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Dependency, Uncertainty,
and Importance Analysis
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ANULEYIETINLEY (Dependent Failure)

wamsalaeavnnnsalazidenlostu (dependent) Asiaiile
Pr(A ~ B)=Pr(A) Pr(B|A)

&1 Pr(B|A)=Pr(B) >A~ B @8 A uag B udaszanitu da
Pr(A n B)=Pr(A) Pr(B)

wiialiidudasy u@e9il correction factor

Pr(A N B) = Pr(A) Pr(B) + X,,

=b.

X ap 1s the correction factor
A, B are not independent
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N13ULUIUTZLNNYBY Dependent Failure

auieIdesniely (Internal dependencies) 1
1.  Challenge

2. WenlaTEingsTuy

3. Weuleesywineduuszneu/gunsal
AMUNEITaInBUeN (External dependencies)
. 1w

2. ATy
3. ANUSOU
q

Tl
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AIDYNNITILATIEY Dependent Failure
Example: wuuguuﬁaﬂ%’lﬁamiuam (2-out-of-3 system) A® a1

A
AUUTLNDUARITULALNNY STUULLFNIY 2R cut-sets G139l

A

B

C,=AnB,(C,=AnC, C;=BnC(C, C,=AnBNC

C

U

Cut-sets Mdudaszantu (mutually exclusive) sz Judail
C,=AnBnC
C,=AnBnC
C.=AnBnC
C,=AnBnC

MIIeTziaN@eules aulduiuey uagaudifty (Dependency, Uncertainty, and Importance Analysis) dilnaulsnauiedusl @




msUszdiuanulasasouuuldnnuinazludesiu (Introduction to Probabilistic Safety Assessment) 5

AIDYNNITILATIEY Dependent Failure

et
Pr(system failure) = Pr(C, + C, + C; + C,)
= Pr(C,) + Pr(C,) + Pr(C,) + Pr(C,)

=AnBAC=[AnB ~C|u[Xy]
:Amﬁmcz:AImEmCI]u[X

AmBﬁC=:KﬁB1“C1]U[XKBC]
=AmBmC=:AlﬁB1“CI]U[XABC]

[e—

[SS]

ABC ]

L8]

Q O O O
I

SN
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AIDYNNITILATIEY Dependent Failure

Q1 Q1 Q2

—— —— — o
Pr(A;) Pr(B;) + Pr(X,p)

Pr(F) = Pr(C) + [Pr(A;)-Pr(C;) + Pr(X,c ) | Pr(B) +

[Pr(By) - Pr(Cy) + Pr(Xp) | Pr(R) + P;(/LI)'PQ(,B—I)'PQ(,C—IF Pr(Xpc )

Q1 Q1 Q1 Q3

=3(Qf + Q- Q) +(QF + )

=3(Qf - Q¥ Q - Q) * (QF + Q)

= 3Q7 - 2Q0 +3Q; - 3QQ; + Qs
Tneduiivgruihdulseneuraudunilonsu (dentical) wa Q, fie

independent failure Q, A® dependent failure muasd Q, Ao
dependent failure d@usUANNF
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AIDYNNITILATIEY Dependent Failure

Q, =Pr(A) =Pr(B) =Pr(C)
Pr(C)=1-Pr(C,)=1-0,

Q, = Pr(X,p) = Pr(Xpc) = Pr(X,,¢)
Q; = Pr(X\pc)

Pr(F) = 3Q(1 - Q) +3Q,(1 - Q,) + Q} + Q,

a1l Q; < 0.01 9zUszanaulan (1 —Qy) = 1uaz Q; = 0

Pr(F) ~ 3Q; + 3Q, + Q,
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Beta Factor Model

mmmuwmmuﬂﬁmau m szu LLaY mmuwwﬂummmmmm
LﬂEJ’JGUE]\‘lﬂUﬁ’JwJ’iuﬂE]U k Guu Ao Q Wwe1<k<m

(1-B)Q, fork =1
Q, = 0 for k =2tom - 1

BQ, for k = m

m A9 P1UIUEIUUTENDUNL dependent failure

drinnulsinaniiodun Qe
U ATOMS
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Beta Factor Model

B-factor model,

S N, +1n;=n,,
he T A+ A=A,
puel
S T Ne _ A
b= n n, n +n. A.+A\
—Cc 4 1 I C e I
T T n, }:/t

¢ = ANULEYYIINUAAEINY (common cause)
n_ = Snudulszneufideain common cause

n = S1uudmuszneuiidslaedass (independent)
A = BNTIANULFYMIEINN common cause

A, = 9ATIAMULEYMEAN independent failure

A, = Snseandemeiaae
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A19879 Beta Factor Model

