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Abstract: In this paper, the ship ballast water system was considered as an object of study, and the problem to be solved
is to improve its reliability. The reliability of the ship ballast water system is improved to a higher level, as it improves the
ship’s safety, because it decides about the stability, running resistance and also the cargo’s safety on the ship. The trans-
portation failure of the ballast water in the ship ballast water system was considered as the top event, thus, a fault tree was
established according to the fuzzy set theory, and then the reliability calculation was carried out. Furthermore, the ballast
water system was optimized according to the frequent faults occurring in the past, its reliability is calculated again in the
same way. The calculated results showed that the optimized ballast water system has a higher reliability value. The core
innovation in the study is to solve the problem that involves the uncertainty of randomness and fuzziness by applying a
fuzzy number into the fault tree analysis. From the example of reliability analysis of the ship ballast water system, the
proposed method of the application of the fuzzy fault tree theory in reliability analysis is verified effectively.
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1. INTRODUCTION

Main function of the ship ballast water system is to main-
tain a proper displacement, water line, longitudinal and
transverse balance of the ship hull by transporting seawater
into the ballast water tanks or discharging ballast water out-
board. So the safety of the ship will be affected directly if the
ballast water system has some faults. In this paper, the fuzzy
fault tree of the ballast water system was set up, its reliability
was calculated and analyzed by the means of the fuzzy algo-
rithms.

2. THE FUZZY FAULT TREE ANALYSIS

2.1. Fault Tree Analysis

Fault tree analysis is a very important method used in the
system reliability study. The basic idea of the method is that
the failure of system is regarded as the top event and more
information is obtained in the same way [1]. Firstly, a person
should ask the question: “what are the direct factors that
could cause the top event?” Then list the factors, like A, B, C
and so on. Secondly, the person chooses direct factors listed
above and does some further research to figure out what are
the causing factors behind the direct ones. In accordance
with the step by step approach, the researcher traces back to
the most basic events. With the quantitative calculation of
the traditional fault tree analysis, you need to know the exact
value of the probability of the end events. However, it is
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hard to obtain the exact value of the end events in many cas-
es. So a fuzzy number is commonly introduced to make up
this shortfall for the traditional fault tree in engineering
fields [2, 3].

2.2. The Introduction of the Fuzzy Numbers

Applying fuzzy number into the fault tree analysis can
solve the problem that involves the uncertainty of random-
ness and fuzziness. If the probability of a certain event is
between 0.2 and 0.3, such as it may be 0.28, then we can

define it as a fuzzy number [4]. Normally p = (m,o,f3), in

this equation, m is the average value of p, o ,f3 are the
distribution parameters on both sides. If a, B are both zero,

then p is a fuzzy number.
The rough membership function of p satisfies:

LYY x<ma>0
o

Ui~

X—m

R( ) x>m,a>0

So p is the fuzzy number of L-R. There are many func-

tions of this kind in the engineering field, such as triangle
function, normal function and the trapezoidal function as
shown in Fig. (1).
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Fig. (1). Three forms of common membership functions.

The statistical method is commonly used to accurately
determine the membership function. For the linear member-
ship function, fuzzy numbers can be expressed as:

p=(m-0(,m,m +ﬂ)
fa=m-«a

and b=m+

Fuzzy number can be expressed as p = (a,m,b) . By using

a fuzzy number to replace the accurate value of the probabil-
ity with the practical experience and judgment of engineer-
ing technicians, the membership function of fuzzy number
can be established. An error can be tolerated to a certain ex-
tent, with greater flexibility and adaptability [5].

2.3. Fuzzy Algorithms

If we say p =(a,,m,b) and —(az,mz, b,), then the

algorithms can be described as in the following equations :

The addition rule:

pitp,=(a ,m b)Ha,,m,,b,)=(a, +a, ,m +m,,b +b,)

The subtraction rule:

P pz =(a,,m,b) (az ,my,by)=(a,—a,,m —m, b -b,)
The multiplication rule:

plszz (a] 7m] > 9 )X(az 9m2 s 2) (a|azam1m2’bb )

a, m b
bma

The division rule:

p+p = (a ,m ,b)+(a, ,m, b )=

It should be noted that the above fuzzy number multipli-
cation and division formulas are established approximately.

3. RELIABILITY CALCULATION OF THE SHIP
BALLAST WATER SYSTEM

3.1. The Working Principle of the Ship Ballast Water
System

Fig. (2) shows the working principle of ballast water sys-
tem on a board ship. There are five ballast water tanks locat-
ed in the bow, stern, port and starboard of the ship. All the
ballast water manifolds from each water ballast tank are
gathered together in the valve box 3. The inlet and outlet
manifolds of the valve box 3 are connected to the discharge
and suction ports of the total pump 2 and fire pump 1 is on
standby.

In addition, suction ports of two pumps can be connected
to the seawater manifold by the use of the gate valve. The
discharge ports of two Pumps are also connected to non-
return valves on both sides with pipework. When transport-
ing seawater to the tanks, total pump 2 (or the fire pump 1)
can be used to draw water through the seawater door out-
board, then pump the seawater via discharge ports to the
required tanks by using the valve box. When discharging
seawater outboard, the total pump 2 (or the fire pump 1) is
used to draw from some tanks, and pump it outboard by dis-
charge valves on the sides.

