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ABSTRACT

The paper proposes an approach that combines reliability analyses and multi-criteria decision
methods to optimize maintenance activities of complex systems. A failure mode, effects, and
criticality analysis (FMECA) is initially performed and the fuzzy TOPSIS (FTOPSIS) method is
then applied to rank previously identified failure modes. For prioritization, failure modes are
assessed against three evaluation criteria that differ from those traditionally involved in risk priority
number (RPN) computation (i.e. severity, occurrence and detection). Two criteria refer to the
maintenance management reflecting the operational time taken by the maintenance activity
performed after the occurrence of a specific fault, and the way such an action is executed. The third
criterion reflects the classical frequency of the occurrence of faults. To further develop previous
research, the analytic hierarchy process (AHP) is herein applied to weight evaluation criteria and a
group of experts is involved with aspects associated with the considered criteria. The approach is
applied to a real-world case study, showing that the obtained results represent a significant driver in
planning maintenance activities. To test the influence of criteria weights on ranking results, a
sensitivity analysis is carried out by varying the vector of criteria weights obtained from the group

decision process.

Keywords: safety-critical analysis, FMECA, FTOPSIS, AHP

1. Introduction and literature review
Maintenance is recognized as one of the main asset management subject areas [1] needing to be
effectively accomplished and controlled to improve the performance of complex systems (i.e.
availability, reliability, production level, costs, safety, etc.) in various operational environments [2-
7]. Obviously, maintenance activities must be integrated and scheduled within the life cycle of the
system under investigation and need to take into consideration the reliability features required by
the system itself. Panteleev et al. [8] emphasize the role of the maintenance and repair organization

(MRO) and highlight the importance of implementing and planning periodic maintenance actions
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on machines to positively impact their life cycle. The importance of maintenance scheduling is also
emphasized by Certa et al. [9] who deal with the problem of selecting the elements of a repairable
and stochastically deteriorating multi-component system to be replaced during each scheduled and
periodic system stop within a finite optimization cycle. The simultaneous minimization of total
expected maintenance cost and system unavailability is ensured by means of a mathematical
programming-based approach. In [10], the authors formulate a constrained mathematical model to
determine both the optimal number of periodic inspections within a finite time frame and the system
elements to be replaced during each scheduled inspection. A further mathematical model is
proposed by Taghipour et al. [11] to identify the optimal periodicity of the inspection intervals for a
repairable system subjected to hidden failures over finite and infinite optimization times. The
objective function to be optimized is the total expected cost. Yang et al. [12] underline the
importance of optimizing the scheduling of inspection, repair, and replacement activities in
preventive maintenance policies. The authors propose a replacement policy to maximize reliability
in a mission-based system.

One of the main reliability analysis methods used to determine maintenance action priority is failure
modes and effect analysis (FMEA). As established by the CEI EN 60812 standard [13], the
extension of FMEA is referred to as failure modes, effects, and criticality analysis (FMECA) and
represents a valid support method to semi-quantitatively measure the criticality of system failure
modes. Many authors [14, 15] consider FMECA and the development of risk analyses as an
essential part of maintenance management strategies. Vernez and Vuille [16] emphasize the good
adaptability of FMECA as a tool for analyzing complex macro-systems with various hierarchical
levels. They support the use of the methodology for the reliability optimization and the
identification of major system vulnerabilities.

Criticality analyses of failure modes are typically based on the three risk parameters of severity (S),
occurrence (O) and detection (D) whose product returns the risk priority number (RPN). Despite its
wide use, the classical RPN has been widely criticized for having many shortcomings. As a result,
numerous enhanced versions of the traditional FMECA have been proposed in the literature.
Carmignani [17] suggests the use of a fourth parameter in the RPN calculation. The author proposes
taking into account profitability — based on costs and possible profits after minimizing losses due to
failures. Bevilacqua, Braglia, and Gabbrielli [18] propose a modified FMECA where the RPN
consists of the weighted sum of six parameters (safety, importance of the machine for the process,
maintenance costs, failure frequency, downtime length, and operating conditions). Furthermore, a
sensitivity analysis based on the Monte Carlo simulation to verify the robustness of the final results

is performed. Yang et al. [19] underline how, especially when multiple experts give differing



evaluations about the same failure mode, the use of the evidence theory [20-22] represents a valid
support to manage the uncertainty that characterizes this type of evaluation.

