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 Ship pilotage risk decision-making problems, which is an important issue affecting the safety 
of navigation. Before the study on the risk decision of ship pilotage, all use direct analysis of 
fault tree methods. In this paper, through the process analysis of ship pilotage fault tree, the 
model of fault tree is standardized and simplified. The traditional method solves the fault tree 
directly, obtains the ship pilotage risk analysis result, in this paper, use modular decomposition 
fault tree. Combined with the characteristics of no recurrence events in ship pilotage risk fault 
tree, the Modular Fault Tree (MFT) method is used to decompose the fault tree into static sub 
module and dynamic sub module. It solves the fault tree for computation reduction difficulty. 
Solve static fault tree with Binary Decision Diagram (BDD) method, solve dynamic fault tree 
with Markov Model Method, and make qualitative and quantitative analysis separately. Then 
synthesize the result, get the critical path and key event that cause the ship pilotage risk. The 
results can be used in the design of ship pilotage scheme, post training of ship pilots, or be 
provided recommendations to ship pilotage and maritime safety authorities for risk reduction.  
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1. Introduction 

The piloting of ships is an indispensable part of port security 
and services, an important part of international shipping, and the 
first image of a country. With the acceleration of the construction 
and commissioning of a large number of large-scale berths and the 
acceleration of large-scale ships, the safety of ship piloting has 
received increasing attention. Pilotage agencies have formulated 
the "Navigation Pilot Safety Management System" based on their 
own operations. The safety precautions for ship pilotage must be 
internally and externally repaired. While building the internal 
management system of the piloting organization and improving the 
pilotage technical level, it is necessary to coordinate and master the 
changes in the external environment and to prevent the occurrence 
of the piloting safety accident to the greatest extent possible. The 
study of ship pilotage risk project has important practical 
significance and has a strong guiding role in preventing the 
occurrence of ship pilotage accidents. Risk assessment is the 
quantitative assessment of the degree of impact or loss brought 
about by an event or thing. A large number of scholars have 
already conducted research on the risk assessment of ship pilotage. 

1.1. Method 

In the application of ship pilotage risk methods, In [1], the 
author used FMEA Method and DFT analysis of ship pilotage risk. 

In [2], the author used FTA Method analysis of ship pilotage risk. 
In [3], the author analysis of ship pilotage risk based on the case of 
ship pilot accident. The researchers used the FTA method to 
analysis system failures and risks, and propose solutions based on 
the results for the corresponding risks [4] [5] [6]. In [7], the author 
used risk matrix and risk criteria. In [8], the researcher used gray 
comprehensive evaluation model. In [9], the author used the 
unknown measure model and the confidence identification 
criterion. In [10], the presenter used the Bayesian method. In [2], 
the author established a ship pilotage risk analysis model based on 
the SHELL model, Li Fen use the A.D. Hall models to do the 
system analysis [11]. The author uses Synergy-based mode to 
study the management risk of marine traffic [12] [13]. In [1], the 
researcher proposed model based on A.D. Hall models. However, 
the study of the module decomposition method applied to the 
analysis of ship's piloting risk fault tree is still in the blank. 

This paper first simplifies the fault tree construction process. 
By using the module decomposition method, the complex fault tree 
is decomposed into independent submodules that can be reduced 
in dimension, and the appropriate method is used to solve the 
submodules. 

The module decomposition method is used, the top-down or 
bottom-up combination method is used, MTF method is used to 
solve the fault-free tree which have no duplicate events. 
Independent modules can be divided into static modules and 
dynamic modules. The basic operations of the BDD method are 
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introduced. The BDD method is used to solve the static fault tree 
module. Through qualitative and quantitative analysis, the cut set 
of each static submodule is obtained. The Markov model concept 
is used, which is used to convert DFT to Markov chain, and the cut 
set of each dynamic sub-module is obtained through analysis. At 
last individual modules result is synthesized. Comparing the 
calculation process and results of module decomposition and non-
use, the module decomposition method has high usability and high 
computing efficiency. 

2. FTA Construction Process 

The fault tree construction process is shown in the figure. It 
mainly includes analyzing the event background, determining the 
top event, determining the basic event, establishing the fault tree, 
and standardizing and simplifying. For detail, see figure 1. 

Figure1: Dynamic fault tree construction flow chart 

2.1. Event background 

Establishing a fault tree first requires a clear structure, 
condition, purpose, and content. By understanding the background 
of shipboard piloting risk events and the structure, then 
environmental conditions of the incidents will be mastered; the 
impact of subjective and objective factors on the occurrence of the 
incidents will be identified, the possible transitions between modes 
and modes of the incidents will be identified, and the failure modes 
will be identified. Ship pilotage has internal and external risk. 

