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Abstract

Nowadays, improving and upgrading quality of praduand services is one the main reason for outgiieg
competitors and penetration into markets. Thisclartis about the deficiency of the traditional FME#nd
introduces a new method based on estimated casty fMEA and utility values. In the proposed metlaod
new fuzzy RPN is defined. A pair wise comparisonoag Severity, Occurrence and Detection by the AHP
method has been done to obtain a new fuzzy memipdtsiction. In the proposed method the limited dpetdof
company for improving activities is also consider&dhally, the case study shows this new membership
function calculate actual costs due to failures) batter prioritize failure modes, can improve mpogential
failures than Dong method and this is the most mawd superiority our new method.
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1. Introduction

FMEA is a systematically method for identifying apdeventing the occurrence of potential failuresthe
product design, product and production process.eMban 40 years of FMEA method in the world passes
and this method first time was used in Aerospackistries NASA. Despite the abundant use of FMEAs th
method is faced with restrictions. First; determthe exact probability of failure is difficult omipossible.
Many of the information in this way are ordinal.c8ad; in FMEA method influence parameters (occureen
severity, detection) often consider with a samegheiThird; in FMEA method abutment between scasai
clear. For example a person may considers a sgweore 5, and other one 6 or 7. Fourth; In FMEAhoé in
prioritized fails about costs and profitability doeot speak and be ignored. Fifth; Some times figrdint O, D,

S the same RPNs are obtained that will cause comfirs priority. Sixth; Most of fuzzy FMEA methodapply
if-then methods but this method needs expert kndgdeSeventh; Customer discussion in FMEA is a verg pal
and partly opinions, demands and customer secigriopnsidered that after multiplying the two quaes of
occurrence and detection its effect reduce. Verpoitant efforts in FMEA literature for overcome the
inadequacies of the traditional RPN is done. FangXe fuzzy logic widely is used for FMEA. Changldree
(1999) used fuzzy linguistic terms such as very low, ldw,evaluate O, S, D and utilized grey relational
analysis to determine the risk priorities of poi@ntauseqg11]. Bowles, Pelaez (1995)described a fuzzy logic
based approach for prioritizing failures in a syst&MEA, which uses fuzzy linguistic terms to delerD, S, D
and the risks of failures[12]. Based on the abascdbed fuzzy logic approach, Xu and Zhu (2002)etiped

a fuzzy FMEA assessment expert system for diesghels gas turbocharger [4] and Chin, Chan, andg{ian
press) developed a fuzzy FMEA based product desjgtem called EPDS-1[3]. Building a fuzzy if-therer
base is thought to be tedious and critical to fuzEAEA. Braglia et al. (2003) proposed a risk fuantiwhich
allows fuzzy if-then rules to be generated in atomatic way [6]. Garcia and Melo(2005) a data eopeient
analysis method (DEA) for FMEA suggested[8] andoadimg to Fuzzy probability model developed by
Lertworasirikul and Nuttle (2003) to determine ttamking indicators between fail modes used[13]. Kadl
Lim(2006) argued that it might be not true to assuorzy if-then rules to be certain and of equalanance
[7]. They therefore proposed the use of weightetkyyproduction rules in fuzzy inference system bfEA,
which allows a global weight to be attached to @&ehen rule.

Recently also Yang and Chin (2009) have presenfeapar that in this paper they treat the risk fac®, S and
D as fuzzy variables and evaluate them using flirmyistic terms and fuzzy ratings [5]. In view fafct this
subject that one of the major disadvantages of FNHEAot considering the cost in calculating RPN, there
are few research published since 2003. Seun and (203) some of disadvantage the traditional FMEA
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identified and new method for FMEA based on cdfst tourse introduced that risks in terms of cast t
measurf®]. Dong (2003) used utility theory and fuzzy memhbgrsfunctions for the assessment of severity,
occurrence, and detecti¢gti and Carmignani (2008) presented a new integrgtpdoach, named priority-cost
FMECA (PC-FMECA), in order to exceed limits of FMBEA)]. So this paper is about solving disadvantagfes
FMEA method, presenting a new fuzzy method basedosty considering firm budget as a limit and asisgs
weight for each RPN factors and each expert.

