$33 % T it " HL =2 Eire Vol. 33 No. 7
20104 7 A CHINESE JOURNAL OF COMPUTERS July 2010

p—

S5 R R ) 2 R TR 2 A B T S
BREW IEE ¥ &

(RPRATFENR = SH AR BilE 201804

& OE AR R MR AR IR AR R A S R 3 e B AR R T S AT UL AT AN BT Y 2k
T B AL o R 0 T A R — e SR Y 40 (5 R R i 3R A O B AR T R R KO 1 R Y A S B b B R
FERUA HEA B FR 1Y — A REAR PR, SO @Sy T 5 R AN 8] 2 2800 AR A 22 1 B T SR MR AR Y ] NHPP i R
FER P RE A R A A L B, ARMA 22 B2 38R 52 b 2% 0 A e 340 {1 5 5t 1 b 22 5 971 FE AL JF 2 /e L
SEELYRHE T A Y ) ST FE A AR A 2 — B T2 B R NHPP 4 RS AR R AR LG RE D BoE A R
2 JF BARSE T BT o B AR )

e 40 IR /CU AU E T c SIVRY s B BT BE | B VR Tk AP o R SIVRY i DB s N TR R g B o R
REESES TP302 DOI & 10.3724/SP. J. 1016. 2010. 01263

A New Software Reliability Model Considering Warps Between
Different Software Failure Processes

LOU Jun-Gang JIANG Jian-Hui JIN Ang

(Department o f Computer Science and Technology, Tongji University ., Shanghai 201804)

Abstract  The software reliability model is one of the important approaches to predict and evalu-
ate software reliability quantitatively. The software failure data to be analyzed should be consid-
ered as a particular realization of a stochastic process. In this paper, a new software reliability
growth model considering warps between different software failure processes is proposed. The
experimental results based on two real data sets show that the proposed model has better predic-
tion and curve fitting abilities than that of some other conditional NHPP software reliability
growth models. The measures used for comparison are mean square of fitting error, predicted er-

ror and relative error.

Keywords software reliability model; sample realization; nonhomogeneous poisson process

(NHPP); stochastic process; auto regressive moving average process

Je i A R R R AR — R R R M
TE AR AR RLSE I [] A BCPF AN T A 2 v B 6.
B R PR R B AT AR R T O R A 2 O R
WO PR AW R A AN RER H g2 W5 BR A9 — D A4k, W Hudson 9 T AE JF 4. 2

5l

T

S % B B O B S22 ATT Y . BT SR 1971 4 Jelinski- Moranda (J-M) #% &I (1) % 3 DL ok,

WS H W1 :2008-12-15 5 e ZA& SR e 3 H 97 2010-06-25. A< B BAG 31 [ 58\ o8 =7 i R B 5 & R 31 R 001 3 3 42 (2007 AA01Z142) | I
TR H AR ZE S5 B AR SR SR O 1T )3 B 24 (04DZ15032,06DZ15003) 3% Bl #8815, 1982 454 . i LB se 4k, £ %
WF5E 5 160 S A A L 0P AT 5 PR T A L M RE PP Al 48 E-mail: loujungang0210@hotmail. com. ST &, 55,1964 4F A4, 4 Hdz, 144
SO, R U AR T R T S LR UL B AR R R A T AL R SRRV AL . BT 5L 59,1982 R4 IR, EEE
FEI5 1) R WO A R T A



1264 it "

Bl

e 2010 4E

L
&

HATCATF KRR T 200 FiRL BRI 2 TN
ST R A T SEPE AT U G L A3 A S P A R A
1 CH TR AT S B R AR R R T R
PERERY AT ST 5 78 AR 1 AT 5 v i DLge it o7
12 88 2y B Y ) A T T A

B AL Aok A TR0 IR A T i A A T o e R B
) — 28 st 7 24 i AP ] SRR R U ST iR £
IR T2 1Y — 2. 3k SRR 45 44 ) 5 FEAR 2 i ]
TR R A Y R B B AL A AR AT DL 34 01 A i ]
¢ LI & AR 1 2R 28080 B I 8] 28 46 1 BE LA T 8 5 B
IR AT e A I RO ] ) BE BILPE . Bl ATL o A A T Y
F2 B S T AR ) TR B B T LA N S 4%
HRE I 2 ¢ 19 A 2 RO BUIR B 3 A s 253 R
TH PR I AR A — I A R 2 Herp, AR SR A AL i
F2&(Nonhomogeneous Poisson Process, NHPP) £ &l
S N B2 I BE AL o R AR ALY B — AT
AN, e € TR BN 20 ¢ Ay 1B A0 3 1 514 2%
RCRTHEL R R AR B B E R m () 3R
s W — 5T NHPP 3o 5 09 501 7T 5 1 A A 1) —
e XN

P{im(t, 1) —m@t,)=n}=

e I )T L (o Y —m (1) ]
n! )

