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Executive Summary 
 
 
The purpose of this thesis is to investigate the probabilistic damage stability of ro-ro 
ferries with regard to their subdivision based on the probabilistic damage stability 
concept. 
 
The covered main aspects are: 
 

1. Allowed simplifications in the subdivision concerning the Attained Index. 
2. Multiobjective optimisation of the subdivision of a ro-ro ferry using I-ship 
3. Development of a fast method for estimating the Attained Subdivision Index. 
4. Development of a user-friendly software tool for investigating the initial 

design of a ro-ro ferry. 
 
 
Because the Attained Subdivision Index is a very CPU heavy value to calculate it is of 
important to know which parameters affect this value and where simplifications can 
be made in order to obtain a reasonable accurate value. 
 
The hydrostatic software I-ship is linked to various optimisers with the purpose of 
optimising the subdivision of a ro-ro design. The objects are to maximise the Attained 
Subdivision Index, maximise the ro-ro deck area and to minimise the light ship 
weight. This is known as a multiobjective optimisation problem and various 
techniques for solving it are described in the thesis. These include genetic algorithms, 
the weighted sum method, the MOGA method and utility functions. An Excel 
spreadsheet, where a ship model defined in I-ship can be investigated, is included. 
 
A quick way of estimating the Attained Subdivision Index, calculated according to 
MSC19(58), for four generic types of ro-ro ships is presented. The method seems to 
be able to predict the Attained Subdivision Index within a range of ±15% for 90% of 
the verified designs. It has been implemented in a small program, called ProbStab, 
where it is possible to see the four generic types of ro-ro vessels, change various 
parameters and see the effect on the Attained Subdivision Index. 
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The spreadsheet Ro-ro design.xls, where a preliminary design can be investigated, is 
described. It estimates the ro-ro deck area, weights, stability, building costs, operating 
costs and sets up a projected cash flow for a new ro-ro vessel. It is set up to optimise a 
number of objects using a weighted sum function, the MOGA method or utility 
functions. To use the optimisation feature the genetic algorithm add-in Evolver must 
be present. 
 
 



 

Synopsis 
 
Formålet med dette studium er at undersøge probabilistisk skadesstabilitet af ro-ro 
færger med hensyn til ruminddelingen. 
 
Arbejdet er delt i fire hovedområder: 
 

1. Tilladelige simplifikationer i ruminddelingen med hensyn til det opnåede 
inddelingsindeks A 

2. Flermåls optimering af ruminddelingen af et ro-ro skib ved brug af I-ship 
3. Udvikling af en hurtig metode til at skønne det opnåede inddelingsindeks A 
4. Udvikling af et regneark til undersøgelse af en ro-ro færges egenskaber i 

design fasen 
 
Fordi det er en ret omfattende proces at beregne det opnåede inddelingsindeks A, er 
det vigtigt at vide, hvilke parametre det influeres af.  Det fører frem til en viden om 
hvilke simplifikationer i ruminddelingen der kan gøres uden at det går væsentligt ud 
over  præcisionen af det opnåede inddelingsindeks A. 
 
Det hydrostatiske program I-ship udvides med forskellige optimeringsprogrammer 
med henblik på at optimere ruminddelingen  af et ro-ro skib. Målene er at maksimere 
det opnåede inddelingsindeks, maksimere ro-ro arealet og minimere skibets letvægt. 
Dette kaldes et flermåls optimeringsproblem, og forskellige løsningsteknikker 
beskrives. Disse inkluderer genetiske algoritmer, den vægtede sums metode, MOGA 
metoden og nyttighedsfunktioner. Et Excel regneark, hvor stabiliteten af en I-ship 
model kan undersøges, inkluderes.  
 
En hurtig metode til at skønne det opnåede inddelingsindeks, beregnet efter 
MSC19(58) for fire generiske ro-ro skibe, præsenteres. Denne metode ser ud til at 
kunne skønne det opnåede inddelingsindeks inden for ±15% for 90% af de 
verificerede ro-ro designs. Metoden er implementeret i et program, ProbStab, hvor det 
er muligt at se de fire ro-ro typer, ændre de forskellige modelparametre  og se effekten 
på det opnåede inddelingsindeks. 
 



vi  Synopsis 
 

  

Regnearket Ro-ro design.xls, hvor et præliminært ro-ro design kan undersøges, 
beskrives. Det giver et skøn over ro-ro arealet, vægtene, stabiliteten, bygge-
omkostningerne, driftsomkostningerne samt opstiller en pengestrøm for en ny ro-ro 
færge. Regnearket er sat op til at kunne optimere et antal mål ved hjælp af en vægtet 
sum metode, MOGA metoden eller  nyttighedsfunktioner. For at anvende disse 
optimeringsværktøjer skal den genetiske algoritme add-in Evolver være installeret.
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1.  Introduction 
 
 
The global economy of today could not exist without ocean shipping. Ships facilitate 
trade and are a crucial component of a company’s supply chain. Ships transport more 
than 5 billion tonnes of cargo each year (2002). Tankers and bulk carriers transport 
the majority of these tonnes, in 2002 they accounted for 37% of all ships above 
100gr.t. [ECSA, European Community Shipowners’ Associations]. High-valued 
goods are transported by container ships evolved over the last 40 years with very 
efficient cargo handling methods coupled with near-elimination of cargo damage and 
theft. Container ships accounted in 2002 for 6% of all vessels above 100grt. 
 
In some cases it is not feasible to containerise cargo. To combine fast cargo handling 
with greater cargo flexibility the roll on/roll off vessels were introduced in the 1960s1. 
Various designs were developed, but in concept the ro-ro is a cargo liner with through 
decks and roll-on access by means of ramps, rather than via hatches in the weather 
deck. This configuration is particularly suitable for wheeled cargo. A major advantage 
of the ro-ro vessel is its ability to provide fast port turnaround without special cargo 
handling facilities. A disadvantage of the ro-ro is the inefficient use of cargo space. 
Vehicles cannot be stowed effectively due to space required for manoeuvring. 
Furthermore, the wheeled chassis require large amounts of the ship’s cubic capacity. 
In addition ro-ro’s are very management intensive, requiring careful stowage 
planning. As a result ro-ro ships usually attract high value freight, which can obtain 
higher freight rates. In 2002 ro-ro’s accounted for 7% of all vessels above 100gr.t. 
The total World fleet was in 2002 45476 ships above 100gr.t. [ECSA]  
 

                                                 
1 The roll on/roll off concept was first introduced by the DFDS ship ‘Lion’ in 1880. (Papanikolaou A., 
Handbuch der Werften, Vol. XXVI) 
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Different types of ro-ro ships exist and the notion used is not always consistent. The 
main types are [Papanikolaou A., Handbuch der Werften, Vol. XXVI] 
 

1. Ro-ro ferry (Ro-Pax): A ro-ro ship for transport of more than 12 passengers 
with accommodation for passengers and drivers. This thesis only deals with 
ro-ro ferries or perhaps more correct ro-ro passenger ships. 

2. Ro-ro rail ship: A ro-ro passenger ferry with special equipment for trains. 
3. Ro-ro cargo ship: A ro-ro ship for transport of no more than 12 passengers. 
4. Ro-ro-containership. A containership with ro-ro decks but also hatches for 

container storage. 
5. Pure car carriers. For transport of large amount of vehicles from the 

production facilities to the consumer markets.  
 
 
The stability regulations for ro-ro ferries are largely contained in SOLAS chapter II-
1[13]. The damage stability is laid down in Regulation 8 of that chapter. After the loss 
of the Estonia additional stability requirements related to water ingress on the first ro-
ro deck above the design waterline have been introduced in the so-called Stockholm 
Agreement applicable in Northern Europe. For the time being the probabilistic 
damage stability concept only applies to dry cargo ships and only optionally to 
passenger ships. But the IMO is currently seeking to harmonise the damage stability 
regulation for all types of vessels using the probabilistic damage stability concept. 
 

Stability regulations Ship type 

SOLAS II-1, Part B and Stockholm 
Agreement Or SOLAS Res. A265 

Ro-ro passenger ships (Ro-Pax ships) for 
more than 12 passengers 

SOLAS II-1, Part B-1 (Dry cargo ship 
regulations) 

Ro-ro cargo ships for less than 12 
passengers. 

 
 
 

Notes to the reader 
In the thesis we use the wording lower- and upper sidecasing. The correct wording 
should be wing tanks for the sides below the bulkhead deck and side casing for sides 
above the bulkhead deck. Wing tanks are watertight and side casings are weather 
tight. 
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1.1. Objectives and Scope of the Work 
The thesis focuses on applying the probabilistic damage stability concept to ro-ro 
ferries. As no final and international approved regulation yet exists for this type of 
ships, the concept of the Attained Subdivision Index from SOLAS B1 for dry cargo 
ships with a limiting heeling angle of 30 degrees will be used. The majority of the 
thesis focuses on applying optimisation methods to the layout of the subdivision of ro-
ro vessels. 
 
In Chapter 2 it is explained how a simplified subdivision model can be used to 
estimate a reasonably accurate Attained Subdivision Index. Furthermore, some 
simplified formulas for calculating the different weights of a ship a given. A large part 
of the chapter builds on work carried out within the European research project 
ROROPROB. In the beginning of the chapter a short introduction to the probabilistic 
damage stability concept is given. 
 
Chapter 3 presents some optimisation methods, including genetic algorithms and the 
concept of multiobjective optimisation. It ends with a presentation of three 
optimisation software programs/packages. 
 
Chapter 4 introduces the methods and concept of data mining, which will be used for 
developing the model for the Attained Subdivision Index in Chapter 6. The chapter 
uses a shareware data mining software package, which can be downloaded from the 
Internet. 
 
In Chapter 5 the subdivision of two vessels is optimised with regard to the Attained 
Subdivision Index, the ro-ro deck area and the lightweight. In the chapter the software 
described in Chapter 3 is linked to the hydrostatic software I-ship. 
 
In Chapter 6 it is recognised that using direct calculations of the Attained Subdivision 
Index in the optimisation process is very time consuming and also requires an already 
defined hull. In the chapter a model for estimating the Attained Index for four generic 
ro-ro vessels is developed using data from precalculated designs. 
 
In Chapter 7 the model for the Attained Subdivision Index developed in Chapter 6 is 
used in optimise Vessel 2 from chapter 5. An Excel spreadsheet is developed for 
estimating the properties of an initial ro-ro design with regard to stability, ro-ro deck 
area, weights and costs.  
 
Chapter 8 contains conclusions. 





 

2.  Simplifications and Formulas  
 
This chapter shows that it is possible to calculate the Attained Subdivision Index with 
good accuracy without having to define all the compartments and tanks of the vessel. 
Furthermore, formulas for estimating weights and costs of the different elements of a 
ship are presented. To begin the chapter we will briefly describe the concept of 
probabilistic damage stability. 
 
 

2.1. Introduction to Probabilistic Damage Stability 
The main concept of the probabilistic damage stability regulations is the 
determination of a subdivision index, denoted A (Attained Subdivision Index or for 
short the Attained Index). The expression for A consists of two parts, one describing 
the probability of damaging a particular section of the vessel, the other accounting for 
the probability of survival after flooding of the section. An Attained Index of 0 (No 
ship will have this) means that the ship cannot survive any damage and an Attained 
Index of 1 means it can survive all damages. The philosophy behind the probabilistic 
damage stability concept is that two different ships with the same Subdivision Index 
are equally safe. 
 
At the moment only dry cargo ships are required to fulfil a probabilistic damage 
stability regulation stated in SOLAS part B1, also known as MSC19(58). Passenger 
ships can choose to follow the IMO resolution A.265. The IMO is currently seeking to 
harmonise the damage stability regulation for all types of ships (excluding tankers, 
special purpose ships and high-speed craft). The European Community funded project 
HARDER (2000-03) [3], has systematically investigated the validity, robustness and 
impact of all the aspects of a harmonised probabilistic damage stability regulation. 
The work is based on the concept of SOLAS B1 and A265, but the specific 
probability factors and damage distributions have been revised. The HARDER project 
will be presented in 2003. It is then up to the IMO to decide on a final harmonised 
damage stability regulation. The relevant SOLAS convention change is scheduled for 
2005.  
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The Attained Subdivision Index is calculated as 
 

A = Σai = Σ pi ⋅ ri ⋅ vi ⋅ si 
where 

i represents each compartment or group of compartments under consideration. 
pi is the probability that compartment group i is flooded, disregarding any 

horizontal subdivisions. 
 

ri is the probability that any inboard compartments in the group are not 
flooded. If there are no longitudinal bulkheads the r-factor is 1 
 

Wing Compartment 
Inboard space 

CL

 
 

vi is the probability that the vertical extension of the damage reaches above a 
horizontal deck located above the waterline. 
If there is no horizontal decks the v-factor is 1. 
 

si is the probability that the ship will survive (fulfil certain rules) after the 
flooding of the compartment group under consideration. 
si  = C⋅ rangeGZ5.0 max ⋅⋅     (SOLAS B-1) 

  
 GZ 

GZmax 

range ≤ 20° 
ϕ 

ϕe 

 
C=1,  if ϕe ≤ 25° 
C=0,  if  ϕe > 30° 

5
30

C eϕ−
=  

otherwise 

 
The sum of the individual ai obtained for a number of compartment groups must then 
be greater than a Required Index set by the rules. For dry cargo ships the Required 
Index is presently only a function of the length of the damaged vessel. For passenger 
ships the Required Index is a function of the length, the number of passengers and the 
number of persons for whom lifeboats are provided. 
To prepare the calculation of the index A, the length of the ship is divided into a fixed 
discrete number of damage zones. The triangle in Figure 1 illustrates the possible 
single and multiple zone damages for a ship with six watertight transverse bulkheads. 
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The triangles at the bottom line indicate single zone damages and the parallelograms 
indicate combinations of adjacent damages. As there are no longitudinal bulkheads, 
recesses etc. a damage zone is in this case equal to the length of the individual 
compartments. This does not have to be the case. 
 

 
Figure 1: Figure illustrating the possible single and multiple zone damages. 

 
In the SOLAS B1 regulation for dry cargo ships the Attained Subdivision Index shall 
be calculated for two draughts without trim. 
 

• Afull for the full load draught Tfull 
• Apar for the partial draught, calculated as Tpar = Tlight ship + 0.6⋅(Tfull –Tlight ship) 

 
The Attained Subdivision Index for the ship is then given as A = ½⋅(Afull + Apar) 
 
 
In A265 and in the proposal from HARDER the Index shall be calculated for three 
draughts (The difference between A265 and the HARDER proposal is that the 
HARDER statistics is more modern and comprises more ships): 
 

• Afull for the full load draught Tfull 
• Apar for the partial load draught, calculated as Tpar =Tlightest + 0.6⋅(Tfull – Tlightest) 
• Alightest for lightest anticipated draught Tlightest 

 
The Attained Index for the ship is then calculated as A=0.4⋅Afull+ 0.4⋅Apar + 0.2⋅Alightest 
The difference between the light ship draught and the lightest service draught should 
be noted. 
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Calculating the Attained Subdivision Index is a tiresome task involving calculations 
of often hundreds or even thousands of ai’s, each requiring calculation of pi, vi, ri and 
si. Of course, the lazy or experienced designer may only calculate ai for the most 
contributing compartment groups and stop when the combined A is greater than the 
Required Index. This can however still be a very tedious task. In order to be 
manageable for a designer the probabilistic concept must be formulated in such a way 
that it is possible to automate it on computers. The concept is quite clear and 
consistent when the probabilities for damage location, length, penetration and 
survivability are to be determined. The problems may arise when applying the 
probabilities to individual compartment groups. In the Explanatory Notes to the 
SOLAS Regulation (IMO A.684) examples are given how ai can be calculated for 
different subdivision arrangements. Such examples can of course never be fully 
adequate for structure as complex as a ship. Cases can be set up which raises doubts 
as how to calculate ai for a specific compartment group. In the first part of the 
ROROPROB project the Attained Subdivision Index was calculated for a number of 
ships using different software (I-ship, NAPA, AutoShip+Excel spreadsheet, TRIBON 
& GHS). The results were almost identical A-values suggesting that even though 
some individual ai can differ, the overall summation gives identical results. 
Consequently the Attained Subdivision Index should not be given with more than 2 
significant digits. When the si value is calculated the ship is heeled a discrete number 
of angles, in the ROROPROB project angles up to 30° were used. Using 10°, 20° and 
30° gives an adequate A-value, but by using only one more angle, 5°, 10°, 20°, 30°, 
the result will usually be better, because the start of the GZ-curve is better defined. 
This is important to the cases where 0 < s < 1.  
 
The table below shows the Attained Subdivision Index for the same ship, with two 
different subdivisions and calculated for a different number of angles. It is seen that 
for model 1 (few compartments) there is a difference in the Attained Index using 4 
instead of 3 angles. For model 2 (many compartments) the difference is negligible. 
 

Table 1: Selection of heeling angles in damage calculations (ROROPROB Delivery2) 

Model 1 Model 2 

Heeling angles (deg.) 

No. of 
heeling 
angles Index A Index A 

10, 20, 30 3 0.62904 0.87796 
5, 10, 20, 30 4 0.64748 0.87871 

5, 10, 15, 20, 25, 30 6 0.64789 0.87972 
2, 5, 7, 10, 15, 20, 25, 30 8 0.64671 0.87998 

2,5,7,10,12,15, 
17,20,22,25,27,30 12 0.64675 0.87998 

from 1 to 30° every 1°  30 0.64702 0.88004 
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2.2. Simplification of the subdivision 
A ship may easily consist of more than a hundred compartments and all these will be 
defined in the final model. In [10] it is shown that the subdivision can be simplified 
considerably with regard to the Attained Index. The paper has been written on the 
basis of work carried out in the European project ROROPROB (G3RD-CT-2000-
00030). The Attained Index has been calculated for three vessels with an actual 
subdivision and a simplified subdivision consisting of the major transverse bulkheads, 
the double bottom, the ro-ro deck and the side casings. Thus the number of 
compartments can be limited to 25 to 40. The three ships labelled PRRx are all ro-ro 
ferries. The first is a large ferry, the second a large slender ferry and the third a small 
ro-ro ferry. 
 

Table 2: Main particulars of the vessel PRR1. 

Length overall (m) 194.30 
Length b.p. (m) 170.00 
Subdivision length (m) 178.25 
Breadth (m) 27.80 
Depth to car deck (m) 9.00 
Depth to top deck (m) 14.85 
Service draught (m) 6.25 
Displacement (t) 17302 

 

PRR1, Actual vessel with 116 compartments PRR1, coarse model with 35 compartments 
A=0.8986 A=0.9172 
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Table 3: Main particulars for vessel PRR2 

Length over all (m) 194.3 
Length between perpendiculars (m) 176.0 
Breadth (m) 25.0 
Depth to subdivision deck (m) 9.1 
Depth to deck 4 (m) 14.5 
Draught m 6.52 
Displacement (t) 17166 

 

 

-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190

RoRo deck

below RoRo deck

1

2P 3P 4P 5P

2S 3S 4S 5S

6 72-5C

8P

8S

9P

9S

10P

10S

11P

11S

12P

12S

13P

13S

14P

14S

15 16 17LH

CD CDF

PRR2, Actual vessel with 106 compartments PRR2, Coarse model with 32 compartments 
A=0.7621 A=0.8168 
 

Table 4: Main particulars for vessel PRR3 

Length over all (m) 68.83 
Length between perpendiculars (m) 64.60 
Breadth (m) 14.80 
Depth to car deck (m) 4.35 
Depth to top deck (m) 9.75 
Draught (m) 3.00 
Displacement (t) 2041 

 

 
PRR3, Actual vessel with 67 compartments PRR3, Coarse model with 21 compartments 
A=0.8499 A=0.8780 
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From the work carried out in the beginning of ROROPROB, synthesised in [10] it can 
be concluded that fuel tanks and smaller compartments do not need to be modelled in 
order to calculate a reasonably accurate value of the Attained Index. What should be 
included are the tanktop, ro-ro deck, the possible side casings and the transverse 
bulkheads. This should limit the number of compartments to some 25-45. The reason 
why the Attained Index is larger for the simplified models is probably that the do not 
include the heeling tanks of the ro-ro ships. Heeling tanks can be critical because of 
the asymmetric flooding they induce. 
 

