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A fault tree illustrates the ways through which a system fails. It states different ways in which combination
of faulty components result in an undesired event in the system. Being used in phases such as designing and
exploiting industrial systems, and the designers able to evaluate the dependability attributes such as
reliability, MTTF and sensitivity. In addition, in the mentioned ability, the fault tree is a systematic method
for finding systems bottlenecks and weakness point. In spite of its extensive use in evaluating the reliability
of systems, fault tree is rarely used in calculating sensitivity. In the last decade, few researches has been
conducted in this field, however these methods are not applicable to large scale systems and are not
systematic. This paper provides a systematic method for evaluating system sensitivity through fault tree.
Then, it introduces sensitivity of NMR architecture as one of the common structures of fault tolerance which
is used for enhancing systems’ reliability, safety and availability in industry. This article presents a
comprehensive and parameterized formula for NMR structure's sensitivity. The presented method can be a
great help for designing and exploiting reliable systems engineers in systematic and instant calculation of
sensitivity by means of fault tree.

Index Terms: Sensitivity, fault tree, redundancy, NMR architecture, fault tolerance.
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Fig. (1): A simple block diagram of TMR architecture
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Fig. (2): Fault Tree of a mentioned example

WA Ol = i o)lod = ooy Jlo = 30 Conio )3 Sialign sled,

5)90 (SBP) (s li> asly J/iS wimws 55 |, DDMR _Sig33l
o0 S 4 (65950 ()] SlBS359 Dk 4 i (5 lone

Cowluns o )0 4LbdS )5 5950 —V-Y

Sl 23 ez B35 e 025y IV F] g2 00 VMY Lo o
Jlo 0,5 colaiwl flivjlay SO sloa s aass diws o
g cuile glad o o CB 0 SaS 4 ol U)o
SeaS @ Sl Loy il o] VAAY Jlo o i @l [Vl
oy VP10 25 S (slapins sl B55 ko 00295
&y 3 B9k Joo SeS @ s 61,35 Corbas L)1 61
3 ol gyp 4 DAL g el onus s @il [V
@ g ahy e wr Glapies 5 Gl G Sl
Comlez ove @S 5l GxSo 5 e @l Sy SWS
o Camlar N1 g jo el 00,5 b5l 1, 555 e (slapan
el 00505 Dbl (Selins e e 0 S5 4 |, CAS s
S5 & NMR (g)laxe b glapians 2bj) @ (Y] a2y
b oadsl el Yoo b Jlo o ool 4zl Jlaas] 6,0 cloaSs
50 Jelos LS )3 Coles o)l jslse 4 BDD 6l St
oleb! cablB Sbj) a4 [YY] e e VY] as solizul e
BDD (cloel 5o Lausgi GPMS (sl ;5 Copuslim 5 25
Jlo yo el ool a8 )8 I 0 Cgue bl iligy g alo
Sl b3yl pshiie 4 g, W) 4 VY] gz Yooy
Silwosles Gl (place @ 5 a3l (Salus coe slacs o
S, 052y > g0 4o ol Alie cpl jo .csl 00,5 &l Ll
&y el oald D)l ogee )13, 5o Plitul pae 5 ogee s
obaie 4 s, l38le 5 ats o (VY] g po lis 3 5l oolial L [ V¥
Lol 03ga ] Bt Colus 5 licebl clLlB oLl
(Y] Loy ol 56T joline oy plicél Jlasl g, 5l oolizal
Julos g a3 @ [YAYO] aolpe ol onds plosl Yoo p Jlo o
S5l Joe a4 55, Glaptn Comlas g liebl CoLB
Shlae @l g relasl (B3 295 Olided 5wl
4 Légw olRuily jo adod Vool Jlo alos,S bl 1) zdew
g Slabd (6m 9 (Fogwp DIt Bl b Conlis o)1 pslaie
Sl 085 D90 liebl Sl b)) Sl slagty, S
b oo g cwyp 4 Yoo Jlo o [¥e] ooy ¥4l
O algy g aslhy alfais 5 ool Al (e slocs o
Sl b5l g Aoz o c3 50 (L bLI,I sl jslate
oS b s 4 2z Sl 5o ] ) ol 03505 4],
Jbo glea po ol @S 13wy p g Com 990 B5S)Le Jo
& S 1) (8 fgrlS SoASd (23 g Lol [TV] a2 5
el 00,5 5 b3l B le Joo SeS a4y (gl slaasly

®)



VE-Y o dozle vz (o3l (5 lars jo s iy fasd lagivew cowlus Jdod 6l n Sslatngn o34, &)

P.
_ i
Kj—FI I(I—R) D)
i#]
Jisl P g Koo lasdg,g Piolai 9550 63959 Pj o] j0 a5

(F) aal, 5l oYz 5,95 ol 5 Py .ol OR 05 29,5
LYl 50 85 o alone

n
Por ZI_H(I_Pi)
i=1 )
AND cF conlir copo— o
e OlFe 53959 4w AND coS G sl alia 55k &

A5 Ll o 1) (F) S L5 cpl (gl g dloe | Canlis

® ® ©

[¥r] 5555 4 AND a5 S 1(F) JS
Fig. (4): An AND gate with three input [33]

Jie sl ol anlne BB (53955 2 ln Comlas cuyd
Error! Reference alal, o500 @ 1, ol lg o 5 (A (09,9
L] 5405 aslxs sOUrce not found.
— al)D PA
9P, P,
a(PAPBPC)P_A
P, P,
R
PAPBPC