B AL A R 0 T A A TR L A A7 O AR AS AR
P B RAT 9 AN 2 L il Gk S S I A R
T — A AT RER A BT O 2 B LA R M L sy e T
T o R 114 i AT 0 » PP i R A S B AL ).
2 G0 A T BMIL 2 i 1) AP S A TR B K
1 2R 280 A L 32 A T ) 3 Dkl 24 38 - LG 0 45 2
TRV (S HY A AR B ) 2R | LA g
. XS LR DA G T S B S R
— RS IR CHLR LR R S R
B JEE | B 400 b S A B0 1 P A e i R A £ 2 20X
SERLA AR AL SRS HLAE 7 A A B A AT
FLRBAT O HOARS S AR 7= R EE R AR 2. . B
RPGENEN B —EZ TN T EYLE L EAEH
OO AR R 52 i PR 22 A TR L 3
N GRS AR K 2 8 A 5 e HESE TE LR AR
W SRS CNEAE RS Ay RS
THEEHLA 2 A7 R0 A 3 L R0 10 SR 1R 22 45 AR 2R
AT DRy BB AL ) A A% P (A fi P R — O P 2 A
aod el £ A AT BE I8 B AR e 00K B2 L T RE lE
R I LAY S A K IR ROAE B e — IR E
IS FH 3 531 9 T AR ST H IS HORS B2 AN RE Tl 2 20K T

> 4 — R AR IR B O R Al I R 4 RO Y
S LA A B AT RS B AR AR, — B —
AIH Y B BRG] G 2
TR 14K R R AR R A

T AL Gt W AL AT A AR ORGSR S (R 3 T AN A
IS D 2B DL M A () BIFSE A B K G vk 1
FoA B G TRE P 19 A BB A5 . Dk, AT S i e e
Bt B TR RN BB AN B — 19 e 11 43 A bR E00OK $
I HBE A AT H A2 AR BE AL i R AR T X A
WA I 1 Je P RN A O 80 R T Al 1 2 S e R
NG K HE B 5 (2) B W] S PR R A B — ok T
AT 6 B2 A — 3 R 58 TEAS 7] )
RS F R PR T 2 AN [R) 1 2R Ak A L T AT
S AT IS T SR FH 0 204 T M O A () R Ak
(i) o B3 A1 5 B S AS i B0 A 2R A8t AR 1 — SRR AR L
B 3 S [ia] JU14) 7 A 1 A5 I B 3ok 2 T P A TR T
AR [R5 300 R e 2 7 A — o 1 I 22 T A%
G5 11 Bl AL 3 AT TR A 22 Tk S g 22

Shy fifE R Y S 22 1 0] AL F 98 N LKAt AT
(RS 1 FZEAE TR AE LR LA 7T - (1) 455700 6 %
— MEREA T A OB RRE . N B LR
WA E A ORI )82 ] % 3 — SRRl 22
A A BRSO TRTH. (2 #RY 4. BB
T — ARG B O R IR EE A T RE A A
BRF A TR F W2 A B, ke AT BAH #b
L LA TN R, DUE R A 8 AL
(3) SR FHBI B B2 D 0 g ASE A0 A G g AL DA
g b 2Et v g g R B Sy
i) H AL TR e A

AR SCWA ARG bR TR T D R ERAR Bk
I TUAL B 4 J7 125 8 TR M 58 AT SE AR 5 S PR AR A
SRR FEAETE 1 I 22, AR 3 1 U7 8 B B B o P A
T HEfly b5l B — A M BEATL AR L FH P AN ERM Y
Bl WL Ao 2 R Ay AP e R A kg A R A TR g 1 S
ALY, =M, + X, Hor, M BT 538058 T 2 {6 o
By AR Ak e X, — B ) 8 R 52 BR Ok Al
i B 3k R 0 O 22 910 Fl Bt L R KRS o A DA
HEE e ™ RS E LR (U (o)) A
(N} M BEFEINO B — DR X () )L fil
AU YA LA BN O Y 5 (X (O Y8 A &
% 2. BRI MBS b ke U B B 1 B S R 8A T
53 i B A BE ML R B B B IR T AT R s 7E A
TR R BAEE LWL g5 R i A e 2 —
Sb 7 {9 NHPP A58 R 7 $0l i RE K is F vk b



7 PR WIS - 7 JE AN ] 2R 250 R Al 22 ) 31 T S A6 7Y 1265

)14 3 FLR R T BCT 0 0
2 HX\|R

EX L EXAET EHREUX . (0),0€ Q) FF
FBEFLE (X € T B REA B3 (o w] FR oy 3
9. X () FRH IR 751

B[] 7 30 B T DA 267 B AL 3k R A B, o mT DA 3R
78 WAL 3ok A B — A~ R AR B30 o A SC BT 4 1Y 15 (] ) )
FRIEH.

EX 2. WEREHEFIX, e T A e T,
B Var (X)) <lco , WX, I EH DT 22 REL Y (v o)
EXH v (ros)=E[(X,—EX)(X,—EX)].r,
seT.

EX 3.
7Ry ¥ <]

WD EIX,|*<eo,V1eT,

(D EX,=EX,.VYt.s€T,

GiD) Yx ) =7Yx r+it,s+0), Vros,a& T,

EX 4. WRESREZ I HHE AT AP 2

2
’

1] P 50X, s e € T o 1 R i f]

h=0
O v (= CER R (Z) R
0 h=0

BT 20 o MEMER LA {Z ) ~WN(0,06°).
EX S5 WX e TR A EHE S

1 (Auto Regressive Moving Average Process,
ARMA) . 7R ARMA(p,q) R { X, ) & Fasd
BOHMEE A
X,—4X, ,——8X, ,=Z407Z, 4407, ,.
AT @IC N S(B)X,=0(B)Z, .t € T, Ht,6(+)
FOCH 53BNy p R A A Z I ¢ R 3
B2 i

¢(Z):1*¢12*'"*¢pz’),

() =1+0,24-+03",

BENXNBX, =X, ;. j=0,1,2,--,

EXG6 WHRIH=1, M X,=0(B)Z N
P By A SRR 2 ARp).