Straight vs. Curved Longitudinals 
Side casings following the shape of the hull will often be curved, especially in the 
lower part of the vessel. In the design phase it would be convenient not to worry about 
where the casings curve but just model them as straight or flat sides. Again the 
purpose is to build a model quickly and estimate the damage stability. To investigate 
if this is possible, we take the vessel shown in Figure 2 and calculate A with a B/5 and 
B/8 side casing modelled as a curved and modelled as a straight line. Table 5 below 
shows the results. 
 

Table 5: The Attained Index for vessels with straight and curved side casing. 

 Straight Curved 
Upper B/5 0.7176 0.7203 
Upper B/8 0.5830 0.6414 
Lower B/5  0.3465 0.3094 
Lower B/8 0.3429 0.3495 

 
 

Figure 2: Two vessels with side casing on and below the ro-ro deck. The figure illustrates what 
is meant by straight side casing and what is meant by curved side casing. (Exaggerated) 
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To conclude from Table 5 that the Attained Index does not depend on the curvature of 
the bulkheads would surely be wrong. However, in the initial phase where the goal is 
to get an idea of the value of A, the assumption of straight side casings is not bad, 
especially because it will usually give an A-value on the lower side of the true value. 
The third row in Table 5 is here an exception to this rule. Using a curved longitudinal 
will reduce the probability of damaging the inner compartments and thus increase the 
Attained Index. But it will also increase the volume of the wing compartments and 
give the damaged vessel a larger heel, which reduces the Attained Index. This can be 
counteracted by cross-flooding the wing compartments. 
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2.3. Estimating Weights and Costs 
 
 
In Chapter 5 where the subdivision is optimised by direct calculation of the Attained 
Index some formulas are needed for estimating the weights and centre of gravity of 
the ship. They will be presented here together with some cost functions used in 
Chapter 7.  
 
The total ship’s weight is split into: 

Wtotal = (Whull/Steel + Wdeckhouses) + Woutfit + Wmachinery + Wdead weight 

 
The vertical centre of gravity is then: 

(KG⋅W) total = (KG⋅W) hull +(KG⋅W) deckhouses +(KG⋅W) outfit +(KG⋅W) machinery  

+(KG⋅W) dead weight 

 
 
 

Variable Names 
L Length between particulars of ship 
B Width of ship 
D Depth of ship 
T Draught of ship 
∇  Displacement in m3 if not otherwise stated 
Cb Block coefficient  
CbD Block coefficient at z=D 
V Speed in knots 
W Weight in tonnes 
KG Vertical centre of gravity 
MCR Maximum continuous rating in kW 
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Steel Weight 
The formula for the steel weight WS in [4] is mainly based on data obtained from 
Danish shipyards in the period 1960-1990 including a substantial number of ships 
built from 1980 to 1990. The steel weight is found as 
 

WS = CS⋅VS 
 
The steel coefficient CS as a function of displacement ∇  in tons is represented 
analytically as 
 

CS(∇ ) = CSO + 0.064⋅exp(-0.5⋅log10∇  + 1 – 0.1⋅ (log10∇  -2)2.45) 
 

Coefficient CSO for each ship type [4] 
Ship type CSO (t/m3) 

 
Support vessels 0.0974 
Tugs 0.0892 
Cargo ships (3 decks) 0.0820 
Cargo ships (2 decks) 0.0760 
Cargo ships (1 deck) 0.0700 
Tankers 0.0752 
Bulk carriers 0.0700 
Product carriers 0.0664 
Train ferries 0.0650 
VLCC 0.0645 
Reefers 0.0609 
Passenger ships 0.0580 
Rescue vessels 0.0232 

 
For the ro-ro vessels in this thesis Cso=0.065 has been used. 
 
The cubic number VS = 12.127∇ 0.833 for cargo ships and bulk carriers is derived by 
use of the same database. The weight include deckhouses 
 
An alternative method is given by Watson and Gilfillan in RINA trans. 1976: 
 
Wsteel[t] 
including the
deck house 
 

K⋅ (E1.36) ⋅ (1 + 0.5((Cb + (1 - Cb) ⋅ (0.8⋅D - T) / (3⋅T))-0.70)) 
E = L ⋅ (B + T) + 0.85 ⋅ L ⋅ (D - T) + 0.85 ⋅ Hsuperstruct ⋅ Lsuperstruct 
K=0.037 for passengerships 

 
This is the steel build into the ship. The total amount of steel used to build the ship 
can be up to 15% higher due to waste. 
The vertical centre of gravity for the hull KGhull is taken from [11]: 
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KGHull = (0.44+0.00155⋅(0.85-CbD)⋅(L/D)2)⋅D 

 
where CbD is the block coefficient to the bulkhead deck. 
 

Deckhouse 
Using the above formula for Wsteel by Watson and Gilfillan includes the deckhouse(s). 
The weight of accommodation deckhouses in several tiers is here estimated per tier 
and not as a single unit. The method described is taken from Müller-Köster in [8]. 
 
The specific weight CDH in kg/m3 is given in the table below. The tier numbers 
commence from the lowest tier, Tier No. 1, which is assumed to be on an upper deck. 
If the lowest tier is on top of a superstructure, e.g. a poop, the lowest tier is to be taken 
as tier No. II. The weight of the individual deckhouse is subsequently estimated from 
the formula: 
 

WDH = CDH⋅FU⋅h⋅K1⋅K2⋅K3 
 
 h is the height of each tier 

FO is the area of deck. FU is the area of the house 
 
Specific accommodation deckhouse weight CDH, in kg/m3 
FO/FU Tier I Tier II Tier III Tier IV Wheel 

house 
1.0 57 55 52 53 40 

1.25 64 63 59 60 45 
1.5 71 70 65 66 50 

1.75 78 77 72 73 55 
2.0 86 84 78 80 60 

2.25 93 91 85 86 65 
2.5 100 98 91 93 70 

 
K1 is a correction factor for deck heights h differing from 2.6m: K1 = 1 + 0.02(h-2.6) 
 
K2 is a correction factor for the length fi of the internal bulkheads, when differing 
from the standard value of 4.5 times the length of the deck house: K2 = 1 + 0.05(4.5 - 
fi) 
 
K3 is a correction factor for ship’s lengths differing from 150 m: 
 

K3 = 0.95 for L = 100m 
K3 = 1.10 for L = 230m 

 



16  2.  Simplifications and Formulas 
 

  

Linear interpolation is used for intermediate values of L. K3 can then be expressed as  
K3 = 1.1538⋅10-3⋅L + 0.8346  
 
The vertical centre of gravity of the deckhouse is about 0.77h to 0.85h above the deck 
on which the deckhouse stands if there are no internal bulkheads. The height of the 
C.O.G. increases with increasing size of the deckhouses. For deckhouses with internal 
bulkheads the C.O.G. is somewhat lower but not under 0.70h.  
For the ro-ro vessels in this thesis the width of the deckhouse is set to the breadth of 
the ship and the length of the house is set to 0.7 times the length of the ship. The 
number of tiers is set to 3 of a height of 2.6m each. For KGhouse we use 0.5 times the 
total height of the deckhouse acknowledging that the deckhouse usual narrows as it 
becomes higher. 
 

Outfit 

Schneekluth has presented the formula WO=KO⋅L⋅B in [11] for the weight of the 
outfit, where K0 is taken to be 0.40 t/m2 
KGOutfit is estimated to be equal to the depth D of the ship. 
 
 

Machinery Weight 
According to Watson in [15] the total machinery weight WM may be estimated by: 
(for diesel electric machinery) 
 

WM = 0.72(MCR)0.78 
 
where MCR is the sum in kW of all diesel generator machinery. 
 
The vertical C.O.G. of the machinery can be set to 0.3 times the height of the engine 
room above the tanktop. 
 
The required power of the ship is estimated as: 

MCR [kW] = (0.0037⋅ (∇ 2 / 3 ⋅ V3) + 4643.4) ⋅0.746   [2] 
 
where V is in knots and ∇  is in tons. 
 
To add the auxiliary machinery we multiply the found MCR required to drive the ship 
by 1.2 
The formula is very crude and should not be taken as more than a comparative figure.  
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Dead Weight 
The dead weight is the difference between the weight at the specific design draught 
and the lightweight. The centre of gravity of the dead weight is set to a user-specified 
distance above the ro-ro deck. Because of the low density of the vehicles with cargo 
the maximum dead weight is never exceeded in any realistic loading condition. 
 

Ro-ro deck area 
In the direct calculations the area is taken as the volume divided by the height of the 
volume. For estimating the ro-ro area the following is done: 
 

Stores = Int((D - RoRoDeckPos - Deck1h) /  Deck2h) + 1 
If Stores <= 0 Then Stores = 0 
     
Area = 0.0 
     
If CasingOnRoro = 1 Then 
    Area = Area + (Cw * L * (UpCasingPos * 2)) * Stores 
Else 
    Area = Area + (Cw * L * B) * Stores 
End If 
     
If LowerHold = 1 Then 
    Area = Area + 0.6 * L * (LowerHoldPos * 2) * Cb 
End If 

Calculate the number of decks 
We do not want any negative areas 
 
 
If there are side casings on the ro-
ro deck then the area is the length 
of the vessel times the width 
between the side casings. Cw is 
the water plane coefficient. 
 
If there is a lower hold, the area of 
this is 60% of the length times the 
distance between the lower hold 
side casings. Cb is the block 
coefficient 

 
Here the Deck1h is the height of the first deck on the ro-ro deck. This must be at least 
4.7m/5.2m to facilitate lorries. Any subsequent decks above are set to the user-
specified height Deck2h. The area is corrected for the shape by means of the water 
plane coefficient Cw. For the lower hold area the factor 0.6 indicates that only 60% of 
the length can be used for cargo. The shape of the vessel further reduces the size of 
the lower hold. This is accomplished by the block coefficient. 
 
The area is calculated in square metres even though the general way of measuring the 
ro-ro area is in lane metres. However, depending on the cargo of the vessel is the 
width of a lane meter differs. The breadth of a car, including spaces, is set to 2.55m 
(1.75+0.8) and the length of a car taken to be 4.8 m including clear spaces. The 
clearance height of a car or van should be 2.8 m. The breadth of a lorry, including 
clear spaces, is 3.6m  (2.6+1.0) and the length including a trailer is set to 17 m. The 
clearance height of a lorry is 4.7 m. If hoistable decks are used it should be 5.2 m. 
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Cross-section of a small car ferry showing lanes and hoistable deck arrangement. The side 
casings contain stairs and uptakes. A larger ferry will have a row of pillars in the ship’s 
centreline. Possibly also a centre casing. 

 

Costs 
In [5] the following costs are found. The costs are from 1994 but given the low 
inflation and increased competition they can probably still be used in 2003. The cost 
functions are for bulk carriers which are cheaper to build, but are nevertheless used 
here for ro-ro ships. This is of course not good enough but for the example it will do. 
In addition to the values below the shipyard calculates overheads to cover the fixed 
costs. These overheads are around 0.7-0.9 times the direct labour costs. 

 
Steel costs [$] Wsteel ⋅ (1.167 - 0.117 ⋅ Cb) ⋅ SteelCosts[$/t] 
Outfit costs [$] Woutfit⋅OutfitCosts[$/t] 
Machinery costs [$] 13672 ⋅ MCR[kw]0.7 + 760500 
Steel labor [$] 157 ⋅ Wsteel

0.9 ⋅ LaborCosts[$/hour] 
Outfit labor [$] 270 ⋅ Woutfit ⋅ LaborCosts[$/hour] 
Fuel [t/hour] 170⋅10-6 ⋅ MCR[kW] 
Auxiliary [t/hour] 0.09⋅Fuel 

 
 
Extra costs for a lower hold 
Many ro-ro ships are fitted with a lower hold under the main ro-ro deck. This is not an 
extra area free of costs. The costs of a lower hold come from extra outfit and extra 
labour.  
Here we estimate the costs of the lower hold to be the total wages multiplied by a 
factor. To find this factor insight is needed into the shipyards costs calculations. In 
this thesis we will not include the extra costs of a lower hold. 
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Intact stability 
The stability estimates presented below are used in the spreadsheet in Chapter 7 to 
assure that the intact stability and the roll periods are appropriate. 
 

 
KB [m] 0.53⋅T   or  

T(5/6 – Cb/(3Cw))   (Normand) 
 

BM [m] (0.085⋅Cb-0.002) ⋅B2/(T⋅Cb)   or better 
f(Cw)/12 ⋅ B2/(T⋅Cb)   ,   f(Cw)=0.096+0.89⋅Cw

2    (Normand) 
 

KGtotal (KGlight⋅Wlight+KGcargo⋅Wcargo) / Wlight+cargo   or 
Quick: KGlight=1+0.52⋅D 
 

GM [m] KB + BM – KG 
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2.4. Verifying the Weight Formulas 
 
To validate some of the formulas presented here, they have been applied to twelve 
ships found in the magazine Ship of the Year. Unfortunately, only the lightweight and 
the installed power can be verified. In Table 6 we see that the lightweight is quite well 
estimated. The installed power of the ship is more uncertain, but at least the formula 
estimates the correct order of magnitude. It would be interesting to see how the cost 
formulas behave on real ships but no data has been available. They should give a hint 
of the order of magnitude of the building costs, but as mentioned in Chapter 7 the 
costs and prices of ships are very volatile and not only governed by labour and 
material costs. 
 

Table 6: Twelve ships from the magazine Ship of the Year 

Issue Name Lpp B D T Disp. [t] V 
Lightweight [t] 

Data / estimate 

Total diesel 
power [kW] 

Data / estimate

2001 Ulysses 192.4 31.2 21.45 6.4 27425 22 17760 / 14507 35760 / 35694 

2001 Mega Express 159.7 24.8 17.6 6.3 14500 29 11000 / 10348 52200 / 51410 

2001 Hebrides 91.2 15.8 11.2 3.2 3493 16.8 2823 / 2901 8382 / 7713 

2001 Golfo Dei Coralli 179.2 23.4 14.2 6.08 15925 22.5 8825 / 9174 24300 / 27638 

2000 Maersk Flanders 134 23.2 13.15 5.01 11472 19.4 6879 / 6286  11513 / 16262 

2000 Blue Star 111.8 18.9 12.25 5.1 6584 24.1 4358 / 4742 19530 / 20176 

1999 Mistral 142.8 20.6 14.15 7 12736 20 5258 / 6244 13800 / 18365 

1998 Wenatchee 127.41 27.3 14.8 5.3 6242 18 4475 / 6053  11171 / 10594 

1998 Tressure Island 105 20 11.05 4.75 5712 17.5 3979 / 3807 11280 / 9739 

1998 Superfast III 176 25 14.4 6.5 17300 28.5 11700 / 10849 46620 / 54600 

1998 Skåne 186.2 29 15.3 6.2 23420 21 15556 / 11522 35450 / 28845 

1997 Schleswig-Holstein 134 24.8 14.05 5.8 8806 18.5 6406 / 6090 16307 / 12984 

 
 



 

3.  Optimisation 
 
Optimisation techniques are used to find a set of design parameters, x = {x1, x2,…, 
xn}, that can in some way be defined as optimal. In a simple case this might be the 
minimization or maximization of some characteristic which is dependent on x. In a 
more advanced formulation, the objective function, f(x) to be minimised or 
maximised, might be subject to constraints in the form of  
 

equality constraints Gi(x) = 0  (i=1,…,me) 
inequality constraints Gi(x) ≤ 0  (i=me+1,…,m) 
and/or parameter bounds xlower, xupper 

 
A general problem description is stated as 

minimise f(x) x∈ℜ n 
 

subject to Gi(x) = 0 (i=1,…,me) 
Gi(x) ≤ 0 (i=me+1,…,m) 
xl ≤ x ≤ xu 

 
where x is the vector of design parameters, f(x) is the objective function which returns 
a scalar value, and the vector function G(x) returns the values of the equality and 
inequality constraints evaluated at x.  
An efficient and accurate solution to this problem depends not only on the size of the 
problem in terms of the number of constraints and design variables, but also on the 
characteristics of the objective function and constraints. When both the objective 
function and the constraints are linear functions of the design variable, the problem is 
known as a Linear Programming (LP) problem. Quadratic Programming (QP) 
concerns the minimisation or maximisation of a quadratic objective function that is 
linearly constrained. For both the LP and the QP problems, reliable solution 
procedures are readily available, including procedures for handling integer values. 
More difficult to solve is the Non-linear Programming (NP) problem, in which the 
objective function and constraints can be non-linear functions of the design variables. 
A solution of the NP problem generally requires an iterative procedure for 
establishing a direction of search. 
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Global vs. local solutions 
The methods used by most non-linear optimisation programs are "hill climbing". Hill 
climbing methods start with an initial guess and proceed to find the nearest maximum 
(or minimum) solution. One can imagine starting at a point along a curve and move to 
the left or right until a reach a peak or trough is reached. Hill climbing will always 
find the best answer if (a) the function being explored is smooth, and (b) the initial 
variable values place you near the optimal solution. If these conditions are not met, 
hill climbing can end up in a local solution rather than a global solution.  
 

 
Figure 3: Even with a smooth function, hill climbing can fail if starting from a 
slightly different position (right).[19]  

 
 
 

 
Figure 4 illustrates well the problem 
of local vs. global solutions. Here an 
object on the z-axis is mapped by two 
design variables.  

Figure 4: Example of a search space with multiple peaks.[12]  
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3.1. Genetic Optimisers 
 
Genetic algorithms are a relativly new optimisation technique.  Genetic algorithms 
(GA’s) [9] & [12] are based on the principles of natural selection. The basic elements 
of natural genetics – reproduction, crossover, and mutation – are used in the genetic 
search procedure. GA’s differ from the traditional methods of optimisation in the 
following respects: 
 

1. A population of points (trial design vectors) is used for starting the procedure 
instead of a single design point. If the number of design variables is n, the size 
of the population is usually taken to be 2n to 4n. Since several points are used 
as candidate solutions, GA’s are less likely to be trapped at a local optimum. 

2. GA’s only use the values of the objective function. The derivatives are not 
used in the search procedure. 

3. In GA’s the design variables are represented as strings of binary variables 
which correspond to the chromosomes in natural genetics. Thus, the search 
method is naturally applicable for solving discrete and integer programming 
problems. For continuous design variables, the string length can be varied to 
achieve any desired solution. 

4. The objective function value corresponding to a design vector plays the role of 
fitness in GA’s. 

5. In every new generation, a new set of strings is produced by using randomised 
parents selection and crossover from the old generation (old set of strings). 
Although randomised, GA’s are not simple random search techniques. They 
efficiently explore new combinations with the available knowledge to find a 
new generation with better fitness or objective function value. 

 
The technique was first developed by Holland (1962) but has only come into 
prominence in the last 10 years due to increases in available desktop computing 
power.[9]  
 
 



24  3.  Optimisation 
 

  

Initiate
Generate population of n chromosomes.

(suitable solutions for the problem)

Fitness
Evaluate the fitness f(x) of each chromosome x

in the population

Selection
Select two parent chromosomes from a

population according to their fitness

Crossover
With a crossover probability cross over the
parents to form a new offspring (children).

