA 8 T W B 45 DS4~DS8 [ 8)) L (CP), ' E 4114 Al 2 4F DS4 H1,7=20;7E DS5 *,7=25;%F DS6
o, =70;7F DS7 1,7=20;7F DS8 "1,7=70.

1) H¥EsE 4(DS4)

M 5 AT LA F:

o TE 50%IF % e, 5 JL A AL AR L PM (K] MSE ) egice {350/, 3L VK2 Inflection S-shaped with a single
CP(ISSMSC),# % [#1 /& Inflection S-shaped(ISS).Z5 /MK MSE,eaicr {H(230.8) /& PM(86)1 Wi {514 % .
[, PM IR AIC {E AR A 5 /N LA 141.3;

o 7 T5%MEHAE S HAB BRI L, PM 1) MSE\yeqice B AIC AHHS IS/, 20 i 30.6 K1 246.1.
MSE\ pregict (5 — /NI 72 Generalized Goel model(GGO), 4 50.8.41C {H 3 — /M2 Inflection S-shaped
(ISS), 4 254.97.MSE\ pregics F1 AIC {HHF 5 K HIJE G-O model with a single CP(GOMSC), %35l 4 1 661.1
1 288.4;

o TE 90%I1 i £ G HABBA AR LE,PM [ MSE\ pyeaice F1 AIC AH#S 2B /N7 0002 61.8 F1 301.3.
MSE\pregics [LH Z/NIIJE G-O with logistic TEF(GOLT), ly 71.3.41C {i 5 — /N2 Inflection S-shaped
with a single CP(ISSMSC),j 309.8.MSE | chiee 1 AIC H# K F1/Z G-O model with a single CP
(GOMSC), %> 5l 24 1 298.3 il 353.7. (K L AEBS 45 HY :PM (K TR fit 7 4 T HoABBE RS H AT 5% 1K AIC 18

o 7E 100%[1)Kcd 5 5 A BER AR L PM 1K) MSE 1, T AIC LA /2 35 /N, 53 590 A2 35.7 F 335.2.MSE 5,
{H%5 — /N J& Delay S-shaped(DSS)#! Delay S-shaped model with a single CP(DSSMSC), & 1I1#R &
40.9.41C fE 5 /M) /& Inflection S-shaped with a single CP(ISSMSC), it 343.8. MSE, ;, {5 K I /& G-O
with logistic TEF(GOLT), %y 437.1.4IC {H % K[¥) /& Inflection S-shaped(ISS)F! G-O model with a single
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CP(GOMSCQ), e 114K /& 378.8.3X 1 H],PM 5 118 o I M B 48 & BE .

Table 5 Comparison results of all selected model for DS4
x5 MG PERBA L ASE R B 4)

jim 50% ) Ho s 4 75% i B 4 90% 4 B 4 100% 1 Ho s 4
MSE pregir | _AIC | MSE pregicr | AIC | MSEipreqie | AIC | MSE pregicr | AIC
Goel-Okumoto (G-0) 1.609.28 158.09 182.31 286.39 73.69 351.69 386.6 376.8
Generalized Goel model (GGO) 941.1 159.4 50.8 264 221.1 3154 45.7 353.2
Delay S-shaped (DSS) 1541.5 158.66 82.94 263.37 235.88 314.46 40.9 353
Inflection S-shaped (ISS) 1628.88 160.09 1041 254.97 148.33 323.19 432.7 378.8
G-0 with logistic TEF (GOLT) 1482 157.6 194.9 285 71.3 349.3 437.1 3753
Delay S-shaped model
with logistic TEF (DSSMLT) 15852 158.7 109.2 263.3 240.3 314.4 40.9 353
G-0 model with a single CP (GOMSC) 3 141.5 160.1 1661.1 288.4 12983 353.7 325.7 378.8
Inflection S-shaped model
with a single CP (ISSMSC) 230.8 158.3 668.9 257 3423 309.8 104.4 343.8
Proposed new model (PM) 86 141.3 30.6 246.1 61.8 301.3 35.7 335.2

