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This paper proposes a multicriteria decision model based on MAUT (Multiattribute Utility Theory) incorporated into an RCM
(Reliability CenteredMaintenance) approach in order to provide a better assessment of the consequences of failure, allowing amore
effective maintenance planning. MAUT provides an evaluation of probability distributions on each attribute as well as trade-offs
involving lotteries.Themodel proposed takes advantage of such evaluations and it also restructures consequence groups established
in an RCM approach into new five dimensions. As a result, overall indices of utility are computed for each failure mode analyzed.
With these values, the ranking of the alternatives is established.The decision-maker’s preferences are taken into account so that the
final result for each failure mode incorporates subjective aspects based on the decision-maker’s perceptions and behavior.

1. Introduction

Chouikhi et al. [1] state that, currently, organizations need
to comply with environmental protection standards. Produc-
tion systems of goods and services are subject to random det-
erioration arising from age and use. The impact of deteriora-
tion not only affects the product or service quality but also
affects the environment itself.

Ruiz-Castro [2] points out that, in many situations, fail-
ures in critical systems generate considerable damage and
financial losses resulting from a very low reliability. Accord-
ing to Cavalcante and de Almeida [3], in production systems
of goods, losses associated with the downtime of machines
can bemitigated by increasing production beyond the normal
capacity or adopting some action that can prevent downtime.
Ishizaka andNemery [4] argue that ifmachines are neglected,
this can lead to breakdowns and therefore interruptions
to production or the supply of services, delays, scheduling
problems, bottlenecks, high costs, and even deaths or injuries.

In this context, Liu et al. [5] argue that maintenance
plays an important role in industrial production, especially
in areas where the most significant losses arise when a system

fails. Ruiz-Castro [2] claims that, in this sense, regular main-
tenance policies are employed in order to reduce damage.
To improve reliability, it is necessary to maintain systems,
thereby preventing failures and raising the chance of profit.

However, according to Moubray [6], maintenance has
changed over the past decades due to the increase in the
number and variety of assets that must be maintained. The
biggest challenge today for companies, with respect to main-
tenance, is to decide what techniques should be used in their
organizations, in order to raise the performance of assets and
to reduce maintenance costs. According to Kontrec et al. [7],
the main goal of maintenance techniques is to ensure that
functions of the system are performed in accordance with
established standards.

In this context, Selvik and Aven [8] emphasize that plan-
ning preventive maintenance activities for technical systems
is a constant challenge. On the one hand, a balance is sought
between the frequency and extent of maintenance. On the
other hand, cost control is pursued. Preventive maintenance
is introduced to prevent the occurrence of system failures and
to reduce the potential consequences of failures. However,
maintenance may also, sometimes, introduce failures. All
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these aspects are relevant for planning preventive mainte-
nance. According toWang et al. [9], to repair or prevent these
failuresmanymaintenance strategies have emerged gradually
over time. One of the most relevant ones is RCM (Reliability
Centered Maintenance).

This paper will focus on a specific point in the RCM
approach: the consequences of failure from the perspective
of a multicriteria approach. A multicriteria approach can be
found in other studies in the area but is used for different pur-
poses: Chan and Prakash [10] present a fuzzy MCDM app-
roach for maintenance policy selection in manufacturing
firms. Kumar andMaiti [11] use a fuzzy analytic network pro-
cess to deal with the problem of maintenance policy selection
for an industrial unit. de Almeida [12] proposes a multicri-
teria decisionmodel based onMAUT for selecting preventive
maintenance intervals. Arunraj and Maiti [13] propose the
application of AHP (analytic hierarchy process) and goal pro-
gramming (GP) for maintenance policy selection. Fouladgar
et al. [14] use AHP and COPRAS under fuzzy environment to
select maintenance strategies.

This paper is structured as follows: An introduction is
presented in Section 1. A notation related to multicriteria
decision model is presented in Section 2. In Section 3 there is
a conceptual background including RCM and MAUT (Mul-
tiattribute Utility Theory). The multicriteria model proposed
is presented in Section 4. Section 5 presents the application of
a multicriteria model based on data from the literature. Some
discussions are presented in Section 6.The conclusions of the
main results of this paper are presented in Section 7.

2. Notation

𝐴: Set of all possible actions under consideration.
𝑎: Constant (𝑎 > 0) defined by DM for each one-
dimensional utility function, in order to adjust the
information visualization that illustrates his/her atti-
tude with respect to risk.
𝑎
𝑖
: 𝑖th action.