A

=P,P.
)
Cod AND 203 ol o0 a5 b, olgi o0 398 alal,

L¥5] 555 oo aubone (7) alal, 5 @Vleis! (5925 bl y AND

*)

3B OR 5 AND laceS comslur oo —

&l 2,00 3925 (abid pac o)lgen aly slashug; go8g 53 (Jos 5o
OR 5 AND laces ol oY dacesld poe ol (3,8 Llx
ol @l |y Gl gy sl Sl isd 48 )F L s o3l
255 il 53 GlaceS

e Cugas 2Ly 5l Ojee a aly Glaslyg, (S50 0 5]
Jlst olSST cigd a8 5,k 50 ((8) JSb) (sladszed 1, ((0) JSi)

*

O e S50 (59 3 s Copmlins dulino oty ;51 -F
e 695 5l WLl b aS Solotn (o85Ol & 25
sl 0518 30 o Sl oy (pgad o] o Slaas Jlesl g [s] 5O oads
o3ly e 3,0 diged 90 (59, 1y (o] e 5 0310 eg |y b,
S 0

25T e ez 0 ol cae S350 () il e Sl
g oo dulore

(T 9 88 S n JeSii — Jol o8

slaals Wgdoo 525 (V) (295 5 X) (53959 5135 99 I
a4 YU 5l a5 siee (BE) e 0 a4l slaolag, X (53959 Hlop
(o lon el Wedoe Cipe Sl @ o 5l b
Coly @ oz 5lg omb 4 YL S ss sbelS Gla g >
Alodds i ye

ol gy asls — pgd o5

oy Pl (opd S0 50 S9zge CuS g5 o sl o8 (50
E5 90 Jold Sobiwl o c5 0 05d o0 dnle 'K il
6 1, K el g b dsslns 0556 13) 2l OR 3 AND 5
RO Tt S E9 90 )]

OR oS s oo — il

A (M) IS8 oo ], C s B A 6395 4w LOR eSSy

® ® ©

[¥¥] 53955 4w OR o S, (V) S5
Fig. (3): An OR gate with three input [33]

Seogle ) oS ol combas oo lgee()) akl, S5 4

Sg05 dploa(Y) alayly & oo 4 B 69955 Jlie (sl ) olgzds (55959

Lol
_B B
® P, P,
:a(l_(l_PA)(l_PB)(l_PC))E ()
oP, P,
_B,(1-B)(1-R,)
PD

abaly Sypo 4 535,51 g5 51 OR oS (sl plgion 1) g8 el
Ivel ols s ()



Kj:
[aj:bj.¢;.d;] Ov)
P
X H(l—ai),H(l—bi),H(l—ci),H(l—di)
i#j i#j i#j i#j

ale ez boaw b gylop Ky Luly, cnl jo a8 el S5 4 p5Y
Slciond 1045 Cowlus Jlade a5 Coul goe lay (pl g 05 Qs>
dnloee Yo pl sl ashye o gl 4 0,5 oo )18 dilxe 8550 (g0
o b6 lop 63,5 2 & S (295 B Somli Soles 0 500l
07 @lacty) il esliiul b g el walys cess 4 (295 ez b
ly Sl Glgise sile 00,88 5 J& 35 50 anslos AT iy
Wlowys )5 Bl aly slaslayg, caalad pas ] )3 o4 Sgai anlxe

Cogae w1l sl a5 slal olwg, bl ces o0 sl
0551 Cess 1 (slalies Ll (lsiige b el glie

Mgl S35 el JoS25 — paw o8

Y oy slals b bl e e Mopules )35 G5l
5 Y slajloy polie (ols J18 oo s ooty 5l 0T slaggi 5 00
ourbe ol gty polie s jekaie 4 g o asle X
355 o0 ol 5 Ol

D P8 Sy (s b EuS o (Bl slaal,s -l

Oml S (LB oS Sl eaS e 699 o bl slaals -
bl olayg) 5l &S po (53959 5 sla8 (Vb jo (e cadle L ()]
Sgd s 0ol 18 e Cuadle

25 e bl pas &)50 55 555 slaal,s plee goas ke ¢
Pebes (B8 Cambaz oo lea LK ke b3l 5925 )50

&ly o el aios WBB g A Luple 90 4 e le cpl - o
b loco ol [BLS o5 ol (e ol mle SO A G le
5 LS gl Ll a5 ol (cm 5l B g oogei ol |) K00S0
leior et 1) 4l slaslag,

Sl e dnlne — 5oz o8

Sl le (OF) alal) S5 4 Coli b)) jslane &
Py e Sl blite Gwple cnl 5l Sl e il aale LB
e e g dele b g oL BLe e ple il 5l gt
3hak sleslays, 51 S e 4 Zuws (TE) TOP slyys; cole>
2338 o0 s o ple ol Jol Sl 59,

S = diag (Y)A™'B (diag(x))™' ov)
aiged JUo 93 sl 95 s3lwedly -0

aS s e plis 1y eoles  Sslinl cas o0 S (V) S 2) JLo
Tl ey] ol drwle sl cnl a0l slag, £ 5 ouS O lyls

50 Al gleolayg, wigd oo iy c 0 ol Gl Y g X oy g

WWAY Lo = it o)lods = poxty Jlo = G Conio 50 wialign sleedy,

&b GlpM) 5 (V) Lilyy &ys0 4 1,0R 5 AND sloceS >g,5

SlaBizes Cugde gl sy () o) Ly, 5 e cosae
[¥] Sg05 dumwloee

Uilx)

2 )i >
a b=m c i
S3B s 30 5l sl sl e Cugae B O) S8
Fig. (5): Fuzzy triangular membership function as a basic event
in Fault Tree

Hi(x)

2 Jii >
a b c d
S3B e 230 0 il Sy, ln alijed Cuglae b P) SO
Fig. (6): Fuzzy Trapezoidal membership function as a basic
event in Fault Tree

P()R:1_|:H(l—a),n(l_b),n(1_c):| (V)
i=1 i=1 i=1
fro | TTTT T N

i=l i=l i=l

P, - 1{H(1—a),1;1(1—b),...

