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Data-driven system reliability and failure
behavior modelling using FMECA

Hadi A. Khorshidi, Indra Gunawan, and M. Yousefallim, Senior Member, |EEE

Abstract—System reliability modelling needs a large amountf
data to estimate the parameters. In addition, reliility
estimation is associated with uncertainty. This pagr aims to
propose a new method to evaluate the failure behai and
reliability of a large system using failure modes,effects and
criticality analysis (FMECA). Therefore, qualitative data based
on the judgment of experts is used when data is naufficient.
The subjective data of failure modes and causes hdseen
aggregated through the system to develop an overd#lilure index
(OFI). This index not only represents the system tbility
behavior but also prioritizes corrective actions baed on
improvements in system failure. In addition, two opimization
models are presented to select optimal actions swgjt to budget
constraint. The associated costs of each correctivaction are
considered in risk evaluation. Finally, a case stuyd of a
manufacturing line is introduced to verify the appicability of the
proposed method in industrial environments. The prposed
method is compared with conventional FMECA approach It is
shown that the proposed method has a better perforance in risk
assessment. A sensitivity analysis is provided orhda budget
amount and the results are discussed.

Index Terms—Failure modes, effects and criticality analysis;
Qualitative data; Uncertainty; Reliability modellin g; Universal
generating function; Overall failure index; Geneticalgorithm.

l. INTRODUCTION

of data is needed. In addition to this, the estiomatis
associated with uncertainty [10]. Therefore, sutbjec
estimates of parameters which are based on themeilgof
experts and engineers could be useful in the situatith the
lack of sufficient data [11].

Failure modes and effects analysis (FMEA) is aitptale
risk assessment method which makes possible usiggistic
expressions when historical data and statistics o
available [12]. It aims to identify potential faiki modes,
investigate their effect on the system, specify daises,
prioritize them, and allocate corrective actionsthie crucial
ones. A failure mode is a situation in which aneass a
component cannot work properly [13]. In order tamkiag
failure modes, each possible failure mode is valogdhree
parameters as severity (S), occurrence likeliho®qy, @nd
detection difficulty (D) to obtain a risk priorityumber (RPN).
These parameters are rated among 1 to 10 to shenthe
failure mode is severely influenced the system, loften it
happens, and how much it is detectable before Bbavin
consequences, respectively. The RPN value is catmll
through multiplication of the parameters which is
RPN=SxOxD. The company can consider a strategy to
implement improvement actions based on the higR#N
value, or a predefined threshold to remove or mitgause of
failures [14]. Failure modes, effects and critigalanalysis
(FMECA) is an extended version of FMEA which is doned

YSTEM evaluation is important to provide a systémat wjith criticality analysis (CA) procedure [15].

iew for engineers in order to identify the probteand
improve them. Reliability has been increasinglysidered in
system analysis to reduce system failure [1]. Maasgarchers
have done investigation on developing system ridliab
models to assess and optimize system behaviorafaty s/ia
components’ working probability and performancer[2-The
exact value of the probability is not easily acddeg8, 9]. To
estimate these parameters by statistical modelse lamount
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FMECA is a bottom-up approach which consists of a
breakdown structure for reliability examination tfe final
item of the system based on the failure causeslf2 System
definition and modelling is usually used to undamst the
system’s operation to determine failure modes aed tause
and effects [15]. Sharma et al. [17] utilized fatriée and
petrinet models to determine the relationship betwtilure
modes and subsystems. Boolean representation method
(BRM) is integrated with FMECA in [18] to model csuand
effect relationships. A prioritization method isoposed for
failures in system FMEA to consider relations betwe
components by decision making trial and evaluation
laboratory technique (DEMATEL) [19]. Chen [20] used
hierarchical FMEA system structure to analyze a mamy
from bottom (cause of failure) to top (system). Jdeystem
models try to find the RPN value of each failuredmdo rank
them through the system so that the system reatialiill be
improved by applying corrective actions on critidallure
causes. However in the current study, we are gtmnfind a
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Figure 1 System structure
failure index for the whole system based on FMECW bmanufacturing line. The concluding remarks are imeed in

reliability block diagram (RBD) and universal geakmg
function (UGF). This model can contain the datafalfure

modes, components, and subsystems and the intaracti Il.

among them through a large scale system. Also afiiisoach
is useful for decision makers to find the priority each
improvement action based on their effect on thelevbgstem.