𝑏: Constant (𝑏 > 0) defined by DM for each one-
dimensional utility function, in order to adjust the
information visualization that illustrates his/her atti-
tude with respect to risk.
𝐵
1
: Attribute 1.

𝐵
2
: Attribute 2.

DRI: Difference ratio index.
(𝑒): Environmental consequence dimension.
(𝑓): Financial consequence dimension.
(ℎ): Human consequence dimension.
ℎ
0
: The lowest value of the number of people affected.

ℎ: A value of the number of people affected (between
ℎ
0
and ℎ
1
).

ℎ
1
:The highest value of the number of people affected.

𝑘
1
, 𝑘
2
, 𝑘
3
, 𝑘
4
, and 𝑘

5
: Scale constants which indicate

the value of the trade-off (consequence dimensions).

Lot and Lot: Lotteries.
MF
𝑖
: 𝑖th failure mode.

𝑁: The adjustment factor of the curve.
(𝑜
1
): Operational 1 consequence dimension.

(𝑜
2
): Operational 2 consequence dimension.

𝑃(𝑞 | 𝜃, 𝑎
𝑖
): Consequence function.

𝑞: Consequences under study.
𝑡: The downtime.
𝑈: Utility function.
𝑈(ℎ): The utility function for the human dimension.
𝑈(𝑒): The utility function for the environmental
dimension.
𝑈(𝑓):The utility function for the financial dimension.
𝑈(𝑜
1
): The utility function for the operational 1

dimension.
𝑈(𝑜
2
): The utility function for the operational 2

dimension.
𝑈(MF

𝑖
)
𝛽𝑖
: Utility of 𝑖th failure mode.

𝑦: Represents the values of the consequence consid-
ered in a given dimension of consequences.

Greek Symbols

𝛽
𝑖
: Failure mode ranking position.

𝜃: State of nature expressing the uncertainty associ-
ated with the problem, representing a failure scenario
of a given component.
𝜃
: No fault occurrence scenario.
𝜇: The deviation of ln 𝑡.
𝜋(𝜃): Probability of each state of nature.
𝜎: The mean of ln 𝑡.

3. Conceptual Background

The conceptual background consists of two main issues that
are integrated into the decision model: a Reliability-Centered
Maintenance (RCM) approach and the Multiattribute Utility
Theory (MAUT).

3.1. RCM: Reliability-Centered Maintenance. According to
Moubray [6], the first industry to systematically confront
challenges associatedwith choices related tomaintenancewas
that of commercial aviation.This resulted in the development
of decision-making processes known as MSG3 in aviation
and RCM (Reliability-Centered Maintenance) in other sec-
tors.

To Heo et al. [15], RCM is a structured methodology that
is used to analyze potential failures of components with a
focus on reliability preservation.

For Yssaad et al. [16] and Jiang et al. [17], RCM is a tech-
nique applied to develop cost effective maintenance plans, so
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that the capability of the equipment is reached, restored, or
maintained.ThemainRCMgoal is to reduce themaintenance
cost while focusing on the most relevant functions of the
system under study.

Selvik and Aven [8] emphasize that the RCM is a well-
establishedmethod of analysis for planning preventive main-
tenance, where reliability is the main point of interest.
However, failure consequences also should be evaluated. The
main RCM goal is to reduce maintenance costs while simul-
taneously raising reliability and safety.The stages of RCMwill
be detailed in the next subsection.

3.2. RCM Stages. The divisions of the stages of implementing
RCM are considered differently by different authors [6, 18–
20]. Based on these authors, a brief description of the steps of
implementing RCM is as follows.

Step 1 (study preparation). Requirements, policies, and acce-
ptance criteria with respect to ensuring safety and protecting
the environment should be defined clearly for the RCM
analysis.

Step 2 (define system and subsystem boundary). The system
is divided into mutually exclusive subsystems which have
boundaries that are defined and respected.

Step 3 (identification of functions). At this stage it is neces-
sary to define the functions of each asset within the opera-
tional context, together with the desired performance stan-
dards.

Step 4 (define functional failures of the assets). At this stage,
failures that may occur in the asset should be identified. RCM
does this at two levels, namely, by identifying the circum-
stances that cause a functional failure and secondly through
inquiry about what events can cause functional failure of the
asset.

Step 5 (define failure modes of each functional failure and the
effects). At this stage, events that probably cause each func-
tional failure should be identified. These events are known as
failuremodes.This step is also important to identify the cause
and the effects of every failure.