= i ®

H(l—c),H(l—d)}

i=1 i=1
o TTTTe I T | 0
p e

@A polie 5l G 5o slp (ol polie 392 Ll yo o5 ol ]
48 iS5 g oe Sgdse 43S Hla o alll> jgo ad gC b
ot aile 636 e 50 15 AND Cof (sl i
abaf, 5l 3 ol ;0 OR S conlis cuyi 5 S plp S8
Sugae 1l glp OF) ably 5l 5 (e Cogae @b @l O)

20,5 o duwlre (gladized

Kj:
[25:05:¢; ]
P
I [TO-a).JTC-vD.JT G-
i%j i#j i#]

av

0]



VEY o il i (Sl s lane

Sheo Y o X slajlsy joges Blod s B A s pile g0 cyililo b
sokaie 4 »JLSA Cawd 4 (V) abaly 5l Caslas o 5le (6 ,kad
Jooz @lhs 4l slaslyy, Jluisl a5 0S5 )3 altus g0 S0
IRVA S-S N QD)

Table (1): Probabilistic values of basic events

al slaslag, GYlix! polis (V) Jgax

P, =0.01 P, =0.02 P,, =0.05

P, =0.06 P,,, =0.04 P,,, = 0.03

OR .5 5l (F) alaly, s AND o5 gl ((F) abal, 5l oolaznl b
20,5 o dunloes (V) Jgao &0 4 oS 51 S o Jloas]

HP M
=1 H(1 P) )

beos SYlas! polie (V) Jouo
Table (2): Probabilistic values of intermediate events

P,, = 0.0688 P, = 0.003
P, = 0.01297 P, = 0.001376
P, =1.17846x107

3959 e 350 50 OR oS (ol (F) akaly (55,55 4 b

PR EE R R P - P P SNOURRLIVN WCy N 5 iy~ SV W | DX 0o =T3) &1

al slaolag, ol o a5 wes o LS5 1, X oy K0S, LS

03,5l X oy yo canly @ 5l g b 4 YL 5l ES 0 10 09290

Sloalds

[PIZ’PZI’PIII’PIIZ’PZZI’P ]
Pl el cue e 0 el 5SS e e S Y oy

%)

a oy ol 00,8 o0 e ey g 5l s Gl @ YL IY oy
e g0 adsl (V0) dlayl) & g0

Y Z[PTE;R;PZ;PH;PZZ] \0)

[6] (Sl e c3 3 K 5l (sligas (V) S5
Fig. (7): An example of static Fault Tree [5]

Dedige dlbsi pgd 5 gl slapls SS 5 e 230 (59,

-
PII (1_PI2) PTL Pl P’_’ Pl] P””
0= —P =0.22899 oY) Pol1 -1 -1 0 0
( ! ) b0 1 0 k; O
PIZ 1- Pn P, 0 0 1 0 -1
K,=——+=0.768697 oA o o o 1 o Q19)
‘ P, 0 0 0 o0 1
P’u (1 P ) N A
K, =——==0.564 ) ;
> P X
) PIZ PZI Plll Pll’_’ P’_”_’l PZ’_’Z
P, (1 -P, ) 0 0 0 0 0 0
- 2 2 =0. \E
22 0.413 ) k> 0 0 0 0 0
o B ) o 1 0o 0 0 0
Oy90 L S0y OR (_gL&bs.,uS 6‘)’ K ﬁOLﬁn uu.‘u )‘ o= 0 0 1 1 0 0
S50 9, ol (V) akyly Bllhe Cowlas j35 o 5lo (b)) 0 0 0 0 kpy ko
B
eusls M‘y 9 00l ALDgl s
PTE P] P2 P] 1 P22 Pl2 P21 P] 11 Pl 12 P22] P222
Pl 1 -1 -1 0 0 0 0 0 0 0 0
P, 0 1 0 -0.299 0 0.769 0 0 0 0 RE
P, 0 0 1 0 -1 0 1 0 0 0 0
P,| O 0 0 1 0 0 0 1 1 0 0
P,, 0 0 0 0 1 0 0 0 0 0.564 0419
A B

30wl slaslag, slaw w0 ol slogygiw olaxi g 039 cue 540

olasgy Camlus 4 basse Jol Hlaw G ble opl jo Al g oS0

a4 (YY) dal) & a0 4 Camlus o le (V) alal) 51 oolainl b
slacaS slaw 4 Cowlas wle slalaw olaxs .l oo oo

M



o YTV 5 YYY (V) olasg) dw 4 Cand &S () Canlus oS

3,00 yao e lade olayg, ;K00 4 Cad g 00y

WA Ol = i o)lod = ooy Jlo = 30 Conio )3 Sialign sled,

oile 5 il wb glaslyg, 5l S e 4 cuws TOP
o ko TS Gl g0 Jlaw Al 1l 50 00l dulre Sl

3 g0 0adline g Canl 0l Lo S0 Gl leolyg, 4 Cos S

P, P, P, P, P, P,

P [1372x103  8.923x10*  8.173x10°  6.811x10° 2.516x10% 2.49x10™ |

p | 0997 0 5.940x10%  4.950x107 0 0 R
S=P, 0 6.880%1072 0 0 1.940x102  1.940x1072

