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Risk Priority Number Evaluation of Rotorcraft Hydraulic System
Using Evidence Theory and Grey System Theory
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Abstract Munitions require risk identification and effect analysis in quality assurance. Risk identification
is derived from various data, and risk analysis is conducted using FMEA (Failure Mode and Effects
Analysis) based on risk management. FMEA is an approach to review and determine the failures and
defects to ensure the quality of munitions. In addition, FMEA is an important technique that is used to
enhance the safety of complex systems. Nevertheless, an objective evaluation is needed to determine the
opinions of experts and the risk priority number (RPN) based on the severity, occurrence, and
detectability. A novel FMEA using Dempster-Shafer(D-S) evidence theory and grey system theory is
proposed. Evidence theory is the aggregation of the opinion of experts using combination rules. In
addition, evidence theory uses a belief and plausibility function based on the cumulative probability.
Grey system theory aims to measure the relative influence of experts. The grey system theory estimates
the grey relational coefficient, which is prioritized according to the relative projection. A novel FMEA
was developed to demonstrate the rotorcraft hydraulic system with risk priorities. The results suggest
that evidence theory and grey system theory provide valuable methodologies for displaying uncertain

information in FMEA.
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Electre W& AM8Sto] &4 oA <Ixl9] 919 84F
EABIATHO). Tang 71 ol o] A4 o2
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Table 1. Details of literatures

Approach Details

- Simple rank to RPN in ascending order
- Without considering different importance
between risk factors

FMEA

- FMEA approach based on D-S theory and
TOPSIS method

- The weight of the distance are not taken into
consideration in TOPSIS method.

Wangl5]

- FMEA approach based on D-S theory and
Electre method

- Need to complicated two indices(net superior
and inferior values) for Electre method

Emovonl6]

- FMEA approach based on D-S theory and grey
system theory

- In combination rule, the aggregation results
may be improper.

Tang(7]

2.2 FMEA

FMEAE &40 #=E 93 #2E 3T o A&
ofe= WHOE thpo] IR E(FM: Failure Mode)©ll
gt AE SAeE 24otL ol &9 B4 #HYE
3 4 Qlok. FMEAE= 919 348 Al o HxQl A2
(severity), 98 4 7+ YA =(occurrence),
2 Jx?l A& (detectability)E 59 235 UERA
o} Y =(RPN: Risk Priority Number, ©]3} RPN)=
Eq. (D= 2t

RPN=S5X OX D (1)
Where, S denotes severity, O denotes occurrence,
D denotes detectability.

Table 2= MIL-STD-882% &-83}0] AE Hk 5
do AR A4, YE, AEx9 Qo] ZES Y
ERdH Zlo]Th(8].
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Table 2. Linguistic expressions of ranking criterion

Level Category Description
L1 Very low Safety
12 Low Not serious injury
S L3 Medium Minor injury
L4 High Severe injury
L5 Very High Death or system loss
L1 Very low 1:100
12 Low 1:50
O L3 Medium 1:20
L4 High 1:10
L5 Very High 1:2
L1 Very low Unlikely
12 Low Remote
D L3 Medium Moderate
L4 High Probable
L5 Very High Frequent

2.3 Dempster-Sharfer $7{ 0|2

A o2& BeHt 7Hdol tigt B4l Hes 2w
oz wisto] Algzto 2 HAsH: WHolc). 418
The B AlEEe et 74 S B9l
4 gERA HE3h E3L F7 0|22 FEo|E
Zo] wiebAQl 7M. Fhe ARtk 7 I nf
o] dag AT o 2"/ 7K, Eq. (2)
oF o] 2"7j9] REZFo R L4H IS 09 =9y

@.{0, o {00} 01,0,

(power set)o]2kal 3t}
29 =
{'-7{917927'-‘791}7'"79 }
Where, 6 denotes frame of discernment,

denotes power set
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57 ol2oA Hige 2FH A= Ve &E

w7 B Tk, AEZAC o8] REATo] A9
Hre ge2 gehdch of7)4, 34 m(4)E Eq. Q)T
o] vehuick.
> m(4)=1,m(4) : 2°—0,1] 3)
As2°

Where, m denotes basic probability assignment,
A denotes hypothesis
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SA o|EoA T2 F7toZ BHAHL, R
S+=>(Bel: Belief Function)2} WA (Pl
Plausibility Function)® 4%ttt ¥ <= Eq.

e u

ulo
—ua

DHE TSI, 7|1 & vl g3t T2 A st
Aol WREA] dolp golT, X BHE Ea
(5)2 ndstY WS T oo PR o= AL E
Uehic.

