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xO=O V}=tv 'O};|t CUO x@ x]w@ Qt |=]N CNQO R= xm 'x@=DQB CmQL QO p=mW=

[24]"CU= xOW

u} R}@ |=yxm@W x@ =]N CNQO p}rLD p}O@D "7
|wor= R= O}=@ u} R}@ |xm@W x@ x@=DQB CmQL QO p=mW= |=]N CNQO p}O@D |=Q@
ẁv wO '2 |x]@=Q QO xm =Hv; R= "�9 pmW� OQm xO=iDU= "1"2 VN@ QO xOW x�=Q=
xm CU= CQwY u}= x@ pL |=yOQm} wQ 'OQ=O OwHw |}x}W=L w |]QW p=tDL=

"OQm x@U=Lt O}=@ =Q |]QW Cq=tDL= w xDW=O OwHw |}x}W=L Cq=tDL= Q=Okt

u=v}t]= C}r@=k |x@U=Lt "8
1 pwOH QO w G=QNDU= xQ@N O=Qi= R= |}x}W=L Cq=tDL= Q}O=kt j}kLD u}= QO

|a]k VRQ= xm 'OwW|t xDiQo Q_v QO [l; r] |R=i OOa CQwYx@ |}=OD@= u=v}t]=
Q=Okt "wO Q@ s}UkD OOawO u}= `tH =@ CU= Q@=Q@ (m) |FrFt |R=i OOa |v=}t =}
CUO x@ Q} R |FrFt |R=i OOa CQwYx@ xQ@N Qiv n Q_v R= |OwQw C=aq]= |R=i

%O};|t

Ei = (mi � di;mi;mi + di) (4)

PRO- u=v}t]= C}r@=k |=Q@ |OL=w VRQ= x@ =yxQ@N C=Q_v R= CU= sRq =t=
QO =Q |R=i OOa u=wD|t |R=i CQ=@a QO �VQ@ R= xO=iDU= =@ "O}UQ BIST

"OQm ?=NDv= =Q K]U l} 'OQmrta =@ ?U=vDt w OQw; CUO x@ hrDNt Kw]U
?=NDv= |x]}L V}=Ri= w C=@U=Lt QO CkO V}=Ri= � VQ@ R= xO=iDU= hOy
OOa CQwYx@ =Q u; w OW=@ s=i <RH CUmW p=tDL= pi Qo = "CU= u=oOvQ}os}tYD
� VQ@ Qy uDW=O =@ "s}vm h} QaD pi = (pi1; pi2; pi3) xir-wt xU =@ |FrFt |R=i

%s} Q=O

[pi]� = [pi1 + �(pi2 � pi1); pi3 � �(pi3 � pi2)] (5)

[pi]�:[pj ]� = [fpi1 + �(pi2 � pi1):pj1 + �(pj2 � pj1)g ;
fpi3 � �(pi3 � pp2):pj3 � �(pj3 � pj2)g] (6)

(FFBD) OQmrta `@=D Q=Owtv lwr@ "4
|=DU=Q QO xmCU= sDU}Ul} `@=wD K} QWD wh}YwDh} QaD 'Ov}=Qi OQmrta p}rLD
u=Wv =Q OQmrta `}=kw u=tR |r=wD FFBD "OQ=O Q=Qk u; OY=kt w h=Oy= jkLD
6 pmW "OyO|t MQ |r@k `@=D R=TB lwr@ |oOv}=tv x@ `@=D Qy xm =vat u}O@ 'OyO|t

"OyO|t V}=tv =Q OQmrta `@=D Q=Owtv lwr@

"|QDt|r}t 23 xrwro OQmrta `@=D Q=Owtv lwr@ "6 pmW
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"KqU |xrwr QO x@=DQB CmQL u=v}t]= C}r@=k Q=Owtv lwr@ "8 pmW

"KqU |xrwr QO x@=DQB CmQL QO p=mW= u} R}@ |=yxm@W x@ =]N CNQO p}rLD p}O@D "9 pmW
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NDxOW xOQw; u; pt=aQ} R Q=yJ Q@ sm =L \}=QW =@ |m}v=mt |xQwU=t |xawtHt QO

"CU=
P (RjR1; R2; R3) =�1P (R1)P (R2)P (R3) + �2P (R1)P (R2)

