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1. Introduction

The purpose of expert decision-making methods is to simplify and classify a decision- making problem and to make the
best selection based on the interpretations of priorities and cost-benefit particulars. In the existing literature, there are sev-
eral methods suited for decision-making problems and these methods improve the decision-making process by ensuring
simplicity and functionality. In some cases, very complicated algorithms are proposed for complex decision-making prob-
lems. Often decision-making methods based on many assumptions and imperfections which may invalidate the process
to some degree.

Among the variety of decision-making models, the Analytic Hierarchy Process (AHP) is the most cited and applied method
in the literature. It has several benefits such as segmentation of the decision task, classification of the criteria and capability
of using both linguistic and numerical information. Conversely, many scholars criticize such things as the setback of the
rational choice theory, rank reversal and intransitivity.

The rational choice theory is an approach used in social sciences to understand human behavior and the particulars of
their decisions. In the economics literature, Becker [1] is the first researcher to point out its importance and the theory is
used in many scientific fields to explain decision characteristics. One of the basic principles of the theory is the transitivity
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of cross decisions. For example, if criteria A is 5 times more important than criteria B and criteria B is 4 times more important
than criteria C, criteria A should be 5 x 4 = 20 times more important than C (also A > B> C). However, the Saaty’s [2] scale
limits priorities to a total of nine. Therefore, AHP does not ensure proof of the theory in some cases. The results may have
different particulars under different sub-groups of alternatives.

Since scale inconsistency exists, the rank reversal phenomenon is expected in the case of addition and extraction of an
alternative. The rotational priority investigation (RPI) is proposed to eliminate inconsistent results by calculating priorities
of downsized elements of a decision matrix. In the RPI method, one alternative is extracted from a group of alternatives in
every rotation and the final priority matrix is calculated for every combination of downsized groups. If the number of alter-
natives is n, then n number of combinations will be generated. The mean of the n priority matrices is considered the final
priority matrix and the superior alternative is selected. The same procedure is proposed to be useful for the criteria matrix
and the priorities of the criteria set may have critical changes which directly affect the final result of the analysis.

The remainder of this paper is organized as follows. Section 2 overviews the FAHP method, consistency control and
describes the proposed method RPI. Section 3 presents an empirical work for the selection of a marine engine in a ship build-
ing project. Section 4 concludes the paper.

2. Criticism for AHP and FAHP method
2.1. Fuzzy sets and triangular numbers

Fuzzy set theory was first introduced by Zadeh [3] and it was developed based on the premise that the key elements in
human thinking are not numbers, but linguistic terms of fuzzy sets. Fuzzy set theory has been widely applied to represent
uncertain or flexible information in many different applications, such as selection problems, engineering design, and produc-
tion management.

For numerical efficiency, trapezoidal or triangular fuzzy numbers are used to represent uncertain parameters. In this
paper, a triangular fuzzy number is applied and defined as follows:

A is a triangular fuzzy number which has three dimensions A = (a, b, ¢), lower boundary, midpoint and upper boundary
respectively (Fig. 1).

Center of gravity method, which is calculated by averaging a, b and c, is the most used method for defining the crisp result
of a fuzzy set.

Definition 1. A fuzzy set A in a universe of discourse X is characterized by a membership function y;(x) which associates

with each element x in X is a real number in the interval [0, 1] . The function value p;(x) is termed the grade of membership
of x in A.

Definition 2. A fuzzy number is a fuzzy subset in the universe of discourse X that is both convex and normal.

Definition 3. A triangular fuzzy number denotes as A=(a, b,c), where a<b <c has the following triangular type
membership function;

0, x<a,
(x—a)/(m—a), a<x<b,
13X =14 1, x=b, (1)
(c=x)/(c=b), b<x<c,
0 Cc <X
A
IUA(X)

v

a b c X

Fig. 1. A triangular fuzzy number A.



E. Bulut et al./Applied Mathematical Modelling 39 (2015) 913-923 915

According to Zadeh [3], the fuzzy number addition operations and the fuzzy number multiplication operations of the tri-
angular fuzzy numbers are expressed by standard fuzzy arithmetic operations.

2.2. Fuzzy analytic hierarchy process (FAHP)

The analytic hierarchy process (AHP), first proposed by Saaty [2], is a simple and convenient multi-criteria decision-mak-
ing method. AHP is based on pair-wise comparison among attributes and alternatives. In the AHP method, the decision prob-
lem is divided into the following main steps [4]:

e Hierarchy structure for goal.
e Calculation of local weights.
o Assessment of priorities.

When the decision-maker has a vague and complex problem, the classical AHP method cannot be utilized because its
numerical scale of judgments is limited to reflect the vagueness of human thinking [5]. Comparison ratios as linguistic terms
with corresponding fuzzy sets are used to express comparison judgments of decision-makers (Fig. 2). In this paper, six fuzzy
linguistic variables in Table 1 are applied to help the decision-maker to describe his/her subjective judgment for relative
importance.