EXT. W I(CH=1,MFK $BX, =2 K
q Brig g PR R0 MA(g.

3 BRI

AR AR 22 S B AL 2o A A TR A R 5 4 2 1 A7 114
KRBT I AL AT HE R B BEAE I S B AR AR 2

A B RS 16 R RE A At BRI BT B AR L 1 G MR AL i
FRER A AT 55 MR A T BB A% S ) R P 5 B2 DS I
ZHAME A, &4 K 1k NHPP 284K {4 w] 5 o 1
KA AR H RGN BT 5 A e K — A, Xk
TEE TR AR SR S 40055 250 R B i 435 4 0 07 ) o 17 1) B
PLE FEELRY, I B O 28 0 B0 ml & v T A 52 B T
B AR B B T HL H ET PR TR PR A A A S Y
ARE B —F 4> TAE & X NHPP 28 #5{4: n] 5 4 4
RIS . DRI FEAS SCRT 2t S A o, MR T
YI{E R ECH m (0) W) NHPP 35 #2.

i B A 2 2 OB B A S5 A1 A i A4 4 R
Beom (¢) ) NHPP 53 82, B 5 {mysmy, ooy m, } F
{yrsyes sy IR AR B S (e oty et V2R
RO BEO S B 2T R A Ly s yes sy )
AT LVEAE BRI A B — DR TS {3y —my sy, —
My sy, —my PN 2y sty s et Y — A 25 1)
[E] 77 51) B A A5 Y 1 X, 360 43 H o0 A BR s ]
VL FEA B E 1 B0 B S T R AR
W2 RS RIS TP 5 oy o s oo v D B E 0 B2
W 5P 50 imy smy s oo om, ) BIBEASE S (30 —m s
yo—my sy, —m,  IEHESEEE FR G, X R
&= LIl 1 157 et R R B I S 4 € DR
PR A 5 X n] DUEAE 308 O % 1Y - A i [A]
J#5 i ARMA(p o) it B2 AT DA i 22 30 72 Y, A
SRS B A 1

FHF- A 0 R RO A R 1 3 I 22 7 5] 19 4 Ak
AT DL 7S 18— 2 I PN 00 7228 Bl ok F s DA e SRR 3
BT A 2 10 28 A SRR AR | i R SR LA o o I g 253X —
Ar i 7 HOE A R R R 19 B 45 R O AE o Ak 3
() > 30 B0 0 AR A5 B Ao () 14 36 A A 5 B e

HE RSB ) A BRI F

L AR B Rt 2 8080 H - P AR R B9 12 3R 14 1 R
Beom(o) 1S BAGTHE . KRG m (O B H 8 Bom (o, &
{215ty eeeot, VIS A I0DEE B3 T R BOB A T Oy s s eee )

2. FHSEBR B RBUT I 1oy o v s 3 JIRZS (my oy s oe
m ER X AEty oty 5o ot YT HWLIIE {2y 0 e s 0 ) 5

30 Wy sy s e, P IEAT O RRAEAL B  BEEEARMA(p . )
T RRABY p Fl g I AN TR R S 506

4. A 1R 3, ] DUAS B T Ok B ) 3544 26 00T 2R ik
B8 700 B 22 A 3 (B 20 > W22 T 2R I T 29012 52 B
KA BAE AT Yot = M+ T
3.1 [ ARMA #E BTN

T B AR S B R {20y 2oy oo s g, ) PO DU A {20 s
Ty seee s, ORI 2,1, (m=1,2,3, =) I () B R



1266 i+ o# % 2010 4
iﬁ‘%iﬁw’\%&fﬁiﬁﬂfﬁil*m' <X,,+17X/Q+17Xk+l>:
NS . =) - >
BT{X,teT)EHWENITE. BT ZEREN <Z()(9”'”*J(Xjufxﬂl)’xk\I*Xk'1>:6"~“*"vk
(i) =ECX.X,) FBEHLIE R R X —3) n=1 (3
'Jﬂﬁ%%ﬁf‘i[/c(i,j)]}',:l%3'5%?%]3?/% v, = ]
(X, — X, 2 X, =1 A) R 28 05 (Xt =X)L (X = X)), 0=k=n,
0, n=0 &
X”+1_12(9,11(X7,A1 )_X”Al 1)9 7121 b 8n~nfk:“0k71<5<n+l’Xk+]_)A(k+l>'
= RO FL b=n.H
Juolc(l .1 O v =
n k1
Orns = Rt Lkt D= 33000 00 (5 o et Lkt D =300 (X X = X, 00)
— =
(4)
1)} —K(n+1;n+1)_ 071 n— j J
2 il (3B F 3t
;H\: ,k 0319 A 71- X
gk n (Xor1s X = X500 =Vl 0=j<n,
J‘EUE' ”ﬁ}?%j Yo s 11 (2l ’927 ,‘971 s Vo 7633 v‘931 sVz 00t it(4)ﬂLJ%%i<ﬂﬂ

BEEE". W ¢ 2 Hilbert 2%
A& PEF2sm, H e h 384

(D HFEME—TEr €l HB |a—z| =
inf lz—y].

