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Abstract This article thoroughly reviews the state-of-

the-art methods for setting ALARP upper border as a

straight line in logarithmic graph, which is the common

practice in the risk assessments of nuclear, chemical

plants and maritime facilities. It also reviews methods for

setting ALARP upper border based on economic impor-

tance of a considered ship type. As a result, inconsistency

related to ALARP upper border has been identified and

new methods to resolve such inconsistency are developed.

Here, firstly a method for approximating FN diagrams of

existing major ship types is proposed and it is applied to

ship types which consist of ships above 100 gross ton-

nage. After that the approximated FN diagrams were

checked by goodness-of-fit test by 5 % significance level,

and it was validated that those approximated FN diagrams

well express corresponding FN diagrams made from IHSF

casualty and ship databases. This method can extrapolate

FN diagrams made from those databases to the area of

severer accidents with more fatalities, which have not

been occurred yet, rationally. Secondly, problems that

accompany with an existing method for setting ALARP

upper border are discussed and methods for resolving the

problems using the approximated FN diagrams are pro-

posed. The methods can set ALARP upper border keeping

consistency of ALARP upper border between individual

risk and FN diagram. Lastly, the new method for safety

analysis of ships using approximated FN diagrams of

major ship types is introduced. The method is used in

order to find ships’ groups which should be considered

preferentially. The method for approximating FN dia-

grams and the method for setting ALARP upper border

proposed here is so general that they can be applied to risk

analysis of the fields which have a lot of accident records

like maritime field, such as aviation or automotive fields.

Keywords FN diagram � Power law with maximum

value � Approximation function � ALARP border

1 Introduction

Risk is an index to evaluate a safety level of a system under

consideration. It is usually defined as a product of fre-

quency and severity of consequences caused by an acci-

dent. Fatality risk, risk of sea pollution and property risk

are major types of ship related risk. These types of risk are

common to nuclear or chemical plants and aircraft, etc.

International Maritime Organization (IMO) developed

‘‘Revised Guidelines for Formal Safety Assessment (FSA)

for Use in the IMO Rule-Making Process’’ [1] (hereinafter

referred to as ‘‘FSA guidelines’’) in 2013. FSA guidelines

show that there are ‘‘Individual risk’’ and ‘‘Societal risk’’ as

expressions of fatality risk. ‘‘Individual risk’’ means an

annual frequency that an individual person in or near a

considered system is killed at an accident of the system.

The unit of individual risk is [1/year], etc. This risk

expression makes it possible to compare levels of safety

between not only engineering systems, but also industries

because this expression is widely used in many industries.

As a nuclear or a chemical plant affects wide habited area

around the plant at its accident, individual risk of the plant

is different by location. Therefore, individual risk of such
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plant is usually expressed using contour lines. However, in

a ship, except a ship like LNG tanker, whose cargo’s

explosion will affect surrounding habited area badly, it is

considered to be reasonable to assume that individual risk

of a ship is the same anywhere in the ship under consid-

eration. Even though there exists difference of individual

risk by location of a person onboard, here averaged indi-

vidual risk is considered under the above assumption.

On the other hand, ‘‘societal risk’’ is a risk expression

for a human group exposed to dangerous situation. Societal

risk means a number of fatalities occurred in a human

group during unit time length. A group of people onboard

are regarded as one of such human groups. If ‘‘N’’ denotes

the total number of fatalities occurred in all ships of a

considered ship type during considered period and ‘‘S’’

denotes a corresponding exposure of considered ship type,

such as the sum of annual number of ships during con-

sidered period, PLL (Potential Loss of Lives) of the ship

type is defined as N/S. PLL is a broadly used important risk

expression. Unit of PLL is [persons/(ship 9 year)].

Another important expression of societal risk is FN dia-

gram (frequency vs. number of fatalities diagram). FN

diagram is a graph which shows exceedance frequency of

number of fatalities.

Risk assessment has started gaining attention in the field

of ships since FSA was introduced as a tool for rule-

making in the IMO. Several FSA proposals, such as FSA

for bulk carrier safety [2, 3], FSA for mandating of IGS

(Inert Gas System) [4] and FSA for mandating of ECDIS

(Electronic Chart Display and Information System) [5],

etc., were discussed during the first decade of this century.

Also, in recent years, EU funded research project SAFE-

DOR (Design, Operation and Regulation for Safety) has

carried out some FSAs to propose a number of RCOs (Risk

Control Options) for enhancing safety of some ship types

[6]. Risk assessment is an essential element of FSA pro-

cedures consisted of 5 steps. Furthermore, risk-based

design was proposed by SAFEDOR [6]. Similar to FSA,

risk assessment is also a main procedure in a risk-based

ship design.

Making FN diagrams is an important procedure in risk

assessment. Usually making FN diagrams is a time and

labor consuming work which includes estimating occur-

rence frequency and consequences given in terms of num-

ber of fatalities, environmental pollution and property

losses, of possible accident scenarios by examining them

holistically. HSE (Health and Safety Executive) of UK [7,

8], proposed methods for shortening time and lightening

load for making FN diagrams. The method called ARICO-

MAH that makes an FN diagram which ends at the point of

the worst accident scenario whose coordinate is (Nmax,

frequency of the accident scenario whose number of fatality

is Nmax) in double logarithmic graph, and the other part of

an FN diagram is made by drawing a straight line which

connects the point of the worst accident scenario and the

point of a scenario whose number of fatalities is the possible

minimum number with slope of -1. In addition to this UK-

HSE proposed a one more method called Quick FN. In this

method firstly a part of an FN diagram is made from 1/10 of

the maximum number of fatalities to the maximum number

of fatalities by evaluating severe accident scenarios whose

number of fatalities lies between such a domain after that a

part of less than 1/10 of Nmax is made by drawing a straight

line from the point at 1/10 of Nmax to the point at the

minimum number of fatalities with slope of -1.

On the other hand, unlike from chemical and nuclear

plants, transportation facilities such as aircrafts, ships, cars

and railways have so many fatal accident records that it can

be easy to make FN diagrams of such facilities using

accident records. In maritime field, however, when we

consider a trend of construction of larger cruise ships, there

is a possibility that accidents with more fatalities than

before might happen. This means that making ship’s FN

diagram from only available accident records would make

us fail to consider risk of such big accidents. To eliminate

this possibility it is required to estimate the risk of big

accidents by examining accident scenarios where more

fatalities than before will be caused precisely in risk ana-

lysis. If it is possible to make an FN diagram beyond the

maximum number of fatalities of past accidents with highly

precise approximation of the FN diagram of past accidents

by analyzing fatal accident records using rational method,

it will be possible to get insight to risk by accidents with

more fatalities than those of the past, before conducting

time-consuming precise risk analysis.

In this regard, it is widely accepted to consider serious

accidents such as fires and accidents of aircrafts, etc., to

follow the power law and the CCDF (Complementary

Cumulative Distribution Function) is power law distribu-

tion. In addition to them there are many phenomena which

can be characterized by power law such as population of a

city, number of citation of articles and number of accesses

to Website, etc. Moreover, there are attempts to obtain

parameters of power law distribution of some phenomena

empirically [9, 10]. An FN diagram can be obtained by

multiplying frequency of fatal accidents and the corre-

sponding CCDF. This means that an FN diagram and the

corresponding CCDF is parallel on the plot.