One of the main criticisms of the RPN method ig tie
associated cost is not considered in analysis. Sstdies

have been done to point out cost in FMEA. The cassed by

the last section.

PROPOSEDMETHOD

In this section, the proposed method is presertedystem
reliability modelling via FMECA, mathematical fortadtion
and optimization model in the following subsectioAs first,
a systematic view is introduced for failure modes an
FMECA approach. Then, the failure behavior of tiistesm is
assessed by UGF approach to reach a failure irfkfee. that,

failure is used as severity, occurrence and deiectihe system failure index is utilized to rank therreotive

parameters are expressed by probabilities to ésalthe
expected cost by [21]. Bevilacqua et al. [22] erypld
maintenance cost in calculation of priority numimeFMECA.
A Life Cost-Based FMEA is introduced in [23] forroparing
and selecting design alternatives. Carmignani fi2isidered
the cost of corrective actions in applying improwsin for
failure modes. A fuzzy cost-based FMEA is integiateth
grey rational analysis (GRA) and profitability thgoto
prioritize service failures [24]. In this paperetlassociated
uncertainty with reliability evaluation is quanéfl by
subjective estimates of FMECA approach. Therefdhe
failure behavior of the system can be modelled wihene is
lack of sufficient data. A systematic approach lisppsed to
estimate system reliability and failure using guadive data.
As a result, the proposed approach can assessotkatipl
corrective actions of the industrial system. Fumtingre, two

actions in terms of providing reduction in systask.rFinally,
an optimization model is developed to select cdive@ctions
economically.

A.  Systematic view

A qualitative analysis of the system is carried asing the
integration of hierarchical algorithm and block gliam to
provide a system sketch based on FMECA which isvahia
Figure 1. At the bottom of the framework, there taiures
and their causes. Each failure mode may consissoofie
failure causes. Therefore, the failures are andlyzzsed on
the severity of the effect of the failure mode ba hext higher
level or the system, the occurrence probabilitythaf failure
cause, and the detection capability for each faikkause. In
fact, occurrence and detection parameters are naotdrom
causes, and severity is for failure mode [25, d®je higher

optimization models are developed to find the optim level shows that each component includes somerdaihodes

combination of actions via considering correctivetians’
cost.

which lead the component to fail. Based on the esgst
configuration, components and subsystems can fdmn t

The rest of paper is organized as follows. The ms@&cosystem RBD.

section presents the proposed method

through someSince a component will fail when a failure mode ws¢

subsections such as systematic view, system behaveach component is a series system in which failwwdes are

modelling, prioritization, and optimal selectionhd third
section illustrates the proposed methods via a sagly of a

elements. Therefore, different levels (states)ailife would
be imposed to each component based on the sergsushéhe

Hydraulic oil tank Auxiliary Control Protection Hydraulic servo
No# Rate Severit No# Rate Severit No# Rate Severit No# Rate Severit transmissio
1 0443 4 1 0284 3 1 0015 2 1 0132 3 No# Rate Severit
2 0.103 3 2 0.011 3 2 0.310 4 2 0.066 1 1 0094 1 |
3 0.059 3 3 0.085 3 3 0.365 3 3 0530 4 2 0522 4
4 0.395 4 4 0.566 4 4 0.155 1 4 0.046 1 3 0.013 1
5 0.011 3 5 0.155 1 5 0.066 1 4 0311 1
6 0.043 2 6 0.066 1 5 0.026 1
7 0.066 1 6 0.026 3
8 0.028 1 7 0.008 1

Figure2. HHTS configuratio
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happened failure mode. If several failure modesupat the
same time, the maximum of the severity the occufaddre
modes represents the failure level of the comporérthat
time. This concept is used in the next sectionita fthe
overall failure index (OFI).