In the literature, there are many studies to improve the AHP method by fuzzy extension (FAHP) [6-12]. First, Laarhoven
and Pedrycz [13] extend AHP to fuzzy hierarchical analysis by using triangular fuzzy numbers. Buckley [14] and Boender
et al. [15] propose fuzzy sets for the assessment and analysis of pair-wise comparison. Chang [16] suggested the synthetic
extent values of the pair-wise comparison for handling FAHP by using triangular fuzzy numbers.

The extent synthesis method is defined as follows:

Let X = {X1, X2, ..., X,} be an object set and U = {u4, u, ..., u,,} be a goal set. The extent analysis for each goal is performed
under each object. Therefore, m extent analysis values for each object are indicated with the following parameters:

M;iu Mﬁ,*Mm i:]721"'1n3 (2)

where all the M, (j =1,2,...,m) are TFNs.
The steps of Chang’s extent analysis can be given as in the following:
Step 1: The value of fuzzy synthetic extent with respect to the ith object is defined as

m

S3OM, o

j=1

n m -1
ZZM’;] : (3)

i=1 j=1

To obtain Zj"lleéi, the fuzzy addition operation of m extent analysis values for a particular matrix is performed such as:
m X m m m

Sou = (S 3om > ) @
=1 = = =

.11 .
And to obtain {ZL] Z}LMIg,.] , the fuzzy addition operation of Mj; (i=1,2,...,m) values is performed such as:
n m

DM, = (leZmﬁZuf) (5)
=1 j=1 =1

i=1 j=1

ILlA(x) ‘

1 3 5 7 9 X

Fig. 2. Fuzzy number of linguistic variable set.
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Table 1

Transformation for TFNs membership functions.
Fuzzy number Linguistic scales Membership function Reciprocal
A Equally important (1,1,1) (1,1,1)
A, Slightly important (1,1,3) (1/3,1,1)
As Moderately important (1,3,5) (1/5,1/3,1)
A, More important (3,5,7) (1/7,1/5,1/3)
As Strongly important (5,7,9) (1/9,1/7,1/5)
As Extremely important (7,9,9) (1/9,1/9,1/7)

and then the inverse of the vector in Eq. (5) is computed, such as:

-1
nom i B 1 1 1
|:ZZM&:| B (Z?:]ui Lm YL li>. ;

i=1 j=1

Step 2: The degree of possibility of M, = (I, my, u3) = My = (l;, my, uq) is defined as

V (Mz > My) = sup [min (U, (X), ty, (V)] (7)

y=x

and can be expressed as follows:
174 (Mz > M1) = hgt (M] ﬂMz),

1, if my >my,
= iy, (d) =< 0, if i > uy, (8)
bty otherwise.

(m—up)—(my 1)

Fig. 3 illustrates Eq. (8) where d is the ordinate of the highest intersection point D between y,, and y,,,. To compare M;
and M, we need both the values of V(M; > M,) and V(M, > M,).

Step 3: The degree possibility for a convex fuzzy number to be greater than k convex fuzzy M; (i = 1,2, ..., k) numbers can
be defined by

V(M > M,My,...,My)=V[M>M,) and (M > M,) and --- and (M > M,)] = min V(M > M;), i
=1,2,3,...,k 9)
Assume that d'(A;)=min V(S; = S) for k=1,2,...,n; k #i. Then the weight vector is given by
W = (d'(Ar).d (Ay),....d (An)", (10)

where A; (i=1,2,...,n) are n elements.
Step 4: Via normalization, the normalized weight vectors are

W = (d(A1),d(Ay),...,d(An), (11)

where W is a non-fuzzy number.

v

0 Iz m, Il d u, my uq

Fig. 3. The intersection between M; and M.
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2.3. Criticism of the AHP method

The most cited criticism of classical AHP is based on the rank reversal phenomenon in cases of inverted decision
matrices and the change in the pattern of alternatives. Ishizaka and Labib [17] reviewed that issue and indicated that
the structure of questions may influence the ranking order. The order of superiority can easily be determined by the
question of positive superiority or negative superiority. The last rank selection of a positive superiority order is
expected to be in the first rank of a negative superiority order. However, it is not unusual that AHP results violate this
basic rule.

Roper-Lowe and Sharp [18] presented a similar situation in a computer operating system selection problem. Their major
contribution is a new form of the AHP scale based on normalized priorities. In the normalized scale, the most superior selec-
tion is presented by unity. Holder [19] investigated the scaling problem in AHP and suggested non-linear form scales to
ensure the principles of the rational choice theory. The multiplicative priority scale is proposed for improving such incon-
sistencies. However, there is no fully consistent scale yet. From the point of rational choices, scale limitation is the major
problem and an unlimited scale is improper to be used for expert consultation. Therefore, the Saaty [20] scale is still the most
applied method of assessment. Since the FAHP is derived from the conventional AHP method, identical shortcomings exist in
fuzzy extended form.

