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Dependence Assessment of Human Failure Events in Multi-unit Nuclear
Power Plants Based on Uncertainty Information Fusion

WANG Hai-yong, SU Xiao-yan ", QIAN Hong, PAN Xiao-lei
(School of Automation Engineering, Shanghai University of Electric Power, Shanghai 200090, China)

[ Abstract] Decision trees (DTs) are widely used for human dependence assessment in multi-unit ( MU) nuclear power plants
(NPPs). However, few states of the corresponding influencing factors are provided in DT, and only one state can be selected by
experts, which is not confirmed to the actual situation. Thus, the Dempster-Shafer evidence theory ( DSET) was used to combine with
DT to propose a method for dependence assessment of human failure events ( HFEs) in MU-NPP based on uncertainty information
fusion. Firstly, the DSET was used to express the uncertain information in experts’ judgement, and the basic probability assignment
(BPA) was established. Secondly, the group decision result was obtained by fusing the judgment of multiple experts. Finally, the
dependence level between HFEs was determined according to DT and fusion judgement, and the joint human error probability could be
obtained. The results of case study show that the proposed method can flexibly express and handle uncertainties existing in experts’
judgment. It is concluded that the method can achieve more reasonable human reliability analysis (HRA) result.

[ Keywords] multi-unit nuclear power plant ( MU-NPP) ; dependence analysis; decision tree ( DTs) ; evidence theory; human
reliability analysis (HRA)
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(probabilistic safety assessment, PSA) YE M) %
ST H, 7B PSA 2 A, HRA 43Hr/K
TR AR PSA HRAE KT R AR —

AN K EF A (human failure events, HFEs) ff
AHOCHE S HT /2 HRA Y 5 220 G 43, AN PR =1 a]
FHOCPE ST AT B0 52 05 41 b 2 vh iy S5 2R X S 7
ARy, H H 8215 205 e S 0 50 R
( conditional human error probability, CHEP) } J¥ %]
B A 2k 2 HE % (joint human error probability,
JHEP) .
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( steam generator tube rupture, SGTR) 35K 1) W 2 1
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I IE] B S O (B 5 #AE DLBA s i AR OC
PE M OR RO BE B AR T 454 DL AT S 15t
SHR IR RE b I A IR 454 B p # iR, R EUR G 2K
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Mechanical Engineers, ASME ) 1 HE 2R XU B BF Al
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PLA (multi-unit, MU) BFELL, MU T, 246 —
AT BE B A A SO LA RO HE B A
SN HEZ IR E/NT S k'Y MU Bid) (51817
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THERP & HRA 1 — B & H 1 20 A7 J7 %
THERP REMiTAl HFE 2 [A] B9 A OGP S it 48 &, 1%
Jra T HRA PG AT 19 B STk > —
S5 S A O M AE G, 4 il S B K (zero
dependence, ZD) fXAH5C (low dependence, LD)
AHK ( moderate dependence, MD) . 5 #H 5 (high de-
pendence, HD) F15¢ 4 # 5 ( complete dependence,
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HFH S N E 2 (CHEP) , CHEP 78 —MT:
55 WA Ji AT 55 RIMME AR B 520, (R AE 55 T
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B 3L A8 N 22 8 % (basic human error probability,
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ELP(O) 0 R HITR MO 2",

EX 2 FHAMARIEIR (basic probability assign-
ment, BPA)

EATEPUIREZE AR P(O) BB IX ] gk
S, B m: P(O) —>[0,1] .

m(Q) =0, m(A") =1 (2)

4Co

N X mass FREL m(A") Jfimil A" FEARME KA
IR RRXI R A BRI, 7 YA C 0, Bl
Em(A") > 0, MFR A"l m FFEIC, mass PREL
m( @) LIRS AT ENE A m(0) =1, N
FORZUEE AR BT A 005 B

EX 3 Dempster ZLAHLN ( Dempster’ s combi-
nation rule, DCR)

