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Complex Software Reliability Allocation Based on Hybrid Intelligent Optimization Algorithm

XU Yue, PI De-Chang
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Abstract: Software reliability problem is one of the key factors in the process of system design, research and running. Different from
most current researches on software reliability allocation limited to series parallel models, an effective optimization algorithm is applied
to large complex software reliability allocation in this paper. Estimation of distribution algorithm (EDA) has fast convergence rate and
strong global search capability, but is easily trapped in local optimization. Differential evolution (DE) has good local search capability
with slower convergence speed. To address the issue, a new penalty guided hybrid estimation of distribution and self-adaptive crossover
differential evolution algorithm (PHEDA-SCDE) is proposed in this paper. PHEDA-SCDE has fast convergence rate and strong global
search capability. Also, it is not easily trapped in local optimization. In addition, software reliability is estimated based on four specific
architecture styles—sequential, parallel, circulation and fault tolerant. To demonstrate the generality of the algorithm, experiments are
carried out on three numerical examples including single-input/single-output system, single-input/multiple-output system and
multiple-input/multiple-output system. The experimental results show that the PHEDA-SCDE is significantly feasible and efficient in
reliability allocation compared with similar algorithms.
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BB FE AT A R E N & 6(a) T, Ho 1, Cr, Gy, .., Cs 2 R G S M IR A K AT 250 D 5.4 ) b, g 1
C3,Cy IEBE R R, Ca A2 BRI, Cy R &K AEEE KRS FPRZS & 6(0) M1 Cs,Cy B I A BERES S,
H,81,85,8, A2 /R P REERPIRES RS EEN 38E p13=pra=pipp2,3=P24=P2mPas=Pas=Pys=1 I8 A 1% RS H]
SEME RE

RE=7(81)-p1,57(Sp)-(S5)+7(S2)-p2,57(Sp)-7(Ss5) (24)
/P [ e
4’\6‘1 Cs H\Sl
NN Do
2 4 2
(a) AL (b) REE

Fig.6 Fault tolerance style
K6 ZRTAT K%
24 & IR
uC RIREPAT R Co A SC T RE, AT APRAT — IR BT BLARAT 2 IR BB B R py . 5 1 S IRES IO AT
FEVED 1(S), 26 p1p=p1,27P1 3,7 (Sp)=r(S2)=r(Sa) B4 Cri(uCy); Cs I T FEME
RE=1(S1)p157(S) (25)
Cr;(uCy); Cs TEIPAT IR R AR U] 7 (@) T, Ho iy, Cr, Co, Gy 22 R A K MR AF R A Bt o 3.4 31 b, 4
P Co A BRI Z2 R 22 U0 ARG FRER 2 B 7 ()t i A 28 5 A TR 8 — — R3S T TR, 81,8, 8 2 B 7K AT A
R AREHH N 3.
o W ARGBAPATIEI AR W R GE W] SENE

RE(0)=r(S1)p1,2:7(S2)-p2,37(S3) (26)
o HRGPATIHIEAE— IR R G nT S
RE(1)=r(S81)-p1,27(S2)-p2,27(S2)p2,3:7(S3) (27)

o HZERGPAT IR ik U R G ATSEME
RE(U)=r(S1)-p1,27(S2) (p2.27(S2))* “p2,37(S3) (28)
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ES

LA, 2R G AT SEAE AT AR

RE =3 REG) = 15 Pz T (52) P2y r(S)) (29)
i=0 1- P22 -7(S,)
~ (= (o
(a) TEARLEHIE (b) A