2.2. Determine the top event 

A fault tree that meets a variety of different needs is built for 
different goals. The goals mentioned here are top events. The top 
event should have a clear definition. When there are many events 
that are not expected to occur in the system, one or more of the 
most undesirable events need to be selected as the top event of 
dynamic fault tree analysis. In the process of establishing the top 
event, you can use the RPN method to identify the most 
undesirable events. Collision is as the Ship pilotage risk top 
event[1]. 

2.3. Determine the basic event 

The basic event is the lowest level cause of the failure of the 
system, and it is the input parameter of qualitative and quantitative 
analysis of the system's risk. The granularity of the basic event 
directly determines the complexity of the dynamic fault tree. Basic 
events are usually modules that are not easily split in the system, 
as well as human factors and environmental factors. In the process 
of establishing a basic event, you can use the FMEA method to 
identify the lowest event that affects the top event[1]. The Fault 
tree of Ship pilotage risk has fifteen basic events. 

2.4. Building, standardizing, and simplifying 

The general method of building trees is divided into two 
categories: deductive method and computer-aided tree-building 
method. The second method is that people input relevant basic 
events and their relationships and are automatically generated by 
computer programs. The deductive method is the most commonly 
used method of dynamic fault tree construction, starting from the 

top event, from top to bottom, following the step-by-step principle 
until the lowest row of cause events are bottom events. The 
resulting graph representing these logical relationships is a 
dynamic fault tree. The specification and simplification are 
intended to not change the logical functions that they represent, 
and try to make the fault tree contain only simple typical logic 
gates for subsequent fault tree solving. The specification and 
simplified fault tree can be seen from Appendix figure 8. The Fault 
tree of Ship pilotage risk has been build, and the event can be seen 
from Appendix table 3[1]. 

2.5. Modularization of Fault Tree 

For complex large fault trees, due to the large scale of their 
Markov model, the exact processing of Markov chains is almost 
impossible. Modular thinking applied to dynamic fault tree 
analysis. Find out the independent static subtrees and dynamic 
subtrees in the dynamic fault tree [14]. The Fault tree of Ship 
pilotage risk is decomposed static subtrees and dynamic subtrees. 

2.6. Synthesis of fault tree modular 

Assume that the bottom event of the dynamic fault tree is, 
where { 1 2, ,... nX X X } the dynamic fault tree can be expressed 
as [14] [15]  

 1 1 2( , ,... )nf f X X X=  (1) 

The dynamic fault tree is preprocessed and modularized, and it 
contains the static subtrees are, 1 2, ,... nS S S , and the dynamic 

subtrees are 1 2, ,... nD D D ,then the dynamic fault tree can be 
written as [14] [15] 

 1 1 2 1 2 1 2( , ,... , , ,... , , ,... )n n nf f X X X S S S D D D=  (2) 

3. Modularization of Fault Tree 

Due to the increase in the complexity of the fault tree, the 
difficulty of the solution increases during the fault tree 
computation. Modularity reduces computational complexity. 
Therefore, we apply the modularization idea to dynamic fault tree 
analysis to find independent static subtrees and dynamic subtrees 
in the dynamic fault tree, apply algorithms to the static subtrees, 
and use the Markov chain for dynamic subtrees. The methods are 
analyzed separately. Finally, the results of each module are 
integrated to obtain the results we need. This method is a dynamic 
fault tree analysis method based on the modular idea. 

3.1. The basic idea of MFT method 

The MFT method performs depth-first traversal of the fault tree. 
First, for each intermediate event, decide whether it contains 
independent modules. If there is a separate module, then it enters 
the intermediate event traversal, if there is no independent module 
and the intermediate event itself is independent, the intermediate 
event is solved using a suitable method according to the 
characteristics of the module. Then replace the intermediate event 
with the basic event, and use the failure probability of the 
intermediate event as the failure probability of the replacement 
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basic event. Then return to the previous point to traverse again. If 
each independent module under an intermediate event has been 
solved and replaced with a basic event, continue to check if the 
intermediate event is an independent module: If so, based on the 
current module characteristics of the intermediate event, the 
appropriate method is used to solve the failure probability. Replace 
the sub-tree with the intermediate event as the top event with a 
basic event, and repeat until the top event can be solved. 

