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Abstract—With the rise of the refrigerator ship as a new
technology, it is imperative for safety monitoring using the
scientific method. In this paper seaworthiness evaluation is
employed for safety research. Firstly, according to
refrigerator ship characteristics, seaworthiness evaluation
content, procedure and its effect factors is analyzed in terms
of probability of power loss, and seaworthiness evaluation
model is constructed. Then through the analysis of the
failure mode of refrigerator ship, two reliability block
diagram(RBD) of ship both in refrigerator section and in no-
load section are proposed. Finally, the model of RBD is
transformed to dynamic Bayesian networks(DBN) in which
conditional  probabilities of nodes are calculated
correspondingly. The studies solved the problems which
included dynamic, small sample, depended failure of
seaworthy analysis in refrigerator ship. The computed
results indicated the probability of ship power loss increase
significantly in refrigerator section due to the common cause
failure. The validity and advantages of proposed method was
demonstrated by the example of a 5600m® ultralow
temperature refrigeration ocean carrier.

Keywords- Safety analysis; Seaworthiness;
Bayesian; refrigerator ship; Failure correlations .
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l. INTRODUCTION

Global refrigerated cargo transport is a huge space for
development, the refrigerator ship as the main transport
services in the next foreseeable period of time must be in
short supply. The refrigerator ship, where a refrigeration
unit is supplied, is operated in the mode of refrigerated
condition and no-load condition bringing better economic
benefit for fish(Tuna) processing and refrigerator
transporting. However, compared to other ships, the new
type of refrigerator ship has more particularities in the
aspects of low temperature resistance, loss of electricity,
and cargo damage incidents occurring more and more in
the refrigerated cargo transport. The immaturity of
technology and management led to a lot of potential safety
hazard existed in the ship operation, and further
influenced the safety and efficiency of ship, that is
seaworthiness.
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The signification of the seaworthiness, an old concept,
has changed continuously with the improving attention of
the governments and international organizations, the
advancements of the relations sciences, and the
improvements of ability of shipbuilding [1]. The ship-
survey and the ship safety check is the main means that the
administrative departments control and manage ship
technical states. In European countries, refrigerator ship
applications always be advanced than other countries.
Right now in china, the refrigerator ship applied mainly to
ocean fishery and international trade which is only in the
early stages, the applicative effects remaining to be tested.
CCS (China Classification Society) and the Marine Bureau
have promulgated specification on the requirements and
normalization of the refrigerator ship that have played an
instrumental role in design and management of refrigerator
ship. The effective safety evaluating and monitoring,
especially systematic analysis from the perspective of ship
seaworthiness, is need to and can be applied. ZHANG
Guang-fa [2] analyzes the criterion of seaworthiness in
many ways: voyage area, cargo, weather, and the
performance of fishing vessels different from others.
WANG Wen-xin [3] have described the phenomenon of
engine unstable operation, black out, power drop, high fuel
consumption, and have analyzed the common cause failure
of refrigeration unit. These analyses are certainly
applicable but lack the seaworthiness analyzing from the
point of Navigation function. Considering the
abovementioned problems, the failure feature of
refrigerator ship is comprehensive analyzed, and Bayesian
network on the basis of reliability block diagram is built in
this paper. The model have good feasibility toward the
safety evaluation of refrigerator ship [4].

Il. PROCEED OF SEAWORTHINESS

EVALUATION

There are many ways to deal with safety assessment of
complex systems which have process variables and
characteristics. Among several techniques available to
quantify the occurrence probability of accident scenarios



or to estimate the failure probability of systems in the
context of quantitative risk assessment, probabilistic safety
analysis and reliability engineering, the reliability block
diagram (RBD) method is the most recognized and widely
used [5]. RBD is a deductive, user-friendly methodology
constructed intuitively, expressing failure logic and
reliable by each connected block. RBD can also be
analyzed using well-established algorithms such as binary
decision diagrams or analytical methods such as minimal
cut sets. However, conventional RBD are characterized by
limitations constraining their application in complex
dynamic systems where, for instance, redundant failures,
non-coherence, polymorphism, multiple distributions,
small sample, dependent failure are common. Many
scholar have improved the way of RBD, but most of them
are restricted on the theory, unable to overcome the
fundamental defect of the current practice.

