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PREFACE

Today’s modern systems have become increasingly complex to design and build, while
the demand for reliability and cost effective development continues. Thus, reliability has be-
come one of the most important attributes in these systems. Growing international competition
has increased the need for all designers, managers, practitioners, scientists and engineers to
ensure a level of reliability of their product before release at the lowest cost. This is the rea-
son why interests in reliability have been continually growing in recent years and I believe
this trend will continue during the next decade and beyond.

It is these growing interests from both industries and academia that motivate Springer to
publish the Springer Series in Reliability Engineering, for which | serve as the series editor.
This series consists of books, monographs and edited volumes in important subjects of current
theoretical research development in reliability and in areas that attempt to bridge the gap be-
tween theory and application in fields of interest to practitioners in industry, laboratories,
business and government.

I am very delighted to learn that the National Defense Industry Press from China is plan-
ning to translate selected books from the Springer Series as well as some other distinguished
monographs from other presses into Chinese. The books in the collections to be translated
cover most of the timely and important topics in reliability research areas and are of great val-
ues for both theoretical researchers and engineering practitioners.

The translations are organized and managed by Professor Rui Kang from Beihang University,
who is a world-wide leading expert in reliability related areas. With his expertise and dedication,
the quality of the translations is guaranteed. I'm sure that the translations of these outstanding
books will be a great impetus to the research and application of reliability engineering in China.

Personally, I will treat the translation collection as an attempt to exchange ideas of relia-
bility researchers in the international community with their Chinese counterparts. 1 really
hope that these kinds of idea interchanges will be more common and frequently in the future.
Specifically, 1 am really looking forward to hearing more from our Chinese colleagues. Wish

the research and application of reliability in China a bright future!

Dr. Hoang Pham, 1EEE Fellow

Distinguished Professor

Rutgers University

Series Editor, Springer Series in Reliability Engineering

Vi



F¥

AN R R LR RN H B I EL R T 58 S 0 7 dh B 1 H OB SR 2R AT SRR
3R, A BEABNE LU AT BRAR I A i AR PR AIE 7™ ot T F P T SRRV oy SR T
RYRCE BRI Z — o WX PG R, Springer i RRGFEATZUH IR T Springer ]
EYETRAR) ., XEABH 61 Fe F4l R (#IES 2013 4 11 A) % 7EF
SR R SR A DG U P B R B B R, A 2R T AT AR TR AR PR TR AN
A HA AR R B A SRR (EL

YE 2 (Springer AT FEVE TR AT ) 1) 3 4 , FRAR 5 2% o [ 9 [ 57 ol th it it
K 0B A IR 3 LA B At — S A R AT SRR (T 930 BT
i, A L0 AT FEPEAEEPEPR B2 AR R F IR o CRTEEPEAEMB PR R B2 AR L
PRI i e T 1 AT A T U Y] B R A W ST O B AUR, B
) HE M E NS AR T 8

X BN A B A U AU 2 R R B BR B TR ST A . TR BB
L B R 44 B T SEAME R K, TR | REB B2 19 2 Mk TR RN A5 mRORS 1, RE 6 A1 28R UE
R IBTR ., RO, XL T B AY B ) RSCRE AR A A 3 v [ B T e A 5T
RS A

SR N &, T 58 SRR T SEVEAE B 1 DR PR = R % & A ) B R vl e
PESTURR A 9 B 2 5 o [ R T A 1A T B — OB ARSI . FRIVITF IR A9 S AE AR
RIS o e, A B P E LT~ & (TTRE S 3 2 LA SO e R &3, 4
fLATT AR~ AR R, AT [ AT R G ) [ B R T AT A ok B R A A . 0t
JE b R SR B E— R

Hoang Pham

[+, IEEE 2

e IPNC 5 L E s 66
Springer AJSEME TFEA S F 4



ZE o

UTHEK, Bt & TR [ 2 55 KT MR B AR T SR EBOR I T AR5 , LA |
A AR R MM RIS B2 LS B AR A KA WAL A B AR i R 4l
ACHE T H, AR RIRAR e HERCRE A0 Gk 1C 5 e 18 5 — KAt ™ M ok
F Y I A SR

