














































































































































































































































































































































































































classification societies will be able to quickly assess a proposed design, including the
crew procedures and determine whether proposed designs meet acceptable standards.
Also, operators will be able to assess safety provision on board with respect to

number, type and location of passengers, number and location of crew, etc.
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CHAPTER 7 - FIRE RISK MODELLING OF MACHINERY
SPACE: AN APPLICATION OF APPROXIMATE REASONING

APPROACH (FUZZY AVERAGING METHOD) IN PASSENGER
SHIP ENGINE ROOM

Summary

Fire safety is built up of ignition prevention, early detection of fire, safe personnel
evacuation, containment of fire and efficient suppression. In addition, vital machinery

functions must be continued during the fire.

This preliminary fire safety study intends to assess the potential hazards that would
affect the operation of a ship engine room. The risks associated with such hazards are
quantified and ranked in order of priority and assessed for decision-making purposes.
This chapter concentrates on the fire risk evaluation of the major hazards threatening
the engine room overall rather than focusing on specific areas of the design. The main
objective is to propose a framework for modelling system fire safety using an
approximate reasoning approach. A case study of the risk to passenger ship engine
room due to fire during operation is used to illustrate the application of the proposed

risk assessment model.
7.1 Introduction

High fire safety in ships in general and machinery space in particular is a result of

correct design and careful crew operations. When either one of these is missing, fire

risks are significantly increased.

The available fuel in an engine room of a ship is usually limited to oil, which is stored
or used in engines, boilers, lubricants and stores. The tidiness of any engine room will.
of course. affect the ease with which a fire may start and develop. Unless an engine
room fire becomes serious, it may well be confined to the area in which the outbreak

of fire occurred. In the event that an escape of oil does become involved, the
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probability of fire being communicated to the accommodation is very much higher
than fire spread in the reverse direction, because there is a good chance that there will
be combustible materials in contact with, or in close proximity to, the accommodation
side of the engine room casing. Heat rising from the engine room fire will cause the

engine room casing to become hot, which in turn leads to ignition of combustibles by

means of heat transfer by conduction or radiation.

The most serious engine room fires therefore occur when an escape of oil becomes
ignited. The ease with which oil can be ignited by the introduction of an external
source of ignition, depends upon the flash point temperature of that oil. The flash
point is the temperature to which the oil must be raised such that a flammable vapour-

air mixture will be established at the surface of the liquid.

Heat blister patterns providing clear evidence of oil having burned in the engine room
may often be revealed after a fire by using diesel oil to clean soot and dirt deposits

from surfaces of machinery and floor plates, etc. [Foster, 1994].

Fires in electrical switchboards and other electrical machinery have the potential to
give rise to fire where cable connections and terminations become loose or damaged
or where switch or contactor contacts have become eroded. Fires originating in main
electrical switchboards seldom develop seriously, because usually only a small
amount of cable insulation is exposed within the switchboard area, and for the most
part the external portion of the cable is steel wire armoured or metal braided. Spare
components are, however, often stored in combustible packaging behind the

switchboard and this may extend the fire if it becomes involved [Foster, 1994].

When previous engine room fires are studied, it is apparent that no two fires are
identical. All engine rooms are different. Even sister ships have differences. Thus

slightly varying details or temporary changes may lead identically ignited fires to

totally different end results.

A fire resistant engine room displays lower ignition probability than an average one.

A fire resistant engine room remains by definition safer for personnel. This chapter
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focuses on the fire resistant one. High fire safety and resistance are difficult to achieve
when capital and operational costs must be observed. True optimisation cannot be
done. Of course the additional costs of improved design can be measured but the
probabilistic gain from statistical likelihood of fire and expected damage costs are

usually only theoretical figures [Hakkinen, 1997].

In general, ship fires have been widely investigated. Single fires are analysed (with
varying accuracy) and reported to International Maritime Organization (IMO) related
committee. Both the IMO and classification societies issue statistics and summaries of
the fire reports. Increasing attention is also given today to the incidents and near miss
cases that could have lead to disastrous consequences. Some of the fire reports issued

by national safety authorities are really valuable materials for the fire safety

researcher.

Fortunately ship fires seldom result in catastrophes. Often the losses are mainly
economical with minor personnel injuries. However some 100 to 200 fires are
reported annually. Those fires involve human losses, significant ship damages or

traffic interruption. Among these fires a third were initiated in engine rooms.

Engine room fire safety has been considered by many parallel methods. IMO and
other authorities have guided the technical development by detailed regulations on
ship structures and equipment. Many rules and guidelines apply to the machinery
systems and machinery spaces [IMO, 1997].

7.2 Fire Safety of Ship Engine Room

7.2.1 Criteria for fire safety

In principle, general fire safety is presented by the following sequential criteria:

1. Fire ignition must be prevented.

2 However, if fire is ignited, alarm or other suitable indications must be triggered

without delay.
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3. The indications must raise further action, like extinguishing, equipment shut

down, etc.

4. Fire suppression must be rapid, efficient and appropriate.
5. Personnel must be safely evacuated from the danger zone.

6.  Fire must be confined in the compartment of ignition and not spread out to other

zones.

IMO and classification societies specify measures required to fulfil these criteria in
principle. Extensive experimental and theoretical research lies behind the regulations
and experience from the accidents is utilised. Yet regrettably engine room fires occur,

which are not fully controlled according to items 1 to 6 above.

Significant development work has been performed among the fire detection and
extinguishing equipment manufacturers. Some of them are complaining that
conservative regulations and acceptance tests are hindering the progress [Hakkinen,

1997]. However, this particular topic is not further discussed in this chapter.

‘Normal conditions’ refer commonly to cases when fire has been ignited by an
accidental mechanical failure or a technical cause. A frequently quoted example is the
crank case explosion of a medium speed diesel engine. In some cases the damage
included heavy drive gear parts breaking through the engine frame, hitting equipment
containing flammable oil and causing oil ignition. While such fires are commonly
regarded as totally unexpected, closer inspection may reveal that primary causes
included errors in engine design, prolonged operation on worn-out piston rings and/or

engine overload. Causes are widely different and they often occur simultaneously.
‘Abnormal conditions' refer to circumstances where an unexpected and inherent

incident causes engine errors. Typical examples are temporary stowing of combustible

materials in a high fire risk area, leaving the exhaust gas manifold thermal insulation
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uninstalled “only for the short coffee break”, piping design where ruptures are

generated but they remain unnoticed, etc. [Hakkinen, 1997].

7.2.2 Fire safety

Fire safety can be defined and quantified in many ways. Statistical evaluation of fire
safety is usually derived from a number of reported fires. This data can be used to
calculate ignition probabilities with respect to figures for specified machinery spaces,
ships of certain age, various flags and categories. Yet this evaluation tool has some
drawbacks. Near miss-cases are ignored although they could produce valuable
information for producing fire risk control measures. Experience confirms that various
incidents are many times more frequent than actual fires. Furthermore some two thirds

of ignited fires are instantly suppressed and remain unreported.

Most of the statistical data contains very little information about the primary cause of
fire origin. Valuable information on spread-out and damages is sometimes given in

separate fire reports but summaries of such information are rare.

The number of casualties and extent of damages are given in statistics to describe how
serious the engine room fires typically are. These figures give unfortunately only

limited help for the design and operational aspects of improved fire resistance.

Profound analysis of single fire cases and their reports has appeared to be very
valuable. The fire has to be investigated as a process starting long before the ignition

and ending after the completion of investigation and damage repair [Hakkinen, 1997].

7.2.3 Scope of research

In this chapter, the main attention was given to ships with diesel propulsion and
mechanical and electrical power transmission. Besides the propulsion machinery was
electric and thermal energy generation with their auxiliaries included. The
investigated ship systems included steering gear, fire and bilge piping systems. The

selected steel structures in machinery spaces were evaluated.
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Other propulsion machinery concepts were not included in this chapter. Gas turbines
have inherently good fire safety record, mainly due to the protective modular casing
and the simplified fuel system. In many respects the auxiliary machinery in turbine

driven ships has equivalent or better fire safety than diesel driven ships.
7.3 Investigation of Previous Accidents Relative to Engine Room Fire

This investigation comprises survey reports on 73 NK-classed ships involving engine
room fires during the period from 1980 to 1992 [NKK, 1994]. Ships damaged by
small fires or suffered sinking without being reported to the NK society are excluded
from this investigation. Internal fires or explosions in boilers, exhaust gas
economisers, waste oil incinerators, turbo-charges, crankcases, etc., without the fire
extending to the engine room were considered as fire damage to the machinery itself,
therefore, they are excluded from this investigation. Fire damage to the hull following
an engine room fire was considered and counted as an engine room fire and a fire
caused by rocket or missile attacks during a war was considered to be a fire in hull

compartments.
7.3.1 Results of investigation
The results of the investigation are summarised as follows [NKK, 1994]:

1. 73 ships were damaged by engine room fires during the period from 1980 to

1992.

2. About six ships per year were damaged by engine room fires, which are 0.1% of
all 6,000 NK classed ships. As a comparison, about seven ships per year were

damaged by fire in hull compartments.

3.  Engine room fires often occurred when ships were underway, which accounted
for about 75% of the total number of ships damaged by engine room fires. 52%

of ships with engine room fires when underway became unnavigable.
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10.

11.

12.

The main cause of fire resulting in an unnavigable condition is a main electric
source failure caused by the main switchboard or the main electric cables under

the ceiling burning due to the ignition of a spray of fuel oil or lubricating oil.

On average, one crew member per year was killed and one crew member was
injured or suffocated from carbon monoxide per year due to fires. Engine room
fires are mainly caused by flammable oil igniting and there are many cases of

human casualties due to evacuations delays from engine rooms where fire and

smoke had spread quickly.

Fire often occurred in daytime during maintenance work by the crew. There
were many fires caused by human error due to misoperation or overhauling of
machinery, incorrect repair, etc. Alternatively, it was found that in unmanned
ships, fires often occurred not only during daytime, but also early in the

morning.

There are no particular correlations between the number of fires and a ship’s age

and gross tonnage.
Fires often occurred on reefer ships and car carriers having small engine rooms.

The fuel oil piping of main engines and generator engines and the main

switchboard are the main sources of fire followed by fuel oil piping of the boiler.
Fires at the fuel oil piping of main engines and generator engines are caused by
fuel oil spraying due to loose or broken fittings on fuel oil piping caused by
vibration. The main cause of fire on fuel oil piping of generator engines is fuel
oil spraying due to broken fittings on the fuel valve cooling oil piping.

Fires on lubricating oil piping account for 25% of fires on fuel oil piping.

No cases of engine room fire caused by a soot fire in an exhaust gas economizer

were reported.
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13. The number of machinery fires was twice as many as that of electric equipment

fires.

14. No engine room fire extending to hull compartments was reported for ships
having keels laid after 1® September, 1984. This may be because the 81°SOLAS
Amendment was adopted and the regulations on fire protection for hull and

electric cables were introduced from that date.

15. The percentages of fire casualties between MO (MO-ships are those provided
with alarm systems in accordance with the requirement of the “Rules for
Automatic and Remote Control Systems™) and Non-M0 ships are almost the
same. However, the percentage of fires detected by a fixed detector fire alarm
was 50% in MO ships and only 19% in Non-MO ships, because the installation of
fixed fire detection systems was not required for Non-M0 ships having keels laid

before 1 September, 1984, in accordance with the 81’SOLAS Amendment.

16.  There were fires caused by improper installation of machinery, exhaust gas pipes
and electric cables. The engine room arrangement should be considered in a
“Fire Risk Analysis” [NKK, 1994].

7.3.2 Locations in the engine room with a high fire risk

Figure 7.1 shows the identified locations in an engine room taken from data on fires

that have occurred in 73 ships classed with NK from 1980-1992 [NKK, 1994].

Fires did not occur uniformly at all the locations in the engine room space. Fires in the
engine room were concentrated in areas where flammable oils are liable to leak easily,
and in the vicinity of an ignition source such as a high-temperature surface or where
there is electric equipment liable to generate sparks or overheating. Fuel oil pipes
fitted to main engines, or generator engines, burner fuel injection pipes in boilers,
exhaust gas pipes, turbochargers, and main switchboards are locations with a high fire

risk. Countermeasures for preventing fires must be adopted on a top-priority basis at

such high fire risk areas.
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WO Tank Exhaust gas pipe UPPER DECK
Boiler FO mixing column 2"’ DECK
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Figure 7.1. Sources of fire in engine room [NKK. 1994].
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7.3.3 Sources of ignition

The sources of ignition are shown as follows [NKK, 1994]:

e Fuel Oil (FO): 30 ships
- Main Engine (M/E) FO piping: 8
- Generator Engine (G/E) FO piping: 8
- Boiler FO piping: 6
- FO tank: 3
- FO tank short sounding pipe: 2
- FO spray after G/E damage: 2

- Diesel oil purifier: 1

e Leakage Oil (LO): 8 ships
- M/E LO piping: 2
- G/E LO piping: 1
-LO tank: 1
- LO strainer: 3

- M/E crankcase explosion: 1
e MJE Turbo Charger (T/C) explosion: 5 ships

e Waste Oil (WO): 2 ships
- WO tank: 1

- Incinerator: 1

e Electrical Equipment: 18 ships
- Main switchboard: 8
- Starter: 4
- Control panel: 1
- Generator: 2
- Motor: 1

- Transformer: 1
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- FO electric heater: 1

e Others: 10 ships
- Repair at shipyard, loading: 7

- Unknown: 3

7.3.4 Breakdown of causes of fires

The number of ships in each category is presented within () [NKK, 1994].

e FO(30)

e M/E FO piping (8)
- Disconnection of drain valve in FO supply piping (1)
- Breakage of air relief valve in FO supply piping (1)
- Breakage of cock in FO return piping (1)
- Disconnection of vinyl hose in FO return piping (1)
- Crack in welding seam in FO pipe connection (1)
- Breakage of fitting bolts between FO inlet pipe and FO injection pump

(2)

- FO leakage from FO electric sheath heater due to mis-fitting (1)

o G/E FO piping (8)
- Loosening of FO supply piping (1)
- Breakage of FO pressure gauge pipe in FO supply piping (1)
- Breakage of FO valve cooling oil pipe (3)
- Breakage of FO valve cooling oil pipe in way of brazing fitting (1)
- Breakage of differential pressure gauge pipe for FO strainer due to

explosion of air inlet pipe (1)

- Loosening of FO injection pump flange (1)

> Boiler FO piping (6)
- Burner mal-function (5)

- Loosening and disconnection of threaded pipe connection in diesel oil

supply piping (1)
o FO tank (3)
- Breakage of glass level gauge (1)
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Diesel oil overflow from air vent pipe of FO service tank for boiler (1)

° FO tank short sounding pipe (1)

- Ignition of FO vapour during bunkering (1)
> G/E damage (2)

- FO spraying due to damage of G/E connecting rod (2)
> Diesel oil purifier (1)

- FO spraying due to improper assembling of diesel oil purifier (1)

LO (8)
o MJ/E LO piping (3)
- Loosening and disconnection of LO supply pipe for exhaust valve
driving gear (1)
- Disconnection of LO supply pipe for exhaust valve push rod and rocker
arm (1)
- MJE crankcase explosion (1)
o MJ/E LO strainer (1)
- Loosening of LO 2" strainer cover (1)
o G/E LO piping (1)
- Loosening of thermometer fitting of LO cooler (1)
o LO tanking for T/C of M/E (1)
- LO overflow from LO storage tank (1)
o  Strainer for T/C of M/E (1)
- Loosening of bolts for packing cover (1)
o LO strainer for G/E (1)

- LO spraying from air relief valve during cleaning (1)

Waste Oil (2)
- Waste oil sprayed from the disconnected fitting cover of waste oil tank
float gauge (1)

- Soot fire in incinerator (1)

Electrical Equipment (18)
o Main switchboard (8)

- Arc from air circuit breakers (2)



- Short-circuit of non-fused breaker caused by overheating (1)

Short-circuit of non-fused breaker for shore connection caused by
overheating (1)

- Degradation of terminal for Turbo/Generator (1)
- Unknown (2)
o Starter Panels (4)
- Short-circuit of internal wiring in starter panel for LO pump (1)
- Short-circuit in starter panel for FO purifier (1)

- Chattering of magnetic contactor in starter panel for refrigerating machine

and air compressor (1)

- Short-circuit in control panel for refrigerating machine (1)
o Generator (2)

- Short-circuit at cable terminal of generator (2)
> Motor (1)

- Overheating of motor for main cooling sea water pump (1)
o Transformer (1)

- Overheating of transformer (1)
o Electric heater (1)

- Incorrect fitment of electric heater for FO service tank (1)

Others (12)
o T/C of M/E (5)
- Explosion of T/C of M/E (5)
s Mooring and repair work at shipyard (7)
- Spark from welding (2)
- Spark from gas cutting (4)
- Explosion during cargo loading of Naphtha (1)

Unknown (3)

- Sinking (1)
- No report (2)

133



7.4 Approximate Reasoning Approach
7.4.1 Approximate reasoning approach

7.4.1.1 Membership functions

The main artificial intelligence mechanism behind a typical fuzzy safety model is its
fuzzy inference engine. A fuzzy inference engine comprises the selection or
development of the type/types of fuzzy membership function used to represent risk
levels and fuzzy rule bases to generate fuzzy safety estimates. The linguistic variables
are employed in the development of fuzzy membership function for each input
parameter. The goal of fuzzy linguistic variables is to represent the condition of an
attribute/parameter at a given interval. The four attributes/parameters (input variables)
considered in this study are failure rate, consequence severity, failure consequence
probability of a cause to a technical failure, and control measure incorporated in the

design or operation.

The four fundamental parameters failure rate, consequence severity, failure
consequence probability and control mechanism are represented by natural
languages, which can be further described by different types of membership function.
A membership function is a curve that defines how each point in the input space is
mapped to a membership value (or degree of membership) between 0 and /. Four
different types of membership function are used in this study. The simplest
membership functions are formed using straight lines. These straight-line membership
functions have the advantage of simplicity. All of these memberships are commonly
used to describe risks in safety assessment [Wang & Ruxton, 1997] [Sii, 2000] [Sii &
Wang, 2000] [Sii, et al., 2001a-b]. The fuzzy membership functions are generated

utilising the linguistic categories identified in the knowledge acquisition and

consisting of a set of overlapping curves.

Knowledge acquisition, development of fuzzy linguistic variables, development of
membership functions and Analytic Hierarchy Processing (AHP) analysis are usually
required to construct the linguistic safety levels and associated fuzzy membership

functions [Klir & Yuan, 1995]. In knowledge acquisition. data collection analysis,



expert and engineering judgements, fuzzy modelling and concept mapping are
performed sequentially to classify the knowledge. The goal is to establish linguistic
variables based on fuzzy set theory, for qualifying and quantifying the safety
estimates to develop fuzzy membership functions for representing risks. The
arbitrariness and variability associated with combining information from various data
and knowledge acquisition channels are the basis for utilising the approximate
reasoning approach in the decision making process. The approximate reasoning

analysis using fuzzy logic systems does perform such transformation and combination

of information from different sources [Wang L. X., 1997].

This section defines the following forms of membership function as perceived by

experts for risk analysis in this chapter:

A single deterministic value with 100 % certainty (Figure 7.2 (a)).

. A closed interval defined by an equally likely range (Figure 7.2 (b)).

o A triangular distribution defined by a most likely value, with lower and upper

least likely values (Figure 7.2 (c)).

o A trapezoidal distribution defined by a most likely range, with lower and upper

least likely values (Figure 7.2 (d)).
Each type of membership function is described in detail as follows:
7.4.1.1.1 A single deterministic value

A single deterministic membership function is defined by a crisp parameter [a], in this

case the interval on x-axis is between 0 and 10.
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Membership 5.00

value -

Fuzzy scale

Figure 7.2 (). A single deterministic value of 5.0 with 100 % certainty.