A(a)~F 4(d) 7> B4 H T A SCTHE H R TR A B 2 4 1) 50%,75%,90%F1 100%35 4T # F 4812 A1 0 fr)
95% 1) A DX 1R), A H B BE A H, PML AR U b 004 R TS0 T SI2 e 16 20030 3 2 A e A4 1 15 200 DA PRl 4 T LA
W7 1 7 2 A 4(a)~F 4(d),PM 1 95% A5 DX A1 T AN — 5 2 AR U Hb A0 415 T 52 s 00 4 380 f e o 300t e 2B 15 000
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Fig.4 Plots of mean value functions and 95% s-confidence bounds for the actual data (DS4)

B4 HIS B b s (s £ )75 ) PM )35 (B 20N 95% 110 47 DX 1]

2) e 5(DSS)
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o TE 50%HHE S LS AR LE PM (K] MSE reic (655715, /& 31.5; 30K Generalized Goel model

© PEBEEG T

http:// Www. jos. org. cn



EAF F AN R TN EAC 6 BT AR A

2477

(GGO), N 37.2; 5 % 1 }E G-O with logistic TEF(GOLT),24 309.2.[7#£,PM ) AIC {8 B & 5 /NI,

184.6;

o 1E T5%MERAE T, S IL MR L, PM. 1) MSE pyegiee B AIC {EHR 5 /ML A 5002 13.6 F1 249.4.
MSE i pregic THH — /N G-O with logistic TEF(GOLT), 4 20.8.5% 7% [1) 72 Inflection S-shaped with a
single CP(ISSMSC), & 875.2.4IC 1555 — /N1 72 Generalized Goel model(GGO), N 259.3.4IC 1 K11

#& G-0 model with a single CP(GOMSC), 4 277.2;

o {E 90%[IHHEAE T, G IABBERIA L PM 1) MSE ) peaiee T AIC {HHSJZ 5 /NI, 50 2 0.6 F1 320.2.
MSE\yedics 55 /NP1 /& Delay S-shaped(DSS), %y 0.81.41C {55 /M h /& Delay S-shaped (DSS),
322.8.MSE 1, edic ¢ K )/ Inflection S-shaped with a single CP(ISSMSC),ly 321.4.41C {5 KK /& G-O
model with a single CP(GOMSC),2 335.7. 1 LAFRATTREAE 45 H:PM. ¥ S0 iy 47 T HARAR BY Jf B
AR AIC 18,

o {E 100% 1K 5 b, 5 AR L, PML (1) MSE, ;5 I AIC {E#5 2 55e /N1, 53 2 9.1 il 346.7.MSE
H25 — /¥ 7E Delay S-shaped(DSS), 4 11.4IC {H 5 — /Mt 72 Delay S-shaped(DSS), 4 350.8.MSE
1 AIC {H . K2 G-O model with a single CP(GOMSC), 43 5l /& 477.9 1 363.8.31X 7 L5t B, PM 5 1R 3%
(b 445 e 7).

5(a)~F 5(d)r Mg H T PM Al TR 2 5 11K 50%,75%,90% K1 100%33E 47 g i 4805 F T30 1K) 95% 1K1 B A5

