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Abstract. In order to analysis the impact of ship state on the navigational safety, the fuzzy 
comprehensive evaluation method based on fault tree of ship safety state is to be present in this 
paper. The fault tree of ship navigation state to be established using the software named 
Easydraw, after analyzing systematically influence factors of ship safety navigation, and the 
structure important degree of the basic event is calculated based on the fault tree, which made 
the main factors influencing the ship navigation safety clear.. With the analyzing results of the 
navigation state fault tree, several important factors such as speed, channel and visibility, to be 
regard as the main correlation factor evaluating ship safety state, and the mathematical model 
of fuzzy comprehensive evaluation on ship safety state to be established. The experiment is 
conducted in the YouShui river, the relevant parameters is obtained, using the GPS navigation 
system on board, and the navigation state is to be analyzed and evaluated by the mathematical 
model. The evaluation results shows that the evaluation model applied to the ship safety state is 
reliable and effective. 
Keywords: Ship safety; fault tree; fuzzy comprehensive evaluation. 

1. Introduction 
Ship status information includes all data reflecting the ship’s real-time status. It includes ship’s own 
equipment and structure information, and includes navigation environment information, such as the 
weather, channel condition, water flow speed, and so on.  
One major shipwreck occurred in China in 2015, which is that one passenger ship named East Star 
sank within two minutes. The survey results showed that the factors such as weather and ship 
equipment status, affecting the safety of ship navigation, were ignored. So the ship status information 
is very important for safe navigation. But the factors such as the weather, channel condition, water 
flow speed and the signal strength of navigation satellite, affecting the safety of the ship navigation, is 
nondeterministic and difficult to quantify. 
The combination of FCE (Fuzzy Comprehensive Evaluation) and FTA (Fault Tree Analysis) can solve 
the problem which is fuzzy and difficult to quantify, is suitable for solving nondeterministic problem. 
FCE is a comprehensive evaluation method based on fuzzy mathematics, which is used to transform 
the qualitative evaluation into quantitative evaluation using the membership degree theory, owning the 
character of clear result and strong systematicness. FTA (Fault Tree Analysis) is a method of 
exploring the fault cause, owning a high credibility. It is used to qualitative analysis and quantitative 
analysis. For qualitative analysis, the purpose is to clarify how many possibilities of a certain fault or 
the top event of one system or equipment, and analysis what factors will cause a failure of the system. 
For quantitative analysis, the aim is to get the quantitative indexes, such as the top event occurrence 
probability and the importance of the bottom events, under the condition that the bottom events are 
independent of each other and the occurrence probability is known. 
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2. The Fault Tree of Ship Safety States 

2.1. The Analysis Process of Fault Tree 
According to the reference [1] know, the top event in the fault tree is the result of the bottom event, the 
bottom event is the reason that arouses the top event. The process of making use of fault tree to 
analyze a certain system is shown in figure 1. 

 

Figure 1. Fault tree analysis process. 
The fault tree analysis process includes quantitative analysis and qualitative analysis, but because the 
statistics of system breakdown rate and personnel operation mistake rate in our country is inadequate 
enough now, this brought the quantitative analysis of system a bigger difficulty, today majority of the 
documents[2] and the examples in the teaching material, all making use of the fault tree, does 
qualitative analysis to some system, and the analysis in the last few years proved that its qualitative 
analysis also has very good effect. 

2.2. The Fault Tree of Ship Navigation Safety States 
During the navigation, the safety states of ships will under the influence of various environment 
factors, artificial factors and other many factors. Indicating from numerous related documents [3] and 
the statement of seamen questionnaire, the main factor influencing ships voyage safety can be 
included human factor, ship factor, environment factor and enterprise management factor. The key 
point that this text discusses is the ships status ‘influence on its sailing safety during the voyage, and 
with 2011 national ships traffic accident statistics data[4] , basing on the analysis and induction, making 
software named Easydraw to construct ships safety states fault tree, as figure 2 shows. 