Step 6 (identify the consequences). At this stage, consequen-
ces of failure should be identified.

Step 7 (managing failure). In this step, decisions should be
made on what should be done to anticipate, prevent, detect,
or correct the failure. This can be verified by applying two
techniques for fault management: proactive tasks and default
actions.

According toMoubray [6], the process of identifying fun-
ctions, functional failures, failure modes, and failure effects
often leads to opportunities for enhancing performance and
security and eliminating waste.

3.3. Multiattribute Utility Theory. Regarding the current
world scenario, the decision-making has increasingly become

an object of study due to the great importance attached to its
consequences.

In this context Vincke [21] observes that Multicriteria
Decision Aid (MCDA) is a set of methods and techniques
developed to assist organizations and individuals in solving
decision problems.

According to Munda [22], as to the operational point of
view, the greatest strength of multicriteria decision methods
is their ability to look at several points of view, characterized
as conflicting issues, which enables an integrated assessment
of the problem in question to be made.

For Durbach and Stewart [23], in the decision-making
process, the consequences of an action are often unknown
due to dependence on future events.Manymodels are applied
under a context of uncertainty, in which some of them are
based onMAUT.MAUTprovides an evaluation of the proba-
bility distribution of each attribute aswell as trade-offs involv-
ing lotteries.

Keeney and Raiffa [24] state that MAUT is derived from
Utility Theory and Decision Theory. According to Alencar
and de Almeida [25], the basic idea of Utility Theory is to
quantify a decision-maker’s (DM’s) wishes by relating assets
with values that represent a rule of choice for the DM.

Alencar et al. [26] argue that the Utility Theory concepts
enable the problem to be converted into an algebraic form
that uses the DM’s preferences. These preferences are repre-
sented by a function named a utility function that associates
criteria involved in the problem.

Garcez and de Almeida [27] argue that an important
aspect is to identify and appoint the correct DM, given that
the decision-making process may involve different types of
impacts (operational, human, financial, environmental, etc.).
The DM needs to present knowledge and experience about
the system taking into consideration aspects such as possible
failure, consequences dimensions, and preventive measures.

According to Keeney and Raiffa [24], if an appropriate
utility is assigned to each possible consequence and the exp-
ected utility of each alternative is calculated, the best course
of action is deemed to be the alternative with the highest
expected utility.

4. Multicriteria Decision Model

Thedecisionmodel proposed consists of improving the RCM
approach by incorporating contributions of a multicriteria
decision method. The main objective of the proposed model
is to allow amore effectivemaintenance planning, taking into
account the assignment of priorities through themultidimen-
sional analysis of the consequences.

The method chosen is MAUT, which incorporates the
necessary probabilistic background for the analysis required
and, according to de Almeida et al. [28], it has a well-struc-
tured protocol, supported by a very consistent axiomatic
framework that could be applied for decisions involving
multiple criteria.

The main improvement is given in Step 6 of RCM which
is the step that identifies and analyzes the consequences. New
steps are introduced, as shown in Figure 1.
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Figure 1: Stages of a multicriteria decision model.

4.1. Identifying Consequence Dimensions. According to Car-
retero et al. [29], since the failures are known, the conse-
quences must be taken into account. These consequences
are used as a basis for making strategic decisions related to
maintenance. The decision process is used in order to select
the activities most suitable for maintaining the system. Hun-
dreds of possible failure modes, of any installation, provoke
different effects on safety, the environment, operations, or
other costs related to the operations. These consequences are
what most influence the extent to which each maintenance
action tries to prevent failures. Moubray [6] affirms that a
positive point of the RCM is that it recognizes that the con-
sequences of failure are more important than the technical
characteristics of the failures themselves.

As noted in [6, 29, 30], RCMclassifies these consequences
into four groups, namely, the consequences of the following:

(i) Hidden failures: they do not have a direct impact but
expose the organization to multiple failures with seri-
ous, often catastrophic, consequences.

(ii) Safety and environmental failures: a failure has safety
consequences such as the fact that people may be
killed or injured. The environmental consequences
can lead to a violation of some company, regional,
national, or even international environmental stan-
dard.

(iii) Operational failures: a failure has operational conse-
quences if it affects production.

(iv) Nonoperational failures: evident failures which are in
this category did not affect either safety or production
but only involve the direct cost of repair.

According to [6], failures affect operations in the follow-
ing ways: total output, product quality, and customer service
are all adversely affected and operating costs plus the direct
cost of repair increase.