B. System behavior modelling
In this section, the FMECA information of the faiu

modes is aggregated through the system using thé& UGq

approach. Therefore, the uncertainties are propdgatross
the whole system [27]. To make an illustration,example is
adapted from [18] which is exhibited in Figure ZeTexample
is a hydraulic hoisting transmission system (HHTS) a
marine crane with five subsystems in which failmredes are
defined. Each failure mode is analyzed by occueaate and
severity. In some work on FMECA (or FMEA), the dsien
parameter does not take into account. Kmenta e{28]
suggest eliminating detection in priority evaluatiof failure
modes. In [29], the importance weight of detectims been
found one-third of severity and half of occurretiwe®ugh pair
wise comparison of analytic hierarchy process (AHK}O0,
occurrence level and severity classification aredus the
application of FMECA for product traceability in dd
industry [30]. The critical processes are selectin
implementing statistical process control (SPC) adaurrence
likelihood and severity of their failure modes [31f fuzzy
risk analysis, two factors of severity and failprebability are
usually used to evaluate the risk of components [32

In UGF, the probability distribution of a variab(¥;) is
discretely represented via a u-function (Eq. 1yvimich py; is

the probability that the variable is in state xj; is its

demonstrated as 0.443%8.557x2.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation informe

Based on the failure modes’ u-functions, the bedravi

distribution of the higher
subsystems, and system can be obtained. In thardeagll

possible combinations should be considered to géméhe u-
function of the higher level item via tig®; operator. For the
example, u-function of each subsystem can be cadpas
Eq. 3

55, () =@pax (r, (2, @, g, @) ()
whereugg, (z) is the u-function of subsystem hy, is the
number of failures in the subsystem, a®d,,, denotes the
maximum severity of the occurred failures
combination is considered. A Matlab programming
developed to acquire the probability distributioh severity

levels of subsystems. The results are exhibitélchivle 1.
TABLE 1.
PROBABILITY DISTRIBUTION OF SUBSYSTEMS

Subsystem Severity level 0 3 4
probability | 0.2844 0.0525| 0.663
Subsystem P Severity level 0 2 3 4
| probability | 0.2663 0.012 | 0.1559 0.566
Subsystem B Severity level 0 1 2 3 4
probability | 0.3082 0.1234| 0.0066| 0.2518] 0.31
Subsystem & Severity level 0 1 3 4
probability | 0.28790.1201| 0.062| 0.53
Subsystem & Severity level 0 1 3 4
probability | 0.2772 0.1884| 0.0124| 0.522

As can be seen, the binary-state failures leadutti-state
subsystems. The u-function of subsystems can bainsot
based on the probability distribution outcomes. Example,
the u-function of subsystem 1 (ss,(z) ) is as
0.663x7+0.0525x+0.2844x2. Similarly, the u-function of

corresponding value, arld shows the number of different the system is figured based on the subsystemshctifins

states of the variable. The u-function presentlgnomial
structure of a probability distribution. This trémsnation
provides an opportunity to use the properties dymmmmial
expressions in order to find the probability disttion of a
function of variables. It also facilitates to modesystem with
multi-level components [33, 34].

ux,(2) = X3, pyj - 2 (1)

According to this, we aim to create a u-functiom é&ach
failure mode. Each failure mode is considered dsinary
phenomenon which consists of two possible religbiévels.
These levels are failure and functioning stategré&fore, each
failure mode follows the binomial (Bernoulli) dituation.
Where, occurrence rate represents the probalfilitya failure
mode occurs with specified severity degree. Acegydo this
statistical property, the probability distributioh each failure
mode can be presented by u-function as Eq. 2.

up,, (z) = %=, Ory; - 20 (2)
whereug, (z) is the u-function of failure mode number i

through considering all possible combinations ofesity
levels of subsystems. Since the subsystems ofxtum@e are
connected as a series system, the u-function ofwthele
system is obtained as Eq. 4.