However, there are fundamental drawbacks of the

power law; the minimum value of random variable must

be determined, and no upper limit of random variable is

set. Therefore, it is not reasonable to introduce power law

distribution as a CCDF of number of fatalities to maritime

field where the minimum number of fatalities is one and

the maximum number of fatalities cannot exceed the

number of people onboard. Clauset et al. [9] tried to avoid
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the problem of minimum number by adding a part of

CCDF of exponent distribution below the minimum

number of CCDF of power law distribution. In addition,

he tried to obtain parameters of power law distribution,

which are an exponent and the minimum value of a

random variable empirically. However, he did not attempt

to deal with the maximum number of the random

variable.

On the other hand, risk acceptance (or evaluation) cri-

teria is one of important things in risk assessment. FSA

guidelines explain those of individual risk and of societal

risk. The common concept among most of fields is called

‘‘ALARP (as low as reasonably practicable)’’ principle.

Following this concept risk are divided into three regions,

which are intolerable region, ALARP region and negligible

region. The meaning of these regions is briefly explained

below.

The society can allow a considered system to work only

when the risk locates in ALARP or negligible region. If the

risk is in intolerable region it is required to immediately

apply any risk control measures disregarding cost to reduce

risk level to ALARP or to stop the system to work. If a risk

of the system is in negligible region there is no need to

apply any risk control measures. If the risk of the system is

in ALARP region, if practicable, that is, if it is cost-

effective to apply certain risk control measures, they should

be applied to the considered system, and so long as this

procedure is continuously practiced, the society can allow

the system to work.

To set ALARP upper border of individual risk at the

level of 10-3 [1/year] is so widely adopted not only in

maritime field, but also in other industrial fields that the

criteria can be considered to be fully established. However,

upper limit of individual risk cannot express the difference

on consciousness of severity between an accident with

1000 fatalities and 1000 accidents with one fatality. It is so

important to set ALARP upper border as it can express

such difference in order to express the consciousness that

the society refuses occurrence of the former more strictly

than that of the latter. This consciousness is called risk

aversion. Risk aversion can be also expressed by ALARP

upper border of FN diagram. FSA guidelines suggest a

method for setting ALARP upper border based on eco-

nomic importance of considered ship group referring to

MSC 72/16 [11]. The method for setting ALARP upper

border has been de facto standard for a long time.

However, because there is a relation between individual

risk and FN diagram, setting ALARP upper border of

individual risk and that of FN diagram separately has a

possibility that those two borders contradict each other.

Moreover, to set ALARP upper border as a straight line on

double logarithmic graph allows accidents with unlimited

number of fatalities as power law distribution does. Such

ALARP upper border is said to be inappropriate for there is

a limit to a number of fatalities caused in an accident of a

ship. In addition, to set ALARP upper border as a straight

line on double logarithmic graph has another drawback:

allowance ratio between ALARP upper border and present

FN diagram is smaller at more fatalities than that at less

fatalities. As the above indication suggests there are some

problems in the present ALARP upper border setting

method. However, no literature which indicated these

problems has not found so far.

In this article, two kinds of new methods are proposed

after reviewing existing FN diagram and ALARP upper

border setting methods holistically in order to enhance the

effectiveness of risk assessment in FSA or risk-based

design. One is a method for obtaining approximation

function of CCDF made from casualty data of a ship group

with high accuracy by newly developed function. The other

is a method for setting ALARP upper border which can

harmonize with that of individual risk and can fix above-

mentioned drawbacks of present ALARP upper border

setting method. Moreover, those methods were verified by

applying them to Information Handling Services Fairplay

(IHSF) casualty and ship databases of the period from 1995

to 2011. Size of recorded ships in IHSF casualty and ship

databases is equal and above 100 Gross Register Tonnage

(GRT).

In the following sections, nine types of cargo carrying

ships, i.e., LNG tanker, LPG tanker, chemical tanker, oil/

product tanker, bulk/ore carrier, general cargo ships, con-

tainer ships, refrigerated cargo ships and RORO cargo

ships, are considered. In addition, three types of passenger

ships, i.e., passenger/general cargo ships, RORO passenger

ships and passenger/cruise ships, are considered.

As ALARP lower borders can be obtained by sliding

ALARP upper borders 2 or 3 digit down in double loga-

rithmic graph, only ALARP upper borders are considered

here using casualty data published by IHSF.

2 A method for setting an approximation function

of FN diagram

2.1 FN diagrams of major ship types

Figure 1 shows FN diagrams of major ship types whose

ships are of 100 GRT and above. Those diagrams are made

using IHSF casualty and ship type databases during 17-year

period from 1995 to 2011. As there are only two records of

fatal accidents in case of LNG tanker, it was decided that

an FN diagram of LNG tanker is not considered hereafter.

FN diagrams are monotonically decreasing function

with upward convex, although they are slightly bumpy.

Those of container ship and of refrigerated carrier are
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Fig. 1 FN diagrams of major ship types of 100 GT and above
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mutually resembled and have downward corners at six or

seven of the number of fatalities. FN diagrams of general

cargo ships, of RORO cargo ships and of RORO passenger

ships have downward corners at large number of fatalities.

The FN diagram of bulk/ore carriers has a square shoulder

at large number of fatalities. FN diagrams of bulk/ore

carrier, RORO cargo ship and RORO passenger ship are

downward convex a little at low number of fatalities. The

least number of fatalities of every ship type is one.

As the number of fatal accidents increases, above

observations might change. According to Table 7 it can be

observed that there are some ship types, whose numbers of

fatal accidents are dozens or over 100. Shapes of FN dia-

grams of such ship types are believed not to be changed

greatly by adding fatal accidents after 2012 to the data

which are used for making Fig. 1. What is important is that

several characteristics of FN diagrams in Fig. 1 show

fundamental problems arisen from the usage of straight

lines in accordance with the current practice. Those prob-

lems can be solved by the approximation function intro-

duced in the next section. It is important to use the

approximation function which can approximate FN dia-

grams in Fig. 1 with high accuracy.

2.2 Formulation by mixed discrete power law

distribution with upper limit (abbreviated form:

MDPLDwUL)

Clauset et al. [9] define CCDF of discrete power law dis-

tribution as Eq. 1.

CCDF nð Þ ¼ 1 b; nð Þ
1 b;Nminð Þ ; ð1Þ

where CCDF (n) denotes the value of CCDF at ‘n’ which

denotes number of fatalities.

1 b; nð Þ is Hurwitz zeta function defined Eq. 2:

f b; nð Þ ¼
X1

i¼0

iþ nð Þ�b; ð2Þ

where ‘b’ is positive value, ‘-b’ is an exponent of integers

used in Eq. 2. In this article b with suffix such as ‘bi’ etc.,

is used as the ‘b’ in the definition of Hurwitz zeta function

and the term ‘exponent (H)’ is also used to mention ‘b’ in

the definition of Hurwitz zeta function for avoiding

confusion.

Nmin in Eq. 1 denotes the least number of ‘n’. ‘n’ cannot

take an number below Nmin.

As Eq. 1, however, cannot deal with the upper limit of

numbers of fatalities the equation is not suitable for CCDF

of fatalities caused at ships’ accidents. Here, Eq. 3 is for-

mulated as the approximated CCDF which can deal with

the upper limit of number of fatalities.