3.2. Specific operation 

Uses the MFT method decompose the fault tree module. In the 
module decomposition process, dynamic subtrees are no longer 
subdivided when dynamic logic gates are encountered. Applying 
the MFT method to the fault tree in Appendix figure 8, we first 
perform a deep traversal from the top event NO.11; because there 
is an independent subtree under NO.11, the below flag is true. Then 
entry node NO.11 continues to traverse and the next check is 
NO.24, which is in the NO.11 leftmost input. Although there are 
independent subtrees under NO.24, there are dynamic gates under 
NO.24.For the dynamic subtree with NO.24 as the top event, use 
the Markov chain model to solve the problem. It is also replaced 
by a dynamic independent module M1 whose failure probability is 
the solution value of the Markov chain model. Although there are 
independent subtrees under NO.24, there are dynamic gates under 
NO.24.For the dynamic subtree with NO.24 as the top event, use 
the Markov chain model to solve the problem. It is also replaced 
by a dynamic independent module M1 whose failure probability is 
the solution value of the Markov chain model. Therefore, the 
below flag is set to false, and then NO.23 is converted to the BDD 
model. And use the BDD solver to solve. According to the 
traversal result, the fault tree module is {NO.11, M1, M2, M3}, 
where {M1, M2} is a dynamic submodule, where {M3} is a static 
submodule and NO.11 is M1, M2, M3 is the static module M4 of 
the bottom event. Therefore, the fault tree modules M3 and M4 are 
solved using the BDD method, and the fault tree modules M1 and 
M2 are solved using the MARKOV chain method. 

4. BDD Based Static Fault Tree (SFT) Analysis 

The BDD method is an efficient method for analyzing static fault 
tree (SFT).BDD transforms a fault tree into a BDD map with only 
the bottom events. Without the aid of intermediate events, BDD 
Boolean function expressions can be directly used for qualitative 
analysis and quantitative analysis. The minimum cut set is 
obtained by the disjoint expression of the Boolean function. The 
BDD method has a linear relationship with the amount of  
BDD graphics. Effectively solve the problem of exponential 
growth in the computational complexity of the traditional FTA 
method and the size of the fault tree[14][15]. 

4.1. Composition method 

The basic idea of compositional composition method is 
"modularization" first. The gate node that has only the bottom 
event input is represented as a BDD structure. Then regard these 
gates that have been expressed as BDD as the input of the upper 
level logic gates. Layer by layer until the top event is expressed by 
the BDD structure. In the composition method, combination and 
simplification are based on the following principles. The basic 
event BDD conversion is relatively simple, as shown in the 

following figure, the left node is 0, and the right node is 1.for detail 
see figure 2. 

 
Figure 2: BDD conversion of basic events 

For an OR gate in the form of B+C, Assuming B is the top node, 
C is B left and right nodes. The conversion steps are shown from 
figure 3. 

 
Figure 3: BDD conversion of or door modules 

Through qualitative analysis，The cut set of basic events is 
{B}、{C}. 

4.2. Specific operation 

The fault tree modules M3 is the static module, for the static 
module, use BDD method. The conversion steps are shown from 
figure 4. 

 

Figure 4: BDD conversion of M3 submodules 

Through qualitative analysis，The cut set of basic events is 
{No.307}、{No.308}、{No.309}. 

The fault tree modules M4 is the static module, for the static 
module, use BDD method. The conversion steps are shown from 
figure 5. 

Through qualitative analysis，The cut set of basic events is 
{M1}、{M2}、{M3}. 
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Figure 5: BDD conversion of M4 submodules 

5. Markov-based DFT Analysis 

The Markov process is a stochastic process. From the current 
determination of the future behavior of the process, it is the 
relationship between the "state" and "state" of the system. In a 
random process, if at a certain moment, the transition probability 
from one state to another is only related to what state it is now. And 
it is completely irrelevant to the state it was in before this moment, 
That is, this transition probability is only related to the current state, 
and has nothing to do with the state before a finite number of times. 
This process is called Markov process to analyze the dynamic 
subtree in the modular fault tree[16][17]. 

The fault tree modules M1 is the dynamic module, for the 
dynamic module use Markov model. See figure 6 for detail. 

 

 
Figure 6: Markov conversion of M1 submodule 

Through qualitative analysis，The cut set of basic events is  

{No.304}、{No.312、No.313、No.314、No.315}. 

The fault tree modules M2 is the dynamic module, for the 
dynamic module use Markov model. See figure 7 for detail. 

 
Figure 7: Markov conversion of M2 submodule 

Through qualitative analysis，The cut set of basic events is 
{No.305、No.301}、{No.306、No.301}、{No.305、No.302}、
{No.306、No.302}、{No.305、No.303}、{No.306、No.303}. 

6. Synthesis of fault tree 

Based on SFT and DFT Analysis, the fault tree have four 
submodules, and every submodule has the cut set of basic events.M4 
submodule has the top event. 

