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Abstract. Supportability evaluation is widely uesd in marine power system which is the
most important equipment in a ship or vessel since it can provide energy for other
systems of the ship/vessel. Analytic hierarchy process (AHP) is an effective and useful
method for supportability evaluation and indicator system establishment due to its
simplicity and convenience. In this paper, a hierarchical structure of indicator system
for marine power system is established based on AHP, and four judgement matrixes of
the supportabilities are constructed. Then a calculation method of the maximum
eigenvalue is introduced to solve the ranking weight vector of those matrixes which can
determine the weight of the indicator system for supportability evaluation of marine
power system. Consistency index and its evaluation method are given for checking the
judgement matrixes and conclusions. Finally taking a ship’s power system as an
example, the above solutions were calculated and results show that APH can grantee
the validity and accuracy of the establishment and application of the indicator system.
lower hierarchies and indicators could be considered due to the growing demand of the
mission and service of marine power system.

1. Introduction

Marine power system, such as heavy-duty gas turbo, diesel engine, steam turbine and their auxiliary
system, is the most important equipment in a ship or vessel since it can provide energy for other systems
of the ship/vessel. Therefore, the evaluation and analysis of its supportability is an effective way to
ensure the stable operation and function of the systems and the ship/vessel [1-3].

However, evaluation and analysis of marine power system supportability depends on establishment
and weight of indicator system which have many objectives and properties, and not only contains various
parameters and data, but also has complicated hierarchies and structures.

There is a vast literature [4-10], most of which is concerned with many theories and methods of
establishment and application for indicator systems. Among them, analytic hierarchy process is useful
method for establishing the evaluation systems and weighting the supportability indicators. As the most
important part in the indicator system establishment for the supportability evaluation of the marine
power system, the hierarchical structure of AHP have characteristics as follows:
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(1) The hierarchical structure of AHP has dominance relations in terms of top to bottom which are
similar to the relations between sets, subsets and elements [4].

(2) The hierarchy amount of the hierarchical structure of AHP is unlimited and depends on the need
of decision analysis for the purpose of solving concrete problems. Generally, the number of the element
of the highest hierarchy is only 1 and the number of the element of the other hierarchies is less than 9,
based on the consideration of the consistency for the multiple comparison among same hierarchy
elements [5]. A hierarchy could be further divided into many sub-hierarchies when this hierarchy has
excessive elements, so the element amount limit of a hierarchy could hardly cause the difficulty for the
establishment of hierarchical structure of AHP [6].

(3) The correlation degrees between the different hierarchies are much greater than those between
the different elements of the same hierarchy. Ordering principles of feedback system should be
preferentially considered, when the basic ordering principles of AHP are not applicable if the
correlation degrees between the different elements of the same hierarchy are too large to be ignore [7].

Therefore, the locations of the hierarchies must be determined, while the locations of the elements
of the same hierarchy are unnecessary [8]. The establishment of the hierarchical structure of AHP has
good flexibility and robustness, because the influence of the variation for the hierarchical structure is
limited when an element of a hierarchy changes [9]. The decision objective of AHP can be derived by
multi-hierarchical analysis and evaluation from top to bottom, so the partial judgments about some
elements or/and a hierarchy has less influence on the decision objective comparing other methods [10].
Thus, AHP is a practical and effective method for determining the weights of the evaluation indicators.

Accordingly, the aim of this paper is to develop a better method in the establishment and application
of the indicator system for supportability evaluation by using AHP, due to more safety and stable
operating for marine power system.

2. Method and model

In this section, an analytic method of indicator system establishment for supportability evaluation of
marine power system is introduced. Based on analytic hierarchy process, a hierarchical structure of the
indicator system is established, and the judgement matrix of AHP is derived. For solving the problem
of indicator weight, a calculation method is given by the maximum eigenvalue of the judgement matrix
of AHP and consistency check.