P 0 0 5.999x107 0.500 0 0

Pz | 0 0 0 0 0.970 0.960 |
YT=[PTE;P;P;P3:| (Yf) a2 oo Ginled ) TMR s S e <0 (A) S5V Lo

S5 AND sleceS slp K polae a5 col (83 a4 o3 1000 )5 oo

Dgd oo a8 S a0

5 el 0als (5,8 3l iSTas Es 5 am,.fw PG ol
A8l o 5 5] et Jg3le 59 51 L 08 Cgere b dms

TE

(G

- Pm (I_Pcz)(l_Pm) (Ya)
“ PTE
P_(1-P_)(1-P
KGZ __@ ( Gl )( 03) (Y%)
PTE
Km _ Pc,z (I_Pliz)(l_Pm) YY)

@) Conlas 35 il Dlgon i (nl cue S350 )
Ol Bl awlys s ple ol jo 0,5l Cass 4 (YA) alaly & 90
Sblis slaaslys polie .cwl sl ools |13 G hog> g oS j»
9 oS el Sy ka8 (YL o g e cdle b belS ol
AR oo Cdle bl slaslayg) 5 S ol bl ol
By A il g0 aoasl cans @ Calus ,38 o jile ailons
23,8 50 dulire ol o lo (V) alasl) (g9, 3l 5 00l 4SS

PTE Pl P2 P% Pa Pb Pc
Pre 1 -Kgi Kgo Kg3 |0 0 0
P, 0 1 0 0 1 1 0
P, 0 0 1 0 1 0 1
P, 0 0 0 1 0O 1 1
A B
PTMR (KGI + Kcz )
Pﬂ
ST — PTMR (KGI +KG3) (Y9)
Pb
PTMR (Kcz + KGs)
PC

TMR (6 laxe e 20 () S5
Fig. (8): Fault Tree of TMR architecture

X" =[P;R;R] (")

YA)

u_é].x.e s TMR W 6‘;} 0Ll 4....»[290 W.AAJLAM} )‘.)).3 J5| ).!4.»
@ ol Bb olasg, 51 S5 e 4 TOP slag, canlus ol
Al oe oo 4 (V) alaly & jg0



VE-Y o dozle vz (o3l (5 lars jo s iy fasd lagivew cowlus Jdod 6l n Sslatngn o34, &)

3 ladgsle olaxs & aies Panp «(Y0) alal, jo 10 .l (69,9

N+1

2
Pivp = I I P,

i=1

(el Sl SaS 4 Glgies st 4 45 Ceul 53 4y p3Y

5,5 Ll e &l sl Jgn 3 oy

¥Y)

goue bi &1yl g ulgy (b 5HI-Y

Shsyl eoae Syge a4 dlie [0 ool Cussy g, idu cpl o
&%) A €5 &8 9 D (Figl Gliee Slieis S0 5 e
S5 Comslus D500 (o) p Sl (53, (> YLz
bl Ol L) ol Jleio ] Ol s 4 Connd Wlgh oo a5 ol
by 5l Sl ol g all e pley s ladgile (Ll
ot it sl a8 bl 5 e S o baile VLo
Slapiacw » (ole mig 5l gl ol 25 )l Eles.
Slapis 30 5 Jlly i 5l adbyly ol 25 6l8le
Coxd osel g8 5 b 2S5 Yl gs 5l )ltless
9 Wgdse bl Gawly 9 Jly (ol @iy aw 1V aLS
gl oo dunlile g (gus) Ot 358 YLl 2505 £ d
Soge @ Ol 5 Jlaly (led @598 @l el pliabl <o L

R(t)=e™ TA)

P
R(t)= e_( nyj ™

(Xt)X e™
!

n
R(t)=) ~——— (F)
x=0 X

Olasebl Cabill Gl & Comd Comilus (owyp V-V
LJysle

aal, 48) Glisobl colll & cos TOP conlas i opl jo
Jialy coled @598 5l (B i ()10 12l 5 F 5 b prdiiane
P A R o

Ol collB 2ol58l @ cod Conls Sl Q) S
sl -V G2 g5 5wl &P @ig el By piens
5o b Jgile laebl colblB 4z 0 a5 048 0 odmlive a2 co yLiS
e CiF plgioe KB Gl 0 rizen 09d o0 feS o gl
bl @ o conlis Sl by (maliEl b gsle sl a5

s &350 Joo 695 I NMR e Sl dplino -F
Glore Comli aubre lp aay glalal, &l 4 ise ()
25l o NMR

() abal) wish (23 pln NS b al gleolas, Jla=l S
4 9MR 3 TMR SMR TMR (sbapies (sl Sl Luls,
Bl oo Cewd 4 (Y B (VV)) Llg, &g 0 poliin o,k

P,=P, =P,,P,=P,=P; =P x-)
2
S _ 2PTMRPAND(1'PAND) xY)
TMR‘evem - P
a
9
S _ 6P5MRPAND (I'PAND) *Y)
SMR‘event - P
a
34
S _ 20P7MR PAND (1 B PAND ) rY)
7MR‘event - P
a
125
S _ 70P9MRPAND (1 - PAND ) e
OMR |event — P
a

Sl Gl a5 alr (Jsed Glgice 358 Laly, eamlin L
g @] (1) alaly &30 4 NMR (g Lo 10 capolas