Bayesian networks(BN), who developed in the last
century and focused by experts of many domains, is famed
for its mathematical foundations and powerful modeling
and analysis abilities including making use of all kinds of
information. With mature software support, Bayesian
network have ability to describe the uncertainly,
polymorphism logic relations among dependent failure,
thus the BN bring us new idea of logical modeling of ship
seaworthiness. This paper propose a model of Bayesian
networks expressing the seaworthiness based on RBD,
then network condition probability is calculated to
determine if ship has ability to navigate safely during day
and night. The above proceed is illustrated as the figl:

I1l. SEAWORTHINESS EVALUATION MODELING

A. Reliability block diagram modeling
There are multiple mode when refrigerator ship

corresponding to their system function and analysis
intention. For comparison’s sake, this paper choose two
section, that is refrigerate section and no-load section, of
refrigerated ship to analyze. According to the specification
requirements from CCS and the Marine Bureau, the RBD
of the two section are designed as fig.2 and fig.3. In these
diagram the key equipment and system related to safe
navigation is chosen as the function block.
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Figure 1. Evaluation flow of ship’ s seaworthiness
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Figure 2. RBD of ship in refrigerated case
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Figure 3. RBD of ship in no-load case

As the fig.2 and fig.3 shows, the RBD gives the reason
of the accidents that happened during the refrigerated
cargo transportation as following: generators; propulsion
system; steering engine; navigation aids; auxiliary system,
etc. In the refrigerating condition, the left generator and the
right generator are in series connection because using only
one generator cannot maintain enough power for ship
voyage; instead, in the no-load condition two generators is
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in parallel - that is, single failures of generator will not
result in black-out in ship.

B. Model transformation between RBD and BN

BN is a probabilistic method for reasoning under
uncertainty which factorizes the joint probability
distribution of a set of variables by considering local
dependencies, significantly reducing both the system
complexity and the computational time. When BN model



are created, because the use of refrigerated system have an
effect on ship equipment system, it is called the common
cause failure. If ignore that and suppose every part failure
is independent of each other, the seaworthiness evaluation
would result in deviation and even many mistakes.
Because the model of the common cause failure is so
complex that it is difficult to find out key thing what
influent system working [6], it is necessary to treat the
uncertain logic as function units and add it to BN.

On the other hand, marine equipment failure have the
property of polymorphism and dynamic that static
Bayesian is difficult to describe. Considering the
abovementioned problems, in this paper the dynamic
Bayesian network is adopted to describe the logical
relationship of failure factors, as shown in the fig.4.

In the fig.4, two sections is used to indicate the process
of ship performance: one is called initial section ,and the
other is called transfer section in which indicate current
state variable related to pervious static. Transition
probability of state variables in adjacent time will not
change over time, which meant that the network have the
performance of Markov and time-invariance.

Furthermore, to avoiding the consequent huge structure,
DBN is simplified without loss of accuracy when describe
the failure mode. There are three network model
describing the common failure: explicit model, implicit
model, and mixed model. The explicit model, that CHEN
Wen-yin [7] have used, have strongly extendibility to
indicate the influence of fictitious element. Accordingly,
this paper change and improve the model described in that
paper, and build a new network model targeting the failure
model of refrigerate and no-load two conditions. The built
model of Dynamic Bayesian Network is illustrated as the
fig.5.

( frigerated
condition

Steering engine (t)

Steering engine (t+1)
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Figure 5. DBN model of two cases of refrigerator ship

C. Calculate of unite probability distribute

In the DBN, B, indicate priori network that is defined
as unite probability distribute of X (1) , in which the priori
probability of every point is P(X,) ; B indicate

s

condition-shift network that is defined as the transfer
probability from variable X(t) to variable X(t+1) .
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Though dynamic Bayesian network usually is semi-

infinite network according to variable
X (@), X(2),..., X(<) , we just need consider the most
important network according to variable

X(@), X (2),..., X(T) within infinite time (1,2,---,T) .
With any given model the unit probability distribution of
X (@), X(2),..., X(T) is:



P(X (D), X (2),.... X(T)) =
Py (X TP, (X (E+D] X (0)

X, (t) is used to indicate the NO. i variable whose
parent nodes is Pa(X;(t)) , so the transfer probability from
X(t) to X(t+1) is:
PX(t+D)| X ()=
[TP(X, (0] Pa(X, (1)
So the joint probability distribution of encode from

time “1”to “T” is:
P(X (@), X(2),...X(T)) =

TTTTPX,(®) | Pa(X ()

t=1i=1

(D

2

(3

D. Calculate of condition probability

The functional logic relationship of the system
components in RBD provides computation basis for the
condition probability of the nodes in BN [8]. In the
refrigerate condition, A indicate left generator, A,

indicate right generator, A, indicate the common cause.