Example: n.=1, n,=9, n,=10,and Q,=0.01
N =1000

Ao 10% vosrnuldevneiduluu dependent Aatiu

Q,=(1-0.1)Q,=0.9Q,=0.9(0.01)=0.009

Q,=0
Q;=0.1Q,=0.1x0.01=0.001

Q=Q,+Qy

Q,=0.009, Q,=0, Q;=0.001.
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A19879 Beta Factor Model

Pt NNADENN 2-out-of-3 system

Pr(F) = 3(0.009)*(1 - 0.009) + 3(0)(1 - 0.009) + (0.009)° + 0.001

= 3(0.009)*(0.991) + 0.001
= 24FE-4 + 1E-3
= 1.24E-3

agiiulanlunsaill dependent failure {Na11NAI1 independent failures
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Multi-Greek Letter (MGL) Model

Q, = ] j (1- Qkﬂ)(f[lqij Q k=1,2,3 ... m

(m—l
k — 1

m — | k-1
= C ) .
k — 1 m - 1 Q, = _(1 _ Q)(ggi)Qt = 1(1 — [3)Qt = (1 - B)Qt

- ;
G =P 2 2)

C3:.Y
Q3 =
o

=0
e Pr(F) = 3Q} +3Q, + Q,

d1115U 2-out-of 3 system

I
I~~~
[u—
|
s<
N——
o)
.,
I
N | —
I~~~
[
|
s.<
N—
o
e,
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A19879 Multi-Greek Letter (MGL) Model

Example:
B=0.1, y=0.05,and Q,=0.01

Q, = 0.009
Q, = 0.000225
Q, = 0.00005

Pr(F) = 3Q% + 30Q, + Q3
Pr(F) = 3(0.0009)% + 3(0.000225) + 0.00005
Pr(F) =9.68x 10~*
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N53ATIEHANLLLLYDY (Uncertainty)

Uncertainty e Auluutiueuvasa1nnuinazildu Pr(A) Apadin153asien
11 1ALt duTee A daulinuuuey waanuluLuUeUYDIST UV
anvinlug 1

Pr(A) 1 =1.0
d1915U normal distribution c,=0.1
i ot S a
V = coefficient of variation V = — 40
* X 3.0r
2.0F
S — standard deviation | 8._/L
X — mean 0.5 1.0
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Usetanweas Uncertainty

Uncertainty wusoantdu 3 Usziam

1.
2.

AL
AL

AL

UL UUBUYDIAILUT (Parameter Uncertainty)

sinuupuvesluaa (Model Uncertainty)

siuiuauvesnNaNysal (Completeness Uncertainty)
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LRUBY Uncertainty

#1913V exponential distribution

Pr(F)=1-R(t)=1 - ™

¥ P 1 1 1 e v .
01 parameter A fianuliuiusu wansin unaflddl uncertainty

Al

A2 f(t)y=1e"
A3

v
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ANURDNLYIUDY Uncertainty

ol x Answanuatlu fix) wag v = y(x)

f(x) wa oly) Weulsatulng

dx

v

. fdr=g(Ndy = f(x)=g(y)%
g (y)|---

-
»

y
n1N115UANUAIVDS x LUULUU lognormal N15HanLasYes y=In(x) 9

JULUU normal

g(y)=— e(}?ﬂ)z Fx) = — 1 e_(@f
yo-\/ﬂ xa«/ﬁ
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F19819U99 Uncertainty

AUUNIE LY UYDITIUIUNRE AT UUNSZANTATNTO LU 9 2 AU Duwinlug

LERN [FEN AT

. .. . . —(;Ar)
Poisson Distribution with rate of occurrence A (droplets/second) f(m)=( iAt)”
Poisson Distribution
At=2 sec
0.1 4
0.08 f (}‘,)
= 0.06 :
¥ 0.04 |
0.02 :
0 /l\ >
n (number of droplets) }“:10 ;\.
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F19819U99 Uncertainty
. N\ AN AN
Example:

X, = 1E-2 x, = 1IE-2 X, = 1E-2
s = 1E-3 s, = 1E-3 s, = 1E-3 coefficient of variation = 0.1

F=A+B+C Pr(F)= Pr(A) + Pr(B) + Pr(C)

Y = x, +X, + X, < rare-event approximation
Y =% +%&, + X%,
= 1E-2 + 1E-2 + 1E-2

= 3E-2
For non-rare event

Pr(F)= Pr(A) + Pr(B) + Pr(C) — Pr(A-B) — Pr(A-C) — Pr(B-C) + Pr(A-B-C)