() ael H|a—z| :iyrélj”x*yﬂﬁij%ﬁéﬂ‘é\
B el He—aett (FRah o £ ¢ EWIER

).

< 8] Al — A~

R 1 (FE W S e O P, iR RS2 Hilbert

23], P, B AL A 125 1] ¢ W0 Wt 8 4

(D) Vx,y€E hsa,peC,P,(ax+Py) =aP, x +
BPy;

@ [zP=Px|*+|QA=P)x]*;

(3) Vx€ h AFTEME—~ I IEAL 3 i =P,z +
(1—P)x;

() WA n—>cofif s [, —2 | >0, W2 n—>co
.P,x,—~P,x;

B x€lSP,x=x;

(6)xE¢-=P,x=0;

(MHoeclt,evVxeh, P Ppox=P, x.

T E . X IE LY i< LA
X, —X.€h 1. X,— X, €8,

w0<k<n,ll X, — Xk PR g B R A

k—1
O =00 Gt + 1,2+ =30, 00s 0,0,
j=0
5% 5 AN A 1
Un = ” X 7Xu+l ”) + ” X, ”Z — ” Xzﬂ ”Z

k—1

=k(nt+1.k+D—>00, . —u.

M (2) F35IE. HEEE.
3.2 ARMA REHSHE At

ARMA(p, @) BRI 2500 £l 11 48 Al 4 1 H 515
1) 1 D 2 B0 I AE 7 B0 { ey s a0s s oe s 0, ) R SE 1Y
By p Fiq BOME X 3ME L A B 2R 50 1 31 35 25
{00, (=12, spsj=1,2,,q) L EAMEFEJ5 25
o’ [ fkiit.

LA FE BN 21 s 20y s ooe 20, ) B0 V8 SUTBL SR BB R

L($.0.6°)=(2m0) " (ryaeesr, ) Ve

exp[—1/262_§”j(Xj—XpZ/r],l],
o, B
r=E(X, +X,.1)" /0" (5)
SKL($.0,0%) X o [ fi 5 40 7T A5 A K ALK Al
H8.0,6% W =n E(X — X))/ 7,1 17 $.0
VN AR I E’M'Effr
Z(x — X)) +n" Zlnr, -
XJ‘EE'QA%E’J Xj‘?%xﬂtﬁi,_fﬂﬁﬁ?ﬁ{mﬁ/i
BT O r Xl (PO BR/INEY B0 B B

1($.0)=1In[n"



7 PR WIS - 7 JE AN ] 2R 250 R Al 22 ) 31 T S A6 7Y 1267

I .0 BB AR A T AR X OO 38 o IR K
ASRAG 1T

4 SLIGLEES
o Ko T A% SC TR Hh 1 R L B 1 2 L 3 T I

JITHE 7 A AT S AR R (48 B ) B T BE 7 . TR A ]
I E BB B A at® +bt+c Fla(l—e ") HY

NHPP 3 # (43 H)ic oy M1.M2) 5 ARMA(2,2).
ARMA(4,0) ARMA0,4) 2 72 B P 41 4 (0 B A R
35 G-0 model™? | Yamada Delayed S-Shaped-*",
SRGM With Logistic TEF'** | SRGM With Rayleigh
TEF™"! | Delayed S-Shaped Model With Logistic
TEF™ | Delayed S-Shaped Model With Rayleigh
TEF™S 45 6 AM# HI T2 R k17T 17 LA /8 7 . il
T BE 7 0 L. T He s B g S (B ek R UL 36 1.

£ 1 HFSBLILEE NHPP #& 8 5 H 4 {4 5\ %

B

A pR 5L

SRGM With Logistic TEF

SRGM With Rayleigh TEF

Delayed S-Shaped Model With Logistic TEF
Delayed S-Shaped Model With Rayleigh TEF
G-0 model

Yamada Delayed S-Shaped

a(l—e ")
a(l—(14bt)e ")

N N
a(lfefh( 1+Ae A ) )

m
ct

)))

N N N N
c— e e ) ) 2 (Emama)

61(176 bINX (1—e

a(1—=(14HH(NX (1—e " )))e tNxA-e )

4.1 HEERLRIRE
4.1.1 BHE%E

PRAEBERLAE A B AR WL AR 2 R 3L B
MSEBR TARI H A ISR 1Y 5 G2 3 o3 B MR B 8 S5
i T 1] O BE A B IR AT A B AT SE P R R T

wit.

x2 HiEg 1™
BFIE]/ week R RIFRAE || WA/ week  ER{F BRI
1 15 11 233
2 44 12 255
3 66 13 276
4 103 14 298
5 105 15 304
6 110 16 311
7 146 17 320
8 175 18 325
9 179 19 328
10 206
x 3 HiEg 2t
]/ week A BT RAE || WA/ week AR BAIH R AL

1 16 11 81
2 24 12 86
3 27 13 90
4 33 14 93
5 41 15 96
6 49 16 98
7 54 17 99
8 58 18 100
9 69 19 100
10 75 20 100

FATHE B4 1 2% A T Ohba #8307,
Wk T —A~ PL/L Bdla 0 R 48 AU AT Bk 208

1317000LOC. M3 isf 1] &y 19 J& . 3 & 4 T 328 W2k
R BRI AR LR IH AR T AT AR 5 L
AR AR AT SRR ST N D ) TAEBEAT B H AR 3K
i 2 K AT Wood™ Y £ F Tandem 73 w] 4 4~
SEFAF A A 1A AR AT $ 2y 2 1317000L0OC.
D [E] A 20 JA, H R R T 100 IR AL
4.1.2 AR

(D fh &MU REN

BRI AU e 7 4 H13% 22 °F- J7 Fl (Mean Square
of fitting Error, MSE)*) & i ] {2 2= ( Predicted
Error, PE)PU R &,

D7 (= 3)?