3. Methodology
3.1. Rotational priority investigation (RPI)

The proposed model, rotational priority investigation (RPI), is designed for improving decision-making and consistency.
One of the drawbacks of the AHP method (also FAHP) is decision variations on alternative extraction or addition. The RPI
method originally develops an ex-post investigation by a rotational investigation of the performances of alternatives and cri-
teria. The superiority of the RPI method is derived from three major improvements. Firstly, the classical extent FAHP model
ignores several criteria because of the disjointed extent value sets. After using the RPI method, the priorities of elements are
defined in different combinations of sub-groups and the weights are calculated in detail rather than ignoring any one. Sec-
ondly, the RPI method is useful under competitive alternatives which may induce the rank reversal phenomenon. In the case
of the rank reversal phenomenon, the final decision is highly inconsistent and volatile. The RPI method ensures an additional
search of the best solution by sub-group analysis and the final priorities are defined by investigating the superiority of alter-
natives in each rotation. Thirdly, the RPI method elicits the damped alternatives and improves the sensitivity of the cumu-
lative result.

Let n number of elements exists. n iterations are performed and in each iteration one of the elements is extracted. One
element is investigated n — 1 times and one of the iteration does not include that element. Final priorities are calculated
by averaging the priorities calculated in every single rotation.

Let A is the n x n matrix of pairwise comparison which consists of pair-wise priority values, a;. The matrix is as follows:

ayip G2 13 -+ Qg
a1 Gy O3 --- Qp
A= |G ax a - 4z
Qn1 apy  Ap3 s g

The estimated relative weights of the elements of matrix A is defined by
Asx W = Jmax * W, (12)

where A is the observed matrix of pairwise comparisons, /mayx is the largest eigenvalue of A, and W is its right eigenvector. W
constitutes the estimation of actual weights of elements, W where W = (wq, Ws, ..., w,)" is the vector of actual relative
weights, and n is the number of elements. The result of rotational investigation is calculated by the solutions of sub-groups,

s=(1,2,...,n) which refers to extraction of an element in each sub-group according to i Aj # s as follows:
Gy O3 -+ Oz
5 a3y 033 -+ O3 r
A]: . . . ; W]:(W27W37"':~Wn) )

Qpp Ap3 -+ Om
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ayp a3 -+ i
5 as; dsz -+ A3y r
Ay = Wy = (wi,ws,...,wy),
am ap3 -+ Om
an ag a3 s A1(n-1)
an az; a3 e aa(n-1)
~ T
A= @ 032 a33 G- |, Wy = (W1, W, W3,... . Wy1)".
An-11 Am-12 Am-13 - O@-1)@-1)

Then, the final priorities are calculated by simple average as follows:

n n n h n

The RPI method is applied for both criteria level and alternatives level matrices. Therefore, criteria weights, alternative pri-
orities and the final result will be affected from the proposed procedure.

3.2. Centric consistency index (CCI)

Saaty [20] first introduced the individual consistency index based on the eigenvalue method for the AHP method and it
should be less than 0.1 for the acceptance of a matrix larger than 4 by 4. In the literature, however, a consistency control has
not been proposed and applied to the FAHP method despite the fact that the consistency calculation is a critical step in the
group decision-making method.In this study, the centric consistency index (CCI) [21,22] based on the fuzzy extended version
of the geometric consistency index (GCI) [23] is proposed to calculate the consistency of each decision maker’s matrixes. The
calculation of the CCI method is as follows:

Let A = (arij, G, Auijlnxn be a fuzzy judgment matrix, and let w = [(wr1, Wy1, Wut), (Wi2, Waiz, Wu2), - - 0 (Win, Wan, wun)]" be
the priority vector derived from A using the RGMM. The centric consistency index (CCI) is computed by

_ 2 agjj + A + Auij Wi + Wy + Wy Wy + Wy + Wy \ 2
CCI(A)*(n—l)(n—z);j (1o ( 3 ) - log ( 3 ) +1log ( 3 ) (14)
When CCI (A) = 0, we consider A fully consistent. Aguarén et al. [24] also provide the thresholds (GCI) as GCI = 0.31 for
n=3; GCI = 0.35 for n =4 and GCI = 0.37 for n > 4. When CCI (A) < GCI, it is considered that the matrix A is sufficiently consis-

tent. Since the CCI is a fuzzy extended version of the GCI, thresholds remain identical.

4. The main diesel engine selection problem in the shipping industry

The main diesel engine selection is one of the major steps in ship building projects and it is determined by an agreement
between the ship building company and the ship owner. However, the number of available diesel engines for larger size hulls
is very limited due to the increasing number of new building projects and the limited manufacturing facilities for diesel
engines by corporations. Therefore, ship owners are expected to make critical decisions about financial and technical partic-
ulars when purchasing a diesel engine. The main diesel engine of a merchant ship is operated until the end of the life of a
ship, so its selection is made with longevity in mind.