Fig.7 Cycle style
K7 IEFAT WA

3 FEXRERSSH
31 BHEE
ST BEALE S0 Ok B R R A Y 35 1) S g 122 R I A 4 30 e 58 2 HORT Ll 23 S, 6 L SR AR A
A4 AT EE 1 23 WE o) R A A 2 B A e Y 1) PHEDA-SCDE S8 T LA R 2 328 XE T CRy A1 CRy~ #)
AAF ST Fou BIME truncation. YRR T _EBR nmax AR mmin. AS SCK T SE 5 % 1H%: (design  of experiments,
fai Fk DOE)Z AN 2 Hvk 4 4 FEHUAL, ¥ FLAA IR 53 16 2 404 2 30U R - CRp40.1,0.2,0.3,0.4},CR, 0.6,
0.7,0.8,0.9},F;€{0.2,0.4,0.6,0.8},truncation{0.2,0.3,0.4} 1 €{0,0.1,0.2},711in€{0.8,0.9,1}. 3X %8 Z % T A 3
P 55, A 4xdxA4x3x3x3=1728 FiA[FECE N T AR AIE 92 56 45 HE 5 nT 58 B — Fh L = 4R M7 1847 5 IX.
AT 45 HE SR [12,248] 19 77 15 A 152 18 B0 26 3EAT 2 500 B S50 AR5 6 DR S 9 4 B 1B AT 30 AIE. 52 % 2 i
ETELNE B IR 1.
Table 1 The control data set
T 1 ZWHIEENER

REE MR ER R
p1,2=0.6
p1,3=0.1
p1,4=0.3
p23=0.3
P25=0.7
P36=1.0
pas=1.0
pss=0.4
P5,7=0-6
P6,7=1-0

cost+kxmin{0,RE-ro}

TR B EON FVE IR 5 0, A S0 R O 2293 # (analysis of variance, i ANOVA) T 23K ¥ T S 3 24
P (G B 8 Jir s ) ot S 7S B A 2 H00) 45 R 56 0 1) A8 70w PT R 38 PR 490 T A b 4 38 2 3808 A A £ I IXAS 2 50 5%
Wi 7 5, TG % HH A 32 S ER 3% A BR1 8 v T LA SR A H A AR AR S AR T Fo X B bR BT S A 0 KX E R R
T4 SCDE H14 60%RE4T F 38 N AS X, 4 HAH K 0.6 B, H A & BUE Bl AL, A8 LT CRy S5 K7 F i
Amin X5 B8 B B0 WA S/ AR 1] 8 2B T 40 e 5536 2 vh T 4 L ) 2 0SB0 A L
Table 2 Parameter tuning of PHEDA-SCDE
% 2 PHEDA-SCDE HiLiziT ik &

SRR ZHATR &
CRo TXHF 0.2
CRy TXEHT 0.8

Fy YIRS S5 0.6

truncation [ 0.3

Mmax &ﬁ&%i“ﬁ 0.2

Nmin PR+ T R 1.0
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Main Effects Plot for BiFF#
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Fig.8 Main effect plot of parameters
K18 PHEDA-SCDE % L2 &

32 HEEHISRES S
3.2.1  BAFRIEENE ) BO S
NANRAIE B ASCR A 3 MRS, 20500 A A o h R e PRmAZ L RGN ZMAZ
iy R G VAL ST R B R 0 T S v A0 S A I REA T B B 9.0 BT A 1 R e 12 AR PRAL I B g
N ARS8 SR, O AR AN I, Cop AR H R R 0 3 A 1F 7 R Co 2 IR R AR, Cro A2 Cop IR BRI F,
TP Cq B B R GUIRES Wi B 9.1(b) 7 75, 2 £ P 9.1 () 1R Ak 5 45 ey I A AR e ke A S i R SC R [240 1) 7 2, 5461
200 9. 2) MM BRG] 1 rf Cyq B Crp Z ISR . Coy B C Z RIS ATAF Cry BT Cop 389 0 i H AL A B9 3L
K 9.3)  RG UL T4 AN LT CL A Co, A ATt 4L Coy B Cp.
N T AR, RSO e py A58 T AT T SEE. S0 1 i R B 1 Fos S48 2
A5 3 AR N e R A L A 1 AT AL
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X
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Fig.9.1 Asingle-input/single-output type (example 1)
P91 A N Bp e L 2R G A 2R 45 A TR FDIR A TET (5481 1)



(a) ARG (b) IRZ I (a) ARG (b) R&HE

Fig.9.2 Asingle-input/multiple-output Fig.9.3 A multiple-input/multiple-output
type (example 2) type (example 3)

9.2 RImAZWLRGAEREEHE Kl 9.3 ZAZHL RGIERLGHE
MR & (5451 2) LR & (5451 3)

D RS 1 AT VRGN S0 A, B AR 23 X (3) 4 mT SR AL A AR IR e AR D e 20 TRR H Ak e Bt /ML

7t ~1i,min

n_ (1-¢)- -
Min  cost + penalty = a, - Ze me Ty k-min{0, RE — 7} (30)

)
Hd,4=[0.88 0.9 0.86 0.76 0.89 0.93 0.94 0.75 0.95],¢c=[0.23 0.28 0.37 0.45 0.05 0.25 0.5 0.2 0.41],7; min=0.5,
i max=1,70=0.9.