Table 1. The synthesis sequence cut set of fault tree 

The fault tree 
submodules The cut set of basic events 

M1 
{No.304}、{No.312、No.313、

No.314、No.315} 

M2 

{No.305、No.301}、{No.306、
No.301}、{No.305、No.302}、
{No.306、No.302}、{No.305、
No.303}、{No.306、No.303} 

M3 {No.307}、{No.308}、
{No.309} 

M4 {M1}、{M2}、{M3} 

From the above results, we can see that the fault tree have four 
modules and have 14 sequence cut sets, and there are at least 14 
ways to lead to the top fault event.in the 14 sequence cut sets, the 
least one is {No.304}, which contains the least number from the 
qualitative analysis, and also is the most important structure of 
bottom events, which should be strengthen security measures to 
avoid incidents. 

7. Comparisons and analysis 

The resolution of a DFT is much different than the one of the 
SFT, because temporal and cross dependencies cannot be 
modelled and solved through Boolean algebra [17].In these paper 
the DFT is converted to Markov chain，which can be used to solve 
the dynamic the sequence cut sets of the fault tree, and the SFT is 
converted to BDD. Based on SFT and DFT Analysis, the fault tree 
has four submodules, and the SFT has 3 events. 

Table 2. A comparison of the number of dynamic fault tree events 

 Direct After modularization 
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From the above results, through modularization, the number 
of dynamic fault tree events is reduced from 15 to 12. The 
computation of the DFT has been reduced. Because the events of 
the dynamic fault tree have sequential dependencies, the 
numerical combination method cannot be used to solve the 
problem. In general, Markov model is used to solve the problem. 
However, the number of states involved in the Markov model is 
exponentially related to the basic events. The number of basic 
events of the dynamic fault tree is reduced. This reduces the 
number of states involved in the Markov model. Thus the 
computational complexity is reduced.  

8. Conclusion 

Through the analysis of the fault tree construction process, the 
fault tree analysis model is simplified and the modular idea is 
adopted. This simplifies the calculation of the fault number. 

Modular decomposition results in mutually independent static 
submodules and dynamic submodules. BDD method is used to 
decompose the static fault tree, and the dynamic fault tree is 
decomposed by Markov model method. Then the results are 
combined. The computational process shows that compared with 
the modular decomposition of the fault tree, the analysis efficiency 
are greatly improved. 

The fault tree computation solution process is simplified 
compared to previous studies. When the fault tree is solved, the 
static fault tree module is first decomposed and processed from the 
total fault tree, and the original fault tree consisting of 20 events 
and 8 gates is decomposed into four independent submodules. Two 
of them are Static fault tree module, 2 are dynamic fault tree 
modules, 2 static fault tree submodules contain 6 events and 2 gates, 
and 2 dynamic fault tree submodules contain 15 events and 6 gates. 
The dynamic module uses the Markov method to calculate the 
large-scale process. After the modular decomposition, the fault 
tree uses the Markov method to reduce the number of incidents 
from 20 to 15 and from 8 to 6 to reduce the computation. The 
calculation results are the same as those of the previous study, 
confirming the availability of the module decomposition method. 

9. Results & Discussion. 

By using a dynamic fault tree analysis method based on 
modular thinking, the failure tree analysis of ship pilotage risk is 
carried out, and the use of a new fault tree analysis method is 
emphasized, which can effectively reduce the dynamic fault tree 
analysis calculation. The problem of modular decomposition of 
fault tree is solved, such as the module decomposition of fault tree, 
the transformation of static subtree, the combination of dynamic 
fault tree module and static fault tree module. And the concrete 
application of ship pilotage risk fault tree is given. This paper 
compares and analyzes the direct solution of fault tree and module 
to solve the fault tree, and proves the simplicity and practicability 
of the new method by the practical calculation of the fault tree of 
ship pilotage risk.  

However, a simplified calculation method is used to solve the 
dynamic fault tree model (FTM) of ship pilotage risk, the 
application of complex FTM is still very difficult, in the future, a 
similar and much simpler analysis would be provided. 
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Appendix 

Figure 8: Fault tree figure 

Table 3. Fault tree table. 

Top event The first floor the second floor 
No.11 Collision No.21 software No.301 Insufficient information exchange with the piloting ship 

No.302 Contact with the other ship failure 
No.303 Contact with tug failure 
No.304 No emergency plan 

No.22 hardware No.305 Piloting ship - ship fault 
No.306 Passage past ship - ship fault 

No.23 Environment No.307 Poor visibility 
No.308 Wind 
No.309 Flow 

No.24 Human No.310 Emergency handling fault 
No.311 Emergency action is not enough 
No.312 Careless alert 
No.313 Collision risk Judgment error 
No.314 Shipping  position Control error 
No.315 Collision avoidance action fault 
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