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Abstract—Reliability allocation is a significant part of reliability
design. There are a number of factors that affect the reliability. A
new method of reliability allocation is proposed based on the
fuzzy theory and AHP method. The core of this method is to
introduce the improved AHP method to determine the weight of
factors, and the Fuzzy evaluation allocation method is used for
comprehensive evaluation. Finally, an engineering example is
given to illustrate its application and its simplicity and
effectiveness.
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I.  INTRODUCTION

Reliability allocation is essentially an engineering decision
process, which is a comprehensive measure of optimization
and an important component step of system reliability design.
Considering the reliability index specified in the task book,
reliability allocation is assigned to the subsystems and
components from top to bottom according to certain rulest?,

For reliability allocation problem of complex systems, it is
difficult to assign the reliability accurately and scientifically
using conventional allocation techniques. At present,
common reliability allocation methods include fuzzy
evaluation allocation method, AHP and so onf*4.The comment
set is often fuzzy when the relationship of the distribution
target and the reliability influence factor is established, so
fuzzy evaluation allocation method should be adopted. The
index weight is very important using the fuzzy evaluation
allocation method. The weight of fuzzy evaluation allocation
method given by experts, is inevitably subjective®.AHP, a
combination of quantitative and qualitative, can reduce
shortcomings caused by personal subjective assumptions and
make the evaluation results more crediblel®l.

According to the membership degree theory of fuzzy
mathematics, a multistage fuzzy evaluation assignment
method™ transforms qualitative evaluation into quantitative
evaluation. Fuzzy mathematics is used to make a quantitative
evaluation of various systems restricted by numerous factors,
and then to determine the relative proportion of reliability
between subsystems. In determining the weight of influencing
factors, experts directly score according to the scoring rules,
which are subjective and blind, and lack of corresponding
referencel®.

Considering the inefficiencies above, this paper puts
forward an improved multi-level fuzzy evaluation allocation
method. The core of this method is to introduce the improved
AHP method to determine the weight of factors, and the Fuzzy

evaluation allocation method is used for comprehensive
evaluation. The new method is applied to the allocation of the
reliability index of aircraft engines.

Il.  THE MULTISTAGE FUzzY EVALUATION ASSIGNMENT
METHOD

A. The Establishment of Factors Affecting Reliability

For the reliability allocation of complex systems, the
multilevel fuzzy comprehensive evaluation allocation
method[9] takes into account the fuzziness of the influencing
factors, and the different levels of the influencing factors.
There are a number of factors affecting the reliability of
complex systems, such as technical level, complexity,
importance, working hours, working environment, cost, weight,
size, etc. The influence degree of each factor on the system is
different. According to principle of objectivity, scientificity,
integrity and validity, the influence factors are divided into
layers. Therefore, the first level factor set U; (i=1,2,---,n)
consist of n subset of factors. Therefore, the first level factor
set U consists of n factor subsets. The second factor subset also
contains m factors.

U={U,, Uy, U} (1)

)

The number of subsets of each factor can be different, but
conditions must be met.

Uy = {ui, Ui o Ui}

UiﬂUj:@,(iij) (3)
B. Establishment of Factor Evaluation Set and
Corresponding Value Set.
According to the actual situation and reliability

requirements of the distribution object, a factor evaluation
grade set is established. Size, length and quality of the elements
in factor sets can be expressed by "lower, low, general, high,
higher" or "worse, bad, general, good, better" and so on. The m
evaluation levels for the subset of factors are shown in table 1.
The set of States is the factor evaluation level set V;;.

Vy = (Uzjuvzjz' ""vijp) (m=12--,p) (4)

Copyright © 2017, the Authors. Published by Atlantis Press.

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).



£

ATLANTIS
PRESS

TABLE I. TFACTOR EVALUATION SET

fa_lctor Vi1 Vi Vi3 Vijs Vs
evaluation set
technical level low | gener h hig
er ow al igh her
work environment wor b general g bett
se ad ood er

C=(crcp, Cp) (5)

C,, represents the relative value of the reliability assigned
by the m level. The higher the value of c,,, the higher the
degree of resistance is assigned to it.