X EAEHNENERFREEEREZ T RELUL, BT RERAKH
FI B FRAROTE AR IF BB REEMER FREZ ML EEM, T
Ytk S8 0 B 2Rk AR GE i T SEPE BT 3 i T A ME LA R B R R G s A
BRI A T E i AT SEPEBOR WF 5T S50 4R i TR APk R

R AT SEPERE 82 DL AR AR, B R GRS R 2 O R A i
B IRRARAS o BRI, B 2 AR G0 S HL A R e A AR R N TR AE R W a9 R 1k
FEPE , AR AL U] S B 2 ARAS O FFAE  RIAR N E R E W TIERES 5%
A RBOIRAEZ ] ) X s rp PR S , R S8 b HE2H i o e i s KL S5 M RBIR A AN
JOAHIE] ., @AR, ZARERR ME LAMERR R X S B A R R R

H AT AR A Tolk A 22 780N R BRZ L, JF H & T 0F 58 2 4R35 ) Sk
PG G T— @RI TR . A A4 Krzysatof Kotowrocki 7 J2& [€ P |- ] §¢
TE 5L I K, e RS R R R TR Z 8K 30, R 1%
A ASEERR T fhxy 2 AR AS AT SR BRIE 0 8 20 B Arp A B BT 0 7S I RS

A 1 S R S el [ PR 45 H B ed Springer — Verlag Hi B, /& Springer* a] 5k
TREAR" B —Fh o A & AE ] S5 SRR 5 A 53 7 5 AT Y 40 Sy 1
WO IF H R D Tl A 2R AT SE PE RS 5 92 Bk Z W] A B 5t . DA BAE & ]
S AR Y 1 B R 44 e 5K, 7 AR RN Tl A R A ik 1§ ) )

P 2R T A i PR A L D AU T ) S B R TR TR 2 B A
AT EVE TR A W AR08 LA B s A R SO R IR AT R . TR, R A RE S 1
FNA A 09 BHIE TAR R B T e | [al it a3 & F i FAR &, B A g b
SC,—J7 AT RE S Z2 AR A8 v] S P I RS 28 45 (R P9 B 204 o] SEPE MO 37 , 3k 51 4
U 2RAE T SEMEEOAR T gy H v, S R o] SR L i K SRR T i S —
Jr it X A OB R AT B K ) — IR -

TEA 5 1Y B eI B b, BB 8 IR 08 3 51 5 AF #5 Kyazysztof Kolowrocki ZHZIRJEL 1)

X



PHE DR ISR . AES F R 28 1T AR AT S PE RIS i B AR K
2, an i TS A IBCALPF RIS 2% R T RS Sk oA LB RIPE Al A — %
BHORT % RSEHOR T E A

(1) RGEPHANF 2RSS PERAR T

(2) REuiatrd BREM %

(3) ARG 2 ARG T RENERGE T HIENT Jr 12t

(4) RGusiTidBErGeHHHERT ik,

(5) RGSMAMFIZARE TR Jr ik

(6) RGuizfrid FErlklfst ULt r 5.

iy 22 AR TS e 3 2l AEAE LA AT TIPE G, 2 ST MR A
HHES TR A T 7 (i B, (b fe B 8 RS T =R 6], AR
i D7 A A T R BT R AN . (RS — R AR, S b A 2 SR A i
AR TR . JF HA R =D R BRI R — 0, R RS 0
s AL R R Y. TG & R BB R, 5 — SR OIEE
ZEBIAT— T 0 R B . PR R X = A R PR AR kR AR
MAhas i 2 r k. REFEEEERG —FP Gl T — D% TRE
Bl ——H A e I TR EHLR G A5 1 45 HH 2 R05 B — AT T R AR
AT L B

XA 5 ) BV A 15 16 A IR ZU B 1 &35 B TR INIME . 72 B B3 0 SO 1Y
i , LT e PR ] 32 ok PR A Y AR K, DT s S B s BT i
B LAEAR TR, b d 7iES AU R, 75 B B M 2 2l AR
Bl b, R0 )5 RN R B SO PR AR B — A MR B OF B
B B TR S RE R R, R AR TR RN T ZREN
FEE PSSR, LA 08 Ll iR 5 b A A B A MERR I . fE BRI AR b, Xt
F A5 v e ) g b B R R B R R Y b SR A HOR RIE E