Most works in the literature propose the support of multi-criteria decision methods (MCDM) to
carry out FMEA and FMECA analyses. Liu et al. [23] review 75 papers on FMEA to emphasize its
strengths and weaknesses in many practical applications. Braglia [24] proposes the analytic
hierarchy process (AHP) [25] to pairwise compare the potential causes of failure by assuming as
criteria the classical risk factors S, O, and D together with the expected cost due to failures. Braglia
and Bevilacqua [26] also suggest the use of the AHP to support the maintenance staff in the
identification of failure mode criticality. In Zammori and Gabbrielli [27], the FMEA is combined
with the analytic network process (ANP) technique [28] to take into account possible interactions
among the principal causes of failure. Emovon et al. [29] prioritize the analyzed risk factors with
the aim of making a detailed and realistic study of marine machinery systems by means of the
VIKOR method [30]. Braglia, Frosolini and Montanari [31] develop a fuzzy criticality assessment
model that is easy to implement and design. They present a risk function where ‘if-then’ fuzzy rules
are automatically generated and the proposed methodology is tested in a real process plant. To take
into account the uncertainty that often occurs in the evaluation of parameters O, S, and D, the
authors propose the fuzzy-technique for order preference by similarity to ideal solution (FTOPSIS)
[32-35]. A combined FTOPSIS and fuzzy-AHP [36] approach to FMECA is proposed by Kutlu and
Ekmekgioglu [37]. The fuzzy-AHP method is applied to weight the risk factors that are successively
used within the FTOPSIS approach to obtain the final closeness coefficients on the basis of which
failure modes are prioritized. Alternatively to the traditional RPN method, the ELECTRE TRI
technique [38] is proposed in [39] to directly assign failure modes into predefined and ordered risk
classes. In [40], crisp or interval-valued opinions on O, S and D are elicited from a team of equally
credible and reliable experts, and a multiple-value characterization of RPNs is obtained by means of
a novel evidence theory-based FMECA methodology.

The theoretical contribution of the present research is a multi-criteria multi-decision making
approach to support analysts in the risk evaluation field; and with the final aim of identifying,
during the planning phase, the necessary maintenance actions. An FMECA analysis is initially
performed to examine the criticality of failure modes in a real-world case study. The proposed
approach assesses identified failure modes against three evaluation criteria — which differ from
those traditionally involved in the RPN computation (i.e. severity, occurrence, and detection). In a
first step, a team of experts helped identify and evaluate the relative priority of each criterion. That
is, the criteria are identified within the analyzed engineering scenario, namely the development of a
new and innovative street-cleaning vehicle endowed with a smart remote diagnosis — telediagnosis

— system that features a multi-decision-making process. The first two criteria refer to the
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management of maintenance activities and reflect the operational time taken by a maintenance
activity after the occurrence of a specific fault, and how such an action is executed. The third
criterion reflects the frequency of faults. For the aim of the previously mentioned first step, a
process is proposed that translates the technical skills acquired by the experts to maintenance
management. It consists in a multi-criteria decision-making process via AHP that derives the
weights of the criteria by taking into account the decision-making ability and experience of each
expert. Furthermore, to obtain reliable data that incorporates uncertainty as confirmed by the
experts, a mechanism that can lead and support the experts in a simple process of elicitation of
judgments is proposed. Specifically, to express the judgments related to each failure mode,
linguistic terms (successively translated into fuzzy numbers) for each evaluation criterion are put to
the experts. This phase of the proposed analysis is supported by the FTOPSIS approach. The
proposed approach differs from the others quoted at the end of the previous paragraph in relation to
the necessity and future interest of the real-world case study. In the authors’ opinion only the
research proposed by Kutlu and Ekmekg¢ioglu [37] shows a similar approach. However, the study by
Kutlu and Ekmekg¢ioglu is based on fuzzy AHP; while a consensual AHP process using a group
decision approach is herein suggested. This consensus is used to derive the priorities of the
evaluation criteria, thus embodying the priorities obtained from the decision-making abilities of all
the experts, a characteristic not considered by Kutlu and Ekmek¢ioglu.

The present research is a substantial extension of the previous work [41] that proposes a decision
support tool, based on FTOPSIS and AHP, to perform a reliability analysis with relation to a
subsystem (of the system herein analyzed), in which the process of eliciting judgments from experts
did not contemplate a consensus obtained from a modelling of the differing decision-making power
of each expert.

The remainder of the paper is organized as follows. In Section 2, the FMECA technique is
described. After briefly summarizing AHP, the proposed FTOPSIS-based approach to prioritize
failure modes is presented in Section 3. Section 4 describes the application to a real-world

application case related to a street cleaning vehicle. Finally, the conclusions section closes the work.