U(2) =®max (Uss, (), Uss, (@), -, uss, (2)) (@)
where U(z) is the u-function of the system, amdis the
number subsystems. The severity levels of the systhich
are calculated through Matlab software are showhahle 2.
These levels and the corresponding probabilitiesreached
by analyzing 960 different combinations (3x4x5x4x4)

TABLE 2.
PROBABILITY DISTRIBUTION OF THE SYSTEM
Severity level 0 1 2 3 4
probability 0.0019| 0.0043 0.0004 0.0161 0.9773

According to Table 2, the u-function of the syst&mas
0.9773x2+0.0161%x2+0.0004x2+0.0043x2+0.0019x2.  An
expected value for each u-function can be extragsdg the

._first derivative at z equal to 1. As a result, aidgion is to be
in , : .
done on the system’s u-function to find the expeéatalue of

subsystem hQry; ands;; are respectively the occurrence ratgpq system in terms of failure as OFI (Eq. 5).

and severity of the failure mode in state j. Sitleere are just
two states as 0 stands for failure and 1 standadoking state

(no failure),0Or;; = 1 — Orj,. Also, severity of the state with | ’
the u-function of thdS 3-9627. The u-function represents how the sydtards to

no failure §;,) is zero. Consequently,
failure mode number 1 in subsystem 1ug( (z) ) is

OFI = %U(z) atz =1 (5)
Subsequently, the OFI for the example is computbithw

be failed, and the OFI gives a scale to measure fttiiure
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behavior. the system. It shows the existence of differentadrtgnce
weight for the failures. In conventional RPN methéallure

C. Prioritization modes are ranked based on their risk and correatittens are

This section is allocated to use the OFI in rankiogective
actions based on their improvement on the wholdesys
failure behavior. Corrective actions are usuallplea on to
decrease the occurring rate or increase the dbtkiytaf the
causes. Therefore, a corrective action controls riated
cause in terms of occurrence or detection. Thempitld lead ~ D. Optimal selection
to mitigate the risk of each failure mode. Sucoedygj it Due to the limited budget, all corrective actiorsgot be
effects on the items in the higher levels as corepgn allocated to all failure causes. Therefore, a lashould be

effectiveness of the allocated actions is not aersid. In the
proposed method, the most effective actions arectsd to
reduce the system failure.

allocated to the more critical modes. However, the

subsystem, and system according to Figure 1. Assalty the provided between actions’ costs and their equivalen

OFI would be reduced in the response of implemgntire improvement. As a result, an algorithm has beerldged to
corrective action. This reduction can be used d@erier to  select optimal corrective actions using an optitdzamodel.
prioritize the corrective actions as Eq. 6. The algorithm aims to maximize the resulted reaurctn OFI
AOFI, = OFI_yrrent — OFIL, (6) by corrective actions in terms of the budget caistr The
whereOFI, is the estimated OFI for the time the correctivdinear mathematical formulation of the optimizatiorodel is
action a is applied on the corresponded failureseaand as Eq. 7.

AOFI, measures the reduction that is carried out orctineent Max YN, AOFI, - x,
situation of the systenOFI.,rnt) Dy action a. The higher the N.Ci'x, <B (7

AOFI, the higher the priority of corrective action tppy. wherex, is a Boolean variable that is 1 if action a is laggp
Consequently, the corrective actions which haveenimpact otherwise is ON is the number of failure causes which is

on the improvement on the system behavior can bénaded. equal toyji_, ny,, C, is the cost associated with the action, and

An example is developed for illustration. Givenaation is B is the available budget.