CCDFaprx nð Þ ¼

PNmax

i¼n

i�b

PNmax

i¼Nmin

i�b

¼

P1

i¼0

iþ nð Þ�b �
P1

i¼0

iþ Nmax þ 1ð Þ�b

P1

i¼0

iþ Nminð Þ�b �
P1

i¼0

iþ Nmax þ 1ð Þ�b

¼ f b; nð Þ � f b;Nmax þ 1ð Þ
f b;Nminð Þ � f b;Nmax þ 1ð Þ ; ð3Þ

where CCDFaprx (n) denotes value of approximated CCDF

where number of fatalities is n, Nmax denotes maximum

number of fatalities. We call the CCDF described by Eq. 3

Discrete Power Law Distribution with Upper Limit

(abbreviated form: DPLDwUL).

In addition, it should be considered that ships of the

same ship type differ in their number of people onboard.

We can estimate a number of accidents whose number of

fatalities is ‘n’ from the corresponding number of accidents

of all sub-groups of a ship type using every sub-group’s

number of accidents and its CCDF (CCDFi(n)) described

by DPLDwUL of Eq. 3.

Here suppose that NFAT-ALL (n) denotes all sub-groups’

number of fatal accidents where the number of fatalities is

n and the above, Eq. 4 holds.

NFAT�ALL nð Þ ¼
XM

i¼1

NFAT�i nð Þ ¼
XM

i¼1

NFAT�i 1ð Þ � CCDFi nð Þ

ð4Þ

where n denotes the number of fatalities, NFAT-i (n) denotes the

number of fatal accidents of sub-group i whose number of

fatalities is n and above. M denotes the number of sub-groups.

Then the CCDF of all sub-groups is obtained by Eq. 5.

CCDFaprx�ALL nð Þ¼NFAT�ALL nð Þ
NFAT�ALL 1ð Þ

¼

PM

i¼1

NFAT�i 1ð Þ �CCDFaprx�i nð Þ

PM

i¼1

NFAT�i 1ð Þ

¼
XM

i¼1

NFAT�i 1ð Þ
PM

i¼1

NFAT�i 1ð Þ
�CCDFaprx�i nð Þ ð5Þ

Equation 5 can be rewritten by Eq. 6

CCDFaprx�ALL nð Þ ¼
XM

i¼1

ri � CCDFaprx�i nð Þ

¼
XM

i¼1

ri �
f bi; nð Þ � f bi;Nmax�i þ 1ð Þ

f bi;Nmin�ið Þ � f bi;Nmax�i þ 1ð Þ

ð6Þ
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where ri is defined below.

ri ¼
NFAT�i 1ð Þ
PM

i¼1

NFAT�i 1ð Þ

XM

i¼1

ri ¼ 1

 !
: ð7Þ

Then, paying attention to the fact that there is a maximum

number of fatalities to every sub-group, Eq. 8 holds.

CCDFaprx�i nð Þ ¼ 0 n [ Nmax�i ð8Þ

where Nmax-i denotes the maximum number of fatalities of

sub-group i, and it is assumed that Nmax�1�Nmax�2

� � � �Nmax�M.

Equation 6 suggests that CCDF for all sub-groups, that

is, for ships belonging to a ship type, is given by a linear

combination of CCDFs fitted to every sub-group. A linear

combination of some elemental probabilistic distributions

is called mixed distribution. We call the probabilistic dis-

tribution whose CCDF is given by Eq. 6 Mixed Discrete

Power Law Distribution with Upper Limit (abbreviated

form: MDPLDwUL).

2.3 Expressive capability of MDPLDwUL

The important thing is whether MDPLDwUL can approx-

imate CCDF of every major ship type which is obtained by

dividing FN diagram of every major ship type by number

of fatal accidents [FN(1)] or not. In this section an example

is considered for examining expressive capability of

MDPLDwUL.

Figure 2 shows MDPLDwUL where M = 3, b1 = 5.0,

b2 = 0.5, b3 = 0.7, r1 = 0.5, r2 = 0.2, r3 = 0.3,

Nmax-1 = 10, Nmax-2 = 100 and Nmax-3 = 1000 as a

double logarithmic graph. The curve in Fig. 2 expresses

downward convex around 5 and a corner at 100. This

means that MDPLDwUL can express features of FN dia-

grams of major ship types.

The next section shows a method for obtaining param-

eters of MDPLDwUL from an empirical FN diagram made

using casualty data.

2.4 A method for obtaining parameters

of MDPLDwUL from an empirical FN diagram

made using casualty data

Clauset et al. [9, 10], proposed a method for obtaining

parameters by maximum likelihood estimation method

(MLE) from probabilistic distribution function or comple-

mentary cumulative distribution function empirically made

based on observed values. The parameters included the

minimum number and exponent of a random variable

denoted, respectively, as Nmin and b in Eq. 1. What is

necessary, however, is to obtain parameters of the mixed

distribution including the maximum number and exponent

(H) for the number of fatalities, and the ratio of every sub-

group. Moreover, there is no prior knowledge on the sub-

groups. Therefore, another method should be investigated.

Train [12] proposed a method that after formulation by

MLE Expectation–maximization (EM) algorithm is

employed for solving it, as a method for estimation of

mixed distribution. Here, we propose a method to estimate

the parameters of Eq. 6 which minimize the total sum of

square of deviation between empirical CCDF and theoret-

ical approximation function. This method uses a formula-

tion by least square method (LSM).

In this case, there are two ways for the formulation. One

is to use absolute difference between empirical and theo-

retical CCDF, and the other is to use a difference between

logarithms of those values in optimizing calculation to

obtain optimal parameters.

Under formulation by absolute difference of both

CCDFs, difference of the CCDFs at small number of

fatalities and that at large number of fatalities have the

same magnitude. Therefore, the latter difference becomes

larger than the former difference comparatively by opti-

mization in double logarithmic graph. Contrary to this,

formulation by difference between logarithmic values of

the CCDFs even if same absolute difference of the CCDFs

evaluate a difference at large number of fatalities heavier

than that at small number of fatalities. For risk assessment

evaluates accidents with large number of fatalities much

heavier than those with small number of fatalities, it can be

concluded that using difference between logarithmic value

of CCDFs is suitable. Therefore, we adopted the difference

between logarithmic values of CCDFs in the formulation

when obtaining parameters of all ship types’ approximation

functions of FN diagrams by MDPLDwUL. We also tried

to formulate by MLE to obtain the parameter of general

cargo ships. However, the total sum of differences between

the CCDFs of MLE was larger than that by the formulation

5 10 50 100 500 1000

0.02

0.05

0.10

0.20

0.50

1.00

Fig. 2 An example of MDPLDwUL (Mixed Discrete Power Law

Distribution with Upper Limit)
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by LSM in the ship type. As we can see at a later section, it

is confirmed that an approximation function of every ship

type obtained by this method is highly precise to the extent

that it can pass the goodness-of-fit test.

Taking an example of general cargo ship, we shortly

indicate that the more number of sub-groups the closer an

approximated CCDF by MDPLDwUL gets to an empirical

CCDF at Fig. 3 and Table 1. Table 1 also contains values

of parameters. Figure 3 shows that the upward-convex part

at the comparative small number of fatalities, which is

called ‘‘bulge’’ in the article [7], and a corner at large

number of fatalities in empirical CCDF are more closely

fitted by the approximate CCDF for the larger number of

sub-groups. Corresponding to this, Table 1 shows that the

total sum of square of deviation between logarithmic

CCDFs becomes smaller as number of sub-groups gets

more. However, the total sum of four sub-groups is not so

much improved than that of three sub-groups. The same is

observed in Fig. 3c, d. It can be said that limitation of the

number of sub-groups exists from fitting goodness’s point

of view. Therefore, the number of sub-groups of every ship

type was determined considering limitation of fitting

goodness.