X5 Y HHBINER @ & 5Pl ST B UE 1A
mass PREL m, 5 m, A E 2 RS TS ] —A4 5T
BOAEAEAAR €, E ) mass PREVZS LG G A s N
m(C) = m(X) ®m, (V)

0, XNnY=y

Py, (Bl A) =

- 11 —K’)”X Y_(:Z\;”C@mi(X)m,(Y),
XNy#.
(3)

2 (3) o KRy 58 430, I 9 A UE B A 1) o 58 7
JiE, HoE SCH
K" = > m(X)m(Y) (4)

XNY=,YX,YCO

g HARE 3 2 2.3 3K ( pignistic probabili-

EX 4
ty transformation, PPT) S

A m(A,) HIRHIHES @ 11 BPA, I O 3|
ALIX[E] Y BRER BetP,, 0@ — [0, 1], XJ N7 46 A 5

m(A,,)
BetPy(0) = 2 i -m(D) ]
m(D) # 1 (5)

H(5)H: 0 WEA AL, TITEE, |4 | WEAA
s BISE & R L Z 98K
2 RBYEFZE
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AR BRI
HSB,1 BE P g HFE 8] AR 5P 7K S 1 52

HFE [B] B AH G AL 32 20 50— A s 214> 1
DG T PN AT 55 22 1) Y DGR B, JHE H i 2
PARJG—IE55 1) CHEP 4523,

HFE [H] AR DG R /N 23 32 31— SL PR 2 A 52
iGN, HHATAE 55 B9 B 53 3 BRI, R H
MR 01 A PSR 25 SR (B A a2, DR AR DG AR
T BERTAH DG 52 e PR 2R A A TF SCER i, A
SCRFSCHRL 15 ] 952 e R 28 47 40 A, A 9« 94T
ZH 41 (responsible organization) ™ “ Y& HAKHE ( decision-
making basis)” ¢ PEZH A 5 (crew)” 2 R R I E]
(cue demand time)” “ i & ( location)” “ f) /F [f] &
(interval between actions) ™ “ & S1 1| ( stress level ) ”
TAHER, Hrp LR K E” A [ H (simultane-
ous ) FIIF ( sequential ) FHFCIRZS , “ IAE I FE ™ A /1N
F 30 min( <30 min) .30 ~60 min (30 ~60 min)
KTF 60 min( >60 min)3 M, “FE KL HEE
71 (high stress) FULHE J7 (low stress) PI/ME., HoAth A
Zr MAHTR] (same ) FIAS[A] ( different) B AR, 4%
S PR ZOIRAS S HFE [R] ARG XS I OC R HT DT 3%
IR(PEWLSCHR[15] ), an S« T4 217 “ P sk AR
“HEA B G IR S HR S AR [R] B, HFE JR] (49 AH OC 1k

€D,
TE|2 LGOI N FARS 2 1AL W IF
RIKARIE,

TE HRA 1, DT FT i K 1 52 i PR & IR SR 2
Ao by 40 3 & AR IR 18 0 45 8, 7R X —ad
AR AE KA E R R, i, BRI
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S5 I CHEPHIIHEP

T2 LHXEME RS HIPAA R
IRk BfRE

S| WREFFHR LI BPA { DempsterfiL & HI(DCR) )
FFRIABPA S

S i Y€ HFE [AIFERMER { XD=F( factorl, factorl, **, factor M) \‘u
A1 S \\ //

{ WS ARCPRIER DTS |

v

B 1 MU-NPP A PR R A (] SR S A7 A it e P
Fig. 1  Flowchart of dependence assessment of HFEs in MU-NPP