Learn the system

Find top event Investigate accident 

Collect system data Set up a fault tree Investigate accident reason 

Simplify and modify fault tree 

Qualitative analysis Quantitative analysis

Make corresponding safety measure

Improve the system 
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Figure 2. Fault tree of ship safety. 

2.3. The Analysis of Safety States Factors 
To carry on analyzing overall safety states impact factors, we have to correctly compute the basic 
event in fault tree of structure importance. The so-called structure importance is to take no account of 
the probability that the basic event takes place, just from the fault tree structure, analyzing influence 
degree of the occurrence of basic event to the occurrence of top event. The calculation method of 
structure importance of basic event mainly divides two kinds, namely making use of minimal cut set 
or minimum radius set to computing each basic event’s structure importance. The method that this text 
receives is using minimal cut set to compute the structure importance of basic event. 

2.3.1. The minimal cut set. According to figure 2, combining Boolean calculating principle, we can 
find the description of the minimal cut sets for ship sailing safety states’ fault tree: 
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 

    

  (1) 

We can get the minimal cut set {X1, X3, …, X25X26X27X28} from the expression(1) , totaled 11 sets. 

2.3.2. The Structure Importance. Make use of the minimal cut/radius set to compute the structure 
importance coefficient of the basic event, it computes formula[1] is as follows, 

 ( ) 1

1
1 (1 )

2 j

i j

i n
X k

I 


     (2) 

( )iI  is the structure importance degree coefficient of the event basic event i in the expression(2). 

Symbol nj is the total number of the event i basic event in kj’s basic events. We can get structure 
importance of each basic event by calculation as table 1. 
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Table 1. Structure importance of each basic event. 

the serial number the coefficient number of structure importance  degree 

1 
X22=X23=X24 

(22) (23) (24) 0.131I I I      

2 
X18=X19=X20=X21 

(18) (19) (20) (21) 0.068I I I I        

3 
X15=IX16=IX17 

(15) (16) (17) 0.046I I I      

4 
X25=IX26=IX27=X28 

(25) (26) (27) (28) 0.036I I I I        

3. The Mathematical Model of Fuzzy Comprehensive Evaluation for Ship Safety States 

3.1. The Process of Building Mathematical Model 
Building the mathematical model of fuzzy comprehensive evaluation usually has few steps as follow[5], 
The first step is determining the factor sets U={u1,u2…un} and the judgment sets V={v1,v2…vn}; then 
establishing the factors sets U’s weight set 1 2{ , ,..., }m      ( i  is iu ’s weight coefficient, 

and the weight coefficient sums 1, 
1

1
m

i
i




 ); the fuzzy evaluation sets V to be constructed 

corresponding some factor i in factor sets U ; Then we get fuzzy evaluation matrix[6-7] (r )ij m nR  ; 

finally we can make comprehensive assessment according to fuzzy operators RB  . 

3.2. The Evaluation Mode 

3.2.1.The determination of factor sets U. The ship named " You Shui 8" in this thesis to be used as 
experiment ship, Some factors including the navigation speed, distance approach, the GPS navigate 
satellite number, air distribute machine and reversing electronic valve, channel /ship breadth, under 
keel clearance, the channel curvature radius, channel cross, totaled 9 factors to be regard as adjudicate 
index of ships sailing safety states, named the factor sets U={u1,u2…u9}. 

3.2.2. The determination of weight sets. According to table 2 evaluation scale and meaning, combining 
the analysis of fault tree of ship navigation safety states, and making a careful comparison and analysis 
for he above 9 indicators, we can get judge matrix A , its expression as formula[8-10] (3). 

Table 2 Evaluation scale and meaning. 