Variables to be obtained are bi, ri rM ¼ 1�
PM�1

j¼1

rj

 !
,

Nmax-i, (i = 1,…, M) in Eq. 6. Objective function to be

minimized is ‘F’ defined by Eq. 9.

For the minimization of ‘‘F’’ we employed Davidon–

Fletcher–Powell method which is one of conjugate gradient

methods. The outline of the method is explained briefly in

the Appendix.

F ¼
XNdata

j¼1

Ln CCDFaprx�ALL k jð Þð Þ
� ��

� Ln CCDFdata�ALL k jð Þð Þð ÞÞ2

¼
XNdata

j¼1

Ln
XM

i¼1

ri � CCDFaprx�i k jð Þð Þ
 ! 

� Ln CCDFdata�ALL k jð Þð Þð ÞÞ2 ð9Þ

where k (j) denotes jth number of fatalities which are

recorded in IHSF casualty database, Ndata denotes total

number of recorded number of fatalities in IHSF casualty

database and Ln(x) denotes the natural logarithm of x.

In addition Nmax-i, (i = 1,…, M) is a natural number so

that it is difficult to deal with Nmax-i by Davidon–Fletcher–
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Fig. 3 Improvement of fitting

CCDF made from casualty data

by MDPLDwUL as increasing

number of sub-groups. (Ship

type: General cargo ship)
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Powell method which is used to obtain continuous values.

Therefore, when bi and ri are almost converged after a

certain number of iterating minimizing calculation Nmax-i is

changed from the smallest to minimize ‘‘F’’. All parame-

ters of MDPLDwUL can be obtained by iterating these

calculations till ‘F’ gets to the minimum value.

2.5 Approximation functions of FN diagrams of major

ship types by MDPLDwUL

Figure 4 shows approximated FN diagrams of major ship

types with FN diagrams made from casualty data.

Approximated FN diagram of every ship type is made by

multiplying approximated CCDF by frequency of fatal

accidents [FN (1)] of the ship type. As there are very few

fatal accidents in case of passenger/general cargo ship

during considered period, this ship type is omitted. In

relation to this in Fig. 4 symbol i which is used in Fig. 1 for

passenger/general cargo ship is not used for keeping cor-

respondence with Fig. 1. Table 2 shows every ship type’s

parameters of MDPLDwUL.

Figure 4 shows good fitness of approximation function

to FN diagram made from IHSF casualty and ship dat-

abases including corners and bulges. In addition the

approximation functions can express FN diagram over the

maximum number of fatalities of real accidents. This

method is not biased because an approximation function

can be obtained by being formulated as optimization

problem without arbitral setting.

Table 2 shows that ship types whose sub-groups’ expo-

nent (H)s are all over 1.0 are only chemical tanker and oil/

product tanker. We may observe that exponent (H)s of all

sub-groups in a ship type are over 1.0, which means the ship

type shows risk aversion, as is explained in the next chapter.

3 Problems that accompany the conventional methods

to set ALARP upper borders on FN diagrams

and a consideration of risk aversion

In this chapter, firstly a direct method for expressing risk

aversion is explained after discussing these problems that

accompany the conventional methods to set ALARP upper

borders.

3.1 A method for expressing risk aversion by ALARP

upper border

Risk aversion is one of important concepts at setting

ALARP upper border. Risk aversion reflects a society’s

view that one accident with 1000 fatalities is less acceptable

than 1000 accidents with 1 fatality. Risk aversion is usually

expressed by ALARP upper borders on FN diagrams.T
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Fig. 4 Approximated FN

diagram of every major ship

type by MDPLDwUL
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Jonkman et al. [13] and Vrijling et al. [14] call the

setting slope of an ALARP upper border to be -2 in double

logarithmic graph risk averse and call the setting the slope

to be -1 risk neutral. On the other hand, MSC 72/16 shows

the view that the setting the slope of ALARP upper border

to be -1 is risk averse.

In this section, we define risk aversion as a principle that

for a given ship type, a contribution of accidents with more

fatalities to PLL is smaller than that with less fatalities.

This principle is followed to the view expressed in MSC

72/16 [11]. This definition is called ‘‘Principle A’’ here. We

try to set ALARP upper border to fulfill Principle A

strictly.

Following Principle A the inequality in Eq. 10 can be hold.

fn n1ð Þ � n1� fn n2ð Þ � n2 n1� n2ð Þ ð10Þ

where n1 and n2 denote number of fatalities.

It should be noted that fn (n) is not an exceedance fre-

quency of accidents where the number of fatalities is n and

above, but the frequency of accidents where number of

fatalities is just n. The value obtained as fn (n) divided by

frequency of all fatal accidents, that is, fn(n)/FN(1) is a

probability as the sum of fn(n)/FN(1) from the minimum

number of fatalities to the maximum makes 1. As the

number of fatalities is a discrete number, probabilistic

density function (PDF) of the same meaning with that of

continuous random value does not exist. However, as it is

possible to call
fn nð Þ

FN 1ð Þ PDF. we call
fn nð Þ

FN 1ð Þ PDF and use a

symbol PDF (n) for
fn nð Þ

FN 1ð Þ.

Now, we consider a condition where DPLDwUL defined

as Eq. 3 satisfy Principle A.

PDF (n) of DPLDwUL can be expressed as Eq. 11.

PDF nð Þ ¼ n�b

PNmax

i¼Nmin

i�b

ð11Þ

From Eq. 10, the next inequality must hold.

PDF n1ð Þ � n1�PDF n2ð Þ � n2 ð12Þ

From Eq. 11 and the inequality in Eq. 12 next inequality is

derived.

n�b
1 � n1

PNmax

i¼Nmin

i�b

� n�b
2 � n2

PNmax

i¼Nmin

i�b

ð13Þ

From the inequality in Eq. 13 the inequality in Eq. 14 is

derived.

n�bþ1
1 � n�bþ1

2 ð14Þ

For the inequality in Eq. 14 holds -b ? 1 must be nega-

tive. Or b must be over 1.

If all elemental DPLDwULs’ exponent(H)s are over 1.0,

it is self-evident that MDPLDwUL, which is linear com-

bination of elemental DPLDwULs, must satisfy Principle

A. Therefore, if all sub-groups’ DPLDwULs’ exponent(H)s

are over 1.0, the line which is parallel to the FN diagram

that is obtained by multiplying CCDF approximated by the

MDPLDwUL by FN(1), satisfies Principle A. This means

that if such line is used as ALARP upper border, the border

satisfies Principle A. However, if some of elemental

DPLDwULs have exponent (H)s of below 1.0, it is not sure

that all points of the ALARP border satisfy Principle A.

Figure 5 shows ALARP upper borders set by several

countries. These lines are all straight in double logarithmic

graph. The UK’s line passes through (1, 10-2) with slope -

1. The Denmark’s line passes through the same point at the

left end, with slope -2. The Hong Kong’s line passes

through (1, 10-3) with slope -1. The line, however, does

not allow an accident whose number of fatalities is over

1000. The Netherlands’ line passes through the same point

at the left end as Hong Kong’s line, with slope -2.