C. The Establishment of Factors Affecting Reliability.

Weights represent the influence of various factors on the
system reliability level .The weight reflects the position and
function of each factor in the comprehensive decision, and
directly influences the result of decision. W, is the weight of
factor set U of unit k. W,; is the weight of factor subset U; of
unit k.

Wy = {wy, wy, -+, wp} (6)
The factor subset weight set W, is:
Wi = {wi, wiz, -+, win} )

i indicates the number of factor subset. The expert scoring
method is usually used to determine the weight. As shown in
table 2, a; denotes estimated value of the j-th factor of the

k-th unit by expert s. weight W, of factor set is obtained by
taking average of h estimated value of each factor and then
normalizing the average.

aisji denotes estimated value of the I-th factor of the j-th
factor set of the k-th unit by the s-th expert. weight W of
factor subset is obtained by taking average of h estimated value
of each factor and then normalizing the average.

When normalizing, conditions must be met:
Z;;lwij = l(Wl] = 0)1Z?=1Wi = l(WU = 0)

TABLE II. EXPERT WEIGHT SCORING TABLE

U, U, U,
Wi11 Wi12
Win1 Win2
U W Wz Uy Uy Unp  Upz
k111 Ar11z A1z Araiz1
Arn11 Akni: ki Akn2i
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D. Multilevel Fuzzy Evaluation Model

The comprehensive evaluation model is divided based on
the level of influence reliability factors. If the influence factors
are all at the same level, they are called one stage
comprehensive evaluation. According to the method of factor
hierarchy dividing, the hierarchical fuzzy evaluation model is
divided into two levels. The first level synthetic evaluation
reflects the correlation between the factor subset and the
reliability assignment object. The secondary level synthetic
evaluation reflects the correlation between the factor set and
the reliability assignment object.

(1) The first level fuzzy evaluation

The expert evaluates each factor in the factor subset and
then integrates all the factors in the subset.ry,, represents the
evaluation of the j-th factor uy of the of the i-th factor subset.
Subordinated to the m-th level vy, in the evaluation level,
the membership value of the evaluation object is Iy, (i =
12,--,n;j=1.2,--,5;m =12, ---,p).The evaluation matrix
Ry of the k-th element of the k-th unit is established.

Ti11Ti12° Tiap
Ti21 722

o ®

Tis1Tis2"* 'risp

Ry =

According to table 3 and the influence factors connotation,
a number of experts compare each evaluation object to to get
the evaluation matrix R,;. The expert makes a binary judgment
that belongs to or does not belong to p levels and draws " v "
on the corresponding space. The number of " v " in each box is
counted and divided by the number of experts. The evaluation
matrix Ry; isconstructed in the order shown in table 3.

TABLE Ill. FACTOR EVALUATION TABLE

Part 1(k=1) K(k=K)
number
Factors ra - r ro.. ran
rank nk1 ank p ank 1 kp

technical level

work
environment

The fuzzy evaluation set of the ith factor subset and the kth
component obtained by the fuzzy transformation:

Byi = Wii°Ry =

Ti11Tia2 Titp
rin _

Ti21Tiz2" "

(Will Wiz, ") Win)0

Tis1 risZ"'risp
(billbiZI”"bip) (9)

In the formula, the symbol "', " is a fuzzy operator. In order
to retain all the useful information as much as possible, the real
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number of addition and multiplication M(-,+) is used to
calculate:

bij = Z} 1Wl.] ijm (10)

Matrix Ry is made up of of elements of by,:

B
lbklbkz bka

Ry is the grade comprehenswe evaluation matrix, that is,
the first level fuzzy evaluation matrix.

b11b12 b
bz1bzz b

(2) The secondary level fuzzy evaluation

The matrix By, can be used as a single factor matrix for
two-level fuzzy evaluation. Two-level fuzzy evaluation set:

by1b1z b1y
o o boriboot*b
Bk = Wk Rk = (W11W21'“ an) 21 22 271 =
biiba'*bin
(blbeI'”lbn) (11)