SNMR\cvcm =
N
—
N-1 PNMRPAND (1 - PAND ) 2 o
2
Pa

oz 5l Gl gzlye 0 oS (VF) abal, 5 Pumr g% b, 5o

Al e s @l saal [Y0]

N

Puw = ZO:(JPN“(I-P)' (%)
ol Sl a5 05 il ol il g, 5l olgise 1) alady o
i cpl 5o Jbodsl lp (FO) alal, .ol ool [Y8] aoye o
Jlo jo el sas @l NMR 6 loxs comles b, cq
TMR gt Comilbos b3 6lp 1, slabal, [¥Y] g 50 YAAY
(YO) all, xw oo (glp g 00,5 &l 5,5, b oads ol
solie sl5l 4 g 08 Sl Yl Noalal, o o a5 el IS
V] gy 55 oais ools abal; baJgile o3 Jlai! o LSy
Jol> s ool (048 bl jaw QT gy, olaws a5 LK)
(Y0) abayly gy oaims lid a5 0l walgs (LS 953k alal, g0
oS TMR (6 loss cus o350 0 Cewl allie ol o ons )|
3,15 (69959 duw oS (pl SMR (g )lose (gl .l (509,9 90 AND
N+1/2 &l )ls AND =8 ;0 NMR s glp o 5 uo 4 9

)



Obaebl ClllB ol @ cas Cawlus Sluss (VY) JSS
&5 b oseln o @) SVlaal 18, (T 5 o5 (et
J.:J: Ji«; 99 Qsle .J‘bb‘sé uL.vJ l) s.))‘é (f )_,|)_, X 9 ) L_,>.>‘);>
adl &S Sl pl b ocwl Golo s JSG cpl Glp s
JSTL TRV B Sv U ST CUUN =1 RGN U 1 B S ST e
ol b s pl 5o el ;io IMR (6 less Sl o
el it 8 Sovie 90 4 s Connles il bl c o LB
09l @238 b Comlan &5 aa0 0 i (pmie 4w ol (o0
Skl @ cod 5 Ol Jly @ie by el Sl
Sspein (Sl 4 gl 05 Suo P Caxly 4 pioren o)ls Ll
s S 3z lipabl Clls a5 el ils s 1y o
bse Gl Gl o3 ol w0l ol

Sensitivity Analysis of N-Modular Redundant Systems
with Poisson Distribution A =001andn=4

0
0 Eeessrsesesss e e s sls e e e e """'ﬂ
10” M -
. ﬁ
z
‘% 10-|50 ]
@
(=
)
107 fro,,, R
-250 Q
10 e Sy b 4
= Ssur
10°% Sour : 1
10-00!6 O-DMJ 1000! 100007 100004 100w|

Reliability
&b Ll L) b Jgile el cobls 45 cons NMR (6 lors ol iomin (1) S5

(Ol 2398
Fig. (11): Sensitivity analysis of NMR architecture vs. modules'
reliability (Poisson distribution function)

Olo) 335 & o Sl oy 2 Y-V

» QT 556 g ley Lli8l 4 ces TOP cilus isu ol jo
5 Jly coles @jsr 5l ol oVleixl (L3, 285 qaiwom iz
50 Uity ol G goin 0gd e 00ld lis WS o o (aulsy
v (V) S ailoads a3 (Sloj axlg (Yoo b v) gloj o3l
&5 3l bdgile o> a5 (89 NMR (g lare Comslo Dl pts
A oo plid le HA8 A Cond |y S o c ) Fu L oles
ool oy 5950 & s Sl Sl 2015 5 6 ol s
Sl I o Jgilo olass iolj3l a5 048 oo cnnlive pizxen
olass iolsél as” ol QT Jdo a8l S o oS 1y 4953
o8l C)J UT [SSUSVRY) g9 00w YL ‘) W uLu.o.lo‘ k./.a.l)b LDJB)LA
bse ol ploy 23S 1 Conles

WWAY Lo = it o)lods = poxty Jlo = G Conio 50 wialign sleedy,

e s a3l %00 Sl s 855 n S sl plivols

Jed onl 5l 60sle 9 (Souzmn (i aie (Il sl 4 ggoge

Sensitivity Analysis of NMR Sys. with Exp. Distribution Func.

»=0.01
10° = iy
— ——
. ——
g | —— N\
----- \!
......
.
10’100 2 .
z
2 FS G *
g 10 150 \\N
'
@ S
%] ~ <
102 = s s k!
TMR ‘\
— S ~,
S5MR \\
250
107 wannn S N
7MR ~
e AN
Somr N\,
: LN
Reliability 10°

&b Ll L) b Jgile el cobls s NMR (6 laxs coilos oo () JSb

(s @398
Fig. (9): Sensitivity analysis of NMR architecture vs. modules'
reliability (exponential distribution function)

b st (25 508, 58 5 leased (gl ol aiS a5 jshailes
lets simia (1) IS e Jae Sy Vil i
il 5551 Vil 359 45 55 NMR g lama 5 ol
W2l VA 6l by ellog Ve Rl Bl el e pln LI el
o el wmsse ol el bl il 4 o 1
o a8 ool 3o 55 U5 (a9 ) JS i sl o
ol e gl GVl gy by GVl g
CollB polie a5 Kin a5 05 oo cdlive g el 0030 5 astine
OBl 4 s Sl 28l T Wil 5Shop Sy 4 Gl

ol iy il el

Sensitivity Analysis of N-Modular Redundant Systems
with Weibull Distribution g = 1.8,y =0 n = 100