(1� P (R3)) + �3P (R1)(1� P (R2))P (R3)

+ �4(1� P (R1))P (R2)P (R3) + �5P (R1)

(1� P (R2))(1� P (R3)) + �6(1� P (R1))

P (R2)(1� P (R3)) + �7(1� P (R1))

(1� P (R2))P (R3) + �8(1� P (R1))

(1� P (R2))(1� P (R3)) (8)

x@=DQB CmQL x@ \w@ Qt |=ypt=aQ} R R= s=OmQy u=v}t]= C}r@=k Q=Okt 2 pwOH QO
u=v}t]= C}r@=k C}=yv QO "OyO|t u=Wv � hrDNt Kw]U QO =Q KqU |xrwr QO
"CU= xOW xOQw; 3 pwOH QO � hrDNt Kw]U QO KqU |xrwr QO x@=DQB CmQL

�FMEA� CUmW Q=F; w |@=QN xwkr=@ Cr=L p}rLD "9
|R=i CQwYx@

OQwt xwkr=@ |=y|@=QN uOQ@ u}@ R= w |}=U=vW |=Q@ xmCU= |tytl}vmD FMEA

|=ysDU}U |vt}= w u=v}t]= C}r@=k V}=Ri= |=Q@ l}vmD u}= "OQ}o|t Q=Qk xO=iDU=
lU} Q C} Q}Ot C=t}tYD u}}aD |=Q@ C=aq]= |x�=Q= |=Q@ w OQ=O OQ@ Q=m xO}J}B
CUmW Q=F; w |@=QN xwkr=@ Cr=L p}rLD 4 pwOH QO [25]"OwW|t xDiQo Q_v QO
Qw_vt "CU= xOW x�=Q= |R=i CQwYx@ KqU |xrwr QO x@=DQB CmQL �FMEA�
Cra Qy O=ONQ p=tDL= Qw_vtx@ xm CU= VRQ= =} |Ov@xHQO |awv '� ẁkw� R=
u=wD|t =yQ=mwR=U =} =yCra R= |O=OaD pQDvm =} hPL =@ "OwW|t xOR u}tND
u=wD|t =yCra R= l} Qy ẁkw u=R}t u}}aD |=Q@ "O=O Vy=m =Q =]N ẁkw p=tDL=
ẁtHt =} xwkr=@ Cq=tDL= 'q=m u=v}t]= Ov}=Qi C}LqY T=}kt 'C=}[=} Q sra R=

QO xm CU= |}=ypQDvm R}v �X}NWD� R= Qw_vt "OQm xO=iDU= =RH= CUmW O=OaD
=Q u; |@=QN Cr=L ẁkw CQwYQO =} '|Q}oW}B |@=QN Cr=L ẁkw R= u=mt= OL

"Ovm|t |}=U=vW
xm s}@=}|tQO 'RPN Q=}at =@ u; |xU}=kt w 4 pwOH R= xrY=L G}=Dv T=U=Q@
Ov=xwkr=@ |@=QN |=yCra u} QDsyt xrwr uOw@xOwUQi u}vJty w |Wmu=N QO p=mW=
|=ypQDvm 's=OmQy =@ ?U=vDt xm OvDUy RPN u}}=B w q=@ OL u} QDW}@ |=Q=O w

"CU= xOW xDiQo Q_v QO 4 pwOH QO |Y}NWD w xv=Q}oW}B

|Q}oxH}Dv "10
|xm@W x@ |R=i x=ov l} uDW=O Ovm|t R}=tDt Qo}O C=k}kLD R= =Q j}kLD u}= xJv;
QDj}kO uOQw; CUO x@ |=Q@ CUmW Q=F; w |@=QN |xwkr=@ Cq=L p}rLD w u} R}@
CavY |xYQa QO =yv; Q=F; w QF-wt |=y|@=QN x@ j}kO |y=ov R}v w 'u=v}t]= C}r@=k
|R} Qxt=vQ@ ?Hwt xm CU= O}rwD R=e; w |L=Q] Ov}=Qi u}L QO CqwYLt |=Q@