Bel(A) = E m(B) (4)

BC A

Where, B denotes event

P(A)=1-Bel(A)= Y m(B) )

ANB= o

Where, A denotes complementary set of 4
Fig. 12 95 39 794 "‘E}—’Foﬂ g HAE =
A& o Uehd Aolt}. $A ©ol&2 Dempsterell s
AR A3 7 BEelo] A2 The Hrol Sy

< YRtk 2 A2 Eq. (07 2ol #AT 5 Sl

m(A4) = (m;®dm;)(A4) ©
0 A=

B > sne=a(mi(B)xm;(0))

N A= &

= il = g e
Bq. O3 22 24L& 7Y
Bel(E) = Bel (RPN > RPN*)
=1— A (RPN < RPN*)
P (E) = P(RPN > RPN*) @)

= 1— Bel(RPN < RPN¥*)
Where, RPN* denotes threshold RPN

The ignorance to proposition A

Bel(d) | Bel(A)

PI(A)

Fig. 1. Information in evidence theory
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Fig. 2. Example of belief and plausibility functions
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Jdo] AlAH] o]2& FMEAS] A%, 2, A&
Lo st A& % S(membership function)E& ZF]
AX(crisp) #OE WHolohe ol
Fig. 3 o] B izt A&% A5
oitt. FHAX ZHA(x))2 Eq. (8)7F
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Fig. 3. Graph of membership function for GST

K(z) ®
(bo —c)+ (b1 —c)

(g —0) (b —))— ((ag—d) + (@, — )
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Where, ay, a;,b,b;,¢,d denote parameters for GST

Table 3-4= 3149 B37] FAATY 1eo] Al&
g o]2Z 1835 FMEAS B3, 5719 9 45l ot
£ Eq. @9 m=HEE st Zolth Table 32
FMEACIA AZtwo] ofgt Eq. (8)9] mHetm|ejo]x,
Table 4= WA=} HETo] gt Eq. (8)2] metu|g
oith. A= A&7t 37l tisiA 4 e A%k
S ARESIAL, TS HEEE ATA 15
5 Z8F 4 oA, 2 A5T F5E ARSI
Fig. 4= & 22T A(excel)S ol-&sto] 4zt
2&%E P YERd ZotH9]. ZeA gk
7t FE9| 3 HEsRit #EshE
| Z&o] A Az EAT (=
=g Uehli= 54 A2A 0.5

o

2l o

fis

Zro

Severity c a a, by by d |k(z)
L1 0 1 1.5 2.5 3 10 0.24
12 0 2 3 4 5 10 0.38
El L3 0 4 5 7 7 10 0.54
L4 0 6 7 8 9 10 0.71
L5 0 8 8.5 9.5 10 10 0.85
L1 0 1 2 3 4 10 0.29
12 0 2 3 4 5 10 0.38
E2 L3 0 4 5 6 7 10 0.54
L4 0 6 7 8 9 10 0.71
L5 0 7 8 9 10 10 0.79
L1 0 1 2 2 3 10 0.25
12 0 3 4 4 5 10 0.41
E3 L3 0 5 6 6 7 10 0.59
L4 0 7 8 8 9 10 0.77
L5 0 9 9.5 9.5 10 10 0.93
Table 4. Membership function parameter for
occurrence, detecability
el o [a Lo [ o [ [ d [sw
L1 0 2 2 2 2 10 0.20
2o 4| 4] 4] 4 [ 10 o4
E2 L3 0 6 6 6 6 10 0.60
B3 1 14 | o 8 8 8 8 10 | 0.80
L5 0 10 10 10 10 10 1.00
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Fig. 4. Input membership function of severity for

experts
(a) Expert 1 (b) Expert 2 (c) Expert 3

Y
min; min;|z; — ;| +{max,max;|z,; — |

|, — ;| +¢max; max; |z — x|

(¢=(0.1)),(i=1.2,...m),(j = 5.0.D)
©

Where, Y;; denotes grey relational coefficient, ¢

denotes distinguishing coefficient

ABE= Eq. (103 Zo] vehd, o] A A
o 7ISATE T =2 = Atk ATE+= FMEA
oA FAARHQ] JFE EAst, A7 A2eE 4

£97h otict.

Ir=384,Y; (j=50D) (10)
i=1

Where, I' denotes degree of relation, Baj

denotes grey weight coefficient.

