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This paper presents a techno-economic modelling methodology that may be applied to 
the design and maintenance optimisation of large engineering systems based on safety 
analysis. The proposed methodology brings together risk and cost objectives into the 
decision making process for the improvement of design aspects and maintenance 
policies. Information produced using an inductive bottom-up safety analysis approach 
described in this paper is utilised to construct a techno-economic model. Multiple 
Objective Decision Making (MODM) techniques are then employed to process the 
constructed model. The results produced can assist designers in developing efficient 
designs that take into account the probabilistic risks, their possible consequences, 
maintenance cost, repair cost and design review cost. A technical example of an 
hydraulic hoisting transmission system of an offshore pedestal crane is presented to 
demonstrate the interaction between economic modelling and safety analysis and to 
indicate the potential use of this techno-economic modelling methodology in the 
design and maintenance decision making process of large marine and offshore 
engineering products. Copyright 0 1996 Elsevier Science Limited 

1 INTRODUCTION 

During the past decade, safety analysis of large marine and 

offshore engineering products such as marine cranes and 
offshore topsides has attracted a great deal of public atten- 
tion. This is because a marine or offshore engineering pro- 

duct is usually a large, expensive and complex engineering 
structure and a serious failure could cause disastrous con- 
sequences. The objective of safety analysis of large marine 
and offshore products is to ensure that the probabilities of 
occurrence of serious system failures, which could cause 
death or injury, damage or loss of property, and degradation 
of the environment, are minimised by evaluating all aspects 

of design from a safety viewpoint.“Y15 
Safety analysis of most large marine and offshore engi- 

neering products is usually based on international standards 
and classification society requirements (or the equivalent) 
which incorporate the necessary rules and codes implemen- 
ted over the years and updated, often under public pressure, 
following catastrophic accidents. It is still most commonly 
applied (if applied at all) at the tial stages of design for 
verification purposes. It is worth noting that deficiencies in 

many large marine and offshore product designs are only 
corrected after accidents have happened. Actually, many 
decisions based on safety analysis at the initial stages of 

design may have great impact on product safety, and 
many accidents could have been prevented if designs had 
been initiated with the great emphasis on safety. 

The report on the inquiry into the Piper Alpha accident has 
identified the need for the involvement of safety analysis from 
the early design stages to minimise the inherent hazards of 
large offshore products.2 It is suggested that a ‘safety case’ 
approach be required to achieve this by studying all the aspects 
of the safety of the plant or process in question and how the 
risks involved are to be minimised.’ The ‘safety case’ 
approach is currently in use in offshore engineering and it is 

suggested that it be used in the shipping industry.5 A ‘safety 
case’ should include sufficient particulars to demonstrate that2 

l hazards with the potential to cause a major accident 
have been identified, and 

. risks have been evaluated and measures have been 
taken to reduce them to As Low As Reasonably 
Practicable (ALARP). 
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A ‘safety case’ is suggested to include the identification 
of a representative sample of accident scenarios and the 
assessment of the consequences of each scenario together 
with an assessment in general terms of the likelihood of its 
happening using Qualitative Risk Analysis (QRA) so that all 
reasonably practicable steps can be taken to control risks. 
Techno-economic analysis is also suggested to prepare a 
‘safety case’ in order to incorporate safety aspects into the 
design process from the initial stages. The information pro- 
duced using QRA methods such as Fault Tree Analysis 
(ETA) may be utilised to build a techno-economic model 
in order to optimise both design aspects and maintenance 
policies of a large engineering system within both economic 
and technical constraints so that safety can be considered as 
a criterion and safety analysis can move from an assessment 
function to a decision making function and finally to a ver- 
ification functi0n.l’ 

Techno-economic modelling of large engineering sys- 
tems has been extensively discussed,173*6*7910 but not many 
practical applications are reported. This could be largely 
because of the uncertain value placed on human life and 
the difficulties of qualifying risks.’ However, it has been 
noted that if the uncertainty regarding the risks of a large 
marine or offshore product is not unacceptably high, a 
techno-economic analysis may be beneficially carried out 
to process the safety information produced and to make 
design decisions. 

Safety and cost are obviously two conflicting objectives, 
with higher safety leading to higher cost. It is generally 
impossible to have a design which could maximise safety 
(i.e., minimise risks) and minimise the life cycle cost simul- 
taneously. A compromise is therefore required. The deci- 
sion as to which objective is to be stressed is dependent on 
the particular situation in hand. The appropriate level of 
safety then becomes dependent on the relative importance 
of the two criteria. If the non-dominated design options for 
such a situation have to be obtained, it becomes feasible to 
use a formal Multiple Objective Decision Making (MODM) 
tool to arrive at efficient or optimal decisions. This is what 
this paper aims to do. 

In this paper, an inductive bottom-up safety analysis 
approach is presented in which Failure Mode, Effects and 
Criticality Analysis (FMECA), Boolean Representation 
Modelling (BRM) and Monte Carlo simulation method are 
used in an integrated way. Such an inductive approach may 
be very suitable to the safety analysis of large marine and 
offshore engineering products because of their characteris- 
tics such as the non-existence of historical failure data, the 
impracticability of full-scale experimentations, complex 
interactions between their subsystems, and the difficulty 
of replacements or modifications’ once on location and in 
0peration.r’ This inductive approach may give a higher 
level of confidence that all system hazardous states (top 
events) and the respective causes are identified, especially 
for those marine and offshore products with a comparatively 
high level of innovation. A techno-economic modelling 
methodology is then proposed to interrelate economic 

modelling and safety analysis to formulate a techno-eco- 
nomic model in which both risk and cost objectives are 
involved. The formulated model takes into account both 
design aspects and maintenance activities. MODM techni- 
ques are then employed to process the constructed model to 
generate the best compromise maintenance policies and 
design review actions. A technical engineering example is 
tinally presented to demonstrate the proposed teclmo-eco- 
nomic modelling methodology. 