RSB E . LRI H BV 2 0L A0 4 2 A2
FIREANIR] . BT 5 ik AT DA 2 36 32 38 L 1% Bl A Y
AEF R . & A A E AR B B PFAl & UL AT L
FH D-S IER B R fE T RN (R 1), BRX G A D
FIRE A Z KA T LU AEE o £/R (a € [0,
1]):a =0 ®AREEMNACHWEILZTHIESRE
WHZE; a = 1 L FENACHE LA A1
12 BRI L G2 M R R PSR AR R PE A L
FIARRIEIE N 1 iz,

FETEIE 1 W, KA PEAL 2 Wk < Je SR Ak i ™
“HHE”, B AMFE N 0.9, 761K 2 W, L5 4
[f]” 5 AN[E)” (Rl REPEAR TR, H A5 B R 0.9 7E 1
B3 W, BRI AR BT e bE S < M A /) 4
5, BEE R 0.8, FEEIE 4 H, BRI N “ YL iR K
P “AHE” GRS 05 FEIBIE 5, B HRKIN ik
R FTRE“ME]” T e« AR, HAGBEM 1
THIE 4 515K 5 WG o0, Ui & X%
i PR 28 TG T e T 1T
F]3I MWL RO E WA BPA, IR A
DCR #17RlE 15 2] @l & J5 1) BPA

TG, R T R PEA R L, R (6) 43 BPA,

T;

m(S,)) = a

m(0) =1 -« (6)

3 ’

er

j=1

®1 EFTEBRHAREER

Table 1 Different cases of experts’ judgment

15 IE WAL BAEE
e 1 Eilol 0.9
THIE 2 (AT : R =101 0.9
e 3 [KIR Y { AR =1:4 0.8
fi5IE 4 Eiloh 0
e 5 {HAI], ARFE } I

X (6)H: S, O MFEIES TR, LA IR
/@151252:53 =TTy T m(0O) ﬁﬁ@%ﬁ—f‘ﬁﬁ%(ﬂ
EXL2) 51 - a RREHEIAAGFE 1 - o {E
G 0, Ml m(0) R L 50T 2 WA E

2

121 PE 2 i A R

{nz(%*ﬁﬁﬂ%) =0.45 (7)

m({AR[FE}) =0.45, m(O) =0.1

s 5 A B P B LN 1 s 5 Fhis e
Fiton, WA ) BPA G126 2 FIFas .

i ] Dempster ZHERIM[ X (3) 2 (4) ], G
5O EFEM BPA, B 4 L5 5 1AL E WL AT
MER B m(O) =1, FHIgREN TRAEER
1.2.3 1 BPA, Rl&Z5HRINE 3 iR,
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*2 MBERITHERMER BPA
Table 2 BPA constructed based on experts’ judgment

LR F7 ) BPA

LHF1 m( {MFA}) =0.9, m(O) =0.1

LR2 m(IMFEL) =0.45, m({AR}) =0.45, m(@) =0.1
LR3 m({MF}) =0.16, m({ AF}) =0.64, m(0) =0.2
LR 4 m(@) =1

LRSS m(0) =1

*x3 BPARAMER
Table 3 Result of BPA fusion

AN S “PR MR
Blo 2 m( { M} ) =0.809,

m( | AR} ) =0.183,m(0) =0.008

T4 IHERGE BPA XA TS
4 DT i€ HFE [8] (A1 a2

i (S H B T TR S5 A 40 =X ( PPT) 4R A5
A I BPA XN AR A A

Bet P(#H[A]) = 0.813,Bet P(A[F]) = 0.187,

53 BPA [0 A J5 , 0 75 i — 25 45 & H R Y
DT #i € S 2 HFE 8] B AH e P24

F$BS B EMARER CHEP FIECA AR
HER JHEP,

£ THERP H 19X (1) ekl b, 2555 4 145
S PR MG A RIESR CHEP P(B 1 A) 3R

P(B1 A) = Y Bet P(XD)Py, (Bl A)  (8)

K (8) H: Py (B A) NitH CHEP RYAHSEE S5
XD EIEAR[ K (1) ];Bet P(XD) Hfl4A )5 BPA
XL PR ME A 73 A 45

JHEP J2oRt 3 81 i 72 i NI 0F /9 BT CHEP
SHApA 7. HFE B9 A2 (human error probabili-
ty, HEP) HIfeftit .