2. UT and FUT-based FMEA and New approach
Since the traditional FMEA uses ordinal numbergdnk the severity, occurrence, and detection dtri
modes, it cannot provide an estimation of the dastto failure since the cost of a failure modekeain10 is not
always ten times of a failure mode ranked 1. Sithee ultimate goal of FMEA is to reduce the cost doe
failure, the cost due to failure modes should leedihjective for decision-making. The expected &g€) due to
a failure mode can be expressed as:

E(C) = CfmPfm(l1- Pd) (1)
whereCfmis the cost due to a failure mogdmis the probability of this failure mode apd is the probability
that this failure will be detected.

Since the severity, occurrence and detection aflaré mode determines the failure cost, they camelgarded
as cost drivers in the utility theory (UT). Utilitheory is an attempt to infer subjective valueublity, from
choices. In this case, each cost driver is rankech fL to 10. Cost values are converted into utifijues by
dividing the cost value of the highest level focleaost driver, i.e.[1]

U, =<5 @)
In FUT, the utility values are expressed by menttiprfunctions instead of real numbers. Consideesgy it
is ranked from 1 to 10. The cost value for leivgiven by engineey is denoted a€sij, i = 1...10,j = 1...n,
wheren is the number of engineers.

Usij = <55t C)

After this transformation, utility values are betwe0 and 1.

The cost and utility values for detection can bevae in the same approach as severity. The evaluaff
occurrence is different from that of severity amdedtion, since the probability of failure is givers shown in
Table I. These probability values are convertethéoutility values as:

Uo=rgr (4)

~ logPo
wherepo is the probability that a failure mode occurs. Aftes conversion, the utility values for occurrerare
between 0 and 1. In FUT method the resulting RRUZgy and is expressed by the membership fundtistead
of a general utility value as:

RPI=%/UsnsUonoUdd 3% 4 (RPI) = [u(Us ) (Uo ) (Ud ) JF (5)

In this paper, triangular membership functions ased. For a triangular membership function, theimum
and maximum utility values given by the engineensrf the two bottom points, and the average of tiliyu
values form the top point, i.e.

Uu = max(Uj) um=Y" U Ul = min(Uj) (6)
The membership grades are 0 for utility vallidsand UU and 1 for utility valueUM. This is based on the
assumption that among the utility values given Iy eéngineers, the average of the values is moedy lilo
denote the actual failure cost than the minimunuezadr maximum value[6,12]. For a specific failuredea,
each engineer determines the cost valug<dC the severity and the ranking of severity. Thiéity values are
obtained using Egn. (3) and the membership funct@nseverity is derived using Eqn. (6). In the sam
approach, the membership functions for the occogemd detection can be derived.

But the process has many disadvantages. Suchtake# long time for performance and requires to@hmu
calculation for getting to utility values. Also dathree RPN factors have the same importance. xamgle if

5 engineers take part in FMEA team, since for eREMN factors, there are 10 rating and for RPN 3
factors(S,0,D) , therefore 100 calculation are eeetb achievement for cost values and 150 calouldtr
utility values. In order to solve this disadvantage should describe Us, Uo, Ud in away that theERM
method can be performed easily by users and redgohgesirable results. In this study in order tovidle a new
FMEA model in fuzzy mode and considering cost indexreach a completely new fuzzy membership famcti

Uo, Us and Ud are defined and modified as follows
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Uo = g7k U, =5 U, = (7

i=1, 2,3, ...; n=Engineers number; j=AG ... (Failure modgs Po= The failure event probability

3. Benefits and Advantages of the New Functionsto the Previous Dong Functions
1. In functions proposed, by using relations (7, will get normalized numbers. Because these ogiatexactly
are the same with relation (8) for normalizatioriables comparing numbers in AHP method.

8;
m (

2. Dong process method is very time consuming a®ts long computing for achieving utility valuesr F
example if 5 engineers exist in FMEA team, lmpnsidering for each RPN factors, there is 10 ramd cost
values is needed for detection and severity faciierefore need to be calculated 100 numbs£sax 2 =100)
and for utility values because of for each RPNdesgtthere is 10 rank and utility values is neefiiedietection
and severity and occurrence factors, so need touleé¢ 110 numbers for determining utility values
(5x10x2=100 for detection and severity factors and 10 numbersotcurrence factor). In Dong method we
have to calculate 210 number, while using relafioonly need to calculate 110 numbers (100 numbars f
detection and severity cost values and 10 numloersalculating occurrence utility values).