The priority coefficient Meaning 

1 ai and aj are equally important 

3 ai slightly more important than aj 

5 ai obviously important than aj 

7 ai highly important than aj 

9 ai absolutely important than aj 

2 4 6 8 intermediate value of the above two adjacent scale 
the reciprocal of 
non-zero number 

above 

the judgment value of  ai and aj is rij, then the  
judgment value of aj and ai is1/rij. 
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1 5/ 4 7/ 4 3 9/ 2 5 6 7 8

4/5 1 8/5 3 4 5 5 6 7

4/7 5/8 1 5/ 2 3 7/ 2 4 5 6

1/3 1/3 2/5 1 2 3 7/ 2 9/ 2 5

2/9 1/ 4 1/3 1/ 2 1 5/ 2 3 4 9/ 2

1/5 1/5 2/7 1/3 2/5 1 8/5 2 3

1/6 1/5 1/ 4 2/7 1/3 5/8 1 6/ 4 2

1/7 1/6 1/5 2/9 1/ 4 1/ 2 4/6 1 4/3

1/8 1/7 1/6 1/5 2/9 1/3 1/ 2 3/ 4 1

A

 
 
 
 









 











  (3) 

Summing each line of matrix A and getting each-self arithmetician average, we can obtain   by 
normalization processing. 

 {0.239,0.213,0.167,0.128,0.104,0.057,0.041,0.029,0.022}    (4) 

Using the software named Matlab, we can get The Max-Eigen of matrix A, max 9.269  , then we 

can use the Max-Eigen to judge the consistency of matrix A. 

 max 9.269 9 0.269
0.034

1 9 1 8

n
CI

n

  
   

 
  (5) 

According to CI in expression(4), and combine CR in expression(5), we can make judgment and 
modification.  

 
CI

CR
RI

   (6) 

In the expression (5), RI is the mean random consistency index. If CR<0.1, we can consider matrix A 
agree with random consistency scale; if CR 0.1, matrix A don’t agree with random consistency scale, 
we must make judgment and modification.  
Further more the value of RI need to seek table to obtain, normally the RI value table of 1-9 order 
matrix calculated by Satty used in many documents, but they have no the process of realizing, this 
paper will use the RI value of 1-15 order comparison matrix repeatedly calculated 1000 times. As table 
3 shows. 

Table 3. RI value of 1-15 order comparison matrix. 

We can get 
0.034

0.023 0.1
1.46

CI
CR

RI
     according to expression (5) and table 3, so we judge 

matrix A agree with random consistency index, its inconsistency can be acceptable. Finally the weight 
vector of factor set as follows: 

 {0.239,0.213,0.167,0.128,0.104,0.057,0.041,0.029,0.022}    (7) 

3.2.3. The determination of evaluation sets. Evaluation sets is a collection of elements which the 
evaluators make m choices to the evaluation objects. In this paper, the classical taxonomy level 5 to be 
used to construct the evaluation set of ships safety states, namely evaluation sets, 

1 2 3 4 5{v , v , v , v , v } {  safe  definitely unsafe}V very safe basic safe unsafe  ， ， ， ， , Combining 

safe technique condition of ship movement, we can get the Evaluation index parameter as table 4 
shows. 

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

RI 0 0 0.52 0.89 1.12 1.26 1.36 1.41 1.46 1.49 1.52 1.54 1.56 1.58 1.59
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3.2.4. The analysis of results. According to table 4 and judgment sets 1 2 5{v , v ,..., v }V  , constitute 

the corresponding evaluation matrix R, the expression of R as follows, 

 

11 12 15

21 22 25

91 92 95

r r r

r r r
R

r r r

 
 
 
 
 
 





   



  (8) 

Table 4. Evaluation index and its value. 

Factor V1 V2 V3 V4 V5 Remarks 

U1(kn) 3-6 6-10 10-15 ＜3 ＞15 
Normal 

distribution 
U2(m) ＞20 20-13 13-8 8-3 ＜3 Analogue 

U3(pc) ＞7 7-5 5-3 3-2 ＜2 
Number of 
satellite star 

U4 0 0 0 0 1 
Failure to take 

1 

U5 0 0 0 0 1 
Failure to take 

1 
U6 ＞10 10-5 5-3 3-1.8 ＜1.8 Ratio 

U7(m) ＞3 3-2 2-0.6 0.6-0.4 ＜0.4 Analogue 
U8(m) ＞1500 1500-1000 1000-500 500-300 ＜300 Analogue 