applied on failure 4 in subsystem B,{) which improves the  In the abovementioned model, the effect of several

occurrence rate from 0.566 to 0.2. It changes tlid © corrective actions on OFI is assumed to be linlawever,
3.9312, so that thaOFI of the action is 0.0315. Also, the there is a nonlinear relationship between OFI rédocand
occurrence rate of the failuig, is improved by another number of applied actions. For example, if two riwred
action from 0.53 to 0.2. As a result, the OFI isrpoted to actions in previous section apply concurrently, réguction in
3.9365 which the reduction of 0.0262 has been pbthi OFI is 0.0798; while it is not the summation of ihdividual
According to these results, the action ®p is in higher AOFI (0.0315 and 0.0262). As a result, the optimizatiwdel
priority for implementation because of the higheis changed to a modelling with nonlinear objectfuaction
improvement on system failure. In addition, it ¢enseen that and still a linear constraint as Eq. 8.

two failures with same severity level and almos game Max AOFI(X)

improvement in occurrence rate can have differemtaicts on ~ yN_ C,-x, <B (8)
Ol Lid Pole
p/Couplin insertion welding
tes N Inserting L b Cellular
Plate in cells welding
welding
—p{ Packaging

Plate

4— Punched

Final
batches .
Plates & Punched
separator shells
storag:
Shells Punching

Plates,
separators,
and shells

Figure 3. The manufacturing line
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whereX is a vector of Boolean variable #s= (x4, X3, ..., Xy)-
Solving this model will give how many actions andieh of
them are optimal to apply.

To sum up, the steps in the proposed method tc rdvee
final decision are brought as follows:

number 1 shows the cause is easily detectable.rdhdt of
FMECA application is presented in Table 3. It sldodle
mentioned that Exp O and Exp D are the expectedegabf
occurrence and detection after applying the caredactions
respectively, and action cost denotes the assdc@tst of the

« Develop block diagram and hierarchical algorithm tgorrective action.

break down the system into failure modes and causes

* Assess the failure modes by FMECA parameters

* Allocate corrective actions to the causes, andmedé
their improved parameters

e Aggregate the failure modes based on system staitibu
reach OFI

» Calculate the OFI for each corrective action basedhe
estimated parameters

* Rank corrective actions in terms of the differertbey
make on OFI40FI)

» Select the optimal set of corrective actions subjec
budget constraint

. CASE STUDY

The proposed method is implemented in a case dmdy

validate its applicability. In this case study,dbrparameters
of the RPN method have been employed. The consldsrse
is @ manufacturing line of car battery factory. Tinecesses of
the manufacturing line are shown in Figure 3. Aftas line,
the battery shells go to another manufacturing forefilling
electrolyte inside.

In fact, a Process FMEA (PFMEA) has been done en th

manufacturing processes. The manufacturing linesists of
six processes such as 1) packaging, 2) plate vegld)
punching, 4) inserting in cell, 5) cellular weldjng) housing.
Each process is considered as a block (componéetgfore,
the block diagram of the manufacturing line is dnawas
Figure 4.

Subsystem 1

Subsystem 2

4 — 5 - 6 (>

Figure 4. The case study RBD

Failure modes of each process have been identifiedot
cause analysis (RCA) is done to find the causeadfire
occurrence, and suggest a corrective action foh daiture
cause. Also, failure modes are evaluated basedewverity,
occurrence, and detection parameters. All parasesee
individually rated from 1 to 10 based on the staddables of
FMECA [35]. The historical data of each failure
investigated to measure the occurrence rate. Fourmnce,
numbers 10 and 1 denote that the possibility ofurfai
incidence is extremely high and nearly
respectively. However, the severity and detectiarameters
have been rated using experts’ judgements. Forrigg\ié the
failure mode has hazardous consequence for theevelystem
is rated as 10, and if there is no effect is raasdl. For
detection, number 10 shows that the control systess not
detect the potential cause of the failure beforuoence, and