2. Failure modes, effects, and criticality analysis (FMECA)
On the basis of the CEI EN 60812 standard [13], FMEA is a systematic procedure for the analysis
of a system to identify potential failure modes, and their causes and effects on system performance.
FMECA is an extension of FMEA that enables prioritizing failure modes on the basis of their
criticality. Specifically, the criticality of each failure mode is computed by combining the risk
parameters S, O and D. S is an estimate of how strongly the failure mode will affect the system, O

is the frequency of occurrence of the failure mode within a determined period of time, and D
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represents the probability of detecting the failure. For each failure mode, the product of parameters
0, S, and D leads to the RPN (Eq. 1):

RPN=S-0-D. (1)
Each risk factor generally takes a discrete value in the range [0, 10].
The first step in FMECA 1is the description of the considered system and the construction of a
hierarchical structure. To obtain an exhaustive description of the system, it is firstly necessary to
gather information about the reliability relations among the system components and physically
describe them with their own order and position (defining system boundaries and levels). It is
clearly suggested that those components that will be not be evaluated nor taken into consideration in
the analysis are excluded from the study. The functional relationships among components can be
finally formalized in a system block diagram. Moreover, it is necessary to define all the possible
failure modes for each component, detect the failure causes, and define both the local and the
system level failure effects. All the results must be summarized in worksheets that support the
analyst in formalizing the phase of risk evaluation, namely the computation of the RPN related to

each failure mode.

3. Multi-criteria decision methods (MCDMs) to support FMECA

The present research proposes a structured method that combines AHP and FTOPSIS with the aim
of supporting a group of decision makers performing FMECA to prioritize failure modes. Since
multiple decision makers and evaluation criteria are considered in the analysis, the AHP method is
specifically proposed to weight criteria by considering the preferences of the decision-making
group. So far, the AHP method has been widely proposed in diverse fields of research such as
transport [42], water management [43], and software selection [44]. AHP is particularly suitable to
deal with group decisions arising from the involvement of many stakeholders with
interests/objectives that may be conflicting, and to derive the criteria priorities considered in making
decisions [45, 46]. FTOPSIS is then proposed to carry out the criticality analysis of failure modes.
A brief description of AHP and FTOPSIS is provided in the following sub-sections.

3.1 AHP to derive evaluation criteria priorities
The AHP [47] represents a valid tool for making decisions and is grounded upon the concept of
pairwise comparison judgments. Its application enables convergence to a shared choice among
various decision makers who express their preference judgments on elements (criteria, sub-criteria,
and alternatives) under comparison. In the present paper, AHP is used to derive the relative
priorities of evaluation criteria that are successively considered in the FTOPSIS approach for the

ranking of failure modes.



The AHP decomposes the decision problem into sets of elements, according to several common
characteristics and levels. The topmost level is the “focus” of the problem or ultimate goal, the
intermediate levels correspond to criteria and sub-criteria, while the lowest level contains the
“decision alternatives”. If each element of each level depends on all elements of the upper level,
then the hierarchy is complete, otherwise, it is considered incomplete. Elements of each level are
pairwise compared with respect to a specific element of the immediate upper level by means of
grades and numerical values from the Saaty scale [48] (Table 1), and then collected into the so-
called pairwise comparison matrix. An AHP group decision making process [49, 50] is herein
proposed to weight criteria. Each decision maker is asked to express a pairwise comparison

judgment for each couple of criteria.

TABLE L. SAATY SCALE

Numerical values Verbal pairwise comparisons
1 Equal importance of two elements
3 Moderate importance of one element over another
5 Strong importance of one element over another
7 Very strong importance of one element over another
9 Extreme importance of one element over another
2,4,6,8 Intermediate values

The method suggests aggregating these judgments into a matrix (i.e. group aggregated matrix) by
means of the geometrical mean [45] that assures the reciprocity of pairwise judgments.

To maintain a reasonable consistency of pairwise comparisons, Saaty [51] argued that the number
of considered factors must be less than or equal to nine. In addition, AHP allows inconsistency and
provides a measure of such an inconsistency for each set of judgments. Specifically, the consistency
of the judgmental matrix can be determined by a measure called the consistency ratio (CR) defined

as follows (Eq. 2):

Cl
CR=—, 2
Rl (2)
where Cl is the consistency index and Rl is the random index.
For a matrix of order n, Cl is defined as:
Aax =N
Cl="1a 3
-1 (3)

in which A___ is the largest eigenvalue of the pairwise comparisons matrix.

About RI, Saaty [47] defines the RI value as the average value of CIs related to randomly generated

matrices of order n (Table II).