However, the multicriteria model proposed in this paper
assesses the consequences of failures in five dimensions, as
shown in Figure 2, where one has the following.

Human Dimension (ℎ). This dimension takes into account
deaths, injuries, and other negative outcomes for people
affected by the consequences of failure. The estimation is
provided based on the number of people affected.

Environmental Dimension (𝑚). This consequence dimension
takes into account the area affected as a result of the failure.
The measure used is an estimate of the affected area (m2) as a
consequence of the failure.

Financial Dimension. This takes into account fines paid to
customers for delays, dips in performance and in complying
with standards, and compensations, besides the direct costs
of repair.

Operational 1 Dimension (𝑜
1
). This considers the influence

of the consequences of the failure on the behavior of the
production system.These consequences affect the production
process without interrupting the operation. The downtime
of the item that presents a failure is used to estimate the
consequences.

Operational 2 Dimension (𝑜
2
). This considers the influence of

the consequences of the failure on the behavior of the pro-
duction system. But, in this case, the consequence of failure
brings the operation to a halt.The value “0” is attributed to the
“working” operational status while the value “1” is attributed
to the “halted” operational status. Downtime is used to esti-
mate the consequences.

4.2. Analysis of the Consequences. To analyze the conse-
quences in this paper, elements of Decision Theory will be
used. According to Berger [31], statistical Decision Theory is
interested in decision-making in the presence of statistical
knowledge and focuses on uncertainties involved in decision-
making.

Based on Berger [31], a probabilistic approach is used to
deal with the uncertainties in 𝐴 by a probability distribution
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Figure 2: Comparison between RCM Consequences (traditional and MCDA approaches).

over deterministic consequences and the elicitation of utility
functions for these consequences.

According to Keeney and Raiffa [24], the values of the
utilities functions are defined in an interval scale between
the extremes [0, 1], where “0” is associated with the “least
preferred” and the extreme “1” is associated with the “most
preferred.”

The utility is calculated by combining the probability of
the deterministic consequences “𝑞” in “𝐴.” Utility is defined
according to (1) for discrete cases and by (2) for continuous
cases:

𝑈(𝜃, 𝑎
𝑖
) = ∑

𝑞

𝑃 (𝑞 | 𝜃, 𝑎
𝑖
) 𝑈 (𝑞) , (1)

𝑈(𝜃, 𝑎
𝑖
) = ∫
𝑞

𝑃 (𝑞 | 𝜃, 𝑎
𝑖
) 𝑈 (𝑞) 𝑑𝑞. (2)

The utility combines the consequence function and utility
function on these consequences.

4.3. Probabilistic Modeling. According to Vincke [21] choos-
ingMAUTas amethod to be applied is equivalent to choosing
a type of compensation among criteria.

The elicitation of utility functions occurs in a closed
consequence interval, where a null result (no impact) is asso-
ciated with maximum utility, while the minimum value of
utility is related to the greatest of the consequences estimated.

The objective of this model is to obtain 𝑈 from an indi-
vidual or group of individuals whose values are of interest.
According to Keeney [32], the approach considered consists
of subdividing the assessment of 𝑈 into parts, working with
these parts, and then aggregating them later. This requires
the DM’s judgment of the final qualitative judgments to be
affirmed and quantified.

According to Keeney and Raiffa [24], in intracriteria eval-
uation, when the evaluation is subdivided into parts of 𝑈,
the curves that depict the DM’s preference in relation to the
dimensions of impact considered in the model (one-dimen-
sional utility functions) are adjusted. These adjustments take
into account the DM’s risk behavior. This behavior is incor-
porated into each 𝑈 by the nature of the utility function.

Thus, the DM can be prone, averse, or neutral to a given risk
situation in each of the dimensions analyzed. These assump-
tions about the DM’s behavior are mutually exclusive and
collectively exhaustive when applied to any lottery. Thus, if
one wants to compute 𝑈(ℎ) for human dimension such that
ℎ
0
≤ ℎ ≤ ℎ

1
, ℎ is a value within this interval. To human

dimension, it is assumed that a higher level of people affected
is less preferable than a lower level of people affected. To
evaluate the DM attitude regarding risk, it is considered a
lottery 50-50 (a chance of 50% to get the consequence ℎ

0

and a chance of 50% to get the consequence ℎ
1
) where the

extremes of ℎ are compared with the expected consequence.
Thus, a question is conducted to the DM: Is a 50-50 chance
to ℎ
0
and ℎ

1
preferable, indifferent, or less preferable than

a consequence that will certainly occur (ℎ = (ℎ
0
+ ℎ
1
)/2)?