DX [R], At AT H PM AR G b LA AN T00 T S B A4 2004 00 A B e AR R s 181 S b AN 5(a)~ ] 5(d), 35 B

A5 2] (1 # s O AR AP v A2 T PML IR 95% R Ft .
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Fig.5 Plots of mean value functions and 95% s-confidence bounds for the actual data (DS5)
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Table 6 Comparison results of all selected model for DS5
6 AR 0B H B RO 5)
fm 50% ) He i 4 75% i) Ho i 4 90% Y g 42 100% ) £ 4
- MSElpredi('I AIC MSElpredi('I AIC MSElpredi('I AIC MSElpredi('I AIC
Goel-Okumoto (G-0) 215.98 202.8 19.8 275.2 7.6 333.7 25.7 361.8
Generalized Goel model (GGO) 37.2 192.5 236.3 259.3 1.1 325.9 12.5 353.9
Delay S-shaped (DSS) 275.3 190.8 120.7 259.8 0.81 322.8 11 350.8
Inflection S-shaped (ISS) 215.3 204.8 255.7 260.9 7.8 335.6 16.2 359.1
G-0 with logistic TEF (GOLT) 309.2 201.9 20.8 275.1 7.1 333.6 25.5 361.7
Delay S-shaped model
with logistic TEF (DSSMLT) 205.5 190.8 127.7 259.7 0.9 322.9 11.4 350.9
G-0 model with a single CP (GOMSC) 150.3 204.8 681.2 277.2 190.9 335.7 477.9 363.8
Inflection S-shaped model
with a single CP (ISSMSC) 293.9 195.7 875.2 262.9 321.4 332.8 283.8 361.1
Proposed new model (PM) 31.5 184.6 13.6 249.4 0.6 320.2 9.1 346.7
3)  #dE4E 6(DS6)
MR 7 AT LU F:

15 50% ) Et 2 o, 5 SLABBE R LE ,PM () MSE i (ELER /N, 609.2; 3002 G-O with logistic TEF
(GOLT), /& 644.6;5 % {1 /& Delay S-shaped(DSS).[FFf,PM ] AIC {25/ NI 411.5;38 — /N1
AIC {85 G-O with logistic TEF(GOLT), Jy 417.2;

1 75%M 84 b, 5 H AR L PM. 1 MSE pregiee B AIC {E#SIE /N, 737002 14.9 F1 694.6.
MSE\ progict TH5E — /N2 Delay S-shaped(DSS), 35.1.4IC {H% — /2 Inflection S-shaped with a
single CP(ISSMSC), 4 696.5.MSEcqici (5 K )52 G-O model with a single CP(GOMSC), 4 1 480.6.
AIC {5 K& Delay S-shaped model with logistic TEF(DSSMLT), ly 722.1;

15 90% M1 404 4 v, 5 AR RUAH LG, PML () MSEpeaiee F1 AIC {HHSZ B0/, 50 52 2 R 852.4.
MSE\ pregics B Z /M2 Delay S-shaped(DSS),’h 2.4.41C {HH —/M#2& Inflection S-shaped with a
single CP(ISSMSC),lj 861.4.MSE . cqice 1 AIC {H#H K& Delay S-shaped model with logistic
TEF(DSSMLT), & 184.7 F1 885.4.[K tb B AT RE 5 15t : PM 5 Ho A A5 B4 A Eb, T30 6 2 34 2 S5 5k 1, 9 FLA)
B IRARM AIC 1H;

£ 100% 1) 404 55 Hh 5 FAR A A AR LE,PM. () MSE 5, A1 AIC {E 2 5 /N, 53 ) /& 26.6 F1 945.6.MSE
{E %5 — /N & Delay S-shaped(DSS), & 34.3.4IC {H %5 — /N /& Inflection S-shaped with a single CP
(ISSMSC), }y 949.1.MSE, 5, {5 AIC {H#8H K] )& Delay S-shaped model with logistic TEF(DSSMLT),
I3 244.7 F1 973,13 AT LAFE 43 Hu st 0, PM 5 LAt A 0 A Eb L A 1R 5l AR e L 4 g