3. Work with proposed new functions is very easy #irete is no need to draw detection and severitityuti
values diagram. As a result, using Us and Uo angtdposed in this article, new fuzzy membershipctiam
will be follows form.

H(RPY) = | () (s 1 (52) 9
z Sj zcdij

i=1 i=1

8)

It should be mentioned that the engineers basdti@nexperience and knowledge, we can get paaticuéight
which this weight should be between zero and ore tatal weights for all engineers, should be oner F
example if 5 engineers exist in FMEA team, theiights can be 0.15, 0.20, 0.30, 0.25, 0.1 respdygtihat
total weights for them is one. According to weigf) for each engineer and considering their knogtetbvel
in the cost calculation for RPN factors new fuzagdtion (10) can to be defined as follows:

L(RPI) = 3\/vvu () () (22 (10

Z CSJ Z Cdu
i=1 i=1

Case study shows that work with the new fuzzy mestfije function is very simple and requires no lamgl
complex calculation. As in part of the traditionBMEA disadvantages mentioned, one of the major
disadvantages of the traditional FMEA is allocajea weight to each indicator of the RPN that & baticized

by a lot of authors such as a Gilchrist [10]. Nawarder to overcome this limitation in traditior@MEA
method, the AHP process in order to obtain a melialle indicator in this research in fuzzy modeused.
Therefore considering cost and time criteria a pair of corgmar between indices (detection, occurrence,
severity) is carried out. So by using a questiomnaie did these comparisons in Tractor Company iZdkan

in quality control section to related AHP matrixridge. The results of the questionnaire are sunmadrin
Table 3.

Table 1: Ranking of occurrence

Probability Likely Failure Rates Ranking
Very High: Persistent Failures | > 100 per thousand pieces 10
50 per thousand pieces 9
High: Frequent Failures 20 per thousand pieces 8
10 per thousand pieces 7
Moderate: Occasional Failures | 5 per thousand pieces 6
2 per thousand pieces 5
1 per thousand pieces 4
Low: Relatively Few Failures | 0.5 per thousand pieces 3
0.1 per thousand pieces 2
Remote: Failure is Unlikely <0.01 per thousand pieces 1
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Table 2: Assigned weights

Index Weight
Detection 0.4809
Severity 0.3538
Occurrence 0.1652

Now after finding related weights to each RPN festand by considering (10) formula, we can defiee iRPI
as follows:

H(RPI) :3\/vvu (03538u(- = 1+ 01652u(1cky Y+ 04B09(-)) (11

sj dij
i=1 i=1

4. Case study
As a case study new created fuzzy membership fuméiexpanded based on Dong example to cleafféste
in prioritization. In Dong method 3 failure mode tgditional FMEA and FMEA based on FUT have evidda
respectively.

Table 3: Traditional FMEA for 3 failure mode [1]

Failure mode | Severity | Occurrence | Detection | RPN
A 9 4 3 108
B 3 9 4 108
C 4 3 9 108

Table 3 shows that for these three failure modws,titaditional FMEA gives the equal RPN while tHeTF
based FMEA gives different RPI's. Thus, the failunedes can be better prioritized using the FUT-thase
FMEA. When the FUT-based FMEA is used, the costtdu@ilure can be assigned. Cost and utility valfoe
severity and detection of failure mode by 5 engisée figure (1), (2) ,(3) ,(4) is shown.

100 —=— Engiraar
—i— Enginsard
—a— Enginaard

[ —=— Enginaad
—— Enginacr

“ s}
20+
0 £ 4 & i Lt
Figure 1: Cost value for severity
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Figure 2: Utility value for severity
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Figure 4: Utility value for Detection

Utility values for the occurrence index through Teafll) are obtained. It should be mentioned thes¢hvalues
are the same for each engineer. Detection, Ocagr&everity ranking are shown in Table4.