1.0 [ j

Membership
value —

Fuzzy scale

Figure 7.2 (b). A closed interval defined by an equally likely range between 3.0 and
7.0.
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Figure 7.2 (c). A triangular distribution defined by a most likely value of 5.0, with a

lower least likely value of 2.0 and an upper least likely value of 8.0.

1.0 [~

Membership
value -

Fuzzy scale

Figure 7.2 (d). A trapezoidal distribution defined by a most likely range between 4.0

and 6.0, with a lower least likely value of 2.0 and an upper least likely value of 8.0.
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7.4.1.1.2 A closed interval

A closed interval membership function is represented in the form of /a, q, b, b], where
the first a is the membership function’s left intercept with grade equal to 0, the second
b is the membership function’s right intercept with grade equal to 0, and the second a
and first b are the membership function’s left and right intercepts at grade equal to /.
The function y = closed interval (x, [a, a, b, b]) is written to return the membership
values corresponding to the defined universe of discourse x. The parameters that

define the closed interval membership function [a, a, b, b] must be in the discretely

defined universe of discourse.
74.1.13 Triangular membership function

A triangular membership function is normally defined by [a, b, c], where a is the
membership function’s left intercept with grade equal to 0, b is the centre peak where
the grade equals to / and c is the right intercept at grade equal to 0. The function y =
triangle (x, [a, b, c]) is written to return the membership values corresponding to the
defined universe of discourse x. The parameters that define the closed interval

membership function [a, b, ¢/ must be in the discretely defined universe of discourse.
7.4.1.1.4  Trapezoidal membership function

A trapezoidal membership function is defined by [a, b, ¢, dJ, where a is the
membership function’s left intercept with grade equal to 0, b is the membership
function’s left intercept with grade equal to /, c¢ is the membership function’s right
intercept with grade equal to /, and d is the membership function’s right intercept
with grade equal to 0. The function y = trapezoidal (x, [a, b, c, d]), is written to return
the membership values corresponding to the defined universe of discourse x. The
parameters that define the closed interval membership function /a, b, ¢, d] must be in

the discretely defined universe of discourse.
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7.4.2  Background of fuzzy averaging for safety assessment

Safety assessment provides the basic safety related information for any new project or
engineering product at the initial design stages. The ability to identify, assess and
evaluate anticipated hazards requires the study of imprecise data information coming
from a rapidly changing environment, a task for which fuzzy logic may be better
suited to deal with than classical methods. Analysis of complex situations needs the
efforts and opinions of many experts. The experts’ opinions, almost never identical,
are either more or less close or alternatively more or less conflicting. They have to be
combined or aggregated in a rational way in order to produce one conclusion. In this

chapter the methodology of fuzzy averaging is introduced. It is also applied to fire risk

modelling.
7.4.2.1 Statistical average
One of the most important contributions of statistics in applications lies in its concepts

in the average or mean of n measurements, readings, or estimates expressed by real

numbers#,,....,7, . It is defined by:

7
rave = - = (l)

The above measurements are considered to be of equal importance. The mean or
average which is typical or representative of » measurements is known as a measure

of central tendency.

If the measurements have various degree of importance, then the concept of weighted
average or weighted mean is introduced. The weights reflect the relative importance
or strength of the measurements. The concept of average (normally called as crisp
average) can be generalized by substituting fuzzy numbers for the real numbers in
Equation (1). The generalization process normally requires complicated computations
involving complex arithmetic operations with fuzzy numbers. Since the main
objective of this study is to explore the potential of fuzzy logic concept in safety
assessment and safety based decision support, the generalization procedure is

restricted to triangular and trapezoidal numbers. They are used very often in
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applications and besides, it is easy to perform arithmetic operations with them. This is

demonstrated in a case study in the ensuing section.

7422 Arithmetic operations with fuzzy triangular and trapezoidal numbers

7.4.22.1 Addition of fuzzy triangular numbers

It can be proved that the sum of two triangular numbers 4, :(a,(') b az')) and

A4, = ( fz),a,(;),agz)) is also a triangular number, i.e.,

A+ 4, (a,),a,(w),ag)) (al(z), g),agz))z(a,(')+a,( ).a 0 4 g a§1)+a(2)) (2)

M

This summation formula can be extended for » triangular numbers and also it can be

applied for both left and right values in a triangular number.
7.42.2.2  Multiplication of a fuzzy triangular number by a real number

The product of a fuzzy triangular number A with a real number 7 is also a triangular

number, i.e.,
Ar:rA=r(a,,aM,a2)=(ral,raM,raz) ?3)
74223 Division of a fuzzy triangular number by a real number

This operation is defined as multiplication of A by 1/r provided that r is not 0. Hence

Equation (3) gives:

r r r

a a a
ﬁ‘—'l(ana/w’az):('_l‘_i'—}—) (4)
r r

Operations with trapezoidal numbers can be performed similarly to those with

triangular numbers.
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74224  Addition of fuzzy trapezoidal numbers

The sum of trapezoidal numbers 4, = (a,“),b,(‘),bé'),a?)) and 4, = (0(2),b‘(2),b§2)’a§2))

1

is also a trapezoidal number, i.e.,

A+ Ay = (a0, 50 60 al) (a5, 5, )~ () + a5 + 50 Y 4 5P 4 4 al)
(5)

Equation (5) can be generalized for n trapezoidal numbers.
7.4.2.2.5 Multiplication of a fuzzy trapezoidal number by a real number

The general operation involved in multiplication of a fuzzy trapezoidal number 4 by a

real number # is shown in Equation (6) as follows:
Ar =rA =(ra,,rb,,rb, ,raz) (6)
7.422.6  Division of a fuzzy trapezoidal number by a real number

The general operation involved in division of a fuzzy trapezoidal number 4 by a real

number r is shown in Equation (7) as follows:

ﬁ:lAz(ﬁ,b_‘,z)l,a—zJ, r#0 (7)

ror r or r r
7.422.7  Sum of fuzzy triangular and trapezoidal numbers

Consider fuzzy triangular number 4, =(a[(').a,("4).a§')) which can be presented as a
fuzzy trapezoidal number in the form of (aV,a?.al).a? ) and trapezoidal
number 4, = (a,(z),b,(z).b(z),agz)). Applying Equation (5) gives Equation (8), which is a

natural extension of Equation (3).
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4+ 4, =(a",af).,af).a O)+ @@, 52, b®,a®)=(a" +a®,al) + b .al) + 5P a4\ +
(8)

7423 Fuzzy Averaging

7.42.3.1 Triangular average formula

Consider n triangular numbers 4, = (af’),ag),agi)), i=1,.,n. Fuzzy averaging of
triangular numbers can be performed by two steps. First, addition operation is used to
sum up the total triangular numbers and then division operation by a real number (the
total number of triangular numbers under study) to give the triangular average

(mean) 4__, which is a triangular number.

ave

_ A+t 4, (a,(>,a§),a£>)+...+(af"),aiﬁ’,aé’)
n

A,.

(z, , l,z, 1aﬁ;>,z:;.as'>)_

The general operation is shown in Equation (9).

1 y 1 N
=) =L a0 L5 ) L5 ) o

74232  Weighted triangular average formula

If each real numbers A represents the degree of importance of

i

A = (af'),ag),a:(z')), i=1,..n, then the weighted triangular average (mean) A} is

obtained as follows:

A4+t A4,
A“ -
"~ A+t i,

- oy(a?.al.al)+ .+ o, ("l al”)




= (a)lal(') ,0,0Y,0,a" )+ et (a)”al("), o,a, a),,ag"))

= (,a" +...+ o,a0",0,aQ +..+ 0,a", 00" + ..+ v,a")

Where w; =

The generalized equation is shown as follows:

45, =y my,my)= (3" 0,00, 3" 000,35 v,a!) (10)

The average formulae for trapezoidal numbers can be derived similarly to Equations

(9) and (10) and are presented as below.

7.4.23.3  Trapezoidal average formula

If 4, = (al("),bl('),bg),ag" )), i =1,....,n, are trapezoidal numbers, then

Aave = (ml’mM| ’mMz ,mz)

(@®,50,60,a0)+ ...+ (a®,5",6, al")
n

= (Z:;l al(i)’z:;l bn(’)’z; bgi)’ :=1 agi)) (1D

n

Weighted trapezoidal average formula is shown in Equation (12).

42, = (mp,mgy,mz ,m?)
= 0,(a®,50,60,00) +...+ 0, (a5, ", 0"

n n n L] (;)
- (Zl-lw'al(')’Zhlw'b‘(')’ :=1w'b§')’ !-lw'az ) (12)

The triangular and trapezoidal average and weighted average Equations (9) — (12)

produce a result which can be interpreted as a conclusion or an aggregation of all
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meanings expressed by triangular or trapezoidal numbers A,,...4, either of equal

importance or of different importance expressed by weights o, .

The process of averaging involving fuzzy triangular and trapezoidal numbers
presented here is a hybrid or cross section of classical statistics and fuzzy sets theory;

it belongs to a new branch of science — fuzzy statistics.
7.42.3.4  Defuzzification of fuzzy average

The aggregation defined by a triangular or trapezoidal average number obtained using
Equation (10) or (12) very often has to be expressed by a crisp value which best
represents the corresponding average. This operation is called defuzzification and is

demonstrated in Figure 7.3.

Triangular Fuzzy Aggregation Maximizing
or | average S — value
trapezoidal

numbers

Figure 7.3. The process of defuzzification of fuzzy average.

First consider the defuzzification of A4, =(ml,mM,m2) given in Equation (9). It
looks plausible to select for that purpose the value m,, in the supporting interval
[m,,m,] of 4,,; m,, has the highest degree (one) of membership in 4, . In other

words, A, attains its maximum at m,,, which is called maximizing value.

X, . =m, (13)

However, the operation defuzzification cannot be defined uniquely. In another word,

there are various ways of defuzzification as proposed and adopted by different
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researchers. Three options are presented for defuzzifying 4, = (m,,mM,mz), which

are essentially statistical average formulas:

_m +m,, +m,

() xph =
3
m +2m,, +m
(2) x’(:a)x _ " M 2
4 (14)
(3) LB _m +4m,, +m,

6

Equation (14) takes into consideration the contribution of m, and m, but gives

different weight to m,, only.

If the triangular number A4,,, is close to a central triangular number meaning that m,,

is almost the middle of [ml,mz] , then Equation (13) gives a good crisp
valuex_, =m,,. Then the three average formulas (1) to (3) in Equation (14) also

produce numbers (maximizing values) close to m,, . Usually in applications the

triangular average numbers appear to be in central form. However, the experts dealing

with a given situation have to use their judgment when selecting a maximizing value.

The defuzzification procedure is presented as a block diagram shown in Figure 7.3.
For the defuzzification of 4, = (ml‘”,m,f;,m;’), Equations (13) and (14) remain valid

provided that m?,m, and m; are substituted for m,,m,, and m, correspondingly.

The defuzzification of the trapezoidal average 4, =(ml,li,mM2,m2) can be

performed by an extension of Equations (13) and (14) using instead of m,, the

midpoint of the flat segment m,, and m,, . The maximizing values are given as

follows:
m,, +m
v MM (15)
max 2
and



m, +m
M
m +'\”’2+m

()=
3

m+m, +m, +m
(2) xr(n?x _ M, y M, 2 (16)
oy 0 42 o o

For the defuzzification of 4%, = (mf’,mf;,m,(‘;z ,m;"), Equations (15) and (16) hold but

m’,my ,m,, and m; are substituted for my,my,,m,, and m, correspondingly.

7.5 A Safety Model - A Framework for Modelling Fire Safety using
Approximate Reasoning and Fuzzy Averaging Method

A generic framework for modelling system safety using approximate reasoning and
fuzzy averaging approaches is suggested and depicted in Figure 7.4. It is a convenient
method for carrying out subjective assessment, therefore, it may provide a logical
solution as it emulates the human reasoning process through synthesising human
expert judgements within a specific domain of knowledge, codes and standards based
on the guidelines and company policy using an approximate reasoning approach. In
addition, a fuzzy averaging method is used in the later stage of the framework to deal
with safety synthesis of the system (at system and sub-system levels) with complexity
involving multi-experts, in a hierarchical structure. It provides a powerful and flexible

platform for aggregation or amalgamation of experts’ opinions or judgments.

The proposed framework for modelling system safety for risk analysis consists of five
major steps. The first three outline all the necessary steps required for safety
evaluation at the bottom level using an approximate reasoning approach. The fourth
one describes the step involved in synthesising the estimates thus obtained in the first
three steps, using a fuzzy averaging method to synthesise or amalgamate fire safety at

higher levels of an engine room. A fuzzy averaging method is used to deal with
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hierarchical evaluation propagation issues without any loss of useful information. The

final step describes the ranking and interpretation of the results.

Anticipated causes/factors
to fire of an engine room

IDENTIFICATION

———
L LB S —, r—_————
Input variables to represent the | Output/solution |
identified causes to fire |<_’| variable definition I
I_________I o 1 DEFINITION
— L ] f- L ) L -_— L] — —-— -_— L -— L] 1
Possibility distribution for each variable in any |
forms shown in Figure 7.2(a) — 7.2(d)
L _—— — -_— -— — —_— —_— — -_— -— L) L ——
v
-— -— -— L -_— —— - _—— -_— q
Select fuzzy reasoning/inference |
mechanism
L —-— -_— — -_— - -_— -— -_— L] I
Aggregate resultant judgments with respect to all input variables [ OF A SAFETY
for a particular cause I MODEL
L L} — — L -— - -_— L — —_— — -_— _— -_— —-— -— -_—
Create resultant safety estimate using
approximate reasoning method
Normalise safety estimate L, Assign relative importance of experts
Create resultant multi—expert safety Create resultant multi-
synthesis using fuzzy averaging attribute safety SYNTHESIS
approach synthesis
Calculate overall risk level ranking
index RANKING &
Multi-attribute-multi- INTERPRETATION
l expert safety synthesis OF RESULTS
Rank potential causes based on the
ranking index values

Figure 7.4. A framework for modelling system safety using approximate reasoning

approach and fuzzy averaging method.
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The five steps used in the framework are outlined as follows:

Step 1:

Step 2:

Step 3:

Identification.

Identify all the anticipated causes/factors to fire of an engine room in a

hierarchical manner.

Definition.

Define fuzzy input variables (i.e., failure rate, consequence severity. failure
consequence probability and control mechanism) to describe the potential
risk linguistically.

Define fuzzy output/solution variables (i.e., safety estimates).

Select the type/types of fuzzy membership function used to delineate each
input variable, and provide interpretation for each fuzzy set of each variable

(in any forms shown in Figure 7.2(a) — (d)).

Development of a safety model.

Aggregate resultant judgments with respect to all input variables for a
particular cause to technical failure.

Create resultant safety estimate using fuzzy averaging method.

Normalise safety estimates.

Assign relative importance of each expert.

Safety synthesis.
Perform multi-expert safety synthesis in a hierarchy using fuzzy averaging
method.

Perform multi-attribute safety synthesis using fuzzy averaging method.

It is worth noting that in this step, in order to achieve a more effective and logical

evaluation process, it is necessary to break down a complex system into simpler sub-

syst

ems and components in a hierarchical manner. The hierarchical framework of

attributes or experts is used to guide the overall evaluation of multi-attributes or multi-

experts or a combination of multi-attributes-multi-experts problems.

148



Step 5: Ranking and interpretation of results.

. Calculate overall risk level ranking index.
o Rank potential causes based on their ranking index values.
) Alternatively perform multi-attribute-multi-expert safety synthesis.

In fire risk study of a ship engine room, in many cases, subjective assessment (using
linguistic variables instead of ultimate numbers in probabilistic terms) may be more
appropriate to conduct analysis on the four parameters (failure rate, consequence
severity, failure consequence probability and control mechanism) as they are always
associated with great uncertainty, especially for an engine room with a high level of

innovation.

Safety estimate is the only output fuzzy variable used in this study to produce safety
evaluation for each cause to a technical failure at the bottom level of a hierarchical
system. This variable is also described linguistically. In safety assessment, it is
common to express a safety level by degrees to which it belongs to such linguistic
variables as “poor”, “fair”, “average”, and “good”’ that are referred to as safety
expressions. The output set can be defined using fuzzy safety estimate sets in the same

way as the fuzzy inputs.

Seven levels of linguistic variables may be used for failure rate; five levels for
consequence severity, seven levels for failure consequence probability, four levels
for control mechanism and four levels for safety estimates. The literature search
indicates that four to seven levels of linguistic variables are commonly used to

represents risk factors in risk analysis [Bell & Badiru, 1996] [Sii. et al., 2001c]
[Wang, et al., 1995, 1996] [Wang, 1997].

It is possible to have some flexibility in the definition of membership functions to suit
different situations. The application of categorical judgements has been quite positive
in several practical situations [Schmucker. 1984]. It is also usually common and

convenient for safety analysts to use categories to articulate safety information.
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When describing failure rate, consequence severity, failure consequence probability,
control mechanism and safety estimate, a linguistic variable may then be assigned
with a membership function to a set of categories with regard to the particular
condition. The typical linguistic variables for failure rate, consequence severity,
Jailure consequence probability, control mechanism and the safety estimate of a

particular cause to a technical failure by an expert, or by a panel of experts may be

defined and characterised as follows:

Failure rate describes the failure frequency in a certain time, which directly
represents the number of failures anticipated during the design life span of a particular
system or an item. Table 7.1 describes the range of the frequencies of the failure
occurrence and defines the fuzzy set of failure rate. To estimate the failure rate, one

may choose to use such linguistic variables as “very low”, “low”, “reasonably low”

9

bR £“

“average”, “reasonably frequent”, “frequent” and “highly frequent”. The failure rate
of this study is defined on the basis of the recorded fires from the NK investigation of

accidents related to engine room fire. Figure 7.5 shows the fuzzy failure rate set

definition.
V. Low R.low R freq Freq  H.freq
low

1.0

| |
EVAR SRR LR TR
0 2 4 6 8 10
Failure rate

Figure 7.5. Fuzzy failure rate set definition.
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Table 7.1. Failure rate.

Rank Failure rate Meaning (general interpretation) Failure rate (1 / 25years)
(interpretation in the context of
engine room fire).

1,2,2.5 Very low Failure is unlikely but possible during | <1

lifetime.

3.5 Low Likely to happen twice during lifetime. | 2

4.5 Reasonably Between low and average. 5

low

5.5 Average Occasional failure. <10

6.5 Reasonably Likely to occur from time to time. <20

frequent

7.5 Frequent Repeated failure. <29

8.5,9,10 Highly Failure is almost inevitable or likely to | >30
frequent exist repeatedly.

Consequence severity describes the magnitude of possible consequences, which is

ranked according to the severity of the failure effects. One may choose to use such

linguistic variables as “negligible”, “marginal”, “moderate”, “critical” and

“catastrophic”. The fuzzy consequence severity set definition is shown in Figure 7.6.

1.0

Negligible Marginal Moderate Critical Catastrophic
: : : : | : ; X |
j I 1 I l | T | I T

0 2 4 6 8 10

Consequence severity

Figure 7.6. Fuzzy consequence severity set definition.

Table 7.2 shows the criteria used to rank the consequence severity of fire effects.
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Table 7.2. Consequence severity.

Rank Consequence Meaning (generic interpretation in the context of engine room

severity fire).

1 Negligible At most an unscheduled maintenance required (service and
operations can continue).

2,3 Marginal Possible single or multiple minor system damage. Operations
interrupted slightly, and resumed to its normal operational mode
within a short period of time (say less than 2 hours).

4,5,6 | Moderate Possible moderate system damage. Operations and production
interrupted marginally, and resumed to its normal operational mode
within a certain period of time (say no more than 4 hours).

7,8 Critical Possible major system damage.

9,10 Catastrophic Possible system loss.

The fuzzy failure consequence probability set definition is depicted in Figure 7.7 and

the criteria used to describe the failure consequence probability are shown in Table

7.3.