FSA guidelines include Table 3 which shows ALARP

border of individual risk of some human categories. The

guidelines also include a description on ALARP upper

borders which are set based on economic importance
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measured by annual income. They are set irrespective of

ALARP upper border of individual risk. As we see in the

followings it should be noted that there exists discrepancy

between these two ALARP upper borders.

3.2 Discrepancy between ALARP upper border

of individual risk and that of FN diagram

As mentioned above, FSA guidelines include a description

on how to set ALARP upper border to FN diagrams, refer-

ring to corresponding description of MSC 72/16 [11] which

indicates that a ship which gain more income can allow more

fatalities than a ship which gain less income. There exists

discrepancy between ALARP upper border of individual

risk and that of FN diagram. In this section, the discrepancy

is explained precisely using relation between them.

3.2.1 Relation between PLL and FN diagram

PLL is a sum of values of the vertical coordinates along

whole FN diagram which represents exceedance frequen-

cies. This is shown by following development of equations.

PLL is defined as Eq. 15

PLL ¼
XNmax

i¼Nmin

i � fn ið Þ ð15Þ

Equation (14) is transformed as followings.

PLL¼
XNmax

i¼Nmin

i � fn ið Þ

¼
XNmax�1

i¼Nmin

i � FN ið Þ�FN iþ1ð Þð ÞþNmax �FN Nmaxð Þ

� *FN Nmaxð Þ¼ fn Nmaxð Þð Þ

¼
XNmax�1

i¼Nmin

i �FN ið Þ�
XNmax�1

i¼Nmin

i �FN iþ1ð ÞþNmax �FN Nmaxð Þ

¼
XNmax�1

i¼Nmin

i �FN ið Þ�
XNmax�1

i¼Nmin

iþ1ð Þ �FN iþ1ð Þ

þ
XNmax�1

i¼Nmin

FN iþ1ð ÞþNmax �FN Nmaxð Þ

¼
XNmax�1

i¼Nmin

i �FN ið Þ�
XNmax

i¼Nminþ1

i �FN ið Þþ
XNmax�1

i¼Nmin

FN iþ1ð Þ

þNmax �FN Nmaxð Þ¼Nmin �FN Nminð Þ�Nmax �FN Nmaxð Þ

þ
XNmax

i¼Nminþ1

FN ið ÞþNmax �FN Nmaxð Þ

¼Nmin �FN Nminð Þþ
XNmax

i¼Nminþ1

FN ið Þ

When Nmin = 1 Eq. 16 holds.

PLL ¼ 1 � FN 1ð Þ þ
XNmax

i¼1þ1

FN ið Þ ¼
XNmax

i¼1

FN ið Þ ð16Þ

As ALARP upper border is the upper limit of FN diagram,

its PLL is given by a sum of values of vertical coordinates

along whole ALARP upper border.

Therefore PLL of ALARP upper border can be expres-

sed as Eq. 17 when Nmin = 1.

PLLALARP�U ¼
XNmax

i¼1

FNALARP�U ið Þ; ð17Þ

where FNALARP-U (n) denotes approximation function of

ALARP upper border of FN diagram and PLL ALARP-U

denotes PLL of FNALARP-U (n).

3.2.2 Relation between individual risk and PLL

The individual risk for a person will differ depending on

the environment within which the person lives. However,

in case that there is a clear border to the space where a

person exists and every person’s moving range is thought

to be almost the same like a ship, it is rational that risk to

every person is same. Therefore, individual risk of a ship is

obtained by dividing PLL by the number of persons

onboard. In the same way individual risk of a ship type can

be obtained by dividing PLL of the ship type by the

average number of people onboard. The value can be

obtained by Eq. 18:

IR ¼ PLL

Nobd

; ð18Þ
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where IR denotes individual risk and Nobd denotes average

numbers of people onboard.

Here for the simplification it is assumed that numbers of

people onboard of a ship of a considered ship type has been

the same during specified period.

Equation 17 indicates that ALARP upper value of PLL

can be given by a sum of values of vertical coordinates

along whole ALARP upper border. Therefore, from

Eqs. 17 and 18, Eq. 19 can be derived.

IRALARP�U � Nobd ¼ PLLALARP�U ¼
XNmax

i¼1

FNALARP�U ið Þ

¼
XNmax

i¼1

i � fnALARP�U ið Þ ð19Þ

Equation 19 indicates that summation of ALARP upper

border equals to the value of multiplication of ALARP

upper values and average numbers of person onboard. This

means that summation of ALARP upper border (PLLA-

LARP-U) set by the method in MSC 72/16 [11], that is

ALARP upper border on FN diagram of a ship, should be

determined in association with her economic importance is

different from the value of multiplication of ALARP upper

values and average numbers of person onboard generally.

3.3 A problem in case that there is the maximum value

of the number of fatalities

All points which consist ALARP upper border should

satisfy Principle A. However, if ALARP upper border is a

straight line in double logarithmic graph, the point of

maximum number of fatalities does not satisfy Principle A

usually, that is contribution to PLL at maximum number of

fatalities is larger than that at the number below maximum

number. If N denotes number of fatalities and f (N) denotes

frequency of accidents whose number of fatalities, these

accidents’ contribution to PLL is a product of N and f (N).

Figure 6 shows an example of this phenomena. In Fig. 6

ALARP upper border whose slope is -1 is drawn as a

dashed line, fnALARP-U (n) is drawn as a broken line and

contribution to PLL of ALARP upper border denoted as

PLLALARP-U-CONT (n) is drawn as a solid line. It is obvious

that PLLALARP-U-CONT (Nmax) is larger than PLLALARP-U-

CONT (Nmax–1).

In addition, the following consideration reveals a con-

dition that enables ALARP upper border of straight line in

double logarithmic graph satisfy Principle A.

The inequality in Eq. 20 is required for ALARP upper

border to satisfy Principle A at maximum number of fatalities.

fnALARP�U Nmax � 1ð Þ � Nmax � 1ð Þ[ fnALARP�U Nmaxð Þ � Nmax

ð20Þ

Here, considering next relation, the inequality in Eq. 21

must hold in order that the inequality in Eq. 20 holds.

Table 3 Quantitative risk evaluation upper and lower bounds [1]

Decision parameter Acceptance criteria

Lower bound for ALARP region Upper bound for ALARP region

Negligible (broadly acceptable) fatality

risk per year

Maximum tolerable fatality risk per year

Individual risk To crew member 10-6 10-3

To passenger 10-6 10-4

To third parties member of public ashore 10-6 10-4

Target values for new ships 10-6 Above values to be reduced

by one order of magnitude

Societal risk To groups of above persons To be derived by using economic

parameters as per MSC 72/16

Fig. 6 An example where risk aversion is not realized at maximum

number of fatalities (bALARP = 1)
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fnALARP�U Nmax� 1ð Þ ¼ FNALARP�U Nmax� 1ð Þ
� FNALARP�U Nmaxð Þ

¼ FNALARP�U 1ð Þ Nmax� 1ð Þ�bALARP�U

�

� Nmaxð Þ�bALARP�U

�
fnALARP�U Nmaxð Þ

¼ FNALARP�U Nmaxð Þ
¼ FNALARP�U 1ð Þ Nmaxð Þ�bALARP�U

Nmax � 1ð Þ Nmax � 1ð Þ�bALARP�U� Nmaxð Þ�bALARP�U

� �

� Nmax � Nmaxð Þ�bALARP�U [ 0
ð21Þ

From the inequality in Eq. 21 the inequality in Eq. 22 can

be derived.

bALARP�U [ 1�
ln 2� 1

Nmax

� �

ln 1� 1
Nmax

� � ð22Þ

The inequality in Eq. 22 shows a condition which the slope

of ALARP upper border of straight line must satisfy. Table 4

shows the least value of bALARP-U which satisfies inequality

(21) to some maximum number of fatalities. The table

indicates that the least bALARP-U is 14.0 where maximum

number of fatality is 20 which is as same as crew number of

usual cargo carrying ship. This means that usual value of a

slope of ALARP upper border, such as 1.0 or 2.0 cannot

satisfy Principle A at maximum number of fatalities.