Mutation
With a mutation probability mutate new

offspring at each locus (position in chromosome)

Terminate search?
If the end condition is satisfied

Final solution

No

Yes

 
 

Figure 5: Outline for a genetic algorithm 
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3.2. Multiobjective Optimisation and Pareto Optimality 
 
The rigidity of the mathematical problem posed by the general optimisation 
formulation given on page 21 is often remote from that of a practical design problem. 
Rarely does a single objective with several hard constraints adequately represent the 
problem faced. More often there is a vector of objectives which must be traded off in 
some way. The relative importance of these objectives is generally not known until the 
systems have been analysed and trade-offs between the objectives fully understood. As 
the number of objectives increases, trade-offs are likely to become complex and less 
easily quantified. There is much reliance on the intuition of the designer and his or her 
ability to express preferences throughout the optimisation cycle. A multiobjective 
optimisation problem with inequality and/or equality constraints can be stated as 
 
Find X={x1, x2, x3,…,xn} which minimizes f1(X), f2(X),…, fk(X) 
 
Subject to gj(X) ≤ 0, j=1,2,…,m 
 
where k denotes the number of objective functions to be minimised. Any or all of the 
functions fi(X) and gj(X) may be non-linear. 
In general, no solution vector X exists which minimizes all the k objective functions 
simultaneously. Here a concept, known as the Pareto optimum solution, is used in 
multiobjective optimisation problems: 
A feasible solution X is called Pareto optimal or non-dominated if there exists no other 
feasible solution Y so that fi(Y)<=fi(X) for i=1,2,…,k with fj(Y) < fi(X) for at least one 
j. In other words, a feasible vector X is called Pareto optimal if there is no other 
feasible solution Y which would reduce some objective function without causing a 
simultaneous increase in at least one other objective function. 
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For example, if the objective functions are given by f1 = (x-3)4 and f2 = (x-6)2, their 
graphs are shown in Figure 6. For the purpose of minimising the objective functions all 
the values of x between 3 and 6 are Pareto optimal solutions.  
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Figure 6: The Pareto optimal solutions are 
x∈ [P;Q]. 

Figure 7:Pareto frontier for f1 and f2 

 
Once the Pareto optimal or non-dominated solutions have been established the Pareto 
frontier can be drawn as in Figure 7. Here the conflicting nature of the optimisation 
problem is easily recognised. The task of the decisionmaker is now to determine how 
low f1 should be while still minimising f2. This is the subject of weight factor 
assignment. 
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Weighed Sum Method 
The weighted sum strategy converts the multiobjective problem of minimising the 
vector F(x) into a scalar problem by constructing a weighted sum of all the objectives. 

 

Minimise ∑
=

⋅=
m

1i
ii )x(Fw)x(obj  Eq. 3.1 

 
Fi(x) could be the distance from the optimal point Fi(x0) to the current point Fi(x). The 
problem can then be optimised using a standard optimisation algorithm. The problem 
is now to attach weighting coefficients to each of the objectives. For the previous 
example the objective function would be 
 

Obj(x)=w1⋅(f1-0) + w2⋅(f2-0) 
 

Because f1 and f2 could be of very different magnitude we need to scale them. This is 
done by 
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Where fmin is replaced by fmax in the numerator if the object is to be maximised. By 
minimising the new objective function for a number of combinations of weight factors 
the Pareto frontier can be generated.  
 
The weighted sum method is only capable of finding all non-dominated solutions if the 
objective space is convex. If the objective space is non-convex the method may not be 
capable of identifying all the solutions. This can be illustrated geometrically. Consider 
the two-objective case in Figure 8. In the objective function space a line, L, WTF(x)=c 
is drawn. The minimization of Eq. 3.1 can be interpreted as finding the value of c for 
which L just touches the boundary of Λ as it proceeds outwards from the origin. 
Selection of weights w1 and w2, therefore, defines the slope of L, which in turn leads to 
the solution point where L touches the boundary of Λ. In Figure 9 the boundary of Λ is 
non-convex. Here each point on the curve between A and B is an efficient solution but 
none of them could be identified using the simple weighting method. 
An alternative way, capable of finding all efficient solutions in convex and non-convex 
objective spaces, is the Minimax method, which is described next. After this a few 
techniques to assign weight factors will be shown. 
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Figure 8: Weighted sum method in a convex 
solution boundary 

Figure 9: Weighted sum method in a non-
convex solution boundary 

 

Minimax Method 
The Minimax method uses the distance between an efficient design and a pre-defined 
ideal design and seeks to minimise this. 
 
The distance employed by the Minimax method is a weighted ∞-norm. A weighted p-
norm is given by:  
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The Minimax problem is then defined by [12] 
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The Minimax problem stated above is equivalent to solving 
 

min λ 

so that λ≤
−
−

}
)(

{ minmax

min

ii

ii
i ff

fXf
w  , i=1,2,…,k 

X is the space of the design variables and λ ≥ 0 

Eq. 3.5

 
The Minimax method is capable of discovering all efficient solutions of a 
multiobjective problem. Given the relative weights of the objectives, the Minimax 
method can provide a compromise solution which is nearest to the ideal solution. The 
cost is that the Minimax method uses 1 design variable λ extra. My experience is that 
the optimisers have had difficulties finding a minimum using the Minimax method. A 
choice between the weighted sum method and the Minimax method will favour the 
weighted sum method. But as stated in [12] the Minimax method should be able to 
solve a larger variety of problems than the weighted sum method. 
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3.3. Weight Assignment Methods 

Direct weight Assignment 
The idea here is to evaluate the relative importance of one attribute over others using 
an evaluation standard. Figure 10 shows an example of a standard. 
 

Attribute evaluation Value 
Extremely unimportant 0 
Very unimportant 1.0 
Unimportant 3.0 
Average 5.0 
Important 7.0 
Very important 9.0 
Extremely important 10.0 

Figure 10: Example of a weight standard 

 
As an example of how weights may be assigned directly, take a fighter aircraft. Six 
attributes are taken into consideration, (speed, range, pay load, cost, reliability, 
manoeuvrability) 
 
The weight vector for this could be 

W = [w1 w2 w3 w4 w5 w6] =[9 2 2 3 3 9] Eq. 3.6

  

Eigenvector Weight Assignment Method 
To capture the decision maker’s preferences, this method uses pairwise comparisons 
between attributes, represented by a comparison matrix as shown below. mlh implies 
that attribute fl is mlh times as important as attribute fh. 
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The weight vector can then be obtained by solving  

M⋅W = λmax W  
 
where λmax is the maximum eigenvalue of the comparison matrix
M. The normalised eigenvector corresponding to λmax is then the
weight vector. 

Eq. 3.7
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All pair wise comparisons in M will be consistent if the following conditions are 
satisfied 
 
mlh = 1/mhl and mlk⋅mkh = mlh for all l, h, k = 1,…,n; l ≠ h 
 
In this case λmax = n (In the example below λmax=6). However, pair wise comparisons 
are usually inconsistent. As inconsistency may affect the accuracy of W, a consistency 
index is defined to measure the degree of inconsistency. Saaty [12] suggests a 
consistency index (CI) defined as 
 

1.0
1n

nCI max ≤
−
−λ=  Eq. 3.8

 
 
As an example of the eigenvalue method take the fighter aircraft from the previous 
page. From Eq. 3.6 it can be concluded that attribute f1 is 4.5 times as important as 
attribute f2 or f3, 3 times as important as attributes f4 or f5. The pairwise comparisons 
matrix equivalent to vector Eq. 3.6 can then be written as: 
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The largest eigenvalue for M is λmax =6. 
 
Solving M⋅W = λmax⋅W gives W = [0.3215; 0.0714; 0.0714; 0.1071; 0.1071; 0.3215] 
 
From W we can now assign weights to the six attributes: 

 
Attribute Weight w 

Speed 0.3215 
Range 0.0714 
Pay load 0.0714 
Cost 0.1071 
Reliability 0.1071 
Manoeuvrability 0.3215 

 
From this example it is clear that for all but the simplest problems using the 
eigenvalue method is very tricky, as the design must account for all the weight 
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combinations. To this the Minimal Pairwise comparison method (MIPAC) offers an 
alternative. 

Minimal Pair wise Comparison method 
Here it is recognised that the decision maker may only be capable of providing a 
combination of exact and vague pairwise comparisons. For instance he may assert that 
one attribute is at least twice as important as another. This is called a vague 
comparisons as opposed to an exact comparison where one attribute is twice as 
important as another. 
The MIPAC method searches for a specific value for the weight vector W as the 
solution to the following problem [12] 
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This is equivalent to the following linear programming
problem: 
 
Min λ     so that  wi
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Eq. 3.9 
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If the linear programming problem has no solution, then the comparisons are 
inconsistent. The notation of Eq. 3.11 is very compressed. In short it defines the 
boundaries, set by the comparisons, within which the weight vector must be located. 
We will exemplify this in the following. 
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Example using the MIPAC method 
 
In the design phase of a semi-submersible the decision maker provides the following 
pair wise comparisons for the objectives: 
 

1. “Cost of Construction w6” is at least twice as important as  “Natural Heave 
Period (w1)” 

2. “Cost of Construction w6” is at least three times as important as “Operating 
Payload w3” 

3. “Permissible KG in Operation w5” is at least twice as important as “Operating 
Payload w3” 

4. “Operating Payload (w3)” is at least twice as important as “Transit Payload w2” 
5. “Permissible KG in Transit w4” is as important as “Permissible KG in Operation 

w5” 
 
The linear programming problem for this is: 
 

minimise λ  so that 
1 - w1 ≤ λ w6 – 2w1 ≥ 0 
1 – w2 ≤ λ w6 – 3w3 ≥ 0 
1 – w3 ≤ λ w5 – 2w3 ≥ 0 
1 – w4 ≤ λ 2w2 – w3 ≤ 0 
1 – w5 ≤ λ 

Eq. 3.11: 

w4 – w5 = 0 
1 – w6 ≤ λ wi ≥ 0 

Eq. 3.9: 

λ ≥ 0 
Eq. 3.10: 

∑wi = 1 
 
Solving this gives W = [0.0556, 0.0556, 0.1111, 0.2222, 0.2222, 0.3333]T 
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3.4. The Additive Utility Function Method 
 
E. Jacquet-Lagreze and J. Siskos proposed the UTA method in 1982. The UTA method 
provides an alternative way of eliciting preference information in terms of subjective 
ranking of a subset of alternative designs. UTA then uses the information to assess a set 
of additive utility functions. The method assumes that the attributes are preferentially 
independent. 
A utility function combines all criteria into a unique function: 
 

U(g)=U(g1, g2,…, gn) where g is the criterion used to evaluate U 
 
The computational steps of UTA are as follows 
 
Step 1: 
Select a subset of designs and rank these designs with regard to all attributes. 
 
Step 2: 
Define an additive utility function as 
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where ui(yi) is a marginal utility function for the attribute yi. ui is assumed to be a 
piecewise linear function. Let [yi
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The marginal utility of a design al is approximated by a linear interpolation. Let ui(yi
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where ui(yi

j) for j=1,…, αi – 1 are parameters to be estimated. The utility of a design al 
is then given by 
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where σ(al) is estimation error. 
 
Step 3: 
Acquire the preference relations. Let P stand for the strict preference relation and I for 
the indifference relation. Then the following properties generally hold for a utility 
function u: 
 

u[y(al)] > u[y(ah)]  ⇔  alPah Eq. 3.15
 

u[y(al)] = u[y(ah)]  ⇔  alIah Eq. 3.16
 
or 
 

[ ] [ ]∑
=

δ≥σ−σ+−
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[ ] [ ]∑
=

=σ−σ+−
k

1i
llhiilii 0)a()a())a(yû)a(yû(    ⇔  alIah Eq. 3.18

 
where δ is a small positive real number which should be chosen so that al and ah can be 
separated significantly. 
 
Step 4: 
Assume that all marginal utility functions are monotonic, either non-increasing or non-
decreasing. A non-increasing marginal utility function ui(yi) must satisfy the following 
conditions: 
 

ui(yi
j+1) - ui(yi

j) ≤ 0   j=1,2,…, αi – 1 Eq. 3.19
 
A non-decreasing marginal utility function ui(yi) must satisfy 

ui(yi
j+1) - ui(yi

j) ≥ 0   j=1,2,…, αi – 1 Eq. 3.20
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Step 5: 
Construct the following linear program to estimate the utilities ui(yi), j=1,2,…, αi – 1; 
i=1,…,k: 
 

min ∑
=

σ=
n

1l
l )a(F  Eq. 3.21

 
so that 

[ ] [ ]∑
=

δ≥σ−σ+−
k

1i
llhiilii )a()a())a(yû)a(yû(    if alPah 
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j) ≥ 0   for all j, if ui is non-decreasing 
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ui(yi
-)=0,  ui(yi

j)≥0, α(a) ≥0;  j=1,2,…, αi – 1, i=1,…, k 
 

Eq. 3.22

 
where F is a linear objective function for minimisation of the total deviation. Solving 
the linear programming problem (Eq. 3.22), we obtain the optimal estimation of the 
marginal utilities, ûi(yi

j) , j=1,2,…, αi – 1; i=1,…, k 
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Step 6: 
Generate mean utilities. Generally, Eq. 3.22 may have multiple optimal solutions. It is 
then necessary to explore other optimal solutions. Let F* be the optimal value of the 
objective function of Eq. 3.22. Suppose k(F*) is a real non-negative threshold which is 
zero or a very small proportion of F*. Solve the following linear programming problems 
 

min ∑
=

k
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*
ii )y(u  
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Eq. 3.23
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Let )y(u j

i  and )y(u j
i be the solutions of problems Eq. 3.23 and Eq. 3.24, respectively. 

Then, the mean marginal utility of yi
j, denoted )y(û j

i , is given by 
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Step 7: 
Use the assessed utility functions to rank all designs. A better design should have a 
larger value of utility 
 
 
Finding the means often gives better utility functions, but the cost is that instead of 
solving 1 linear problem 2*Nattributes problems must be solved. For the added mean 
utility functions the best value of each marginal utility function does not add up to 1. 
The formulas above contain quite a few suffixes and can at first appear a little 
confusing. The following example should illustrate the method. The spreadsheet used is 
shown after the example. Eq. 3.12 is used to calculate B18:B19;D18:D19;F18:F19. Eq. 
3.13 is used to build B25:D28. Eq. 3.14 is used in F25:F28 and Eq. 3.21 is E29. 
Preferences and other constraints are located in the cells A31:C55. The optimiser then 
chooses the values of the cells C18:C19;E18:E19;G18:G19 and I18:I21 
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Example of the UTA method 
On the CD-ROM a program, UTA-method, for generating utility functions is included. 
An example will be given here. Suppose we have four designs ranked according to 
their usefulness as in Table 7. 

 

Table 7: Four designs ranked according to their usefulness 

Rank Design 
 

Attained 
Index 

Ro-ro area
 

Light -
weight 

1 Design 1 0.7 1000 5000 
2 Design 2 0.9 700 6000 
3 Design 3 0.5 1200 5000 
4 Design 4 0.4 1000 4500 

 
Running this data through the UTA method program results in the utility functions 
given in Table 8 and Table 9. In this thesis we use the mean marginal utility functions 
as given in Table 9. The mean utility functions usually do not produce a zero function 
as in Table 8. The number of line segments in the utility function should not be very 
large, here we use one (two points). The more segments the easier it is to make the 
ranking fit, but too many segments are not desirable. In Table 10 two line segments 
(three points) are used. 
 

Table 8: Marginal utility functions for the input data in Table 7 with one line segment 

A U(A) Area [m2] U(Area) LightW [t] U(LightW) 
0.40 0.00 700 0.00 4500 0.00 
0.90 0.56 

 

1200 0.44 

 

6000 0.00 

 

Table 9: Mean marginal utility functions for the input data in Table 7 with one line segment 

A Û(A) Area [m2] U(Area) LightW [t] U(LightW) 
0.40 0.00 700 0.00 4500 0.21 
0.90 0.45 

 

1200 0.15 

 

6000 0.00 

 

Table 10: Marginal utility functions for the input data in Table 7 with two line segments 

A U(A) Area [m2] U(Area) LightW [t] U(LightW) 
0.40 0.00 700 0.00 4500 0.37 
0.65 0.21 

 

950 0.00 

 

5250 0.00 
0.90 0.42  1200 0.21  6000 0.00 
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To check the functions we could calculate the utility of the input data as in Table 11. 
Here it is seen that the ranking is reflected in the summation of the mean marginal 
utility functions in the last column: 
 

Table 11: Mean utilities calculated for the input data in Table 7 

Design 
 

Attained 
Index 

Ro-ro area 
 

Light –
weight 

U(A) 
 

U(Area) 
 

U(LightW) 
 

∑U 
 

Design 1 0.7 1000 5000 0.2690 0.0900 0.1413 0.5003 
Design 2 0.9 700 6000 0.4483 0.0000 0.0000 0.4483 
Design 3 0.5 1200 5000 0.0897 0.1500 0.1413 0.3810 
Design 4 0.4 1000 4500 0.0000 0.0900 0.2120 0.3020 

 

Figure 11: Spreadsheet for estimating the utility functions in the example. 
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The mean utility functions: 
 
The mean marginal utility functions are now calculated: (with reference to the 
spreadsheet on the previous page): 
 
 Minimise C19 with the constraints in Eq. 3.22 and Sum(E25:E28)<F0+0.01 
 Maximise C19 with the constraints in Eq. 3.22 and Sum(E25:E28)<F0+0.01 
 Minimise E19 with the constraints in Eq. 3.22 and Sum(E25:E28)<F0+0.01 
 Maximise E19 with the constraints in Eq. 3.22 and Sum(E25:E28)<F0+0.01 
 Minimise G18 with the constraints in Eq. 3.22 and Sum(E25:E28)<F0+0.01 
 Maximise G18 with the constraints in Eq. 3.22 and Sum(E25:E28)<F0+0.01 
 The mean utility function is then the mean of the six utility functions found 

above. 
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3.5. The Multiobjective Genetic Algorithm Method 
 
In the total absence of information about the relative importance of the objectives, 
Pareto dominance is the only basis on which a design can be said to perform better 
than another. Therefore, non-dominated solutions must all be considered as best 
designs. 
In principle the MOGA method assigns to the designs a cost proportional to how 
many individuals in the population dominate the design. In this way a non-dominated 
solution is assigned the object value 0 and a solution which is dominated by for 
instance five other designs is given the object value 5. The goal is then to minimise 
this value. Thus a Pareto frontier should be obtained. [17] 
 
 
Example of object assignment using the Pareto theory 
Suppose we investigate designs for the three objects the Attained Index, the ro-ro area 
and the lightweight. 
Suppose we have already generated seven designs. Now we generate number eight. 
When comparing the new number eight with the previous seven designs, we see that 
design number four is the only design which dominates it. The object value for design 
eight is then one.  
Now suppose that the next design (#9) is generated as in the table below. This design 
is not dominated by any of the previous designs. Design #9 then acquires the value 0. 

 
Design # A Area Lightweight 

 + + - 
1 0.7300 626 1876 
2 0.7303 626 1876 
3 0.9424 498 1831 
4 0.8882 603 1852 
5 0.8646 603 1861 
6 0.8626 603 1871 
7 0.8792 591 1850 
8 0.8880 591 1854 
    

9 0.8858 694 1866 
 
 
In the following a crude implementation of the MOGA method will be presented 
using a conventional single objective genetic algorithm solver. 
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Line  

1 NoOfDesigns=0 
2 Obj=0 
3 Find a new design using a GA solver with the goal to minimise the object Obj 
4 Store the new design with the previously obtained designs 
5 Find out how many of the previously obtained designs dominate the new 

design and assign this value to the object Obj 
6 If Obj=0 then Obj = Obj – NoOfDesigns 
7 NoOfDesigns = NoOfDesigns +1 
8 Goto line 3 or exit if satisfied 

Figure 12: Pseodocode for a simple implementation of the MOGA method. 