HAR B R WOR A (E R A B B R A B AR RIS TS
WL A A T BO R Z B B, SRR L R R S R B P RAe B T
PET OR B SE AR K

BEFEL AR ] AURES R — B R I R 2R TR rE 5k e n]
VAT R R S PR ZE B . PG, A 453 T R R AR s AR FIBF R A TR A )
FHEE R 22 R AT SEPE A AR SC I RRAR A 15 1, 0 EL X A A A B AR U
HERKIIIRRE L

FEAB RS R R E G TIRZ MO8 T, LA B 1 [ 24 T
JCRARHE B, ol LASEBCA ], A543 A5 AT RE 15 32 # IDUR) WL TG . 760 , 33 i 2 It
X



LA MUE MR R E R EEZT 2R EF . ABOBIFIRAGE T AR EH
TOLRET KRR EA R BT R, LA R R A B T BT
JE AR XVIE TR S A e A2 PRAk Y A B 2E e — Rk

o 32 A 55 7K LA o T EL ) 1Y 22 RS T REME & 2 B b S, R TR E
TAE. BRTIFREAKCE, X805 i B R B R S A2 2 4L, B0 L & T 5 I,

G
2013 49 f]



Hi &

AN RE I RS T R ATREE AT A 2R ST HERT PG BT
FIOLAL . S B T AR BB AL A A B 732 47 3 2 b R ] 5 P 45 4 A 1 14
ATREVE e PERRPEREI R R SRR A B X R R ARG, W]
SEYER L PR GTTTHERT SEAL AT T 8, DL e b RGts Tl B A R
T TR B Ak R G UL AT IR & B S AL

REZBELPR TR RGAAE R &%, AR MEXS Hoa] St ] v e dtts
Gt RGN T RGEA M PERRER UL Saafrid B RS 20, S BT AT SEE Al
FATER R PERSETTHERT FA BT MR B 2. RERA R RMBTL
e, 11 HL AT A X n] e PRS0 S AL ol SEPERT I B A SRR, X AR 3P TR
R EE ARG . BA XA E R RGOSR HECE RE, mfAE IR
Go, Ak ARG MRS i ARG, K RIR S A il A A A 2 ) 5 R 2 A 4 T AR
9, VAR B e LRI DL SE AT s Dz R e, &Mz R 5t
AR ARG R SR S B A5 AT REALA A TS AR AR AR 3 I AR AR i
bl

FIEFIX KRG % et RGBT B A B M = s R T Rt Rk
et ZRETEY RAZREIER G, ERLES, B R R
e Z RS A LT SRS SR MRS E I R R L . X Fp R BEETS RG]
TR L VERLSATA BRI A RS . JF ELX R RS G IRAT 143 LB SE HH &R
Geiite A o] SEPE s ORI AT R SR RS E R E RE AL TEXS
BT B RS ,  a ANREN 2 1217 A R VP KF AR . 1T R G0 G R v]
Pl L RS YIS 18] B A 2 — N A RGEn] St sl VR . B ]
(1954 R AR o RGN PR . B 5 RGN RS TRtk 2 vk Rk A
K, X 2L pR B % ] T AR FR G B A AR

X ORTY R GEN w , HER B ZR 50 T 5P ok BORN 2R 4t XU, o 808 ok o R 4 B2 2%
4 RSO X 13X 28 52 Z3% o 0T AT 58 A ML & 1 S A (B AN .k DR A 1
— I E R AE R G A M I . ORI R AR S TR
g5 )5 TR R G PR AT SE P, AT LA ZR Gt AT S R B T ALE 2R R R Ak
Do AR Ty AN AR T TN R