A preference for this last consequence, in other words, a
preference for the expected value of the lottery, indicates a risk
aversion. Thus, the equations used in this model to calculate
one-dimensional utility functions take into account the DM’s
attitudes with respect to risk and are given below:

𝑈 (𝑞) = 𝑎 − 𝑏𝑦, (3)

𝑈 (𝑞) = 𝑒
−𝑏𝑦

, (4)

𝑈 (𝑞) = 1−(
𝑦

max (𝑦)
)

𝑁

. (5)

Equation (3) represents the behavior of the neutrality of
decision-making in relation to risk. Equation (4) will be used
in situations where the DM is prone to risk. Equation (5)
represents the DM’s aversion to risk.

Different considerations are established for defining the
consequence function in each dimension considered. In the
human, environmental, and financial dimensions, conse-
quence functions have been considered to be 𝑃(𝑞 | 𝜃, 𝑖) = 1

because it is considered that the state of nature is observed
and that it is right that these consequences on these dimen-
sions will occur.

For the last two dimensions to be presented (𝑜
1
and

𝑜
2
), a lognormal probability density function was adopted to
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𝜋(𝜃

) = 1 − 𝜋

𝜋(𝜃) = 𝜋 U(𝜃, ai) = x

U(𝜃

, ai) = 1

Figure 3: How a lottery is applied in order to define utilities in “failure” and “no failure” scenarios.
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Figure 4: Two lotteries (Lot and Lot) representing the property of additive independence.

calculate the consequence function, where the lognormal is
defined by the following equation:

𝑔 (𝑡 | 𝜇, 𝜎) =
1

𝜎 ⋅ 𝑡 ⋅ √2𝜋
exp[−

(ln 𝑡 − 𝜇)2

2𝜎2
]

for (𝑡 ≥ 0) .

(6)

The choice of this probability distribution is justified
by the fact that it represents the downtime adequately. The
lognormal distribution describes in a satisfactory way this
maintainability situation.

Still regarding intracriteria evaluation, two different sit-
uations with respect to failures scenarios that cannot occur
simultaneously will be considered.The first possible situation
refers to the existence of a failure scenario of a given com-
ponent, with an occurrence probability 𝜋(𝜃) = 𝜋 and an
unidimensional utility 𝑈(𝜃, 𝑎

𝑖
) = 𝑥, with 0 ≤ 𝑥 < 1.

The second condition refers to the possible existence of a
no fault occurrence scenario with an occurrence probability
𝜋(𝜃

) = 1 − 𝜋 and a utility 𝑈(𝜃, 𝑎

𝑖
) = 1, in accordance with

Figure 3. The sum of these probabilities must be equal to 1
(𝜋(𝜃) + 𝜋(𝜃


) = 1), where the unidimensional utility 𝑈 is

obtained by

𝑈 = 𝑈 (𝜃, 𝑎
𝑖
) 𝜋 (𝜃) +𝑈 (𝜃


, 𝑎
𝑖
) 𝜋 (𝜃


) , (7)

where the value of𝑈(𝜃, 𝑖) set in the interval could be obtained
by (1) or (2). The 𝑈(𝜃


, 𝑖) value is always equal to one

𝑈(𝜃

, 𝑎
𝑖
) = 1.This is due to the absence of failure always being

associated with the “most preferable” situation in the model.
The proposed model seeks obtaining a utility function

𝑈 of an individual or group of individuals whose values are
of interest. The approach taken into account consists of sub-
dividing the𝑈 evaluation into parts, workingwith these parts,
and then aggregating them.This requires the DM’s judgment

of the final qualitative judgments to be affirmed and quanti-
fied.

After obtaining both 𝑈 and 𝐾 values that are elicited by
the elicitation procedure based on the comparison of lotteries
[24], the multiattribute utility function is calculated using the
equations presented in the following subsection.

4.4. Computing theOverall Indices ofUtility. Theadditive util-
ity function is considered in this model. 𝐵

1
and 𝐵

2
are addi-

tively independent if Lot and Lot are equally preferable for
𝐵
1
and 𝐵

2
and for 𝐵

1
and 𝐵

2
chosen in an arbitrary manner

(Figure 4).This means that in each lottery there is a chance of
50% to obtain 𝐵

1
or 𝐵
1
independently of 𝐵

2
value [24].