(3) The secondary level fuzzy evaluation

The comprehensive evaluation score of the system could be
obtained by multiplying The comprehensive evaluation matrix
B with the evaluation score set C.

dk = Bk * CT (12)

E. System Reliability Index Assignment

Most mechanical systems are connected in series. When any
part of the system fails, it will cause the whole system to fail.
Assuming that the series system consists of k components and
the reliability index value is R% % The above mentioned
multi-level fuzzy comprehensive evaluation of k components is
carried out to obtain the comprehensive evaluation score d, of
the corresponding parts. The reliability of K partsis Ry:

* dg/ d
Rk—R k2k1k

(13)
I1l. THE WEIGHT OF FACTORS DETERMINED BY
HIERARCHICAL DISTRIBUTION METHOD

In the expert scoring method, whether the expert scores the
factor directly according to the scoring rule or the fuzzy
number introduced in the score has certain subjectivity and
blindness, and lacks the mutual reference between the factor
and the factor.

The weight vector is determined using an improved analytic
hierarchy process [*'4.The method overcomes the strong
subjectivity of expert direct scoring method, lack of mutual
comparison, uncertainty in ranking process of general scale
importance and the complexity consistency test. This method is
simple and clear. The concrete steps are as follows:
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(1)Using the three scale method to establish complementary
fuzzy judgment matrix F:

0 A>B
F= (ﬁ-j)mxn =305 A=B (14)
1 A<B

A represents the corresponding index of line i, B represents
the corresponding index of column j, and n represents the
number of elements in the criterion layer.

(2)The fuzzy judgment matrix F is transformed into fuzzy
consistent judgment matrix Q. g; = X, f;; is given to Sum
the data in lines and the transformation formula is used to
obtain Q.

qi—q; 1
4749 , 1
2n 2

qi; = (15)

The fuzzy consistency judgment matrix is obtained:
Q = (Qij)an

(3) The weighting vector using sum and normalization
method. The sum of the elements of each row (excluding
identity comparison) of the fuzzy consistent matrix Q =
(9ij)nxn and the sum of the elements of the fuzzy consistent
matrix Q = (Qj)nxn Without diagonal elements are as
follows:

-05

l; = Z?=1 qij (16)

rili=n(n-21)/2 a7

Since |; indicates the importance of the index i relative to
the upper level target, the weights of each index can be
obtained by normalization of |;.

w= o= (18)
Weights of factor set are obtained:
Wi = (Wq, Wy, -+, Wy) (19)
Similarly, weights of factor subset are obtained:
Wii = (Wig, Wiz, -+, Win) (20)

IV. CASE STuDY

With hundreds of thousands of parts inside, aero engine is
a complex system of integrative technique of
mechanics-electronic-hydraulics. In an aero-engine system, the
host system works mostl'?%3, According to the functional
principle, the main system of an aero-engine is composed of an
air inlet, a compressor, a combustor, a turbine and an exhaust
nozzle. In the initial stage of reliability design, the reliability of
the system assigned to the engine host R; = 0.906.The method
mentioned above is used to assign the reliability to individual
components.
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A. The Establishment of Factors Affecting Reliability

The reliability factor set is set up for aircraft engine host
system, as shown in table 4.

TABLE IV. HIERARCHICAL DIVISION OF INFLUENCE FACTORS OF
AERO-ENGINE RELIABILITY

influence factors of aero-engine reliability

first layer Second layer
Technical u; design level
level U,y _
Uy manufacturing level
Importanc | u, consequences caused by
e U, failure
u, Loss caused by failure
Complexit | ug the number of components
y Us
Us the ratio of standardized
parts
Us the difficulty of disassembly
work Uy Load change