................... - - &-‘L\
LT TP —— -
e ey,
10 ~— cN N
S~ - \
~ e, I
s Sso }/ I
N % /
= o % NP
2 ~ k
5 10»150 '~ .
g AN :
7] ~ "
b Y .
"
hJ
\
\
\
\
\
1
Reliability 10°

&b Ll L) b Jyste gliebl cubld 4 cans NMR (6 laxs il gizio :() ) S5
(S5l 5555 g Jlels e
Fig. (10): Sensitivity analysis of NMR architecture vs. modules'
reliability (Weibull distribution function with § > 1)

Ay



VF-v ‘P &‘;}?L&) e biig}é‘ 6)LM& ) Uas )JJJJA?U 61‘“[";““:“’ u.w:l.m} J...L?u 6‘)? &JM ‘:25) A§|)|

e il g el oS B e 38 & S e

Sensitivity Analysis of N-Modular Redundant Systems
with Poisson Distribution A =0.01andn=4

0
" _.-"_‘-.-1-._‘.-"-.-‘-‘--‘-AA.-‘--A.‘-‘-A-‘-(-‘
=
2
@
[
S
@
10 J
1070 H == Spye : ( ]
= Ssur
300
0 " Sour ]
I i i I H ; ;
20 40 60 80 100 120 140 160 180

Time (t)
28 &b Bl L) gloy s 4y Cad NMR (g jlass sl omie :((VF) JSS

(Ol
Fig. (14): Sensitivity analysis of NMR architecture vs. time
(Poisson distribution function)

& s Sl Rl b Jlls @ig 4 bape (o 90 Ol
§ o Sl Slysd s adsl Sl jo oled aj98 « el
aig & by smie kil plod B 5 cel 55 o] i
G TE o3 comlis loj i L g axsls el )l g,L8) owls
P Somlas SE5 lgien 5 WS (o0 T (555 Rl g3l
Lozt STa)ls (67208 Sl 5 Somb whaw ewls @i Jle
Sl Sype 4 ol @ e 0B 0 e ladsile (o
1y 0 o b o 39 dalsl oS olaJulos olgice S9d Ll

Dges a3l
3 Sy ol Jlai] Sl & Capd ol S i
o Ol el ool ools Ll (VO) S5 po pes )T O jg0
s Wil Jssle & o ¥ b ¥ cglite olaw b s ez sl
weld Jlisl Gl b oS agb e ssnlin caul onh 43S
Orzed b Gl agile @l A Cod s Conles
o3 Solas 2alS (59, 2 w938l o gile slasd fulEl 256
Olgies 938l slagile slass AL oS o) o0 Slai 4 5 09 o0
s 8IS 1 S S ol & S s IS 5 Sl
o plad s (Fhezy 9 0 ahzse Gl sl 4,8
S50 oo ol dllis oyl 5o o &) ey Luls, adly o

S oo pgal 4 1) Conlas Glie 5 5550

Bl b1, slo) 138 & s ol Sl aimeie (V1) S8
S b lal a5 wolas Gl b ses e plis J8 IS obes b
PRl S oS Cul S a Y clond (B ENVA Sl s S
Ol 535N (et 4 g 090 dles (oled @8 wiile o pln b
o ol 5o Jsl g sl &5 pladilos ol et Jlaid o
g Sl Golo ps (pove (nl Gl 0B dls meds (2l @)
oS Gl s S 4 g9y0 sl slople; ln s of oyl
wlod @355 4 Cons Dlyess ol Conl oals ools lis a5 jghailes

S5 6 yieS Kinl

Sensitivity Analysis of NMR Sys. with Exp. Distribution Fun

A=0.01
10 -y . .
A PEETTITT
| [P PP IR |
™ | PP | | | | | -
10 i e Bt e e e e P Ll
[ | | | | | o= |
RS I I I P gl I
FTJd P A Y R Y, A Lo
= R | | | el | | |
2 S | | (R | | | |
@ gl s v 1]
c 10 I | | 4 i | | | |
@ N | R | | | | |
n H
P | L | | |
L e e R el Hl el e B Bkl Y1
H | | I( | | | | S,
ol | [ | | | | SMR
10 r**l**‘?f,——‘}fftff:ffflffﬁff ----- S7MR
I o I I I I = Sovr
| ! I I I I I T T
0 20 40 60 80 100 120 140 160 180 200
Time
&35 @b Bl L) ey Sl 4 S NMR (g laxe sl immio {0 V) JS2
(2l

Fig. (12): Sensitivity analysis of NMR architecture vs. time
(exponential distribution function)

Sensitivity Analysis of N-Modular Redundant Systems
with Weibull Distribution g = 1.8,y =0 n = 100

10° ‘
W IO - — -
f--";_ ‘_,.-‘.--u--“.::—--
I L
[3d »
10° L.420 e -
/ S "
1 - >
/1" II "‘, y
10" £ ,
2z P K >
2 S ,
= 2 ’
o -150 74\ 7
2 10 o
5 S Y
(%] J: K
1 D ! 7
-200 2 1 y — |
10/ ! { I l T™MR
i / o
102 n iy 4 — 7
| ,' 7MR
15,/ [ _—,,
Al ‘ ‘
0 20 40 60 80 100 120 140 160 180 200

Time (t)
2595 &b Bl L) ey Ol 43 Caad NMR (6 jlare sl mie :(VY) S
(Sl 25 b s Jlals
Fig. (13): Sensitivity analysis of NMR architecture vs. time
(Weibull distribution function with 3 >1)