Xi



AR 7B B BE T G I S ] KBRS RGLR ia
7 BT R, LA R 2R T AT R G T et iAo

AR HOE T8 58T B AR B 28 AT e/ nTHE 1) ZAR S RG]
Sk T FYERNL SRR — RO . X SERER R i A A 4R, T 2 S BR L
AT LRGN, A5 R0 E ARG SR G — B K T e bt ] Pk
e A MEARR | 55877 i FRAB IR ZR ok, [R]85 18 1 ] AR s A AR X R G el Sk
F%e VLS B AT SEE R M SRR R . A1 0 2 2003 A A A 2
R RG] SEPE ] PR, 25 & RGLE T AR SR Al REER A& TS
FYGEIB AT Rd AR K 38 AT S A T PR . RS R T SR PR R R
Gen] St TR 2R b . SR AT DU R A AR 5 A LR
LECRE AL RS IR 3 ¢ NI D B W L W S R B 9 E I T o

A ATER i AR A i T 11 RV d AR G Y AT SR AT R P A
PO GeiHHENT BRI L . X R B R R T RGN R R s T A AT
SEPERNEZ A5 KO R R AT SEME R 2SR

A A4 TR IR T A SR AL R GE T HEWT DAl TR T ik
MIFFR B . PR TR IZ M K — RO AR RGBT b Tk . [l i
T XTI . AT T B BNERRE NI, W
7 1 R , BBH X 2 B2 2 R GE A ZH 1 F HAT AR5 58050 A1 1) 2 RS AT SRt eRi 4,
M AE AT 7 2 X MBS A B '

B1ENRTHIERMMHZRERG TSI EAME, EXT RE K
HAAFR ARG T PR B, F B2 X T ZRERGEAE ] b RE TR P A
BRI 22, A RAERRE TREERE TR i, AFENA T 2RERGN
B B BSOS R G T FEPERAS Bt ), E LT B LA R 2R E R K
I JFEK Rk m” EZEn PR mo FT R - IR O - K BRI - ko
Bem™ L P m," - R - I E kP m P L RGESET ] U m, P -
HRAF AT SEVESS R, 45 1 T EAT TR Al SEPE R B FRRIDE A T BAT R RO AT
SEPERRBU AL R RS R ] St el B BEAh, 52 LT ZRE R G L4
PERYIEAME S AR T 2 RERE LMD ITE, A8 T i AR L 2R
AR A 2 RS R G L 2 R BN R GE IR e 8. S G Rl A4 Y
(14 22 AR 25 Z2 G m] S P A2 4 AR TR 14 107 P 58 ) 4 35 S 7Y R S5 T 1 90 A s
F G AT SEVEPFAG AT, DA SR AR RGN 2L

52 B TR RGBT R S TRE . R SRl Rt Bk sy
TEBRRGBTHRN) SO . O 7@ MR, LT RGis T
A F R ATRAS RO BRI 1) & RS 1T R AR A LS AT RS 2Z 18] 55 75 i i 4
Wil , RGUatTid PR AL IS AT AR T A A& P2 B ] £ 2% 1 5 132 ot K000 M 70 2% A

WV



A REUERE . N TR RGBT B B ITIRE T M SR a4 48
T YIS = A UBEIE 4 fii ERRIE 40 A (8 B0 A AT ZR S AT R 1 4y
fii . FETZRERIBIE RN, BRI ARSI TR BRI S T &L 0T,
RYaf T B RS R T W SRR BT R 4 (. eAh 16 BUE Y R GEIB 17 I ]
L E T RGBTt FEE R RS T B JCAR 1R BR 6 18] 4347 R R GEia 17 1 7
(EFF AR T B JC A B i () 24 (8 L R GEia A7 ok B e R IR AT A% KR B 5 A
R KRG BT BRAERERES T SEB e E. &h . A5aH 7
FIF & o A AR I PP AN R R A i O AT B e R AR TR R
FiatTi BRI,

553 WA T E ARG/ AME ZARE R G T S AT AP A 2 Ak e A
Precsy, X AR ARGEALE A AR B Z RS M: 0] PR PR
a7 AR RS &, [R5 18 T ARSI PIRES T o] e e et S5 i n 284k
VLR T S S BRI, AEE X T RAEREBITIRE T &4
] SEPE R A pR B TE AR T SR PE RV Ve e B SR s R G KRS R B T
LRSI FFHE n thik m” GELE 0 PEE m FT - R I - B R -k
ik m” L HOm,” - KRR - Bk P m FT DL RGESE L U m,  FT -
PUCRS, HE T Rl SEvE v e 22 1T AR KA R K
A BRI T80 REERTEENE 0T IR RS TR R e R Hh i s R
o5 HAG B AR ] SEPE R S PELS M LA i AR 2 R mT St A ie e pE et . TERTIF9E
RGNS R A M RBET 88 1 iX 2 RGN TCAR AT FE i s8It
A X TFRBIVRGE, B4 TR AICA BRI S R 5 %5 18 R Gtk R AT SE2% eR 0
ZERMEE G ATREYE o ASFERTHR H AR TR RNy N O R G A A A
18 12 40 A Gu i AT SE AT YRR AT A IR, LLROG R RE K e
Bt GG R