Pr(F)= Y =X, +X, VX3 —X'X, — X;X; — X, X; T XX, "X,
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F19819U99 Uncertainty

A

Xi = Xj

3 oY |’
S% = izzll VaI'(Xi) K

= Var(xl)[l]2 + Var(xz)[l]2 + VaI'(X3)[1]2
= 3(1E-3)" = 3E-6

sy = /3 (IE-3) = L.7E-3

therefore, _3
v, = =2 =01
‘ IE-2
1.7E-3
V, = —= = 577E-2
3E-2
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Uncertainty U84 Joint Distribution

joint density of
¥ and y

conditional density of
¥, given x=xg

marginal density of y

W N

=X

marginal density of x
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N153LAT129ANNEARY (Importance)

TUN1500NLUUTZULLAE 2AIUNUTLNOUVDITEUVUNAIUNTAILE AN
A1UUsENaUdU WU anduusynavutuldyluaziinasomnui1stUuny
L@YVEVDITEUUNINNIY

U

5NN A R UANNENA YA

® Birnbaum

® Criticality

® Fussell-Vesely

® Risk Reduction Worth

® Risk Achievement Worth
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Birnbaum Measures of Importance

. < Y] o w v 0 ®
Birnbaum LtJun1sinanudrAgluaiuaugisa

(- RIRO)

OR;(t)

lag R[R(M)] Aa reliability v095% U uiesduLes reliability vosudas
gauysenau R(t)

a1 15(t) g9 wanadnandnsiudeunuasues reliability voddiudsenauiiiln
ey zdmaliniin1sidsuluasues reliability vpeszuumin

MIIeTziaN@eules aulduiuey uagaudifty (Dependency, Uncertainty, and Importance Analysis) dilnaulsnauiedusl @




AM3UTELEUAY Uasadsuuuldnnuiiazdudesdiu (Introduction to Probabilistic Safety Assessment ) 24

Birnbaum Measures of Importance

ondiuusznauldudasganiu (independent)

°(0)=R, [RO)|R,()=1]-R, [R()] R, ()= 0]

Tno?l RJR(t) | R(H) = 1] uay R[R(t) | R(H) = 0] #e
reliability wveeszuuLilanvuali reliability vasdiudsenouidu 1 uag 0

lunanduriu Bimbaum anansaleuluguvad unavailability

120k o) 0,0-11-Elot] o 0)-0)
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#8819 Birnnbaum Measures of Importance

Example:

1A Birnbaum importance wosd@uUsENau 9t = 720 Talig 1oy

I9ld exponential time to failure

A, = 1E-5 hr? 4

)\,2 — A,3 — A‘4 — 1E'4 hI"l
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#8819 Birnnbaum Measures of Importance

R,(t=720) = 0.993 , R,(t = 720) = Ry(t = 720) = R,(t = 720) = 0.9305

The reliability function of the system is
RR(®O]=Ry(1) - {1-[1 - Ry,(D][1 - R3(D][1 - Ry()]} = 0.9927

Therefore,

I,B(t) =R [R(t) | Ri(t) = 1] - RR(t) | Ry(t) = 0],

[P0 =1-[1-Ry®OI[1 - R3] [1 - Ry(D)],
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#8819 Birnnbaum Measures of Importance

[,B(t=720) ~ 0.9997,

L2 =Ry (O{[1- Ry(][1-R4(D]},

LB(t = 720) ~ 0.005.

LB(t=720) = 1,B(t = 720) ~ 0.005.

= 1

LU LI INUSENUN 1 TRTY Feiinasanisiiiy reliability o9
STUU LAUNAAIMTHALIEINUTENOUTN 2 3 Lag 4 11 AstudIulsenaud
1 iAud1Asy (importance) 11AN
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Criticality Importance

Birnbaum importance luladuilsntuaes reliability vesdiulsenoutiu oy
uIINsHRIuEIuUENauNd reliability geoguaa agvilaginnianiswaw
d1uUsENaUNY reliability #in

g RRED RO

TR R R

1

(%) 1P (e 2t

1
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Fussell-Vesely Importance

lunsalndiudsenau i Awase reliability vasszuy walufenu critical

a1501% Fussell-Vesely importance

o RR()
O TR

wazluguuuuved unrealibility

vy E[Q()]
-5 o)
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Risk Reduction Worth Importance

Risk Reduction Worth (RRW) tun1sinnsiuasuiiasaad unreliability Tu
N389 unavailability w83 druUsznautulu 0 A N19dUTYEININ
drulsznautiuliinnggde

S

F,[Q(t)| Q(t)=0] °

Wisuieududnaiu [RRW _ F. [Q(t)]