2.1. Hierarchical structure

The construction procedures of hierarchical structure based on AHP are as follow: First, the whole
problem of the indicator weights can be decomposed into many smaller and smaller parts, and one part
has one element. Second, those elements are classified as different teams depending on their properties.
As analytical criterion, the elements of the same hierarchy dominate the elements of the sub-hierarchy
and are dominated by the elements of the upper-hierarchy. Thus, the dominance relation of hierarchical
structure of AHP is established from top to bottom. Last, the highest hierarchy, which has only 1 element,
is the decision objective or satisfactory result generally. The hierarchical structure of AHP is shown in
Figure 1.

The intermediate hierarchies are the criteria and sub-criteria of the supportability evaluation, such as
the parameters of the supportability of marine power system. The lowest hierarchy contains the
evaluation methods and the data of supportability parameters. The dominance relations of the elements
in the different hierarchies are not absolutely corresponding, so an element of the hierarchy could not
dominate all the elements of the sub-hierarchy.

The hierarchical structure of the evaluation indicator of a marine power system and the parameter
symbols have been performed with the following data in Table 1. The supportability of the power system
A is the objective and its sub-hierarchy contains three criteria that are management supportability A,
supply supportability A, and technique supportability As. The management supportability A; has three
indicators: management staff A;;, management system A, and management plan A;s. The supply
supportability A, has three indicators: supply staff A,i, supply system A and supply plan Azs. The
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technique supportability As has three indicators: technique staff Asz;, technique system As; and technique
plan Ass.

Power system supportability

Criterion 1 Criterion 2 Criterioni |  ...... Criterion [
Sub-criterion 1 Sub-criterion 2 Sub-criterion i Sub-criterion m
Scheme 1 Scheme 2 Scheme: || ... Scheme n

Figure 1. The hierarchical structure of AHP.

Table 1. The hierarchical structure of the supportability evaluation indicator of the power system.

Objective Criterion Indicator
Management staff (A1)
Management supportability (Ai) Management system (A1)

Management plan (Ai3)
Supply staff (Azr)

Supportability (A) Supply supportability (Az) Supply system (Az2)
Supply plan (Az3)
Technique staff (As1)
Technique supportability (As) Technique system (As)
Technique plan (Aszs)

2.2. Judgment matrix
The dominance relations of the elements between different hierarchies are determined by the

hierarchical structure of AHP. Supposing the ith element in the kth hierarchy A,-(k) is an evaluation
criterion and dominates the elements ( AI(H) , Agk_l) yeens A,EH) ) of the sub-hierarchy (the k-1th hierarchy).
Then the weights of AI(H) , Agk_l) yeees A}SH) can be determined by the relative importance between the

elements of the k-1th hierarchy based on the criterion Al.(k) .When the comparison result between the ith

element Al.(k_l) and jth element A_(H) of the k-1th hierarchy is a judgement value a'’ , the judgement

J i
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results of the degrees of importance using AHP can be classified as 9 degrees, which are called as
proportion criteria that an effective method for quantifying human thinking and judgment. According to
the matrix properties and proportion criteria, the judgement matrix can be expressed as

1 (1) (®)

a; e dy,
(k) R

Ai(k): 1/‘:112 1 azzn (1)
Yol Yl

)

Where values of alg.k are shown in Table 2.

Table 2. The judgement results of the degrees of importance using AHP.

degree Implication
1 It represents the two elements are of equal importance.
3 It represents the former is more important than the latter.
5 It represents the former is obviously more important than the latter.
7 It represents the former is deeply more important than the latter.
9 It represents the former is extremely more important than the latter.
2/4/6/8 It represents the median of the above judgement.