HR A 585 3 74 AN [] A 2R KUK TSR IR 20 BT, S0 1 Pk AR T B kR O 24 2K (31):

RE =0.42-r(c;) 1(c,) r(cs) - r(cy) - (eip) + 0.18-r(e;) - 7(c,) - r(cs) - r(ce) - 1 (c,) - 7(eyn) +
0.1-7(cy) - 7(c;) - r(cq) - r(cy) - () + 0216 r(c) .I(CS)Z.F(C”) RACHRACY) +
-0.2:7(c,)
0.24-r(c))-r(c,) - r(c,) r(ey) - rce) - r(c,) r(cy,)
1-0.2-r(c,)
Hop AT SEVE - R AT SRR S BC I B AR, 2R G R SR AR B 6 SRAT A A T S {4 TG R 9, AT IS )
ST TR A HE AR T SR B AR AN /ML
3.2.2 SR BRIy
AR S AR I S LA KRS B 7 1T % PHEDA-SCDE, DE,SCDE,EDA LA % DHOACP ik HEAT L 48 W H
PR R EOM7IZAT 20 KIS 0k 200 kAR, 23 AT B & A E ik s AU T IME . ArvEZE . AR mZEMEOL
2 A H AR R B0 B VP &5 B TR IE AR A — IR BN I AT 1) CPU I TR A DA S92 38 R IR VA &5 a8 AT I [ S
AN B 1A RT3 rh AT DA H T B N B4 HH PR R 440 G 1R (B 491 1),PHEDA-SCDE 3K
filt e b BT H AR S e SRR RCR L B 0T DHOACP X T Ml N 2 5 i R0 (H B )R 2 A\ 25
RG] 3) R BRAT AT HE A 43T n] 78, 2% B2 T0 10 A8 SRAR AN FR A8 R A SR ARG B2 B AT R RO ok AR 3
XA G IR 22 43 A R TEAT B3 N AT Xk ot 45 3K B, SCDE. BVETE R iR it E I BT DE Sk ik —
IR T SCDE Sk T DE 5954 J3 38 & 68 J) ok, GBIV 15 21 7 2 7).

(31)
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Table 3 The solutions of objective functions
3 HirmEERa R

DR ik I fE b 2 EC QRIS w7l I ) (s)
PHEDA-SCDE  515.652 9 0.116 1 515.438 2 515.9458  0.7756

DE 525.787 5 24807 521.684 5 530.8820  0.2486

S 1 SCDE 516.325 1 0.340 1 515.706 0 517.0682  0.2215
EDA 1320.637  1.85e+03  558.8189 7685552  0.1637

DHOACP 533.042 5 5.585 4 524.793 9 5427192  19.602

PHEDA-SCDE  1.3692e+04  4.95e-06  1.3692e+04  1.3692e+04  0.868 4

DE 1.3694e+04  0.2093  1.3693e+04  1.3694e+04  0.2348

5 2 SCDE 1.3693e+04  3.85e-04  1.3693e+04  1.3693e+04  0.2240
EDA 1.6623 e+04 3.10e+03 1.3914 e+04 2.4159 e+04  0.3052

DHOACP 1.3694e+04 0.3021 1.3693e+04  1.3694e+04 18.525
PHEDA-SCDE  1.1315e+04  6.20e-06 1.1315e+04 1.1315e+04  0.7170

DE 1.1316e+04 0.2931 1.1315e+04  1.1316e+04  0.1879
54 3 SCDE 1.1315e+04  1.76e-04  1.1315e+04  1.1315e+04 0.186 3
EDA 1.3312 e+04  2.3%9e+03  1.1713e+04 2.2824e+04 0.1760