2.5 HIQHE HH

AP 2 Fig. 59 22 4714 DA Rl
194, £AE 2
273t 38, S7] olES o83t et T o
of sl AFeke ghe =& 49|, T2Fo] AlAH] o]
E& ol83sto] A&t e odE 2L AdE =&
e} Fig. 62 AIRPd W] 7= UEhd Aotk
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gl

STEP. 01 STER. 02 STEP. 03 STEP. 04
Decision maling | Uncertain degrees | ) Suitable model are | §| Decision of  priorities
problems are determined constructed
D-S theory ‘ Grey theory

FMEA [

Fig. 5. Flow diagram of proposed methodology

D-S Evidence Theery

Failure mode | Erpert2 K
B

1&@43 (-b
R

Fig. 6. Block diagram of proposed methodology
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i, o= Eq. (11-12)9F &t}
ij
. . + +
mm,-mmj|m0j—x,.j|+Cmaximaxj|zoj—xij
|:L*§]-fxij|+CmaXiman|ac§jfxij|
.(¢£(0,1)),(j = 5,0.D)
+_
zg; =max;(z g 2,,;) 1)
Where, Y: denotes grey positive relational
coefficient, x[f] denotes positive reference
sequence
v
mmimlnjlxoj—xw j|z0j—xi]~

|x0j—a"i]-| +<maximaxj|x0j—xij|

(¢=(0,1)).(j=85.0.D)

xo; = min; (), 2y 2,,;)

(12)

Where, Y; denotes grey negative relational

coefficient, ,; denotes positive reference
sequence
M

=§] B,Y;5, (= 85,0.D) 13)

Y, (j=5,0.D)

Where, I'" denotes degree of positive relation,

I denotes degree of negative relation

=2 QOB &
Zo] Ao 4 ek,

g =& ()2 Ea. 192

(14)
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Where, '
denotes degree of negative projection

g0l A & 42 Eq. (15)% o] o] 9
34 7lest 94 71ee B9 ek, ¥e4% 1Y
REO) JFfo] Rt
P~+

K

P+

P,f denotes positive projection,

(15)

;=

Where, R; denotes grey relational projection

3. At g+

X0l

(B |

1 3

%*43-7I #2AS FMEA
=2 Fig. 731} Zrom w|gPR
5]": A Qo= AlsgE|et &

59 I A% WL 34
2 34 AFAE 15 A %
2o] % VI 249} w3

‘\_\\\

Emergency pump \E

Fig. 7. Graphics of rotorcraft hydraulic system
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Fig. 8. Diagram of rotorcraft hydraulic system
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Table 5. FMEA for rotorcraft hydraulic system E !
= 0.4
E 1
Failure mode Sos : Pl
FM1 Inoperable breakaway valve 0.2 :
FM2 Leakage of oil o :
0 .
FM3 Malfunction of emergency pump o 20 a0 50 80 100 120 140
Risk Priority Number
FM4 Damage of transfer module (b)
FM5 Damage of main pump Failure mode 3

Table 6. Detailed FMEA for rotorcraft hydraulic system

Expert | Failure mode S (0] D

FM1 L1 L2 L1
FM2 12 L2 L2

El FM3 13 L2 L1
FM4 L4 L2 L1
FM5 L5 L1 L1
o u [ w | o B
FM2 L3 L2 12 ©

k2 FM3 13 L1 Ll Failure mode 4
FM4 L5 L1 L1
FM5 L5 L2 L1
FM1 12 L2 L2
FM2 12 L2 12

E3 FM3 12 L2 12
FM4 L4 L2 L1
FM5 L5 L1 L1

3.2 371 0|8 0|8t 24

= o 20 40 60 80 100 120 140
Fig. 9% A2tE, WA, A e 42e] a4 R
= @5E olgdle] Ne Yoot AR B IEE :

Failure mode 5

[ S ]

Failure mode 1

w
M ----

Cumulative Probability

o 20 40 &0 80 100 120 140
Risk Priority Number
(e)

Fig. 9. Belief and plausibility curves of failure modes

0 20 40 60 80 100 120 140
Risk Priority Number (a) FM1 (b) FM2 (c) FM3 (d) FM4 (e) FM5
(a)
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Table 72 &7 o|2& 53 9449 27E vehd
Aot} 97 2449 FM2, FM5, FM4, FM1, FM3

£o02 wEE 9t

Table 7. Priorities of FMEA using evidence theory

F;iéf RPN* Bel Pl Priority
FM1 24 033 0.9 4
FM2 80 - - 1
FM3 20 033 0.9 5
FM4 36 033 0.9 3
FM5 40 0.33 0.9 2