Table 4: Ranking and utility values for severitgcorrence, and detection

Failure mode Eneineer F_Severir\-' 0§currence Detecti011
= Ranking U, Ranking U, Ranking [
Engineer 1 9 0714 4 0.333 3 0.250
Engineer 2 2 0.556 5 0.371 3 0.192
A Engineer 3 g 0.564 4 0.333 2 0.167
Engineer 4 9 0.769 4 0.333 3 0.250
Engineer 5 9 0.750 5 0.371 3 0.227
Engineer 1 3 0086 9 0.769 4 0375
Engineer 2 3 0.078 8 0.589 5 0385
B Engineer 3 2 0.045 g 0.589 4 0.333
Engineer 4 3 0.077 9 0.769 4 0.350
Engineer 5 3 0.075 9 0.769 5 0.409
Engineer 1 4 0.229 3 0.303 9 0875
Engineer 2 5 0244 3 0303 8 0.731
C Engineer 3 4 0.182 2 0.250 8 0.778
Engineer 4 4 0.169 3 0303 9 0.900
Engineer 5 5 0.200 3 0.303 9 0.864

Table 5: Risk indices after defuzzification

Failure mode (RPI) risk priority index (COM method)
A 0.362
B 0.254
C 0.360

After defuzzification, the RPI's of failure modes-@ are shown in Table 5. Now new created fuzzy
membership function is expanded based on previsamgle to clear its effects in prioritization. Théar
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testing the proposed method the numbers relatdtetprevious example and just three Figures ())afd table
(1) are used.

Table 6: Ranking of severity, occurrence, and dietec

g é = _g S Usznci Wi xUs _g Uo =mrs | W >Uo g é Ud:ncdiJ W xUg
o
11015] 9 22 0.1506 0.0226 | 4 0.333 0.04995| 3 3 0.1428 0.0214
21020 8 23 0.1575 0.0315 | 5 0.371 0.0742 3 5 0.238 0.476
Al 3/030]| 8 32 0.2191 0.0658 | 4 0.333 0.0999 2 3 0.1428 0.0428
41025 9 35 0.2397 0.0599 | 5 0.333 0.08325| 3 5 0.238 0.0595
51010]| 9 36 0.2465 0.0246 | 9 0.371 0.0371 3 5 0.238 0.0238
2":1 u, =1
1|015] 3 3 0.1666 0.0249 | 9 0.769 0.11535| 4 7 0.1666 0.0249
21020 3 4 0.2222 0.0444 | 8 0.589 0.1178 5 11 0.2619 0.0523
B| 3{030]|2 2 0.1111 0.0333 | 8 0.589 0.1767 4 7 0.1666 0.0499
41025 3 4 0.2222 0.0555 | 9 0.769 0.19225| 4 8 0.1904 0.0476
5/ 0.10]| 3 5 0.2777 0.0277 | 9 0.769 0.0769 5 9 0.2142 0.0214
o ! = S U, =1
18 42
11015 4 6 0.1034 0.0155 | 3 0.303 0.04545| 9 13 0.1585 0.0237
21020]| 5 12 0.2068 0.0413 | 3 0.303 0.0606 8 19 0.2317 0.0463
C| 3/030] 4 10 0.1724 0.0517 | 2 0250 0.075 8 13 0.1585 0.0475
41025 4 12 0.2068 0.0517 | 3 0303 0.07575| 9 18 0.2195 0.0548
5|1010]| 5 18 0.3104 0.0310 | 3 0303 0.0303 9 19 0.2317 0.0231

Z;C‘=2US =1 Ye, = zjud =1
58 82

Table 6 compares the new fuzzy membership funat®oulatings with those of Dong method. In the dhir
column (V\{] ) for each engineers as a innovation, a partioutght between zero and one is considered that the

total value of them is equal to one. Then eachhefé¢ weights in the calculation of each fuzzy mesthp
function (detection, severity, and occurrence) @ed. In the fourth column (rank), considered rdiokseach
failure mode by each engineers, for the severityofais written. On the base of these ranks, uging figures
and table 1, related cost (in the fifth column) akgained. According to Cijs obtained, fuzzy wilitalues by
new method in the sixth column is presented thawep Superiority of this method in comparison witbng
method in terms of comfort calculations. To calteilfuzzy utility values for severity factor, it gnheeds to
divide related cost for each engineer to the totaks obtained from five engineers. The calculationcolumn
7 up to last column are similar to those of coluname to six. Based on the relationship (11) andyfuz
membership Function obtained through the tableR®), of each failure mode is obtained (Figure 5).
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Figure 5: The membershfpnction for RPI
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Table 7: Risk indices after defuzzification
Failure mode (RPI)

A 0.3495
B 0.37065
C 0.3127

The membership function for the RPI needs to beizidfied to obtain the RPI value. We have used COM

method in this study. In the COM method, the averafjthe minimum utility value and the maximum ityil
value is considered to be the expected RPI. Theltsegn Table (7) shows that priority failures, wile
respectively B and A and C. While priorities in first example were A and B and C. The advantageehew
priority will be discussed at the end of sectionlj5We will show that in new priority we can immge more
failure modes than Dongs method).