The factors affecting diesel engine selection are classified into two categories: technical aspects and financial aspects.
Recent literature has a number of studies that investigate the technical aspects of the diesel engine selection problem. How-
ever, technically superior, many alternatives can be rejected due to their financial drawbacks. The financial state of a project
has particular importance for the sustainability and practicability of the project.

Criteria designation is a highly difficult problem since many products do not provide detailed information about their per-
formance and particulars. Watson [25] indicated a number of criteria for marine engine selection, but these particulars are
mostly based on the manufacturer’s viewpoint. Moreover, there are some particulars which can be estimated previously
such as vibration and noise. Even these particulars are subject to change in different hull designs and engine settlements.
On the other hand, some indicators may provide information about the performance of the engine such as time used in
the existing fleet, previous damage records, etc.

This paper investigates the marine diesel engine problem for the Panamax size (around 75.000 DWT) dry bulk carrier.
Experts are required for corresponding research on the intended particulars of the hull.
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The expert consultation process of the study is performed in two steps. In the first step, a group of technical experts/man-
agers of selected shipping companies is required to define criteria for the intended problem which can be suitable for pair-
wise comparison. This step is based on interviews and six major criteria are defined for further analysis as follows:

Criterion 1. Power (KW)

Criterion 2. Cost of purchase (price)

Criterion 3. Fuel consumption

Criterion 4. Maintenance (Reliability and maintainability)
Criterion 5. Majority in existing merchant fleet

Criterion 6. Damage history of model

Power is one of the most important particulars of the main diesel engine selection problem. The power of the engine is
based on ship tonnage, expected weather/sea conditions and estimated service speed. Although higher engine power brings
stronger resistance to several navigational drawbacks, increasing power also requires higher capacity, increased fuel con-
sumption and more manufacturing processes which increase the purchasing price. According to optimum shaft speed and
expected working power, candidate engines will be selected in a feasible range. In the case of the intended Panamax size
ship, six alternatives are selected from the two main manufacturing companies that have between 8.000 and 14.000 KW
capacity engines. Alternatives of the empirical work are based on 5, 6 and 7 cylinder models manufactured by the companies.

Since one-tenth of the cost of a new building project is the cost of the main diesel engine, cost of purchase should be con-
sidered as one of the major indicators of the financial feasibility of a project. Another major indicator of financial feasibility is
derived from the fuel consumption and its relative accuracy compared to generated power. Estimated fuel consumption (kg)
per hour is calculated by using corresponding specific fuel oil consumption (SFOC) particulars. Estimated fuel consumption is
based on factory trials, but its practical results will be changed due to deterioration speed and the use of the engine. There-
fore, expert consultation is required rather than the direct use of quantitative measures. Maintenance attributes of an engine
have two considerations. Firstly, how easily it can be performed and secondly, how much does it cost. Both considerations
are subject to practical experience and expert consultation is expected to reflect such judgmental viewpoints.

Under the rational choice assumption, every ship owner conducts a similar selection process to decide on the proper die-
sel engine. Therefore, a short way of determining a diesel engine’s popularity is by looking at the majority of a diesel engine’s
use in an existing merchant marine fleet. If a specific model and brand of diesel engine is frequently preferred by other ship-
ping companies, this may denote the superiority of that model in overall circumstances. A similar indicator is frequency of
technical damages in the history of the existing fleet which is installed with the intended model of engine. The damage his-
tory of the model may illustrate its structural and mechanical resistance in the practical life of the engine.

There are also many other variable conditions which may substantially change the engine selection process. Special dis-
counts, financial supports and guarantees are some examples of such immeasurable and unpredictable factors. For a specific
shipping company, the use of existing models of the diesel engines in the company fleet may be a strong incentive to choose
identical products. These factors depend on each case and to ensure generality, this paper assumes a standard and common
condition rather than a particular project.

5. The empirical work and results

The application of the RPI aided FAHP model is conducted for the main diesel engine selection problem in the ship
building industry and the criteria set is defined as in Table 2. The candidate models of the project are gathered from their
industrial use and Table 3 lists them with acronyms. Models are from two major companies and according to the number
of cylinders, a total of six alternatives are selected for subsequent analysis.

Table 4 shows the particulars of the diesel engine models. Although a limited number of technical dimensions of the
models are available from related websites, the performance results and practical efficiency can only be derived from experts
who have practical or managerial level experience with these models.