2 SAFETY ANALYSIS 

2.1 Top-down and bottom-up safety analysis 
approaches 

Safety analysis, as used for the assessment of risks asso- 
ciated with an engineering system or product, may be sum- 
marised to answer the following four questions: 

1. What can go wrong? 
2. What are the effects and consequences? 
3. How often will they happen? 
4. What measures need to be undertaken to reduce the 

risks and how can this be achieved? 

To answer the above questions it is required to examine 
an actual or proposed design to identify and assess poten- 
tially hazardous situations and associated risks in order to 
provide a rational basis for determining where risk reduction 
measures are required. 

Either a top-down or a bottom-up safety analysis 
approach can be used to identify accident scenarios. The 
decision as to which kind of analysis is more appropriate 
is dependent on the availability of failure data of the product 
being studied, the indenture level of the analysis required, 
the degree of complexity of the inter-relationships of the 
components, subsystems, and the level of innovation. 

A top-down safety analysis of a system starts with the 
identification of the top events which can be obtained 
from previous accidents and incident reports of similar 
products. After the top events required to be studied 
further have been determined, the causes associated 
with them are then identified deductively in increasing 
detail until all the causes are identified at the required 
level of resolution. An FTA is a typical top-down 
method which can effectively be integrated into the 
top-down safety analysis process. 

For large marine and offshore products with a com- 
paratively low level of innovation, a top-down safety 
analysis may prove convenient and efficient because it 
only deals with the failure paths leading to the system 
top events obtained from previous accidents and incident 
reports of similar products. Obviously, experience and 
good understanding of a marine or offshore product are 
very important for the efficient use of such an approach. 
However, for large marine and offshore products with a 
comparatively higher level of innovation, there may be a 
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Matrix (RRM) 

Fig. 1. An inductive bottom-up safety analysis process. 

lack of knowledge or experience regarding the design 
solution and its possible effects on product safety. For 
such products, a top-down safety analysis may have the 
following problems: 

Failure data (i.e., system top events) may not be avail- 
able from previous accidents and incident reports of 
similar products. 
Lack of confidence that all failure causes associated 
with the system top events are completely identified. 
Deductive characteristics in a top-down safety analy- 
sis may not address the complex interactions present 
in a complex product address in an analytical way. 

An inductive bottom-up safety analysis may therefore be 
expected. Such an analysis may be started from the compo- 
nent level, progressed up to the subsystem level, and finally 
to the system level. All of the top events and associated 
causes can be identified with a significant reduction of 

omissions using an inductive bottom-up safety analysis 
approach. Such an inductive approach incorporating Failure 
Mode, Effects and Criticality Analysis (FMECA), Boolean 
Representation Modelling (BRM) and Monte Carlo simula- 
tion is shown in Fig. 1. “J* 

A large marine or offshore engineering system can be 
broken into subsystems which can be further broken down 
to the component level. After proper constraints and 
assumptions have been made, an FMECA can be carried 
out to identify the following information at the component 
level:* 

l All potential failure modes and associated causes. 
l The failure rate of each failure mode. 
l Effects (consequences) on the safety and operability 

of the higher indenture levels (including the level 
analyzed). 

l The severity class of the resulting effects where 
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each class may be defined as the following four l probability distribution of occurrence of each cut 
standard degrees:’ set with MTBM. 

Catastrophic: Involving death and or system loss. 
Critical: Involving severe injury and/or major system 
damage. 
Marginal: Involving minor injury and/or minor 
system damage. 
Negligible: Involving no injury and negligible 
damage to the system. 

The component/subsystem failures can also be assessed 
by constructing a component/subsystem failure simulation 
model with regard to the component Redundancy Relation- 
ship Matrix (RRM).16,17 Such a model can make use of the 
information produced from the FMECA. The typical out- 
puts from such a simulation model are:16 

l failure distributions of components with MTBM, and 
l the availability of the system. 

After the top events of the system have been identified, 

The information produced from the FMECA at the com- 
ponent level can be used to assist in the construction of the 
Boolean representation table of each component.” The 
Boolean representation table of a component describes the 
conditions which must be satisfied for the occurrence of the 
identified component’s output states.‘5’17”8 The last column 
of the Boolean representation table describes the states of 
the output of the component while other columns prescribe 
the states of the input attributes. Each row is a prime impli- 
cant which represents a possible condition for an occurrence 
of the component’s output state where a prime implicant can 
be considered to be the equivalent of a cut set in ETA but for 
systems with multiple state variables.18 After a Component 
Relationship Matrix (CRM) has been constructed for a sub- 
system, the rules of elimination can be applied to substitute 
intermediate variables by primary variables and the rules of 
simplification to absorb and merge redundant rows and 
redundant attributes to simplify the table to an irreducible 
form.4.18 After the Boolean representation tables of the 
subsystems have been constructed, an irreducible Boo- 
lean representation table of the system, in which all the 
input attributes are basic events, can be produced by 
applying the rules of elimination and simplification and 
studying the CRM of the system.” The obtained irredu- 
cible system Boolean representation table is not guaran- 
teed to contain all the causes associated with the system 
output states since variables with multiple failure states 
are involved. The extra prime implicants can be pro- 
duced out of the existing ones in the obtained irreducible 
table using Quine’s algorithm theory.4718 After the pro- 
duced extra prime implicants have been added to the 
obtained irreducible table and the rules of simplification 
have been applied again, the final system Boolean repre- 
sentation table is obtained which contains all the system 
top events and the associated minimum prime implicants 
(cut sets).17’r8 The probabilities of occurrence of the 
identified top events and the associated cut sets can be 
quantitatively estimated, on the basis of the obtained 
final system Boolean representation table, using the 
Monte Carlo simulation method with regard to Mean 
Time Between Maintenance (MTBM).16 Revealed fail- 
ures and covert failures can be taken into consideration.r6 
The typical outputs from the simulation analysis of the 
obtained final system Boolean representation table are:16 

l probability distribution of occurrence of each 
system top event with MTBM, and 

consequence analysis can be carried out to study the possi- 
ble effects caused by the occurrence of each identified sys- 
tem top event. The possible consequences of a system top 
event can be quantified in terms of the possible loss of lives 
and property, and the degradation of the environment. They 
may best be quantified by experts regarding the particular 
operating situation in hand. 