H4 B T REMRRISI T RS THHERT T . Xy iR R A
RGEf it i DR A R R S, U KT RGBT B AR BITIRE T
) 2R PRI B N (] o0 A eR BURA TS HE R . AR 7 REsiT B To kg
IPREMHERMG T AR  RR ST S RAEARRZBITREZ MBS BRI AL
ARG T R AE 5 1B TR S T A2 B st 8] 43 A S 800 A 12 2, BRR) R Al 3
B IR AR LSE AN 550 A L = M A RURBIE 43 Aii (HERRTE 20 5 804y
A AT IR AR R S S8 ARG TR IS LR 58 1 A o Al
T e £ B A 56 7 ik s 8 T 5EF Kolmogorov — Smirnov #6 38 i) 45 11 804 — 24
PER IS R IR RGN T AR IR Rl — E 42 R G iE T B AE KB T IRE
TRFMFZ BN RBREN— R R. ke ATERENERAGRE TR
RUR AN Z 800 VHERT 77 7 i 0 S ), A0 4% B 70 R 40 W 11 1ol 3 A g 2R 40 i

XV



R RERBITSEIOME . ST SRS SR R TR , B TR R IR
FRF AR T A T MR RN & B ITIRE T 4 0FL B i (8] ) B4 1
—3ik,

55 BN TIT R A RGO AT FEPE A PR AR (L AR R ST
HAG AL AT SRR SRR P AR R S B RAR A A 3 KERBIRE I T
it ZRE R G TR L 2VERE T RO R IR R, X LA MFEA
[l RGBT TR T HA AR 8 B0 T SE bk s %07k — RGE T T AR B2 Fh
g e , XL AR MEA IR A IR AF . A TR T RG4S
52 AL BOE 22 R AT FE 2 sR B BB 30 1. AE SR AL P al FE PR AN
Z VR A B GEHRE I A SO ) 7 — R R BB T e H AR A T
Jrik, A T S L 2 MRS TR RAT B IERE . AN AFENG TR
7% ZGEAL T FEVE RN e AR v oR S B GE T HE T 3 O S S8 B £ 35 1
S R R G s A AT s R G AT SR SR LRI TE IR R
LIS REFED.

55 6 AR RS TIS R F SR ] KA 5 R G0 ] R M 2R AR
DDA SR PE LR B AR A & RO JERS b AR TR XA R TAE SR PR AR RS
Frad e TSR AT RIPE RS Ve LA Tk S B A ik . AT TR IR
GLialTid AR LA E RO E T R GEa AR rY e otk FRIBES A , AT B
KT SR L RS TR PR ARG A dr . WO ATIRN A T ol 42 TAERM
TRIRRGST R Tk, W T RGisfrid RIS (a7 9 g i T
{iiar A8 TAR S T R A R G T IIPE R R AL i 5 2% e (L i B S PR 1B A i
PEAEAE 77 SR 0 Jr ks . BB T n] 8 AR Z 00 T LR R G0 HIME 11 ik
Wiz i RS E AT R AT SEvE A AT FIVE DAL s Ay P R o B, LA BT TR B A R
Ginizfrd e et i, e ARa i 7e = M4 7 R
PR, DA ROZ T AR SRS ARG 1 £ i i i 2R S AT VE R R GE IV

BT EAR A BN ATT, T B0 R Ry AR g B R ik
BT 280 RGN A] St T PE A MG T HE T BT A, ATDREA 3
R EG ISR N T Al 28 TARRAF T S B REEMIIK R G n] Gtk AEE LR
AL RIPE A PG AT s oK Y AR e ] S Pk 20 B 69 0T 5 1% 00 T AT 28 TARZRF B
KT — HRIKAR G w] SEPE BT s AR 15 R 4 th BB n Hhilk me F7 RGERI A
L5 T SR L et . e A SR RGta T R TSR 4R
PR YRR R ST BT R B T ik Si i T SRR e
EEIARG, AWMU T ' ARG EERL 2t rik.