5- Optimal mix of failure selection
Not all failures can always be repaired or avoided to corrective actions’ high costs. Only a sipeanix of
failure modes can be modified according to a spetifidget provided by the firm. Therefore we need
algorithm able to find the optimal mix of faults be repaired as well as to obtain the highest suthedr C.I.,
imposing abound on the cost that the firm is irelio invest in these problems. Using the simplepkam
algorithm we can obtain the following relations 10
max »' X ;C.I.,

j=1

n

Z X, x cos t; < budget Xj D{OJ}

i=1

with j is a generic fault, xj is a variable thahcassume the value 0O if the action is not develaet 1 if the
action is developed, C.I. is the Critical Indexj-t fault. The budget is the available budgettfor corrective
actions. For example if firm budget to be considesé currency, First the cost of each failure maatesuld be
calculated using the Table (6). Then based on mddacosts for each failure modes and considermgeld
budget for improving potential failure modes, Fimlgcision on the selection of failure modes forrective
action occurs. Estimated cost of each failure madess follows:

5-1 The cost of failure mode A:
By considering that in COM method (defuzzificatimethod) RPN values of each failure modes obtaioutin

U, and U, So costs of failure modes based on COM methocbeasstimated. By considering the relations

obtained in the previous chapter and Table (6) awesh

Table 8: Risk indices after defuzzification and Gafsaction

Failure  (RPI) Cost of
mode action(currency)
A 0.3495 31
B 0.37065 13.5
C 0.3127 26.5

N bl

U, =3/0.3538 x 0.0226 +0.1652 x 0.0371 + 0.4809 x0.0214 =0.2901
U, =%/0.3538 x0.0658 +0.1652x 0.0999 +0.4809 x 0.0595 = 0.4089

C,, =3 K \ C,, =32

C

S,

are the Costs related to the minimumwﬂfxud in the same table (Costs for the occurrence faistarot

=22 and Cd31 =3 are the Costs related to the minimum/(z”)fxuS in the table (6) arg% =32andc, =5
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considered, because in calculating the utility gafor this index, there is no need to calculatetscder
occurrence factor and utility values for this indéirectly obtain throughy, =ﬁglao)' Therefore, the total cost for

U, will be equal 25(22+3) and the total cost for will be equal 37(32+5). Now based on COM method we

should calculate mean of these cost ie 37 and &5ittill be 31. For other failure modes, costs aalculated
in the same form. Now based on obtained costsdoh éailure mode(Table 8) and considering limitedidpet

(50 currency), final decision on the selection aifure modes for corrective action occurs. We wfibose B

and A failure modes for corrective action. Whiletheiut considering limited budget, all three faikir@ere

amendable. Therefore, considering limited budgenis of the most important factors in choosingifaiimodes
for improve. Also new priority shows that in new thned B and A failure modes are selected for coirect
actions, while in Dong method only failure mode &ncbe chosen for corrective action. It means thateiw

method we can improve more potential failures tBamg method and this is most important Superiooity

new method.

6. Conclusion

The same way that was expressed in introductioadiional FMEA uses RPN to prioritize failure modes
Since the three indices used for RPN calculatienaadinal variables, thus producing these threergsie
variables can not be define real costs due tor&sluTherefore, in this research a new fuzzy meshiyer
function for RPN with regard to cost Criteria wedefined that advantage of the new fuzzy membership
function is that the cost criteria is includadd alsahe level of experience and comments on each emgif&s
beenconsidered andach RPN factors have an specific important to etlebr based on cost and time criteria.
In addition, this method includes expert knowledgel if this people not be available, this way cae their
knowledge. Therefore, it doesn’'t have limitatiotated to the availability of a strong team in tHd method.
Finally, the case study shows this new membershiptfon calculate actual costs due to failures cam better
prioritize failure modes. Thus this method providefective and convenient tool for failure analysisd
improves FMEA implementation in failure and riskafysis for design and manufacturing production and
assembly lines.
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