 
The reason for line 6 is that a non-dominated design found later in the process should 
carry more weight than a non-dominated design found in the beginning. Contrary to 
the optimisation methods described so far, where the object value of a design stays the 
same, this is not the case for the MOGA value. Here the object value of previously 
found designs changes when new designs are found. 
 
 
Testing the MOGA method 
To test this simplified method we compare the results with the results obtained by the 
MOGA method of the Multiobjective optimisation software Frontier [20]. The 
example is the tutorial supplied with Frontier. 
 
 
Problem Definition 
The problem is related to the optimisation of a welded beam with respect to:  

Minimum cost  
Minimum deflection at beam end  
Satisfying constraints related to admissible stress  
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Input data: 
Geometrical parameters (L, S, H, T, B)  [mm] 
Load value (F)  [N] 
Young’s module (Young)  
Material cost per volume unit (Mcost)  [mm-3] 
Welding cost per volume unit (Wcost) [mm-3) 
 
Output Data: 
Displacement at the end of the beam (Disp)  
Max shear stress (MaxS)  
Max normal stress (MaxT)  
Material volume (Mvol)  
Welding volume (Wvol) 
Total cost (cost) 
Buckling limit (Buk) 
 
Constraints: 
Max shear stress <  60 
Max Normal stress < 100 
B – H > 0 
 

Design variables: 
1 < H <15 mm 
3 < L <50  mm 
1 < B < 15 mm 
10 < T <50 mm 

Formulas: 
Wvol [mm3] = H*H*L 

Mvol [mm3] =T*B*(S+L) 
Cost = Wcost*Wvol+Mcost*Mvol 
Disp [mm] =F*S*S*S/(4*T*T*T*B*Young) 
Area [mm2] =L*H*sqrt(2.) 
t1=F*(S+L/2)/(B*Area) 
t2=F/(2*area) 
Max shear stress [N/mm2] =sqrt(t1*t1+t2*t2) 

Max normal stress [N/mm2] =6.*S*F/(T*T*B) 
Buckling limit [N] =0.385*Young*T*T*T*B*B/(T*T+B*B)/S*2/9/T 
 
 
Using the simplified MOGA method with a standard genetic optimiser called Evolver 
gives the output shown in Figure 13 where the two objects are plotted against each 
other. A total of 2500 designs have been evaluated of which 826 are unique (all the 
tested genetic optimisers repeat designs late in the process) and feasible (the 
constraints are satisfied). Of these 826 unique designs 70 are Pareto optimal. The 
result is a clear frontier from which the designer can choose the design suited for him 
or her. For comparison it should be noted that running the simplified MOGA method 
using 2500 random designs (instead of designs produced by the genetic optimiser) 
only produced 8 Pareto solutions. 
Use of the MOGA method of the software package Frontier gives the output shown in 
Figure 14. A total of 2500 designs have been evaluated, of which 359 are unique and 
feasible. Of these 359 unique designs 38 are Pareto optimal. Designs located close to 
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the points marked Pareto are dominated by few other designs, whereas designs farther 
away are dominated by more designs. 
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Figure 13: Optimisation of cost and displacement using a simplified MOGA method.. 
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Figure 14: Optimisation of cost and displacement using Frontier’s MOGA method.. 
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The simplified MOGA method presented here seems to work just as well as the 
MOGA method of the software package Frontier. Actually, in the specific example 
the simplified method produced more Pareto optimal solutions than Frontier. However 
it is to the advantage of Frontier that most of the designs here are located closer to the 
Pareto frontier which indicates faster convergence. In Figure 13 more designs are 
scattered away from the Pareto frontier. But it must also be remembered that Figure 
13 contains more than twice as many unique designs as Figure 14.  
 
 

3.6. Optimisation Software Packages 
A huge number of software packages and libraries exist for optimisation. The search 
can with advantage start on the Internet for instance at  
http://www-fp.mcs.anl.gov/otc/Guide/SoftwareGuide/. Nearly all of the listed 
software here only supports single objective optimisation. A common way of 
interfacing with the optimiser is through input and output files. Thus the optimiser 
generates an input file with the design variables, this file is processes by the user’s 
software, which generates an output file with the objects and the constraints. The 
interfacing with input/output files is usually the easiest to implement but also the 
slowest to run. Therefore, many optimiser packages give the possibility of calling the 
optimiser directly from the user’s code. In this thesis three optimisation programs 
have been used. Trial versions of the programs are available from the individual 
company’s website. Please, see the Reference List for links. 
 

Epogy/Pointer from Synaps [18] 
Epogy is a front-end application for the execution of simulation software by various 
software and hardware platforms. Epogy includes tools such as the Pointer optimiser, 
response surfaces and design-of-experiments to explore the design space. Pointer 
combines several optimiser algorithms. The core algorithms are: 
 

• Linear simplex  
• Sequential quadratic programming (SQP, NLPQL)  
• Nealder & Mead downhill simplex  
• Genetic algorithms  
• Monte-Carlo optimisation 
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Evolver from Palisade [19] 
Evolver is an optimisation add-in for Microsoft Excel. Evolver uses genetic algorithm 
(GA) technology to solve complex optimisation problems. The user interface is 
similar to that of the traditional Solver but it gives more options to the user. Again the 
easiest approach is to use input-output files and call the simulation program from 
Excel. However, Evolver can be purchased with a dynamic link library making it 
possible to integrate with any Windows programming environment which can access 
DLL’s.  
 

Frontier from Esteco [20] 
The Frontier package is probably among the most advanced optimisation systems, 
combining the usual optimisation algorithms with multiobjective optimisation tools, 
decision support tools and response surface techniques. The user interface is a graphic 
logic interface where the optimisation problem can be set by drag and drop. A nice 
feature is the possibility of not only setting the range of design variables but also the 
steps in which the search should be conducted. However, the package has a price 
where the need for a truly multiobjective optimisation system must be satisfied in 
order to be economically feasible. 
 

Solver from Frontline Systems [21] 
The well-known Solver, which is enclosed, with Microsoft Excel, uses Simplex and 
GRG2 algorithms for simple non-linear problems. The program should only be 
expected to produce local solutions for more complex problems. It has the capability 
of executing external programs, but the objective must be a formula in the Excel 
spreadsheet and not just a value. This limitation unfortunately excludes Solver for use 
in most of this thesis. The company that developed Solver for Microsoft has made an 
add-in called Premium Solver, which enhances the Solver with non-linear and genetic 
algorithms. The author does not know whether the problem of optimising a value 
instead of a formula has been taken care of in this add-in. But it probably has. 
 
 



  47 
 

3.7. Conclusion 
Genetic optimisers offer an attractive and often the only way to search a multipeaked 
design space. Combining them with traditional hill climbers will give the best 
possible results. This, however, does not mean that the optimiser will find an absolute 
optimum. It is therefore very important that the designer, using his or her knowledge 
of the problem, minimises the design space as much as possible and tries to give a 
good starting point for the optimiser. 
When weight factors can be given multiobjective optimisation is equal to optimising a 
single function. The problem is that the weight factors are usually difficult to assess. 
Techniques for assessing weight factors have been described here, but all of them 
require the designer to make some kind of quantitative comparison between the 
attributes. Utility theory provides an alternative way where the designer only have to 
rank a number of non-dominated designs and then optimise the found utility 
functions. To find a set of non-dominated designs a number of optimisation sequences 
with different weight factors can be made. Alternatively, the MOGA method offers a 
faster way to find the non-dominated solutions. The Frontier software package 
provides several optimisation methods including the MOGA method. Additionally, it 
contains a module for ranking designs and establishing weight factors or utility 
functions.  
 

Approach to Multiobjective Optimisation in This Thesis 
In the absence of a complete multiobjective optimisation system like Frontier the 
following approach will be used in this thesis: 
 

1. Create the Pareto frontier using the MOGA method 
2. Select non-dominated or Pareto efficient designs 
3. Rank them according to the designer’s preference 
4. Generate mean utility functions 
5. Maximise the added utility function 

 
Step 1 is probably the most important as we here get an overview of the possible 
designs. Whether or not to use ranking for a real problem may be debatable. Hunt & 
Butman [5] describe a case from the U.S. Department of Transportation where the 
method of comparing attributes was used to choose the propulsion system of large 
tankers in the High Arctic region. 
 





 

4.  Data Mining 
 
Data mining means looking for patterns in data. The search is automated or at least 
semiautomated by computers. The growth in databases in recent years has made 
apparent the need for processes, which are able to recognise underlying patterns.  Data 
mining is used extensively in business applications with regard to sales and 
marketing, but it is by no means limited to these fields. Often data mining is presented 
as a kind of hocus-pocus which can be turned loose on oceans of data. But there is no 
magic or hidden power in it. The input is usually a data file consisting of one line per 
dataset. This data file is run through the data mining software and the output is a 
decision tree, which can be programmed into the user’s own software. The described 
theory of data mining in this chapter is primarily from [16]. 
 

4.1. Concepts of Data Mining 
Four basically different styles of learning appear in data mining. In classification 
learning, a learning scheme takes a set of classified examples from which it is 
expected to learn a way of classifying unseen examples. In association learning, any 
association between features is sought. In clustering, groups of examples belonging 
together are sought. In numeric prediction, the outcome is not a discrete class but a 
numeric quantity. This chapter will briefly describe how to make numeric predictions 
in data mining. For a more thorough explanation please see the reference list. The data 
mining software used in this thesis is called Weka and has been developed at the 
University of Waikato, New Zealand. The program is free to download on 
http://www.cs.waikato.ac.nz/ml/weka. 

 

Input 
The input for Weka is an ASCII data file with the extension arff. An example is 
shown in Table 12. Here we seek to predict the value A from the attributes y1 and y2. 
All three attributes are real numbers. Below the ‘@data’ each line represents a point 
in the dataset  
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Table 12: Example of an input file for numeric prediction in Weka. The comma is not 
mandatory. Data is arbitrary and only included to show the input format for WEKA 

@relation 'A' 
 
@attribute y1 real 
@attribute y2 real 
@attribute A real 
 
@data 
0.1241, 0.5103, 1.0000 
0.0789, 0.4834, 0.6854 
0.0670, 0.4375, 0.2949 
0.1714, 0.4002, 0.1833 
0.0878, 0.5936, 1.8264 
0.1295, 0.4370, 0.2907 
0.1526, 0.6145, 1.9803 
0.0566, 0.5363, 1.2410 

 

Splitting the Data Set 
From the dataset Weka generates a so-called pruned data tree. This tree could look 
like Figure 15. The interesting thing is now how the software splits the dataset into 
nodes and how it generates the equations denoted LMx.  
 

 y2

y1

y2 y2

LM1 LM2 LM3 LM4

LM5 

≤ 0.37

≤ 0.323 

>0.37 

>0.323 

≤ 0.277 >0.277 ≤ 0.277 >0.277 

 
Figure 15: Example of a data tree. 

 
 
A splitting criterion is used to determine which attribute is the best to split the portion 
T of the training data which reaches a particular node. It is based on treating the 
standard deviation of the values in T as a measure of the error at this node. The 
attribute which maximises the expected error reduction is chosen for splitting at the 
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node. The expected error reduction, called SDR for standard deviation reduction, is 
calculated by 
 

)isd(T
i T

iT
sd(T)SDR ⋅∑−= , ∑=

i
iTT  

 
where T1, T2,… are the sets which result from splitting the node according to the 
chosen attribute. The sd function is the standard deviation of the class values of a set 
of instances. The splitting process terminates when the class values of the instances 
which reach a node vary only slightly.  
 

Pruning the Tree 
The tree established usually has too many nodes. The process of reducing the nodes is 
called pruning. A model for each node, not just the leaves, for use in the smoothing 
process is calculated. The model takes the form 
 

w0 + w1a1 + w2a2 +…+ wkak 
 
where a1, a2,…,ak are attribute values. The weights w1, w2,…,wk are calculated by use 
of standard regression. The pruning procedure makes use of an estimate, at each node, 
of the expected error for test data. With a linear model in place for each interior node, 
the tree is pruned back for the leaves, so long as the expected estimated error 
decreases. The expected error for the linear model at the node is compared with the 
expected error for the sub tree below. To calculate the latter, the error from each 
branch is combined into a single overall value for the node by weighting the branch 
by the proportion of training instances which go down it. Note that if there is 
relatively few and precise data, an unpruned model usually gives better results than a 
pruned model. The examples at the end of this chapter are all unpruned models. 

 

Cross Validation 
The model for predicting a value is built on training data and should reflect this well. 
We are interested in the performance of the model on new data. A question could be if 
the error rate we obtain from the training data is a good indicator of the error rate on 
new data. The answer to this is No. Using the error rate from the training data on new 
data will be too optimistic. A common way to validate the model is to hold back an 
amount of data, 1/3 for instance, and use this as test data. The problem with this 
method is that the amount of data is usually limited and we would therefore like to use 
it all on training.  
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A technique which overcomes this problem is called cross validation. In cross 
validation, you decide on a fixed number of folds, or partitions of data. Suppose we 
use three. Then the data is split into three equal partitions and each in turn used for 
testing while the remainder is used for training. The procedure is then repeated three 
times so that in the end every instance has been used exactly once for testing. 
Extensive tests have shown that ten-fold cross validation gives the best estimate of the 
error. Here the learning procedure is executed a total of ten times, on different training 
sets. Finally, the ten error estimates are averaged to yield an overall error estimate.  

Output from Weka 
An example of the output generated by Weka’s numeric prediction function is shown 
in Table 13. In this case there are two variables y1 and y2, which are used to predict a 
value called A. The first cell shows the decision tree, used to find the relevant 
equation for predicting A. The values in parenthesis are the number of data points 
used for generating the equation. In the next cell the equations are written out. The 
two bottom rows show the errors defined as 
 

Correlation coefficient:  
AP

PA

SS
S , where 

1n

)aa)(pp(
S i ii

PA −

−−
=∑ , 

1n

)pp(
S i

2
i

P −

−
=∑ , 

1n

)aa(
S i

2
i

A −

−
=∑  

Measures the statistical correlation between a (actual) 
and p (predicted). Where 1 indicates perfect correlation 
between the predicted and the actual value and 0 no 
correlation.  

  

Mean absolute error:  
n

ap...ap nn11 −++−
 

    Commonly used measure where all sizes of error are  
treated evenly according to their magnitude. 

 

Root mean squared error: 
n

ap...ap 2
nn

2
11 −++−

 

    This is the most commonly used measure. The square  
tends to exaggerate the effect of outliers. 

 

Relative absolute error: 
aa...aa

ap...ap

n1

nn11

−++−

−++−
 

    This is simply the total absolute error normalised by  
dividing by the total error of the default predictor.  
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Root relative squared error: 2

n

2

1

2
nn

2
11

aa...aa
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Table 13: Example of output from Weka's numeric prediction module 

y2 <= 0.37 :  
|   y1 <= 0.323 :  
|   |   y2 <= 0.277 : LM1 (21/25.6%) 
|   |   y2 >  0.277 : LM2 (10/12.2%) 
|   y1 >  0.323 :  
|   |   y2 <= 0.277 : LM3 (16/19.5%) 
|   |   y2 >  0.277 : LM4 (8/9.76%) 
y2 >  0.37 : LM5 (27/32.9%) 

    LM1:  A = 1.03 + 1.01y1 - 0.925y2 
    LM2:  A = 1.07 + 0.909y1 - 1.05y2 
    LM3:  A = 0.96 + 1.43y1 - 1.15y2 
    LM4:  A = 1.07 + 1.33y1 - 1.46y2 
    LM5:  A = 1.45 + 0.558y1 - 1.81y2 

=== Error on training data === 
 
Correlation coefficient                  0.9858 
Mean absolute error                     0.0271 
Root mean squared error             0.0369 
Relative absolute error                 15.308% 
Root relative squared error          16.9041% 
Total Number of Instances           82 

=== Cross-validation === 
 
Correlation coefficient                  0.98   
Mean absolute error                     0.0324 
Root mean squared error             0.0438 
Relative absolute error                 18.178 % 
Root relative squared error          19.9388% 
Total Number of Instances            82 

 
 

4.2. Examples 
In the following the technique is applied to two well-known 2d-curves. In Figure 16 a 
part of a sin curve with 17 points is shown together with the data mining model. 
Below the graphs, the error report from Weka is given. In Figure 17 the same Sin 
curve represented by 63 points is shown. It is clear both visually and from the error 
report that the extra points produce a much better model. 
Figure 18 shows a hyperbolic function. The first part of the curve only consists of two 
points resulting in a bad model for this part. In Figure 19 more points have been added 
and the beginning of the graph is now better represented. 
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Figure 16: Graph showing part of a sin curve represented by 17 points. The kinked graph is 
the corresponding data mining model with 3 lines. 

=== Error on training data === 
 
Correlation coefficient                  0.9706 
Mean absolute error                      0.0543 
Root mean squared error                  0.0812 
Relative absolute error                 18.2211 % 
Root relative squared error             24.0514 % 
Total Number of Instances               17 

=== Cross-validation === 
 
Correlation coefficient                  0.7461 
Mean absolute error                      0.1806 
Root mean squared error                  0.2295 
Relative absolute error                 57.7606 % 
Root relative squared error             64.1663 % 
Total Number of Instances               17 
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Figure 17: Graph showing part of a sin curve represented by 63 points. The kinked graph is 
the corresponding data mining model with 11 lines. 

=== Error on training data === 
 
Correlation coefficient                  0.9998 
Mean absolute error                      0.003  
Root mean squared error                  0.0059 
Relative absolute error                  1.128  % 
Root relative squared error              1.8933 % 
Total Number of Instances               63 

=== Cross-validation === 
 
Correlation coefficient                  0.9997 
Mean absolute error                      0.0049 
Root mean squared error                  0.0071 
Relative absolute error                  1.7952 % 
Root relative squared error              2.2736 % 
Total Number of Instances               63 
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Figure 18: Graph showing part of a hyperbolic curve represented by 16 points. The kinked 
graph is the corresponding data mining model with 3 lines. 

=== Error on training data === 
 
Correlation coefficient                  0.9398 
Mean absolute error                      0.4273 
Root mean squared error                  0.8062 
Relative absolute error                 30.7663 % 
Root relative squared error             34.1773 % 
Total Number of Instances               16      

=== Cross-validation === 
 
Correlation coefficient                  0.3704 
Mean absolute error                      1.7765 
Root mean squared error                  2.3864 
Relative absolute error                121.4077 % 
Root relative squared error             95.5286 % 
Total Number of Instances               16      
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Figure 19: Graph showing part of a hyperbolic curve represented by 39 points. The kinked 
graph is the corresponding data mining model with 3 lines. 

=== Error on training data === 
 
Correlation coefficient                  0.9574 
Mean absolute error                      0.2461 
Root mean squared error                  0.5677 
Relative absolute error                 19.0028 % 
Root relative squared error             28.8625 % 
Total Number of Instances               39 

=== Cross-validation === 
 
Correlation coefficient                  0.9343 
Mean absolute error                      0.3539 
Root mean squared error                  0.7204 
Relative absolute error                 26.4805 % 
Root relative squared error             35.747  % 
Total Number of Instances               39      
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4.3. Use of Data Mining in This Thesis 
 
In this thesis we use the data mining techniques for numeric prediction of functions 
which depend on more than one variable. This is only a small part of the topic of data 
mining but it has been found to be very useful. Usually, data mining makes use of vast 
quantity of data and generally speaking the more data the better. The amount of data 
available in this thesis is not very large due to the time it takes to calculate the 
Attained Index. However, because we know where to expect correlations, we can 
probably do with fewer observations. The program CreateIF on the CD-ROM 
converts the decision tree from Weka into Visual Basic source code. 
 