The information produced using the above described 
safety analysis approach can be used to build a techno-eco- 
nomic model in order to improve the safety of the system 
and to reduce the life circle cost of the system. In the 
remainder of this paper, a techno-economic modelling 
methodology will be presented in which both the probabil- 
ities of occurrence of the system top events and the costs of 
system failures, maintenance, repairs and design review 
actions over the product life time can be taken into consid- 
eration simultaneously. 

2.2 Safety modelling 

The occurrence of a system top event could cause serious 
consequences. The safety of a large marine or offshore engi- 
neering system can be improved by reducing the probabil- 
ities of occurrence of the system top events. 

The occurrence of a system top event is completely 
dependent on the occurrence of the associated minimal cut 
sets. If one cut set failure occurs, the system top event 
happens. Therefore, a reduction of the probability of occur- 
rence of a system top event is a matter of reducing or elim- 
inating the probabilities of occurrence of the associated cut 
sets. The usual way of reducing the probabilities of occur- 
rence of the system top events is to reduce or eliminate the 
probabilities of occurrence of some significant cut sets with 
relatively higher probabilities of occurrence since it is 
impractical and impossible to reduce or eliminate all the 
associated cut sets. 

The probabilities of occurrence of the system top events 
and the associated minimal cut sets can be obtained using 
the described inductive bottom-up system safety analysis 
approach. It should be noted that such probabilities are func- 
tions of MTBM. The probabilities increase as the MTBM 
increases. Such probability functions are normally discrete 
and non-linear because failure probabilities may only be 
obtained by simulation at discrete MTBM values. 
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Suppose there are n system top events and P,(MTBM) 
represents the probability of occurrence of the top event 
Ti. Suppose c cut sets are taken into account for reduction 
or elimination regarding all the system top events. Let 
P&iTBM) represent the original probability of occurrence 
of the ith cut set before a design review action is taken and 
llpDi represent the probability reduction of occurrence of 
this cut set as a result of a design review action. P,(MTBM) 
and PDi(MTBM) can be obtained using the inductive bot- 
tom-up safety analysis approach as discussed in the last 
section. 

safety-related life cycle cost of a large marine or offshore 
engineering system may be modelled by taking into account 
the top event-caused consequences, repair cost, maintenance 
cost and design review cost. The following simplifying 
assumptions are made to implement economic modelling: 

The safety of the system can be improved by minimising 
the risks. If the reduction or elimination of one cut set does 
not significantly affect others, the risk function can be 
expressed as the sum of the probabilities of occurrence of 
the system top events and the c cut sets considered for 
reduction or elimination while each system top event is 
weighted on the basis of the severity of its possible conse- 
quences. Suppose Risk represents such a function. The 
safety model can be constructed as follows: 

1. 

2. 

3. 

4. 

5. 

The basic diagram of the system to be analyzed is not 
changed. 
Manpower and spare parts are sufficient for the 
repairs and maintenance activities. 
All the subsystems return to their original conditions 
after a full maintenance. 
Failed subsystems are repaired ‘same as new’ and the 
rest of the subsystems are not affected by the repairs. 
Cost incurred is expressed as the present value. 

The safety-related life cycle cost model is proposed as 
follows: 

3.1 Top event-caused cost 

min : Risk = jiIKi x Pi(MTBM) + jt,KDj(PDj(MTBM) 
_ 

- MDj 

subject to : MTBM,,, z MTBM 2 MTBM,i” 

A system may have several serious top events, each of 
which could result in a system breakdown and possibly 
cause serious consequences such as injury or loss of lives, 
damage or loss of property and the degradation of the envir- 
onment. Top event-caused cost includes the following three 
parts: 

where Ki = the weighting factor representing the severity of 
top event I;:, MTBM,, = the largest MTBM value used in 
the safety analysis, MTBM,i, = the smallest MTBM value 
used in the safety analysis and KDj = Ki if the jth cut set is 
associated with top event Tti 

Crc: cost directly caused by the occurrence of the 
system top events. 
Cn: lost income due to the loss of the production abil- 
ity. 
CrR: repair cost caused by the occurrence of the system 
top events. 

The first term of the risk function deals with the main- 
tenance policies. This term represents the sum of the risks 
associated with the top events before the design actions are 
taken. The second term takes into account both the main- 
tenance policies and the design review actions. This term 
represents the remainders of the risks associated with the c 
cut sets after the design review actions have been taken. The 
occurrence of the cut sets considered for reduction or elimina- 
tion contributes to the occurrence of the system top events. 
Obviously, the smaller the sum of the two terms is, the higher 
the safety level of the system. It can be noted that some cut sets 
may be double accounted in the risk function. The purpose of 
modelling safety in such a way is to make sure that Risk is a 
monotonically increasing function of MTBM. Risk assess- 
ment is not affected by double accounting of some cut sets. 
The above safety model implies that the maintenance policies 
and the design review actions should be implemented to mini- 
mise the risks of the system. 

Top event-caused cost COSTT is given by: 

COST, = CTc + CTL -I- CTR 

C,, = i $ CLi x P,(MTBM) 
X 

CMM = iilR, XPiWmW 

where: 

Cri = cost directly caused by the occurrence of top 
event Ti;:. 

3 ECONOMIC MODELLING CLi = lost income caused by the occurrence of top event 
I;:. 

Cost is always an important issue in the design process CRi = repair cost caused by the occurrence of top event 

of large marine and offshore engineering systems. The Tie 
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3.2 Maintenance cost 

Maintenance cost includes the following three parts: 

&: cost of labour. 
C,,: cost of parts. 
CMM: lost income during the periods of maintenance 
activities. 

Maintenance cost COSTM is given by: 

COST, = C,, + C,, + C,, 

TPT TPT 

CTC = T”cMLk 

MTBM 
cMP= kxl CMPk CMM 

_ 

TPT 

= ycMMk 
_ 

where 

CMLk = cost of the labour required for the kth mainte- 
nance. 
CMpk = cost of the parts required for the kth mainte- 
nance. 
CM&,k = lost income during the period of the kth main- 
tenance. 
TPT = the project life time. 
Tpr/MTBM = the number of major maintenance activ- 
ities to be conducted over Tm. 