This can be represented by the following expression,
which gives the independence of the DM’s preferences with
respect to the five dimensions considered: human (ℎ), envi-
ronment (𝑚), financial (𝑓), operational 1 (𝑜

1
), and opera-

tional 2 (𝑜
2
):

𝑈(ℎ,𝑚, 𝑓, 𝑜1, 𝑜2) = 𝑘1𝑈 (ℎ) + 𝑘2𝑈 (𝑚) + 𝑘3𝑈 (𝑓)

+ 𝑘4𝑈(𝑜1) + 𝑘5𝑈(𝑜2) ;
(8)

𝑘’s are elicited by the procedures of elicitation based on the
comparison of lotteries. In this structured process, according
to [28] the DM answers some questions, making choices of
lotteries considering payoffs between the dimensions con-
sidered. The DM should define a probabilistic value 𝑝 that
represents the indifference between the certainty of choice of
a consequence (in this case, 𝑝 = 1) or the choice of a specific
lottery. Based on this process, the 𝑝 value is obtained and
consequently 𝑘

1
= 𝑝. Similar steps are conducted to define

𝑘
2
, 𝑘
3
, 𝑘
4
, and 𝑘

5
. The sum of 𝑘’s needs to be equal to “1”

(𝑘
1
+ 𝑘
2
+ 𝑘
3
+ 𝑘
4
+ 𝑘
5
= 1).

4.5. Ranking the Alternatives. Among different problematics
that could be observed, the ranking problematic arises from
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the DM needing to construct a list of the most important
alternatives in order of relevance (prioritization), such that
the alternatives that are most likely to occur will be primarily
treated using all available resources [33]. In the model pro-
posed in this paper the alternatives are represented by failure
modes of the system components in analysis. It is only after
this initial prioritization that other system failure modes
(according to their ranking) are taken into account, since
resources are available. MAUT is used to obtain this ranking.

Due to the axiomatic structure of Utility Theory, obtain-
ing another type of information becomes feasible: the ranking
of multiattribute utility values. This is obtained from (8).

According to [28], the interval scale of the utility function
allows comparison of the incremental value to the failure
modes.

Because of this interval scale, we cannot say that the utility
associated with a failure mode MF

𝐼
is “𝑍” times greater than

the utility associated with a failure mode MF
𝐽
.

However, it is possible to say that the difference
𝑈(MF

𝑖
)
𝛽𝑖
−𝑈(MF

𝑗
)
𝛽𝑖+1

is “𝑍” times greater than the difference
𝑈(MF

𝑗
)
𝛽𝑖+1

− 𝑈(MF
𝑘
)
𝛽𝑖+2

. From these explanations the incre-
ment ratio of these differences is verified by the DRI:

DRI =
[𝑈 (MF

𝑖
)
𝛽𝑖
− 𝑈 (MF

𝑗
)
𝛽𝑖+1

]

[𝑈 (MF
𝑗
)
𝛽𝑖+1

− 𝑈 (MF
𝑘
)
𝛽𝑖+2

]

. (9)

5. Numerical Application

A numerical application is presented in this section in order
to illustrate the multicriteria decision model used to eval-
uate the consequences of failure obtained from the RCM
approach. For this application, a realistic production system
will be considered in which 18 components considered to be
the most relevant will be selected. The existence of only one
unique user of this system is also considered.

Five dimensions—human (ℎ), environmental (𝑒), finan-
cial (𝑓), operational 1 (𝑜

1
), and operational 2 (𝑜

2
)—for

estimating the set of consequences were defined. The utility
function was considered additive in this application [24],
which means that the preference independence of the DMs
with respect to these dimensions was verified and taken into
account.

For each component 𝑖 considered in the system, a failure
mode MF

𝑖
was adopted with its associated occurrence prob-

ability 𝜋(𝜃)
𝑛
, as shown in Table 1.

With the support of a DSS (Decision Support System),
consequence probabilities were estimated for the five dimen-
sions of consequences. In the same way, the one-dimensional
utility functions are obtained by (3), (4), (5), and (6) taking
into account the DM’s attitudes with respect to risk. For
example, to human dimension, the risk aversion behavior is
considered by the DM. On the same way, to financial dimen-
sion, the risk prone behavior is defined by the DM. Following
an elicitation procedure based on the comparison of lotteries
defined in Keeney and Raiffa [24], scale constants are estab-
lished: 𝑘1 = 0.19, 𝑘2 = 0.14, 𝑘3 = 0.21, 𝑘4 = 0.18, and
𝑘5 = 0.28.