 

5.  Optimisation Direct Calculations 
 
This chapter exemplifies the theory of optimisation described in Chapter 3. The 
subdivision of two vessels will be optimised by use of three different software 
packages: Pointer, Evolver and Frontier. The objective is partly to see where to the 
optimisation leads us and partly to compare the different optimisation software. Due 
to limitations in the applied hydrostatic software the number of bulkheads is fixed. 
Thus bulkheads can only be moved, not added or removed automatically. Because the 
development of the weight functions has been an ongoing process and the licences to 
the optimisation software have been time-limited, the calculations in this chapter do 
not represent the latest functions. To see the optimisations using the more recent 
functions but with only one optimiser, please see Appendix A.  
 
The design variables are: 

• Location of the transverse bulkheads 
• Location of the double bottom 
• Location of the ro-ro deck 
• Location of the side casings and wing tanks 

 
The objectives are to 

• Maximise the Attained Index, calculated according to SOLAS B-1 
• Maximise the ro-ro deck area 
• Minimise the lightweight of the ship 

  
Subject to the constraints: 

• GM ≥ required intact GM 
• Roll period ≥ 10 sec. 
• Engine room height 
• Ro-ro deck height (depth of ship minus ro-ro deck position) 
• Lower hold height (ro-ro deck position minus double bottom position) 
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Other Settings: 
The lightweight of the vessel is only dependent on the depth. As the height/depth of 
the ro-ro deck is kept constant the depth of the ship increases or decreases when the 
ro-ro deck is moved. KG of the vessel also changes when the ro-ro deck is moved up 
or down. The dead weight KG is set 4 m above the ro-ro deck for ships with 
hoisstable lanes and 2 meter for smaller ships. Note that the side casings move in 
infinitesimal steps and not half a lane metre, which may be more desirable. In the 
Frontier software the user is able to specify the steps by which each design variable 
shall change. This makes it easy for the side casings to move by half a lane metre. For 
the two other optimisers a line of code must be added converting a real or integer 
value to a lane metre step. 
 

5.1. Vessel 1, PRR3 
 

Length overall (m). 68.83 
Length between perpendiculars (m). 64.60 
Subdivision length (m). 68.73 
Breadth (m) 14.80 
Depth to car deck (m) 4.35 
Depth to top deck (m) 9.50 
Full load draught (m) 3.00 
Full load displacement (m) 2041 
Partial load draught (m) 2.84 
Partial load displacement (m) 1907 

 

 
Figure 20: Compartment layout of PRR3. 
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The small ro-ro ferry PRR3 is shown in Figure 20. The four moveable transverse 
bulkheads are located between the collision bulkhead and the afterpeak bulkhead. The 
geometrical constraints are (i) that the engine room length must be greater than 12 m, 
(ii) the engine room height must be greater than 3.0 m and, (iii) the ro-ro deck height 
must be 5.2m. Running for instance the MOGA-method and removing the dominated 
solutions lead to the dataset in Figure 21.  
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Figure 21: Non dominated values for PRR3. 

 
In the following we assume that the utility functions in Table 14, shown graphically in 
Figure 22, represent our preference. The next step is then to maximise the added 
utility function. The result of this is shown in Table 15 and the process is illustrated in 
Figure 24. Figure 23 shows how the designs are ranked using the Frontier software. It 
is seen that the final design in Table 15 have decreased A, increased the Area and 
decreased the lightweight compared design #7193, in Figure 23, used to create the 
utility functions. 
 

Table 14: Mean utility functions for PRR3. 

A U (A) Area [m2] U(Area) LightW [t] U(LightW) 
0.88 0 600 0 1700 0.35313 

0.89333 0.19058 683 0.0385 1733 0.1286 
0.90667 0.19058 767 0.32774 1767 0.09646 

0.92 0.27704 

 

850 0.5365 

 

1800 0 
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In the real world the Attained Index would 
be a constraint and the design would 
therefore not be given any credit for A- 
values larger than 0.89. But in this 
example one of the objectives is to 
maximise the Attained Index. 
 
 

Figure 22: Mean utility functions for PRR3. 

 

 

 
Figure 23: Ranking of non-dominated designs in Frontier. 
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Table 15:Maximum of the added utility function for PRR3 

Design variables Initial Pointer Evolver Frontier*) 
∆Tanktop [m] 0.00 0.00 0.00 0.20 
∆Ro-ro deck [m] 0.00 0.73 0.73 0.45 
∆Side casing [m] 0.00 2.10 2.05 2.10 

     
Output     

Depth [m] 9.55 10.29 10.29 10.0 
GM full [m] 2.12 1.59 1.60 1.74 
GM par [m] 2.35 1.81 1.81 1.86 
Roll period full [s] 9.3 10.8 10.8 10.0 
Roll period partial [s] 9.0 10.2 10.2 10.0 
Attained Index 0.93 0.90 0.90 0.86 
Ro-ro deck area [m2] 579 811 806 811 

Lightweight [t] 1721 1762 1762 (1845) 
Utility 0.49 0.73 0.72  
*) The formulas for the lightweight were changed slightly in the Frontier calculations, hence 
comparison is not quite valid. Likewise the utility function used by Frontier is different. 
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Figure 24: Optimisation process using Evolver and Pointer with three design variables. 

 
 
 
Conclusions for PRR3 
The process has shown that the position of the double bottom is not very important 
with regard to the Attained Index. This leaves the positions of the side casing and the 
ro-ro deck as the main contributors to the damage stability. All three software 
packages come up with results pointing in the same direction for the location of the 
ro-ro deck and the side casing. The process has resulted in the elimination of the side 
casing on the ro-ro deck which gives one extra lane. However, as the side casing is 
also used for stores and staircases this extra lane may not be realistic in the overall 
design of the ship. 
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5.2. Vessel 2 
 

 

 
Lpp 
B 
Depth 
Draught 
 
Displacement 
Ro-ro deck 
Tanktop 
Side casing 
Cross-flood. 

 
176.0 m  
25.0 m 
14.4 m 
6.5 m 
 
17300 t 
z=7.40 m  
z=1.80 m 
y=7.50 m 
Yes 

Figure 25: Compartment layout of Vessel 2.   

 
The second vessel is a large ro-ro ship with the compartment layout shown in Figure 
25. There are eight transverse bulkheads located between the collision bulkhead and 
the afterpeak bulkhead. The geometrical constraints are (i) that the engine room length 
must be at least 25 m, (ii) the engine room height and lower hold height must be at 
least 5.0 m, and (iii) the ro-ro deck height must be 7.0 m allowing two vehicle decks. 
The two side casings below the ro-ro deck are connected allowing cross flooding. 
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Figure 26: Non-dominated solutions for Vessel 2. 
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From Figure 26 we can pick a number of designs and rank them according to our 
preference. Once the datasets are ranked, three utility functions are generated. 
Suppose the following utility functions are found. (Shown graphically in Figure 27.) 

 
A U(A) Hold 

[m2] 
U(Hold) LightW 

[t] 
U(LightW) 

0.37 0 1000 0 8900 0.26239 
0.4975 0.1491 1163 0.10928 9028 0.06756 
0.625 0.37751 1325 0.11364 9155 0.0598 

0.7525 0.63367 

 

1488 0.22873 

 

9283 0.02063 
0.88 0.63473  1650 0.26954  9410 0 
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In the real world the Attained Index 
would be a constraint and the design 
would therefore not be given any credit 
for A- values larger than 0.89. But in this 
example one of the objectives is to 
maximise the Attained Index. Even 
though we do not care about its value in 
the ranking of the designs, it still figures 
as an object to maximise. 

Figure 27: Utility functions for Vessel 2.  
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Table 16: Maximum of the added utility function for Vessel 2 

Design variables Initial Pointer Evolver Frontier*) 
∆Ro-ro deck [m] 0.00 1.90 1.71 2.00 
∆Side casing [m] 0.00 2.52 2.11 2.26 
     
Output     
Depth [m] 14.4 16.3 16.1 16.4 
GM full [m] 3.85 2.45 2.58 2.37 
GM par [m] 4.39 3.07 3.19 3.00 
Roll period full [s] 9.5 12.3 12.0 12.5 
Roll period partial [s] 9.3 11.4 11.2 11.5 
Attained Index 0.58 0.75 0.75 0.77 
Ro-ro area [m2] 3881 3917 3914 3919 
Hold area [m2] 1276 1657 1599 1625 
Lightweight [t] 9003 9409 9370 9380 /9430 
Utility 0.51 0.90 0.89 0.90 / 0.89 
*) The formulas for the lightweight were changed slightly in the Frontier calculations, hence 
comparison is not totally valid. 
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Figure 28: Optimisation process using Pointer and Evolver with 2 design variables. 

 
 
In Table 16 the final designs are shown. There is a difference between the design 
found by Evolver and the design found by Pointer, where Pointer has found the better 
of the two. This exemplifies the strength of combining several optimisation methods. 
Evolver which is only a genetic algorithm, is generally slower than Pointer, which can 
combine several optimisers. Figure 26 shows the Pareto optimal solutions plotted with 
regard to the three objectives. The three graphs should then enable the designer to 
choose the design most optimal to him or her. Most designers will probably stop here 
where they can see the alternatives. 
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5.3. Vessel 2 Including TB’s 
 
In this section we optimise the same vessel as in the previous section. But here we 
also allow the transverse bulkheads to be moved. Running the MOGA method gives 
us the results in Figure 29 where the objectives are plotted against each other. By 
ranking the designs with the same reasoning as in the previous section we can create a 
utility function, which is then optimised. 
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Figure 29: Non dominated solutions for Vessel 2 including movement of TB’s 
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Table 17: Maximum of the added utility function for Vessel 2 including TB movement 

Design variables Pointer Evolver Frontier*) Initial 

∆TB1 [m] -5.0 3 6 0.00 
∆TB2 -7.6 1 -8 0.00 
∆TB3 -7.4 1 4 0.00 
∆TB4 -8.0 -5 -6 0.00 
∆TB5 -6.7 -8 8 0.00 
∆TB6 -6.4 -3 -2 0.00 
∆TB7 -7.5 1 4 0.00 
∆TB8 3.4 5 -6 0.00 
∆Ro-ro deck [m] 2.0 1.50 1.58 0.00 
∆Side casing [m] 1.29 1.39 2.84 0.00 
     
Output     
Depth [m] 16.4 15.9 15.98 14.4 
GM full [m] 2.71 2.74 2.75 3.85 
GM par [m] 3.28 3.34 3.33 4.39 
Roll period full [s] 11.7 11.7 11.6 9.5 
Roll period partial [s] 11.0 11.0 11.0 9.3 
Attained Index 0.79 0.75 0.72 0.58 
Ro-ro area [m2] 3919 3910 3911 3881 
Hold area [m2] 1650 1615 1753 1276 
Lightweight [t] 9407 9304 9260 9003 / 8942 
Utility 0.90 0.91 0.89 0.51 
*) The formulas for the lightweight were changed slightly in the Frontier calculations hence 
comparison is not totally valid. The lightweight in the last column is the initial for Pointer,Evolver / 
Frontier 
In Table 17 the results of optimising the added utility function is shown. It is seen that 
all three optimisers point in the direction with regard to the movement of the deck and 
the side casing. It is also noted that the optimal designs found in Table 16 by use of 
only two design variables are not significantly different from the results found in 
Table 17 using ten design variables. Evolver is able to find a slightly better design 
whereas Pointer and Frontier find a slightly worse design. This has of course to do 
with the random and discrete nature of the genetic algorithm. We could now start to 
optimise around the found optima and then probably find slightly better designs.  
If we had made a utility function for the Attained Index that did not increase when A 
is greater than 0.7, we could have come up with a design where the bulkheads of the 
two compartments in front of and behind the lower hold (Figure 20) are so close that 
the two compartments can be eliminated. This can of course only be accomplished if 
stability and hold area are the only objectives. The properties of such a design are 
shown below. The advantage of this design is the enlargement of the lower hold 
through elimination of the two compartments in front and behind. 
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5.4. Discussion of Using Direct Calculations of A 
 
Depending on the computer speed, complexity of the ship model, number of heeling 
angles and the ability of the software to reuse results, the average calculation time for 
a single design is between two minutes and one hour. The number of designs needed 
to establish an optimal design depends on the number of design variables and the 
optimisation routines. A small number of design variables (<5) requires between 30 
and 150 function calls. With 5-10 design variables the number of function calls 
increases to between 300 and 1000 in order to search the design space for a near- 
optimal design. The number of required function calls also depends on how much 
each design variable influences the objectives. For instance with six variables each 
important to the object, we might have to try two values on each side of the initial 
position. This would require 56 = 15625 function calls. Even if each calculation can be 
done in 1 minute it would take eleven days. If the optimisation software can reduce 
this to perhaps 700 calls, it will take between one and three days depending on the 
computer and the software. Whether this time can be justified depends on the 
objectives and if the designs can be established by experience. In this thesis the 
objectives are the Attained Index, the ro-ro deck area and the steel weight of the 
vessel. To some extent an experienced designer can probably design a vessel with 
regard to these objectives without the need for optimisation software. The 
undoubtedly largest time consumer is the calculation of the Attained Index. If the 
calculation of this could be seriously speeded up the entire optimisation process could 
be limited to minutes. This would make the optimisation method attractive as a fast 
supplement to existing design methods. 
In this chapter we have generated a number of non-dominated solutions and then 
ranked them to find the optimum solution. The first part, generating the non-
dominated solutions is the most important part, as we here get an impression of the 
range and properties of the designs. The last part, which is the ranking, has been done 
mostly for illustrative purposes. Whether or not one would do such a ranking for a 
real problem may be debatable. 
 





 

6.  A Method to Estimate the 
Attained Index 
 

6.1. Introduction 
In this chapter a model to estimate the Attained Index for a generic ro-ro vessel is 
developed. The output of the model will be an Index based on the SOLAS B1 
regulation for dry cargo ships. As previously mentioned ro-ro ships are not included 
in this regulation. However within a foreseeable future it is expected that ro-ro- and 
passenger ships will be included in the probabilistic concept. The concept will be the 
same as behind SOLAS B1, but the exact probability factors are yet to be decided. 
The procedure described in this thesis should still be valid. The aim is to estimate A 
within 10-15% of the real value. This is thought to be adequate in the first stage of the 
design phase. The inputs for the model are the following parameters: 

 
Ro-Ro type, 1-4 Ro-ro deck position relative to the draught 
L [m]      130 < L < 190 Lower casing position relative to B 
L/B          5 < L/B < 7.1 Upper casing position relative to B 
L/(number of TB’s) KG full load relative to the maximum KG 
Block coefficient Cross-flooding (yes/no) 
Water plane coefficient  

 
The idea is to start by estimating the Attained Index A1 for a ro-ro vessel with only 
transverse bulkheads below the ro-ro deck. A1 is then multiplied by correction factors 
reflecting increasing complexity of the subdivision. Four types of subdivisions are 
considered as shown on the next page. All the vessels have a compartment before and 
after the engine room, which is fixed at 30 m of length. Whereas a 30 m long engine 
room is appropriate for the large vessels it is too long for the smaller. A fixed engine 
room of 24 m would probably have been more representative. In Figure 30 examples 
of the four types are shown. On Type 1 and 2 the number of transverse bulkheads 
between bulkhead 5 and bulkhead 8 can be varied. On Type 1 there are 2 bulkheads 
between number 5 and 8. On Type 4 there are 3 transverse bulkheads. The variable 
bulkheads are located with equal distance between them. Vessels with a lower hold 
can choose to cross-flood the lower side casings. The tanktop or double bottom of all 
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the vessels is fixed in 1.8m. Because all the vessels used have been scaled from one 
original vessel the shape of the hull is kept constant. Therefore the last correction A4 
is with regard to the hull shape. 
 
 

Overview of the estimation procedure.  

A= A1⋅A2⋅A3⋅A4 
A1 Calculate A for a Type 1 vessel 
A2 Correct A for the number of bulkheads 
A3 Correct A for the type of subdivision 
A4 Correct A for the hull shape 

 
 
 

Fixed bulkheads Variable bulkheads  

 

Fixed bulkheads Variable bulkheads 

1    2     3     4    5             6              7              8  9   

 

1.Ro-ro vessel with only transverse bulkheads 2. Vessel with a lower hold 

 

Fixed bulkheads Variable bulkheads  

 

Fixed bulkheads Variable bulkheads  
3. Vessel with side casing on the ro-ro deck 4. Vessel with a lower hold and side casing 

on the ro-ro deck 

Figure 30: The 4 types of ro-ro vessels used in the model for the Attained Index 
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The variable names used are: 
L Lpp of the ship 
B Breadth of the ship 
deck Ro-ro deck position divided by full load draught 
LB L/B 
KG KG full load divided by maximum KG (derived later) 
Cb Block coefficient 
Cw Water plane coefficient 
nTB Lpp divided by the number of transverse bulkheads 
Lcasing Position of the lower side casing divided by B 
Ucasing Position of the upper side casing divided by B 

 
 
Note that the breadth B, used when calculating the position of the side casings, for 
normal vessels is the moulded breadth of the ship. However for very rapid narrowing 
ships a reduced B should be used when calculating the position of especially the lower 
side casings. 
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6.2. Creating the Model 
 
We start by creating a number of vessels of different size. This is accomplished by 
scaling an initial ship up and down. A total of 9 ship versions are hereby created. The 
Attained Index is calculated for each version with different draughts, deck positions 
and KGs. The partial draught is set to 0.89 times the full load draught. This factor 
0.89 reflects well the ratio between the full and partial draught. The partial KG is set 
to 0.9 times the full load KG. Depending on the lightship KG, the partial load KG can 
either be above or below the full load KG. Here we assume it is below, which is also 
the most common scenario. Approximately 140 designs are calculated for each of the 
9 versions resulting in a total of 1280 designs. These designs are run through the data 
mining software WEKA [22] generating the equations in Table 20. A total of 16 
equations are generated and we see in the bottom of the table that the correlation 
between input and output is very good. A sample of the data used can be seen in Table 
21. The idea is now that the size of the hull has been taken care of. In the following 
the Attained Index will then be corrected for the number of bulkheads and the 
subdivision complexity.  
 

Table 18: Constant properties of the 9 vessels used in calculating A for Type 1. 

Depth L / nTB Tanktop 
14.5 m 17.77 m 1.8 m 

 

Table 19: The 9 scaled ship versions. 