3.2. Fault Tree of the Ship Ballast Water System

Fig. (3) shows the fault tree which takes the transporta-
tion failure of ballast water system as the top event. Besides
the top event, there are also middle events and bottom
events. The middle events are some faults which can cause
the top event and continue to be divided into the next stage
events, and the bottom events cannot be divided further. All
kinds of events are shown in Table 1 below.
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Fig. (2). Working principle of ballast water system schematic.
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Fig. (3). Fault tree of the ballast water system.
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Table 1. The fuzzy number of every event.
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Event Name of Event Average Value a and f
A Failure of V/V.a 0.02020 0.00898
b Failure of V/V.b 0.02020 0.00898
c Failure of V/V.c 0.02020 0.00898
d Failure of V/V.d 0.02020 0.00898
e Failure of V/V.e 0.02020 0.00898
f Failure of V/V.f 0.02020 0.00898
g Pipelines Broken 0.00003 0.00001
1 Fire Pump Malfunction 0.00675 0.00300
2 Total Pump Malfunction 0.01350 0.00600
3 Valve Box Malfunction 0.00200 0.00089
B Failure of Suction(S) and Discharge (D) 0.00196 0.00087
C Failure of S 0.04427 0.01968
D Failure of D 0.04427 0.01968
E Failure of Two Pumps 0.00246 0.00109
F Failure of Fire Pump 0.04647 0.02065
G Failure of Total Pump 0.05295 0.02353
A Transportation Failure of the Ballast Water System 0.00199 0.00088

3.3. The Fuzzy Equations of Fault Tree Analysis

Based on the fuzzy algorithms of the fuzzy number,
Fuzzy equations of the fault tree analysis are expressed as
follows, if the probability of occurrence of the event I is a

fuzzy number P, the fuzzy equation of AND gate can be

given as:
~ o~ ~ n ~
PAND AND(P1P2 ...... Pn) l'l;llpl

3.4. Reliability Calculation of the Ship Ballast Water Sys-
tem

Assuming that the basic events are independent of each
other, then the truth-function of the top event in Fig. (3) is as
follows :

PA zpB"'pg

P =P, Pyt Pyt Py Py =Pt 4Pt Py

PE =Pp Pg

Pp =Pyt PctP,

PG =Pf+Pe+Pz

In order to calculate easily, the triangle membership
function shown in Fig. (1) is chosen as the membership func-
tion, which can be expressed as:

0 x<a
) x—a)/(m—a) as<x<m
UAx) | (b-x)/(b-m) m<x<b
0 x>b
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Fig. (4). The optimized ballast water system.

Presuming that the degree of membership for point x,
which has a 60% difference from the average value, is 0.1,

then (0.6m—a)/(m—a)=0.1 and a=>5m/9 are given, «
and B of the basic event are calculated readily with
a=m—a and b=m+ 3 according to the table. The fuzzy

number of each middle event and the top event are calculated
according to the algorithm of the fuzzy number and the fuzzy
equations. The fuzzy number of every event in the fault tree
is shown in Table 1.

If the traditional fault tree analysis is used, the probabil-
ity of the top event calculated is a certain value of 0.00199,
while the fuzzy number calculation is adopted, the probabil-
ity of the top event is as follows:

P,= (0.00060,0.00199,0.00423) .

The result can better reflect the ambiguity of the event,
achieving a more realistic situation because ship ballast wa-
ter plays an important role in controlling the stability of the
ship, it is necessary to further improve the reliability of the
ballast water system.

4. OPTIMIZATION OF THE SHIP BALLAST WATER
SYSTEM

According to the previous statistical data of the faults in
the ship ballast water system, the fault happened most fre-
quently in the water pump or its pipework. As this fault
might most likely occurred in the water pump or its pipe-
work, the ballast water system was optimized by connecting
in parallel to another fire pump and its pipework beside the
fire pump. Now there are two fire pumps on standby in the
ballast water system, and if a fault occurs in one fire pump,
another will come into use immediately, so the reliability of

the ballast water system is improved to a higher value. The
optimized ballast water system is shown in Fig. (4).

Again, the transportation failure of the ballast water in
the optimized ballast water system was taken as the top event
and fault tree relevance was also established. The reliability
value of the optimized ballast water system was calculated
by the fuzzy algorithms in the fuzzy set theory, and the fuzzy
probability of optimized ballast water system is expressed as
follows.

PA =(0.00057,0.00180,0.00371) .

5. RESULTS

According to calculated results of the former ballast wa-
ter system and the optimized ballast water system, the relia-
bility value of the optimized ballast water system was im-
proved by 9.5% as compared to the former one.

CONCLUSION

According to the example of the application of fuzzy
fault tree theory in the reliability analysis of the ship ballast
water system, it was easily concluded that the fuzzy fault
tree theory could solve the problem as the traditional fault
tree analysis had difficulty in obtaining the precise probabili-
ties of the basic events. The reliability of the ballast water
system was improved reasonably to a higher value by the
optimal design. The methods of fuzzy fault tree theory are
applied to the reliability analysis and the optimization of
other systems is effectively achieved.
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