According to the classical FAHP analysis, purchase cost and popular use in the existing world fleet are the most important
criteria; power, fuel consumption, damage history and maintenance follow them respectively (see Table 5). Table 6 indicates
the RPI-aided FAHP analysis. Under the RPI-aided process, the maintenance of the alternatives is found to be a quite weak

Table 2
The criteria for the marine engine selection.
Criterion of the shipping asset selection The symbols of each criterion
Power PW
Cost of purchasing cpP
Fuel consumption FC
Maintenance MN
Majority in existing merchant fleet MF

Damage history of model DH
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Table 3
The alternatives for the marine engine selection.
Alternatives for the shipping asset selection The symbols of each alternatives
German marine engine company 5 cylinder model G5C
German marine engine company 6 cylinder model G6C
German marine engine company 7 cylinder model G7C
Finnish marine engine company 5 cylinder model F5C
Finnish marine engine company 6 cylinder model F6C
Finnish marine engine company 7 cylinder model F7C
Table 4
The features of the alternatives for the marine engine selection.
Model Number of stroke Weight (tons) Dimension Fuel consumption
G5C 2 324 7122 x 11,100 x 3770 2070.6
G6C 2 368 8142 x 11,100 x 3770 2484.7
G7C 2 238 7624 x 9335 x 3150 2033.5
F5C 2 124 5582 x 9282 x 3150 1724.8
F6C 2 124 6462 x 9282 x 3150 1769.4
F7C 4 428 8810 x 5410 x 2300 1725.8
Table 5
The classical aggregated fuzzy judgment matrix for criteria of marine engine selection.
PW CP FC MN MF DH Weight
PW (1,1,1) (0.13,0.25, 0.56) (0.76, 1.00, 1.00) (1.00, 2.55, 4.78) (0.33,1.00, 1.00) (1.24,3.44,5.32) (0.18)
CcP (1.79, 4.00, 7.69) (1,1,1) (2.66,4.75,6.97) (1.00, 2.58, 3.89) (1.00, 1.00, 2.55) (1.18,3.32,5.51) (0.24)
FC (1.00, 1.00, 1.32) (0.14,0.21,0.38) (1,1,1) (1.24,3.44,5.32) (0.20,0.33, 1.00) (1.00, 1.00, 3.00) (0.15)
MN (0.21,0.39, 1.00) (0.26,0.39, 1.00) (0.19,0.29,0.81) (1,1,1) (0.14,0.20,0.33) (0.20,0.33,1.00) (0.06)
MF (1.00, 1.00, 3.03) (0.39, 1.00, 1.00) (1.00, 3.00, 5.00) (3.00, 5.00, 7.00) (1,1,1) (0.22,0.35,0.97) (0.20)
DH (0.19,0.29,0.81) (0.18,0.30, 0.85) (0.33,1.00, 1.00) (1.00, 3.00, 5.00) (1.03, 2.86,4.55) (1,1,1) (0.17)
CCl=0.10
Table 6
The rotational matrix for criteria.
Criteria Ry Ry Rs Ry Rs Rg Weight
PW 0.25 0.23 0.19 0.24 0.16 0.18
CP 0.29 0.30 0.36 0.40 0.35 0.28
FC 0.19 0.21 0.11 0.20 0.17 0.15
MN 0.04 0.04 0.03 0.01 0.00 0.02
MF 0.26 0.27 0.23 0.30 0.31 0.23
DH 0.22 0.23 0.21 0.04 0.15 0.14

factor (just 0.02). After the classical FAHP analysis, figures of the priorities have similarity, but the last three criteria have
important changes. For example, Maintenance has 0.06 priority weight in FAHP and it declines to 0.02 after the RPI process.
Conversely, the popular use in the world fleet increases to 0.23 from 0.20 while the priority of damage history is diminished
to 0.14 from 0.17.

Table 7 shows how priorities are spread over alternatives under each criterion. The German company ensures stronger
and cheaper products. These models are also easy to repair and their reputation in existing fleets is rated over competitors.
However, the Finnish company presents models that are less costly to operate due to their unique advantage of economic
fuel consumption.