Lpp [m] B [m] L/B 
130 18.57 7 
130 21.67 6 
130 26.00 5 
160 22.86 7 
160 26.67 6 
160 32.00 5 
190 27.14 7 
190 31.67 6 
190 38.00 5 

   
Cb is around 0.58 and Cw is 
around 0.83 

 

Initial vessel configuration. Type 
1 with 9 bulkheads. Bulkheads 
between 4 and 8 can be removed 
or inserted. Here there are 3 
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Table 20: Linear equations for the Attained index for a Type 1 vessel with L/nTB=17.77m 

Deck <= 1.15 :  
|   KG <= 0.742 : LM1 (93/8.2%) 
|   KG >  0.742 :  
|   |   Deck <= 1.09 : LM2 (107/10.8%) 
|   |   Deck >  1.09 :  
|   |   |   KG <= 0.9 : LM3 (83/7.6%) 
|   |   |   KG >  0.9 : LM4 (118/13.2%) 
Deck >  1.15 :  
|   KG <= 0.898 :  
|   |   Deck <= 1.22 :  
|   |   |   KG <= 0.686 : LM5 (62/5.49%) 
|   |   |   KG >  0.686 : LM6 (156/10.4%) 
|   |   Deck >  1.22 :  
|   |   |   KG <= 0.685 :  
|   |   |   |   Deck <= 1.31 : LM7 (66/4.84%) 
|   |   |   |   Deck >  1.31 :  
|   |   |   |   |   Deck <= 1.36 : LM8 (17/4.16%) 
|   |   |   |   |   Deck >  1.36 :  
|   |   |   |   |   |   Deck <= 1.39 : LM9 (7/3.21%) 
|   |   |   |   |   |   Deck >  1.39 : LM10 (3/0.218%) 
|   |   |   KG >  0.685 :  
|   |   |   |   Deck <= 1.28 :  
|   |   |   |   |   Disp <= 12100 : LM11 (32/12.1%) 
|   |   |   |   |   Disp >  12100 : LM12 (54/5.72%) 
|   |   |   |   Deck >  1.28 : LM13 (120/7.71%) 
|   KG >  0.898 :  
|   |   Deck <= 1.22 : LM14 (153/14.6%) 
|   |   Deck >  1.22 :  
|   |   |   KG <= 1.13 : LM15 (158/10.6%) 
|   |   |   KG >  1.13 : LM16 (51/19.3%) 

LM1:  A = -2.2 + 0.00104L + 0.0254LB + 2.6Deck - 
0.669KG - 4.11e-7Disp 
    LM2:  A = -1.64 + 0.00154L - 0.00876LB + 
1.98Deck - 0.317KG - 2.92e-6Disp 
    LM3:  A = -1.78 + 4.79e-4L + 0.0183LB + 2.25Deck 
- 0.572KG + 1.12e-6Disp 
    LM4:  A = -1.36 + 0.00262L - 0.017LB + 1.79Deck - 
0.449KG - 6.66e-6Disp 
    LM5:  A = -1.08 + 0.00106L + 0.027LB + 1.52Deck 
- 0.498KG + 1.42e-7Disp 
    LM6:  A = -1.57 + 6.54e-4L + 0.0328LB + 2.04Deck 
- 0.704KG + 3.02e-6Disp 
    LM7:  A = -0.417 + 7.44e-4L + 0.0221LB + 
0.967Deck - 0.317KG + 3.52e-7Disp 
    LM8:  A = 0.203 + 3.22e-4L + 0.0111LB + 
0.544Deck - 0.215KG + 7.54e-7Disp 
    LM9:  A = 0.135 + 3.22e-4L + 0.0111LB + 
0.572Deck - 0.186KG + 1.66e-6Disp 
    LM10:  A = 0.138 + 3.22e-4L + 0.0111LB + 
0.572Deck - 0.186KG + 1.55e-6Disp 
    LM11:  A = -1.01 + 2.86e-4L + 0.0221LB + 
1.65Deck - 0.63KG + 1.22e-6Disp 
    LM12:  A = -0.779 + 2.86e-4L + 0.0296LB + 
1.33Deck - 0.485KG + 2.61e-6Disp 
    LM13:  A = -0.476 + 0.00128L + 0.0165LB + 
1.01Deck - 0.392KG + 2.26e-7Disp 
    LM14:  A = -1.19 + 0.00282L - 0.0151LB + 
1.79Deck - 0.662KG - 5.94e-6Disp 
    LM15:  A = -0.649 + 0.0018L - 8.1e-4LB + 
1.37Deck - 0.692KG - 4.3e-7Disp 
    LM16:  A = 0.631 + 6.19e-4L - 0.0216LB + 
1.19Deck - 1.39KG + 2.59e-6Disp 
 

=== Error on training data === 
 
Correlation coefficient                  0.9956 
Mean absolute error                      0.0131 
Root mean squared error                  0.0179 
Relative absolute error                  8.1218 % 
Root relative squared error            9.3571 % 
Total Number of Instances             1280 

=== Cross-validation === 
 
Correlation coefficient                  0.9948 
Mean absolute error                      0.014  
Root mean squared error                  0.0194 
Relative absolute error                  8.6345 % 
Root relative squared error             10.1241 % 
Total Number of Instances             1280    

 
 

Table 21: Sample of the 1280 designs used to estimate A for a Type 1 vessel. 

L L/B Disp (t) Deck KG A 
130 5 12386 1.120411 0.861925 0.39102 
160 6 14708 1.347744 0.77272 0.91913 
160 7 15593 1.034468 0.915477 0.19778 
190 5 29081 1.156658 0.546572 0.78863 
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Correct A for the number of transverse bulkheads 
 
One vessel is now used to calculate the Attained Index for different number of 
transverse bulkheads, draughts, deck position and KG. From these data WEKA 
generates the 10 equations in Table 22. A sample of the data can be seen in Table 23. 
The correction factor A2 for the number of transverse bulkheads is now derived as: 
 

A2 = nTB_Correct(nTB, Deck, KG) / nTB_Correct(17.78, Deck, KG) 
 
A2 is then the change in the Attained Index for the ship (L=160, L/B=6) when changing the 
distance between the transverse bulkheads from the initial 17.78 m to another distance. The 
function nTB_Correct is LMx in Table 22 
 

Table 22: The Attained index for the vessel L=160, L/B=6 with different number of TBs 

Deck <= 1.2 :  
|   KG <= 0.861 : LM1 (42/11.4%) 
|   KG >  0.861 :  
|   |   Deck <= 1.13 : LM2 (32/14.3%) 
|   |   Deck >  1.13 :  
|   |   |   KG <= 1.1 : LM3 (23/8.83%) 
|   |   |   KG >  1.1 : LM4 (20/13.3%) 
Deck >  1.2 :  
|   KG <= 0.894 : LM5 (40/12.9%) 
|   KG >  0.894 :  
|   |   Deck <= 1.3 :  
|   |   |   nTB <= 15.3 : LM6 (13/9.39%) 
|   |   |   nTB >  15.3 :  
|   |   |   |   KG <= 1.13 : LM7 (30/7.06%) 
|   |   |   |   KG >  1.13 : LM8 (15/19.1%) 
|   |   Deck >  1.3 :  
|   |   |   KG <= 1.19 : LM9 (19/12.1%) 
|   |   |   KG >  1.19 : LM10 (5/28.6%) 
 
 

    LM1 = -1.34 - 0.0143nTB + 2.36Deck - 0.687KG 
    LM2 = -1.05 - 0.00766nTB + 1.78Deck - 0.416KG 
    LM3 = -1.06 - 0.0111nTB + 1.88Deck - 0.45KG 
    LM4 = -0.653 - 0.00976nTB + 1.74Deck - 0.693KG 
    LM5 = -0.184 - 0.0137nTB + 1.33Deck - 0.595KG 
    LM6 = -0.101 - 0.0106nTB + 1.24Deck - 0.61KG 
    LM7 = -0.253 - 0.0155nTB + 1.46Deck - 0.645KG 
    LM8 = 0.32 - 0.015nTB + 1.34Deck - 1.03KG 
    LM9 = 0.0333 - 0.0134nTB + 1.3Deck - 0.768KG 
    LM10 = 0.0887 - 0.0122nTB + 1.19Deck - 0.722KG 
 

=== Error on training data === 
 
Correlation coefficient                  0.9903 
Mean absolute error                      0.0177 
Root mean squared error              0.023  
Relative absolute error               12.9188 % 
Root relative squared error         13.898  % 
Total Number of Instances              239      

=== Cross-validation === 
 
Correlation coefficient                  0.9861 
Mean absolute error                      0.0205 
Root mean squared error                  0.0275 
Relative absolute error                 14.9629 % 
Root relative squared error             16.5499 % 
Total Number of Instances              239     

 

Table 23: Sample of the 239 designs used to estimate A for different number of TBs 

L/nTB Deck KG A 
22.8571 1.203164 0.847816 0.5741 
20.0000 1.173132 0.707521 0.63517 
14.5455 1.255739 0.843716 0.77259 
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Correct A for a lower hold (no cross flooding). Type 2 
 

Fixed bulkheads Variable bulkheads 

1    2     3     4    5             6              7              8  9   

This section investigates the change in A between the vessels above. L=160, L/B=6. 

 
Here a vessel with a lower hold is created. The dimensions are the same as in the 
previous section; L=160, L/B=6 and the ratio L/nTb is 17.77. The Attained Index is 
then again calculated for different draughts, deck positions, casing positions and KG 
positions. In Table 24 the equations generated by WEKA is shown. A sample of the 
data used can be seen in Table 25. The correction factor A3 for a Type 2 vessel is now 
derived as: 
 

A3 = Type2(Deck, Lcasing, KG) / Type1(160, 6, Disp, Deck, KG) 
 
A3 is then the change in the Attained Index for the ship (L=160, L/B=6) when changing the 
subdivision from Type 1 to Type 2. The hope is that this change is nearly identical for other 
vessel particulars. The function Type2 is LMx in Table 24 and the function Type1 is the 
equations in Table 20. 
 

Table 24: The Attained index for the Type 2 vessel L=160 L/B=6 and L/nTB=17.77 

deck <= 1.18 :  
|   KG <= 1 : LM1 (81/18.2%) 
|   KG >  1 : LM2 (61/12.6%) 
deck >  1.18 :  
|   KG <= 0.969 : LM3 (124/24.4%) 
|   KG >  0.969 : LM4 (108/20%) 

  LM1 = -1.16 + 1.86deck - 0.211Lcasing - 0.45KG 
  LM2 = -0.569 + 1.43deck - 0.0335Lcasing - 0.63KG 
  LM3 = -0.138 + 0.904deck - 0.225Lcasing - 0.31KG 
  LM4 = 0.482 + 1.04deck - 0.564Lcasing - 0.994KG 

=== Error on training data === 
 
Correlation coefficient                  0.9851 
Mean absolute error                     0.0184 
Root mean squared error             0.024  
Relative absolute error            15.8668 % 
Root relative squared error     17.1996 % 
Total Number of Instances              374     

=== Cross-validation === 
 
Correlation coefficient                  0.9842 
Mean absolute error                      0.019  
Root mean squared error                  0.0247 
Relative absolute error                 16.3911 % 
Root relative squared error             17.6993 % 
Total Number of Instances              374    
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Table 25: Sample of the 374 designs used to estimate A for a Type 2 vessel. 

Deck Lcasing KG A 
1.246838 0.437552 0.750336 0.6518 
1.225307 0.413345 0.882489 0.62555 

 

Correct A for a lower hold (Cross flooding). Type 2 
 
Here the calculations of the previous section are repeated except that the lower side 
casings are now cross-flooded. The correction factor A3 for a Type 2 vessel with cross 
flooding is then derived as: 
 

A3 = Type2cf(Deck, Lcasing, KG) / Type1(160, 6, Disp, Deck, KG) 
 
The function Type2cf is LMx in Table 26 and the function Type1 is the equations in Table 20. 
 

Table 26: The Attained index for the Type 2 vessel with cross flooding 

deck <= 1.18 :  
|   KG <= 0.882 :  
|   |   deck <= 1.12 : LM1 (38/7.6%) 
|   |   deck >  1.12 :  
|   |   |   Lcasing <= 0.398 : LM2 (27/6.54%) 
|   |   |   Lcasing >  0.398 : LM3 (20/6.86%) 
|   KG >  0.882 :  
|   |   deck <= 1.1 :  
|   |   |   KG <= 1.17 :  
|   |   |   |   KG <= 0.943 :  
|   |   |   |   |   Lcasing <= 0.398 : LM4 
(6/6.27%) 
|   |   |   |   |   Lcasing >  0.398 : LM5 
(2/5.07%) 
|   |   |   |   KG >  0.943 : LM6 (31/4.41%) 
|   |   |   KG >  1.17 : LM7 (10/4.42%) 
|   |   deck >  1.1 :  
|   |   |   KG <= 1.11 : LM8 (62/7.99%) 
|   |   |   KG >  1.11 :  
|   |   |   |   KG <= 1.2 : LM9 (25/4.87%) 
|   |   |   |   KG >  1.2 : LM10 (13/5.58%) 
deck >  1.18 :  
|   KG <= 1.1 :  
|   |   deck <= 1.28 :  
|   |   |   Lcasing <= 0.362 :  
|   |   |   |   KG <= 0.952 :  
|   |   |   |   |   deck <= 1.22 : LM11 (31/5.8%) 
|   |   |   |   |   deck >  1.22 : LM12 (40/5.57%) 
|   |   |   |   KG >  0.952 : LM13 (26/6.71%) 
|   |   |   Lcasing >  0.362 :  
|   |   |   |   KG <= 0.929 : LM14 (79/5.68%) 
|   |   |   |   KG >  0.929 : LM15 (44/6.71%) 

LM1 = -1.32 + 2.2deck - 0.653Lcasing - 0.501KG 
LM2 = -0.881 + 1.76deck - 0.671Lcasing - 0.427KG 
LM3 = -0.777 + 1.67deck - 0.791Lcasing - 0.359KG 
LM4 = -0.772 + 1.4deck - 0.126Lcasing - 0.355KG 
LM5 = -0.762 + 1.4deck - 0.158Lcasing - 0.355KG 
LM6 = -1.02 + 1.69deck - 0.163Lcasing - 0.408KG 
LM7 = -0.767 + 1.64deck - 0.105Lcasing - 0.607KG 
LM8 = -0.913 + 1.78deck - 0.392Lcasing - 0.531KG 
LM9 = -0.403 + 1.4deck - 0.187Lcasing - 0.669KG 
LM10 = -0.273 + 1.39deck - 0.149Lcasing - 0.777KG 
LM11 = -0.275 + 1.18deck - 0.731Lcasing - 0.29KG 
LM12 = 0.0247 + 0.916deck -0.768Lcasing-0.251KG 
LM13 = -0.335 + 1.31deck - 0.609Lcasing - 0.451KG 
LM14 = -0.0861 + 1.04deck - 1.01Lcasing - 0.193KG 
LM15 = -0.3 + 1.27deck - 0.802Lcasing - 0.367KG 
LM16 = 0.252 + 0.723deck - 0.877Lcasing - 0.19KG 
LM17 = 0.294 + 0.77deck - 0.755Lcasing - 0.335KG 
LM18 = 0.378 + 0.614deck - 0.83Lcasing - 0.184KG 
LM19 = 0.471 + 0.526deck - 0.779Lcasing -0.175KG 
LM20 = 0.284 + 0.737deck - 1.01Lcasing - 0.19KG 
LM21 = -0.148 + 1.44deck - 0.285Lcasing - 0.892KG 
LM22 = 0.463 + 1.2deck - 0.112Lcasing - 1.22KG 
LM23 = 0.767 + 0.821deck - 0.0896Lcasing -1.07KG 
LM24 = 1.1 + 0.874deck - 0.0896Lcasing - 1.42KG 
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|   |   deck >  1.28 :  
|   |   |   Lcasing <= 0.381 :  
|   |   |   |   deck <= 1.35 :  
|   |   |   |   |   KG <= 1.02 : LM16 (41/5.77%) 
|   |   |   |   |   KG >  1.02 : LM17 (14/3.42%) 
|   |   |   |   deck >  1.35 :  
|   |   |   |   |   KG <= 1.02 : LM18 (14/1.75%) 
|   |   |   |   |   KG >  1.02 : LM19 (8/9.06%) 
|   |   |   Lcasing >  0.381 : LM20 (48/7.12%) 
|   KG >  1.1 :  
|   |   deck <= 1.29 :  
|   |   |   KG <= 1.16 : LM21 (59/8.1%) 
|   |   |   KG >  1.16 : LM22 (43/11.5%) 
|   |   deck >  1.29 :  
|   |   |   KG <= 1.17 : LM23 (35/10.2%) 
|   |   |   KG >  1.17 : LM24 (24/8.24%) 
=== Error on training data === 
 
Correlation coefficient                  0.997  
Mean absolute error                      0.0083 
Root mean squared error                  0.0108 
Relative absolute error                  7.1164 % 
Root relative squared error           7.7611 % 
Total Number of Instances              740 

=== Cross-validation === 
 
Correlation coefficient                  0.9959 
Mean absolute error                      0.0097 
Root mean squared error                  0.0126 
Relative absolute error                  8.3292 % 
Root relative squared error              9.0321 % 
Total Number of Instances              740 
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 Correct A for a side casing on the ro-ro deck. Type 3 
 

 
This section investigates the change in A between the vessels above. L=160, L/B=6. 

 
Here a vessel with a side casing on the ro-ro deck is created. The dimensions are the 
same as for the previous section. L=160, L/B=6 and the ratio L/nTb=17.77. The 
Attained index is then calculated for different draughts, deck positions, casing 
positions and KG positions. In 12 the equations generated by WEKA is shown. A 
sample of the data used can be seen in Table 28. The correction factor A3 for a Type 3 
vessel is now derived as: 
 

A3 = Type3(Deck, Ucasing, KG) / Type1(160, 6, Disp, Deck, KG) 
 
A3 is then the change in the Attained index for the ship (L=160, L/B=6) when changing the 
subdivision from Type 1 to Type 3. The hope is that this change is nearly identical for other 
vessels. The function Type3 is LMx in Table 27 and the function Type1 is the equations in 
Table 20 
 
 

Table 27: The Attained index for the Type 3 vessel L=160 L/B=6 and L/nTB=17.77 

KG <= 0.993 :  
|   deck <= 1.17 :  
|   |   Ucasing <= 0.392 : LM1 (56/16%) 
|   |   Ucasing >  0.392 :  
|   |   |   KG <= 0.836 :  
|   |   |   |   Ucasing <= 0.438 : LM2 (23/11.9%) 
|   |   |   |   Ucasing >  0.438 : LM3 (11/13.5%) 
|   |   |   KG >  0.836 : LM4 (40/13.2%) 
|   deck >  1.17 :  
|   |   Ucasing <= 0.402 :  
|   |   |   KG <= 0.871 : LM5 (54/7.69%) 
|   |   |   KG >  0.871 :  
|   |   |   |   deck <= 1.21 : LM6 (17/10.6%) 
|   |   |   |   deck >  1.21 :  
|   |   |   |   |   KG <= 0.934 :  
|   |   |   |   |   |   deck <= 1.34 : LM7 (18/5.41%) 
|   |   |   |   |   |   deck >  1.34 : LM8 (6/3.18%) 

LM1 = 1.06 + 0.762deck - 1.54Ucasing - 0.562KG 
LM2 = 1.1 + 1.14deck - 2.5Ucasing - 0.664KG 
LM3 = 1.17 + 1.39deck - 3.18Ucasing - 0.739KG 
LM4 = 1.03 + 1.47deck - 2.86Ucasing - 0.845KG 
LM5 = 0.948 + 0.368deck - 0.679Ucasing -0.253KG 
LM6 = 1.27 + 0.328deck - 0.992Ucasing - 0.455KG 
LM7 = 1.05 + 0.437deck - 0.787Ucasing - 0.421KG 
LM8 = 1.04 + 0.383deck - 0.685Ucasing - 0.377KG 
LM9 = 0.962 + 0.445deck - 0.818Ucasing -0.334KG 
LM10 = 0.931 + 0.751deck - 1.38Ucasing -0.477KG 
LM11 = 1.32 + 0.855deck - 1.15Ucasing - 1.09KG 
LM12 = 2.34 + 0.784deck - 0.715Ucasing - 2.06KG 
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|   |   |   |   |   KG >  0.934 : LM9 (16/10.4%) 
|   |   Ucasing >  0.402 : LM10 (90/11.4%) 
KG >  0.993 :  
|   KG <= 1.17 : LM11 (58/27.3%) 
|   KG >  1.17 : LM12 (26/35.9%) 
=== Error on training data === 
 
Correlation coefficient                  0.9869 
Mean absolute error                      0.0155 
Root mean squared error                  0.0222 
Relative absolute error                 14.7435 % 
Root relative squared error          16.4507 % 
Total Number of Instances              415 

=== Cross-validation === 
 
Correlation coefficient                  0.9815 
Mean absolute error                      0.0179 
Root mean squared error                  0.0261 
Relative absolute error                 17.0269 % 
Root relative squared error             19.3094 % 
Total Number of Instances              415 

 

Table 28: Sample of the 415 designs used to estimate A for a Type 3 vessel. 