MSE ="~

PE; = Actual,— predicted; ,
Forom 7R BB R R OB A B B L 3. 3ROR
B 2 i 20 1k R R TR A B v RN B 1 2
Ry 1k CE SR AR SE A MSE ({8 8/ . il 2240
BB PE R ELEUN o i 2405 75 o B
(2) BEHL H fi
K AN iR 22 (Relative Error, RE) B 3E#r #

WH AL X RE="""2)"4,

AR A I X 445 SR i UL 2 g A B R AL
o R R 2, Ceg =<, ) i I 0 78 T 38 PG TR 8y 1
PRI 2580 SR A R X LE S REARA BB R o, W] L
A5t ) A 0 a5 TR B T 2, ) R R SBOR I A A



1268 i "

Bl

e 2010 4E

L
¥

2R Al 5 S PR EPEAT AL RE {E#0) B
T fiE 77 G
4.2 REHEHTFRERR

I ARMA BB, 15 5 5 2806 %odls 1 - A2 1k
PEAT R AL B e ) 1 B8 B R A Dy AR AS R B B A A
5K oA BT e — [ 2 7K1 2 B G 428 3 B O 22 M
WIERARE BB REAS Y B Y B AR G R B 1 1]
[F1) e P9 R K5 5 B T 5 JE 5% — B el LT 8 A S

1.0
0.5
oLl Ninll ~
L] ] =
—0.5
-1.0
1 3 5 7 9 11 13 15 17
(a)
1.0
0 [1 I—I|_||_||_"—|r—|
i o
—0.5
-1.0
1 3 5 7 9 11 13 15 17
(c)
&1

4.3 HEBIEREST
4.3.1 41

A JOFEREIE SRR 1 A 2 | ARMA &2y
SR THE . 2 5 FI i TR AE NHPP & 7 1 )
ALK Al T B 45 B BB A0 T T LB 6 A

T LR ) 5080 1 3 1 S R

1(a) ~ () ¥ dlade 1 A1 2 EoRA M1 A
M2 B Al THE 5 S PR (E P 22 E A3 B0 4 DMREAR
Fe . B AT LU H L REAS 7 81 50080 1Y) 8 A G R B
P e e — [ o K OF £R BR800 8
U5 ST LA 3K S ) [] s 3 B AR AR S F AR 1 . W] UE
T ol A R AR A

1.0
0.5
' 0] (oo
—0.5
-1.0
1 3 5 7 9 11 13 15 17
(b)
1.0
0.5
O Hnuu =
—0.5
-1.0
1 3 5 7 9 11 13 15 17
(d)

4 A Z AT S L A A S AT

NHPP 8. ppoh, £ 5 i85 T & B8 N T %k
W 1 L8 ny MSE {541 RE {4. Logistic TEF
Rayleigh TEF 55 4 JLA> 2 B0 W KA R Al 111
Sl N =54.81, A = 13.03, a = 0.226, N =
49.32, ¢=0.0137.

& 4 ARMA WS Hflit

LSTE D!

LR

Bt gk 2

M1+ ARMA(2,2)
M1-+ARMA(4,0)
M1-+ARMA(0,4)
M2+ ARMA(2,2)
M2+ ARMA(4,0)
M2+ ARMAC(0,4)

0y =—1.09, 0,=—0.264. 0,

$,=1.00, $,=0.202, 6, =—0.475, 0,=0. 472
$,=0.800, $=—0.574, 6, =0.532, 0, =—0.527
—0.179, 0,=—0.489
$,=0.471, $,=0.180, 0, =—0.452, 0,=0.118
$,=0.986, $,=—0.464, 0, =0.585, 0, =—0. 394
6,=—1.11, 6,=—0. 446, 0;=—0. 410, 0,=—0. 581

$=0.439, $,=—0.095, 6, =—0.537, 0, 0.214
¢ =—0.946, $,=0.373, 0, =0.196, 0, =—0. 272
0=—1.01, 6,=—0.506, 0;=—0.043, 6,=0.121
$1=1.781, $,=—0.913, 0, =0.650, 0,=0. 287
$=1.206, $=—0.397, 0,=0.237, 0,=0. 341
0=—1.34, 6,=—1.10, 0 0.536, 0,=—0.09

F:5 HIESE1 LEHNEER
LT SR IHE MSE RE
SRGM With Logistic TEF a=395.57, b=4.16X10"2 114. 06 2.14 X103
SRGM With Rayleigh TEF a=459.09, b=2.73X1072 268.42 —7.77x1073
Delayed S-Shaped Model With Logistic TEF a=339.96, b=1.21x10"! 634. 83 7.11x10°7
Delayed S-Shaped Model With Rayleigh TEF a=333.18, b=1.00x10"! 798. 49 —4.46X1072
G-0 model a=513.15, b=5.37X10"? 222.14 —2.90x10°