TABLEII. RANDOM INDEX VALUES

n 1 2 3 4 5 6 7 8 9 10
RI 0 0 [052/089|1.11[1.25]135| 1.4 [145]1.49

Generally speaking, a CR value of 0.1 or less implies an acceptable inconsistency. Such a threshold
is 0.08 for matrices of size four and 0.05 for matrices of size three. If the CR value is greater, the
judgments may not be reliable and should be elicited again. This methodology may be
complemented with techniques for consistency improvement [52-54], including the necessary
feedback with expert(s) [55], and with the treatment of incomplete judgments that may characterize

comparison matrices [56] — a current issue discussed in the literature.

3.2 FTOPSIS-based approach to prioritize failure modes

The traditional TOPSIS was originally developed by Hwang and Yoon [33] as an MCDM for
ranking alternatives on the basis of their crisp ratings on different qualitative and/or qualitative
criteria, the latter being opportunely weighted. It is grounded on the concept of distances between
each alternative and the positive and the negative ideal solutions. Therefore, the best alternative
among those evaluated is that characterized by the shortest distance from the positive ideal solution
and the greatest distance from the negative ideal. Given its ability to deal with different decision
problems regarding the ranking of alternatives, the literature offers numerous contributions about
the application of TOPSIS in diverse fields [57, 58] even characterized by uncertain and imprecise
input data [59]. The TOPSIS method may involve a single analyst (i.e. decision maker) or a group
of decision makers [60, 61].

Nevertheless, in practical real-life situations, human judgments are often vague and uncertain so
that eliciting exact numerical values is difficult. More realistically, experts are better able to express
their judgments on criteria weights and/or alternative ratings by means of linguistic variables. With
this recognition, the traditional TOPSIS was extended by Chen [32] under a fuzzy environment
where linguistic variables are used to rate alternatives and/or weight criteria. Such a fuzzy extension
of TOPSIS is referred to as FTOPSIS. The FTOPSIS is applied in the present paper to the failure

modes prioritization aim.

The first step of FTOPSIS is the definition of the fuzzy decision matrix X (4):

X =] o : (4)

where the generic component Yij is the fuzzy number that represents the rating of the alternative i

under the criterion j. Fuzzy numbers used here are either triangular (TFN) or trapezoidal (TrFN)
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fuzzy numbers [62], fully characterized by the following triple (Eq. 5) and quadruple (Eq. 6) sets of
ordered numbers, respectively:

x_(a bc) (5)

Ij’ 1

x_(abcd) (6)

ijr Mij 1 vijo
Matrix X must be normalized with relation to each criterion to obtain the normalized decision

matrix Z (7):

Z={ui . : (7

a: b c: :

Zj=| =+ ——~iel, (8)
Cj G Cj

~ a: a; a; |. .

Z;=| L+ L |jel . 9)

In (8) and (9), | is the subset of criteria to be maximized, | is the subset of criteria to be

minimized, whereas C’; and a;j are computed as follows (Egs. 10 and 11):
¢, =maxc;if jel, (10)
aj =min a;if jel . (11)

Analogously, considering TrFNs, the elements of matrix Z (7) are obtained as follows (Egs. 12 and

13):

> | % by G dy|. g .

|J_ *1*1*1*1JE ’ ()
d; d; dj d;j

_ (ajaja a ). .

7 = 2L A A A ey 13

i o by ey ] e (13)

J'being the subset of criteria to be maximized and J" the subset of criteria to be minimized. d’jc
and a; are (Egs. 14 and 15):

aj =min g;if jeJ . (15)



The weighted and normalized matrix U is then computed to account for the different criteria

weights. Thus, the generic component Jij of the matrix U is calculated by the equation (16):

U5 =7 - wj, (16)
wj being the relative importance weight of criterion j.
Referring to the matrix U , the fuzzy positive ideal solution A™ (Eq. 17) and the fuzzy negative ideal
solution A~ (Eq. 18) are chosen as follows:
A =000, (17)
A =0, ...0;). (18)
For TFNs, U; =(0,0,0) and ﬁ; =(1L1) with j = 1,..., n. Analogously, U; and U; are (0,0,0,0) and
(1,1,1,1) respectively when TrFNs are considered.