If CMLi = CMLb CM, = CMpk and CM&,i = CM,uk for i = 1, 2, 
Tpr/MT13M, and k = 1,2, . . . . . T,/MTBM , COSTM can be 
expressed as follows: 

CM =(cMLl +cMPl +cMMl) x &. 

3.3 Repair cost 

If a key component/subsystem in a system fails, the system 
should be shut down and the failed component/subsystem 
should be replaced or repaired immediately. Repair cost 
includes the following three parts: 

Cm: cost of labour. 
C,: cost of parts. 
C,: lost income caused by the loss of the production 
ability due to failures of the components/subsystems. 

Repair cost COST, is given by: 

COSTR = C,+C,+C, 

CRP = i51 Cmi xf;:(-W _ 

GR - it Cm x.#X-M) 

where: 

Cmj = cost of the labour for repairing the ith subsys- 
tem. 
C, = cost of the parts for repairing the ith subsystem. 
Cssi = lost income caused by the loss of the production 
ability due to failures of the ith subsystem. 
fi(MTE5M) = the number of failures of the ith compo- 
nent/subsystem, which is a function of MTBM and can 
be obtained using the approach described earlier. 
m = the number of the components/subsystems. 

3.4 Design review cost 

Since the basic design diagram of the system is not 
changed, a design review may only involve the use of 
more reliable components or provision of protection sys- 
tems, sensors and redundancies, or a combination of 
them, to reduce or eliminate the most significant cut 
sets associated with the identified system top events. 
Obviously, the more investment is directed at the system 
for the safety improvement, the higher safety level of the 
system can be achieved. A higher safety level of the 
system results in the lower probabilities of occurrence 
of the system top events, which lead to a less expendi- 
ture in the operation and maintenance process. 

In the design review cost modelling, the following 
assumptions are made for the convenience of analysis. 

The investment to be assigned to the system safety 
improvement first goes to the reduction or elimination 
of the cut sets (associated with the identified system 
top events) with relatively higher probabilities of 
occurrence. 
After a design action has been taken to a cut set, other 
cut sets are not signitlcantly affected. 
The probability reduction of occurrence of a cut set is 
proportional to the amount of money assigned to this 
cut set. 

Suppose Mj 0 = 1, 2,..., c) represents the cost required to 
eliminate the jth cut set in the design review process. The 
relationship between the amount of money assigned to this 
cut set (Wj) and its probability reduction in occurrence 
(AZ’Dj) can be described as follows: 

The cost incurred in the reduction or elimination of c cut 
sets in the design review process is given by: 

The elimination or reduction of the jth cut set can result 
in a probability reduction of occurrence of top event Ti if 
top event Ti is associated with the jth cut set. The possible 
benefit from the elimination or reduction of c cut sets is 
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given by: 

Benefit = i hpDi x CDj 
j-l 

where Cj = Cri+CLi+CRi if top event Ti is associated with the 
jth cut set. 

The total design review cost COST, is given by: COSTo = 

COSTR-Benefit 

3.5 Operational cost 

Average daily operational cost COSTo is given by: 

COST, = 2 

where Co is the annual operational cost of the system. 
The models concerned with top event-caused conse- 

quences, maintenance cost, repair cost and design review 
cost should be modified by taking into account the opera- 
tional cost. The modified models are shown as follows: 

COST; = COST, - COSToT COST; = COST, - COSToM 

COST; = COSTR - COST,, COST; = COST, - COSToD 

COSToT = i iI COST, X Pi(MTBM) X BTTi 
_ 

s COSTo i Pi(MTBM) X BTTi 
i-l 

COSToM = COSTo X BTMi X & 

COSToR = i $l COSTo x f;( MTBM) X BTRi 
_ 

-COST0 i$h(MTBM) X BTRi 
_ 

COSToo = COST0 j iI APDj(MTBM) X BTDj 

where: 

COST; = top event-caused cost after the modification. 
COST,& - maintenance cost after the modification. 
COST; = repair cost after the modification. 
COST; - design review cost after the modification. 
BT& = the system breakdown time caused by the 
occurrence of the ith top event. 
BTMi = the expected time required for the ith 
maintenance. 

BTRi - the time required for repairing the ith subsys- 
tem. 
BTDj - if top event Ti is associated with the jth cut set. 

3.6 Economic modelling 

An economic model is proposed to combine top event- 
caused cost, maintenance cost, repair cost and design review 
cost. Let Cost represent the safety-related life cycle cost 
function. Cost is given by: 

min : Cost = COST; + COST; + COST: + COST; 

subject to: MTBM,, z MTBM 2 MTBMmin 

0 s APDj sPDj(MTBM) 0’~ 172, ...) c). 

The first three terms of the cost model deal with the 
maintenance policies and the last term takes into account 
both the maintenance policies and design review actions. 
This model implies that the maintenance policies and the 
design review actions should be implemented to minimise 
the safety-related life cycle cost. 

4 BICRITERIA MODELS FOR TECHNO- 
ECONOMIC ANALYSIS 

4.1 A techno-economic modelling 

A techno-economic model is proposed which combines the 
safety model with the economic model. Let X = MTBM, yj = 
ADj (J’ = 1, 2,..., c) and Y = bl, yb.. ., y,]‘. Since COST; 

COST; and COST; are functions of X, and COST; is a 
function of X and Y, such a techno-economic model is 
given by: 

min : Cost = COST;(X) + COST;(X) + COST;(X) 

+ COST;(X, Y) 

min:RiSk=[i~IKiXP~(X)+j~IK~jX(PDj(X)-yi)] 
_ 

subject to: X,, z X z Xm, 

X and Y are design variables which need to be deter- 
mined to attain the cost and risk objectives as closely as 
possible. 