1.0

Unlikely Likely H. likely
H. R. likel
. R. . y
unlikel .
d unlikely Definite
>< W
I | 1 l I ! 1 ! ] T
0 4 6 8 10

Failure consequence probability

Figure 7.7. Fuzzy failure consequence probability set definition.
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Table 7.3. Failure consequence probability.

Rank Failure Meaning
consequence
probability
1 Highly unlikely The occurrence likelihood of possible consequences is highly unlikely

given the occurrence of the failure event (extremely unlikely to exist on

the system or during operations).

23 Unlikely The occurrence likelihood of possible consequences is unlikely but
possible given that the failure event happens (improbable to exist even on

rare occasions on the system or during operations).

4 Reasonably The occurrence likelihood of possible consequences is reasonably unlikely
unlikely given the occurrence of the failure event (likely to exist on rare occasions

on the system or during operations).

5 Likely It is likely that consequences happen given that the failure event occurs (a

programme is not likely to detect a potential design or an operational
procedural weakness).

6,7 Reasonably It is reasonably likely that possible consequences occur given the
likely occurrence of the failure event (i.e. from time to time on the system or
during operations, possibly caused by a potential design or operational

procedural weakness).

8 Highly likely It is highly likely that possible consequences occur given the occurrence of
the failure event (i.e. often exist somewhere on the system or during
operations due to a highly likely potential hazardous situation or a design

and/or operational procedural drawback).

9,10 Definite Possible consequences happen given the occurrence of a failure event.

Figure 7.8 and Table 7.4 illustrate the criteria used to describe the level of control
mechanism (or availability of defence) in the design. The availability of control
mechanism refers to Table 7.4, for the scale of its readiness with availability of
mitigation measures. This is obviously an essential parameter to be considered in
system safety assessment, especially at the early design stage. The level of control is
described in linguistic terms such as “full control”, “immediate control”, “delayed
control” and “no control”. For example, “full control” provides a linguistic
delineation that the failure or hazardous event can be detected at time of occurrence,
both preventive and mitigation measures are available, or control measurement
available and effective, or control not required as impact is very low. “Immediate

control” on the other hand indicates that the system cannot detect the failure or
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hazardous event at time of occurrence but preventive measure is available, or it can be
detected at time of occurrence and mitigation measure is not available, or moderate

control measure is available, however it is not an infallible system.

Full control Immediate Delayed No control
control control
1.0
| |
f ! I T I | ! !
0 2 4 6 8 10
Control mechanism
Figure 7.8. Fuzzy control mechanism set definition.
Table 7.4. Control mechanism.
Rank Control Meaning
Mechanism
1,2 Full control Fire can be detected at time of its occurrence, both preventive and
mitigation measures are available, or control measure is available and
effective, or control is not required as impact is very low.
3,4,5 | Immediate Fire cannot be detected at time of its occurrence but preventive
control measure is available, or fire can be detected at time of its occurrence

and mitigation measure is available, or moderate control measure is
available although not infallible.

6,7,8 | Delayed control | Fire can be detected only after its occurrence and mitigation measure is

available, or slight control measurement is available although not

effective.

9,10 No control Fire cannot be detected and no mitigation measure is available, or

control measure is not available even impact is not low.

With reference to the above fuzzy descriptions of failure rate, consequence severity,
failure consequence probability and control measure, it may be observed that the
linguistic variables are not exclusive, as there are intersections among the defined

linguistic variables. Inclusive expressions may make it more convenient for the safety
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analyst to judge a safety level. Overlapping functions are used to represent various
linguistic variables because the experts and the literature concurred that in the analysis

of the risks associated with a failure event/mode, the risk levels may have “gray” or

ill-defined boundaries [Bell & Badiru, 1996].

Several sources such as historical records, operator’s experience, statistical data,
expert judgment, etc. can be used to carry out the judgment based on fuzzy
descriptions. These approaches are mutually supporting each other and a combination
of them is often the most effective way to determine the judgement. In the statistical
data and information analysis the fuzzy descriptions may be derived based on
statistical studies of the information in previous incident and accident reports or
database systems. In-depth literature search may also be helpful. Skilled human
analysts often have a good, intuitive knowledge of the behaviour of a system and the
risks involved in various types of failures without having any quantitative model in
mind. Fuzzy descriptions provide a natural platform for abstracting information based
on expert judgements and engineering knowledge since they are expressed in a
linguistic form rather than numerical variables. Therefore, experts often find fuzzy
descriptions to be a convenient way to express their knowledge of a situation

[Zimmermann, 1991].

The importance of approximate reasoning stems from the fact that human expert-
judgements and engineering knowledge can often be represented in the form of fuzzy
descriptions. Fuzzy descriptions based on these types of linguistic variables may be
more natural and expressive than numerical numbers and criticality calculations. It is
clear that such fuzzy descriptions can accommodate quantitative data such as failure
rate, failure consequence probability and qualitative and judgmental data such as the

consequence severity, control mechanism. The estimates can then be combined in

safety evaluation.

The criteria of selecting fuzzy reasoning/inference mechanisms are always subjective
issues and mainly based on user’s preference. For the normal IF-THEN fuzzy rule
inference, the general approach adopted is similar to that used in fuzzy expert and
fuzzy control systems. However, in this chapter. a simplified fuzzy averaging method

< introduced to perform approximate reasoning and synthesis.
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The first module of fuzzy inference operation is to take the inputs and determine the
degree to which they belong to each of the appropriate fuzzy sets via membership

functions. Inputs can be represented by one of the following membership functions to

suit the conditions under study:

e A single deterministic value.
e A closed interval defined.
e A triangular distribution.

e A trapezoidal distribution.

It is highly unlikely for selected experts to have the same importance, and weights of
importance need to be utilised. The assessment of weight for each expert is an
important decision for the analyst to make in view of the safety of the system under
scrutiny. Each expert is assigned with a weight to indicate the relative importance of
his or her judgment in contributing towards the overall safety evaluation process. The
analyst must decide which experts are more authoritative. Weights are then assigned

accordingly.

The fuzzy averaging method is used to perform safety synthesis at different levels
(component, sub-system and system levels) of an engine room with a structure that is
capable of being decomposed into hierarchy of levels. The number of levels required

in safety synthesis is solely decided by the degree of complexity of a system under

scrutiny.

The modelling framework of multi-attributes or multi-experts or a combination of
both based on fuzzy averaging method has been developed to deal with such problems
having a hierarchical structure of both qualitative and quantitative criteria with
uncertainty. The fuzzy averaging method is different from most conventional Multiple
Attribute Decision-Making (MADM) methods. Firstly, it employs a belief structure to
represent an assessment as a distribution instead of a single numerical score.
Secondly, it aggregates degrees of belief rather than scores. In this way, the fuzzy

averaging approach can preserve the qualitative feature of subjective criteria in the
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process of criteria aggregation. The fuzzy averaging is a convenient method to
aggregate or combine experts’ opinions in producing a conclusion. It is a suitable tool

for aggregation in qualitative safety or risk-based decision-support models.

The first three steps of the framework mainly focus on safety assessment of a single

component of a particular sub-system. Step 4 is concerned with safety synthesis of a

system at various levels such as:

o Multi-attribute safety synthesis of a sub-system due to a technical failure caused
by various components done by an expert using an aggregation method - fuzzy
averaging methods.

. Safety synthesis of a system due to a technical failure caused by various sub-

systems done by an expert using any other aggregation methods.

The final step of the framework describes the calculation of overall risk level ranking
index. Then the identified potential causes are ranked on the basis of their ranking

index values.

To calculate risk ranking index values associated with various causes to technical
failure, it is required to describe the four safety expressions, i.e., {good, average, fair,
poor} using numerical values. The numerical values associated with the defined safety
expressions can be designated by experts. Suppose K;, K>, K3 K4 represent the
unscaled numerical values associated with ‘good’. ‘average’, ‘fair’, ‘poor’,

respectively. Then K, K3, K3, K4can be represented as follows:

(K1, Ko, K3, Kgj= {1, 0.8, 0.6, 0.2} (17)

The safety estimate of cause i to technical failure can be obtained using the framework

described in this subsection as follows:

4

Safety Synthesis, = { u' “good”, u! “average”., u “fair”, p’ “poor” (18)



The risk ranking index value R; associated with cause i to technical failure can be

defined as follows:

&

R = Zﬂ,’ xK , i=12,...d, where d is the number of causes to technical failure.
Jj=1

(19)

Obviously, the R; values obtained using the above formula can only show the relative
risk level among all potential causes identified under study. The smallest R; is ranked
first as it deserves more attention to reduce its potential risk to As Low As Reasonably
Practicable (ALARP). The largest R; is ranked last to draw least attention and
minimum effort for risk reduction measure consideration. A smaller R; means that
cause i of a sub-system is having relatively higher risk level and deserves more
attention at the early design stages or the early stages of designing operational

strategies. The ranking for each potential cause is then produced.
7.6 Case Study: Fire Risk Analysis of Ship Engine Room

In this section, a preliminary safety assessment is carried out on fire risk introduced
by the malfunction of individual components associated with various sub-systems of a
generic engine room. Only hardware failure caused risk is assessed here, though
operational failure has been also recognised as one of the major causes of fire. In this
case study, at the preliminary design stage there is only one expert taking part in the
safety assessment. For the purpose of safety modelling, it is assumed that each input
parameter (i.c., failure rate, consequence severity, failure consequence probability
and control mechanism) will be fed into the proposed safety model in terms of fuzzy

membership functions in any one of the four forms as described in Figure 7.2 (a) —

(d).

The selection of forms of membership function by an expert is dependent upon
subjective judgment made pertaining to the level of ambiguity and uncertainty
associated with the case as perceived by the expert, as well as his experience
knowledge and understanding of the said system. The various forms of fuzzy

membership function are capable of describing both *calculated risk™ (i.e., those

aspects with minimum uncertainty) and “"uncertainty”.
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The safety critical elements were considered for an engine room. The generic engine
room shown in Figure 7.1 is chosen as the system to be assessed by using the

suggested framework. They consist of the following four main sub-systems:

1. Fuel Oil (FO).
Leakage Oil (LO).
Electrical Equipments (EE).

oW

Turbo Charger (T/C) of Main Engine (M/E).

The expert judgment made on the four input parameters (i.e., failure rate,
consequence severity, failure consequence probability and control mechanism)
using different forms of membership functions for representing technical failures

associated with each sub-system is shown in Table 7.5 (a)—(d).

Table 7.5 (a) shows the assignment of membership functions and the result of risk
analysis for components associated with sub-system #1 — FO and it is noted that only
7 major components are considered here. Table 7.5 (b) - (d) demonstrates the
assignment of membership functions and the results for sub-systems #2, 3 and 4 (i.e,
LO, Electrical Equipment and T/C of M/E). 6 components are considered for sub-
system #2 — LO, 6 components assessed for sub-system #3 — Electrical Equipment,

only 1 component for sub-system #4 — T/C of M/E.

The safety estimate for each component is computed by using fuzzy averaging
method. Before the actual computation can be performed, each form of membership
function has to be transformed into a trapezoidal membership function. For example,
for component 1.1 of sub-system #1, the expert used the triangular membership

function to describe the 4 input variables. The details are listed as follows:

Component 1.1 — M/E FO piping

4 input variables are originally described in the form of triangular membership

function by the expert:

159



Failure rate = (6, 6.5, 7)
Consequence severity = (8, 9, 9.5)

Failure consequence probability = (7.5, 8, 8.25)
Control mechanism = (0.5, 2, 2.75)

After the transformation, the 4 input variables appear in the form of trapezoidal

membership function:

Failure rate = (6, 6.5, 6.5, 7)

Consequence severity = (8, 9, 9, 9.5)

Failure consequence probability = (7.5, 8, 8, 8.25)
Control mechanism = (0.5, 2, 2, 2.75)

Applying the fuzzy averaging method, the safety estimate (Equation (11)) is obtained

as:
Safety estimate | ; = { 6+8+Z'5+0'5 =5.50 “Good”;6.38 “Average”;6.38 “Fair”;6.81
“Poor”}

According to the framework found in Figure 7.4, the fuzzy averaging method is used
to synthesise the information thus produced to assess the safety of the whole system.

This step is concerned with safety synthesis of a system at various configurations such

as:

) Multi-attribute safety synthesis at the component level — The synthesis of the

four input variables to obtain the safety estimate of each component of each

subsystem.

. Multi-attribute safety synthesis at the subsystem level - The synthesis of safety
estimates of the components of the sub-systems of a generic engine room due to

the fire failure estimated by an expert (Figures 7.4, 7.9 & 7.11).

160



*  Multi-attribute safety synthesis at the system level - The synthesis of safety

estimates of various subsystems of a generic engine room (Figures 7.4, 7.10 &
7.11).

Table 7.5 (a). Risk analysis for components associated with sub-system #1 — FO

(raw data).
Component/ | Failure Consequence | Failure Control Safety
Activity Rate Severity Consequence | Measure Estimate
Probability (Good,Average,
Fair,Poor)
1.1 M/EFO (6,6.5,7) (8,9,9.25) (7.5,8,8.25) |(05,2,2.75) 5.50, 6.38,
piping 6.38, 6.81
1.2 GEFO (5.25,7.5,9) | (6,85,10) (7.5, 8, 8.5) (0.25,1, 1.5) 4.75, 6.25,
piping 6.25,7.25
1.3 Boiler FO | {5,5.75, 6, {6,6.5,8, {7,7.75,8,9} | {1.5,1.8,2.1, | 4.88,545,
piping 7.25} 8.25} 3} 6.03, 6.88
1.4 FO tank [2,4] [7.5,8.5] [7,7.5] [1, 1.7] 4.38, 4.38,
543,543
1.5 FO tank [1.5,2.5] [5, 7] [6, 8] [1.5, 1.8] 3.50, 3.50,
sounding pipe 4.83,4.83
1.6 G/E 3,35,49) 7,8,9) (6,7.5,8) (1.25 1.5, 1.75) | 4.31,5.13,
damage 5.13,5.69
1.7 Diesel 0il | {1,1.5,2, {5,7,8,85} | {55,6,7, {0.25, 0.5, 2.94,3.75,
purifier 2.5} 7.5} 0.75, 1} 4.38,4.88

Table 7.5 (b). Risk analysis for components associated with sub-system #2 —LO

(raw data).
Component/ | Failure Consequence | Failure Control Safety
Activity Rate Severity Consequence | Measure Estimate
Probability (Good,Average,
Fair,Poor)
2.1MELO 45,5,7) 6,7,8.5) (7,85,9) (1,25,3) 4.63,5.75,
pipmg 5.75,6.88
22M/ELO (0.75,1.25,2) | (5.05,6,7.75) | (6.25,8,8.5) (3.05,4,4.5) | 3.78,4.81,
strainer 4.81, 5.69
23G/ELO [2,3] [6.5, 8.5] [7,7.5] [1.25, 1.75] 4.19,4.19,
piping 5.19,5.19
24L0 {1,15,2,2.5} | {6,7,8, 8.5} {6,6.5,8,85} | {0.50.75,1, |3.38,3.94,
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tanking For 1.25} 4.75,5.19
T//C of M/E

2.5 Strainer (25,3,5) 4.5,5,6) (4.5,5.5,6) (1,1.5,3) 3.13,3.75,
for T/C of 3.75,5.00
M/E

26LO [1,1.5] [5,7] [6, 6.75] [1.5,1.75] 3.38, 3.38,
strainer For 4.25,4.25
G/E

Table 7.5 (c). Risk analysis for components associated with sub-system #3 — Electrical

Equipment (raw data).
Component/ | Failure Consequence | Failure Control Safety
Activity Rate Severity Consequence | Measure Estimate
Probability (Good,Average,
Fair,Poor)
3.1 Main 4.5,5,9) (6,7,7.25) (7,8,9) (1.25, 1.5, | 4.69,5.38,
switchboard 1.8) 5.38,6.76
3.2 Starter (4,55,7 (5.12,6,6.5) | (7.08,75,9) | (.1, 2.75, | 4.33,5.44,
panels 3.5) 5.44,6.50
3.3 Generator | [4, 5] [7.5, 8] [2, 5] [1, 1.5] 3.63, 3.63,
4.88,4.88
3.4 Motor {2,3,4,425} [ {5, 6, 6.5,] {75, 7.75, | {4, 4.12, 5, 4.63,5.22,
6.75} 8.25,9} 5.75} 5.94, 6.44
35 (2,2.5,3) 4,6, 8) (2,4,4.75) (1,2.5,2.75) | 2.25,3.75,
Transformer 3.75,4.63
3.6 Electric [ {0.1, 2, 3, {2,25,3,6} {5,6.5,7,7.5} | {0.5, 0.75, 1, | 1.90,2.94,
heater 3.5} 2} 3.50,4.75

Table 7.5 (d). Risk analysis for components associated with sub-system #4 — T/C of

M/E (raw data).
Component/ | Failure Consequence | Failure Control Safety
Activity Rate Severity Consequence | Measure Estimate
Probability (Good,Average,
Fair,Poor)
41 T/C of](6,7,8) (7,8.5,9.5) (6,6.25,6.75) | (2,25,3) 5.25, 6.06,
M/E 6.06, 6.81
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Safety synthesis of a sub-system due to fire failure caused by
various components
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Figure 7.9. Multi-attribute safety synthesis of a sub-system due to a fire failure caused

by various components estimated by an expert.
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Figure 7.10. Safety synthesis of a system due to a fire failure caused by various sub-

systems estimated by an expert.
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Figure 7.11. A generic hierarchical structure of an engine room.

7.6.1 Risk modelling at the component level

Upon normalization, the safety estimate for each component associated with each sub-

system is shown in Table 7.6 (a) — (d). For example, the safety estimate for

component 1.1 — M/E FO piping is:

Safety estimate 11 = {

5.50

5.50+6.38+6.38+6.81

“Fair”;0.273 “Poor”}

=0.219 “Good”;0.254 “Average”;0.254
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Table 7.6 (a). Risk analysis for components associated with sub-system #1 — FO

[converted all membership functions into trapezoidal and normalised].

Com[?onent/ Failure Consequence | Failure Control Safety 1
Activity Rate Severity Consequence | Measure Estimate
Probability (Good,Average,
Fair,Poor)

1:1 .M/E FO {6,6.5,6.5, {8,9,9,9.25} | {75,8,8, {0.5,2,2, 0.219, 0.254,

piping 7} 8.25} 2.75} 0.254,0.273

1:2.G/E FO {5.25,75, {6,8.5,8.5, {7.5,8,8,85} | {0.25, 1,1, 0.194, 0.255,

piping 7.5, 9} 10} 1.5} 0.255.0.296

1:3.Boiler FO | {5,5.75,6, {6, 6.5, 8, {7,7.75,8,9} | {1.5,1.8,2.1, | 0.209, 0.235,

piping 7.25} 8.25} 3} 0.259, 0.296

1.4 FO tank {2,2,4,4} {7.5,75,85, |{7,7,75,7.5} | {1,1, 1.7, 0.223, 0.223,
8.5} 1.7} 0.277,0.277

1.5 FO tank {15,1.5,25, | {55,7,7} {6, 6, 8, 8} {1.5,1.5,1.8, |0.210,0.210,

sounding pipe | 2.5} 1.8} 0.290, 0.290

1.6 G/E {3,35,3.5, {7, 8, 8,9} {6,75,7.5,8} | {1.25,1.5, 0.213, 0.253,

damage 4} 1.5, 1.75} 0.253, 0.281

1.7 Diesel oil | {1, 1.5, 2, {5,7,8, 8.5} {5.5,6,7,7.5} | {0.25,0.5, 0.184, 0.235,

Purifier 2.5} 0.75, 1} 0.275, 0.306

Table 7.6 (b). Risk analysis for components associated with sub-system #2 — LO

[converted all membership functions into trapezoidal and normalised].