Distances between each alternative and A* and A~ are then computed by means of the vertex

method [32]. Accordingly, the distance d(m,n) between the two TFNs m=(m,,m,,m;) and

n =(n,,n,,n;) is a crisp value determined by the equation (19):

~ 1
d(m,n) =\/§~[(m1 —n, )’ +(m,—n, )’ +(m, —n3)2]. (19)
Similarly, the distance between two generic TrFNs [63] t = (t,,t,,t;,t,) and T = (r,,1,,1;,1, ) is

the following crisp value (Eq. 20):

e R e R ! )

Therefore, for each alternative i, aggregating with respect to the whole set of criteria, the related

distances from A" and A~ can be respectively calculated by equations (21) and (22):
* n *
d7 = d(@, 7 )i=1,..0, (21)

j=1
n
d7 =Y d(@, T )i=1,..n. (22)
To rank alternatives, the closeness coefficient CCi is finally computed using the equation (23):

cc, =i

_ _. 23
'ody +d; 23)

Thus, referring to the proposed analysis and, according to the obtained CC; values, the ranking

order of all failure modes can be determined.



4. Application of the described FTOPSIS-based approach to the FMECA: a real-world

case
The FTOPSIS-based approach described in the previous section has been applied to a real street
cleaning vehicle. This application was carried out using the results of a project in which the
University of Palermo was involved as a partner with other enterprises. The project examined the
development of a new and innovative street cleaning vehicle with a telediagnosis system.
The cleaning service activities carried out by the vehicle are related to three macro phases:

¢ handling of the vehicle;

e waste collection; and

e tank emptying.

The phase of handling the street cleaning vehicle takes place as follows:

e repositioning on the street (at high speed) from the starting point to the destination point;

e reduction of vehicle speed and positioning of the vehicle for waste collection (using a brush,
lateral rollers, and a rear roller until contact with the street is achieved using hydraulic
actuators).

As the service activities are described above, it is now possible to identify the subsystems of the
street vehicle, represented in the Figure 1 block diagram:

1. power take-off;

2. oil tank;

3. moving system;

4. sweeping system,;

5. loading and emptying system.

Each subsystem is, in its turn, decomposed into components, as illustrated in Figure 1, in which the
street cleaning vehicle is also described. For each sub-system, an exhaustive list of failure modes
has been obtained using classical FMEA. Each sub-system (1, 2, ..., 5) is characterized by a certain
number of failure modes progressively tagged by A, B, ..., F. For instance, the ID 5.2.1.A in Table

X indicates the failure mode “A” (hydraulic engine fault) of component “5.2.1” (rear roller).
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Figure 1. System block diagram

Each failure mode has been assessed against the three risk parameters (i.e. criteria) Ci, C2 and Cs
reported in Table III. The first two criteria are related to the severity parameter, whereas the last
criterion concerns frequency of occurrence. Ci and Cz both refer to the execution of maintenance
activities related to a specific fault and respectively represent the operational time (expressed in
hours), and the modality of the maintenance action execution (expressed using a quantitative scale
of difficulty values). In detail, a maintenance action implies a lower level of difficulty if carried out
in the same place where the failure occurred, and by an immediately available operator. Similarly,
the maintenance action is medium-complex when it is necessary to ask for a specialized
maintenance team. Finally, the action is complex if the repair action must be performed in a repair
shop (by also considering the vehicle transport time).

TABLEIII. EVALUATION CRITERIA

Criteria Description Wi
Ci Time of operation 0.409
C2 Modality of execution 0.197
Cs Frequency of occurrence 0.394

Weights of criteria reported in Table III arise from the application of the AHP method described in

Section 3.1. A group of three differently weighted decision makers (D1, D2, D3), responsible for
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maintenance activities, were involved. Weights assigned to decision makers D1, D2, D3 are Y4, 2,

and Y respectively. Pairwise comparisons between criteria were then elicited from Di, D2 and D3

using the Saaty scale reported in Table I. Tables IV V, VI show the corresponding pairwise

comparison matrices.

Table VII reports the corresponding CR values.

TABLEIV  Di PAIRWISE COMPARISONS
Ds Ci C, Cs
Ci 1/4 1/7
C 1 1/3
C; 3 1
TABLE V. D2 PAIRWISE COMPARISONS
D, Ci C, Cs
Ci 5 2
C 1/5 1 1/4
Cs 1/2 4 1
TABLE VI. D3 PAIRWISE COMPARISONS
D; Ci C C;
Ci 2 3
C 172 1 2
Cs 1/3 1/2 1
TABLE VII. CR VALUES
Dy D, D3
CR 0.03 0.02 | 0.00877

Table VIII shows the fuzzy scales [34, 54] used by the three decision makers to rate failure modes

against criteria (Figures 2-4).