"OwW|t pwYLt K]U <=kDQ= |=Q@ QDj}kO
|=yxm@W R= xO=iDU= =@ =Q |QDt|r}t 23 |xrwro u=v}t]= C}r@=k j}kLD u}= QO
OW=@ Q=OQwNQ@ |}q=@ CkO R= |}=yv |xH}Dv xm u}= |=Q@ w s}OQw; CUO x@ u} R}@

"KqU |xrwr QO x@=DQB CmQL QO =yO=ONQ w |@=QN pt=wa u=v}t]= C}r@=k "1 pwOH

Ri = 1� pi |@=QN pt=wa =yO=ONQ

�0 900w0 9250w0 950�
C=tyt ?U=vt C}akwt sOa

R2
KqU Tqwm QO

�0 980w0 9850w0 990� xrwr TvH uOw@ ?U=vt=v r1

�0 990w0 9945w0 999� KqU |xrwr uOw@v R}tD r3

�0 980w0 9850w0 990� xrwr |Wmu=N QO p=mW= r4

�0 980w0 9850w0 990� u=N uOQwN lQD s1

�0 980w0 9850w0 990� u=N |oOvm s2

�0 980w0 9850w0 990� Q@}r=m Q}}eD s3

�0 990w0 9945w0 999� xrwro |xvO@ uOw@ ?U=vt=v r5

�0 997w0 9975w0 998� S=Dvwt QO p=mW= s4

�0 997w0 9975w0 998� O=a@= s5

�0 997w0 9975w0 998� TvH s6

�0 997w0 9975w0 998� |m}v=mt X=wN s7

hwmQ=t |xQ}HvR VwQ R= xO=iDU= =@ R}v |]QW Cq=tDL= "CU= xOW xO=O V}=tv
[8]"OwW|t x@U=Lt �MCMC� wrQ=mCvwt

=yO=ONQ w |@=QN pt=wa u=v}t]= C}r@=k w |}x}W=L Cq=tDL= 1 pwOH QO
"CU= xOW x�=Q= KqU |xrwr QO x@=DQB CmQL QO

|x]@=Q R= KqU |xrwr QO x@=DQB CmQL uOQmQ=m CUQO p=tDL= |x@U=Lt |=Q@
QO C=tyt ?U=vt C}akwt sOa x@ \w@ Qt R2 C=@U=Lt QO "OwW|t xO=iDU= 7
|xrwr QO x@=DQB CmQL |}x}W=L p=tDL= u=wvax@ �|v=Uv= x=@DW=� KqU Tqwm
|]QW p=tDL= |=Q=O xm CU= KqU |xrwr |oOwUQi x@ \w@ Qt r2 w KQ]t KqU
r2 'R3 'R1 Cq=tDL= "CU= xDU@=w s3 w s2 's1 |}x}W=L Cq=tDL= x@ w CU=

"Ov=|]QW Cq=tDL= r6 w
P (R) =P (RjR1; R2; R3)P (R1jr1; r2; r3; r4)P (R3jr5; r6)

P (r2js1; s2; s3)P (r6js4; s5; s6; s7)P (R2)P (r1)P (r3)

P (r4)P (r5)P (s1)P (s2)P (s3)P (s4)P (s5)P (s6)P (s7)
(7)

x@U=Lt wrQ=mCvwt hwmQ=t |xQ}HvR VwQ w 2 |x]@=Q j@]|]QW Cq=tDL= Q}O=kt
uRwU uOQm Q=m CUQO |]QW p=tDL= |x@U=Lt |xwLv 8 |x]@=Q QO "OwW|t
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t "� hrDNt Kw]U QO KqU xrwr QO x@=DQB CmQL x@ \w@ Qt |=ypt=a Q} R R= s=Om Qy u=v}t]= C}r@=k "2 pwOH

xrwr QO p=mW= xrwro QO p=mW= KqU xrwr uOw@ xOwUQi ?=DQB Ov@ Qtm QO pmWt
�

q=@ u}}=B q=@ u}}=B q=@ u}}=B q=@ u}}=B
0 9383 0 8948 0 9591 0 9349 0 9355 0 8925 0 9669 0 9427 0 0