The sequencing problem of the weights of the elements AI(H) , AgH) ey A% can be solved for

evaluating the supportability of the marine power system by developing the multiple comparison of
AI(H) , Az(kfl) yens An(kfl) and solving the matrix eigenvalues. Supposing ranking weight vector is w,.(k) ,

the function of the ranking weight vector can be expressed as

AW =21 (2)

i i i,max i

The judgement matrix Al.(") has the maximum eigenvalue which is unique. The ranking weight

vector wfk) of the judgement matrix Al.(k) can be composed of the positive components which are

(k)

unique also, so the ranking weight vector w,”’ can be expressed as

T
W= () Wl W) (3)

()

For solving the ranking weight vector wfk) , the elements a;’ of the judgement matrix Al.(k)

should be normalized by column and then column vectors are expressed as
B — ( pY pH .. ,,(k)) @)

Where
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Adding the elements of the matrix B,-(k ) by row, normalizing the results and transforming to column

vector, the ranking weight vector wl.(k) can be derived and expressed as

T
(k b b(k) b(k))
w; Z”:z [Z il ; i2 _ in (5)

i=l j=1

of the judgement matrix A[(k) can be solved due to the ranking
(k)

The maximum elgenvalue /1 e

X

weight vector w ) Then the maximum eigenvalue /1 e Of the judgement matrix A’ can be
expressed as
1, 4% yp0)
A iy A (6)
' nisowy

2.3. Consistency check
The key indicator system can be verified through the consistency check of the judgement matrix A,.(k ),

There is no need to check the consistency when the judgement matrix A(k) is constructed. However,
when the ranking weight vector w Vis derived, the judgement matrix A( ) must has consistency to

(k)

ensure the ranking weight vector w;’ completely reflects the degrees of importance between the

elements and avoids the error of the indicator weights. Therefore, the consistency index of the judgement
matrix CIEk) can be expressed as

CI(k) _ i, max (7)

Supposing a random matrix, its rank is same as the judgement matrix A,-(k) .Comparing the
consistency index of the judgement matrix CIE") and the consistency index of the random matrix RI,
the consistency ratio CRE") can be expressed as follow and the values of RI are shown in Table3.

CI(k)

CRW = =% 8
: RI ®

Table 3. The values of the consistency index of the random matrix.

Matrix dimension 3 4 5 6 7 8 9 10
RI 0.58 0.94 1.12 1.24 1.32 1.41 1.46 1.49

For CRfl‘) <0.1, the judgement matrix A,-(k) is acceptable and can be solving the ranking weight

(k)

vector w;"’ to weight the key indicator for the supportability evaluation of marine power system.
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3. Case study
In this section, three judgement matrixes are be given to establish the indicator system for supportability
evaluation of marine power system based on the hierarchical structure of AHP. Then the consistencies
of the judgement matrixes are be check according to consistency ratio.

According to Equation 1 and Table 2, the judgement elements of three experts are shown in Table 4-

Table 7. Then four sets of the judgement matrixes: power system supportability A" , management

supportability Al(”) , supply supportability Az(“) and technique supportability A:U are constructed as
follow.

Table 4. The judgement matrix of the supportability by the evaluation of three experts.

. Management Suppl Technique
Expert Indicator supporgtability suppoftlz)lb}ility supportagility
Management supportability 1 1/5 1/3
E; Supply supportability 5 1 3
Technique supportability 3 1/3 1
Management supportability 1 1/3 1/3
E, Supply supportability 3 1 1
Technique supportability 3 1 1
Management supportability 1 1/6 1/4
E; Supply supportability 6 1 2
Technique supportability 4 1/2 1

Table 5. The judgement matrix of the management supportability by the evaluation of three experts.

Expert Indicator Management staff Management system  Management plan

Management staff 1 5 1

E Management system 1/5 1 1/3
Management plan 1 3 1
Management staff 1 4 2

E> Management system 1/4 1 1/3
Management plan 1/2 3 1
Management staff 1 8 3

E; Management system 1/8 1 1/6
Management plan 1/3 6 1

Table 6. The judgement matrix of the supply supportability by the evaluation of three experts.