Component/ | Failure Consequence | Failure Control Safety
Activity Rate Severity Consequence | Measure Estimate
Probability (Good,Average,
Fair,Poor)
2.1 M/ELO {4.5,5,5,7} | {6,7,7,85} {7,8.5,85,9} | {1,25,25, 0.201, 0.249,
piping 3} 0.249, 0.299
22M/ELO {0.75, 1.25, {5.05, 6,6, {6.25, 8, 8, {3.05, 4, 4, 0.198, 0.252,
strainer 1.25,2} 7.75} 8.5} 4.5} 0.252,0.298
23 G/ELO {2,2,3,3} {6.5,6.5,8.5, |{7,7,7.5,7.5} | {1.25,1.25, 0.223, 0.223,
piping 8.5} 1.75, 1.75} 0.277,0.277
24L0 {1,15,2, {6,7,8,8.5} {6,6.5,8,8.5} | {0.5,0.75,1, | 0.196,0.228,
tanking For 2.5} 1.25} 0.275, 0.301
T//C of M/E
2.5 Strainer {2.5,3,3,5} | {4.5,5,5,6} {4.5,55,55, | {1,15,15, 0.200, 0.239,
for T/C of 6} 3} 0.239,0.319
M/E
26LO {1,1, 15, {5,5,7,7} {6, 6, 6.75, {1.5, 1.5, 0.221, 0.221,
strainer For 1.5} 6.75} 1.75, 1.75} 0.279,0.279
G/E
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Table 7.6 (c). Risk analysis for components associated with sub-system #3 — Electrical

Equipment [converted all membership functions into trapezoidal and

normalised].
Component/ | Failure Consequence | Failure Control Safety
Activity Rate Severity Consequence | Measure Estimate
Probability (Good,Average,
Fair,Poor)
3.1 Main {4.5,5,5,9} |{6,7,7,7.25} | {7,8,8,9} {1.25, 1.5, 0.211, 0.242,
switchboard 1.5,1.8} 0.242, 0.304
3.2 Starter {4,5.5,5.5, {5.12, 6,6, {7.08,7.5, {1.1,2.75, 0.199, 0.251,
panels 7} 6.5} 7.5, 9} 2.75,3.5} 0.251, 0.299
3.3 Generator | {4,4,5, 5} {7.5,75,8,8} | {2,2,5,5} {1, 1, 1.5, 0.213,0.213,
1.5} 0.287, 0.287
3.4 Motor {2,3,4,4.25} | {5,6,6.5, {7.5,7.75, {4,4.12, 5, 0.208, 0.235,
6.75} 8.25,9} 5.75} 0.267, 0.289
3.5 {2,2.5,2.5, {4,6,6, 8} {2,4,4,4.75} | {1,25,25, 0.156, 0.261,
Transformer 3} 2.75} 0.261, 0.322
3.6 Electric {0.1,2,3, {2,25,3,6} {5,6.5,7,7.5} | {0.5,0.75,1, | 0.145,0.224,
heater 3.5} 2} 0.267,0.363

Table 7.6 (d). Risk analysis for components associated with sub-system #4 — T/C of

M/E [converted all membership functions into trapezoidal and

normalised].
Component/ | Failure Consequence | Failure Control Safety
Activity Rate Severity Consequence | Measure Estimate
Probability (Good,Average,
Fair,Poor)
4.1 T/C of {6,7,7, 8} {7,8.5,8.5, {6, 6.25,6.25, | {2,2.5,2.5,3} | 0.217,0.251,
M/E 9.5} 6.75} 0.251, 0.281

7.6.2 Multi-attributes safety synthesis

Table 7.7 shows the results of multi-attributes safety synthesis (at the sub-system

level) on technical fire risk of an engine room due to the FO, LO, Electrical
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Equipment and T/C of M/E caused fire using the fuzzy averaging method. The

synthesis is carried out without considering the relative weight of each sub-

system/component, that is, using unity of weight.

Sub-system #1 — FO

Number of components = 7

Safety estimate o) = {O.219+O.194+O.209+0.223+O.210+0.213+0.184 - 0207

7
“Good”;0.238 “Average”;0.266 “Fair”;0.289 “Poor”}

Sub-system #2 — LO

Number of components = 6

Safety estimate (o) = {0.207 “Good”;0.235 “Average”;0.262 “Fair’’;0.296 “Poor”}
Sub-system #3 — Electrical Equipment

Number of components = 6

Safety estimate gg) = {0.189 “Good”;0.238 “Average”;0.263 “Fair”;0.310 “Poor”}
Sub-system #4 — T/C of M/E

Number of components = 1

Safety estimate (t/c of ME) = {0.217 “Good™:0.251 “Average”;0.251 “Fair”;0.281

‘Gpoor’,}

The safety synthesis of the whole system is derived using the fuzzy averaging method

as follows:
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Safety synthesis of whole (i.e., engine =
0.207+0.207+0.189+0.217

{ 2 =0.205, “good”; 0.241, “average”; 0.261. “fair”; 0.293.

“poor,’}

Table 7.7. Multi-attribute safety synthesis on

Equipment and T/C of M/E.

fire risk of FO, LO, Electrical

Safety Expressions

Sub-system Good Average Fair Poor
FO 0.207 0.238 0.266 0.289
LO 0.207 0.235 0.262 0.296
Electrical 0.189 0.238 0.263 0.310
Equipment

T/C of M/E 0.217 0.251 0.251 0.281
Whole system | 0.205 0.241 0.261 0.293

7.6.3 Safety synthesis of the system based on its sub-systems carrying different
weights

The above evaluation is based on the assumption that each sub-system is of equal
importance according to the opinions gathered from the expert. In practical
applications, the subsystems may carry different weights in safety synthesis. The
assignment of ranking scale in weight for each sub-system can be suggested by an
expert based on his or her engineering judgment and past experience. This is to reflect
his or her risk perception towards each sub-system. Suppose the four sub-systems are
evaluated differently by their peers on a scale in weight from 0 to 10 as follows:

r, =10 is given to sub— system, (sub-system #1, i.e., FO) in weight; r, =4 to
sub — system, (sub-system #2, i.e., LO); r, =3 to sub — system, (sub-system #3, i.e.,
Electrical Equipment); rs = 3 to sub — system, (sub-system #4, i.e., T/C of M/E). The

weights o,, i= 1.2,3,4 , which express the relative importance of sub — system,

i =123,4 can be calculated using the following equation:
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Substituting these values into the weighted trapezoidal average Equation (12) gives:

Safety synthesis(at  system level ). =0.5 {safety estimatemh_swm(l)} +

0.2 {safety estimate_mb_sys,em(z)} +0.15 {safety estimate_wb_m,mm} +

0.15 {saﬁ,’ ty eStimatesub—sy.wcm(4) }

= {(0.5x0.207 + 0.2x0.207 + 0.15x0.189 + 0.15x0.217, “Good”); (0.5x0.238 +
0.2x0.235 + 0.15x0.238 + 0.15x0.251, “Average”); (0.5x0.266 + 0.2x0.262 +
0.15x0.263 + 0.15x0.251, “Fair”); (0.5x0.289 + 0.2x0.296 +0.15x0.310

+0.15x0.281, “Poor”)}
= {0.206, “Good”; 0.239, “Average”; 0.263, “Fair”; 0.292, “Poor”}

The safety synthesis derived based on the weighted fuzzy averaging method as shown
above has revealed that the safety estimate of the whole system can be interpreted as

20.6% “Good”, 23.9% “Average”, 26.3% “Fair” and 29.2% “Poor”.

7.6.4 Ranking

The risk ranking for each sub-system based on the safety synthesis (Equation (17)

(18)) obtained by using fuzzy averaging method is shown as follows:

) =1x0.207+0.8%x0.238+0.6%0.266+0.2%0.289 = 0.615
1%0.207+0.8%0.235+0.6%0.262+0.2x0.296 = 0.611

R sub-system(]

R sub-svstem(2) =
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R sub-system(3) = 1%0.189+0.8 x0.238+0.6%0.263+0.2x0.310 = 0.599
R sub-systemiqy = 1x0.217+0.8 x0.251+0.6x0.251+0.2%0.281 = 0.625

Ranking = sub-system #4: sub-system #1: sub-system #2: sub-system #3.

or
Ranking = T/C of M/E: FO: LO: EE.

The smallest R EE is ranked first as it deserves more attention to reduce its potential
risk to As Low As Reasonably Practicable (ALARP). The largest Ry T/C of MJE is
ranked last to draw least attention and minimum effort for risk reduction measure

consideration.
7.7 Conclusion

Performing the evaluation and fire risk assessment at this early stage will possibly
provide further action learning opportunities which permit the design team to identify
any fundamental deficiencies in the outline design of the selected concept. Moreover,
this will enable the design team to explore and identify particular areas which have to
be targeted during the various phases of design to prevent the occurrence of hazardous
events such as fire or, if prevention is not possible, to detect events and control and
mitigate their effects. Implementation of changes is always easier and economical
before detailed design gets underway. The evaluation and assessment process can be

repeated to study the effectiveness of any safety improvements which might be made

subsequently.

The attempt in application of interval mathematics and possibility distribution such as
approximate reasoning (based on fuzzy logic) method is different from conventional
probability-based techniques which rely rather heavily on randomness and frequency
on engineering systems. The safety modelling framework proposed in this chapter
outlines and explains a philosophy for subjective safety modelling for fire risk
analysis using approximate reasoning and fuzzy averaging methods. Various forms of

membership functions that could be used effectively in representing fuzzy linguistic
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variables to qualify risk levels are discussed. The background of fuzzy averaging
approach is also outlined.

The proposed framework offers a great potential in safety assessment and decision
support of engineering systems, especially in the initial concept design stages of a
relatively novel system where the related safety information is scanty or with great
uncertainty involved or only linguistic-related information is available. Fire safety
assessment using approximate reasoning approaches can integrate domain human
experts’ experience and safety engineering knowledge; at the same time information
of difference properties from various sources can be transformed to become the

knowledge base, used in the fuzzy logic inference process.

The modelling framework of multi-attributes or multi-experts or a combination of
both based on fuzzy averaging method has been developed to deal with problems
having a hierarchical structure of both qualitative and quantitative criteria with
uncertainty. The fuzzy averaging method is different from most conventional Multiple
Attribute Decision-Making methods and it is a convenient method to aggregate or

combine experts’ opinions in producing a conclusion.

The results obtained from a case study on an engine room have demonstrated that
such a modelling framework provides fire safety analysts and designers with a

convenient tool that can be used in a ship’s engine room fire risk analysis.
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CHAPTER 8 - A DESIGN-DECISION SUPPORT FRAMEWORK

FOR EVALUATION OF DESIGN OPTIONS IN PASSENGER
SHIP ENGINE ROOM

Summary

Most real world design evaluation and risk-based decision support combine
quantitative and qualitative (linguistic) variables. Decision-making based on
conventional mathematics that combines qualitative and quantitative concepts always
exhibit difficulty in modelling actual problems. The successful selection process for
choosing a design/procurement proposal is based on a high degree of technical
integrity, safety levels and low costs in construction, corrective measures,
maintenance, operation, inspection and preventive measures. However, the objectives
of maximising the degree of technical performance, maximising the safety levels and
minimising the costs incurred are usually in conflict, and the evaluation of the
technical performance, safety and costs is always associated with uncertainties,
especially for a novel system at the initial concept design stage. In this chapter, a
design-decision support framework using a composite structure methodology
grounded in approximate reasoning approach and evidential reasoning method is
suggested for design evaluation of machinery space of a ship engine room at the initial
stages. It is a Multiple Attribute Decision-Making (MADM) or Multiple Criteria
Decision Making (MCDM) framework, which provides a juxtaposition of cost, safety
and technical performance of a system during evaluation to assist decision makers in
selecting the winning design/procurement proposal that best satisfies the requirement

in hand. An illustrative example is used to demonstrate the application of the proposed

framework.

8.1 Introduction

The purpose of safety based decision making is to take system safety as a design
criterion to produce the best design with both technical and economical constraints

being satisfied. MCDM techniques can then be employed to process the constructed
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model to produce efficient design solutions. In many cases, however, it may be
difficult or even impossible to precisely determine the parameters of a probability

distribution for a given event due to lack of evidence or due to the inability of the

safety engineer to make firm assessments [Wang, et al.. 1996].

The objective of risk-based design assessments during the preliminary design stage of
a large engineering system such as a ship engine room is to provide safety-related
input in the process of designing and developing a feasibly acceptable system. The
concept design should comply with the mission requirements and commercial targets,
as well as technical qualities together with the requirements given by the regulatory
bodies. At the initial design stages, there is often inadequate data or imprecise
information available when carrying out safety assessments for the system. Therefore,
conventional approaches may not be capable of modelling safety, cost aspects and
technical adequacy for design and operation decision support effectively and

efficiently.

One of the main limitations associated with conventional Probabilistic Risk
Assessment (PRA) methods is the utilisation of a probability measure to evaluate
uncertainty. Much effort is required in defining and establishing the probability
distribution for each contributing risk factor using historical data in estimating relative

frequencies [Sii & Wang, 2003].

Uncertainty can be broadly classified into three categories, namely fuzziness,
incompleteness and randomness [Blockley & Godfrey, 2001]. However, most analysts
take it for granted that uncertainty is a model associated with randomness. In the
appropriate circumstances, probability theory can be a powerful tool. However, many
times the type of uncertainty encountered in marine projects does not fit the axiomatic
basis of probability theory, simply because uncertainty in these projects is usually
caused by the inherent fuzziness of the parameter estimate rather than randomness.

Uncertainty involved in real world situations is often relating to the knowledge of

systems rather than depending on chance.

One feasible way to deal with uncertainty in terms of fuzziness and incompleteness in

design evaluation is to use fuzzy set theory. The use of fuzzy production rules in fuzzy
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inference system, where the conditional part and/or the conclusions contain linguistic
variables, can handle these types of uncertainty well [Zimmerman, 1991]. This greatly
reduces the need for an expert or a safety analyst, to know the precise point at which a
risk factor exists. In this context, a safety model using approximate reasoning based
on fuzzy logic approach may be more appropriate to model the risks of the system
associated with incomplete safety information. Conventional approaches such as Fault
Tree Analysis (FTA) and Failure Mode, Effects and Criticality Analysis (FMECA)
have been widely used, but often fall short in their ability to permit the incorporation

of subjective and/or vague terms as they rely heavily on supporting statistical

information that may not be available.

The design process is one of choosing an overall design solution, deciding on the
details of the solution and then checking that the undesirable occurrences do not
occur. An assessment of the safety of systems may be carried out on the basis of
different known safety concepts such as global safety factors, semi-probabilistic
approach using partial safety factors, probabilistic approximation solution using first
and second order reliability theory and probabilistic ‘exact’ solution [Moller, et al.,
1999]. Inaccuracies and statistically non-describable uncertainties are either ignored in
the application of these concepts or only accounted for approximately using crisp

bounds.

In the evaluation of the safety and reliability of systems, how one quantitatively
grasps the effects of uncertainty is important [Terano, et al., 1997]. The causes of
uncertainty that one must consider, their origins, elements and other aspects are really
diverse, and regardless of what approach is applied, it is always dependent on human
judgements for their comprehensive evaluation. In another word, the lack of
information and deficiencies of models must be made up by means of the general
evaluation capacity of humans, who can grasp the essence of an object, even if it is
vague and unclear. In order to make use of this kind of human ability and to handle a

wide range of safety and reliability, a novel safety framework is required.

Often in marine engineering applications, engineers, safety analysts and managers are

asked to make decisions on the basis of widely divergent objectives. For instance,

contract proposals may be evaluated on the basis of technical merit, total cost
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incurred, ability to meet schedule requirements, and intangible attributes such as
previous performance. In such situations experts are asked to evaluate the proposals
based on their experiences and engineering judgements. Often, especially in early
design stages for engineering systems with a high level of innovation, only qualitative
Or vague statements can be made, such as ‘good performance’, or ‘poor cost’, or

‘quite safe’. Experts then apply numerical ratings to these vague, or fuzzy terms to

assist in the evaluation.

Fuzzy logic provides a means for evaluating alternatives where the objectives and
criteria are vague and where the ranking criteria themselves vary in importance. Fuzzy
logic is a subset of conventional logic that has been extended to allow for degrees of

truth, i.e., truth-values between true and false [Sii & Wang, 2003].

Traditionally, in the marine industry, the primary objective in selecting a
design/procurement option has been to select the one with the lowest cost estimate.
However, in recent years, selection of the winning design/build proposal has been
complicated by a trade-off among safety, cost and technical performance. Establishing
criteria for the quantitative and qualitative selection of design/procurement proposals
will enable designers to choose the proposal that best meets the needs described in the

solicitation.

In the design/procurement proposal evaluation process, the assessment of technical
performance, safety and costs is subject to uncertainty, especially with a project
having a high level of innovation without much previous experience. In this chapter,
the uncertainty in values of the input variables such as technical performance, safety
and costs incurred and its impact on the aggregate evaluation results are characterised
by the means of an approximate reasoning approach using fuzzy averaging method

[Sii & Wang, 2003].

The proposed fuzzy-composite evaluation framework may be used as a useful tool to
solve decision-making problems in situations where traditional methods cannot be
applied satisfactorily. It is a multi-level, multi-objective programming method using
fuzzy theory to represent the uncertainty in input variables in terms of membership

functions or degrees of belief. The specific objectives of this chapter are twofold. The
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first objective is to develop a design-decision support framework based on a fuzzy-
composite evaluation methodology and the second one is to apply the proposed

framework to the technical performance-safety-costs trade-off analysis in a passenger

ship engine room.

8.2 Concept of Fuzzy Logic & Delphi Method

8.2.1 Fuzzy logic

Fuzzy logic is not itself logic which is fuzzy, but rather it is a rigorous mathematical
discipline for examining complex systems where the objectives and controlling
parameters are vague or qualitative in nature. To understand fuzzy logic one must first
examine classical mathematics. Classical set theory, the basis for most decision-
making processes, allows for two options: either something is a member of a set or it

is not a member.

In fuzzy set theory, developed by [Zadeh, 1965], everything is a matter of degree. On
observing real world situations, the concepts of partial membership and gradual
transition between membership and non-membership are intuitive. However, when
analysis based on mathematical models is usually making use of assumptions, this
inevitability forces a black or white view of the world due to limits of conventional
logic. Fuzzy logic deals with shades of grey, allowing for partial truth, or grey areas.
Since the transition from member to non-member appears gradually rather than
abruptly, the fuzzy set introduces vagueness (with the aim of reducing complexity) by
eliminating the sharp boundary dividing members of the set from non-members [Klir
& Folger, 1988]. Thus, if an element is a member of a fuzzy set to some degree, the
value of its membership function can be between 0 and /. When the membership

function of an element can only have values 0 or /, the fuzzy set theory reduces to the

classical set theory.
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8.2.2 Application of the Delphi method in pooling expert judgement in design option
assessment

Delphi is an iterative forecasting procedure characterised by three features:
anonymity; iteration with controlled feedback; and statistical response [Dickey &
Watt, 1978]. The Delphi method was first developed for market research and sales
forecasting purposes [Goldstein, 1992] from the American defence industry. Project
of Delphi was the name of a study undertaken by the Rand Corporation for the US Air
Force in the early 1950s concerning the use of expert opinion [Robinson, 1991]. The
objective of the study was to obtain the most reliable consensus of opinion of a group
of experts by a series of intensive questionnaires interspersed with controlled opinion

feedback [Linstone & Turoff, 1975].

The Delphi method can be characterised as an approach for structuring a group
communication process so that the process is effective in allowing a group of
individuals as a whole to deal with complex problems. Delphi is primarily a
communication device, which is applied when the consensus of experts on an
uncertain issue, often intangible, is desired [Linstone & Turoff, 1975]. It is conducted
by rounds interspersed with group opinion and information feedback in the form of

relevant statistical data.