U9(pc) 0 0-1 1-2 2-3 ＞3 
Junction 
mouth 

Using weight vector   and evaluation matrix R, we can obtain the corresponding fuzzy evaluation 
sets 1 2 5[ , ,..., ]B b b b R   . Let the vector formed by each factor's order in the fuzzy evaluation 

sets B be {1,2,3,4,5}, then using the weighted average principle ,we can work out B's maximum 
membership degree b as follows:  

 

5

1 1 2 3 4 5
5

1 2 3 4 5

1

1 2 3 4 5i
i

i
i

b i
b b b b b

b
b b b b bb





        
 

   




  (9) 

Analysis and evaluation can be carried out according to the principle of the largest close degree and 
the maximum membership degree b. 

4. Analysis of Navigation Trial 

 

Figure 3. Navigation chart. 
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The relevant data of this navigation trial mainly depend on the GPS and Electronic Chart System. The 
trial channel is the channel segment of Youshui River between ShiTi town and YouChou power 
station, as Fig.3 shown, the channel starting point is intersection of two rivers and regarded as 0 
kilometer. We obtain many important parameters in the ship voyage, as shown in Table 5. 

Table 5. State parameters of ship voyage. 

Mileage 
points 

Speed(
Kn) 

Spacing 
(m) 

Satellite 
Numbers 

Air 
distribut
or 

Reversi
ng 
electron
ic valve

Channel 
/ship 
breadth 

Under 
keel 
clearance 
(m) 

Curvature 
radius(m) 

Chan
nel 
cross

3.0km  5.18 24.05 6 0 0 13.45 26.8 380.5 0 
5.0km 8.20 26.00 4 0 0 14.38 38.1 785.6 0 
6.0km 5.29 36.80 4 0 0 19.52 33.0 446.3 3 
10.0km 5.67 35.05 7 0 0 157 29.6 1320 1 
15.5km 8.00 42.05 5 0 0 19.15 31.3 854.8 0 
18.3km 6.40 28.30 3 0 0 15.48 45.3 381.8 0 
20.0km 6.16 177.50 6 0 0 43.21 34.2 325.4 1 
24.0km 5.70 36.40 4 0 0 19.33 29.6 433.7 1 
27.5km 7.55 17.00 3 0 0 10.10 26.3 542.4 0 
32.5km 5.07 17.57 4 0 0 9.37 21.7 297.7 1 
From table 5, we select the mileage point 32.5 km as one analysis points for fuzzy evaluation, because 
this mileage point owns narrow channel and small curvature radius. Combining evaluation indexes’ set 
value in table 4, we obtain fuzzy judgment matrix R, 

 

0.31 0.69 0 0 0

0.35 0.65 0 0 0

0 0.25 0.5 0.25 0

0.13 0.87 0 0 0

1 0 0 0 0

0 0 0 0.01 0.99

R

 
 
 
 

  
 
 
 
 

  (10) 

Then the ship safety judgment sets B can be described as follows, 

 1 2 3 4 5[ , , , , ] [0.264,0.530,0.112,0.056,0.038]B b b b b b R      (11) 

Let’s take 1 2 5, , ,b b b  in expression (11) into expression (9), we can obtain b as follows, 

 

5

1 1 2 3 4 5
5

1 2 3 4 5

1

1 2 3 4 5
2.073

i
i

i
i

b i
b b b b b

b
b b b b bb





        
  

   




  (12) 

According to the principle of maximum close degree, we can judge the ship is in safety voyage states 
at the mileage point of 32.5 Km. 

5. Conclusion 
One new evaluation method of judging ships voyage status safety or not is put forward, and on the 
foundation of good fault tree, each impact factor of influencing the ships voyage safety is analyzed, 
and the important degree of each impact factor has been computed in the way of minimal cut sets, the 
mathematical model of evaluation is to be built up according to analysis result. 
For verifying the useful and accuracy of the evaluation's model, navigation trial to be carried out in 
channel segment between Wang Jia wharf and YouChou power station, the results of the experiment 
proves rationality and science of the evaluation's model. 
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