Safety should be carefully considered to minimise the 
potential risks at the initial design stages. After the system 
process diagram has been constructed and safety analysis 
has been conducted using the safety analysis approach 
described in Section 2, the above described techno-eco- 
nomic model can be formulated in order to improve the 
design aspects and maintenance policies. 

As described early, Cost and Risk are two competing 
objectives. The purpose of design synthesis is therefore to 
evolve compromise design solutions by balancing and 
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effectively utilising resources so that these two objectives 
can be simultaneously attained as closely as possible. 

4.2 Problem transformation and optimisation 

The probability distributions Pi(x) and P&X) (i = 1,2,..., PZ; j 
= 1,2 ,..., c) and the failure distributionsfi(X) (i = 1, 2 ,..., m) 
are, generally, not known explicitly. At a specific X, how- 
ever, the values of these distributions can be obtained using 
the bottom-up safety analysis approach described early. If 
the safety analysis is conducted at a sufficient number of 
discrete values of X, the values of these distributions at any 
XwithX,, rXzX& may then be predicted using the linear 
interpolation, resulting in piecewise linear distribution 
functions. 

The piecewise linear probability function Pi(X) of the top 
event Ti can be represented as follows? 

N-l 

pi(x)z j121 cyPi,j !X-Xjl+fl~&+y~i i-1,2,...,n (1) 

where: N = the number of the sections of Pi(X}X’ is a 
sampled value of X (j = 0, l,..., N). 

~Pi,j=$fpi,j+l-tpi,j)~~pi~~tpi,l+tpi,N)~~pi,j 

= !$spi,l +spi,N). (4 

tpt;j is the slope of the jth section and Sp<j is the y-intercept 
for the jth section of the probability function Pi(x), starting 
from 2-l and being terminated at 2, that is 

tPi, j = 
Pi(X’)-Pi(Xj-l) 

xi -xi-l (3) 

spi, 1 =Pi(x’) - tpi, 1x0 Spi,N ,Pi(x”) - tpi,Nx 
N 

. (4) 

If the following auxiliary variables a; and a,: are 

introduced, 

a;=i{k-Xji+(X-Xj)}anda;=i{&-Xjl-(X-X’)) 

(5) 

then the probability function Pi(x) can be represented by? 

N-l 

Pi(X)= I: Lypi,j(ai+ +af)+@p&+ypi,i=1,2,...,n 
j-1 

(6) 

under the restrictions 

++ -a,: =X -Xj; 

a; Xaj-‘0; ai,a,F 30, j-l,2 ,..., It. (7) 

Similarly, the subsystem failure functions J(x) can be 
represented as follows: 

N-l 

h(X)== 2 ctp,j(at +a;)+&X+yfi, i=l,2,...,m (8) 
j-l 

(10) 

sfi, 1 =h(xo) - $i, lx’; sfi,N -f;:(XN) - tfi,NxN 
P&X) can also be represented as follows: 

(11) 

N-l 

P,,(X) = 2 +m,j(aj’ + ai ) + fip& + YpDi, i = 1,2, . . ., C 
j-l 

(12) 

where: apDi,j = $l,,i,j+l -tPDi,j),6PDi’ $tPDi,l +tPDi,N) 

1 
and YPDi = $%i, I+ SPD~, N ) (13) 

tPDi, j = 
PDi(x’) -PDj(x’-‘) 

xi -xj-1 (14) 

SPDi, 1 =P~i(x’) - tPDi, Jo; SPDi,N =PD~(X~) -tPDi,NXN. 

(15) 

The bicriteria problem for optimising both risk and cost 
objectives may then be transformed as follows: 

/ 
min Cost ci$ (C, + CLi + CRi - COST0 x BTTi)P,(X) 

+ (C,+,L~ + CMpi + C,, - COST0 X BTMi) F 

m 
+ i El (CRZ,~ + Cmi + CRtti - COST0 x BTR~ M(x) 

_ 

+ $(-- Mi 
i-1 P,,(x) 

CDi - COST0 X BTDi)yi 

min Risk = iilh xpi(x)+ jg cKDj xpDj(x)-Yi)T 

s.t. X,,~X~X_ y=LYl>Yz, . . ..YCl 

o d Yi 6 P,,(X) i-l,...,c 

X-a; +a,: =Xj j=l,...,N-1 

ai xa,: -0; a{,a,y SO j=l,..., N-l 

(16) 

The GP as defined in eqn (16) can be used to obtain 
compromise designs and to find the interaction between 
cost and risk. In eqn (16), Pi(x), fi(x) and PDi(m are repre- 
sented by eqns (6), (8) and (12), respectively. GP is a non- 
linear bicriteria programming problem, which can be 
solved using the existing MODM techniques.‘3P’9V20 
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L&V-[X,al+,a; ,..., a~_,,a~_,,yI ,..., y,].Visreferred 
to as a design vector. The problem as represented by eqn 
(16) is then to search for designs that can attain the two 
objectives as closely as possible. There is generally no 
single design vector available which could simultaneously 
minimise the cost and risk objectives. It is therefore 
significant to search for non-dominated (or efficient) 
design vectors for evaluation.” In the next section, an 
example will be used to demonstrate how to generate such 
efficient designs. 

5 AN EXAMPLE 

The hydraulic hoisting transmission system of a marine 
crane is functionally shown in Fig. 2. This system is used 
to control the crane motions such as hoisting up or hoisting 
down loads as required by the operator.““’ It consists of 
five subsystems, namely an hydraulic oil tank, an auxiliary 
system, a control system, a prevention system and an 
hydraulic servo transmission system. Each subsystem is 
associated with several failure modes.9718 An occurrence 
of each failure mode associated with each subsystem may 
result in possible consequences, with the diverse severity 
class depending on the nature of the failure mode and the 
interactions of the subsystems. 

The following assumptions are made for the conve- 
nience of analysis: 
All the subsystems return to their original conditions 
after a full maintenance. 
Every subsystem is considered to be independent. 
Failed subsystems are repaired ‘same as new’ and the 
rest of the subsystems are not affected by the repairs. 