3.4 ALARP upper border which allows more fatal

accidents than less fatal accidents

In addition to the above-mentioned problems ALARP

upper border of straight line has a problem that allowance

ratio between ALARP upper borders and existing FN

diagrams at a severer accident is larger than that at a

smaller accident. Here it should be noted that risk allow-

ance is the matter the relevant society should determine.

However, it is rational that more fatalities at an accident

should be less allowable. In addition ALARP upper border

of straight line has further problem that allowance ratio at

few fatalities is much larger than that at large fatalities.

A figurative example which shows those problems is

shown in Fig. 7 which includes FN diagram of general cargo

ships during 17-year period from 1995 to 2011 and imaginary

ALARP upper border of straight line slope of which is -1.

Table 5 shows allowance ratios between the ALARP border

and the FN diagram at some numbers of fatalities. Figure 6

and Table 5 show that the domain of numbers of fatalities

between 5 and 10 shows the least allowance ratio. Figure 7

and Table 4 also show that allowance ratio at maximum

fatalities is 10 times larger than that at the domain of numbers

of fatalities between 5 and 10. Moreover, it is expected that

the ratio becomes the larger as the ALARP upper border of

straight line gets nearer to the FN diagram.

4 New method for setting ALARP upper border on FN

diagram

In this chapter two new methods for setting ALARP upper

border to FN diagrams, which can resolve problems shown

Table 4 Minimum of exponent(H) of ALARP upper border which is straight line in double logarithmic graph in order that it can satisfy

principle A

Maximum number of fatality 1 2 3 4 5 6

Minimum of exponent(H) NA 1.58E?00 2.26E?00 2.95E?00 3.63E?00 4.32E?00

Maximum number of fatality 10 20 30 40 50 100

Minimum of exponent(H) 7.09E?00 1.40E?01 2.10E?01 2.79E?01 3.48E?01 6.95E?01

Table 5 Allowance ratio between the FN diagram and the straight

ALARP upper border

No. of fatality 1 5 10 20 46

Allowance ratio 8.4 3.7 3.8 7.0 35.0
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in the former chapter are introduced. The new ALARP

upper borders set by those new methods are set to

approximated FN diagram. ALARP lower border can be set

by multiplying ALARP upper border by the ratio between

ALARP upper and lower border of individual risk.

4.1 Methods

4.1.1 Setting ALARP upper border to be parallel

to approximated FN diagram (ALARP upper border

of Type I)

This section shows a method for setting ALARP upper

borders to be parallel to an approximated FN diagram using

Eq. 23. The method is to set ALARP upper border by

multiplying a value of approximated FN diagram so that

summation of ALARP upper border can become the mul-

tiplication of ALARP upper border of individual risk

(IRALARP-U) and average number of persons onboard

(Nobd). This type of ALARP upper/lower border is called

Type I in this article.

FNALARP�U nð Þ ¼ IRALARP�U � Nobd

PNmax

i¼1

FNaprx ið Þ
FNaprx nð Þ ð23Þ

4.1.2 Setting ALARP upper border in order that allowance

ratio between ALARP upper border

and approximated FN diagram becomes smaller

as number of fatalities becomes larger (ALARP

upper border of Type II)

In order that allowance ratio between ALARP upper bor-

ders and approximated FN diagrams becomes smaller as

numbers of fatalities are getting larger, values of which can

be expressed by Eq. 24, whose components are frequency

of accidents and number of fatalities expressed by Eq. 23.

fnALARP�U nð Þ ¼ g nð Þfnaprx nð Þ ð24Þ

g nð Þ ¼ a
Nmax

n

� �y

ð25Þ

The procedure for obtaining a and y in Eq. 25 is as

follows.

1. Predetermine a which is allowance ratio at maximum

number of fatalities of approximated FN diagram.

2. Obtain y by solving Eq. 26 which means that PLL of

ALARP upper border divided by average number of

persons onboard equals to ALARP upper border of

individual risk.

Newton–Raphson method can be applied to solve

Eq. 26.

IRALARP�U ¼

PNmax

n¼1

a Nmax

n

� �y �n � fnaprx nð Þ

Nobd

ð26Þ

This type of ALARP upper/lower border is called Type II

in this article.

4.2 ALARP regions of major ship types by application

of new ALARP upper border setting methods

Type I and Type II of ALARP upper and lower borders of

major ship types which are set by application of the

methods explained above are shown in Fig. 8 with FN

diagrams made from casualty data and approximated FN

diagrams. For keeping correspondence with Figs. 1 and 4

symbol i is not used in Fig. 7. In ALARP upper/lower

border of Type II a is set to 2. When setting these ALARP

borders, following to FSA guidelines ALARP upper border

of individual risk to cargo carrying ships was set to 10-3

[1/(ship 9 year)] and that to passenger ships was set to

10-4 [1/(ship 9 year)]. ALARP lower border of individual

risk to both ship types was set to 10-6 [1/(ship 9 year)].

Average number onboard of every ship type was obtained

by averaging number of crew and passengers which were

recorded in IHSF ship database and in service in the period

from 1995 to 2011.

Figure 8 shows that all ship types except RORO pas-

senger ship are within ALARP region of both type. It also

shows that those ship types’ ALARP upper borders of both

types do not allow allowance ratio of accidents with more

fatalities to be larger than that of less fatalities. For those

ALARP upper borders are obtained in order that summa-

tion of them are equal to ALARP upper borders of indi-

vidual risk divided by average number of persons onboard

of corresponding ship types, those values must be the same.

We also checked that those values are the same by

calculation.

5 Discussion

5.1 Goodness-of-fit test to approximation functions

Goodness-of-fit test to approximation functions by

MDPLDwUL was carried out. Table 6 shows the results.

Goodness-of-fit test is to test whether theoretical probabi-

listic distribution express a distribution of observed data

precisely based on the fact that a value obtained by Eq. 27

distributes following Chi-square distribution (on goodness-

of-fit test, refer Jun Shao [15] for example).

v2 ¼
XK

j¼1

Xj � n � pj

� �2

n � pj

ð27Þ
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Fig. 8 Approximated FN

diagrams by MDPLDwUL and

corresponding ALARP borders
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where Xj denotes observed data (j = 1,…, K), pj denotes

probability of jth category of theoretical probabilistic dis-

tribution, n denotes number of observed data (n ¼
PK

j¼1 Xj)

and K denotes number of categories which should be set as

n 9 pj is over 5.

Results of the test with 5 % significance level reveal that

the null hypothesis that empirically approximated proba-

bilistic distribution by MDPLDwUL well expresses the

distribution from casualty data cannot be rejected at every

ship type. Therefore, it can be said that the approximated

FN diagrams are appropriate as those of major ship types

considered here.