3 EHIam

3.1 BEIES

JAMRIECE MU B ) i R ae e ik s g, 24
NPP J& 25T AR PR, JHG A o8 e Y50 2% 98 491 7 7 58
T & AL ( emergency diesel generator, EDG) Jii 31, L
HIRAZHLT (nuclear power plant, NPP) SCHf# 258 &
wRAREItE . PR K L) S (MU-
LOOP) A] BE 23 S el A% S i HE Ve A R 5. IR,
Prsg T H 5T S 0 BB A% S i ik 52 b Fl J B8 G L
DL SR A% S IO o Rl A 22 4 )

R E FA% HL ) MULOOP 0k 44 3451
SIT UL AAS 7k 1 o IR R o TEIZ D, A Pl

(4 FH5 FHL) T H EDG ¥ TRikisdT, vk
I % (reactor coolant pump, RCP) %5 & LA
SEUT . JE SR G AL T Bl & 4l R (safety
depressurization, SD) #RAEHIZME , XA LT MU-
PSA )7 HI It FR AN 4 F7R

HFE g3 A 2 fF #4 5 B A 3 {46 . U4-SDO-
PHLATE E/R#5:90 0K RETE 4 S HLA AT /F I SD
i 7K 5 HE 7K (feed and bleed, F&B); U5S-SDO-
PHLATE SRR\ R BETE 5 S HLAH AT /5 SD
l F&B,

F4 MULOOP EHHIFFTTE
Table 4 Sequential process of MULOOP accident

EEE E N
#1 ALL-LOOP
# ALL-EGDGK-U45Y
# U4-RSF-AFSUC-SB
# U4-SDOPHLATE
# U5-RSF-AFSUC-SB
#6 U5-SDOPHLATE

. ALL-LOOP 37K i A5 B o0 b & 42 119 LOOP JH 3l 3 {4 ALL-

EGDGK-U45Y /R T i EDG 32 17 2K I ; U4-RSF-AFSUC-SB KR 4
SHLAH RCP BHEMEHIIN 52 LS ; US-RSF-AFSUC-SB /K 5 SHL4H RCP
HEPERIA RS
3.2 AENA

PR #4 HIAR G40 P4 HFE #1 5
HFE #2 ,{K HFE #RARARML, SR ] Ze o 20
Rt AR B —A~ HFE #fAT DAL At S7 1Y HFE, 78
XA OUT , P A R TR A 5E — 1 HFE Bk il 7
) HFE (HFE #1) /04t HFE #2 5 HFE #1 {456
PRI,

HEE1 i E e E HFE 8] 4 62 7K 5 52 i

HRAESCHR[ 15 ], HFE [EIAH G K P 1Y 52 e R 2=
ARG DL A TR ARG  BEA L D1 R R R
] AL E SRR R 900 7 A E

B2 LRI RS G R IR RA
SR

B 3 0% 0 PR R 3R 1 2 0 4n
5PN,

3 o Gt HA 5 e PR 2R 0 E AL R 0L — 3, B
FASEEEY R 1,3 6 fi,

£S5 ERWRRKE"ITHEER

Table 5 Judgment of experts for “decision-making basis”

LR IS TEAL =L AfFE «
LERI1 { AT | 0.9
BR2 PAHTE S PR =101 0.9
LK3 (MR R} =1:4 0.8
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]3I ML ZITALE WA BPA, JFRH
DCR #17RlE , 152 @ 4 )5 1) BPA