Table 1: Probabilities of failure modes for each component.

Component “𝑖” Failure mode “MF
𝑖
” “𝜋(𝜃)

𝑖
”

1 MF1 0.0356
2 MF2 0.0658
3 MF3 0.0752
4 MF4 0.0211
5 MF5 0.0653
6 MF6 0.0200
7 MF7 0.0550
8 MF8 0.0188
9 MF9 0.0854
10 MF10 0.0365
11 MF11 0.0698
12 MF12 0.0150
13 MF13 0.0442
14 MF14 0.0952
15 MF15 0.0325
16 MF16 0.0666
17 MF17 0.0482
18 MF18 0.0140

Using these values, the multiattribute utility function
𝑈(ℎ, 𝑒, 𝑓, 𝑜

1
, 𝑜
2
) must be elicited from the DM, following the

established procedures defined in Keeney and Raiffa [24].
These procedures are structured protocols that take into
account choices between consequences of functional failures
and lotteries with specific probabilities between the best and
worst case.

A conversion scale is introduced into the values of the
multiattribute utility function to facilitate the interpretation
of these values. The axiomatic structure of Utility Theory
allows another type of feasible information: the ranking of
multiattribute utility values for each failure mode as consid-
ered in Table 2.

The interval scale [28] of the utility functions permits
comparisons of the increments of utility in relation to failure
modes. These increments are shown in Table 3.

From this data analysis, failure mode MF
18
should be the

first to receive an allocation of the resources available in the
company.

On analyzing the values in Table 3, it can be verified that
the difference between the values of the utilities associated
with failure modes MF

03
and MF

11
is 0.129727 and that the

difference between the values of the utilities associated with
failure modes MF

11
and MF

17
is 0.006064. This means that

an increment in the utility values from MF
03

to MF
11

is
approximately 21.4 times greater than the increment in the
utility values from MF

11
to MF

17
. This analysis is based on

the interval scale provided by the utility function. In the same
way, it can be verified that the difference between the values
of the utilities associated with the failure modes MF

17
and

MF
02

is 0.0122 and that the difference between the values of
the utilities associated with the failure modesMF

02
andMF

05

is 0.000043.Thismeans that an increment in the utility values
from MF

17
to MF

02
is approximately 285 times greater than
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Table 2: Utility ranking of the failure modes resulting from Table 1.

Ranking position (𝛽
𝑖
) Failure mode “MF

𝑖
” 𝑈(MF

𝑖
)
𝛽𝑖

𝛽1 MF18 0
𝛽2 MF12 0.19256
𝛽3 MF09 0.43039
𝛽4 MF16 0.48879
𝛽5 MF03 0.58785
𝛽6 MF11 0.71757
𝛽7 MF17 0.72364
𝛽8 MF02 0.73584
𝛽9 MF05 0.73588
𝛽10 MF07 0.74578
𝛽11 MF14 0.75274
𝛽12 MF13 0.82960
𝛽13 MF01 0.88966
𝛽14 MF10 0.91708
𝛽15 MF15 0.92116
𝛽16 MF04 0.96991
𝛽17 MF06 0.98484
𝛽18 MF08 1

the increment in the utility values fromMF
02
to MF

05
. These

increments of utility in relation to failure modes provide
to decision-maker a differentiated interpretation of results,
providing an information visualization that allows a better
resources allocation to prevent and mitigate failure modes.

6. Discussion

Many of the existing traditional approaches applied to quanti-
tative consequences of failures analysis in the industrial envi-
ronment do not incorporate a multidimensional assessment
of the problem. Thus, this type of evaluation is performed
without considering the real impact that consequences may
entail in multiple dimensions that should be assessed in the
context under study. This issue worsens as the complexity
of the context increases, where relevant aspects are not con-
sidered since the analysis includes only the study of a single
dimension. However, it is important to emphasize that it is
ever more important for an organization to assess possible
issues associated with the occurrence of failures such as
injuries to people or the number of fatalities, financial losses,
environmental impact, damage to properties, and solving
problems with different factors [34]. This occurs due to the
fact that in the real world the management of consequences
needs to satisfy a number of expectations of the various stake-
holders.

Therefore, the issues discussed in this section justify the
use of multicriteria approaches to manage the consequences
of failures in industrial environments, such that the decision
process is developed in a coherent way, considering the con-
sequence dimensions judged as being themost relevant to the
context under study.