It is vital that panel members remain unknown to one another and respond to a series
of questionnaires. The iterative nature of the procedure generates new information for
panellists in each round, enabling them to modify their assessments and project them
beyond their own subjective opinions. It can represent the best forecast available from

a consensus of experts.

The Delphi approach offers an additional advantage in situations where it is important
to define areas of uncertainty or disagreement among experts. In these instances,
Delphi can highlight topics of concern and evaluate uncertainty in a quantitative
manner. Group evaluation of belief statements made by panel members is an explicit
part of Delphi [Robinson, 1991]. Goldstein correctly pointed out that, although the

group view has a higher probability of being correct than an individual, its success
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depends principally on the careful selection of the panel and the formulation of
questions [Goldstein, 1975]. The major difficulties of Delphi, however, lie in

maintaining the high level of response and in reaching and implementing a consensus
[Robinson, 1991].

Prior to the design evaluation being performed by using the proposed composite
structure, a panel of experts can be selected to carry out cost and technical
performance assessments for each design option available subjectively using linguistic
variables such as ‘very low’ in capital cost and ‘average’ in system integration. Then
the panel is asked to assign degree of belief for each criterion based on the pre-defined
expressions. For instant, the maintenance cost is described by the expressions such as
{‘very low’, ‘low’, ‘average’, ‘high’}. The Delphi method is used to guide and extract
the maximum amount of unbiased information from a panel of experts. Therefore, it is
appropriate to adopt the Delphi method for obtaining assessments for each criterion

for each alternative design option [Sii & Wang, 2003].

8.3 Development of Approximate Reasoning & MADM Model Based on
Evidential Reasoning Method

8.3.1 Approximate reasoning (fuzzy logic: fuzzy averaging) model

Approximate reasoning and fuzzy logic are often used inter-changeably to indicate the
process of expressing imprecise or approximate concepts and relationships. The main
artificial intelligence mechanism behind a typical fuzzy safety model is its fuzzy
inference engine. A fuzzy inference engine comprises the selection or development of
the type/types of fuzzy membership function used to represent risk levels and fuzzy
rule bases to generate fuzzy safety estimates. Linguistic variables are employed in the
development of fuzzy membership function for each input parameter. The goal of
fuzzy linguistic variables is to represent the condition of an attribute/ a parameter at a
given interval. The attributes/parameters (input variables) considered in this study
include failure rate, consequence severity and failure consequence probability of a

cause to a technical failure. Another attribute considered is the associated control

mechanism incorporated in the design or operation.
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The four fundamental parameters failure rate, consequence severity, failure
consequence probability and control mechanism are represented by natural
languages, which can be further described by different types of membership function.
A membership function is a curve that defines how each point in the input space is
mapped to a membership value (or degree of membership) between 0 and 1. Four
different types of membership function are used in this study. The simplest

membership functions are formed using straight lines. These straight-line membership

functions have the advantage of simplicity.
8.3.2 MADM model based on evidential reasoning method

MADM is defined as technical decision aids in evaluating and selecting alternative
options, which are characterised by multiple attributes or criteria. MADM problems
delineate a class of real world problems, which are having multiple attributes or
objectives. Multiple attributes/objectives are often conflicting with each other and
each attribute/objective is of different nature (based on different unit or scale of
measurement). The key function of MADM is to obtain an optimal decision under
certain constraints. This will help the decision-maker in evaluating alternative courses

of action to achieve a certain goal or set of goals [Sii & Wang, 2003].

In order to achieve a more effective and logical evaluation process, it is necessary to
break down the complex attributes into simpler sub-attributes in a hierarchical
manner. The hierarchical framework of attributes is used to guide the overall

evaluation of MADM problems.

Prior to the assessment undertaken by using an MADM model, a generalised set of
evaluation grades is required. An attribute can be either assessed numerically or
subjectively depending upon the nature and situation of the problem under study. The

measurement of what is good or desirable about a design is based on its attributes.

In utility theory. the best judgement possible is related to the numerical value of one

and the worst to zero. In this chapter, the general scale of evaluation grades, H, is

defined as follows:
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H = (H,, H;, H;, Hi} = {‘greatly preferred’, ‘preferred, ‘moderately preferred .
‘slightly preferred’}

The modelling framework for the MADM based on an evidential reasoning method
has been developed to deal with MADM problems having a hierarchical structure of
both qualitative and quantitative criteria with uncertainty [Yang, 2001]. The evidential
reasoning framework is different from most conventional MADM methods. Firstly. it
employs a belief structure to represent an assessment as a distribution instead of as a
single numerical score. Secondly, it aggregates degrees of belief rather than scores. In
this way, the evidential reasoning approach can preserve the qualitative feature of
subjective criteria in the process of criteria aggregation. Using the four evaluation
grades, the assessment of an attribute 4,, denoted by S(4,), can be represented using

the belief structure as follows:
S(Ai) ={(Hl’Bf.l)’(Hz’ﬂi.z)’(Hs’:Bi,s)’(H4H81,4)} (1)

where 1> 3,20 and S, is the degree of belief that the attribute 4, is assessed to the

evaluation grade H,. S(4, reads that attribute 4; is assessed to the grade H, to a degree
of B,%x100% (n=1,2,3 or4).

There must not be Z:=| B, >1.8(4;) can be considered to be a complete distributed

. . 4
assessment if ZL; B, =1 and an incomplete assessment if Z"=l B,<l. In the

evidential reasoning framework, both complete and incomplete assessments can be
accommodated [Yang, 2001]. In the case of an assessor, being unable to provide a
precise judgement due to inadequacy of information available, the evidential
reasoning approach allows a user to define a degree of belief of less than 1. No other
MADM approaches can deal with this level of uncertainty and this helps reduce any
inaccuracies introduced by further assumptions made. It is desirable that the
assessment of all attributes should be complete. In design evaluation of an engineering
artefact with a high level of innovation, at the initial concept stages, it is inevitable
that the assessments of some criteria will be incomplete due to the highly subjective

nature of the process and lack of available experience. The evidential reasoning model
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can handle both complete and incomplete assessments in a consistent manner. It has
also been shown that numerical data can be modelled using belief structure through

the equivalent transformation of information [Yang, 2001].

In the evidential reasoning framework, an MADM problem with M attributes A4 (i=
1,....M), K options O; (j = 1,....,K) and N evaluation grades H, (n = I,...,N) for each
attribute is represented using an extended decision matrix with S(4i(0y) as its element

at the i row and 7™ column where S(Ai(0y) is given as follows:
s(4(0)={(#,.8.(0,)), n=1.... N isheoM, =l ()

It should be noted that an attribute is permitted to have its own set of evaluation

grades that may be different from those of other attributes.

Based on the evidential reasoning framework the degrees to which a criterion is
evaluated, with respect to one of the N evaluation grades, is directly dependent on the
evidence that supports the evaluation. With the evidential reasoning approach, there is
little compromise between the data collection process and effective evaluation, since
the accuracy of the evaluation is directly proportional to the amount of accumulated

evidence.

The major differences between the evidential reasoning approach and the
conventional scoring methods come from the manner in which initial assessments are
provided and aggregated. The evidential reasoning approach operates on distributed
assessments (or evidence base mapping) instead of average scores and employs the
evidence combination rule of the Dempster-Shafer theory to aggregate belief degrees
[Yang, 2001]. This evidence based mapping process could be made less subjective by
using guidelines and expert knowledge. The degree of objectivity in pooling evidence

from various sources can be further improved by employing the Delphi method.

Suppose , is the relative weight of the attribute .4, and is normalised so that

1>w, 20 and ZI (@, =1, where L is the total number of attributes in the same
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group for aggregation. To simplify the description, only the combination of
incomplete assessments is examined. The description of the recursive evidential
reasoning algorithm capable of aggregating both complete and incomplete
assessments can be found in literature [Yang & Xu, 2002]. Without loss of generality

and for brevity of illustration, the evidential reasoning algorithm is presented below

for combining two assessments only.

Suppose the two assessments S(4, ) and S(Az) are given as follows:
S(4) ={(Hrs B}, (Has B2), (Hos Bis)-(Hoo B1)) Ga)

S(A2) = {(Hl’ ,Bz,l)’(Hza ﬂz,z)a(Hs’ ﬂZ,B)’(HM ﬂz,a)} (3b)

The problem is to aggregate the two assessments S(Al) and S(Az) to generate a

combined assessment §(4,)+S(4,). Suppose S(4,) and S(4,) are both incomplete.

Let

m,=opB,(n=1...,4) (4a)
m,, =0,B,(n=1,...4) (4b)

- 4

m,, =1-o, and m, =, (l—zmﬂlm) (4¢c)
Z Aoy =0, (1- 2, (4d)
i,y =1-w, and m,, = o, (1 z,,=, .Bz,n)

my, = my, + my, and m,, = My, + My, (4e)

In the evidential reasoning framework, m,, and m,, are referred to as basic

probability masses. While m,, and m,, are masses of the remaining belief
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unassigned after commitment of belief to al] H, (n= 1,....,4), m,, is the first part of

the remaining probability mass that is not yet assigned to individual grades due to the
fact that attribute A, only plays one part in the assessment relative to its weight and
m,, is the second part of the remaining probability mass unassigned to individual
grades, which is caused due to the incompleteness in the assessment S(A,). The

evidential reasoning algorithm is used to aggregate the basic probability masses to

generate combined probability masses, denoted by m, (n=1,....., 4),m, and m, using

the following equations [Yang & Xu, 2002]:

m, = k(mlvnmz,n +myym,, +m om,, ), n=1,...,4 (5)
my, =k(i, m,y,)and m, =k(m, my, + m, om,+ m, m,) (6)
-1
4 4
where k=|1->>"m,m,, (7

(=1 n=1
n#{

The combined probability masses can then be aggregated with the additional
assessments in the same fashion. The process is repeated until all assessments in the
group are aggregated. The final combined probability masses are independent of the

order in which individual assessments are aggregated.

If there are only two assessments, the combined degrees of belief 3,(n=1......,4) and
B, , the later being the unassigned degree of belief representing the extent of

incompleteness in the overall assessment are generated by the following expression:

B, =—"—, n=1...4and B, = - (8)
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8.4 A Design-Decision Support Framework Using a Composite Structure

Methodology for Design Options Evaluation

8.4.1 A design-decision support framework

This section proposes a design-decision support framework using a composite
structure methodology based on approximate reasoning approach and evidential
reasoning method for design options evaluation for marine engineering systems. The
framework is a multi-criteria decision-making methodology to assist decision makers
in solving the design options selection problems where there are conflicting
objectives, the objectives have different preferences (weights), and the value of each
input variable is having certain level of uncertainty. This is certainly the case that
occurs in the process for selecting the best design option, that is, the one that best
satisfies the requirements of design/procurement projects. The framework consists of

the following steps:

Step 1: Identify and define the hierarchical structure consisting of criteria, sub-

criteria and sub-sub-criteria.

Step 2: Group basic or first-level criteria (sub-sub-criteria) into progressively fewer,

more general groups (second-level criteria or sub-criteria).

Step 3: Use approximate reasoning approach, Delphi method and fuzzy averaging to

represent the uncertainty in the basic criteria.
Step 4: Determine the relative weights of the criteria in the hierarchical structure and
use Intelligent Decision System (IDS) via Evidential Reasoning [Yang &

Xu, 2004]to synthesise all the related basic criteria into second level criteria.

Step 5: Define a utility space to evaluate the different second level criteria on the

same scale.

Step 6: Perform system synthesis for each design option using IDS.
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Step 7.  Compare the options by computing the preference estimate for each design
option using IDS.

Step 8:  Rank the alternative options in order of preference.

Figure 8.1 depicts the generic framework.

Appr.oxi{nate rgasoning to Delphi method to pool experts’ opinions
provide inputs in memberships in terms of degrees of belief
AN / AN
— ~ /
Safety Cost Technical performance
estimate estimate estimate

{ j! ]
3

Evidential reasoning

L

Cost-safety-technical performance synthesis in the
utility space

4L

Preference
estimate

Figure 8.1. Subjective evaluation framework for various design options.

The following will delineate each step in detail:

Step 1: Identify and define the hierarchical structure consisting of criteria, sub-

criteria and sub-sub-criteria.

The first step is to define all the basic criteria (first level) (sub-sub-criteria), second
level criteria (sub-criteria) and the system (criterion) that are used in the design-

decision support evaluation process. It is essential to list all the basic criteria and the

salient characteristics of the system.
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Step 2: Group basic criteria (first level)(sub-sub-criteria) into progressively fewer.

more general groups ( second-level)(sub-criteria).

Basic criteria are grouped into appropriate sub-criteria. The sub-criteria are then
further grouped in the system-criteria. For example, the eight basic criteria for
evaluation of a passenger ship engine room are shown in Figure 8.2. The set of basic
(first-level) criteria is grouped into a smaller subset of second-level criteria. For
example, the basic criteria such as capital cost, maintenance cost, operational cost and
inspection cost can be grouped into cost in general, which is an element of the subset
of the second level criteria. The other two second-level criteria are safety and
technical performance. The third-level is considered as the final-level or system-level.
The system criterion can be formed by combining the three second-level criteria (i.e.,

safety, costs and technical performance).

Step 3:  Use approximate reasoning approach and Delphi method to evaluate the

basic criteria and use fuzzy averaging to represent the uncertainty in the

basic criteria.

Safety Modelling

The four fundamental parameters used to assess the safety level of a maritime system
on a subjective basis are the failure rate, consequence severity, failure consequence
probability and control mechanism. Safety estimate is the only output fuzzy variable
used in this study to produce the safety evaluation for each element at the bottom level
of a hierarchical system. In safety assessment, it is common to express a safety level
by degrees to which it belongs to such linguistic variables as “poor”, “fair”.

“average”, and “good’” that are referred to as safety expressions.
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First-level criteria Second-level criteria System-level

Safety S afety

Capital

Maintenance

Cost System

Operational

Inspection

Reliability

Integration Technical

Supportability

Figure 8.2. The composite procedure for evaluation of the passenger ship engine

room.

Cost Modelling

The cost incurred for the safety and technical performance improvement associated
with a design option is usually affected by many factors. The capital cost,
maintenance cost, operational cost or inspection cost incurred for a design option can
be described using linguistic variable such as {‘very low’, ‘low’, “average ", ‘high’},
which are referred to as cost expressions. The assignment of the four membership
degrees to the four cost expressions is based on the engineering judgement and

experience of the engineering team in terms of degrees of belief.
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Technical Performance Modelling

The basic criteria related to technical performance such as reliability, system
integration and supportability are used to describe the technical strength of each
design option. These basic criteria are assessed in a similar way based on engineering
judgement and experiences of a team of personnel with strong technical background.
The reliability, system integration or supportability for a design option can be

described using linguistic terms such as those used for cost modelling, i.c.. {‘very

)

low’, ‘low’, ‘average’, ‘high’}, which are referred to as technical performance

expressions.

The values of the basic criteria for each design option are described in degrees of
belief in accordance with the pre-defined fuzzy expressions. The Delphi method is
applied to improve the objectivity of degrees of belief assessment made by a panel of

experts.

Step 4: Determine the relative weights of the criteria in the hierarchical structure and

use IDS to synthesise all the related basic criteria into second level criteria.

Relative weights of the criteria at both the first level and second level of the
hierarchical structure are determined. Many methods including the Delphi technique
can be used to obtain such weights. The evidential reasoning method is then used to

synthesise all the basic criteria. This is to create second-level criteria for further

analysis.

Step 5: Define a utility space to evaluate the different second level criteria on the

same scale.

The selection of a design proposal relies on cost, safety and technical performance
implications in a particular situation. This requires the synthesis of cost, safety and

technical performance estimates for each design option in a rational manner. The cost,
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safety and technical performance are described in such a way that the evidential
reasoning approach can be used to carry out such a synthesis in order to avoid loss of
useful information. However, the safety and technical performance associated with
and cost incurred for each design option are described in terms of safety, technical
performance and cost expressions, respectively. It is therefore necessary to define a
utility space to evaluate cost, safety and technical performance on the same scale to
expedite the synthesis process using evidential reasoning. Four utility expressions are
defined as {‘greatly preferred; ‘preferred’; ‘moderately preferred; ‘slightly
preferred’}. The safety and technical performance expressions associated with and
cost incurred for each design option are then mapped onto the generalised utility space
and expressed in terms of utility expressions. For example, ‘greatly preferred
corresponds to ‘good” in safety expressions, ‘very low’ in cost expressions and ‘high’

in technical performance expressions.
This step defines a common utility space in order to convert all the second-level

criteria of different nature on the same scale. The second-level criteria are then

mapped onto the utility space and expressed in terms of the utility expressions.

Step 6: Perform system synthesis for each design option using IDS.

The IDS is applied to carry out the synthesis of various second-level criteria, i.e., cost,
safety, and technical performance. This is to achieve the final evaluation at the system

level.

Step 7: Compare the options by computing the preference estimate for each design

option using IDS.

The preference degrees associated with the available design options can be obtained
by synthesising the safety and technical performance associated with and cost incurred
for each design options using the evidential reasoning approach. The numerical values
are assigned here to describe the four utility expressions (i.e. “greatly preferred”;
“preferred’; “moderately preferred’; “slightly preferred’) in normalised form as
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follows: K = [Ky; Ka; K3; K4] = [1; 0.8: 0.6; 0.2]. The attributes of cost, safety and
technical performance can be considered to carry different weights (i.e. having

different degrees of importance) for different situations while conducting the design

selection.

Step 8: Rank the alternative options in order of preference.

Design selection can be carried out on the basis of the preference degrees associated
with the available design options with regard to the particular considerations of cost,

safety and technical performance using IDS.

8.5 Case Study

Under most circumstances, assessments of options/alternatives are usually performed
on the basis of evaluation inputs that are crisp (single values are used) but subjective.
In this case the criteria may be presented as a range of possible values instead of crisp
values. The following example is used to illustrate the applicability of the proposed

framework in design option evaluation.

The machinery space of a passenger ship must be evaluated on the basis of a number
of factors, such as safety, cost and technical performance. Assume that four options
are being considered for an engine room. Option # 1 is a conventional ship engine
room design without much innovation involvement. Option # 2 is a new design with a
high safety and reliability level as well as novel fire alarms. Its capital and
maintenance costs are comparatively more expensive than the conventional design
(option # 1) as the design is capable of reducing the effect from fire accidental impact.
Option # 3 is another design associated with some novel design features such as high
technology fire extinguisher (i.e.. CO,, foam, chemical), which provides improved
system safety and supportability. However, these novel design features inevitably
increased the maintenance as well as capital costs. Option # 4 provides a generally
good safety and reliability margins with novel fire control systems. Its design also
provides improved system integration and supportability, but it requires higher costs

in both maintenance and inspection throughout its operational life.
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All the four options are hypothetically prepared for illustration purposes. The
engineering design team will perform a technical review for acceptability in meeting
the mandatory requirements in terms of safety, cost and technical aspects of the
request for the four options. The engineering design team may be composed of
personnel with various professional expertise in the fields ranging from engineering

design, safety analysis, cost estimation, utility engineering, etc.
The design evaluation is performed using the proposed framework as follows:

Step 1: Identify and define the hierarchical structure consisting of criteria, sub-

criteria and sub-sub-criteria.
The hierarchical structure of the design evaluation is depicted in Figure 8.2.
Step 2:  Group basic criteria into progressively fewer, more general groups.

The second step in the evaluation is to group appropriate basic criteria (first-level)
such that they reduce to a single composite criterion (second-level). This grouping is
shown in Figure 8.2. The basic criteria are known as the first-level criteria, and
include safety, capital cost, maintenance cost, operational cost, inspection cost,
reliability, easy system integration and supportability. The second-level criteria are

safety, cost and technical performance. The final composite criterion is the system.

Step 3: Use approximate reasoning approach, Delphi method and fuzzy averaging to

represent the uncertainty in the basic criteria.