LWUIHULNYUAILLANFIN

IRRW F. [Q [Q O],
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Risk Achievement Worth Importance

Risk Achievement Worth (RRW) 1Jun1sinainudnainsanutnunu Risk
Reduction Worth lagian1siudguluaswes unreliability Tunsain
unavailability ¥09 dautsznautindu 1 Ao nisdulivgiuindiulszneuiude

Wsgumgulugndiy (Raw F [Q(t)l Qi(t) _ 1]

LWIHULNYUAILLANFIN

MY = F [Q(1)|Q;(t)=1] - F, [Q(t)}
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AIDYNNITILATIEN Importance Measures

Example: 3105z uulninnugue19a1e 39 Birbaum, Criticality, Fussell-

Vesely, RRW, RAW importance measures U84 valve (V) pump 1 (P-1) ag
pump 2 (P-2) Y9tk reliability thag unrealiability

Pump 1

4@7 Valve
q,, = 0.03 AN— Sink
Source

q, = 0.01

Pump 2

-

(p2 = 0.03
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AIDYNNITILATIEN Importance Measures

Component reliability:
Rp.;=Rp., =097, R, =0.99.
System reliability function:
RIRM=R, - [Rp_; ¥ Rp 5 -Rp_; xRp_, | =0.989.
Using the rare event approximation:

FS[Q(t)] = QP-I X QP-2+ QV: 0.011.
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AIDYNNITILATIEN Importance Measures

1) Birnbaum's Importance:

=R

p—l + Rp_2 - Rp—l X Rp_2 ~ 1,

I, =R,-R, xR, _,~0.03,

B
L, =R, -R xR, ~0.03.

Using the unreliability function:

MIIeTziaN@eules aulduiuey uagaudifty (Dependency, Uncertainty, and Importance Analysis) dinnuusinauivedui



msUszdiuanulasasouuuldnnuinazludesiu (Introduction to Probabilistic Safety Assessment) 35

AIDYNNITILATIEN Importance Measures

2) Criticality Importance:

R 1 099
0.089

0.97
ISR =1S% =0.03x

~0.029.
P P~ 0.989
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AIDYNNITILATIEN Importance Measures

3) Fussell-Vesely Importance:

R [R(t)]=R,x[R,,—R xR ,|~0029,
R,,[R()]=R,x|R, ,~R xR ,]|~0.029,
0989
" 0.989
ooy 20929 6 029
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AIDYNNITILATIEN Importance Measures

aduilenduluguiuu unreliability

F,
F_[Q(t)]=Q,,xQ, , ~0.0009
F,,[Q(t)]=Q,,xQ, , ~0.0009

I = 001 =09
0.011

v _pve _ 0.0009
p-1 = “p-2
0.011

~ 0.08
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AIDYNNITILATIEN Importance Measures

For RRW,
F[Q|Q,=0]=Qp; x Qp,=10.03 x 0.03 =0.0009,

Faugndusuudadiu
ey _ 0011 o
0.0009

5’]L‘CL$J‘LJLL‘UUWJ’13JLLG]W]"]\‘1
I’ =0.011-0.0009=0.01.

ey _ 0.011

YT L =15 =0.011-0.01=0.001.
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AIDYNNITILATIEN Importance Measures

For RAW

l
I a U Y v | IRAW — 90 91
WULREINUY DILUULUUENEIU v 0 011

AJULUUAIULANFS Y =1-0.011~1
dusudufiguiu
1x0.03+0.01
[RAV = [RAV 2% =3.64

=2 0.011

AV = 1R4V = (1x0.03+0.01)-0.011=0.029.
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A3UN15ILAT189 Importance Measures

Failure Space Success Space
Importance
Measures Mathematical Interpretation Mathematical Interpretation
Definition P Definition P
The rate of system failure The rate of system success
. changes with respect to the changes with respect to the
Birnbaum I;=F_,—-F, failure of component i I;=S_-S. success of component i
The relative improvements in The Relative improvement in
system failure, realizable by SH system , realizable by improving
Risk Reduction I _ F improving component i Ieew = component i
Worth RRW S
F.
Factor by which probability of Factor by which probability of
Fi:o system failure would increase S system Success would decrease
Risk Achievement IRAW = F with no credit for component i IRAW S— with no credit for component i
Worth i=0
Fraction of system unavailability Fraction of system success,
[ = F- Fizl (or Risk) involving failure of [ = S— Si:O involving success of component 1.
Fussell-Vesely FV F component i. v S
L Importance measure for component I
i=1: The condition that component i, operates successfully
i=0: The condition that component 1, has failed
S: Total Success of the System
F: Total Failure of the System

o o
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