Slpss oo ¥ plp X g o0V > 250 anly @y B L
los Caws 4 (VF) S0 Ojg0 4 loj )08 4 s Sl
gy Colu Gl g loy 35 45 v e Lt (govie
s 20 g0 el 1)l pl b Jgsle slass iolidl g oais TOP

")



Sensitivity Analysis of N-Modular Redundant Systems

Sensitivity

10 Probability of Fail
Number of Redundancy (N)

5 Josle o ol Jlio! Ol i 4 S Sl Olpass G an i :(VF) S5
1o gke oluws

Fig. (16): Sensitivity analysis of NMR architecture vs. module's
probability of failure and number of redundant modules (in 3
dimensions)

G S azi - A

o il slapiaaw objyl o laaalad pae 0,5 Ll
g 0310 518 4z g5 00 lapiucs )3 Zualad pae b axlse lahs,
Ol & amle Dbl axre) 53 oud plowl Slidod (o) 2 5l oy
LS‘)" LS""}’ u"ﬁ) os)l:u' u}bf L)T 4...»[2& le).: &Jw gs“’j)
Slakaly oo &l gy 5l ool by )3 &l cais jo (gl
Slyass (6,105,050 aslllas gly abal,y ol (go0e s MATLAB
olasgy 5o piamw sloJgile Slasin ¢ 4l sleolayg, sl al )l
% «l, TOP

WWAY Lo = it o)lods = poxty Jlo = G Conio 50 wialign sleedy,

Sensitivity Analysis of N-Modular Redundant Systems

Sensitivity

10° T e 0 10° o
Probability of Failure
Joibe S 23l | Oless 4 connd Coslis Ol sy soue (10) S5
Fig. (15): Sensitivity analysis of NMR architecture vs. module's
probability of failure

@ 2l @l & Cod gl Gl Conlis Sl (S8
g7 i (nl g0 el esel (VF) USS 0 (a8 s
Jlzml Slo (Bl sl jgome 5 ptmens Sl 00iiS (L (53900
NMR slere ;o agile shawi 5 X jse) Josle S 25
Sl RalS (gl Al U (s aed il
B9dse 08 Joile S (2P 4 e e 2>

oS O5zg b aS cul opl oads &l gla ey dzgr JB aiSS
bl GhalS pis Colas w538l slagsle slas og
Oliee 0l & gt (D3 25 on Joo )0 &5 Zlls 4y
Rl L b i (nl (59 5l ainte Sl @8y 50 5 99 o0d Su03
Ayl oo s 4y (5958l olass iol33l ¢ b Jg5le ol > Jlezs]

Refrences
[1] J. Dugan, S.J. Bavuso, M. Boyd, "Fault trees and sequence dependencies", In Annual Reliability and Maintainability

Symposium, Los Angeles, 1990.

[2] D. Raiteri, G. Franceschinis, M. Iacono, V. Vittorini, "Repairable fault tree for the automatic evaluation of repair
policies", Proceeding of the IEEE/DSN, pp. 659-668, Florence, Italy, July 2004.

[3] P. Crouzen, "Compositional analysis of dynamic fault trees using input/output interactive markov chains", MSc.
Thesis at University of Twente, Enschede, Netherlands, 2006.

[4]1 Y A. Mahmood, A. Ahmadi, A.K. Verma, A. Srividya, U. Kumar, "Fuzzy fault tree analysis: A review of concept
and application", International Journal of System Assurance Engineering and Management, Vol. 4, No. 1, pp. 19-32,

2013.

[5] P. Laszl6, "Sensitivity investigation of fault tree analysis with matrix-algebraic method", Theory and Applications
of Mathematics & Computer Science, Vol. 1, No. 1, pp. 35-44, 2011.

[6] D.M. Hamby, "A review of techniques for parameter sensitivity analysis of environmental models", Environmental
Monitoring and Assessment, Vol. 32, No. 2, pp. 135-154, 1994.

[7] P.M. Frank, M. Eslami, "Introduction to system sensitivity theory", IEEE Trans. on Systems, Man and Cybernetics,

Vol. 10, No. 6, pp. 337 - 338, 1980.

[8] G. Latif-Shabgahi, J.M. Bass, S. Bennett, "A taxonomy for software voting algorithms used in safety-critical
systems", IEEE Trans. on Reliability, Vol. 53, No. 3, pp. 319 - 328, 2004.
[91 Y. Yeh, "Triple-triple redundant 777 primary flight computer”, Proceeding of the IEEE/AERO, Vol. 1, pp. 293-307,

Aspen, CO, 1996.

QAD!



VE-Y o dozle vz (o3l (5 lars jo s iy fasd lagivew cowlus Jdod 6l n Sslatngn o34, &)

[10] M. Baleani, A. Ferrari, L. Mangeruca, A. Sangiovanni-Vincentelli, M. Peri, S. Pezzini, " Fault-tolerant platforms
for automotive safety-critical applications", In International Conference on Compilers, Architecture and Synthesis
for Embedded Systems, New York, 2003.

[11] R.M. Daoud, H.H. Amer, H.M. ElSayed, "Performance and reliability of fault-tolerant ethernet networked control
systems", In Factory Automation, Shanghai, China, InTech, pp. 265-288. 2010.

[12] A.J. Sgrensen, "Marine control systems", Department of Marine Technology, Norwegian University of Science and
Technology, Trondheim, Norway, 2011.