0 9378 0 8965 0 9581 0 9359 0 9335 0 8972 0 9665 0 9431 0 1

0 9373 0 8983 0 9571 0 9368 0 9315 0 8993 0 9660 0 9436 0 2

0 9368 0 9001 0 9561 0 9378 0 9295 0 9013 0 9656 0 9440 0 3

0 9363 0 9018 0 9551 0 9388 0 9275 0 9033 0 9652 0 9444 0 4

0 9359 0 9036 0 9541 0 9398 0 9255 0 9053 0 9647 0 9449 0 5

0 9354 0 9053 0 9531 0 9408 0 9235 0 9074 0 9643 0 9453 0 6

0 9349 0 9074 0 9521 0 9418 0 9215 0 9094 0 9638 0 9457 0 7

0 9344 0 9088 0 9511 0 9428 0 9295 0 9114 0 9634 0 9462 0 8

0 9339 0 9106 0 9501 0 9438 0 9274 0 9134 0 9630 0 9466 0 9

0 9334 0 9124 0 9491 0 9448 0 9154 0 9154 0 9625 0 9470 1 0

OL l} =D s}OQm p}O@D |R=i CQwYx@ =Q u=oQ@N C=Q_v R= xOt; CUO x@ |=yxO=O
u=v}t]= C}r@=k uOQw; CUO x@ |=Q@ "O}; CUO x@ u=v}t]= C}r@=k |=Q@ u}}=B w q=@
=Q pwYLt |OQmQ=m u=} QH Q=Owtv lwr@ =OD@= '|R=i u} R}@ |=yxm@W R= xO=iDU= =@
KqU |xrwr QO x@=DQB CmQL OwW|t ?Hwt xm |rt=wa TBU w s} Qw;|t CUO x@
|m} �� =]N CNQO CQwYx@ =Q OwW u; O=tDa= Vy=m Ea=@ =} OW=@v O=tDa= p@=k
u=v}t]= C}r@=k Q=Owtv lwr@ TBU w x�=Q= �� u=v}t]= C}r@=k |x@U=Lt Q=R@= R=
pwYLt u=v}t]= C}r@=k 'u} R}@ |=yxm@W x@ =]N CNQO p}O@D =@ "s}OQm sUQ =Q
u; Q=F; w |@=QN |xwkr=@ Cq=L p}rLD w x} RHD R= xO=iDU= =@ 'QN; QO w OwW|t OQw;Q@
|yOOw@y@ w |Ov@C} wrw= w |}=U=vW |L=Q] |=y=]N |R=i CQwYx@ �FMEA�
� K]U uDiQo Q_v QO =@ w VwQ u}= =@ Ovv=wD|t xOvvmO}rwD |=yOL=w "OwW|t
?U=vDt w Ovvm x@U=Lt =Q OwN pwYLt u=v}t]= C}r@=k OwN Q_v OQwt ?U=vt
xQy@ |D@=kQ C} Rt l} u=wvax@ u; R= w OvyO s=Hv= =Q |D; |=y|R} Qxt=vQ@ u; =@

"OvQ@@
%O=O Q=Qk Q_v Ot |UQQ@ w j}kLD |=Q@ =Q Q} R OQ=wt u=wD|t |D; C=ar=]t QO
C}r@=k |x@U=Lt QO xQ@N Vkv uOQ@ u}@ R= Qw_vtx@ ;Q=m |tD} Qwor= O=yvW}B "1

&u} R}@ |=yxm@W j} Q] R= u=v}t]=
CQwYQO |]QW w |}x}W=L Cq=tDL= |x@U=Lt |=Q@ O}OH |WwQ O=H}= "2

"u} R}@ |=yxm@W VwQ QO R=}v OQwt xO=O u=Oki

"� hrDNt Kw]U QO KqU |xrwr QO x@=DQB CmQL u=v}t]= C}r@=k "3 pwOH
KqU xrwr QO x@=DQB CmQL

�|q=@ OL u}}=B OL
u=v}t]= C}r@=k u=v}t]= C}r@=k

0 8140 0 7060 0 0
0 8107 0 7099 0 1
0 8072 0 7141 0 2
0 8038 0 7181 0 3
0 8006 0 7222 0 4
0 7972 0 7264 0 5
0 7939 0 7306 0 6
0 7906 0 7350 0 7
0 7873 0 7389 0 8
0 7839 0 7430 0 9
0 7805 0 7473 1 0
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1. function 
ow block diagram
2. function block diagram
3. fault tree analysis
4. reliability block diagram
5. failure mode and e�ect analysis
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