TABLE 3.
FMECA FOR THE MANUFACTURING LINE
Syg#| Failure modecodeS cause | D| Action |a Ecx)p Eép nAf:tcl)(;
Plate grindingF,, (710 CONt97ls  SPC 141 3 1 5 | 19
system implement
Plate height|F,, 7unadju'ste Prgventlve 3 2 7
machine|”|“|maintenande
Separator rol Operato -
position F5, |9 fault 1|3| Training |3 1 2 2
Plate positio Operator| .
1| in separator F1 |9 fault 7|3|Automation 4| 1 2 20
Grinded plate unadjuste| Preventive|
Fsq [7) ; ) 3 2 7
appearance| machine|”| |maintenande
Broken Poor Input
Fg,|7| supplied|7 P 2 1 4
= separator material control
2| [Plates (v Operat
1% ates (+,- perato -
§ ordering Fr 4 fault 4(2| Training | 7] 1 2 2
2 . Operato Extra
]
Plate levellingF,, (7] fault 6(3 checking 8| 4 2 3
Welding No contro SPC
appearance| Faz |1 system ! implement 9 3 2 10
Burnt F,, 7unadju'ste Prgventlve d o 5 7
separator machine|”|“|maintenande
L Employing
Plate batche> 15 Opgrat0r54 more 111 2 5 6
ordering fatigue
operators
unadjuste| Extra p
Wrong punchF,; [7] machine checking 7 1 1 2
3| Pleated unadjuste| || Preventivel, .
; Fy3 |7 ; ) 3 2 2 7
punching machine|”| |maintenande
Plate batchesF a Operato 53 Emrglc;)r)émg 14 2 2 6
in each cell |" |7 fatigue
operator
Coupling Operato -
§ plates (+,-) F,, 8 fault 7|\4|Automationly 1 2 20
® Welding Old New
§ quality Fis 8 machine machine 4 2 2] 18
@ Position of lid Poqr New
in shell 166 supplied|1|3 supolier 71 1 2 12
material pp
Pole wgldlng Fyy 7unadju'ste Prgeventlve:LE 2 5 7
quality machine|”| “|maintenande

In this case, we have three parameters of FMEC#hén
scale of 1-10. Therefore, some modifications shdnddaken
in order to developing u-function. First of alletloccurrence
rate in an interval of [0,1] is needed to use inFU&pproach.
To reach this goal, the frequency factor whichrgpoesed in
[12] as the percentage of occurring a failure cacme be

isemployed as the occurrence rate. However in ous,csiace

we tend to keep FMECA's properties, the occurrerate is
defined through dividing occurrence value (O) ot6r(i.e. if

impossibléhe occurrence value is 5, the occurrence rate dvbel 0.5).

Secondly, the detection value should be involved-fanction
structure. According to these modifications, thumetion of
each failure mode is constructed as Eq. 9.

up,, () = B, Ory; - 251*Pi) 9)
whereDj; is the detection of failure mode i in state j whitis
zero in state of no failure. Accordingly, the caition of OFI
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is modified in Eq. 10 for considering three parasnetn their
original scale. In fact, the OFI could be equivaleith the
RPN value which lies in the interval of 1 to 100Merefore,

The actions have been prioritized in terms of thipact
on mitigating OFI of the system. The associateiastof the
high risk failure modes with higher RPN values.(aetions 1,

the RPN has been extended so that each compondd, 9, and 16) reach the higher places in rankewabse they

subsystem, and system can have an RPN value.
OFI = 10 X (5. U(@) ,-1) (10)
As a result, the u-function has been developedefich
failure mode of the case based on Eg. 9. HenceDQHevalue
is computed for each process as is presented ite FabAs
can be seen, the computed OFI value for processegjual

improve occurring rate and detection of the higk failures.
However, AOFI presents different ranking order for other
actions in comparison with the RPN. For exampl¢ioacl4
stands on the fifth level while its equivalent fmé mode K, ,)
was in the 7 place by RPN. The main difference of these
methods is that RPN ranks the failure modes, AOtI

with the RPN value oF, (8x7x3) due to having just one prioritizes the corrective actions. ThsOFI method finds

failure mode.
TABLE 4.
OFI| OF EACH PROCESS
Process 1 2 3 4 5 6
OFI| 299.95 250 77 260 168 114