The RPI process for alternatives is presented in Table 8. Since there are six alternatives, the process is completed in six
rotational investigations. R refers to every single rotation and the priorities of every rotation are indicated below. The rank
reversal phenomenon exists in a number of rotational investigations. For example, the priorities of alternatives under main-
tenance criterion change when alternative F5C is extracted. G6C is superior to G7C, but it is reversed in the case of the extrac-
tion of F5C. A similar effect is recorded between G5C and G6C in the cost of purchasing criterion. A very considerable reverse
effect is noted in the power criterion. In classical FAHP, F6C is removed from criteria since its priority weight is zero. How-
ever, it is superior to F7C in many rotations. Even by extraction of G7C, F7C is removed and F6C has 0.09 priority weight.
These findings have two important outcomes. Firstly, rank reversal effect is confirmed again and it points out how results
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Table 7
The classical aggregated fuzzy judgment matrix for alternatives of the marine engines under each criterion.
G5C G6C G7C F7¢C F5C F6C Weight
PW
G5C (1,1,1) (0.76, 1.00, 1.00) (1.01, 1.22, 1.46) (1.18,3.32,5.51) (3.00, 5.00, 7.00) (4.86,6.94, 8.78) 0.32
G6C (1.00, 1.00, 1.32) (1,1,1) (1.03,1.14,1.23) (3.00, 5.00, 7.00) (5.09,7.42, 8.89) (4.97,6.45, 8.81) 0.36
G7C (0.68, 0.82, 0.99) (0.81,0.88,0.97) (1,1,1) (0.22,0.35,0.97) (3.27,5.56, 8.01) (5.00, 7.00, 9.00) 0.27
F7C (0.18,0.30,0.85) (0.14,0.20, 0.33) (1.03, 2.86, 4.55) (1,1,1) (0.76, 1.00, 1.00) (0.35,0.43,1.62) 0.04
F5C (0.14,0.20,0.33) (0.11,0.13,0.20) (0.12,0.18,0.31) (1.00, 1.00, 1.32) (1,1,1) (0.19,0.30, 0.95) 0.00
F6C (0.11,0.14,0.21) (0.11,0.16, 0.20) (0.11,0.14, 0.20) (0.62,2.33,2.86) (1.05,3.33,5.26) (1,1,1) 0.00
CCI=0.21
cp
G5C (1,1,1) (0.76, 1.00, 1.00) (1.24,3.44,5.32) (7.00, 9.00, 9.00) (5.12,7.11,9.00) (5.00, 7.00, 9.00) 0.38
G6C (1.00, 1.00, 1.32) (1,1,1) (0.87,2.56, 4.98) (7.00, 9.00, 9.00) (7.20, 9.00, 9.00) (5.00, 7.00, 9.00) 0.39
G7C (0.19,0.29,0.81) (0.20,0.39, 1.15) (1,1,1) (3.02,5.14,7.66) (3.00, 5.00, 7.00) (3.00, 5.00, 7.00) 0.23
F7¢C (0.11,0.11, 0.14) (0.11,0.11,0.14) (0.13,0.19, 0.33) (1,1,1) (1.00, 1.00, 3.00) (1.00, 1.00, 2.55) 0.00
F5C (0.11,0.14, 0.20) (0.11,0.11,0.14) (0.14, 0.20, 0.33) (0.33, 1.00, 1.00) (1,1,1) (1.00, 1.00, 3.00) 0.00
F6C (0.11,0.14, 0.20) (0.11,0.14, 0.20) (0.14,0.20,0.33) (0.39, 1.00, 1.00) (0.33, 1.00, 1.00) (1,1,1) 0.00
CCI=0.13
FC
G5C (1,1,1) (1.00, 1.00, 1.00) (1.00, 1.00, 1.00) (0.44, 0.63, 1.00) (0.20, 0.33, 1.00) (0.18,0.19,0.33) 0.00
G6C (1.00, 1.00, 1.00) (1,1,1) (1.00, 1.00, 1.00) (0.76, 1.00, 1.00) (0.42, 1.00, 1.00) (0.33,1.00, 1.00) 0.01
G7C (1.00, 1.00, 1.00) (1.00, 1.00, 1.00) (1,1,1) (0.14, 0.20, 0.33) (0.11,0.14, 0.20) (0.11, 0.14, 0.20) 0.00
F7¢C (1.00, 3.00, 5.00) (1.00, 1.00, 3.00) (3.00, 5.00, 7.00) (1,1,1) (0.33,1.00, 1.00) (0.33,1.00, 1.00) 0.29
F5C (1.00, 3.00, 5.00) (1.00, 1.00, 3.00) (5.00, 7.00, 9.00) (1.00, 1.00, 3.00) (1,1,1) (0.33,1.00, 1.00) 0.33
F6C (3.00, 5.00, 7.00) (1.00, 1.00, 3.00) (5.00, 7.00, 9.00) (1.00, 1.00, 3.00) (1.00, 1.00, 3.00) (1,1,1) 0.36
CCl=0.10
MN
G5C (1,1,1) (1.00, 1.00, 1.00) (1.00, 1.00, 1.00) (6.85, 8.45, 8.70) (3.00, 5.00, 7.00) (3.11,5.46,7.88) 0.31
G6C (1.00, 1.00, 1.00) (1,1,1) (1.00, 1.00, 1.00) (6.85, 8.45, 8.70) (4.12,5.63,8.41) (3.00, 5.00, 7.00) 0.31
G7C (1.00, 1.00, 1.00) (1.00, 1.00, 1.00) (1,1,1) (5.21, 7.86, 9.00) (1.00, 3.00, 5.00) (5.00, 7.00, 9.00) 0.30
F7¢C (0.11,0.11,0.14) (0.11,0.11,0.14) (0.11,0.14, 0.20) (1,1,1) (0.20,0.33, 1.00) (0.76, 1.00, 1.00) 0.00
F5C (0.14, 0.20, 0.33) (0.14,0.20, 0.33) (0.20, 0.33, 1.00) (1.00, 3.00, 5.00) (1,1,1) (1.00, 3.00, 5.00) 0.08
F6C (0.14, 0.20, 0.33) (0.14, 0.20, 0.33) (0.11,0.14, 0.20) (1.00, 1.00, 3.00) (0.20, 0.33, 1.00) (1,1,1) 0.00
CCI=0.09
MF
G5C (1,1,1) (1.00, 1.00, 1.00) (4.78, 6.68, 8.74) (3.00, 5.00, 7.00) (3.00, 5.00, 7.00) (7.00, 9.00, 9.00) 0.37
G6C (1.00, 1.00, 1.00) (1,1,1) (2.88,4.52,6.61) (4.77,6.79, 8.84) (3.00, 5.00, 7.00) (5.12, 7.46, 9.00) 0.35
G7C (0.11,0.14, 0.20) (0.14,0.20, 0.33) (1,1,1) (1.00, 3.00, 5.00) (1.00, 3.00, 5.00) (0.33,1.00, 1.00) 0.05
F7C (0.14, 0.20, 0.33) (0.11,0.14, 0.20) (0.20, 0.33, 1.00) (1,1,1) (0.33, 1.00, 1.00) (0.14, 0.20, 0.33) 0.00
F5C (0.14, 0.20, 0.33) (0.14,0.20, 0.33) (0.20, 0.33, 1.00) (1.00, 1.00, 3.00) (1,1,1) (0.11,0.14, 0.20) 0.00
F6C (0.11,0.11,0.14) (0.11,0.14, 0.20) (1.00, 1.00, 3.00) (5.00, 7.00, 9.00) (5.00, 7.00, 9.00) (1,1,1) 0.22
CCI=0.29
DH
G5C (1,1,1) (1.00, 1.00, 1.00) (4.55,6.78, 8.41) (8.11, 9.00, 9.00) (3.00, 5.00, 7.00) (5.00, 7.00, 9.00) 0.44
G6C (1.00, 1.00, 1.00) (1,1,1) (2.55,4.78,6.97) (5.12, 7.46, 9.00) (3.00, 5.00, 7.00) (5.12, 7.46, 9.00) 0.40
G7C (0.11,0.14, 0.20) (0.14,0.20, 0.33) (1,1,1) (3.00, 5.00, 7.00) (1.05,3.14, 5.26) (1.00, 3.00, 5.00) 0.16
F7C (0.11,0.11,0.14) (0.11,0.14, 0.20) (0.14,0.20, 0.33) (1,1,1) (3.00, 5.00, 7.00) (0.76, 1.00, 1.00) 0.00
F5C (0.14, 0.20, 0.33) (0.11,0.13,0.20) (0.20, 0.33, 1.00) (0.14, 0.20, 0.33) (1,1,1) (1.00, 1.00, 3.00) 0.00
F6C (0.11,0.14, 0.20) (0.11,0.14, 0.20) (0.20, 0.33, 1.00) (1.00, 1.00, 1.00) (0.33,1.00, 1.00) (1,1,1) 0.00
CCI=0.23