DHOACP 1.1316e+04 0.289 3 1.1315e+04  1.1316e+04  22.347

AL SI T 2 P 2 A 0 i o R U BT 384 0 I A o 5 I A 1 A A e A S e Sl th 26 1 161 10 .
10() A 5B 1 Bk ih 25 B, 10(b) 2 5481 2 (9 Sy sl i 2% B, 10(c) ok S 3 AL e S 26 1.4
TARIE R Gem] SE 0, AR AN 22— AT 95 N, — B ST BB T B W 3 5 A AR AN fr e S5t
2 ST i 2 P AL A R 2R T I RE R BN SR e (BN 1ogo(fTx)) B AR AR R R B AR BN 3 IR AT LG
4, DHOACP Hvk B AR E H A7 MW 503 5 S e AR R B B N R0 3 B e A6 B v i 8ok |, PHEDA-SCDE W &AL+
oAt 3 F 3%, U6 IH SRV A A 0 PR 4 R A s U AT AR B 1 4 J= 4 22 ik 0. [N ik PHEDA-SCDE 5945 45 43 A il
VHELVE RN A 18 N AS X2 43 HE ARSI (R D0 A0, TG V8 A1 SR AR S 2 WG SR 2 7 T, %o 1 52 2 SR PF 2 5 ] S 10
WC 37 AT D05 1R 2 S Sk el 2 40 i LK 4.

Table 4 Parameter tuning of all compared algorithms

F4 HEBTZHRE

Hik ZHRA SH TR i
CRyo TXHT 0.2
CRy TXHT 0.8
WILR AR 5 5L
Fo ™ 0.6
PHEDA-SCDE truncation EaRiE] 0.3
VS S
Nmax B 0.2
Hmin Ykm Fr 1.0
CR LT 0.2
= e
DE Fo EILG ;E‘ﬁ 06
CRy TXHT 0.2
CRy TXHT 0.8
SCDE ,
F WILRAR 5 5L 0.6
0 ¥ .
EDA truncation R 0.3
w PR 0.8
C JIIBT A 1.5
C JIBLNIE 15
DHOACP i T fe R
Vma)( }& l
P f /N Id
len ’—g 0
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Fig.10 The convergence curve of all compared algorithms
K10 SEikdesioth I8l
4 R %

TR i A LA A TR P A ) T 2 S PRI S, 1 0 A 1 RS AT R T i R S R A
P BN T A kD T R e AR S TR B 2% B AR A A SCHR o B A 0 R U i —— 2 1)
B 198 B o3 A i M 3 A 22 gy BEAR I LA 557 (PHEDA-SCDE), 1% J5 ¥ 45 & o3 A1 fili v S i A 22 7y ik
LRI i AL ST ], PHEDA-SCDE A7 42 i #R 2 1 7 i e 810 P2 R A0 v P s 00, i 0 R AT B iR )
JriF AR 2R BE ) 36 Gy B 2R DI i) AR N J) 8 e DG S 6 45 RAIE B, S0 LA S /D (R A L R 1 o S ) A T AL
AT ik

AR BRI ST T3 1) 32 0 25 v SEIRIEE R AR ] S P DAl AT 3 I Tl AL, 12 i RV PR PR R S0 iZ, ek H
A B HK HE A 1, WF TR A RIS PR 2R 48 ) SE VR IR 52 .
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Mk A

T A 1] LR 5481 5K A 21 PHEDA-SCDE $32: 1Y 28 A6 BV 6 AT — AN UL I DR AR B 23 A1 Al o S
SKAR Sy, x,x3) =g +oxptxg IR B KAH, Hoh x;€[0,1](=1,2,3).

9515 M A R G)VWHIARLFNBE xx={x; 1.X1 2,00 X p}hi=1,2, ... NPFIEE KN NP Jy 5 R RELE S Dy 3,38 1 1%
I3 J3E R B ey x,x9) =xy gy TSRS ASE I B AFL, SRS s D0 A A AN A LA T R R 3 2 A WL 3% 5.