Expert Indicator Supply staff Supply system Supply plan

Supply staff 1 1/7 1/3

E Supply system 7 1 3
Supply plan 3 1/3 1
Supply staff 1 1/6 172

E> Supply system 6 1 1/4
Supply plan 2 4 1
Supply staff 1 1/8 1/3

E; Supply system 8 1 1/6
Supply plan 3 6 1
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Table 7. The judgement matrix of the supply supportability by the evaluation of three experts.

Expert Indicator Technique staff Technique system Technique plan
Technique staff 1 5 3
E Technique system 1/5 1 172
Technique plan 1/3 2 1
Technique staff 1 4 4
E> Technique system 1/4 1 1
Technique plan 1/4 1 1
Technique staff 1 5 2
E; Technique system 1/5 1 1/3
Technique plan 1/2 3 1
1 1/5 1/3 1 1/3 1/3 1 1/6 1/4
A"(E)=|5 1 3| A"(E)=|3 1 (E)=|6 1 2
3 1/3 1 3 1 4 1/
1 5 1 1 4
4" (E)=[1/5 1 13|, 4" (E)=|1/4 1 1/3], 4" 1/8 1 1/6
1 3 1 1/2 3 1/3 6
1 1/7 1/3 1 1/6 1/2 1/8 1/3
A4 (E)=|7 1 3|, 4" (E)=|6 1 1/4|, 4 (E)=|8 1 1/6
3 1/3 1 2 6 1
1 5 3 4 4 5 2
A4 (E)=|1/5 1 1/2], 4" (E)=|1/4 1 1|4 (E)={1/5 1 1/3
/3 2 1 /74 1 1 /2 3 1

Taking the judgement of expert 1 as an example, the matrix B

to Equation 4.
0.111

0.556
0.333
0.091
0.636
0.273

0.130
0.652
0.217
0.097
0.678
0.226

0.077
0.692
0.231
0.077
0.692
0.231

0.455
0.091
0.455
0.652
0.130
0.217

0.556
0.111
0.333
0.625
0.125
0.250

can be derived as follow according

0.429
0.143
0.429
0.667
0.111
0.222

Combing the four matrixes above and Equation 5, the ranking weight vectors and eigenvalue vectors
of the judgement matrixes are given as follow.

0.106
w' (E)=|0.633], w (E)=
0.261
0.320
2" (E)=|1946 |, 4" (E)=

0.790

0.480
0.115
0.406
1.461
0.346
1.231

(m)

9w2 (E

1

(1)

E

1

0.088 0.657
)=|0.669 |,w," (E,)=|0.112
0.243 0.231
0.265 1.910

()

)=|2.014|,4 (E)=|0359

0.730

0.674
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The results of the consistency check for the judgement matrixes are shown in Table 8. All judgement
matrixes based on the evaluation of expert 1 are positive reciprocal matrixes and their CR (E1 ) are less
than 0.1.

In the same way, two sets of weight vectors based on the evaluation of the expert 2 and expert 3 can
be derived and the consistencies of those matrixes can be checked. All the judgement matrixes based on
the evaluation of expert 1, expert 2 and expert 3 are acceptable.

0.096 0.531 0.076 0.679
w' (E,)=|0.675|, w, (E,)=|0.121|,w," (E,)=|0.691|,mw, (E,)=|0.090
0.229 0.348 0.233 0.231
0.121 0.397 0.111 0.602
w' (E)=|0524|, w' (E)=|0.117|,w, (E)=|0.721|,w, (E,)=|0.144
0.355 0.486 0.168 0.254

Table 8. The consistencies of the judgement matrix based on the evaluation of the experts.