Table 8. Tabular representation of risk level for GST
Risk S O D
L1 0.17 0.20 0.20
12 0.32 0.40 0.40
El L3 0.50 0.60 0.60
L4 0.68 0.80 0.80
L5 0.83 1.00 1.00
L1 0.23 0.20 0.20
12 0.32 0.40 0.40
E2 L3 0.50 0.60 0.60
L4 0.68 0.80 0.80
L5 0.77 1.00 1.00
L1 0.25 0.20 0.20
12 0.35 0.40 0.40
E3 | 13 0.55 0.60 0.60
L4 0.75 0.80 0.80
L5 0.92 1.00 1.00

Table 9. Tabular representation of crisp values for

GST
K(z) s o) D
FM1 0.17 0.40 0.20
EM2 0.32 0.40 0.40
El | EM3 0.50 0.40 0.20
FM4 0.68 0.40 0.20
EM5 0.83 0.20 0.20
FM1 0.17 0.40 0.40
FM2 0.32 0.40 0.40
E2 | FM3 0.50 0.20 0.20
FM4 0.68 0.20 0.20
M5 0.83 0.40 0.20
EM1 0.23 0.40 0.40
EM2 0.50 0.40 0.40
B3 | FM3 0.50 0.40 0.40
FM4 0.77 0.40 0.20
FM5 0.77 0.20 0.20

466

3.3 112{0] A& 0|23

0|8¢%t 24

Jdo] AlAE o]Z(GST)2 A%, ¥, A&k
gt ZHzto] A& 342 Z-g35IATHI0).

Table 82 zaﬂol A|AH] o]2& A-8317] flsf AT
o] w2 FYAX ZHS At 2ol Table 9 3
5o AE7PE BAT 9 o] tig AR g
Ag)3to] UERA Aot} Table 10-112 242 73R E
1~50] st A7, AT, HEEo T80 34 TA
Aot adjo] 174 #A AsE At Aol

Table 10. Tabular representation of positive
reference sequence for GST

vyt S ¢} D
FMI1 1.00 0.63 1.00
FM2 0.69 0.63 0.63
El |FM3 0.50 0.63 1.00
FM4 0.39 0.63 1.00
FM5 0.33 1.00 1.00
FM1 1.00 0.58 0.58
FM2 0.50 0.58 0.58
E2 |FM3 0.50 1.00 1.00
FM4 0.33 1.00 1.00
FM5 0.33 0.58 1.00
FM1 1.00 0.59 0.59
FM2 1.00 0.59 0.59
E3 |FM3 1.00 0.59 0.59
FM4 0.42 0.59 1.00
FM5 0.33 1.00 1.00

Table 11. Tabular representation of negative
reference sequence for GST

V- S o D
FM1 033 1.00 0.63
FM2 0.39 1.00 1.00

El | FM3 0.50 1.00 0.63
FM4 0.69 1.00 0.63
FM5 1.00 0.63 0.63
FM1 033 1.00 1.00
FM2 0.50 1.00 1.00

E2 | FM3 0.50 0.58 0.58
FM4 1.00 0.58 0.58
FM5 1.00 1.00 0.58
FM1 033 1.00 1.00
EM2 033 1.00 1.00

E3 | FM3 033 1.00 1.00
FM4 0.63 1.00 0.59
FM>5 1.00 0.59 0.59
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Table 12. Priorities of FMEA using GST

S O D
FM F+ - [‘+ - [‘+ - R |Priority
FM1 | 0.87 | 0.65 | 0.71 | 0.77 | 0.72 | 0.77 |0.51 4
FM2 | 0.64 | 0.79 | 0.55 | 0.83 | 0.72 | 0.77 |0.44 1
FM3| 0.70 | 0.70 | 0.83 | 0.55 | 0.72 | 0.77 |0.53 5
FM4 | 0.67 | 0.76 | 0.77 | 0.71 | 0.66 | 0.73 |0.49 3
FM5 | 0.77 | 0.74 | 0.63 | 0.85 | 0.77 | 0.72 |0.48 2

Fig. 102 1:1:1, 4:3:3, 2:2:1, 5:3:2, 2:1:19] H[&&E
T Beyoll Wit A 23E Rt Aot

3353 ElE
| ‘ “
FM2 FM3 F!

Failure mode

w111
m4:3:3
2:2:1
5:3:2
m2:1:1

Priority

222 22
‘ ““:
4 FM5

Fig. 10. Comparison of priorities for variable B
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Table 13. Priorities of FMEA using GST

Priority for FMEA Priority for

novel FMEA

M

Expert 2 Expert 3

4

Expert 1
5

FM1
FM2
FM3
FM4
FM5

W | =

—

W= ===
[SHESSE AV, N S 'S

1
5
3
2

'S

)

ot

0
l

PoEYE
(2 @ E rF of Q

)

_o|15
K
fr o

o

o

)
s

9] 4RI 90| Wol Big=Y, A4, Wx, HE
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