Deck Ucasing KG A 
1.09714 0.44312 0.66084 0.79415 
1.12541 0.39129 0.75018 0.87282 
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Correct for lower hold and side casing (no cross flooding). Type 4 

 

 

 

Fixed bulkheads Variable bulkheads  
This section investigates the change in A between the vessels above. L=160, L/B=6. 

 
Here a vessel with a lower hold and a side casing on the ro-ro deck is created. The 
dimensions are the same as for the previous sections. L=160, L/B=6 and the ratio 
L/nTb=17.77. The Attained Index is then calculated for different draughts, deck 
positions, casing positions and KG positions. In Table 29 the equations generated by 
WEKA is shown. A sample of the data used can be seen in Table 30. The correction 
factor A3 for the Type 4 vessel is now derived as: 
 

A3 = Type4(Deck, Lcasing, Ucasing, KG) / Type1(160, 6, 0.6, Deck, KG) 
 
A3 is then the change in the Attained Index for the ship (L=160, L/B=6) when changing the 
subdivision from Type 1 to Type 4. The hope is that this change is nearly identical for other 
vessels. The function Type4 is LMx in Table 29 and the function Type1 is the equations in 
Table 20. 
 

Table 29: The Attained index for the Type 4 vessel L=160 L/B=6 and L/nTB=17.77m. 

KG <= 1.09 :  
|   deck <= 1.19 :  
|   |   Ucasing <= 0.411 :  
|   |   |   KG <= 0.887 : LM1 (65/11.9%) 
|   |   |   KG >  0.887 :  
|   |   |   |   Lcasing <= 0.303 : LM2 (9/23.8%) 
|   |   |   |   Lcasing >  0.303 : LM3 (9/19.7%) 
|   |   Ucasing >  0.411 :  
|   |   |   KG <= 0.795 : LM4 (34/11.2%) 
|   |   |   KG >  0.795 : LM5 (48/9.77%) 
|   deck >  1.19 :  
|   |   KG <= 0.881 : LM6 (133/9.22%) 
|   |   KG >  0.881 : LM7 (79/16.7%) 
KG >  1.09 : LM8 (130/30.8%) 

 LM1 = 0.849 + 0.75deck - 0.637Lcasing - 1.23Ucasing 
- 0.354KG 
    LM2 = 0.54 + 0.616deck - 0.486Lcasing - 
0.451Ucasing - 0.234KG 
    LM3 = 0.578 + 0.616deck - 0.486Lcasing - 
0.583Ucasing - 0.234KG 
    LM4 = 0.689 + 0.966deck - 0.738Lcasing - 
1.41Ucasing - 0.32KG 
    LM5 = 0.644 + 1.08deck - 0.493Lcasing - 
1.56Ucasing - 0.443KG 
    LM6 = 0.984 + 0.515deck - 0.847Lcasing - 
0.891Ucasing - 0.253KG 
    LM7 = 0.929 + 0.628deck - 0.28Lcasing - 
0.949Ucasing - 0.525KG 
    LM8 = 1.66 + 0.784deck + 0.375Lcasing - 
0.942Ucasing - 1.61KG 

=== Error on training data === 
 
Correlation coefficient                  0.9873 

=== Cross-validation === 
 
Correlation coefficient                  0.9855 



81 
 
Mean absolute error                      0.0135 
Root mean squared error                  0.0198 
Relative absolute error                 13.3854 % 
Root relative squared error             15.9389 % 
Total Number of Instances              507 

Mean absolute error                      0.0142 
Root mean squared error                  0.0212 
Relative absolute error                 14.0437 % 
Root relative squared error             17.0168 % 
Total Number of Instances              507      

 

Table 30: Sample of the507 designs used to estimate A for a Type 4 vessel. 

Deck Lcasing Ucasing KG A 
1.13924 0.30285 0.37245 0.81146 0.74688 
1.11014 0.31324 0.44357 0.91577 0.58473 

 
 

Correct for lower hold and side casing (cross flooding). Type 4 
 
Here the calculations of the previous section are repeated except that the lower side 
casings are now cross-flooded. The correction factor A3 for a Type 4 vessel with cross 
flooding is then derived as: 
 

A3 = Type4cf(Deck, Lcasing, Ucasing, KG) / Type1(160, 6, 0.6, Deck, KG) 
 
The function Type2cf is LMx in Table 31 and the function Type1 is the equations in Table 20. 
 

Table 31: The Attained index for the Type 4 vessel with cross flooding 

KG <= 1.09 :  
|   Ucasing <= 0.344 : LM1 (201/19.9%) 
|   Ucasing >  0.344 :  
|   |   deck <= 1.18 :  
|   |   |   Ucasing <= 0.403 :  
|   |   |   |   KG <= 0.982 : LM2 (59/17.7%) 
|   |   |   |   KG >  0.982 : LM3 (16/16.1%) 
|   |   |   Ucasing >  0.403 :  
|   |   |   |   KG <= 0.788 : LM4 (20/6.16%) 
|   |   |   |   KG >  0.788 : LM5 (48/10.8%) 
|   |   deck >  1.18 :  
|   |   |   Lcasing <= 0.364 :  
|   |   |   |   KG <= 0.975 : LM6 (89/11%) 
|   |   |   |   KG >  0.975 : LM7 (27/11.3%) 
|   |   |   Lcasing >  0.364 :  
|   |   |   |   Ucasing <= 0.387 : LM8 (56/11.2%) 
|   |   |   |   Ucasing >  0.387 : LM9 (83/9.97%) 
KG >  1.09 :  
|   deck <= 1.14 : LM10 (58/21.1%) 
|   deck >  1.14 : LM11 (184/27.3%) 

LM1 = 1.19 + 0.438deck - 0.276Lcasing - 1.73Ucasing 
- 0.276KG 
    LM2 = 0.922 + 0.699deck - 0.728Lcasing - 
1.42Ucasing - 0.242KG 
    LM3 = 0.67 + 0.776deck - 0.522Lcasing - 
0.868Ucasing - 0.365KG 
    LM4 = 0.809 + 0.822deck - 0.925Lcasing - 
1.26Ucasing - 0.269KG 
    LM5 = 0.658 + 1.03deck - 0.761Lcasing - 
1.49Ucasing - 0.32KG 
    LM6 = 0.983 + 0.511deck - 1.04Lcasing - 
0.868Ucasing - 0.176KG 
    LM7 = 1.05 + 0.599deck - 1.03Lcasing - 
0.93Ucasing - 0.342KG 
    LM8 = 0.969 + 0.541deck - 0.372Lcasing - 
1.57Ucasing - 0.189KG 
    LM9 = 0.788 + 0.598deck - 0.672Lcasing - 
1.04Ucasing - 0.164KG 
    LM10 = 1.67 + 1.03deck + 0.0332Lcasing - 
0.964Ucasing - 1.73KG 
    LM11 = 1.98 + 0.712deck + 0.274Lcasing - 
0.901Ucasing - 1.77KG 

=== Error on training data === 
 
Correlation coefficient                  0.9876 

=== Cross-validation === 
 
Correlation coefficient                  0.9843 
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Mean absolute error                      0.016  
Root mean squared error                  0.0213 
Relative absolute error                 14.6575 % 
Root relative squared error             15.7319 % 
Total Number of Instances              841 

Mean absolute error                      0.0183 
Root mean squared error                  0.0239 
Relative absolute error                 16.6704 % 
Root relative squared error             17.6828 % 
Total Number of Instances              841      

 
 

Correct for the hull shape 
When correcting the Attained Index with regard to the hull shape we will use the ratio 
block coefficient divided by the water plane coefficient. To find the correction factor 
A4 we use the vessels in Table 32. The equations in the two columns for Cb and Cw 
are valid in the normal draught range for the vessels. The first vessel is the one used in 
the previous sections. For this the correction factor should be close to 1. The other 4 
are new vessels not used previously.  The procedure is now to find A4 as Amodel/ Areal 
for a number of different cases. Amodel is calculated using the formulas found in the 
previous sections. A sample of the data is given in Table 33. The relationship between 
A4 and Cb/Cw found by WEKA is shown in Table 34. The correlation is not very 
good. This is not surprising when we see the relationship plotted in Figure 31. 
Creating a function with only Cb/Cw for these does not seem possible. 
Instead of using the equations generated by WEKA one might as well use the line 
drawn on the chart. What is clear is that the correction function A4 is a decreasing 
function for Cb/Cw less than 0.93. Seeing how the data for each vessel is scattered in 
Figure 31 it is also clear that we cannot expect an accuracy of the model by more than 
15%. The answer to this is more data for A1, A2 and A3. In the next section we will 
briefly discuss if A4 is a necessary correction factor, given the fact that we in some 
way already have included the hull shape when scaling KG.  
 
 

Table 32: Vessels used to correct the Attained Index for the hull shape 

 Cb Cw Cb / Cw Number of data 
points 

Original hull 0.0416*T+0.305; (0.58) 0.0982*T+0.2162; (0.83) 0.70 225 
Vessel 1 0.0113*T + 0.5917; (0.66) 0.0131*S2 + 0.6461; (0.73) 0.90 118 
Vessel 2 0.03*T + 0.5938; (0.76) 0.0182*T + 0.8404; (0.94) 0.81 82 
Vessel 3 0.0537*T + 0.06; (0.41) 0.0956*T + 0.1324; (0.75) 0.55 75 
Vessel 4 0.0086*T + 0.7287 (0.78) 0.0207*T + 0.7145; (0.85) 0.93 133 

 

Table 33: sample of the 527 data points used in establishing the function A4 

Cb/Cw A4 
0.909815 0.922811 
0.807552 0.914088 
0.541867 1.287443 
0.930257 1.145475 
0.670399 0.997085 
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Table 34: Correcting factorA4 for the hull shape. 

CbCw <= 0.802 : LM1 (323/58.3%) 
CbCw >  0.802 :  
|   CbCw <= 0.922 : LM2 (204/41.8%) 
|   CbCw >  0.922 : LM3 (208/85.4%) 

    LM1:  A4 = 1.91 - 1.3CbCw 
    LM2:  A4 = 1.43 - 0.714CbCw 
    LM3:  A4 = 0.279 + 0.487CbCw 

=== Error on training data === 
 
Correlation coefficient                  0.8592 
Mean absolute error                      0.0682 
Root mean squared error                  0.0911 
Relative absolute error                 47.6082 % 
Root relative squared error             51.1661 % 
Total Number of Instances              735 

=== Cross-validation === 
 
Correlation coefficient                  0.853  
Mean absolute error                      0.0692 
Root mean squared error                  0.0929 
Relative absolute error                 48.2343 % 
Root relative squared error             52.0772 % 
Total Number of Instances              735 
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Figure 31: The last correction factor A4 as a function of Cb / Cw 
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Estimating KG max 
 
In order to give KG as a relative value we introduce the variable KGmax. This is then 
the maximum value of KG if the vessel is to comply with the intact stability 
requirements of IMO A749. One of the requirements in A749 is that GM shall be 
greater than 0.15 m. But in order to fulfill the other requirements of the regulation, 
GM usually have to be larger than 0.15 m. A rule of thumb [12] is that GM for the 
ship must be greater than B⋅0.06 to fulfill the intact stability criteria in A749. KGmax is 
estimated as: 
 

KG = KB + BM - GM Eq. 6.1 
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where T is the draught 
B the breadth 
CB the block coefficient  

                        CW the water plane coefficient 

Eq. 6.4 
 
 
 
 

 
The scaling factor used in the model for the Attained Index is: (explanation follows) 

KGscale= 
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To see how Eq. 6.4 fits some of the vessels used here we will compare the KGmax 
values: 
 

 
Lpp B T Cb Cw 

KGmax 
A749 

KGmax 
Estimate 

KGscale 
 

Vessel I 170 27.8 6.25 0.56 0.80 14.0 14.33 13.17 
Vessel II 180 30.0 6.5 0.66 0.73 13.5 11.63 13.32 
Vessel III 134 24.8 5.8 0.45 0.71 12.2 12.82 11.24 

Original hull 176 25.0 6.5 0.58 0.83 12.8 12.20 11.60 
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Except for vessel 2 the KGmax estimate seems to give reasonable results. The reason 
why vessel 2 fails is that this particular ship only requires an intact GM of 0.15 m, 
which means that the criteria of GM>0.06B fails.  
The only reason why KGmax and KGscale are different is a typing error while making 
the model. One could ask if it is necessary to scale KG in the input. After all it is a 
kind of hull correction, which should take place when calculating A4. Other attempts 
made suggest that KG could be entered without scaling it. A4 will then correct for the 
hull. The same latter calculations suggest that scaling KG with the true KGmax can 
eliminate the correction factor A4. Meaning that A4 here is just a correction factor to 
adjust for the wrong KGmax used. 
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Estimating GM 
To estimate GMintact we can use the same formulas as on the previous page: 
 

GMintact= 
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Where T is the draught 
B the breadth 
CB the block coefficient  

                        CW the water plane coefficient 

Eq. 6.6 
 
 
 
 

 
 
To see how well Eq. 6.6 predicts GM we have graphed GMintact below, for 3 of the 
vessels on the previous page, with different draught’s and KG’s. We see that the 
formula predicts GM for these 3 vessels within 10-15% of the true value. 
 

0

1

2

3

4

5

6

7

0 1 2 3 4 5 6 7

GM actual

G
M

 p
re

di
ct

ed

0

1

2

3

4

5

6

7

0 1 2 3 4 5 6 7

GM actual

G
M

 p
re

di
ct

ed

Vessel I Vessel II 

0

1

2

3

4

5

6

0 1 2 3 4 5 6

GM actual

G
M

 p
re

di
ct

ed

 

Vessel III  

Figure 32: GMactual I-ship vs. GMintact predicted for the vessels on page 84 using different draught 
and KG 
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6.3. Verification of the Model 
The first step in the verification process is to make sure that the model reflects the 
data used in building it. The next step is then to see how well other ships are 
represented by the model.  
 

Verification of the vessels used to build the model (excluding A4) 
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In the 4 graphs above the data used to build the model for each Type is plotted as the 
real A verses the model A. It is only the data used in establishing the model up to A3 
that is shown which means that it is the same hull scaled up or down. It is clear that 
the data fits the model very well. The majority are within 5% of the real value and all 
of the data are within 15% except 12 points used in Type 1. These 12 points can all be 
categorised as either having KG well above the estimated KGmax or A-values below 
0.2. This is very encouraging, but does not say anything about how the model predicts 
the Attained Index for other hull shapes. 
It is worth noting how the Attained Index for each Type is located. Type 1 is scattered 
all the way from 0.15 to 1. Type 2 never gives an Index much above 0.8. In most 
cases a Type 3 gives an Attained Index above 0.70 and finally a Type 4 vessel gives 
an Index between 0.55 and 0.9. Of course this rule of thump can be broken by extreme 
designs. Especially with regard to the ro-ro deck position and the KG. But it does give 
an idea of where a design can be expected to lie. 
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Verification of the vessels used in building the model including A4 
Here the vessels used in establishing the hull shape correction factor are verified. For 
the first vessel (see Table 32) 118 designs are calculated and 8 falls outside the lower 
limit of 15%. None of these 8 designs seems special. For vessel number 2 82 designs 
are calculated and 4 falls just outside the upper limit. For vessel number 3 5 designs 
out of 75, falls outside the upper limit. 4 of these are well above, but none of them 
seems special in any way.  For vessel number 4 133 designs have been generated and 
61 falls outside the limit. Most of these 61 fall only just outside the limit. The last 
vessel is a box. This was included in order to drag the function for A4 in the right 
direction. The fact that almost half of the design falls outside the limits is not alarming 
as the vessel is very extreme. Overall the factor A4 seems to adjust well for the hull 
form. If more vessels were included, A4 should be made to depend, not on Cb/Cw, but 
on Cb and Cw. Having vessel number 4 and 5 in mind it might seem the most cautious 
to restrict the ratio Cb/Cw to below 0.92 for the model. 
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5. Cb/Cw=1.0 (Box)  
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Verification of vessels not used in building the model. 
The first verification of vessels not used in building the model will be 4 vessels where 
the hull have when scaled up or down from the hull used to build the model for A1, A2 
and A3. All of the vessels show very good agreement with the actual calculation of A. 
The exception is number 3. This can be explained by the interval in which the vessels 
used in building the model falls, 130 ≤ L ≤ 190 m. Creating the same vessel but with 
L=135 gives graph number 4. This indicates that the model is not able to extrapolate 
very well.   
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L=120 m, L/B=7 L=135 m, L/B=7 

Figure 33: 4 vessels with the same hull shape as the shape used in building the model for A1, 
A2, A3, But scaled differently. 
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The last set of verifications is vessels where the hull shape has not been used in 
building the model. This verification is of course the most interesting, as it will show 
how good the model really is. The vessels verified are shown below and the results 
are graphed in Figure 34. We see a very good agreement between calculated and 
estimated values of the Attained Index. The last vessel has a very extreme hull shape, 
as the station curves are triangles. The results are not as good as for the other 
conventional vessels, but the model does come up with reasonable values. It shall be 
emphasized that the in order to get values within 15% with 90% probability, the 
ranges specified on page 91 should be observed. This does not mean that all designs 
outside this range completely fail as vessel IV below shows. 
 

Vessels with different hull shapes as the ones used in building the model 

Vessel Lpp [m] B [m] T [m] Cb Cw 
I 170 27.8 5.9-6.7 0.55-0.58 0.78-0.84 
II 180 30 6.1-6.9 0.65-0.67 0.72-0.74 
III 134 24.8 5.5-6.4 0.44-0.48 0.69-0.75 

IV Triangle ∇  160 22.9 5.7-7.0 0.21-0.27 0.44-0.52 
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Figure 34: 4 vessels with different hull shapes as the ones used in building the model 
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6.4. Uncertainties and Limitations of the Model 
 
An important part of using a model is knowledge of its limitations. In this section the 
limitations and range of the model for the Attained Subdivision Index will be 
described. In order to obtain an A-index within 15% of the true value the following is 
required: 
 

• The compartment layout must equal Type 1,2,3 or 4 in Figure 30 
• 130 ≤ Lpp ≤ 195 
• 4.9 ≤ L/B ≤ 7.1 
• 0.40 ≤ Cb ≤ 0.80 
• Cw ≥ 0.65 
• Cb/Cw ≤ 0.92 
• 1.09 ≤ Ro-ro deck position / Full load draught ≤ 1.4 
• 0.28 ≤ Casing position / B ≤ 0.45   (Casing position measured from the centre line) 
• Lpp / number of bulkheads ≤ 25 m 
• 0.6 < GMintact < 6.0 
• Partial load KG = 0.90⋅Full load KG 
• Partial load draught = 0.89⋅Full load draught 

 
When the GMintact of the vessel is low (<0.6m) the model can have difficulties 
predicting the Attained Subdivision Index. The estimated GM given on page 86 
predicts in most cases GM within 10-15%.  
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6.5. Example 
Take the vessel in Figure 35. The input for this is: 
 

Ro-ro type 2 Ro-ro deck position  7.24/6.2=1.17 
L [m]       176 Lower Casing pos 11.7/29.3=0.40 
L/B           176/29.3=6.0 Cb/Cw 0.59/0.85 = 0.69 
Disp [t] 18365 KG full 11.4/14.6=0.86 
L/(number of TB) 176/10=17.6 Cross flooding No 

 

 
Figure 35: Vessel used in the example 

 
Step 1: A1= -0.684 + 0.00345L - 0.0299LB + 2.06Deck - 0.723KG - 1.53Cb (LM10) 
 A1 = 0.6336 
 
Step 2: A2 = nTB_Correct(nTB, Deck, KG) / nTB_Correct(17.78, Deck, KG) 
  nTB_Correct(17.6, 1.17, 0.86) = 0.6283   (LM2) 
  nTB_Correct(17.78, 1.17, 0.86) = 0.6258 (LM2) 
 A2= 1.0041 
 
Step 3: A3 = Type2(Deck, Lcasing, KG) / Type1(160, 6, 0.6, Deck, KG) 
  Type2(1.17, 0.4, 0.86) = 0.5789 
  Type1(160, 6, 0.6, 1.17, 0.86) = 0.6229 
 A3= 0.6229/0.5789 = 0.9294 
  
Step 4: A4 = 1.91 - 1.3Cb/Cw = 1.91-1.3⋅0.69 = 1.0076 
 
Final: Attained Index = A1⋅A2⋅A3⋅A4 = 0.6336⋅1.0041⋅0.9294⋅1.0076 = 0.59 
  

An I-ship calculation gives an Attained Index of 0.55 
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6.6. Implementation of the Model 
 
The model has been implemented in a program called ProbStab. Here it is possible to 
see the 4 ro-ro types graphically and add or delete transverse bulkheads. To compare 
the estimated Attained Index it is possible to let the program create an I-ship 
compartment file from which a direct calculation can take place. The user interface is 
shown in Figure 36. In the text boxes to the right the ship is defined. The textboxes 
‘LightW’, ‘KGmax’ and ‘Area’ are read-only. The textbox ‘KGc’ is the centre of 
gravity of the deadweight relative to the ro-ro deck. The position of side casings and 
ro-ro deck can either be entered in the textboxes or the bulkheads can be dragged 
using the mouse. All bulkheads can be moved but only the bulkheads shown in green 
affects the model for the Attained Index. All units are in the metric system except 
speed, which is in knots. The button ‘Scan’ opens an MS Excel spreadsheet where the 
user can make parameter studies of the model for the Attained Subdivision Index. 
 