environment U,

Uy Working hours

The factor evaluation set of aero engine is established as
shown in Table 5

TABLE V. INFLUENCE FACTORS AND GRADES

factor ran ran ran ran ran
evaluationset | k1 k2 k3 k4 k5

Vi1(uq1) low low gen hig high
er eral h er

Via2(uqz) low low gen hig high
er eral h er

V,y1(uzq) less not gen seri Mor
. | eral ous e

seri seri

ous ous seri
ous

Voo (uyz) Sm Sm gen larg larg
aller all eral e er

V31(uzq) mor ma gen few few
e ny eral er

V3,(uszz) low low gen hig high
er eral h er

V33(usz3) har har gen eas easi
der d eral y er

Vi gre gre gen Sm Sma
(u4q) ater at eral all ller

Vo (uyz) lon lon gen sho shor
ger g eral rt ter

Each level is given a corresponding score. The technical
level "higher" which refers to the maturity of technology is
recorded as "16(2*)"."The technical level "high" is recorded as
"8(23%) ". The technical level "general" is recorded as
"4(2%)".The technical level "low" is recorded as "2(21)"".The
technical level "lower" is recorded as "1(2°)". Corresponding
to the factor level set, the value set C is:
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C=(c1.c0.¢,) = (1,24,816)

B. Establishment of Weight Set

According to the precedence relation between the
hierarchical structure model and the three scaling method, the
influence of each factor of the criterion layer on the overall
reliability allocation is compared. According to the expert
evaluation results, the reliability relation of each component of
the aero-engine main system is sorted out.

For air inlet: Technical level > working environment >
complexity > importance

The priority relation matrix is shown in table 6 converted
by the above relationship.

TABLE VI. FUZZY DECISION MATRIX OF INLET FACTOR SET

air U, U, Us LI
inlet
U, 05 1.0 1.0 1.0
U, 0 05 0 0
U, 0 1.0 05 0
U, 0 1.0 1.0 05
By the Eq. (15), the fuzzy judgment matrix of Table 6 can

be transformed into fuzzy consistent matrix:

According to the data in table 6, the sum of the rows is
obtained:
41=35¢q=05¢q3=15¢9,=25
By the Eq. (15), the fuzzy judgment matrix of Table 6 can
be transformed into fuzzy consistent matrix:

1/27/83/45/8
_|1/81/23/81/4
" |1/43/41/23/8
3/83/45/81/2

By the Egs. (16),(17) and (18), the weight of air inlet
factors set is calculated.

W, = (0.3750,0.1250,0.2083,0.2917)

By analogy, the influence of factor subset on inlet reliability
is determined. According to the specific conditions of air inlet
units and the expert experience, the following relative relation
is obtained:

manufacturing level > design level
consequences caused by failure> Loss caused by failure

the ratio of standardized parts >the difficulty of
disassembly >the number of components

Load change > working time

By reusing the step (1), (2) and (3) of improved AHP,
Weights of factor subset affecting air inlet reliability are
determined.

W,, = (0.2500,0.7500), W;, = (0.7500,0.2500)
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W,; = (0.1667,0.5000,0.3333)
W,, = (0.7500,0.2500)

Advances in Engineering, volume 87

The factors set weights and factor subset weights of the
compressor, combustion chamber, turbine and exhaust nozzle
are obtained by repeating the above methods, as shown in table
7.

TABLE VII. SUMMARY SHEET OF AIRCRAFT ENGINE HOST SYSTEM WEIGHTS

U, U, U U,

Uqq Uqz Uzq Uz Uz U3z Uz3 Uyq Uy2

air inlet Wi 0.2500{ 0.7500| 0.7500 | 0.2500 | 0.1667 | 0.5000 | 0.3333| 0.7500 | 0.2500
W1 0.3750 0.1250 0.2083 0.2917

air compressor Wai 0.7500‘ 0.2500[ 0.7500 ‘ 0.2500 | 0.1667 ‘ 0.3333 ‘ 0.5000 | 0.2500 ‘ 0.7500
W2 0.3750 0.2083 0.2917 0.1250

combustion Wai 0.7500‘ 0.2500[ 0.7500 ‘ 0.2500 | 0.1667 ‘ 0.3333 ‘ 0.5000 | 0.7500 ‘ 0.2500
Ws 0.1250 0.3750 0.2083 0.2917

turbine Wi 0.2500‘ 0.7500| 0.7500 ‘ 0.2500 | 0.1667 ‘ 0.5000 ‘ 0.3333| 0.2500 ‘ 0.7500
Wa 0.3750 0.2917 0.1250 0.2083

exhaust nozzle Wi 0.7500‘ 0.2500[ 0.2500 ‘ 0.7500 | 0.1667 ‘ 0.3333 ‘ 0.5000 | 0.7500 ‘ 0.2500
Ws 0.3750 0.1250 0.2917 0.2083

C. The First Level Comprehensive Evaluation

According to table 3, 10 aviation professionals make the
first level synthetic evaluation of the reliability of the air inlet,
as shown in table 8.