TABLE VIII LINGUISTIC TERMS AND ASSOCIATED FUZZY NUMBERS

C1 C2 C3
Linguistic Fuzzy th[')e Linguistic Fuzzy Type of Linguistic Fuzzy Type of
term number FN term number FN term number FN
Very Low Low impact Improbable
0,0,1/2, 3/2 TrFN 1,2,3 TFN 0,0,1,3 TrFN
(VL) ( ) (LD) (1,2,3) (I ( )
L(EV)V (1232,572) | TEN Re(‘g’te (13.5) TFN
Medium Medium Occasional
(M) (3/2,5/2,7/2) TFN fmpact (M) (2,3,4) TFN ) (3,5,7) TFN
I%;f)h (5/2,72972) | TFN P“’(t}’f;ble (5,7.9) TFN
Very High High Impact Frequent
(VH) (7/2,9/2,5,5) TrFN (HI) (3,4,5) TFN (F) (7,9,10,10) TrFN

12
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Figure 2. Linguistic variables for Ci, time of operation
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Figure 3. Linguistic variables for Cz, modality of execution
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Figure 4. Linguistic variables for Cs, frequency of occurrence
Ratings of failure modes against criteria are synthesized in Table IX along with the weighted

normalized matrix obtained by the FTOPSIS method. The resulting closeness coefficients values of

are reported in Table X.
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TABLE IX. WEIGHTED AND NORMALIZED MATRIX

ID-FM | C1 C: G Ci C: Cs
1A VH HI R | 0.0409 0.0409 0.045444 0.058429 | 0.04925 0.065667 0.065667 0.0985| 0.0788 0.131333 0.131333  0.394
1B VH HI O | 0.0409 0.0409 0.045444 0.058429| 0.04925 0.065667 0.065667 0.0985 |0.056286 0.0788  0.0788 0.131333
1C VH HI R | 0.0409 0.0409 0.045444 0.058429 | 0.04925 0.065667 0.065667 0.0985| 0.0788 0.131333 0.131333  0.394
1D L MI O 0.0818 0.136333 0.136333  0.409 |0.065667 0.0985  0.0985 0.197 |0.056286 0.0788  0.0788 0.131333
2A H HI P [0.045444 0.058429 0.058429 0.0818 | 0.04925 0.065667 0.065667 0.0985 |0.043778 0.056286 0.056286 0.0788
2B L MI P | 0.0818 0.136333 0.136333  0.409 |0.065667 0.0985  0.0985 0.197 |0.043778 0.056286 0.056286 0.0788
2C L MI P | 0.0818 0.136333 0.136333 0.409 |0.065667 0.0985  0.0985 0.197 |0.043778 0.056286 0.056286 0.0788
3.1A |[VH HI R | 0.0409 0.0409 0.045444 0.058429 | 0.04925 0.065667 0.065667 0.0985| 0.0788 0.131333 0.131333 0.394
3.1IB |[VH HI R | 0.0409 0.0409 0.045444 0.058429| 0.04925 0.065667 0.065667 0.0985| 0.0788 0.131333 0.131333  0.394
32A |VH HI R | 0.0409 0.0409 0.045444 0.058429 | 0.04925 0.065667 0.065667 0.0985| 0.0788 0.131333 0.131333 0.394
32B |[VH HI R | 0.0409 0.0409 0.045444 0.058429| 0.04925 0.065667 0.065667 0.0985| 0.0788 0.131333 0.131333 0.394
3.3A H MI O [0.045444 0.058429 0.058429 0.0818 |0.065667 0.0985  0.0985 0.197 [0.056286 0.0788  0.0788 0.131333
41.1A | L MI P | 0.0818 0.136333 0.136333 0.409 |0.065667 0.0985  0.0985 0.197 |0.043778 0.056286 0.056286 0.0788
41.1B | M HI R |0.058429 0.0818 0.0818 0.136333| 0.04925 0.065667 0.065667 0.0985| 0.0788 0.131333 0.131333 0.394
412A |VH MI O | 0.0409 0.0409 0.045444 0.058429|0.065667 0.0985  0.0985 0.197 |0.056286 0.0788  0.0788 0.131333
4.12B [VH MI R | 0.0409 0.0409 0.045444 0.058429|0.065667 0.0985  0.0985 0.197 | 0.0788 0.131333 0.131333 0.394
413A | L MI P | 0.0818 0.136333 0.136333 0.409 |0.065667 0.0985  0.0985 0.197 |0.043778 0.056286 0.056286 0.0788
413B | L MI P | 00818 0.136333 0.136333 0.409 |0.065667 0.0985  0.0985 0.197 |0.043778 0.056286 0.056286 0.0788
42.1A | H MI R |0.045444 0.058429 0.058429 0.0818 |0.065667 0.0985  0.0985 0.197 | 0.0788 0.131333 0.131333 0.394
42.1B | H MI R |0.045444 0.058429 0.058429 0.0818 |0.065667 0.0985  0.0985 0.197 | 0.0788 0.131333 0.131333 0.394
422A | H MI P |0.045444 0.058429 0.058429 0.0818 |0.065667 0.0985  0.0985 0.197 |0.043778 0.056286 0.056286 0.0788
422B | L MI O | 0.0818 0.136333 0.136333 0.409 |0.065667 0.0985  0.0985 0.197 |0.056286 0.0788  0.0788 0.131333
422C | M MI O |0.058429 0.0818  0.0818 0.136333|0.065667 0.0985  0.0985 0.197 |0.056286 0.0788  0.0788 0.131333
423A | H MI P |0.045444 0.058429 0.058429 0.0818 |0.065667 0.0985  0.0985 0.197 |0.043778 0.056286 0.056286 0.0788
423B | L MI O | 0.0818 0.136333 0.136333 0.409 |0.065667 0.0985  0.0985 0.197 |0.056286 0.0788  0.0788 0.131333
423C | M MI O |0.058429 0.0818 0.0818 0.136333|0.065667 0.0985  0.0985 0.197 | 0.056286 0.0788  0.0788 0.131333
5.1A L MI R | 0.0818 0.136333 0.136333 0.409 |0.065667 0.0985  0.0985 0.197 | 0.0788 0.131333 0.131333 0.394
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TABLE X. DISTANCES AND CLOSENESS COEFFICIENT VALUES