7 RIS o 25 IR IR AN 7] 2 25 ad 2 v 2 1 R 42 ) S P A 7R 1269
(2 £
7 SR THE MSE RE
Yamada Delayed S-Shaped a=384.05, b=2.19x10"! 640. 67 1. 151071
M1+ ARMA(2,2) a=—0,4474, b=27. 2681, c=—14. 5666, 59.11 —2.07x1073
M1+ ARMA((4,0) a=—0.,4474, b=27. 2681, c=—14. 5666 56. 18 —1.43x10°
M1+ ARMACC0,4) a=—0.,4474, b=27. 2681, c=—14. 5666 56.59 —1.80x10 3
M2+ ARMA(2,2) a=513.15, b=—0.0537, 89. 81 —1.38x10°
M2+ ARMA((4,0) a=513.15, b=—0.0537, 77.22 —4.03x10*
M2+ ARMA(C0,4) a=513.15, b=—0. 0537, 70. 34 —1.37x10*

M5 Rl LUE R A ) MSE (B2 4F T
AT R 6 MR, RE R BE% N 10~
10 Z [a] bh o 485 A0 3 9 o 4f i A B - Delayed
S-Shaped Model With Logistic TEF f1 G-O #i%1,
HE 4 DB RE {5 2R 26 46,

K24 7 &R AR L I PEfH. A

5 10 15 20

0o
l

] LU FRATT 00 AR A8 B A0 O 3 e [l 2L X 33
BT 5 8L 1) 4005 8 O SO0 T H B A AL
4.3.2 BHEE 2

6 FPEIH T B AE NHPP 343 (1) 8 K Bl 4%
A B B & BT BB R T &Y 6 4~ NHHP £
RLAN 3R 6 R F TSR T AR AR 2 B
58y MSE {H fl RE {H. Logistic fil Rayleigh TEF
(89 75 A8 LA 2 800 i K LR Al 3B 20 0 oy N =
10505,A=15. 24 ,a=0. 285, N=10534,c=0. 0149,

M 6 Hhal LI L B R e MSE {H E /Y%
BT HE M, i RE MM E%4E 10 ~
107* Z [a], #f £ Delayed S-Shaped Model With
Logistic TEF #1 Delayed S-Shaped Model With
Rayleigh TEF ZJ5 JfHIF FHE 4 AHE1.

K3 iR TR TERE S 2 B PEfH. A

i ] /week P b AT LA H S BT 4 A A 2 B O T e ) £k
B2 Bk 1 BBR PE (0 H X U BB R B 05 BE ) B4 T A R
o6 HiEHE2 LEBMEER
FER SRR A MSE RE
SRGM With Logistic TEF a=107.66, b=2.66x10""* 22.76 —1.27x102
SRGM With Rayleigh TEF a=110.61, b=2.66x10""* 39. 69 —9.51x10°3
Delayed S-Shaped Model With Logistic TEF a=101.86, b=6.35X10""* 92. 66 1.22%10°6
Delayed S-Shaped Model With Rayleigh TEF a=102.14, b=5.78x10"* 107. 97 —1.67X10°6
G-0 model a=112.48, b=1.20x10"! 30. 27 2.20X10°2
Yamada Delayed S-Shaped a=102.26, b=3.45x 10! 94. 99 1.49X10°2
M1+ ARMA(2,2) a=—0.2154, b=9. 3205, ¢=2.4904 3.23 —1.21x10°3
M1+ ARMA((4,0) a=—0.2154, b=29. 3205, ¢c=2.4904 3.02 —8.91x10*
M1+ ARMA(0,4) a=—0.2154, b=9. 3205, ¢=2.4904 3.18 1.32Xx10°°
M2+ ARMA(2,2) a=112.48, b=—0.120 3.61 4.33X10*
M2+ ARMA(4,0) a=112.48, b=—0.120 4.13 1.87x10*
M2+ ARMAC(0,4) a=112.48, b=—0.120 4. 94 —3.30x10"*

80
—-M1+ARMA(2,2)——G-O
-%--M1+ARMA(0,4)_
601 —‘-'—M1+ARMA(-1 0) -&-- SRGM with Logistic TEF

—m-M2+ARMA(2,2) —a& — SRGM with Rayleigh TEF|

40¥- ¥ ——M2+ARMA((4,0)
9 1 —e—-M2+ARMA(0,4)
4
20L
'a‘.‘. k3
of
—20 —0yg
_ Delayed S\gh’i ed
10 ~ Model with Logistic TEF
- e Delayed S-Shaped
\ Meogi)elle(vvllh I{’}Slee(lgh TEF
60 —e — Yamada Delayed S-Shaped
0 S 10 15 20 25
i 18] /week