may change in the classical FAHP. The rational choice assumption is clearly questionable. However, the RPI method provides
an additional detailed investigation of relative priorities under the sub-groups and priority weights are revised. Although,
other alternatives keep their relative positions in the pair-wise analysis under power of engine criterion, F7C reduces its con-
tribution and F6C is in approximately the same priority level after the RPI process.

Tables 9 and 10 indicate the final results of the classical FAHP and the RPI-aided FAHP. In the classical form, the FAHP
method recommends two major diesel engines which are G5C and G6C. The RPI-aided results indicate that G6C is slightly
superior to G5C. Moreover, the F7C and F5C alternatives are reversed in the RPI process.

The interpretation of indifference in AHP applications is still an existing gap. It is obvious that a numerical value (e.g. 0.01)
can be negligible for a particular example while it can be quite change-making for another application field. The presented
empirical work is an illustration of “how the proposed approach works in practice”. Therefore, we are not particularly inter-
ested in the example. In practice, however, several examples with different outcomes and a variety of different perceptions
could be found. We are not able to judge whether a subjectively small change can produce great differences in the outcome.
Rather than heuristically interpreting the difference, we left this dimension to the practical users who know well the mean-
ingful difference value as a result of experience and professional insights. Therefore, we subjectively recognize the small
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Table 8
The rotational matrix for alternatives under each criteria.
Ry R, Rs R4 Rs Rs Weight