Control svstem 
pipelines 
control valves c 

function valves, etc 

I 
Proteztioa svstem 
brake control valves 
protection switch 
emergency valve 
pipelines 
various protection valves 

Hvdraulic oil tank 
thermostat 
filters 
level switch 
heater, etc 

1 
Arurilia~ svstem 
filters 
clogging indicator 
pipelines 

1 
Hvdraulic servo 
trawmiasion svstem c 
pipelines 

+ shaft 
filters Aetuatinesvstem 

motors 
pumps , 

Fig. 2. The diagram of an hydraulic hoisting transmission system 
of an offshore crane. 

The failure modes of the subsystems with severity class 4 
are not taken into account for the study of the system top 
events, and the failure modes of the subsystems with sever- 
ity classes 3 and 4 would not cause the system to shut down. 

5.1 Top event-caused cost 

The system top events and the associated causes of the 
hydraulic hoisting transmission system can be identified 
using the inductive bottom-up safety analysis approach 
described in Section 2. After the Boolean representation 
table of each subsystem has been constructed by making 
use of the information produced using FMECA, the final 
Boolean representation table of this system can be con- 
structed by studying the subsystem interrelations and apply- 
ing the rules of elimination and simplification.17,‘8 Each row 
in the final system Boolean representation table represents a 
possible condition for an occurrence of the system’s output 
state. For example, if ‘the output of the control system 
cannot be closed for lowering motion’ and ‘shaft failure 
of the hydraulic servo transmission system’ simultaneously 
occur, the top event ‘hoisting down continuously not as 
required’ will happen.r7,18 

The system top events are identified as follows from 
the constructed final system Boolean representation 
table: I8 

T1: Hoisting down continuously not as required. 
Tz: Hoisting up continuously not as required. 
T3: No output from the package output motor. 

10 cut set are identified which are associated with TI, 43 
cut sets with Tz and 14 cut sets with T3.17,18 The possible 
consequences resulting from the three identified system top 
events are described as follows:17,18 

TI: Possibility of damage to the boom, ranging from 
minor distortion to total collapse (buckling). Possible 
rupture of the hoisting rope resulting in a dropped load. 
A dropped load may result in a total destruction of the 
lifted load, damage to the surrounding structure and 
other goods within the operating radius and possible 
death or severe injury to personnel. 
T,: A dropped load resulting in the probable conse- 
quences described in TI. 

Table 1. The probabilities of occurrence of T,, T2 and T3 

MTBM(hr) Tl 

1000 0.0775 
2000 0.0775 
4000 0.0776 
6000 0.0792 
8000 0.0792 
10000 0.0803 
12000 0.0810 

:Ei 
0.0815 
0.0830 

18000 0.0899 
20000 0.0929 

T2 Z-3 

0.0001 0.0222 
0.0002 0.0250 
0.0012 0.0275 
0.0026 0.0288 
0.0075 0.0336 
0.0140 0.0366 
0.0227 0.0374 
0.0312 0.0494 
0.0433 0.0498 
0.0514 0.0504 
0.0670 0.0638 
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Table 2. The parameters in the top event-caused cost model 

CT pounds CL pounds CR pounds 

CT, 2ooooo c,, 
ZE c, 

CR1 10000 
CP2 600000 CL, 20000 
CT3 looooo CL3 5000 c, 5000 

T3: A dropped load resulting in the probable conse- 
quences described in Tl. 

The probabilistic assessment of the top events can be 
carried out on the basis of the obtained final system Boolean 
representation table. Given the failure data of the basic 
events associated with Tl, Tz and T3, the probability of 
occurrence of each top event with MTBM can be calculated 
using the Monte Carlo simulation method’6.‘7 and shown in 
Table 1. (See also Fig. 3.) 

In the top event-caused cost model, n is equal to 3, and 
other parameters are shown in Table 2. 

5.2 Maintenance cost 

The parameters in the maintenance cost model are shown as 
follows: CMLr+Cnrpr = 4000 pounds; C,,, = 500 pounds; Tm 

= 20 x 365 x 24 hr. 

5.3 Repair cost 

When studying a basic event failure, an exponential distri- 
bution in which the failure rate is constant is usually used to 
describe it. This is because the constant failure rate is a 
characteristic of a basic event.14 The probability of occur- 

b 
Q) 0.06 

ii 
2 0.05 - 
i 
z 0.04 - 

rence of a basic event failure following an exponential dis- 
tribution can be obtained by 

where t is the period of time of interest. 
The exponential distribution is the most widely used dis- 

tribution in application and it is also the most simple to deal 
with.14 Therefore, in this paper, it is assumed that each basic 
event failure of a subsystem, which is independent of others 
as discussed earlier, follows an exponential distribution. 
After the failure data of such basic events has been obtained 
from the FMEEA, the discrete values of failure distributions 
(i.e., the distributions of the numbers of failures) of the 
subsystems can be produced as shown in Table 3 using 
the Monte Carlo simulation method.16,17 (See also Fig. 4.) 

In the repair cost model, m is equal to 4 and other para- 
meters are shown in Table 4. 

5.4 Design review cost 

The probabilities of occurrence of the cut sets associated 
with the system top events Tl, T2 and T3 with respect to 
MTBM can be calculated using the Monte Carlo simulation 
method, on the basis of the obtained system Boolean repre- 
sentation table.16’17 If six cut sets with the highest probabil- 
ities of occurrence with respect to each MTBM value are 
taken into account, the total eight cut sets regarding all 
MTBM values are identified for reduction or elimination. 
This is because the probabilities of occurrence of the cut sets 
change with MTBM and therefore the six cut sets with the 
highest probabilities of occurrence may not be the same for 

0 2000 4000 6000 6000 10000 12000 14000 16000 16000 20000 

MTBM(hr) 

Fig. 3. Failure distributions of Tl, T2 and T3 with MTBM. 
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Table 3. The discrete values of failure distributions of the subsystems 

MTBM Sub-system fitx) MTBM Sub-system h(x) 