*

ID - FM Failure Mode (FM) di d; CCi
1A Broken PTO mechanism 0.340325 2.70939 | 0.11159
1B Worn PTO bearings 0.209601 | 2.798121 | 0.06969
1C Broken PTO universal joint shafts 0.340325 2.70939 | 0.11159
1D General electrical system fault 0.445381 | 2.619742 | 0.14531
2A Overheated oil 0.194575 | 2.810765 | 0.06474
2B Insufficient oil level 0.414908 | 2.646928 | 0.13551
2C Clogged filters 0.414908 | 2.646928 | 0.13551

3.1A Fault in distribution system (start-up pump) 0.340325 2.70939 | 0.11159

3.1B Mechanical fault (start-up pump) 0.340325 2.70939 | 0.11159

3.2A Stopped start-up engine 0.340325 2.70939 | 0.11159

3.2B Mechanical fault (start-up engine) 0.340325 2.70939 | 0.11159

3.3A Fault in electrical system 0.278047 | 2.73963 | 0.09214
4.1.1A Empty water tank 0.414908 | 2.646928 | 0.13551
4.1.1B Hole in water tank 0.387407 | 2.666641 | 0.12685
4.1.2A Fault in distribution system of the water pump 0.262598 | 2.754173 | 0.08705
4.1.2B Mechanical fault of the water pump 0.393322 | 2.665441 | 0.12859
4.13A No working nozzles 0.414908 | 2.646928 | 0.13551
4.1.3B Clogged nozzles 0.414908 | 2.646928 | 0.13551
4.2.1A Fault distribution system in Pump I 0.408771 | 2.650899 | 0.13360
42.1B Mechanical fault in Pump I 0.408771 | 2.650899 | 0.13360
422A Damaged brush or roller 0.247573 | 2.766816 | 0.08213
42.2B Faulty hydraulic cylinders 0.445381 | 2.619742 | 0.14531
4.2.2C Fault in electrical system 0.30968 2711423 | 0.10251
4.23A Damaged brush or roller 0.247573 | 2.766816 | 0.08213
4.2.3B Faulty hydraulic cylinders 0.445381 | 2.619742 | 0.14531
42.3C Fault in electrical system 0.30968 | 2.711423 | 0.10251