5.2 Relation between individual risk and ALARP

region

Table 7 is a table of risk profiles of the major ship types,

which shows frequency of fatal accidents, PLL, individual

risk with relating values [16]. It is observed that general

cargo ship has the largest individual risk of all cargo

carrying ship types and bulk/ore carrier has the second

largest. In correspondence to this Fig. 8 shows that

ALARP upper border of general cargo ships is the closest

to its FN diagram, and that of bulk/ore carrier is the

second closed to its FN diagram of all cargo carrying ship

types. In Table 7 it is observed that individual risk of

RORO passenger ships is over twice as large as ALARP

upper border of individual risk of passenger ships, i.e.,

10-4. In correspondence to this Fig. 8 shows that FN

diagram of RORO passenger ships is beyond its ALARP

upper border. Individual risk of container ship is the

smallest except LNG tanker of all cargo carrying ship

types.

In correspondence to this, distance between ALARP

upper border and FN diagram of container ships is the

longest of all cargo carrying ship types. General cargo

ships’ ALARP upper border of Type I and that of Type II

are very close. This is because allowance ratio of ALARP

upper border of type I to the FN diagram is 2.6 which is

very close to 2.0. Figure 8 indicates that Type II ALARP

upper border is suitable to restrict accidents of more

fatalities more severely.

5.3 Risk aversion of ALARP upper border

As ALARP upper border of Type I has the same charac-

teristics of the corresponding FN diagram if FN diagram of

some ship type does not satisfy Principle A, a debate will

Table 6 Results of goodness-

of-fit test of the approximation

functions for FN diagrams of

major ship types

Ship type v2 v2
K�1 a ¼ 0:05ð Þ DOF (K-1)

LPG tanker 1.77E-01 3.84E?00 1

Chemical tanker 3.65E?00 9.49E?00 4

Oil tanker 1.82E?00 1.26E?01 6

Bulk carrier 8.94E?00 1.69E?01 9

General cargo carrier 2.91E?01 3.14E?01 20

Container carrier 3.05E-03 5.99E?00 2

Refrigerated cargo carrier 7.56E-04 3.84E?00 1

RORO cargo carrier 2.14E?00 7.81E?00 3

RORO passenger ship 2.27E?00 1.41E?01 7

Passenger/cruise ship 1.20E?00 9.49E?00 4
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be caused on whether ALARP upper border of Type I is

appropriate as ALARP upper border.

However, ALARP upper border of Type II is considered

to resolve this problem even if FN diagram of some ship

type does not satisfy Principle A. This reason is that as fn

(n) is proportional to an exponent of n, Eq. 24 is trans-

formed to Eq. 28 which indicates that exponent(H)s of

DPLDwUL of elemental sub-groups become larger.

fnALARP�U nð Þ ¼ a
Nmax

n

� �y

C � n�bALARP�U

¼ a � C � Nmaxð Þyn� yþbALARP�Uð Þ
ð28Þ

Therefore, if absolute values of exponent (H)s of all

DPLDwUL of all sub-groups become over 1.0, ALARP

upper border of Type II satisfy Principle A, that is, risk

averseness. Table 8 shows exponent(H)s of DPLDwUL of

elemental sub-groups of ALARP upper border of Type II in

case that a = 1 and 2.

Table 8 shows that exponent (H)s of DPLDwUL of

elemental sub-groups of ALARP upper border of Type II

are over 1.0 except some ship types. Therefore, ALARP

upper border of Type II can be used in case that ALARP

upper border cannot satisfy Principle A.

5.4 A proposal of new safety assessment method using

approximate function of FN diagram

by MDPLDwUL

It is recognized that FN diagram of all major ship types can

be approximated by MDPLDwUL with high accuracy to

the extent that the approximated FN diagram can pass

goodness-of-fit test. Here the number of sub-groups,

exponent (H)s of DPLDwUL and maximum number of

fatalities of sub-groups were obtained by optimization. On

the other hand there is the other method for determining

parameters of MDPLDwUL. The method is that firstly

divide ships of a ship type into some sub-groups by a

certain criteria such as gross tonnage or a capacity with

determining ratios and maximum numbers of fatalities,

after that exponent (H)s of DPLDwULs of those sub-

groups are obtained by optimization. SDC 1/INF.7 [17]

dealt with this method.

Following consideration is a proposal of new safety

analysis method which uses FN diagrams approximated

by MDPLDwUL assuming that division of sub-groups in a

ship type proposed in this article is regarded to be rational.

As mentioned above, Table 8 shows that ship types

whose sub-groups’ DPLDwULs are all above 1.0 are only

chemical and oil/product tankers. Therefore, these two ship

types have satisfied Principle A during a period from 1995 to

2011. Bulk/ore carrier has three sub-groups whose number

of fatalities are comparable. An exponent (bALARP-U) of one

of them is below zero. This means that accidents with more

fatalities occur more easily than those with less fatalities. If

the casualty database is carefully investigated, one can find

such ship groups. It would be rational to consider that those

sub-groups have priorities in considering risk control

options (RCOs). Multiplication of a number of fatalities and

the corresponding frequency of accidents produces contri-

bution to PLL of the accidents. Figure 9 shows contribution

of accidents to PLL to every ship type with each approxi-

mated FN diagram.

It can be found from Fig. 9 that contributions to PLL

of chemical tanker, oil/product tankers and passenger/

Table 7 Risk profiles of major ship types during a period from 1995 to 2011 [16]

Ship type Exposure

(ship 9 year)

Number

of fatal

accidents

Number

of fatalities

Average

number

of crew

Average

number

of fatalities

Frequency

of fatal

accidents

(1/ship 9 year)

PLL

(person/

ship 9 year)

Individual

risk

(1/ship 9 year)

LNG tanker 3,144 2 7 37.0 3.5 6.36E-04 2.23E-03 6.01E-05

LPG tanker 17,599 17 58 20.6 3.4 9.66E-04 3.30E-03 1.60E-04

Chemical tanker 54,411 49 171 21.1 3.5 9.01E-04 3.14E-03 1.49E-04

Oil/product tanker 124,089 106 367 25.8 3.5 8.54E-04 2.96E-03 1.15E-04

Bulk/ore carrier 94,246 91 755 27.4 8.3 9.66E-04 8.01E-03 2.92E-04

General cargo ship 322,126 385 2,507 20.5 6.5 1.20E-03 7.78E-03 3.79E-04

Container ship 55,392 23 101 23.5 4.4 4.15E-04 1.82E-03 7.77E-05

Refrigerated cargo ship 22,556 10 76 23.1 7.6 4.43E-04 3.37E-03 1.46E-04

RORO cargo ship 37,303 30 133 25.1 4.4 8.04E-04 3.57E-03 1.42E-04

Passenger general cargo

ship

7,256 5 18 366.8 3.6 6.89E-04 2.48E-03 6.76E-06

RORO passenger ship 48,221 51 8,034 713.3 157.5 1.06E-03 1.67E-01 2.34E-04

Passenger/cruise ship 61,755 36 722 534.2 20.1 5.83E-04 1.17E-02 2.19E-05
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cruise ship are monotonically decreasing functions. This

means these ship types exactly satisfy Principle A and

show risk averse as a whole. Bulk/ore carrier shows the

tendency that the contribution of accidents to PLL gets

smaller as n gets larger until 8, but it is rapidly

increasing until 30 fatalities above 8. The ship types that

show a similar tendency as the bulk/ore carrier are

container ship and RORO cargo ship. It can be said that

these ship types are the types that there are accidents

where comparatively many people die. However, as

those ship types are in ALARP region cost-effective

RCO should be continuously considered, especially

RCOs which are thought to be effective for reducing

contribution to PLL by accidents where comparatively

many people would die is considered with high priority,

after investigation the reason why many people died.