1000 control 
4=::g 

2000 control fi = 0.0504 
protection 

; : 0.6656 
protection A = 0.5188 

servo servo f3 = 0.7922 
oil tank f4 - 0.0398 oil tank jj = 0.0500 

4000 control fl = 0.0700 6000 control fi = 0.0824 

8000 

12000 

16000 

20000 

protection x = 0.6758 
servo f3 = 1.0054 

oil tank f4 = 0.0644 
control fi = 0.0990 

protection fi = 0.9858 
servo A = 1.4958 

oil tank f4 = 0.0846 
control fi = 0.1364 

protection fz = 1.3004 
servo A = 1.9486 

oil tank fi = 0.1188 
control fi = 0.1610 

protection fi = 1.5866 
servo h = 2.4022 

oil tank f4 = 0.1356 
control fi = 0.1916 

protection fi = 1.9128 
servo f3 = 2.8956 

oil tank f4 = 0.1684 

0000 

4000 

18000 

20000 

protection 
servo 

oil tank 
control 

protection 
servo 

oil tank 
control 

protection 
servo 

oil tank 

control 
protection 

servo 
oil tank 
control 

protection 
servo 

oil tank 

‘f; = 0.8078 
A = 1.2692 

k = 0.0774 
fi = 0.1134 
f2 = 1.1244 
f, = 1.7092 

f4 = 0.1024 
fi = 0.1480 
fi = 1.4398 
fs = 2.1734 
J, = 0.1278 
fi = 0.1820 
f2 = 1.7176 
f3 = 2.6664 
J, = 0.1492 
fi = 0.1916 
fi = 1.9128 
f3 = 2.8956 
jI, = 0.1684 

Table 4. The parameters in the repair cost model 

GZL pounds GP pounds GR pounds 

CRLl 1000 cm 2000 cm 2000 
cRL2 2000 CFLP2 4000 CR,2 4000 
cRL3 2000 cRP3 4000 cRR3 4000 
CR,4 1000 cRP4 2000 CR, 2000 

2.5 - 

0-I 

0 2ooo 4000 6000 moo ImOO 12m uooO 16000 18000 20000 

Mean Time Belween Maintenance 

F’ig. 4. Subsystem failure distributions with MTBM. 
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different MTBM values. These eight cut sets are described 
as follows: 

Cut set 1: 

Cut set 2: 

Cut set 3: 

Cut set 4: 

cut set 5: 

Cut set 6: 

Cut set 7: 

Cut set 8: 

‘major leak in the hydraulic oil tank’ AND 
‘level gauge failure of the hydraulic oil tank’ 
AND ‘major leak of the auxiliary system’ AND 
‘the output form the control system cannot be 
closed for ‘lowering‘ motion’ AND ‘major leak of 
the hydraulic servo transmission system’. 
‘major leak in the hydraulic oil tank’ AND 
‘level gauge failure of the hydraulic oil tank’ 
AND ‘no output from the control pump of the 
auxiliary system’ AND ‘the output from the 
control system cannot be closed for ‘lowering’ 
motion’ AND ‘motor seizure of the hydraulic 
servo transmission system’. 
‘failure allowing contaminant into the auxili- 
ary system’ AND ‘the output from the control 
system for hoisting up motion cannot be closed 
when required’ AND ‘failure of the switch when 
energised for the protection system’ AND ‘failure 
of the hoisting lower limit/slack rope prevention 
of the protection system’. 
‘the filter blocked for the auxiliary system’ 
AND ‘the blocking indicator of the auxiliary 
system fails to operate’ AND ‘major leak of the 
hydraulic servo transmission system’. 
‘the filter blocked for the auxiliary system’ 
AND ‘the blocking indicator of the auxiliary 
system fails to operate’ AND ‘no output from the 
package motor of the hydraulic servo transmis- 
sion system’. 
‘the filter blocked for the auxiliary system’ 
AND ‘the blocking indicator of the auxiliary 
system fails to operate’ AND ‘pipe burst of the 
hydraulic servo transmission system’. 
‘the filter blocked for the auxiliary system’ 
AND ‘the blocking indicator of the auxiliary 
system fails to operate’ AND ‘short circuit of the 
hydraulic servo transmission system’. 
‘failure allowing contaminant into the auxili- 
ary system’ AND ‘no major leak of the hydraulic 
oil tank’ AND ‘motor seizure of the hydraulic 
servo transmission system’ 

where the first two cut sets are associated with Tl, the third 
cut set with T2 and the remainder with Tj. 

0.06 -- 

0.01 

t 

For each MTBM value, the range of the probability 
reduction of occurrence of each cut set is shown in 
Table 5. (See also Fig. 5.) 

In the design review cost model, c is equal to 8 and other 
parameters are shown as follows: 

CD1 - CD2 = &+&l+& = 220000 pounds 
CD3 = Cn+CL+Cm = 640000 pounds 
C, = C,, = Cm = CD, - C, = Cr+CL+Cm = 110000 
pounds 
Ml = M2 = M3 = M4 = MS = M6 = M, = MB = 8000 

pounds. 

5.5 Operational cost 

Assuming that the annual operational cost of this hydraulic 
hoisting transmission system is equal to 10000 pounds, the 
daily operational cost COST0 can be obtained by: COST0 = 

10000/365 pounds. 
The parameters for the modification of the models of the 

top event-caused cost, repair cost, maintenance cost and 
design review cost are shown in Table 6, where 
i = 1,2, . . ., TpT/X. 

5.6 Optimisation results 

Other parameters in the techno-economic model are shown 
as fOllOWS& = KD~ = Km = KD~ = Km = K,, = lu,, = KI = Kj 
=~,K,~-,2=2,X,,-l~hr,X,,-2~hr. 