Among the set of techniques and methods available for
multicriteria evaluation, MAUT was chosen for the develop-
ment of this model, since it presents some important specific
features that enable the uncertainty in the environment to
be dealt with in a more appropriate way, based on MAUT’s
axiomatic structure, taking into account probabilistic aspects
and considering the DM’s value judgments, based on his/her
preferences.

Another very important aspect of MAUT can be seen
in the step for ranking the alternatives (failure modes). The
calculation of the difference ratio index (DRI) enables a dif-
ferentiated management analysis by the DM, thereby adding
important aspects of the decision process and allowing some
new information to be perceived. The calculation is defined
as the ratio of absolute differences between pairs of failure
modes arranged in order of ranking, taking into account
values established in the calculation of multiattribute utility
functions for each failuremode considered.More specifically,
the absolute difference that comprises the DRI is determined
by a subtraction of multiattribute utilities values linked with
two subsequent failure modes in the final ranking obtained.
The DRI is calculated for all failure modes (pairwise com-
parison) that comprise the ranking. This type of analysis is
only possible due to a specific feature of the utility function,
namely, the interval scale. This type of analysis supports
the understanding of different levels of failure modes and
their criticality being evaluated, thereby making it clear that
there is a real need for resources, which are often scarce, to
be allocated. This occurs through larger or smaller volumes
of investment, depending on the gravity of the scenario
observed. Based on the ranking obtained, the manager can
define howmuch and where to invest in order to minimize or
even eliminate the impacts of the consequences. This invest-
ment takes place through targeted management actions for
the maintenance, operation, monitoring, and control of
planned actions. Thus, what is sought as a final process result
is to use the information obtained from a ranking as input so
that managerial decisions are made in the best possible way,
taking into account the analysis of all the dimensions consid-
ered in the model.

Finally, it is important to emphasize that a sensitivity
analysis was conducted based on the data and parameters
analyzed to verify the robustness of the model. Results show
that the procedure was robust.

7. Conclusions

The appropriate allocation of investments given the reality
of resources being scarce requires maintenance managers
to have pertinent knowledge and to use adequate tools to
allocate resources in maintenance actions in a better way.The
RCM approach is widely used in this sense, thereby ensuring
that assets continue to perform their functions within the
operating environment. The use of a multicriteria decision
model to evaluate quantitatively the consequences obtained
from an RCM approach is proposed in this paper in order to
ensure an improvement in this process. The model is applied
in this context with the purpose of supporting manage-
ment decisions in an environment of uncertainty on which
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Table 3: Comparisons of utility values and ratios of the increments of utility between ranked failure modes.

Ranking position (𝛽
𝑖
) Failure mode “MF

𝑖
” 𝑈(MF

𝑖
)
𝛽𝑖
− 𝑈(MF

𝑗
)
𝛽𝑖+1

DRI
𝛽1 MF18 0.192562 0.80968
𝛽2 MF12 0.237825 4.072049
𝛽3 MF09 0.058404 0.589616
𝛽4 MF16 0.099055 0.763565
𝛽5 MF03 0.129727 21.394127
𝛽6 MF11 0.006064 0.497029
𝛽7 MF17 0.0122 284.84424
𝛽8 MF02 0.000043 0.004327
𝛽9 MF05 0.009899 1.421064
𝛽10 MF07 0.006966 0.090634
𝛽11 MF14 0.076856 1.279671
𝛽12 MF13 0.060059 2.190339
𝛽13 MF01 0.02742 6.712401
𝛽14 MF10 0.004085 0.083794
𝛽15 MF15 0.04875 3.266711
𝛽16 MF04 0.014923 0.984148
𝛽17 MF06 0.015164 —
𝛽18 MF08 — —

the maintenance sector is inserted. The utility function is
obtained for each of the failure modes considered. The DM’s
preferences are taken into account so that the final result
for each failure mode incorporates subjective aspects based
on the DM’s perceptions and behavior. The model provides
a great contribution to the phase of consequence analysis.
Consequence groups established in the RCM approach are
restructured into newfive dimensions.The consequences that
affect safety and the environment were separated into two
new dimensions in order to generate more accurate assess-
ments, given that environmental questions and lives have
great relevance to society today.

The implementation of these improvements by using a
multicriteria decision model seeks to generate consistent
results that can assist managers in their planning of mainte-
nance.
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