The experts are requested to assess degrees of belief for each criterion in each design
option according to the pre-defined fuzzy expressions. The Delphi method is then
used to extract the maximum amount of unbiased assessment from a panel of experts.
For example, the assessments made for capital cost for design option #1 by five

experts is shown in Tables 8.1. The deviations of each expert’s judgement from the

average are given in Table 8.2.
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Table 8.1.  Assessment presented by experts for capital cost in design option #1

(Delphi method round 1).

Expert, Ei Fuzzy Expressions
‘very low’ ‘low’ ‘average’ ‘high’

E, 0.10 0.45 0.30 0.15
E, 0.05 0.60 0.25 0.10
E; 0.15 0.55 0.10 0.20
E4 0.00 0.70 0.25 0.05
Es 0.25 0.50 0.20 0.05
Average 0.11 0.56 0.22 0.11

Table 8.2. Deviation from average.

Expert, E; Fuzzy Expressions

‘very low’ ‘low ‘average’ ‘high’
E -0.01 -0.11 0.08 0.04
E; -0.06 0.04 0.03 -0.01
E; 0.04 -0.01 -0.12 0.09
E4 -0.11 0.14 0.03 -0.06
Es 0.14 -0.06 -0.02 -0.06

Suppose the first round assessment is not satisfied with the level of deviations
presented. Then the results on deviation and average for each fuzzy expression are

given to each expert for reconsideration.

Table 8.3. Assessment presented by experts for capital cost in design option #1

(Delphi method round 2).
Expert, E; Fuzzy Expressions
‘very low’ ‘low’ ‘average’ ‘high’

E; 0.16 0.57 0.19 0.08
Ex 0.14 0.53 0.22 0.11
Es 0.15 0.54 0.20 0.11
Eq4 0.13 0.56 0.21 0.10
E;s 0.17 0.55 0.18 0.10
Average 0.15 0.55 0.20 0.10

The results obtained from the second round assessment (Table 8.3) are satisfactory
and the average in degree of belief for each fuzzy expression is rounded as {0.15 ‘very
low’, 0.55 ‘low’, 0.20 ‘average’, 0.10 ‘high’}.

The assessments for other first level criteria for both cost and technical performance

follow the same procedure by the engineering design team. Safety estimates can be
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obtained using the fuzzy averaging method described in the previous chapter. The
results generated are depicted as follows:

Option #1:
Safety (option #1) = {0.205 ‘good’, 0.241 ‘average’, 0.261 ‘fair’, 0.293 ‘poor’}

Capital cost (option #1) = {0.15 ‘very low’, 0.55 ‘low’, 0.2 ‘average’, 0.1 ‘high’}
Maintenance cost (option #1) = {0.2 ‘very low’, 0.3 ‘low’, 0.35 ‘average’, 0.15
‘high’}

Operational cost (option #1) = {0.15 ‘very low’, 0.2 ‘low’, 0.3 ‘average’, 0.35
‘high’}

Inspection cost (option #1) = {0.05 ‘very low’, 0.35 ‘low’, 0.15 ‘average’, 0.45
‘high’}

Reliability (option #1) = {0 ‘very low’, 0.15 ‘low’, 0.25 ‘average’, 0.6 ‘high’}

System integration (option #1) = {0.1 ‘very low’, 0.25 ‘low’, 0.3 ‘average’, 0.35
‘high’ }

Supportability (option #1) = {0.1 ‘very low’, 0.35 ‘low’, 0.15 ‘average’, 0.4 ‘high’}

Option #2:
Safety (option #2) = {0.50! ‘good’, 0.171 ‘average’, 0.197 ‘fair’, 0.131 ‘poor’}

Capital cost (option #2) = {0 ‘very low’, 0.25 ‘low’, 0.3 ‘average’, 0.45 ‘high’}
Maintenance cost (option #2) = {0.15 ‘very low’, 0.15 ‘low’, 0.25 ‘average’, 0.45
‘high’}

Operational cost (option #2) = {0.15 ‘very low’, 0.2 ‘low’, 0.35 ‘average’, 0.3
‘high’ }

Inspection cost (option #2) = {0.1 ‘very low’, 0.35 ‘low’, 0.3 ‘average’, 0.25 ‘high’}

Reliability (option #2) = {0 ‘very low’, 0.05 ‘low’, 0.15 ‘average’, 0.8 ‘high’}
System integration (option #2) = {0.15 ‘very low’, 0.25 ‘low’, 0.25 ‘average’, 0.35

‘high’}
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Supportability (option #2) = {0.1 ‘very low’, 0.2 ‘low’, 0.25 ‘average’, 0.45 ‘high’)}
Option #3:
Safety (option #3) = {0.437 ‘good’, 0.112 ‘average’, 0.352 ‘fair’, 0.099 ‘poor’}

Capital cost (option #3) = {0.35 ‘very low’, 0.45 ‘low’, 0.2 ‘average’, 0 ‘high’}
Maintenance cost (option #3) = {0.05 ‘very low’, 0.15 ‘low’, 0.35 ‘average’, 0.45
‘high’}

Operational cost (option #3) = {0.15 ‘very low’, 0.15 ‘low’, 0.25 ‘average’, 0.45
‘high’}

Inspection cost (option #3) = {0.05 ‘very low’, 0.3 ‘low’, 0.35 ‘average’, 0.3 ‘high’}

Reliability (option #3) = {0 ‘very low’, 0.05 ‘low’, 0.2 ‘average’, 0.75 ‘high’}

System integration (option #3) = {0.05 ‘very low’, 0.15 ‘low’, 0.25 ‘average’, 0.55
‘high’}

Supportability (option #3) = {0.1 ‘very low’, 0.1 ‘low’, 0.35 ‘average’, 0.45 ‘high’}

Option # 4:
Safety (option #4) = {0.661 ‘good’, 0.103 ‘average’, 0.236 ‘fair’, 0 ‘poor’}

Capital cost (option #4) = {0.1 ‘very low’, 0.35 ‘low’, 0.3 ‘average’, 0.25 ‘high’}
Maintenance cost (option #4) = {0.05 ‘very low’, 0.15 ‘low’, 0.3 ‘average’, 0.5
‘high’}

Operational cost (option #4) = {0.05 ‘very low’, 0.15 ‘low’, 0.35 ‘average’, 0.45
‘high’}

Inspection cost (option #4) = {0.10 ‘very low’, 0.15 ‘low’, 0.25 ‘average’, 0.5 ‘high’}

Reliability (option #4) = {0 ‘very low’, 0.05 ‘low’, 0.3 ‘average’, 0.65 ‘high’}

System integration (option #4) = {0 ‘very low’, 0.15 ‘low’, 0.35 ‘average’, 0.5 ‘high’}
Supportability (option #4) = {0. 05 ‘very low’, 0.15 ‘low’, 0.35 ‘average’, 0.45 ‘high’}
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These systems are to be evaluated and compared on the basis of safety, four basic

cost-related criteria and three technical performance related criteria.

Step 4:  Determine the relative weights of the criteria in the hierarchical structure and

use IDS to synthesise all related basic criteria into second level criteria.

The weighting factors for each basic criterion (first level) and each second-level

criterion are shown in Tables 8.4 and 8.5 respectively.

Table 8.4. Weighting factors for each basic criterion (first level).

Basic Criterion Weighting factors
Safety 1

Capital 0.2

Maintenance 0.4

Operational 0.3

Inspection 0.1

Reliability 0.5

Integration 0.3
Supportability 0.2

Table 8.5. Weighting factors for second-level criterion.

Composite criterion Weighting factors
Safety 0.6
Cost 0.3
Technical 0.1

The proposed design-decision support framework is used to determine which of the
four options best satisfies the requirements of the project. The evaluation is to be
conducted assuming that the reliability is 2.5 times as important to the evaluators as
the supportability, and 1.7 times as important as the easy system integration. The
capital cost is twice as important as inspection cost, maintenance cost is 4 times as
important as inspection cost and twice as importance as capital cost, operational cost

is 3 times as important as inspection cost. In the second level, safety is 6 times as
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important as technical performance, twice as important as cost. The cost is 3 times as
important as technical performance. In addition, the evaluation criteria are only known
approximately because the design of the system is still in the initial stages. Moreover

there is a high level of uncertainty associated with these criteria.

The main window of IDS [Yang & Xu, 2004] for solving the design option problem is
shown in Figure 8.3.

Option 1 Option 2 Option 3 Option 4
4 0.684666 3 0.727333 2 0.753474 1 0.766283

Engine Room

Figure 8.3.  IDS main window for synthesis of safety, cost and technical performance

not weighted.

The synthesis of the second level criteria of cost, safety and technical performance for

the four options is shown as follows:

Option #1:

Safety expression ‘good’ ‘average’ fair’ poor
Safety (option 0.205 0.241 0.261 0.293
#1)

198




Cost expression ‘very low’ ‘low’ ‘average’ ‘high’

Cost (option #1) 0.157 0.328 0.295 0.220
[with weights]

Cost (option #1) 0.129 0.363 0.248 0.260
[without

weights]

Technical ‘very low’ ‘low’ ‘average’ ‘high’
performance

Technical 0.035 0.198 0.239 0.528
performance

(option #1) [with
weights]

Technical 0.059 0.241 0.224 0.476
performance
(option #1)
[without
weights]

It is noted that “with weights” means that criteria are given respective weights
according to their degrees of importance assigned by experts during design evaluation,
while “without weights” means that criteria are all of equal importance within their

corresponding group.

Option #2:

Safety expression ‘good’ ‘average’ ‘fair ‘poor’
Safety (option 0.501 0.171 0.197 0.131
#2)

Cost expression ‘very low’ ‘low’ ‘average’ ‘high’
Cost (option #2) 0.110 0.191 0.294 0.405
[with weights]

Cost (option #2) 0.091 0.231 0.302 0.376
[without

weights]

199




Technical
performance

‘very low’

b

‘low

‘average’

‘high’

Technical
performance
(option #2) [with
weights]

0.046

0.112

0.179

0.663

Technical
performance
(option #2)
[without
weights]

0.073

0.151

0.203

0.573

Option #3:

Safety expression

‘good’

‘average’

[

air

poor

Safety (option
#3)

0.437

0.112

0.352

0.099

Cost expression

‘very low’

‘low’

‘average’

‘high’

Cost (option #3)
[with weights]

0.124

0.211

0.298

0.367

Cost (option #3)
[without
weights]

0.141

0.263

0.294

0.302

Technical
performance

‘very low’

‘low’

‘average’

‘high’

Technical
performance
(option #3) [with
weights]

0.023

0.071

0.218

0.688

Technical
performance
(option #3)
[without
weights]

0.042

0.086

0.247

0.625

Option #4:

Safety expression

good’

‘average’

¢

air

Safety (option
#4)

0.661

0.103

0.236
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Cost expression ‘very low’ ‘low’ ‘average’ ‘high’

Cost (option #4) 0.055 0.174 0.309 0.462
[with weights]

Cost (option #4) 0.067 0.188 0.298 0.447
[without

weights]

Technical ‘very low’ ‘low’ ‘average’ ‘high’
performance

Technical 0.006 0.079 0.309 0.606
performance

(option #4) [with
weights]

Technical 0.014 0.101 0.322 0.563
performance

(option #4)
[without
weights]

Step 5:  Define a utility space to evaluate the different second level criteria on the

same scale.

Safety, technical performance associated with and cost incurred for each design option
are mapped onto the utility space and expressed in terms of utility expressions as
shown in Table 8.6.

Table 8.6. Linguistic variables for utility expressions corresponding to cost, safety

and technical performance expressions.

Utility Safety Cost expressions | Technical
expressions expressions performance
expressions
Greatly preferred | Good Very low High
Preferred Average Low Average
Moderately Fair Average Low
preferred
Slightly preferred | Poor High Very low
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Step 6: Perform system (engine room) synthesis for each design option using IDS.

This step involves the synthesis of the three second-level criteria on the same scale of

a utility space. The system synthesis for each option is shown in Table 8.7.

Table 8.7.

The results of system synthesis for each option.

‘Greatly
preferred

‘Preferred

‘Moderately
preferred

‘Slightly
preferred’

Option #1

with weights for both
first and second levels
criteria

0.212

0.263

0.267

0.258

without weights for
both first and second
levels criteria

0.269

0.281

0.252

0.198

Option #2

with weights for both
first and second levels
criteria

0.432

0.172

0.212

0.184

without weights for
both first and second
levels criteria

0.404

0.198

0.213

0.185

Option #3

with weights for both
first and second levels
criteria

0.389

0.135

0.328

0.148

without weights for
both first and second
levels criteria

0.420

0.202

0.240

0.138

Option #4

with weights for both
first and second levels
criteria

0.534

0.128

0.248

0.090

without weights for
both first and second
levels criteria

0.454

0.200

0.208

0.138

Step 7: Compare the options by computing the preference estimate for each design

option using IDS.

The results of the computed preference estimate for each design option are shown in

Table 8.8, Figure 8.4 and Figure 8.5.
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Table 8.8. Computed preference estimate for each design option.

Option Preference estimate
Option # 1
with weights for both first and second level 0.634
criteria
Without weights for both first and second 0.890
levels criteria
Option # 2
with weights for both first and second level 0734
criteria
without weights for both first and second levels | 0.950
criteria
Option # 3
with weights for both first and second level 0.724
criteria
without weights for both first and second levels | 0.940
criteria
Option # 4
with weights for both first and second level 0.803
criteria
without weights for both first and second levels |  0.920

criteria
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Figure 8.4.  Performance estimates of the four design options (with weights for
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Figure 8.5. Performance estimates of the four design options (without weights for
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Step 8:  Rank the alternative design options in order of preference.

Based on the information obtained in Step 7, the ranking of the four design option is

produced as follows:

Ranking with involvement of without involvement of

weights for both first and  weights for both first and

second level criteria second level criteria
1* Preference Option #4 (0.803) Option #2 (0.950)
2"! Preference Option #2 (0.734) Option #3 (0.940)
3" Preference Option #3 (0.724) Option #4 (0.920)
4™ Preference Option #1 (0.634) Option #1 ((0.890)

In this example the order of selection was not clear from the original range of data.
This is often the case when decisions are made on the development of new systems
without past experience. However, the design-decision support framework provides a
systematic approach to making a selection when the criteria are vague and of varying
importance. The ranking of the design options with the consideration of weights for
both first and second level criteria is {option #4, option #2, option #3, and option #1}.
The ranking of the design options may change with the weights of the criteria. For
example, if the weights for both first and second level criteria are not considered, then
the ranking order of the four options is {option #2, option #3, option #4, and option
#1}.

In this example only eight criteria were used to compare among four alternative
options; this process can easily be extended to many more criteria and alternatives.
This example shows the utility of the proposed framework in providing a method for
decision-making when the basic evaluating criteria are uncertain or information

available is incomplete.
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8.6 Conclusion

The chapter was performed to demonstrate the use of a design-decision support
framework to assist in decision-making under conditions of vague or qualitative

criteria_ of unequal importance. The proposed framework uses criteria that are

subjective with a high level of uncertainty.

The suggested framework provides a powerful tool for comparing alternatives under
subjective and uncertain evaluation procedures. In the evaluation process, the
evaluating criteria or objectives are rated against each other, forcing the decision
maker to decide what is most important to the final result. Most importantly, the
process provides a result based on the degree to which each alternative meets each
objective, thereby allowing for a decision based on factors that may have been

overlooked in conventional procedures.

The final result (ranking of the design/procurement proposals) may vary with the
weights assigned to each criterion and group. Thus, a sensitivity analysis may be
required to investigate the effect for the weights. Because the selection of different
basic criteria may also lead to different results, care must be taken to select all of the
critical requirement criteria so that other criteria choices will not radically alter the

result of the analysis.
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CHAPTER 9 - DECISION MAKING USING ANALYTICAL

HIERARCHY PROCESSING TO FIRE SAFETY ASSESSMENT
OF A PASSENGER SHIP

Summary

An approach to integrate fire safety assessment and decision-making using the
Analytical Hierarchy Processing (AHP) method is described. The aim of this approach
is to reduce the occurrence probability and severity of fire during the operational
phase of a passenger vessel. It utilises AHP theory to rank the impacts of fires and
further integrates the available control options (to minimise these fires) within the
analysis. The result obtained from the analysis reflects the most favoured control
option that will address the possible fires within the ship to a satisfactory level. A test
case, which considers the operation of a passenger vessel, is used to demonstrate the

described approach.

9.1 Introduction

In the last 15 years there have been some severe fire accidents with passenger vessels,
such as Scandinavian Star tragedy of April 1990 with 158 deaths and Moby Prince
disaster of April 1991 with 140 fatalities. The accidents have demonstrated a clear

need for fire safety improvements.

The development of a fire from ignition to a major flammable incident usually takes a
very short time. The speed of combustion is dependent on many factors such as
oxygen, fuel, weather conditions, etc. Fire at sea, can have more serious and dramatic
implications than a land based fire. On seagoing passenger vessels fire could develop
quicker due to materials of construction, fuels, chemicals, petroleum gases, or other

hazardous cargoes, which are indigenous to ships and contained within a relatively

small area [Haisley, 1997].
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The application of fire safety engineering principles allows a more coherent,
systematic and holistic approach to be used to address fire safety in passenger ship
design. Consequently, it is inevitable that specific expertise is required and that more

data and paperwork are to be generated, with direct impact on both designers and

administrations.
9.2 Statistics and Fire Safety Assessment of a Passenger Ship

The Lloyd’s Register (LR) ship casualty database contains details of any reported fires
and explosions that occur on LR classed vessels. In the majority of cases the actual
raw data is obtained directly from the surveyors in the field, via the classification
reporting system. Press articles and casualty returns, reported in Lloyd’s List and

similar publications are scanned as a secondary source of information [Mather &
Strang, 1997].

The following research criteria limits were applied to highlight passenger ship fires by

searching the LR ship casualty database [Mather & Strang, 1997]:

1. Fires.
The database search was limited to fires. Only if an explosion was followed by a

fire does the incidence of the explosion result in an entry in the data.

2. Passenger vessels built between 1 January 1982 and 31 December 1996.
The range of dates was chosen to provide a large enough sample of vessels and
ensured that the analysis was carried out on fires where the vessels were

constructed to current fire safety standards.
From the data obtained from the LR ship casualty database, Table 9.1 has been

complied. Table 9.1 lists the recorded fires and gives specific details of the locations

of the fire and where known the extinguishing used.
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Table 9.1. Reports of fires.

Passenger Vessels

Total recorded fires

9 ships
Under way 6
Ship motion Port 1
Anchored 0
New construction 2
Accommodation 2
Galley 1
Machinery space / pump room 5

Location of fire

outbreaks

Electrical installations

Funnels and uptakes

Stores

Oil tanks

Cargo space

Deck area

Heat source

Electrical

Spontaneous combustion

Hot surface

Scavenge space

Repairs / cutting / welding

Cigarette / match

Cargo / coal

Outside the ship

Heat source

contributory factor

Negligence

Collision

Sabotage

Soot deposits

Fuel oil / leakage oil

Allowed to burn

Fixed water — main / sprinkler

Fixed gas

Fixed foam

O N ]| O =] | =] O O O] O] = = O V]| O] =] O O] O] O] ©
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Fire extinguishing Fixed dry powder 0 |
Portable water 1 '
Portable gas 0 ‘
Portable foam 1 :
Portable dry powder 1 |

Fire containment Additional help 2
Spread 1

Loss of life/injuries Loss of life 0
Serious injury 0
Major / serious 1

Degree Sank at sea 0
Temporarily disabled 2

9.2.1 Accommodation zone

In accommodation superstructures, it is sometimes found that all combustible
materials have been consumed leaving no identifiable patterns of fire spread,

particularly in older ships in which bulkheads are largely combustible.

Accommodation superstructures are divided into compartments designed to resist the
spread of fire from one to another. Factors affecting the speed with which a fire
develops in an accommodation should be identified. Open stairwells provide a route
by which fire may spread rapidly from one deck to another. Enclosed stairways are
fitted with self closing doors and a careful note of the condition of hinges and smoke
patterns on the door edges and jambs may assist in determining whether these doors

were open or closed at the time of the fire [Foster & Burgoyne, 1997].