The non-linear GP shown in eqn (16) can be solved using 
the software for multiple objective non-linear program- 
ming. 13~19720 The optimisation results are shown in Fig. 6 
and discussed as follows: 

If only the cost objective is optimised, the minimum Cost 

is equal to 121631 pounds and the design is located at point 
2 as shown in Fig. 6. In this case, the risk objective is equal 
to 0.32, X or MTBM is equal to 18000 hr, and cut sets 1 and 
3 are required to be eliminated. Elimination of such cut sets 
can be made by the use of more reliable components, the 

--t cut set 3 

*cut set 4 

-cut set 8 

0 2000 4000 6000 6000 10000 12000 14000 16000 18000 20000 

MTBM 

Fig. 5. The range of the probability reduction of occurrence of each cut set. 
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Table 5. Tbe range of the probability reduction of occurrence of each cut set 

MTBM(hr) cut sets 
1 2 3 4 5 6 7 8 

1000 0.0539 0.0236 0.0001 
2000 0.0539 0.0236 0.0002 
4000 0.0539 0.0237 0.0011 
6000 0.0539 0.0253 0.0022 
8000 0.0541 0.0257 0.0058 
10000 0.0553 0.0257 0.0117 
12000 0.0553 0.0257 0.0199 
14000 0.0560 0.0257 0.0253 
16000 0.0564 0.0274 0.0340 
18000 0.0613 0.0286 0.0419 
20000 0.0693 0.0292 0.0507 

0.0060 
0.0076 
0.0076 
0.0079 
0.0086 
0.0088 
0.0088 

8.::;: 
0:0098 
0.0108 

0.0020 0.0074 0.0014 
0.0026 0.0090 0.0014 
0.0026 0.0090 0.0014 
0.0026 0.0092 0.0018 
0.0032 0.0104 0.0026 
0.0034 0.0106 0.0034 
0.0034 0.0108 0.0038 
0.0036 0.0110 0.0062 
0.0036 0.0110 0.0062 
0.0036 0.0120 0.0064 
0.0036 0.0130 0.0112 

provision of protection systems, sensors and alarming sys- 
tems, or a combinations of them, as described previously. 
The detailed study in this area is outside the range of this 
paper. 

If only the risk objective is minimised, the minimum Risk 
is equal to 0.10 and the design is located at point 1. In this 
case, the cost objective is equal to 839600 pounds, X is equal 
to 1000 hr, and cut sets 1, 2, 3, 4, 5, 6, 7 and 8 are all 
required to be eliminated. 

Each point in the curve shown in Fig. 6 is an efficient 
design regarding both cost and risk objectives. A design is 
efficient or Pareto optimal if it is not dominated by any other 
feasible designs in terms of the two objectives. At point 5, 
for example, the cost and risk objectives are equal to 262364 
pounds and 0.1082, respectively, X is equal to 4241 hr, and 
all eight cut sets are required to be eliminated. There is no 
other design available which could have the Cost and Risk 
values lower than 262364 pounds and 0.1082 sirnulta- 
neously. At point 6, the cost and risk objectives are equal 
to 139516 pounds and 0.1696, respectively, X is equal to 
10000 hr, and cut sets 1, 2, 3 and 6 are required to be 
eliminated. 

The ideal design is located at point 3 where both the cost 
and risk objectives are simultaneously minimised. However, 
such a design is not feasible. Therefore, only compromise 
designs can be obtained. The best compromise design is 
located at a point in the frontier, which is nearest to the 
ideal design point. 

If the risk and cost objectives are of equal importance, 
such a best compromise design (i.e., point 4) can be 
obtained using minimax approach.‘3,20 At point 4, Cost 
and Risk are equal to 193020 pounds and 0.1198, respec- 
tively, X is equal to 6269 hr, and cut sets 1,2,3,4, 6 and 8 
are required to be eliminated. 

Table 6. The parameters for the modiication of the models 

0.0036 
0.0036 
0.0054 
0.0054 

8%E 
0:0094 
0.0142 
0.0142 
0.0142 
0.0190 

It can be noted, from Fig. 6, that Cost is significantly 
reduced with a slight increase of Risk from point 1 to 
point 5 in the efficient frontier, and that Risk is significantly 
reduced with a slight increase of Cost from point 2 to point 
6. These two sections should obviously be avoided in the 
design. A practical efficient design can be at some point in 
the section between 5 and 6, depending on the particular 
requirements on cost and safety to be considered. For 
instance, if safety is a comparatively important factor, an 
efficient design may be chosen from the section between 
points 5 and 4; and if cost is a comparatively important 
factor, an efficient design may be chosen from the curve 
between points 4 and 6. Each point corresponds to a fixed 
design vector V. 

From the above analysis, it is obvious that the optimisa- 
tion results can assist the designer in understanding the pro- 
blem and making a decision as to what maintenance policies 
and design review actions should be taken. 

6 CONCLUDING REMARKS 

Based on safety analysis, a techno-economic modelling 
methodology is proposed in this paper to incorporate safety 
into the design process from the initial stages and to make 
design decisions. In this methodology, the safety parameters 
are obtained using an inductive bottom-up safety analysis 
approach. This gives a higher level of confidence that all 
system top events and the associated cut sets are identified. 
A techno-economic model can be constructed by utilising 
the safety information produced. MODM techniques can be 
applied to deal with the obtained bicriteria optimisation 
model. Such a techno-economic modelling methodology 
provides the safety analyst with a rational tool to make 

mRl 

mR2 

mR3 

mR4 

2 mT1 mDl-mTl=5 

mT2 

mDc,=mT3==5 

: 
BTD,=BTn-5 BTm-B-q-3-5 

mT3 5 ~D3-~~-5 mD,=mT3==5 

1 mA4i 5 mD4wmT3-5 mD~7=mT3-~ 
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Fig. 6. The optimisation results. 

full use of the information produced in safety analysis and to 
take into consideration both design aspects and maintenance 
policies simultaneously. 

From the illustrative example, it is noted that there exist 
two competing demands of safety and economy. The deci- 
sion as to which one is to be stressed may be dependent on 
the particular situation in hand. The proposed techno-eco- 
nomic modelling methodology can be used to assist 
designers in understanding the interaction between safety 
and economic considerations, so as to balance and best uti- 
lise resources for design of a large marine or offshore engi- 
neering product. 

The safety information used in this paper is produced on 
the basis of the flnal system Boolean representation table. It 
is obviously also possible to generate such information on 
the basis of the cut sets associated with system top events 
produced using PRA approaches such as FIA. 
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