To reach the OFI value of the whole system, in gstiesn 1
branch I, there are two components (1 and 2) wtdoh
connected in a series structure. After that, twanbhes of
subsystem 1 are working in parallel. However, tloey not
have the properties of parallel systems in RBDsabse the
next block needs the output of both branches. herotvord,
two branches are connected in a 2-out-of-2 systaumtare. A
k-out-of-n system works if and only if at least &ngponents
work, whereas a parallel system works while at tlease
component works. An n-out-of-n system is a seriestesn,
and a 1-out-of-n system is a parallel system [38]. 3
Consequently, two branches behave as a seriesnsysite
subsystem 2, three components are connected insasies
structure. By considering the mentioned systencsire, the
OFI value of the manufacturing line has been oktinThe
OFI for subsystem 1, subsystem 2, and system a?elB2
290.33, and 336.19 respectively.

After finding the system’s OFI valueAOFI of each
corrective action based on its improvement on cetise and
detection parameters can be calculated. Therefo@#l is
useful for ranking the corrective actions in ordés
implementation. Table 5 shows the obtain€dFIs and their
ranking. Also, a comparison is provided with thewentional

RPN method in Table 5.
TABLE 5.
PRIORITIZATION RESULTS

Action | AOFI, | RankingAOFI | Failure mod% RPI‘{I Ranking RPN
1 32.23 1 Fi, 245 1
2 0.00006 15 Fyq 70 12
3 0.00005 16 F3q 15 17
4 0.0012 10 Fyy 105 8
5 0.017 6 Fsq 126 5
6 0.0003 12 Fg1 98 11
7 0.00003 17 Fyq 32 15
8 0.0169 7 Fi, 126 5
9 2.83 3 F,, 196 3
10 0.00009 13 F3, 70 12
11 0.0081 9 E,, 100 10
12 0.00001 18 Fi5 14 18
13 0.00009 13 F,g 70 12
14 0.1321 5 Fi4 120 7
15 11.23 2 F,, 224 2
16 0.31 4 Fis 168 4
17 0.0005 11 Fie 18 16
18 0.0113 8 F,e 105 8

which corrective action should be applied in terofistheir
impact on improving the failure behavior of the ueheystem.
Therefore, the proposed\OFI not only evaluates the
importance of the failure mode, but also checksthdrethe
allocated actions are appropriate to reduce sydadhare.
Also, one of the shortcomings of the conventionBNRs that

it generates many duplicate numbers for rankingféileres
[19, 26, 35, 38]AOFI has the lower duplication rate due to
having more parameters involved. There are just two
corrective actions with the samF| value which are in the
13" level, however, some repetitive values for RPN ban
found such as 70, 105, and 126. Therefore, RPNotaamk
seven different failure modes properly.

As can be seen in Table 3, the corrective actiors a
associated with the cost. Particularly, the higtner actions’
priority, the higher the cost is assigned. Themfa budget
limitation (B) as 74 has been considered througimopation
models. The simplex linear programming model whish
introduced in Eq. 7 is constructed by the obtain®d-| values
and cost information. It has been solved by theeExzolver,
and the results of the optimal selection are pteseim Table
6.

TABLE 6.
OPTIMAL RESULTS OF LINEAR MODEL
Actions AOFI|Cos
X1 | Xo | X3 | Xy | X5 | Xe | X7 | Xg | Xo [X10]X77|X12|X53|X14|X5|X6|X17[X18
1/{0{0|0]|1]0jO|1]1]0]|0|0O]O] 1 1] 1] § 423674

In the optimal solution, 7 corrective actions hdween
selected and the entire budget is consumed. Fardhdinear
objective function which is introduced in Eq. 8,Matlab
programming has been developed. Also, a penaltgtifom
approach has been considered to deal with the budge
constraint. Penalty functions turn constrained fmols into
unconstrained problem by penalizing infeasible tsohs [39].
In our work, the penalty-based method proposed4di [s
used to define the feasible solutions. Finally, thedel is
solved by genetic algorithm (GA) which the resualte shown
in Table 7.