[13] B. Cai, Y. Liu, Z. Liu, X. Tian, H. Li, C. Ren, "Reliability analysis of subsea blowout preventer control systems
subjected to multiple error shocks", Journal of Loss Prevention in the Process Industries, Vol. 25, No. 6, p. 1044—
1054, 2012.

[14] E.L. Hannan, "A markov sensitivity model for examining the impact of cost allocations in hospitals", Journal of the
Operational Research Society, Vol. 35, No. 2, pp. 117-129, 1984.

[15] R.L. Iman, "A matrix-based approach to uncertainty and sensitivity analysis for fault trees1", Risk Analysis, Vol.
7, No. 1, pp. 21-33, 1987.

[16] C. Cassandras, S. Strickland, "On-line sensitivity analysis of markov chains", IEEE Trans. on Automatic Control,
Vol. 34, No. 1, pp. 76 - 86, 1989.

[17] A.V. Ramesh, T. Kishor, "On the sensitivity of transient solutions of markov models", ACM SIGMETRICS
Performance Evaluation Review, Vol. 21, No. 1, pp. 122-134, 1993.

[18] G. Levitin, L.A., "Importance and sensitivity analysis of multi-state systems using the universal generating
function method", Reliability Engineering & System Safety, Vol. 65, No. 3, pp. 271-282, 1999.

[19] Y. Ou, J.B. Dugan, "Sensitivity analysis of modular dynamic fault trees", Proceeding of the IEEE/IPDS, pp. 35-43,
Chicago, IL, 2000.

[20] R. Kieckhafer, M. Azadmanesh, Y. Hui, "On the sensitivity of NMR unreliability to non-exponential repair
distributions", Proceeding of the IEEE/HASE, pp. 293-300, Albuquerque, NM, Nov. 2000.

[21] Y. Dutuit, A. Rauzy, "Efficient algorithms to assess component and gate importance in fault tree analysis",
Reliability Engineering & System Safety, Vol. 72, No. 2, pp. 213-222, 2001.

[22] L. Xing, J.B. Dugan, "Analysis of generalized phased-mission system reliability, performance, and sensitivity",
IEEE Trans. on Reliability, Vol. 51, No. 2, pp. 199-211, 2002.

[23] Y. Ou, J.B. Dugan, "Approximate sensitivity analysis for acyclic markov reliability models", IEEE Trans. on
Reliability, Vol. 52, No. 2, pp. 220-230, 2003.

[24] H.K. Lo, C.Y. Huang, Y.R. Chang, W.C. Huang, J.R. Chang, "Reliability and sensitivity analysis of embedded
systems with modular dynamic fault trees", In TENCON, Melbourne, Qld., 2005.

[25] J.B. Ke, L. Wen-Chiung, W. Kuo-Hsiung, "Reliability and sensitivity analysis of a system with multiple unreliable
service stations and standby switching failures", Physica A: Statistical Mechanics and its Applications, Vol. 380,
No. 1, pp. 455-469, 2007.

[26] K.H. Wang, J.B. Ke, W.C. Lee, "Reliability and sensitivity analysis of a repairable system with warm standbys and
reliable unreliable service stations", International Journal of Advanced Manufacturing Technology, Vol. 31, No. 11-
12, pp. 1223-1232, 2007.

[27] P. Do Van, B. Anne, B. Christophe, "Importance measure on finite time horizon and application to markovian
multistate production systems", Institution of Mechanical Engineers, Vol. 222, No. 3, pp. 449-461, 2008.

[28] P. Do Van, B. Anne, B. Christophe, "Reliability importance analysis of markovian systems at steady state using
perturbation analysis", Reliability Engineering & System Safety, Vol. 93, No. 11, pp. 1605-1615, 2008.

[29] G. Petkov, M. Pekov, "Ageing effects sensitivity analysis by dynamic system reliability methods (GO-FLOW and
ATRD)", Report from Technical University of Sofia, Bulgaria, 2009.

[30] S. Contini, F. Luciano, M. Vaidas, "A novel method to apply importance and sensitivity analysis to multiple fault
trees", Journal of Loss Prevention in the Process Industries, Vol. 23, No. 5, pp. 574-584, 2010.

[31] R. Matos Junior, G. Almir, C. Kadna, M. Paulo, T. Kishor, "Sensitivity analysis of availability of redundancy in
computer networks", In The Fourth International Conference on Communication Theory, Reliability, and Quality of
Service, Budapest, Hungary, 2011.

[32] K. Alex, J. Olds, "Reliability analysis technique comparison, as applied to the space shuttle", AE§900 Special
Project, School of Aerospace Engineering, Georgia Institute of Technology, Atlanta, GA, 2003.

[33] N. Limnios, Fault Trees, New York, United States: John Wiley & Sons, 2013.

[34] K. Aslansefat, G. Latif-Shabgahi, S. Zaferanchi, "A systematic method sensitivity analysis of module failure in
NMR architecture based on fault tree", In 9th Maintenance Conference, Tehran, Iran, 2014 (In Persian).

[35] E. Dubrova, Fault-Tolerant Design, New York Heidelberg Dordrecht London: Springer, 2012.

[36] K. Aslansefat, "A novel approach for reliability and safety evaluation of control systems with dynamic fault tree",
MSc. Thsis, Abbaspur Campus, Shahid Beheshti University, Tehran, Iran, 2014.

[37] R.A. Maire, A.L. Reibman, K.S. Trivedi, "Transient analysis of acyclic markov chains", Performance Evaluation,
Vol. 7, No. 3, pp. 175-194, 1987

QAD)