3 Kudlig 2 BEAEED PEH/Y

g 1 B 4R 2. &0 bid
AL LR 258

(1) BB RL i $0L& RE 0 B4 T H BRI, X A
Btk 2 BRI IC 0 WL 5 HLB B 0 P 41 A
e R 1 ) 2 2880 8 Al 0 A 0 ) 3 1 5

(2) FETBE Jy b i A 70 HE 44 A0 b B 5 T

SR UL 7 JEARE A 5 2 E 1Y 22 5 X B AR

T?‘EM‘%ZLE’JM fIE 77 A1 BE T AR A 4 1L H
FRIEAT B IR AT

b

p=y



1270 it " 1 i 2010 4
[6] WuY P, HuQP, Xie M. Modeling and analysis of software
5 sx fault detection and correction process by considering time de-
e =A
pendency. IEEE Transactions on Reliability, 2007, 56(4):
629-642
8 BT A0 B 10 B g A R [ B A fE H
Z'Kj(ﬁﬂ*%% ﬂ%ﬁ*ﬁiﬁﬁﬁu‘ = Hhﬁgt}ﬂ:,\ [7] Teng X, Pham H. A new methodology for predicting soft-
E*%ajg 7@&&%@%% 2 J:%%}m’f%jﬁy‘ngﬁ 9ﬁﬁﬁ/¥ﬁ$% ware reliability in the random field environments. IEEE
T ST PR 2H AN [0 d5r R 1 2 B0 8018 A1 A 8 1 3 A 1 Transactions on Reliability, 2006, 55(3); 458-468
Mfiﬁaiﬁ , EH :J:%ﬁ )fﬁ Bin| Z(er‘ﬁ/ﬁige §ﬁ gﬁ E /}"j /f,t/ﬂ':‘ [8] Huang C Y, Huang W C. Software reliability analysis and
’ff’fﬂ%i‘r%ﬂﬁ E]/‘J {E%/_\:—E JJ?[: ,—\gﬁlé E&%ﬁ’ﬁ:m‘%‘ﬁ*ﬁ measurement using finite and infinite server queuing models.
= b b =]
. e e N N IEEE Transactions on Reliability, 2008, 57(1): 192-203
AP 38 1 L B A Y UL R 0. AE 1R £ NHPP
- . ot e " . N [9] Dai Y S, Xie M, Poh K L. Modeling and analysis of correla-
A 5 H B BEPL B ] SE PR AP E & ‘ L . ‘ o
ted software failures of multiple types. IEEE Transactions on
W] NHPP 2588 75 0045 &0 | 45 4 Fn s A 5 1 B Reliability, 2005, 54(1); 100-106
ﬁﬁ:?—:\ A, ?jéff]ﬁf uy\/ﬁiﬁﬁ( EF‘F)??LE*% H‘J*ﬁﬂﬁ [10] Zhang X, Teng X, Pham H. Considering fault removal effi-
=] e 1] = 3 0 ! ciency in software reliability assessment. IEEE Transactions
22 XL B 5 3 (B AL BB A 1L A frware relabil
m’ UEU%@@M E@Qﬁ% on Systems, Man and Cybernetics, Part A, 2003, 33(1):
ZEH O N N 114-120
B4 U I 2 s A SCT 4 S Y T EE AR 2N TN
Vv A 42 ]Zﬁj: - ”f’" ﬂ"J**FFTE? i [11] Liu Hong-Wei, Yang Xiao-Zong, Qu Feng, Dong Jian. A
mz&i%gemﬁiﬁ?/ﬁ ILL*I PR 2SR B AN 1Ry e Software Reliability Growth Model with Bell-Shaped Fault
) N g SR N
rixgi Elg [ E“ﬁ—j ’ ﬁﬁ%ﬁ li ﬁjﬁi ﬂj ALI\ IE;'% L %I\ /ﬁ% éﬁ m Detection Rate Function. Chinese Journal of Computers,
HE AR IR 5 SRR O B0 R AT AR B M 2. FE & g 2005, 28(5): 908-913(in Chinese)
Bt AL o R TR B LR B — A R B L R L s B, W, H01. — A3 00 BT SR %
AT WL A 7 ol Pl AT D R E 2 % PRI T AR B B TESEBL L 2005, 2869
] A N . o 908-913)
A PLA AR T RO EAE AR5 B 1 g
. o . [12] Zou Feng-Zhong, Li Chuan-Xiang. A dual stochastic model
Vynh AT TR 2 WL A B R o i for < -
or software reliability. Journal of Software, 1998, 10(1):
FERTETVE R B TR AL B 4L A BE ) AN TR RE . 69-73(in Chinese)
2B ARG R AT B NHPP 28 Z Sh Y B CHRS 8o . LB B o R 1 R L e
Pl ALY AR B 25 0l 4 B0 39 5 8 i) i ] P 2R AT fit. 1998, 10(1): 67-73)
g{TL\ﬁE ; bﬂ:g{ﬁn {ﬂ%ﬁu )]%iﬁﬁ i&%j&{%é}iﬂiﬁ?fﬁ *ﬁ bix) 5 [13] Zhao Jing, Zhang Ru-Bo, Gu Guo-Chang. Study on software
il}/ﬁ !Fi({fliﬁi %{ﬁﬁﬁﬁ EI/(J 'f}ﬁ] % L i&“ 5%%1‘% 1 reliability growth model considering failure dependency. Chi-
N nese Journal of Computers, 2007, 30 (10): 1713-1720 (in
1) T30 e
Chinese)
GRS SRl TR B 2 pE b e AR O B 001 7T 4 M g
5 F X BIBFFE. HEHLER . 2007, 30(10); 1713-1720)
[14] Lou Jun-Gang, Jiang Jian-Hui, Shuai Chun-Yan, Jin Ang.
[1] Musa J D. Software Reliability Engineering. New York: Software reliability prediction model based on relevance vec-
McGraw Hill, 1999 tor machine//Proceedings of the 2009 IEEE International
[2] Lyu M. Handbook on Software Reliability Engineering. New Conference on Intelligent Computing and Intelligent Systems,
York: McGraw Hill, 1996 2009, 1: 229-233
[3] Xie M, Yang B. A study of the effect of imperfect debugging [15] Bai C G. Bayesian network based software reliability predic-
on software development cost. IEEE Transactions on Soft- tion with an operational profile. The Journal of Systems and
ware Engineering, 2003, 29(5). 471-473 Software, 2005, 77(3): 103-112
[4] KuoSY., Huang C Y., Lyu M R. Framework for modeling [16] Campodonico S, Singpurwalla N D. Bayesian analysis of the
software reliability, using various testing-efforts and fault- logarithmic-Poisson execution time model based on expert
detection rates. IEEE Transactions on Reliability, 2001, 50 opinion and failure data. TEEE Transactions on Software En-
(3): 310-320 gineering, 1994, 20(9) . 677-683
[5] Huang CY, Lyu MR, Kuo SY, A unified scheme of some [17] Dai Y S, Xie M, Long Q, Hui S. Uncertainty analysis in