Matrix Maximum eigenvalue CI RI CR Consistency
4" (E) 3.040 0.020 0.58 0.035  Acceptable

V' (E) 3.028 0.014 0.58 0.024  Acceptable
4, (E) 3.009 0.005 0.58 0.009  Acceptable
4, (E) 3.010 0.005 0.58 0.009  Acceptable
4" (E,) 3.038 0.019 0.58 0.033  Acceptable
4" (E,) 3.019 0.010 0.58 0.016  Acceptable
4, (E,) 3.058 0.029 0.58 0.050  Acceptable
4, (E,) 3.043 0.022 0.58 0.038  Acceptable
4" (E) 3.011 0.006 0.58 0.010  Acceptable
4" (E,) 3.064 0.032 0.58 0.055  Acceptable
4, (E) 3.089 0.045 0.58 0.077  Acceptable
4, (E,) 3.061 0.031 0.58 0.053  Acceptable

Four weight vectors of supportability indicator system for marine power system are given.

0.107 0.466
w' (E,E,,E)=|0.607 |, w (E,E,,E)=|0.118
0.277 0.409
0.091 0.645
w, (E.E,E)=| 0693 | w, (E,E,E)=|0.113
0.212 0.238

Then normalizing the vectors above, the weights of the indicators for the supportability evaluation of
the marine power system are obtained and the indicator system is established. The relative weights and
absolute weights are shown in Table 9.
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0.108 0.469 0.091 0.648
w' =[0.613], w' =|0.119], w, =|0.696 | w, =|0.114
0.280 0.412 0.213 0.238

Table 9. The indicator system for supportability evaluation of marine power system.

Objective Criterion Weight Indicator Relative weight Absolute weight

An 0.469 0.051

Al 0.108 A 0.119 0.013

Az 0.412 0.045

Ax 0.091 0.056

A A 0.612 A 0.696 0.426
Az 0.213 0.130

Az 0.648 0.181

Az 0.280 Az 0.114 0.032

As; 0.238 0.067

4. Conclusion

The indicator system for supportability evaluation of marine power system can be established by analytic
hierarchy process. Developing the hierarchical structure and constructing the judgement matrix play
important roles in AHP, while solving the eigenvalue and check the consistency can grantee the validity
and accuracy of the establishment and application of the indicator system. AHP is an effective and useful
method for ensuring the stable operation and function of the systems and the ship/vessel.

Because the database of design and operation of the marine power system while be extended and
updated furthermore by the growing demand of the mission and service, the lower hierarchies and
indicators could be considered. New method for the weights of those additional indicators can be studied
for improving the feasibility and advancement of the supportability evaluation.

References

[1] Wang, Xi Huai, and S. F. Zhu. Ship power load forecasting using support vector machine,
Proceedings of the Csee. (2004).

[2] Ouroua, A, L. Domaschk, and J. H. Beno. Electric ship power system integration analyses through
modeling and simulation, Electric Ship Technologies Symposium IEEE. (2005) 70-74.

[3] Momoh, J. A, S. S. Kaddah, and W. Salawu. Security assessment of DC zonal naval-ship power
system, 2001 Large Engineering Systems Conference on IEEE. (2001) 206-212.

[4] Monti, A., et al. Ship power system control: a technology assessment, Electric Ship Technologies
Symposium IEEE. (2005) 292-297.

[5] Cheng, Ching Hsue, K. L. Yang, and C. L. Hwang. Evaluating attack helicopters by AHP based
on linguistic variable weight, European Journal of Operational Research. 116.2(1999) 423-
435.

[6] Zheng, Weiguo, and Q. Tian. The application of entropy method and AHP in weight determining,
Computer Programming Skills & Maintenance. (2009).

[7] Peng, X. U., et al. Power grid security index calculation and display method based on AHP and
variable weight mechanism, Automation of Electric Power Systems. 39.8(2015) 133-140.

[8] Cheng, Chao, et al. Study of SEA Indicators System of Urban Green Electricity Power Based on
Fuzzy AHP and DPSIR Model, Energy Procedia. 12.39(2011) 155-162.

[9] Kim, Young Ki, et al. Establishing the importance weight of appropriability mechanism by using
AHP: the case of the China’s electronic industry, Cluster Computing 19.3(2016) 1-12.

[10] Yang, Po, et al. Based on AHP to evaluate line inlet difference comprehensive lightning

protection improvement measures, Electrical Engineering (2014).