TABLE VIII. FUZZY EVALUATION TABLE OF INLET LEV

air factor ra ra ra ra ra
inlet set nkl |nk2 |nk3 |nk4 nk5

U, Uy 03 06 01 0 0
' 01 02 o4 03 0

U, Uy 0 03[ 05 02 0

u,, 0 0 01 07 02

U, Uz 0 0 0 04| 06
us, 01 04 o3 o2 0
U3 05 04 01 0 0

U, Uy 0 01 04 03] 02
Uy, 07 03 0 0 0

According to table 8, the factor matrix of air inlet is
obtained. Corresponding to the membership degree of each
evaluation level, the factor set U,constitutes the evaluation
matrix Rq;.Similarly, Ry, ,R;3 and Ry, are obtained.

R =[0.30.6 01 0 O]R =[00.3 05 02 0
1710102040307 " lo0 01 0702

0 0 00406
0 01040302
Rys = lo,l 04 0.302 0 |Ryy = [o 70010.205
0504010 0 R

According to Eq.(9):
B;; = (0.1500,0.3000,0.3250,0.2250,0)

B,, = (0,0.2250,0.4000,0.3250,0.0500)
B,; = (0.2167,0.3333,0.1833,0.1667,0.1000)
B,, = (0.1750,0.1500,0.3000,0.2250,0.1500)

According to Eq.(10), B,;,B;,,B;3and B, are used to form
the first level synthetic evaluation matrix:

By 0.1500 0.30000.32500.225 0

Bip| _ 0 0.2250 0.40000.3250.05
B;3|  10.21670.33330.18330.1667 0.10
By, 0.1750 0.1500 0.3000 0.2250 0.15

Using the same method, the other parts of the host system,
compressors, combustion chambers, turbines and nozzles are
evaluated by experts, and then the first level synthetic
evaluation matrix R,R3, R,, R are obtained.

D. The Secondary Level Synthetic Judgment

The secondary level fuzzy comprehensive evaluation is
based on the first level evaluation, and uses the Eq. (11) to get
the second class evaluation set of the five components of the
host system.

B, =(0.1524,0.2538,0.2976,0.2253,0.0708)
B, = (0.0569,0.1601,0.3806,0.3135,0.0608)
B; = (0.1295,0.3517,0.2944,0.1847,0.0396)
B, = (0.0115,0.1365,0.4948,0.2281,0.1292)
Bs = (0.0983,0.2017,0.2997,0.2938,0.1066)
Finally, according to the Eq.(12), the comprehensive
evaluation scores of each component are obtained.

Qair iner= 4.7865, dcompressor = 5.3799, dcombustion= 4.1219, d
turbine: 61552 ’ d nozzle = 57559
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E. The Index Allocation of System Reliability

The reliability index of aero-engine main engine system is
assigned. When the reliability of the host system is R% =
0.906, according to Eq.(13), the reliability of each part is :

Rair inler=0.9821, Rcompressor =0.9799, Rcombustion= 0.9846,
Rturbine: 09771y R nozzle = 09785

V. CONCLUSION

For the reliability allocation of complex mechanical system,
not only the influence of various factors but also the hierarchy
and fuzziness of the factors should be taken into account. The
improved AHP was introduced to determine the weights of
factors. The fuzzy evaluation method is used to synthetically
evaluate the subset of factors. Combining qualitative and
quantitative methods, the allocation model of aero-engine host
system is established. The proposed method is suitable for
engineering application at early stage of reliability design.
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