A indicate output of engine in series connection, S
indicate the actual output. The DBN is illustrated as the
fig6, and its condition probability can be calculate by the
formula (4)-(7).

Figure 6. DBN of nodes in series

P(A(t+D) =1AM=1)=1

P(A+D=1A®) =D ="
P(A(t+1) =1|A, (1) =1) =1
P(A(t+]) =1|A,(1) =) ="

f, dt @

f, dt )
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P(A.(t+) =1|A (t) =1 =1

P(A(t+1) =1|A. () =D = [ " f, dt )
P(A=1|A(t+1)=0,A,(t+1)=0)=0
P(A =1other)=1 0

In the no-load condition, B indicate the output of
generator in parallel Do the same calculation, and see that
we will get the output of engine in parallel which
condition probability can be calculate by the formula
followed:

P(B=1|A{t+)=L A (t+1])=1)=1
P(B =1other)=0
P(S=1|A=0, A.(t+1)=0)=0
P(S =1other) =1

(®)
©)

IV. INSTANCE AND RESULT

Taken a 5600m* ultralow temperature refrigeration
ocean carrier for example, the failure rate of ship
components, that is the probability of accident taken place,
is computed based on ship maintenance record, listing in
table 2. The probability of common failure is obtained
from the failure of refrigerating system. When the data
processing be implemented it is necessary to analyze fault
characteristic related to refrigerate system, distinguishing
from the ordinary failure and accident, thus the credibility
of data would be secure.

TABLE I. FAILURE RATE OF SUBSYSTEMS
subsystem ACh™D subsystem ACh™D
Left 1/14000 | Propulsion | 1/10600
Generator system
Right 1/14050 Steering 1/9000
Generator engine
Refrigeratio 1/8350 Navigation 1/7000
n unit aids
Refrigeratin 1/8450 Auxiliary 1/7500
g system system

The common numerical simulation method of BN is
multi-branches tree algorithm, junction tree, random
sampling method and search method, which can be
realized by BayesialLab or Hugin software, also can be
programmed by BNT toolbox of Matlab software [9]. The
followed example, using BayesiaLab software, shows that
how the probabilities change under two kind of operating
modes within 10000h.
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Figure 7. Trend diagram of probability of failure on two cases
The above diagram is plotted by steps times on the
REFERENCES

horizontal axis and probability on the vertical. The above
curve of diagram represent probability of ship failure on
refrigerated case and the low curve is that of no-load case.
So, at this point the seaworthiness evaluation of
refrigerator ship can be finally obtained. Through the
safety research based on DBN, the method shows good
accordance with the practical circumstance. It is obvious
that the change trend of two condition is difference: the
probability of failure in refrigerated case is obviously
larger than other. The influence of common failure cannot
be ignored and precautionary measures should be taken.
Refrigerating system, that can decrease the ship
seaworthiness at a larger degree than previously assumed,
should be especially concerned in the ship safety check
[10].

To conclude, during the working of refrigerating
system, the dynamics and reliability of refrigerator ship
has undergone great changed. The seaworthiness of
refrigerator ship takes on the feature of multiple states,
non-coherence, failure correlations, and its evaluation
become an urgent and complex work. Analyzed the basic
failure event during ship voyage, the DBN model is built
to effectively express the common caused failure among
subsystem and to enhance the reliability of the results. This
model, which is used to calculate failure probability,
improve the accuracy and reduces the difficulty by
effective use of the statistics based on analysis of
equipments fault and maintenance law. Result of
calculation can give great help in seaworthiness evaluation,
safety analysis, and safety decision-making of refrigerator
ship.
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