588 FAR NA BB LS TR h S IS T R TR RS
]S R A I T AP (P 80 1) 3538 L R A DR o) RIS T A ) 22

M



H =

£1E ASRLANNESRARGATRESREMERE !
1.1 D creennnrroraennsansnnnss snmons s reons sumssssessns bomons sommws omanas ooesdh sosnan somas s 1
1.2 AR RG] FE BT e e |
1.3 BRI BIRIESMEAMT svows o sumais s sovons sowen sonvn sasmsn s 55575 555503 Sanath » 5o 19
1.4 W] ceererererr e 21
1.4, 1 A R T M e 21

1.4.2 B OB EHEEMALG TR oo 29

1.4.3 BB AL R AP o 35

1.5 ZSTEINZE ceeeeeeeeereermnnniianeeetie it e e e e e e s 45

B IR v e e 45
HOE ERAGIBEITIETREEE vvvrrrmrmrrnren s 47
2.1 |5 e 47
2.2 AGGEA TR R T IARI v 47
2.3 JUEHT e 55
2.3.1 SR BGAGIBEFTIEAT ovecrrrcnesnsenaniiiiiniitiitiiiieittrarern 55

2.3.2 HUGhTEIER AT IBATIEAZ e 38

2.3.3 EFEEI ARG IEATIEAT e 62

2.4 AELZINEE e e e 69

o A N e 70
£38 SRRGARME TRARRMRSMMTEETIT o 71
I B == R P R PP PR PP PP PR PERP 71
3.2 A[AFIBAT R T LIRS BYGEMITT BEPE -oovvrerermmremmnerenieneni e, 71
3.3 AT A P RRI SRS RGN AT REERTT 5 oo 79
3.4 u[ARIEITRMU T ZRE RGILEABTERI AT FIPE e ]2
3.4, 1 ZEAS T8 T B8R SR R e 82



3.4.2  AEAEREIE] R TR GG SRR B Y e 85
3.5 AIASEIT AU FZRBRGMEEHE oo 87
3.6 U FH e 80
3.6.1 TEIEATEM TR AL T RS Ao T e 89

3.6.2 RBAAFHTHROLRTHEERALNYTENR,
YRS PEF T FBE covee e 103

3.6.3  TRIBAT RN T il LA R 46 R A 1 Ao
TTJH PR e eeennereenantini i s 116
3.7 A B NEE e 150
ZEAE YRR wooreommenrarreensaesnunesnannosens sansns enans seenas nenese sunEersesees bueRes 151
BAE ERRGIEITHRREIG BB T E e 154
O = 1 T PP ES 154
4.2 B2 RB BTG HERT v oreerrerronmensenesmsmmnrnnnsassninanen 154
4.2.1 RGBT R AT U AFIBICIE o 155
4.2.2 AHIEAFIEAZE R BRI ETE o, 156
4.2.3 ARG EAFIE G ) M A AETE e 157
4.2.4 R EFAE G TN \jﬁ&ﬁéﬁ%ﬁ-,ﬁ&ﬁ ........................ 161
4.2.5 FHEAABAEBETHBG —BHAAET o 163
B3 N e 167
4.3.1 A RGIBEATIEARAIEITIERT oo 167
4.3.2 BouphTHEENARBITERZAGRER o 167
4.3.3 HBHF B RZLGBEITIHAZGG TR 175
4.3.4 RS RGBT IT AL AR — BRI oo 184
G4 AT NGE e 189
| W T T 190
ESE ERRGAGTTEEME BRI IR T E e 192
5.1 Ijlg ................................................................................. 192
5.2 EHERGHM AT SEME L R B GE T HER e e 192

5.2.1 RGBT WA AR ke Al E LA
FLABHCIE covvvmerm e 194

5.2.2 RAMAHHRHARSHFRETERP L LR
BBATFE e 200