Generally speaking peak of contribution to PLL should

be resolved with high priority. The reason why there

exist peaks of PLL is because there are sub-groups

which cannot satisfy Principle A. Therefore, FN dia-

gram’s approximation method by MDPLDwUL is

thought to be so useful to specify the DPLDwUL of

such risky sub-groups which does not satisfy Principle

A. However, the method to identify the sub-groups from

IHSF casualty database should be considered in the

future.

Figure 9 shows that the FN diagram of RORO passenger

ships locates over its ALARP upper border. This directly

means that it is urgent matter to reduce the fatality risk of

RORO passenger ships by introducing some safety mea-

sures. However, Table 2 shows that number of sub-groups

which does not satisfy Principle A is one and that Nmax of

the sub-group is 96. In this connection Fig. 9j also shows

that contribution to PLL is growing from 7 fatalities to 96

fatalities. It is thought that a sub-group of RORO passenger

ships whose number of fatalities could be less than or equal

to 96 is a risky group. As the number of fatalities is less

than the number of persons onboard, this may mean that

number onboard of such risky group may be ranging from

dozens to hundreds. It is well known that relatively small

RORO passenger ships are in service in sea areas around

Philippines and Indonesia as means of transportation which

connects islands. In addition, it is also known that many

fatal accidents of such ships have happened in those sea

areas historically. So there may be a possibility that the

relatively small RORO passenger ships is the risky sub-

group.

Table 2 and Fig. 9j show that sub-groups Nmax of which

are 993 and 5927 have exponent(H)s of DPLDwUL which

are around 1.0. This means that these sub-groups almost

satisfy Principle A. Therefore, it can be said that large

RORO passenger ships whose number of persons onboard

is more than 1000 are relatively safe.T
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Fig. 9 Contribution of every

number of fatalities to PLL

derived approximated FN

diagrams
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5.5 Utilization of approximated FN diagrams to risk-

based design

For maritime field has a lot of accident record, meaningful

FN diagrams of major ship types can be made by those

accident records. Furthermore, using such FN diagrams

approximation of the diagrams by MDPLDwUL is possible

as is done here. As the Sect. 5.1 shows, the approximated

FN diagrams express existing risk profiles of those ship

types precisely to the extent that it can pass the goodness-

of-fit test. Therefore, the approximated FN diagrams for the

targeted ship can be used in risk-based design of the ship as

a default risk profiles of the ship. Furthermore, when some

RCOs are considered, risk reduction by introducing the

RCOs can be estimated by changing parameters of

MDPLDwUL based on rational assumptions and by cal-

culating difference between modified FN diagram and

original it to every RCO.

5.6 Updating of approximated FN diagrams

It should be noted that the approximated FN diagrams

obtained in the above are specific for the period from 1995

to 2011. Therefore, it is important for considering recent

risk of ships to update approximated FN diagrams by

adding accident records after 2012.

6 Conclusion

First of all the function called ‘‘Mixed Discrete Power

Law Distribution with Upper Limit (abbreviated form:

MDPLDwUL)’’ which can approximate all existing major

ship types’ FN diagrams with high accuracy is proposed.

In addition, the method by which parameters of

MDPLDwUL can be obtained using casualty data is

developed. Then, it was validated using IHSF casualty

and ship databases that MDPLDwUL can approximate

FN diagrams made from the casualty and ship data with

high accuracy to the extent that it can pass the goodness-

of-fit test. This method can extrapolate FN diagrams

made from casualty data to the area of severer accidents

with more fatalities, which have not been occurred yet,

rationally. The approximated FN diagrams made here can

be used as FN diagrams of existing major ship types, and

they will be used in rule-making process or risk-based

design effectively.

Secondly, two methods for setting ALARP upper bor-

ders are proposed and applied to setting ALARP upper

borders of existing major ship types in order to resolve two

kinds of inconsistency, i.e., inconsistency of ALARP upper

border between in FN diagram and that in PLL, and

inconsistency arisen from the usage of straight line as

ALARP upper boarder in FN diagram. The first method

called Type I is to move approximated FN diagram in

parallel upward to the position where the corresponding

individual risk of the ALARP upper border of the FN

diagram equals to the ALARP upper border of individual

risk. It can resolve a discrepancy between ALARP upper

border of FN diagram, which is set based on economic

importance of a considered ship type according to FSA

guidelines, and ALARP upper border of individual risk,

taking into account a fact that PLL is a sum of values of the

vertical coordinates along whole FN diagram.

The second method called Type II is to set allowance

ratio of more fatalities smaller than that of less fatalities

keeping consistency of ALARP upper border between

individual risk and FN diagram.

It can resolve inconsistency that has arisen from the

usage of straight line, slope of which is -1 or -2, as

ALARP upper borders in double logarithmic graph. More

specifically, it can resolve two kinds of problem. The one is

the problem that Principle A, i.e., ‘‘the contribution of

accidents with more fatalities to PLL of considered ship

types should be smaller than the contribution of accidents

with less fatalities to the PLL’’, cannot be satisfied at the

RORO passenger ship Passenger/Cruise ship
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maximum number of fatalities. The other is the problem

that allowance ratios between ALARP upper borders and

existing FN diagrams at the region of larger numbers of

fatalities are much larger than those at the region of

comparatively smaller numbers of fatalities.

Lastly, it can be concluded that both the method for

approximating FN diagrams and the method for setting

ALARP upper border proposed in this article are so general

that they can be applied to risk analysis of the fields which

have a lot of accident records like maritime field, such as

aviation or automotive fields.

Open Access This article is distributed under the terms of the
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Appendix: Davidon–Fletcher–Powell method [18]

Davidon–Fletcher–Powell method is one of optimization

methods called conjugate gradient method. In this method,

after assuming initial value of objective parameters,

iterative computation is carried out to arriving at final

combination of the parameters which maximize or mini-

mize objective function by following process.

1. Obtain di by an equation which is di ¼ �Hi�1�
rF x ið Þ� �

.

2. After (1) obtain ki which maximizes or minimizes

F x ið Þ þ ki

� �
.

3. Obtain x iþ1ð Þ by an equation which is

x iþ1ð Þ ¼ x ið Þ þ kidi.

4. Using x iþ1ð Þ and x ið Þ obtain yi by an equation which is

yi ¼ rF x iþ1ð Þ� �
�rF x ið Þ� �

.

5. Obtain Hi by an equation which is Hi ¼ Hi�1

þki
did

t
i

gt
i
Hi�1gi

� Hi�1yiy
t
iHi�1

yt
i
Hi�1yi

.

where x: a vector consists of targeted parameters (here,

x ¼ b1; b2; � � � ; bM; r1; r2; � � � ; rM�1ð Þ) F(x): objective func-

tion of x to be maximized or minimized.

gi ¼ rF x ið Þ
� �

H0 ¼ I (unit matrix)

oF

obi

¼ o
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