TABLE 7.
OPTIMAL RESULTS OF NONLINEAR MODEL
Actions AOFI|Cos
X1 | Xo | X3 | Xy | Xs | Xe | X7 | Xg | Xo [X10]X17|X12|X53|X14|X5|X6|X17[X18
1/{0{0|0]|1]0jO|1]1]j0]|0|0O]O] 1 1] 1] g (423674

In the optimal solution, the same corrective adidrave
been selected. The optimization model works to fivlich
actions and how many should be taken. As can bg feth
models reach to similar optimal selection.
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Discussion

We would like to investigate scenarios with difieréudget
levels. Therefore, the models have been solvedutjtroa
decrease in budget (B=37) and an increase in buy@gdtl2)
which Table 8 shows the results.

TABLE 8.
SENSITIVITY ANALYSIS
Model |Budggt Actions AOFI |Cos
X1 XX aX X 5 X6 X7 [X X o1 01111 21X 1 31X1 41X 1 51X 1 61X1 71X 18

Linear 37 |1]0/0|0j1|0|0[0|0OjO|0|0O|0O|0|1|/0|0|0|69.85 37
112 | 110{0|1|1/1{0f1{2/0(1|0|Of21|1|1|/0|1[184.7%11]

Noni 37 ]1/0{0/0|0|0|0[1|0|0|0[0]|0O|1{1]|0|0|0|71.13 36
12 do[1f1zfo[1]1[1{o[1]o]ol1]1[1]0]1 18484111

As it was expected by growing the budget the nundfer

selected actions and th®OFI| has been increased and vice

versa. To compare the two models, the nonlineareinfiads
better optimal selection in budget limitation of Bifough the
same number of actions with lower cost. In budgetstraint
of 112, the nonlinear model reaches to the highgeative
function with more corrective actions. As a resulhe
nonlinear model works stronger than the linear rhéaldind
the optimal selection. However, the linear modelldobe
more practical due to its simplicity and exactness.

In addition, the situation that a failure mode has
occurrence value of 10 is investigated. Since theuwence
rate is obtained via dividing on 10, the occurrerate of this
failure is equal to 1. It causes that the behasfathe related
component be shown as a failed component. For eearfp

the occurrence value &, becomes 10, the proposed method’]

finds that there is not the state of ‘no failuret fpackaging
process. It is reasonable because the failure isosl
inevitable when the occurrence value is 10. Theegfthis
situation is crucial, and the occurrence rate nimesteduced
with the highest priority. It is recommended to ysarallel
structure for the component or sub-process to dahirthe
occurrence rate.

V.

In this study, a new method is proposed to modekifstem
failure behavior using qualitative data. The prasbsnethod
helps practitioners to perform system evaluatiorieirms of
risk and reliability when enough data is not acitéss The
practitioners can utilize experts’ judgements usivECA to
investigate system reliability via the proposed hodt which
makes a simpler procedure. The UGF approach progatze
obtained qualitative data from failure mode leviglssystem
levels. The three main goals of this study areinfi¢gration
uncertainty in system reliability evaluation usitigguistic
expression when there is not sufficient statistidata, (i)
prioritization the corrective action in terms ofthimpact on
the whole system failure, (iii) considering actibm®st in
order to select the optimal combination of corrextactions
for implementation. Therefore, an index has beeveldped
named OFI to represent the failure behavior of shistem
using FMECA’s parameters. Furthermore, two optirtiira
models are proposed to find the optimal selectiocoorective
actions subject to the budget constraint. Finalyeal case
study on the manufacturing line of the car batt@gtory is

CONCLUSION

presented. The proposed method is applied on thgioned
case step by step. The performance of the proposgidod is
compared with the conventional RPN method, andré¢isalts
are discussed. Two optimization models have beemaced
based on the obtained results. Also, a crucialasdn of
having a failure mode with occurrence value of H)
introduced, and it is suggested to improve it vifte highest
priority based on the proposed method. For furtiesearch,
fuzzy logic can be integrated in the proposed ne:tho
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