nonhomogenous poisson process models for software reliabili-
ty estimation. IEEE Transactions on Software Engineering,

2003, 29(3): 261-269

software reliability modeling by Bayesian approach with max-
imum-entropy principle. IEEE Transactions on Software En-

gineering, 2007, 33(11): 781-795



7 PR WIS - 7 JE AN ] 2R 250 R Al 22 ) 31 T S A6 7Y 1271

[18] Karunanithi N, Whitley D, Malaiya Y K. Prediction of soft-
ware reliability using connectionist models. IEEE Transac-
tions on Software Engineering, 1992, 18(7). 563-574

[19] Karunanithi N, Whitley D, Malaiya Y K. Using neural net-
works in reliability prediction. IEEE Software, 1992, 9(4):
53-59

[20] Su Yu-Shen, Huang Chin-Yu. Neural-network-based ap-
proaches for software reliability estimation using dynamic
weighted combinational models. Journal of Systems and Soft-
ware, 2007, 80(4): 606-615

[21] Zhang Yong-Qiang. Sun Sheng-Juan. Software reliability
modeling based on unascertained theory. Journal of Soft-
ware, 2006, 17(8): 1681-1687 (in Chinese)

CoR B R, PMEAR. R0 0 B8 A9 B PR T SE P . R
F4%, 2006, 17(8): 1681-1687)

[22] Tian L, Noore A. Dynamic software reliability prediction:
An approach based on support vector machines. International
Journal of Reliability, Quality and Safety Engineering, 2005,
12(4) . 309-321

[23] Zou Feng-Zhong, Li Chuan-Xiang. A chaotic model for soft-
ware reliability. Chinese Journal of Computers, 1999, 24

(3): 281-291(in Chinese)

LOU Jun-Gang, born in 1982, Ph. D.
candidate. His research interests include
dependable computing, software reliabil-
ity evaluation and computer system per-

formance evaluation.

Background

In modern society, computers are used for many differ-
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demand of the application quality becomes higher and higher,
the research of the computer software reliability becomes
more and more essential. The software reliability is defined as
the probability that the software will operate without a failure
under a given environmental condition during a specified period
of time. To date, the software reliability model is one of the
most important tools in software reliability assessment.

The software failure data to be analyzed should be con-
sidered as a particular realization of a stochastic process. In
this paper, a new software reliability growth model consider-
ing warps between different software failure processes is pro-
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show that the proposed model has better prediction and curve

fitting abilities than that of some other conditional NHPP

(€155 s S = i I LT T R i B 7 o o
1999, 24(3) . 281-291)

[24] Rudin W. Real and Complex Analysis. New York: McGraw
Hill, 1987

[25] Yamada S, Ohba M, Osaki S. S-shaped software reliability
growth modeling for software error detection. IEEE Transac-
tions on Reliability, 1983, 32(5): 475-478

[26] Parr F N. An alternative to the Rayleigh curve for software
development effort. IEEE Transactions on Software Engi-
neering, 1980, 6(3): 291-296

[27] Kan S H. Metrics and Models in Software Quality Engineer-
ing, New Jersey: Addison-Wesley, 2003

[28] Huang C Y, Kuo SY, Lyu M R. An assessment of testing-
effort dependent software reliability growth models. IEEE
Transactions on Reliability, 2007, 56(2);: 198-211

[29] Ohba M. Software reliability analysis models. IBM Journal
on Research and Development, 1984, 28(5) . 428-443

[30] Wood A P. Predicting software reliability. IEEE Computer,
1996, 29(11): 69-77

[31] Shepperd M, Schofield C. Estimating software project effort
using analogies. TEEE Transactions on Software Engineer-

ing, 1997, 23(11): 736-743

JIANG Jian-Hui, born in 1964, Ph. D., professor, Ph. D.
supervisor, His research interests include fault-tolerant com-
puting, computer system performance evaluation, software
reliability engineering and micro-processor architecture.

Jin Ang. born in 1982, Ph. D. candidate. His research
interests include software reliability engineering, fault injec-

tion.

software reliability growth models. The measures used for
comparison are mean square of fitting error, predicted error
and relative error.

This paper focuses on the evaluation accuracy and pre-
diction precision of software reliability model considering
warps between different software failure processes. In the
other work, the authors have worked on the software relia-
bility models based on Relevance Vector Machine (RVM),
Gray theory and so on. Some progress has been achieved.
Furthermore, the authors adopted certain algorithms to se-
lect the most appropriate model parameters.
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