Table 7 Comparison results of all selected model for DS6

RT AR FEEIBER LA S R(E 4 6)

pi 50% ¥ Hi 42 75% K HE 4 90% (1 33k 46 100% [¥) H i 46
MSE pregic | AIC | MSEipreqicr | AIC | MSEipreqics | AIC | MSEipreqice | AIC
Goel-Okumoto (G-0) 675 4175 364.3 702.7 2.7 867.6 227.4 955.4
Generalized Goel model (GGO) 701.3 4194 443 700.3 9 863.6 942 952.5
Delay S-shaped (DSS) 22059 | 436.6 35.1 722 2.4 885.3 343 973
Inflection S-shaped (ISS) 711.5 419.4 57.6 704.7 17.3 869.6 120.4 957.4
G-O with logistic TEF (GOLT) 644.6 417.2 51.6 701.9 2.8 866.8 162.5 955

Delay S-shaped model

with logistic TEF (DSSMLT) 2175.1 436.7 16.9 722.1 184.7 885.4 244.7 973.1

G-0 model with a single CP (GOMSC) 1536 419.4 1480.6 704.7 3.3 869.6 244.5 957.4
Inflection S-shaped model

with a single CP (ISSMSC) 1567.5 420.2 136.7 696.5 99.7 861.4 170.8 949.1

Proposed new model (PM) 609.2 411.5 14.9 694.6 2 852.4 26.6 945.6

&
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Table 8 Comparison results of all selected model for DS7

RS AL FHIBER LA A R (B 5 7)

fi 50% i o 4 75% i B 4 90% i Hc s 4 100%F) B4 45
MSE predicc | AIC | MSEipregir | AIC | MSE preair | AIC | MSE preqicr | _AIC

Goel-Okumoto (G-0) 680.2 728 283.3 990.7 659.5 1161.6 61.4 12524

Generalized Goel model (GGO) 257.6 724.9 9.3 990.9 17.4 1160.1 94.4 12512

Delay S-shaped (DSS) 1212.5 807.1 446 1061.8 11.4 1.249.6 135.6 1345.8

Inflection S-shaped (ISS) 508.9 730 357.7 986.9 2.9 11633 55.8 12543

G-O with logistic TEF (GOLT) 8190.9 728 38.8 990.5 2.4 1161.6 404.7 12524

Delay S-shaped model

with logistic TEF (DSSMLT) 1 440.6 808.1 470.5 1062.4 18.3 1250.1 136.1 1 346.1

G-0O model with a single CP (GOMSC) 287.5 730 413.8 992.7 3.8 1163.6 76.6 12544
Inflection S-shaped model

with a single CP (ISSMSC) 282.6 732 438.5 988.9 30.9 11653 102.4 1256.3

Proposed new model (PM) 222.8 722.3 8.2 982.9 1.6 11554 41.5 1250.4
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Fig.7 Plots of mean value functions and 95% s-confidence bounds for the actual data (DS7)
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Table 9 Comparison results of all selected model for DS8

R9 LRI LA A R (B 4 8)

fi 50% i o 4 75% i B 4 90% I i d 42 100% ) $ 4 4
MSE \predict AIC MSE \predict AIC MSE \predict AIC MSE \predict AIC
Goel-Okumoto (G-0) 171.8 517.1 25.9 744.1 54.2 906.7 18.8 962.2
Generalized Goel model (GGO) 202.4 5189 52.9 745.4 56.6 908.6 12.5 963
Delay S-shaped (DSS) 727.2 530.8 256.6 760.4 8.5 932.2 48.8 982.2
Inflection S-shaped (ISS) 80.5 519.1 129.6 744.8 62.6 908.7 11.9 962
G-O with logistic TEF (GOLT) 236 517 26.3 744 57.1 906.7 18.5 962.2
Delay S-shaped model
with logistic TEF (DSSMLT) 783.7 531.1 270.5 760.6 14 932.7 50.4 982.5
G-0O model with a single CP (GOMSC) 2459 519.1 710.7 746.1 370 908.7 91.1 964.2
Inflection S-shaped model
with a single CP (ISSMSC) 435.9 520.4 85.2 746.8 79.8 910.7 185.8 964
Proposed new model (PM) 51.4 511.2 24.6 742.1 7.4 901.6 10.5 955
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