Table 5 The initial population and its fitness

RS YIARFIE S N fE

A x X2 X3 S
1 0.2 0.8 0.9 1.9
2 0.4 0.1 0.2 0.7
3 0.6 1 0 16
4 0.3 0.1 05 0.9
5 0.7 0.1 0.7 15

55 2 200l EDA SRS IR R AT DU A X PR 22 [ 1 (B B HE B 8 BB truncation=0.6,
PRI truncationxNP=3 NAK, 20 51 844K 1. A4k 3 FIASA 6,
a) MG 21k 30 (32) Fil Uy 223 5E 3K (33), 44 B B AL A B Y S (L AN T 2

Y

u; = ﬁ (32)

G z =N TS (x‘/ / (33)
/ NP

b) R4 22 7 (34) Ky ML A AL, O PSRN 7 2 NP AN B REAS, K 180T A

ke a0

P(x) = H—l\/r

5170 EDA AR ) S 06 AR BE Y B L2 6.

Table 6 The EDA population and its fitness
% 6 EDA SZE M K& N FEH

Mk uy u us f
1 0.2 0.8 0.9 19
3 0.6 1 0 1.6
5 0.7 0.1 0.7 15
6 0.5 0.7 0.4 1.6
7 0.6 0.1 0.8 15

¢) ARV BLIN Sy BEIEA) 1, P S AT n=a4 A AN A 22 R R A g i I A DR /D ol T L3 A R, A
oA S B L G I SR R B e AR 4 AN I BV B (R v I SE R AR A B EDA A 108 S 50 Pl ke LR B 2
N EEAE L2 7.

Table 7 The EDA candidate population and its fitness
F 7 EDA ik LI AN BOE MY L AE

A u uz us f
1 0.2 0.8 0.9 1.9
3 0.6 1 0 1.6
5 0.7 0.1 0.7 1.5
7 0.6 0.1 0.8 15

95 3 ik SCDE Hydoxi Wl ah et 4T Ak,
a) BB RH T Fo=0.1, MBS AR EC Ny 1,4 22 5 (6) F38E M AR 5 AL ) AR N v Bl vp=xp+0.2x
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(ovs—xg). 28 S PR K g I (B L 3% 8.
Table 8 The SCDE mutation population and its fitness
< 8 SCDE 4Z 5 i S i W 2 AR

NG V1 V2 V3 S
1 0 1 1 2
2 1 0.1 0.6 150
3 1 1 0.4 2.4
4 0.1 1 1 2.1
5 0.5 1 1 2.5

b) 51548 XFLF CRy=0.4,CRy=0.7, 4 H A F ()R 1 BEAT H 38 W AS X, A2 S 36 A4 1. SCDE 52 56 B %
T& Y BEAE LR 9.
Table 9 The SCDE population and its fitness
# 9 SCDE SEU8 RIS i v {H

RORES uy u us f
1 0.2 0.8 0.9 19
2 1 0.1 0.6 1.7
3 0.2 0.8 0.9 1.9
4 0.5 0.7 0.4 1.6
5 0.5 1 1 2.5

c) MRHEEE 2 W R BRI IA 7 n=4, U BRI R 1 AN S LA B e 1 S 56 A 5,41 1% SCDE i ik
SR FHRE.
% 4 5,53 EDA [RIESZHANA 1,3,5,7 Al SCDE [\ SEseANMA 5 by Hibh it SLRh e Lol W 5 i WL
#* 10.
Table 10 The new population and its fitness

10 BRI SE N A

OGS uy uz us S
1 0.2 0.8 0.9 19
2 0.6 1 0 1.6
3 0.7 0.1 0.7 15
4 0.6 0.1 0.8 d.5
5 0.5 1 1 B5

55 5 2 KA 24 2 (8) S 4 i A A RUHT PR EAT 18 6, LE % AL g ™ AR X
556 25 Ak 2 2 (10) 58T S
557 0 AT SRS AT SR 2 5 R 1) 5 2 B AR AT

115 (1994 — ), L YT 95 T AN A I 2, RO (1971—), 5 1 & B0 1 LR S
ST ATBR b A T, R i CCF 18528 4 B, 2 S BF sk K s
2T w5k