Fire may be communicated from one deck to another or from one compartment to
another on the same deck, by heat conduction through a steel barrier (i.e. deckhead or
bulkhead). The speed with which a fire may develop in an adjacent compartment will
be dependent upon the nature of the combustible material which is in contact with
surface of the division on the opposite side of the existing fire. Sometimes a

smouldering fire may be initiated in the adjacent compartment and sometimes can
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elapse before transition to flame occurs. Therefore, the nature and disposition of the
combustible contents in the adjacent compartment will determine the rate at which the
fire develops there. In this way, the fire may spread gradually or quickly through an

accommodation superstructure depending on the prevailing conditions [Foster &

Burgoyne, 1997].

In accommodation spaces, good housekeeping and common-sense are important in
preventing fires from occurring and spreading. Crew members should use cooking
facilities in a pantry with care, especially during night watches. Smoke detectors and
heat detectors should be maintained in good working order and fire doors should be

kept closed, especially in stairwell areas [Foster & Burgoyne, 1997].

Clearly the accommodation has a higher fire risk; it is where personnel are
concentrated owing to work and recreational activities, including smoking.
Additionally, there are many combustible materials in these spaces. However, because
the accommodation is a manned area, detection and extinction of a fire is usually

quickly dealt with, thus preventing any escalation of a fire [Mather & Strang, 1997].
9.2.2 Public area

There was one reported fire in a galley. However, because the galley is manned when
the main hazard is present, during cooking, any fire is quickly detected and
extinguished. Also the public areas (i.e. shopping malls, restaurants, cinemas) are well

equipped with fire extinguishing facilities [Mather & Strang, 1997].

9.2.3 Machinery space

The data analysis clearly indicates that the areas where the most fires can be expected

are the machinery spaces, despite the numerous fire safety measures provided in these

spaces.

The most common cause of fire in the machinery spaces is due to the contact of oil on
the hot surfaces of machinery. The fuel can be lubricating oil, diesel or fuel oil at high

or low pressure. There are regulatory requirements for high pressure fuel lines to be
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sheathed or armoured. Most of the engine room fires are the result of low pressure or
lubricating oil leaks. The sources are rarely the line itself, but usually the joints or

filters. Frequently, the problem is poor access so that engineers working on routine

maintenance or repair work inadvertently trigger a fire [Waite, 2000].

A glib response would be that these problems are crew negligence. Even if that was
the case, it does not relieve the designer from the responsibility to attempt to
anticipate the circumstances under which fire could occur. Apart from the obvious
armouring or sheathing of all oil lines, they should be fitted with quick response low
pressure cut off. A fire may then start, but not continue to be fuel fed. Also, fuel lines
which run over machinery or adjacent machinery where atomisation may occur should

have limited lengths to limit the volume of fuel that can spray onto the engine [Waite,
2000].

Engine room fires also have a tendency to extend to the accommodation. The rules
and requirements are designed to provide time to prevent the spread of fire. The
principle is to either contain the fire to give time to fight it effectively or to give time
to evacuate the ship if it gets out of control. Clearly, there is no guarantee nor can
there be, to stop the fire completely within a space. It is inevitable, therefore, that
machinery fires can spread to the accommodation so that abandonment is necessary

[Waite, 2000].
9.2.4 Evacuation

The evacuation process of a passenger vessel may be divided into the following

phases: Mustering, Embarkation and Evacuation.

When the captain decides to muster the passengers, the alarm will be activated and
announcements will inform passengers and crew about the situation. The passengers
are guided to leave their cabins and walk along the marked escape-ways to their
muster areas, where the crew will support them. If the situation deteriorates,
embarkation of the lifeboats, which in the meantime have been swung out by crew,

will be started. The lifeboats will normally be sequentially launched.



Some of the crew will systematically search the cabins and others will be posted at
strategic positions to guide passengers to their muster stations. The crew members
shall be dressed in their uniforms to be perceived as authority persons by the
passengers. This contributes to preventing inappropriate or dysfunctional behaviour
among passengers. Otherwise, they may adopt the behaviour of other persons

appearing to behave with authority who in the worst case may be panicking people.

In case of a severe accident on a passenger vessel, the captain is responsible for
deciding whether the ship has to be evacuated. The history shows that several
examples that delay to take a decision or incorrect decisions have contributed to

creating disasters. On the other hand, premature evacuations may also cause loss of

lives.

9.2.5 Analytical Hierarchy Processing (AHP) for fire safety assessment and

decision-making for passenger ships

Quantification of the fire safety provision in new passenger ships is very difficult. In
the retrofitting of existing vessels much of the work associated with fire safety is
executed as an operation without the predetermination of the ships most at risk and a
priority ranking of the components which contribute to the achievement of the
required level of fire safety. Several spaces to quantify fire safety have been reviewed

in Sections 9.2.1 - 9.2.4 and also investigated in the previous chapters 4 — 8.

The use of the AHP method enables the solutions for each area with possible fire
identified, to be integrated within the analysis. The solutions to reduce the risk levels
(posed by fires) are evaluated in the first instance, and then a re-iteration of the whole

analysis is performed (assuming the implementation of the solution) to confirm the

risk reduction.
9.3 Analytical Hierarchy Processing (AHP)
AHP is a powerful and flexible decision making process to help set priorities and

make the best decision when both qualitative and quantitative aspects of a decision

need to be considered. By reducing complex decisions to a series of one-on-one



comparisons, then synthesising the results, AHP not only helps decision-makers arrive
at the best decision, but also provides a clear rationale that it is the best. Designed to
reflect the way people actually think, AHP was developed more than 25 years ago by
Dr. Thomas Saaty [Saaty, 1980], and continues to be a highly regarded and widely

used decision-making theory.

AHP is especially suitable for complex decisions, which involve the comparison of
decision elements that are difficult to quantify. It involves building a hierarchy
(ranking) of decision elements and then making comparisons between each possible

pair in each cluster (as a matrix). This gives a weighting for each element within a

cluster (or level of the hierarchy).

The AHP engages decision-makers in breaking down a decision into smaller parts,
proceeding from the goal to criteria to sub-criteria down to the alternative courses of
action. Decision-makers then make simple pair-wise comparison Jjudgements

throughout the hierarchy to arrive at overall priorities for the alternatives.

The literature survey on AHP indicates that the method has been effective to a wide
range of applications. These include agricultural applications [Alho & Kangas, 1997),
[Braunschweig, 2000], industrial engineering applications [Alidi, 1996], [Bhattarai &
Fujiwara, 1997] and financial applications [Hachadorian, 1987]. The application of
AHP theory to ascertain business and financial risk has been relatively popular in the
past [Jensen, 1987a-b], [Nezhad, 1988], [Simkin et al., 1990]. It has also found its
place in risk and safety assessment of engineering systems [Shields & Silcock, 1986},

[Saaty, 1987], [Hamalainen & Karjalainen, 1989, 1992], [Shields et al., 1990], [Frank,
1995], [Pillay, 2001].

9.3.1 Background of AHP

In AHP, the quantified judgements on pairs of activities C; and C, are represented by

an n-by-n matrix.



A = (a;) where Lji=1,2,..., n

(M

The entries a; are defined by the following entry rules:

Rule 1. If a; = a, then a; = 1o, a #0.

Rule 2 If C; is judged to be of equal relative importance as G, then a; = g;; = 1.

Obviously a;; = 1 for all 7. Thus the matrix A has the following form:

— -

1 a, ... a,,
4o 1/a, | a,, @)
1/a, 1/a,, ... 1

where each gy, is the relative importance of activity i to activity j. Having recorded the
quantified judgements of comparisons on pair (Ci, C; ) as numerical entry a; in the
matrix 4, what is left is to assign to the n contingencies C;, C;, C3, ..., C, a set of
numerical weights wj, wy, wj, ..., w, that should reflect the recorded judgements. The
eigenvector of the comparison matrix provides the priority ordering (weight), and the
eigenvalue is a measure of consistency [Pillay & Wang, 2003]. To find the priority
vector or the weight of each factor included in the priority ranking analysis, the
eigenvector corresponding to the maximum eigenvalue is to be determined from

matrix analysis.

In mathematical terms, the principal eigenvector is computed, and when normalised
becomes the vector of priorities (weights). To reduce the excessive computing time
needed to solve the problem exactly, and due to the results of complex numbers, a
good estimate of that vector can be obtained by dividing the elements of each column
in the comparison matrix by the sum of that column (i.e. normalise the column). The
elements in each resulting row are added and the sum is divided by the number of the
elements in the row. This is a process of averaging over the normalised columns.

Mathematically, the equation for calculating w; is shown below:

+o] &)
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In general, weights w;, w,, w;, ... Wn can be calculated using the following equation
[Pillay & Wang, 2003]:

_ l n ay, —
wk == " j=1 (Tczy) (k — 1, .. ... n) (4)

where ay; is the entry of row i and column J in a comparison matrix of order n.

Generally, if pairwise comparisons are provided for three or more criteria, they may
not be completely consistent and as such it is not straightforward to obtain relative
weights of criteria from the comparisons. The AHP method and several other methods

can be used to generate weights using pairwise comparisons.

9.3.2 Riskand AHP

Risks are by nature subjective, therefore, the AHP method may be suited for risk
assessment in many situations. This technique allows subjective and objective factors
to be considered in risk analysis and also provides a flexible and easily understood
way to annualise subjective risk factors. The elements in each level are compared
pair-wise with respect to their importance in making the decision under consideration.
The verbal scale used in AHP enables the decision-maker to incorporate subjectivity,

experience and knowledge in an intuitive and natural way [Pillay, 2001].

After the comparison matrices have been created, the process moves on to the phase in
which relative weights are derived for the various elements. The relative weights of
the elements of each level with respect to an element in the adjacent upper level are
computed as the components of the normalised eigenvector associated with the largest
eigenvalue of their comparison matrix. The composite weights of the decision
alternatives are then determined by aggregating the weights through the hierarchy.
This is done by following a path from the top of the hierarchy to each alternative at
the lowest level, and multiplying the weights along each segment of the path. The
outcome of this aggregation is a normalised vector of the overall weights of the

options. The mathematical basis for determining the weights has been established by

Saaty [Saaty, 1988].



9.4 Application of AHP to a Passenger Vessel Operation

The flowchart in Figure 9.1 illustrates the steps involved in carrying out the

application of AHP to a passenger vessel operation.

Describe
Operation

A

Identify areas
to investigate

A

Determine the following
for each area

T~

Determine Determine
severity/consequence probability
Identify Risk
Control Options

(RCOs)
A

> Carry out analysis
using AHP method

A

Decision making
(Most favourable RCO)

Figure 9.1. Flowchart of the approach.

This approach can be executed in the following seven distinct steps:

Step 1. Describe operation - The operation under consideration is described in detail,
highlighting all the areas that will be investigated to achieve the desired

objective of the defined operation.



Step 2. Identify areas to be investigated - Identify all areas that are to be investigated

to achieve the objective of the operation.

Step 3. Determine the following for each area - For each of the areas identified in Step
2.

Step 4. Determine the probability of occurrence - Using the LR ship database,

determine the probability that a fire might occur while investigating out the

area specified in Step 2.
Step 5. Determine the severity of possible consequence.

Step 6. Determine Risk Control Options (RCOs) - Considering the operation under
study, determine several options that could address the risks estimated

(associated with each area defined in Step 2).

Step 7. AHP analysis - Using the data gathered in Steps 2, 4, S and 6, carry out the
AHP analysis to determine the most favourable RCO. This RCO will address

the risks associated with areas where fire could manifest.
Step 7 (AHP analysis) involves 4 distinct steps, which are described below:

(i)  Set-up - Decision making criteria are generated, often by brainstorming or past
experience. Hierarchical relationships are drawn between the criteria and are

then represented in a matrix form.

(i) Weighting - The matrices are filled with the criteria comparisons. The

comparisons allow calculation of the criteria-weighting vector.

(iii) Ranking - The different RCOs are ranked on their ability to satisfy the various

criteria.

(iv) Evaluation - The final solution ratings are then calculated using the ratings

determined in (iii) and the weighting vector calculated in step (ii).

9.5 Case Study

The purpose of this analysis is to address the high risk areas of fire occurrence during

the passenger ship operation.
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Level 3

9.5.1 Hierarchy set-up

The hierarchy fire safety operation can be represented diagrammatically as shown in

Figure 9.2. The elements in level two are set to be the probability of a fire occurring

and its the severity. The sub-elements (level three) are determined by grouping the

whole area into public area, accommodation zone and machinery space. Each area

investigated in relation to the whole is considered within this level i.e. cabin,

bathroom, corridor, etc.

Level 2

Goal

Fire safety operation

Fire

probability of occurrence

severity / consequence

J

l

Public area

\ 4

1. Galley

2. Shopping
mall

3. Restaurant

4. Cinema

v

A

Accommodation
zone

Machinery
space

1. Cabin

2. Bathroom

3. Corridor

4. Stairway

1. Engine room /
Pump room

2. Electrical
installations

3. Funnels
and uptakes

5. Evacuation

S. Evacuation

4. Evacuation

Figure 9.2. Fire safety operation and its hierarchical levels.




9.5.2 Level two matrix

Occurrence probability and severity make up the two elements in Level 2 as seen in
Figure 9.2. These two elements are compared against each other to determine the
weighting vector of each element. Considering the goal of the analysis, it is decided

that both these elements are equally important to a fire safety assessment, hence, the

Level 2 matrix is determined as:

1 1 1+1)=0.
Level Two= L 1] , and the Weighting Vector = |:1 (A+1)=0 5}

1/(1+1)=0.5

The first column in the level two matrix, (1, 1) is normalised so that the sum of the
entries is 1.0. The weighting of Element 1 will be given as 1/(1+1) = 0.5 or 50%.
Similarly Elements 2 can be calculated to be 50%. The normalised weighting vector

for Elements 1 and 2 is [0.5 0.5]. The sum of all two weightings is equal to 100%.

The comparison process is repeated for all the matrices to be used in the analysis. The
weighting vectors of the lower matrices will be normalised so that their total weight
will equal that of the previous level (level two). For example, for Element 1, sub-
elements public area, accommodation zone and machinery space will be given a total
weight of 50%. All sub-elements are analysed in the same fashion to the lowest level
possible and the results are normalised to reflect the weight of each sub-element in the

hierarchy.

The next step is to generate the possible solutions to achieve the problem
statement/goal. Each solution is compared against each of the lowest level sub-
elements. The possible solutions are assumed to reduce the likelihood of fire
occurring and/or the possible consequences. The evaluation represents the
“effectiveness” of the solution in controlling the risks. These evaluations (of the
solutions) are recorded with a user defined numerical scale, as appropriate for the sub-
clements. For any given element, a normalised score is determined for each solution
by taking the assigned score (which may have units) and dividing it by the sum of the

assigned scores across all of the solutions. This fraction is then multiplied by the



weighting coefficient for the element. This will give a normalised score for each
solution based on the element considered. These normalised results are then summed
for the different elements in the matrix, to arrive at a final rating for each solution.
The result of this series of operations is a weighted rating for each solution. The

highest rated solution will best meet the problem statement (goal) [Pillay & Wang,
2003].

9.5.3 Fire probability evaluation

First, the importance of each element (public area, accommodation zone or machinery
space) is determined. Considering the recorded fires from Table 9.1 and assuming
with Table 9.2 that machinery space is moderately more important than
accommodation zone and absolutely more important than public area. Then the level

two matrix may be represented as seen in the matrix below:

Table 9.2. Comparison scale.

1 | Both elements of equal importance
Left weakly more important than A Top weakly more important
} top than left
Left moderately more important Top moderately more
5 1/5 |
than top important than left
Left strongly more important than - Top strongly more important
7 top than left
Left absolutely more important 19 Top absolutely more
? than top important than left
Public area: 1 fire (From Table 9.1) probability (From Table 9.2): 1
Accommodation zone: 2 fires probability: 5
Machinery space: 6 fires probability: 9

223



1.0000 5.0000 9.0000
Probability = |1/5=0.2000 5/5=1.0000 9/5=1.8000
1/9=0.1111 5/9=0.5556 9/9=1.0000

The weighting vector is obtained as follows:

1/(1.0000+0.2000+0.1111) = 0.7627
Weighting vector = | 1/(5.0000+1.0000 + 0.5556) = 0.1525
1/(9.0000 +1.8000 + 0.5556) = 0.0848

The normalised vector is determined by considering the weighting vector at level two

as follows:

0.7627x0.5=0.3814
Normalised vector = 0.0763

0.0424

The probability of fire is considered for each of the areas investigated. Using Table
9.1 and Table 9.2, each area is assigned the fire probability. This data is then used to
compare each area against the others to determine the level three matrices. The

matrices for the probability of occurrence for each area are determined as follows:

1.0000 0.2000 1.0000 0.3333  5.0000 |
5.0000 1.0000 5.0000 1.6665 25.0000
Public area=1.0000 0.2000 1.0000 0.3333 5.0000
3.0000 0.6001 3.0000 1.0000 15.0000
| 0.2000 0.0400 0.2000 0.0667 1.0000 |

[0.0980] [0.0980x0.3814=0.0374 ]
0.4902 0.1869
Weighting vector = | 0.0980 |, Normalised vector = 0.0374
0.2942 0.1122

0.0196 | i 0.0075 |
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[1.0000 1.0000 1.0000 1.0000 7.0000 ]
1.0000 1.0000 1.0000 1.0000 7.0000
Accommodation zone = | 1.0000 1.0000 1.0000 1.0000 7.0000
1.0000 1.0000 1.0000 1.0000 7.0000
1 0.1429  0.1429 0.1429 0.1429 1.0000 |

10.2414]] [0.2414x0.0763=0.0184 ]
0.2414 0.0184
Weighting vector = | 0.2414 |, Normalised vector = 0.0184
0.2414 0.0184

10.0344 | i 0.0026 |

1.0000  0.2000 0.2000 3.0000
. 5.0000 1.0000 1.0000 15.0000
Machinery space =
5.0000 1.0000 1.0000 15.0000
103333 0.0667 0.0667 1.0000 |
(0.0882— [0.0882x0.0424 = 0.0037 )
0.4412 0.0187
Weighting vector = 04412 |’ Normalised vector = 0.0187
| 0.0294 | i 0.0013 |

9.5.4 Fire severity evaluation

The importance of each element (public area, accommodation zone or machinery
space) is determined using the comparison scale in Table 9.2, the data in Table 9.1
and expert judgement. The matrix below is obtained for the severity importance of

each element.

1.0000 5.0000 9.0000
Severity = | 0.2000 1.0000 1.8000
0.1111 0.5556 1.0000
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The weighting vector is obtained as follows:

0.7627
Weighting vector = | 0.1525
0.0848

The normalised vector is determined by considering the weighting vector at level two

as follows:

0.7627x0.5=0.3814

Normalised vector =

0.0763
0.0424

The matrices for the severity of the consequences of fire for each area at level three

are determined as follows:

[1.0000
5.0000
Public area= | 3.0000
9.0000
1 0.2000

Accommodation zone =

[0.0549 ]
0.2748
Weighting vector = | 0.1648
0.4945
10.0110 |

1/5=0.2000 1/3=0.3333

1.0000
0.6000
1.8000
0.0400

1.0000 0.3333
3.0000 1.0000
5.0000 1.6665
7.0000 2.3324

1 0.2000 0.0667

1.6665
1.0000
3.0000
0.0667

, Normalised vector =

0.2000
0.6000
1.0000
1.3996
0.0400

1/9=0.1111
0.5555
0.3333
1.0000
0.0222

0.1048
0.0629
0.1886
0.0042

0.1429 5.0000

0.4287 15.0000
0.7145 25.0000
1.0000 35.0000

0.0286 1.0000

5.0000
25.0000
15.0000
45.0000

1.0000

J

70.0549%0.3814 =0.0209 |




[0.0617] 10.0617x0.0763 =0.0047 )
0.1853 0.0141

Weighting vector = | 0.3087 |, Normalised vector = 0.0236 |
0.4320 0.0330
1 0.0123 | 0.0009

(1.0000 0.1111 0.3333 1.0000]
, 9.0000 1.0000 3.0000 9.0000

Machinery space =
3.0000 0.3333 1.0000 3.0000
1.0000 0.1111 0.3333 1.0000 |
[0.0714] [0.0714x0.0424 = 0.0030]
0.6429 .