PW
G5C 0.38 0.42 0.32 0.32 0.30 0.29
G6C 0.50 0.49 0.36 0.34 039 0.34
G7C 0.37 0.34 0.32 0.24 0.22 0.25
F7C 0.04 0.13 0.00 0.10 0.09 0.06
F5C 0.00 0.00 0.00 0.00 0.00 0.00
F6C 0.09 0.15 0.09 0.00 0.00 0.06
CcP
G5C 0.61 0.48 0.38 0.39 039 037
G6C 0.63 0.52 0.39 0.38 041 0.39
G7C 0.37 0.39 0.23 0.23 0.20 0.24
F7¢C 0.00 0.00 0.00 0.00 0.00 0.00
F5C 0.00 0.00 0.00 0.00 0.00 0.00
F6C 0.00 0.00 0.00 0.00 0.00 0.00
FC
G5C 0.00 0.07 0.00 0.00 0.00 0.02
G6C 0.03 0.12 0.00 0.00 0.03 0.03
G7C 0.00 0.00 0.00 0.00 0.00 0.00
F7C 0.29 0.29 0.25 0.44 0.44 0.29
F5C 0.34 0.34 0.26 0.48 0.50 0.32
F6C 0.34 0.37 0.29 0.52 0.56 0.35
MN
G5C 0.43 0.44 0.28 0.33 035 0.31
G6C 0.44 0.45 0.28 0.32 0.37 0.31
G7C 0.42 0.42 0.27 0.35 0.29 0.29
F7¢C 0.00 0.00 0.00 0.00 0.00 0.00
F5C 0.14 0.15 0.11 0.17 0.00 0.09
F6C 0.00 0.00 0.00 0.00 0.00 0.00
MF
G5C 0.55 0.37 0.54 0.45 0.41 0.39
G6C 0.50 0.37 0.46 0.42 0.41 0.36
G7C 0.14 0.10 0.00 0.00 0.18 0.07
F7C 0.00 0.00 0.00 0.00 0.00 0.00
F5C 0.00 0.00 0.00 0.00 0.00 0.00
F6C 0.36 0.35 0.26 0.00 0.13 0.18
DH
G5C 0.72 0.51 0.44 0.50 0.46 0.44
G6C 0.59 0.49 0.41 043 0.40 0.39
G7C 0.33 0.28 0.15 0.07 0.14 0.16
F7¢C 0.07 0.00 0.00 0.00 0.00 0.01
F5C 0.00 0.00 0.00 0.00 0.00 0.00
F6C 0.00 0.00 0.00 0.00 0.00 0.00

Table 9

The final result for the classical FAHP method.

PW CcP FC MN MF DH

Weight of criteria 0.18 0.24 0.15 0.06 0.20 0.17
Alternatives Alternative priority weight
G5C 0.32 0.38 0.00 0.31 0.37 0.44 0.32
G6C 0.36 0.39 0.01 0.31 0.35 0.40 0.32
G7C 0.27 0.23 0.00 0.30 0.05 0.16 0.16
F5C 0.00 0.00 033 0.08 0.00 0.00 0.06
F6C 0.00 0.00 0.36 0.00 0.22 0.00 0.10
F7C 0.04 0.00 0.29 0.00 0.00 0.00 0.05

numbers which have limitations on the assessment of practical meaning of significance or difference values. For example, in
this paper, we deal with an engine selection for a conventional merchant ship. A small number may contribute to a signif-
icant financial gain (less fuel consumption, less maintenance cost, easy operation-less profession, etc.). Saving of a 100-liter
of fuel oil (daily consumption is usually 10-15 metric tons) means approx. 150,000 USD less fuel cost in ten years (0.4 USD
per liter). In addition, repair and maintenance costs and spare parts issues should be included. For this particular example, a
0.01 difference value may have a 150,000 USD value in business practice. Conversely, we do not deal with the practical val-
uations and leave it for the professionals to decide.
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Table 10
The final result for the FAHP method under RAPI process.
PW CP FC MN MF DH

Weight of criteria 0.18 0.28 0.15 0.02 0.23 0.14
Alternatives Alternative priority weight
G5C 0.29 0.37 0.02 0.31 0.39 0.44 0.31
G6C 0.34 0.39 0.03 0.31 0.36 0.39 0.32
G7C 0.25 0.24 0.00 0.29 0.07 0.16 0.16
F5C 0.00 0.00 0.32 0.09 0.00 0.00 0.06
F6C 0.06 0.00 0.35 0.00 0.18 0.00 0.05
F7¢C 0.06 0.00 0.29 0.00 0.00 0.01 0.10

6. Summary and conclusions

Several studies emphasized that the classical FAHP method has weaknesses in the use of scale values and a possible con-
flict with the rational choice theory. According to these criticisms, experts are limited on rating elements and they are free of
building contrary decisions. The fuzzy extended AHP improved the use of linguistic scales and provided clusters of decision
spaces. The use of FAHP reduces the task load of participants to some degree, but it also increases the task load of the facil-
itator. The major weakness of the FAHP is based on element removal. The most used FAHP method, the extent synthesis anal-
ysis, can remove several elements in the decision hierarchy and sensitivity to the decision is lost. The proposed RPI algorithm
is an extended analysis approach which reveals hidden priorities in selection problems. By using the RPI method, a rank
reversal phenomenon is noted at once and the final results focus on relative priorities under sub-group clusters. The RPI pro-
cess also improves the extent synthesis method by including many previously ignored elements in the problem.

The rotational approach is a post-survey treatment of rank reversal problem. Therefore, it brings an additional procedure
to the conventional one. It is still an existing gap to find a pre-survey treatment for the problem. The source of rank reversal
problem is the uncertainty of expert judgments and their imbalanced outcomes. From that point, AHP surveys are usually
rejected from the rational choice theory. Based on the bounded rationality or rational irrationality perspectives, non-com-
pliance can be ignored to retain expert knowledge. In such case, future work is expected to improve surveys to eliminate
such drawbacks including the scale limitations.
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