5.1A Fault in distribution system (loading-pump) 0.576105 | 2.531011 | 0.18541

5.1B Mechanical fault (loading-up pump) 0.440405 | 2.622692 | 0.14378
5.2.1A Fault in hydraulic engine (rear roller) 0.576105 | 2.531011 | 0.18541
5.2.1B Fault in actuator (rear roller) 0.30968 2.711423 | 0.10251
52.1C Worn bristles (rear roller) 0.414908 | 2.646928 | 0.13551
5.2.1D Fault in support arm (rear roller) 0.278047 | 2.73963 | 0.09214
5.2.1E Slackened pivots or worn journal boxes (rear roller) 0.279207 | 2.738609 | 0.09252
5.2.2A Fault in Pump III (elevator plant) 0.440405 | 2.622692 | 0.14378
52.2B Fault in hydraulic engine (elevator plant) 0.576105 | 2.531011 | 0.18541
5.2.2C Broken skid (elevator plant) 0.226209 | 2.782558 | 0.07518
5.2.2D Broken chain (elevator plant) 0.194575 | 2.810765 | 0.06474
5.3.1A | Fault in support arm in the tank structure (emptying system) 0.225049 | 2.783579 | 0.07480
531B Slackened pivots or z(gg}(:;rge;?g;ﬁ)s in the tank structure 0226209 | 2782558 | 007518
531C Overturning cylinder faulsty isli etI};e; tank structure (emptying 0387407 | 2.666641 | 0.12685
5.3.2A Broken or stopped releasing cylinder of the elevator plant 0.387407 | 2.666641 | 0.12685
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Table XI reports the ranking of failure modes deemed to be the most critical as characterized by CCi

values smaller than or equal to 10%, namely very close to the negative solution.

TABLE XI. RANKING OF FAILURE MODES

Ranking ID - FM
15t 2A
ond 5.2.2D
3rd 1B
4th 5.3.1A
5t 5.2.2C
6t 5.3.1B
7th 422A
gth 42.3A
gth 4.12A
1ot 3.3A
11t 5.2.1D
12t 5.2.1E

To test the influence of criteria weights on the ranking results, a sensitivity analysis is finally
carried out by varying the vector of criteria weights obtainable by means of the group decision
process described in Section 3.1. For each vector of weights, failure modes deemed to be the most

critical are those characterized by a CCi value smaller than or equal to 10% (Table XII).

TABLE XII. SENSITIVITY ANALYSIS RESULTS

Wcer We: Was Ranking ID - FM
15t 2A
ond 5.2.2D
3rd 5.2.2C

02 04 04 4 S3 1B
5th 1B
6'h 5.3.1A
18t 2A
ond 5.2.2D
3rd 1B

04 04 02 4 53 1A
5th 5.2.2C
6th 5.3.1B
15t 2A
ond 5.2.2D
3rd 1B
4th 5.3.1A

0.6 0.1 0.3 5th 42.2A
6 423A
7th 4.1.2A
gt 5.2.2C
gth 5.3.1B
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1o 3.3A
1t 5.2.1D
12t 5.2.1E
13t 42.2C
14t 42.3C
15t 5.2.1B
16t 1A
17t 1C
18t 3.1A
19t 3.1B
20" 3.2A
21 3.2B
22nd 4.1.2B
15t 2A
ond 5.2.2D
0.1 0.6 0.3 3rd 5.2.2C
4th 5.3.1B
5th 1B
15t 2A
ond 5.2.2D
3rd 5.2.2C
4th 5.3.1B
5th 422A
6 423A
7th 1B
0.3 0.1 0.6 gth 5.3.1A
gth 5.2.1E
1o 4.12A
1 3.3A
12t 5.2.1D
13t 422C
14" 42.3C
15t 5.2.1B

Table XII shows that the two first positions are always taken by failure modes 2A and 5.2.2 D for
all the considered scenarios that also coincide with results of Table XI.

Table XII shows high-level critical failure modes 5.2.2.D (overheated oil) and 2.A (broken chain).
Thus, as such a type of analysis suggests, for adequate scheduling and appropriate maintenance
actions (both preventive and corrective) it is fundamental to avoid system faults and inadequate
operational conditions. The diagram block in Figure 1 shows how the failure mode 2.A implies a

fault for the entire system.
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5. Conclusions

The proposed combined approach considers the bond established between reliability analyses and
multi-criteria decision methods as strategic in the maintenance management of complex systems.
The approach starts from the need to make an in-depth analysis of the reliability features of the
system under study and identify all possible failure modes by means of the FMECA. Ranking of all
failure modes is then obtained through FTOPSIS which enables a prioritization of alternatives on
the basis of various evaluation criteria. FTOPSIS is also effective in managing data uncertainty
because it uses fuzzy numbers. The mentioned evaluation criteria have been weighted by applying
the AHP method to aggregate judgments given by a group of experts.

When applied to the real-world application case of a street cleaning vehicle, FMECA was
approached by considering different evaluation criteria with respect to the classical RPN index
calculation. All possible analyzed failure modes were classified by applying FTOPSIS and a
maintenance team of experts was involved in weighting evaluation criteria through AHP. Therefore,
the obtained closeness coefficients were used as a driver during the planning of maintenance
activities in terms of priorities because they highlight the main critical failure modes. A sensitivity

analysis is finally performed to test the influence of criteria weights on the ranking results.
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