Weighting vector = , Normalised vector = 0.0273
0.2143 0.0091
10.0714 ] 0.0030 |

9.5.5 Risk Control Options (RCO)s

Several viable Risk Control Options (RCO)s are generated in order to reduce the level
of risks posed by fires during the operation. These risk control options are evaluated
for their effectiveness against each of the areas identified. For this example, an
arbitrary scale (1 to 10) is used to compare the RCOs, 1 being not effective and 10
being most effective. Six RCOs have been identified to reduce the probability and

severity of fire in the operation. These RCOs include:

RCO 1 - Training of crew.

RCO 2 - Reduce ignition sources.

RCO 3 — Maintenance work.

RCO 4 — Heat removal.

RCO 5 — Additional crewing.

RCO 6 — Quick fire detection and confirmation

(audio and visual alarms. TV monitoring, indications, etc.).



The matrices for the effectiveness of each RCO in reducing the probability of fire

occurrence in the accommodation zone are presented in the form as seen in Table 9.3.

Similarly all other areas are compared with the different RCOs in terms of reduction

in the probability of fire occurrence and its possible consequences.

Table 9.3. RCOs matrix.

Accommodationf RCO1 RCO2 RCO3 RCO4 RCOS5 RCO6
Zone

Cabin 3 6 5 4 2 9

Bathroom 2 5 6 6 2 8

Corridor 5 6 7 8 7 9

Stairway 6 5 8 8 9 9

Evacuation 9 6 8 8 9 9

9.5.6 RCOs Evaluation to reduce probability of occurrence

The matrix for the effectiveness of each RCO in reducing the probability of fire

occurrence in the public area is formulated as follows:

(9 9 8 8
8§ 9 7 8
Publicarea=|9 9 8 9
9 9 8 8
9 8 8 9

O 0 R O O

O
J

O O O WO

Normalised vector =

Then the normalised results are obtained as follows:

[0.0069
0.0299
Normalised results = | 0.0065
0.0198
0.0013

0.0069
0.0336
0.0065
0.0198
0.0012

0.0061
0.0262
0.0058
0.0176
0.0012

0.0061
0.0299
0.0065
0.0176
0.0013

[0.0374]
0.1869
0.0374
0.1122

0.0046
0.0336
0.0058
0.0176
0.0013

0.0075 |

0.0069 |
0.0336
0.0065
0.0198

0.0013 |
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In the above matrix, the first column of the first row means that RCO1 value is

normalised so that it will be given as 9/(9+9+8+8+6+9) = 0.1837 x 0.0374 = 0.0069.

In a similar way, the normalised matrices for the effectiveness of each RCO in

reducing the probability of fire occurrence in the accommodation zone and machinery

space are formulated as follows:

Accommodation zone =

A W N W
S L O L &N

9
0.0019
0.0013
Normalised results = | 0.0022
0.0025
| 0.0005

Machinery space =

N 9 0 O
0 o0 NN O

E
[0.0006
0.0033

0.0027
| 0.0001

Normalised results =

0 00 N N W
o 0 0 O\ b

0.0038
0.0032
0.0026
0.0020
0.0003

N NN o
© N O O

0.0006
0.0033
0.0031
0.0002

O O N NN

A=

O O O &

0.0032
0.0038
0.0031
0.0033
0.0004

0.0006
0.0028
0.0036
0.0002

0.0025
0.0038
0.0035
0.0033
0.0004

0.0006
0.0033
0.0031
0.0002

0.0013
0.0013
0.0031
0.0037
0.0005

0.0006
0.0024
0.0027
0.0002

0.0057]1
0.0051
0.0039
0.0037

0.0005 |

0.0006 |
0.0037
0.0036

0.0003 |

9.5.7 RCOs Evaluation to reduce severity of possible consequences

The normalised matrices for the effectiveness in reducing the severity of possible

consequences in the public area, accommodation zone and machinery space are

formulated as follows:
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Public area= 19

O 00 \O 0 oo
0 3 0 N3
o \© o0 O O
NN N N O

O O o0 O

9]

[0.0037 0.0033 0.0029 0.0037 0.0037 0.0037]
0.0163 0.0186 0.0163 0.0210 0.0140 0.0186
Normalised results = | 0.0113 0.0113 0.0101 0.0101 0.0088 0.0113
0.0314 0.0314 0.0275 0.0354 0.0275 0.0354
| 0.0008 0.0008 0.0007 0.0007 0.0006 0.0008 |

(7 8 6 7 6 9
5 6 7 8 4 8
Accommodationzone={(6 7 6 7 5 8
7 6 8 8 7 9
LQ 8 8 9 9 9]

[0.0008 0.0009 0.0007 0.0008 0.0007 0.0010]
0.0019 0.0022 0.0026 0.0030 0.0015 0.0030
Normalised results = | 0.0036 0.0042 0.0036 0.0042 0.0030 0.0048
0.0051 0.0044 0.0059 0.0059 0.0051 0.0066
1 0.0002 0.0001 0.0001 0.0002 0.0002 0.0002

Machinery space =

A L & O
0 b 9 0O
N N L o0
o ON O\ o0
N NN NN

[0.0005 0.0005 0.0005 0.0005 0.0004 0.0005]
0.0043 0.0050 0.0036 0.0043 0.0043 0.0058
0.0013 0.0010 0.0015 0.0015 0.0018 0.0020

| 0.0004 0.0005 0.0005 0.0005 0.0005 0.0006 |

Normalised results =

9.5.8 Results

The results obtained from Sections 9.5.6 and 9.5.7 are collated to determine the best
RCO. Tables 9.4 and 9.5 show the summary of these results obtained in percentage.
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Table 9.4. Summary of results for probability element.

Public area Accommodation | Machinery Total rating
zone space
RCO 1 6.44% 0.84% 0.67% 7.95%
RCO2 6.80% 1.19% 0.72% 8.71%
RCO 3 5.69% 1.38% 0.72% 7.79%
RCO 4 6.14% 1.35% 0.72% 8.21%
RCO 5 6.29% 0.99% 0.59% 7.87%
RCO 6 6.81% 1.89% 0.82% 9.52%

Table 9.5. Summary of results for severity element.

Public area Accommodation | Machinery Total rating
zone space
RCO 1 6.35% 1.16% 0.65% 8.16%
RCO2 6.54% 1.18% 0.70% 8.42%
RCO3 5.75% 1.29% 0.61% 7.65%
RCO 4 7.09% 1.41% 0.68% 9.18%
RCO5 5.46% 1.05% 0.70% 7.21%
RCO 6 6.98% 1.56% 0.89% 9.43%

For example, the score for RCO 6 in the category of the public area in Table 9.4 is
0.0069 + 0.0336 + 0.0065 + 0.0198 + 0.0013 = 0.0681 =6.81%. This represents the
effectiveness of RCO 6 to reduce the probability of fire occurring when the vessel is
operated. In Table 9.5, the same principles are applied for the evaluation of the
effectiveness of each RCO to reduce or mitigate the possible consequences of fire

occurring when the ship is operated.

Each of these tables (Tables 9.4 and 9.5) represents 50% of the weight (as the RCO
evaluation has been normalised) of the elements in level two of the hicrarchy. The
final ranking of the RCOs is achieved by adding the final ratings of thesc tables for
the respective RCOs. Table 9.6 shows the final results obtained for this analysis.
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Table 9.6. Final ranking of RCOs.

Public area Accommodation | Machinery Total rating
zone space
RCO 1 12.79% 2.00% 1.32% 16.11%
RCO2 13.34% 2.37% 1.42% 17.13%
RCO3 11.44% 2.67% 1.33% 15.44%
RCO 4 13.23% 2.76% 1.40% 17.39%
RCO5 11.75% 2.04% 1.29% 15.08%
RCO 6 13.79% 3.45% 1.71% 18.95%

From Table 9.6, it can be determined that the best control option to reduce the
probability of occurrence and the severity of fire during the operation is RCO 6. The
results entail that by installing various warning and indication devices onto/for the
equipment used for the operation on a passenger vessel, the level of fire risk can be
reduced most effectively. The ranking order of the RCO in terms of effectiveness is
{RCO 6, RCO 4, RCO, 2, RCO 1, RCO 3 and RCO 5}. The ranking of the RCOs may
change with the weights.

9.6 Conclusion

Fire remains a great hazard to life at sea and there have been very serious incidents of
ship fires over the past. The rules and regulations primarily require fire safety for high
risk areas such as machinery spaces to be protected by structural fire resisting
divisions, detection and extinguishing systems. Furthermore, the importance of human
actions is not generally considered in the standards, although this aspect will be

addressed to a certain extent by the code.

Many uncertainties exist in fire safety assessment, e.g., the level of fire safety
achieved by compliance with existing prescriptive fire safety legislation. The AHP
can be used for analysing and prioritizing the effect of uncertainty and identifying the

uncertainties that influence outcomes more than others.
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The suggested framework provides powerful tools for comparing alternatives under
subjective and uncertain evaluation procedures. The chapter was performed to
demonstrate the use of a design-decision support framework based on the AHP
methodology to assist in decision-making. The approach can be used to identify risk

control options and also determine the best one for reducing fire hazards.

In this chapter, only fires are considered in the analysis. However, this can be

extended to include failures induced by other causes, such as collision or flooding.
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CHAPTER 10 - CONCLUSIONS AND FURTHER WORK

Summary

This chapter concludes the thesis by summarising the results of the research project
carried out by the author and outlining the contributions of the fire safety analysis
methodologies developed for passenger ships. The areas where further effort and
research are required to refine the developed methodologies are also reviewed.

Finally, other important safety features related to fire safety assessment are briefly

discussed.
10.1 Conclusions
10.1.1 Discussion of the main aim

The chapters of this thesis have thoroughly described the series of work covered in the
research project. The research started with the review of the development of fire
safety and reliability assessment techniques in the maritime industry. This is followed
by a comprehensive statistical study on casualty or failure data on passenger vessels.
The basic concept of the fire safety assessment approach and its application to the
passenger ships are discussed. The Formal Safety Assessment (FSA) proposed by the
UK Maritime Coastguard Agency (MCA) as a means to improve the safety of
international shipping is outlined. A range of novel fire safety analysis methodologies

has been developed and the reasons behind the development of such methodologies

have been explained.

The main aim of this research was to analyse fire issue concerning the passenger
vessel sector of the shipping industry. All the fire safety analysis methodologies
described in this thesis have been developed in a generic sense and theoretically they

are, in principle applicable to all designs of maritime engineering products and

projects.
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10.1.2 Evaluation of main objectives

The first objective (identification of fire safety techniques) has been identified and
investigated. Accident investigations over the years have provided valuable
information for fire safety assessment of passenger vessels. Lessons learnt from
previous accidents have been used as a guide to produce rules and regulations to
prevent similar accidents from happening. The various databases available concerning
these accidents and many more within the maritime industry are discussed. Most of
the databases described, lack vital information for a comprehensive and accurate
safety and reliability study. The missing information in these databases includes the
relationship between the cause and effect of an accident and the chain of events that
led to the accident. Specific component/equipment failure data is also lacking.
However, the data that is available requires certain amount of formatting if it is to be
used for a safety and reliability study. From the data analysis (Chapter 2), there is an
urgent need to address the fire safety issues plaguing the passenger vessel industry. In
order to analyse the fire safety issues, typical analysis techniques can be employed.
These are described in Chapter 3. The review of these typical analysis methods has
been carried out, highlighting the advantages and limitations of each method. These
methods can be broadly divided into two categories, namely, quantitative and

qualitative analysis.

The second objective (study the FSA) of this thesis has been examined in Chapter 3.
The third objective (development novel fire safety assessment) was to develop
techniques and decision support approaches for fire safety assessment. These novel

methods capable of performing fire risk quantification and risk ranking are presented

in Chapters 4, 5, 7 and 8.

The fourth objective (development of a suitable model) was achieved through
Chapters 6 and 9 where a suitable model was developed to assist in fire safety
implementation. A method using Analytical Hierarchy Processing (AHP) is proposed
in Chapter 9 to select the most favourable Risk Control Option (RCO). The AHP

method allows for flexible modelling and re-structuring of the hierarchy. Apart from

considering the effectiveness of the RCO., the proposed AHP method can be extended
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to incorporate several other criteria such as collision and feasibility of
implementation. The evacuation modelling methodology proposed in Chapter 6

provides guidance in appraising capital projects relating to passenger ships. The fifth

objective (identification of further research areas) is discussed in Chapter 10.2.

10.1.3 Discussion on effectiveness of this project

The main aim was generally achieved but not to the extent that it was expected. This
was due to some difficulties. It was difficult to compare the real or test data and
results with industry due to the lack of access and confidentiality policy of companies.
Another negative aspect is that the information gathered from other researchers used

in the development of fire and evacuation modelling techniques was limited.

One of the major limitations of the fire safety analysis methodologies developed in
this thesis is that they require intensive computational effort in conducting fire safety
assessment, especially for maritime systems with a high level of complexity. It is
rather a time consuming task to learn and familiarise with such methodologies in
order to use them in fire safety assessment, however, advancement of computing and

man-machine interfacing technologies of the present time may resolve such problems.

The novel methods developed and presented in this thesis can be integrated into
various sections of the FSA framework. This ensures a structured approach to
identifying hazards, quantifying the risks and evaluating and deciding the best risk

control options.

It is believed that practical applications of these methodologies will result from
utilisation by organisations that deal with safety problems with high uncertainty and
insufficient data. In such cases, the implementation of the developed methodologies

could have a high beneficial effect.

10.1.4 Definitive conclusion

It is believed that the approaches and safety based decision-making techniques
developed in this thesis have great potential as cffective aids and alternatives in the
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areas of fire safety assessment. They will gain increased usage in the various stages of
maritime system design and operations. It is also emphasised that a close
collaboration with maritime industry is essential in promoting the practical
applications of these methodologies, especially with organisations dealing with safety
related problems with a high level of uncertainty as well as a lacking of safety and
reliability data. This will provide a positive ground and chance for the applications of
such methodologies to become established in order to prove their feasibility and

practicality, otherwise, it is more likely that their full potential will not be realised.

10.2 Further Work
10.2.1 Recommendation for further research

There are several areas that may be worthwhile exploring and exploiting on the basis
of the methodologies developed in this thesis. These can be summarised by the points

presented below:

e The confidence and effectiveness of the FSA approach is greatly dependent on the
reliability of system’s failure/incident data. The quantitative risk assessments in
the FSA approach were required to access some detailed, reliable and consistent
incident, casualty or failure databases related to the system under scrutiny, such as
a generic passenger vessel. The availability of these data sources is one of the
major limitations of this study, as the data required for quantitative assessment is
either unavailable or insufficient. As noted by [Dobler, 1994], at present IMO and
the governments of its member countries have to rely on the statistical information
collated and published by private sources, or, they have recourse on a contractual
basis to the databases maintained by these sources, if more details are required. It
is hoped that the application of FSA may trigger the Flag States and Classification

Societies to collect data on operational experience, which can be very handy for

effective precaution risk analysis in the future. Furthermore, human reliability data

associated with maritime tasks is also a paramount arca needed to be focused as

the availability of these data can be useful to conduct human error analysis since

human factors are considered to be one of the major contributors to maritime

incidents.
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* Rules and regulation governing passenger vessels in the past seem to only
consider the structure and stability of the vessels. These rules have to be extended
to cover equipment, operating procedures, crew training and competency,
inspection requirements by coast guard agencies, etc. It has been noted that the
authorities have addressed some of these aspects. However, there is a need to
justify and rationalise each rule in order to account for the various costs that would
be incurred by the vessel owners/operators as well as any stakeholder of the
vessel. This can be achieved by using the FSA method. As such, the development

of rules applied to passenger ship using the formal fire safety assessment methods

needs to be researched and explored.

e Formal training and education programmes should be developed for crew and
passengers. This programme should not only highlight fire safety matters, but also
extend to cover competency issues. Such a programme will be a starting point to
cultivate a safety culture within the passenger ship industry. The outcome of the
formal fire safety analysis can be used to identify areas where such training and

education are lacking and the programme can be developed addressing these areas.

e Quantitative risk assessment of passenger vessels is frequently inhibited by the
lack of representative failure and repair statistics. Hence, there is a need to develop
a database specifically for this type of vessel. Most databases available are only
limited to failure data without identifying the chain of events or causes of failure.
These are useful information that is required for a fire risk assessment. The
reporting and recording format of accidents should be consistent and the data
presented in the database should be formatted in such a way that it can be directly
applied to the safety analysis techniques available. The current method of

manipulating data has been noted to cause inaccurate analysis and this translates to

a waste of time and resources [Vosburg, & Kumar, 2001].

The decision making framework presented in Chapter 9 is inevitably a

computationally intensive method, however, the proposed algorithm could be
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easily programmed and will definitely offer a convenient tool to evaluate option

selection in decision making.

Safety, cost and reliability may need to be considered simultaneously in an
integrated manner in various design process of a maritime system. One can fully
make use of the advancement in theory and applications of control engineering to
establish quantitative models for synthesising safety, cost and reliability in a
generic safety assessment framework. This generic framework will look very
similar to the safety models proposed in Chapter 8, but with more comprehensive
evaluation and further incorporation with cost and reliability models in order to

minimise risk, minimise cost and maximise reliability in system optimisation

study.

In recent years, in order to reduce human error and to provide operators with a
improved working environment in maritime applications, advanced in computer
technology have been increasingly used to substitute control tasks which were
used to be performed by human operators. This inevitably has led to the
development of more software intensive systems. However, the employment of
software in control systems has introduced new failure modes and created
problems in the development of safety-critical systems. In maritime system
design, every safety-critical system in the software domain requires a thorough
investigation to ensure it is extremely unlikely for its behaviour to lead to a
catastrophic failure with catastrophic consequences. This is also to provide

evidence that the risk associated with the software is acceptable within the overall

system risks.

10.2.2 Other important safety features

Other important safety features related to the fire safety analysis methodologies

developed in this research project are described as follows:

e For the past century the marine industry has used prescriptive rules and
regulations for treating safety matters. If a change of approach is to be adopted,

the major hurdles to be overcome will need to be identified and possible solutions
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suggested. The shift to more goal-setting regulations may encourage engineers and
designers to consider safety related issues more explicitly while carrying out

design optimisation studies.

As life safety is a prime concern in the passenger ship industry, more effort should
be devoted to the life saving at sea in an attempt to estimate and evaluate the
associated risks more reliably and effectively.

e The passenger vessel companies should work together with the aim of improving
the safety culture in and around passenger ships. The human element can be
addressed in a holistic manner and not just by addressing a few areas that fall
within the competence of the IMO, such as training, prevention of pollution and
ship management [IMO, 1994]. Since safety is dominated by human factors, the
development of a positive safety culture is the only way to improve the standard of
safety. The analysis of accidents across different industries frequently points to
human error as being the cause in anything up to 80% of cases [Stansfeld, 1994},
[Pomeroy, 1998]. To ensure that there is a safety culture within an organisation it
is essential to develop a positive attitude to safety. The only effective way of
achieving this is through education and training. This is a long term process and it
requires significant resources. Human error is now receiving increasing attention,
particularly from industries concerned with design and use of maritime and other

high-tech engineering systems.

Fire safety is a complex subject and it involves management, engineering and
operation underpinned by human factors. Therefore, in order to deal with safety one

must have a proper understanding of all four aspects and competence in handling

them.
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