T PR B BPA Bl 45 R 5 07 e B
R TEARTE] (35 3) , % 20 T HAh R i R ZE PEA
LA BPA Bl G253 INER 7 R,

H$B4 ARG BPA XN AOHER /A6 45
4 DT 3R1% HFE [B] (A e PESESL

F6 ERIHMFMEZRAITHEERL

Table 6 Judgment of experts for other influencing factors

fdi ] PPT 45 K F “ Yo k4 " il & )5 BPA X
N B AE R 57 A 2 Bet P (AHIA]) :0.813, Bet P( A
) =0. 187,

HRHE SCHR [ 15 ] 9 DT 453 HFE #2 5 HFE #1
(R AH P S R L R AN R 2 TR
FRARTE S PR PL R AR ™ b oy XL, Horp B 28

@ ?’%ﬂ?ﬁl?%j{gﬂﬂqé“ &%ﬁ@ﬁ" AT ( same ) Y HE %

*x7 Htt¥MmEZEREFH BPA
Table 7 Fused BPA for other influencing factors

R A 2 TEAL AfEE o PN ES A e R
THTH L { AR | 1 TR H‘DI"J ) =1
PR ENEE 1 PEA R B m({AF}) =1
Y e K] | IRt | I e R ] m({ R} ) =1
R TNGH 1 g m( (AR} =1
FIERPR {/NTF 30 min} 1 ERIBR m( {/INF 30 min} ) =1
FE AT | BIES | ! Ik m({BHE]) =1
HFE7HY FHEHR PR R R R LRRTGRETH] ArE ki3] FEF145 AHRHEEH
AR BES
i TGS e
AF BIIES) = 1 in
4 HD
@ AR &ES = D
R it g ®EH 10
— /INF30 min 8 HD
AR RS P YT
® bl ] 30~60 min T — 10 MD
A KF60 min T 12 LD
. 13 7D
RFE ——— 14 | D
L _M8E 5 p
KA i I e e
16 | LD
L MED T on
. . AHIF] %W 18 HD
4 g 19 | MD
ENG ——— 20 | LD
L RED 7D
MR 22 HD
L &ES o5 [ wmp
IR T
e
— _ /N F30 min 26 HD
AR IR 1&IE Sy > T v
bi:1Gil 30~60 min %{&Eﬁ 28 MD
L ==~ 29 |
AH il;a KF60 min 30 LD
L Eh o
KA ————1 2 | b
L MED 5 7p
NG 1 34 LD
RES s o
25 0)) 2:3530)

K2 HFE #2 15 HFE #1 (9GS50 53 Hrid 2
Fig. 2 Procedure of analyzing the dependence level between HFE #2 and HFE #1
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0. 813, #2k @ Fm L KA TTAL“ PSR A 7]
(different) FUHEZ Jy 0. 187, | HFE #2 5 HFE #1
6] #H 56 1 B9 HE % 7 A A Bet P(MD) = 0.813,
Bet P(LD) =0.187, H:H MD F/R P A&, LD %
ARG,

TE],S  IFESMA R CHEP FIKA AR
HER JHEP,

FehIF R M= 115 78 dE K SHEK R 1T
BHEP 1] )i i 7 %] { NUREG-1278 F#t) il 15, R
P SCHR[ 1512 %0 P(HFE#1) = 8.3 x 107, W] HFE
#1 0L HFE #2 B2 MR ER CHEP( HFE#2 |
HFE#1) H

CHEP(HFE#2 | HFE#1) =

Y Bet P(XD) P, (HFE# | HFE#1)
XD
= Bet P(LD)P,,(HFE#2 | HFE#1) +

Bet P(MD) P,,(HFE#2 | HFE#1)
1 +19x8.3x10™"

=0.187 x 20
-4
0 313 ><1 +6 x83 x10
7
~1.26 x 107" (9)

K(9) . Py WARAHSCHIRERR; Py, R AHICHY
A,

] MULOOP 1) JHEP . P (JHEP) =
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Table 8 Analyzing results for MULOOP accident

Tk SCHR[ 157 AT
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Table 9 Analyzing results for different judgment

and confidence
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