 

Figure 36: User interface for the model for the Attained Index 

 



94  6.  A Method to Estimate the Attained Index 
 

  

6.7. Testing for Changes in the Layout 
A question that arises is whether the 4 types of subdivisions are accurate enough to 
represent an initial design. The 4 types have been established by looking through 
issues of the magazine Ship of the Year. However each ro-ro ship has its peculiarity 
especially with regard to the engine room and longitudinal extend of the side casings. 
In the following the Attained Index will be calculated for a type from the model (left 
side, see the graphical representation below), and then on the right side the Attained 
Index is calculated for a simplified subdivision. From the examples it is clear that 
minor changes do not affect the Attained Index by more than 5-10%. However 
changes that affect more than 2 transverse subdivisions can change A by more. In 
most situations it will be obvious in which direction the Attained Index will move. In 
theory a design can have a meta stable Attained Index, so that a minor change in the 
design leads to a collapse in the stability. This situation is probably more likely for a 
containership or a bulk carrier with few transverse bulkheads and not for ro-ro ships 
with more compartments below the ro-ro deck.  

Full casing: A=0.35 Reduced casing: A=0.33 
  

Full casing: A=0.45  Reduced casing: A=0.38 

 



95 
 

Original engine room: A=0.37 Engine room enlarged: A=0.36 
 
 
 

Original engine room: A=0.72 Engine room enlarged: A=0.67 
 
 

Full casing and bulkheads. A=0.79 Reduced casing and bulkheads. A=0.78 
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6.8. Conclusion 
 
In this chapter a model for estimating the Attained Subdivision Index for four generic 
ro-ro ships has been establish. The model seems to be able to estimate the Attained 
Index within 15% of the true value in at least 90% of verified cases. The 90% have 
been found by calculating A for a large number of random designs within the 
specified range of the design variables. The model estimates Attained Index from four 
values A1, A2, A3 and A4 that are multiplied. A1, A2 and A3 are all established using 
the same hull shape. Estimating the Attained Index for a vessel with this shape will in 
most cases give an A-value within 10% of the true value. The factor A4 corrects the 
estimated A-Index with regard to the hull shape using the ratio Cb/Cw. A4 has been 
established using 5 hull shapes. If a more accurate model is needed the resources 
should either be used on generating more data for A1, A2, A3 and on establishing a 
better A4 function. The first is the easiest and will in any case enhance the model. 
Scaling KG with the true KGmax may make the A4 hull correction factor needless. By 
generating more systematic data for A1, A2 and A3 the overall accuracy of the model 
could probably be reduced to ±10% with a probability of 90%. The spreadsheet 
Opti_I-ship.xls which links to I-ship has been prepared to generate such systematic 
data, instead of the random designs used here. 
With the introduction of harmonized stability regulations in perhaps 3-4 years a new 
model is required. Following the procedure described here such a model can be 
established in 4 weeks once the ships have been defined in the naval architecture 
software. One might in this connection consider expanding the range of the model to 
smaller vessels below 125 m. Likewise the straight side casing used here could be 
replaced by curved casing as discussed in chapter 2. 
 

Different Approach 
Another method to estimate the Attained Index could be to use a box shaped hull with 
identical subdivision as the real ship. From this simplified model the compartment 
combinations that contributes the most to A can quickly be identified. A function ν 
could now be identified such that (p⋅s)real = ν⋅ (p⋅s)box. We would expect preal and pbox 
to be almost identical in most cases. The task would then be to calculate the s values 
for the real ship, for the compartments that give large contributions to A, and calculate 
the other contributions from the box. This would result in a fast method that still has 
roots in the physics. A problem is that the p values of the box and the ship might not 
be even close to identical in some cases. This is especially the case in the bow and the 
stern. 
 



 

7.  Optimising a Ro-ro Ship by use 
of Excel 
 
In this chapter we use the model for estimating the Attained Index to optimise a ro-ro 
ship. First we repeat the optimisation of vessel 2 in chapter 5. Instead of using direct 
calculations, the model for estimating the Attained Index will be used. Next we 
increase the number of design variables and optimise the dimensions and subdivision 
of a new ro-ro ship. Finally some economical aspects of building and operating a ro-ro 
ship will be discussed and we use the concept of required freight rate to rank different 
designs. The optimisation software is a Microsoft Excel spreadsheet extended by a 
genetic algorithm called Evolver [19]. The spreadsheet is described at the end of the 
chapter. 
 

7.1. Optimising Vessel 2 
Vessel 2 is a large ro-ro ship with the compartment layout shown in Figure 25. There 
are eight transverse bulkheads located between the collision bulkheads. The 
geometrical constraints are that the engine room length is greater than 25 m, the 
height of the engine room and lower hold is greater than 5.0 m. and that the height of 
the ro-ro deck is 7.0 m. The Attained Index must be greater than 0.70. The two side 
casings below the ro-ro deck are connected to allow cross flooding. The design 
variables are the position of the ro-ro deck, the position of the lower side casing and 
the depth of the vessel. 
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Lpp 
B 
Depth 
Draught 
Speed 
Displacement 
Ro-ro deck 
Tanktop 
Side casing 
Cross-flood. 

176 m  
25.0 m 
14.4 m 
6.5 m 
20 knots 
17300 t 
7.40 m 
1.80 m 
y=7.50 
Yes 

Figure 37: Compartment layout of vessel 2 

 
 
Optimisation of the three objectives (Attained Index, lower hold area and the 
lightweight) by the MOGA method produces the results in Figure 38. To apply the 
utility theory we have picked out 7 designs and ranked them in Table 35. 
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Figure 38: Pareto optimal designs of vessel 2 found by Excel spreadsheet. 

 
 
Table 35: Seven Pareto optimal designs ranked according to the author’s preference. 

# A Area [m2] Lightweight [t] Utility 
Deck 
pos. 

Long 
pos. 

Depth 

6 0.730 1254 9312 0.67 8.99 10.23 16.61 
2 0.712 1206 9222 0.55 8.65 9.84 16.22 

21 0.707 1193 9112 0.53 8.54 9.74 15.65 
22 0.718 1162 9115 0.44 8.54 9.49 15.65 
10 0.709 1121 9113 0.31 8.27 9.15 15.73 
26 0.782 925 9168 0.27 8.49 7.55 15.84 
8 0.811 969 9410 0.19 8.98 7.91 16.99 
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Mean marginal utility functions for the ranked designs in Table 35. 

A U(A) Hold [m2] U(Area) LightW [t] U(LightW) 

0.70 0.00 920 0.00 9100 0.20 
0.76 0.04 1110 0.07 9275 0.18 
0.82 0.15 

 

1300 0.65 

 

9450 0.00 

 
 
Maximising the added utility function leads to the results in Table 36. Column 4 is the 
estimated result from column 3 modelled in I-ship. Column 5 shows the results 
obtained in chapter 5 by direct calculations. The areas and the lightweight of Table 36 
are not directly comparable, as they have been found by use of different formulas. The 
areas found by I-ship is the volume divided by the height of the volume. If the volume 
is in the bottom of the vessel this area can differ quite a lot from the true floor area. 
The true floor area has also been calculated by I-ship, this is the second value in the 
last two columns.  
It is then seen that we obtain a utility of 0.82 where the best design found in Table 35 
only has a utility value of 0.67, so an optimisation has definitely taken place. The fact 
that the results obtained by the Excel spreadsheet are not exactly identical with the 
results obtained by the hydrostatic software I-ship is not alarming since the utility 
functions are not identical. The results show that the estimated optimisation moves the 
two design variables in the same direction as I-ship. It is also encouraging that the 
Attained Index estimated by the model is less than 2% from the true value shown in 
column 4. There is a slight difference as regards the methods used for estimating the 
lightweight in I-ship and in the spreadsheet. This difference concerns the bulkhead 
weight and the superstructure weight. 

 

Table 36: Optimum solution for vessel 2. 

Design variables Initial Optimisation 
using Excel 

estimate 
 

Estimated Excel 
design calculated 

by I-ship 

Optimisation 
using direct 
calculations 

(Table 15) 
Ro-ro deck 7.4 8.80 8.80 9.21 
Side casing 7.5 10.54 10.54 9.61 

     
Output     

Depth [m] 14.4 15.80 15.80 16.1 
GM [m] 4.39 3.06 2.79 2.58 
Attained Index 0.82 0.70 0.69 0.75 
Ro-ro area [m2] 3652 3652 3908 3914 

Hold area [m2] 919 1291 1709/1345 1599/1273 

Lightweight [t] 8940 9149 9266 9370 
Utility 0.37 0.82 - - 
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7.2. Dimensioning a New Vessel 
 
Suppose we want to dimension a ro-ro vessel with the following requirements: 

 
Draught (m) 6.5 
Number of cars 110 
Number of lorries + trailers 45 
Speed (knots) 22 
Block coefficient  0.58-0.65 
Lower hold No 
Side casings on the ro-ro deck Yes 

 
and with the constraints: 

4.5 ≤ L/B ≤ 7.1 
2 ≤ D/T ≤ 3 
Engine room height ≥ 5 m 
Ro-ro deck height [m] ≥ 5.2 m 
Intact stability GM [m] ≥ 0.06⋅B 
Roll period [s] ≥ 10s 
Attained Index (MSC19(58)) ≥ 0.80    
Side casing width ≥ 1.50 m  

 
In order to find a design, which satisfies our need without overcapacity, we minimize 
the lightweight of the vessel by changing the design variables given in Figure 39. This 
leads to the values in Figure 40. 
 

 

 
 
 
 
 
 
 
 
 
←0.5⋅B-1.50 
(Casing≥1.50m) 

Figure 39: Initial design variables for the new vessel prior to 
optimisation. 
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Figure 40: Results from minimising the lightweight of a new vessel. 

 
The found ship is 149 m long and 25.3 m wide. The depth is 15.72 m corresponding 
to a ro-ro deck height of 8.0 m (15.72-7.72). Here the optimiser has a choice of 
making the ship longer and wider or making it taller. In the first case it should settle 
for a ro-ro deck height of a minimum of 5.2m. In the second case (which is chosen) it 
makes a deck 2 of 2.8 m, which is the minimum specified height for cars and vans. 
We specified a requirement of 110 cars and 45 lorries with trailers. The design in 
Figure 40 can actually hold 225 cars and 45 lorries. The reason for this apparent over 
dimension is that we have set any second deck to be 2.8m high. Thus all the lorries 
must be located on the first deck and the first deck can exactly contain 45 lorries with 
trailers. 
The side casing on the ro-ro deck is located as far out as possible to allow for the 
specified width of 1.5 m. The number of transverse bulkheads, including collision 
bulkheads, is 10, which means that the bulkheads in front of the engine room are 
spaced by about 12 m. Here there might be a problem with the objective, which is to 
minimise the lightweight of the ship and among other things keep the Attained Index 
above 0.80. This can be achieved either by changing the number of transverse 
bulkheads or by changing the ro-ro deck position and hence the depth of the ship. The 
optimiser only uses the mass of the steel to determine the approach. A better way 
would be to introduce a function, which weighs up the cost of adding more bulkheads 
against an increase of the depth of the vessel. 



103 
 

The result of the optimisation is a ship with a ro-ro area of 5508 m2, a GM of 4.07 m 
and an Attained Subdivision Index of 0.82. Modelling this vessel in a hydrostatic 
program such as I-ship results in a GM of 4.14 m and an Attained Subdivision Index 
of 0.79. The total floor area of the I-ship model is 5962 m2, but as previously 
discussed the usable area is smaller. So the true area is probably somewhere in the 
middle of the two estimates. 
 
 

 

 
Figure 41: The vessel with subdivision as in Figure 40. 
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7.3. Some Economic Aspects 
 
This section focuses on the economy of a ro-ro ship. Using the Excel spreadsheet we 
estimate both the cost of the vessel and the cost to operate it. The sheet is presented at 
the end of the chapter. It must be emphasised that the formulas are rough and have not 
all been specifically derived for ro-ro ships. But they should be able to catch the 
governing factors which determine the costs.  
 
New building  
In this chapter we focus on new building as opposed to second hand-ships. Although 
the shipbuilding market is closely related to the second hand market there is one 
obvious difference. The new building market trades in ships that do not exist. Thus 
the ship will not be available for 2 to 3 years from the contract date, by which time 
conditions may have changed. 
Shipbuilding is one of the worlds most open and competitive markets, but it is also 
very subsidised. The prices have swung violently up or down over the last 30 years. 
Price movements for different types of ships are closely correlated. E.g. when the 
price of tankers rises, so does the price of bulk carriers and ro-ro’s [14]. Most 
shipbuilders can compete for a wide range of ship types, and if their order book is 
short they will bid for ships they would not normally consider building [10]. During 
booms prices rise sharply. In recession the opposite happens. The costs formulas 
presented in this chapter should therefore not be taken as more than a rule of thumb. 
Usually, ships are contracted for a fixed price, payable in a series of instalments, 
spreading payment over the construction time of the vessel. On the signing of the 
contract 5% is usually paid. The rest is then paid during the construction phase with 
the last 15% on delivery. But the pattern varies. In a seller’s market the builder may 
demand 50 per cent on contract signing. In weak market the buyer may insist on 
payment on delivery [14]. 
In this thesis the costs of the ship are split into the following categories: 
 

• Steel 
• Outfit 
• Machinery 
• Direct labour 
• Overheads to the shipyard 
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Operating Costs 
In this thesis we will designate all the costs, except the capital cost, required to run the 
ship as operating cost. Some authors divide the annual costs into operating cost, 
voyage cost and capital cost. The cost structure of running a ship can be made as 
detailed as needed. Here we divide it into: 
 

• Crew 
• Fuel  
• Lubrication oil 
• Maintenance 
• Insurance 
• Terminal costs 
• Administration or general costs 
• Capital costs 

 
Crew Costs 
Crew costs include all direct and indirect expenses incurred by crewing the vessel 
such as salaries and wages, insurances, pensions, travels and accommodation costs. 
The size and costs of the crew are determined by the ship’s flag state and the owner’s 
employment policy. The cost per crew may be 50 per cent higher for a vessel 
registered under a European flag compared to a vessel flagged out to an open 
registration country [14]. Ro-ro ferries require more crew than ordinary ro-ro vessels 
for servicing the passengers. If the ship sails at night it will need 4 or 5 shifts. Ro-ro 
ferries sailing in domestic waters usually employ a native crew for reasons of 
language and housing. Some Scandlines ferries have shifted from day crew to 
mustered crewmembers living onboard. Depending on their function the cost of 
crewmembers varies greatly, but each is easy to calculate.  
 
Fuel and Lubrication Oil 
Fuel is alongside the crew costs the most important item in the operating costs. It is by 
far the most volatile and unpredictable cost item. Prices can double or vice versa 
within a few years depending on the political and economic situation. Whereas cargo 
ships sailing in international waters run on the cheaper heavy fuel oil, ro-ro ships in 
domestic waters run on the more expensive marine diesel oil, mainly due to 
environmental regulations. Oil is traded in US dollars. A ro-ro ferry company usually 
receives its income in the local currency, which add an extra volatility to the fuel 
costs. 
Being an oil product, lubrication oil follows the oil prices. The cost of lubrication oil 
is here set to 7 times the cost of marine diesel oil. But the quality of the lubrication oil 
is of course price dependent. Lubrication oil accounts for 2-4 per cent of the operating 
costs. 
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Maintenance 
This item covers all charges associated with maintaining the vessel at the standard 
required by the company policy and the classification society. The maintenance costs 
can be subdivided into three categories: 
Routine maintenance. Includes maintaining the main engine, the auxiliary equipment, 
painting and carrying out renewal where it can be done safely when the ship is at sea. 
As with any capital equipment the maintenance costs tend to increase substantially 
with age. A 20-year-old vessel may incur twice the costs of a more modern one. 
Periodic maintenance. To maintain class for insurance purposes, all merchant ships 
shall undergo a regular survey. The ship shall be dry-docked every two years and 
every four years it shall have a special survey [14].    
Breakdown. Mechanical failure may result in additional costs outside those covered 
by the routine maintenance. Work of this type is often undertaken by ship repair yards 
on ‘open order’ and is therefore likely to be expensive. Additional costs are incurred 
due to loss of sailing time. 
 
Insurance 
Insurance is the cost item which is most likely to vary from ship to ship. It may range 
from 10 to 25 per cent of the operating costs, depending on the owner’s record and 
area of operation. The insurance is divided into two parts. One part is insurance of the 
hull and the machinery, which protects the owner against physical loss or damage. 
Another part is protection and indemnity insurance, which provides cover against 
third-party liabilities such as damages due to collision, oil pollution, injury or death of 
crew or passengers and damage or loss of cargo. The premium is determined by the 
shipowner’s claims record and operation area and the cargo to be carried. The 
premiums are usually regulated periodically by a percentage value. But international 
events and legislation can cause significant increments. 
 
Terminal Cost 
The terminals are usually owned by the port, which again can be private or 
government owned. The ship owner then pays a fee or rent for using it. Naturally, 
there is a big difference in using a small port in a thinly populated area or a large port 
in an urban area. In the first case the logistical problems of getting the vehicles on and 
off board are limited. In the case of a larger port the parking spaces might be limited 
and customers may have difficulties finding the terminal. More operators can share a 
terminal thus reducing the costs, but complicating the vehicle handling. 
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Administration / General Cost 
These are costs to cover shore-based administration, management, public relations, 
booking systems and miscellaneous costs. With improved communications shipboard 
personnel can undertake many functions previously done on land. It is also an 
increasingly common practice for day-to-day management to be subcontracted to 
specialists. 
 
Capital Cost 
Apart from the operating costs there are the cost of capital. Capital costs may appear 
in the cash flow in four ways: Interest, which is a regular cost, initial purchase and 
repayment of a loan, which is no cost, but puts strain on the liquidity, and finally there 
is the cash received from the sale of the vessel. 
 
Taxation 
The international nature of the shipping business provides ship owners with the 
opportunity to avoid tax by making use of the many flags of registration. In general 
the only companies, which pay tax, are those with some specific reasons for doing so. 
Ferry companies with a large staff often make this choice [14]. 
 
Financing the Ship 
The most common way of financing ships is the term loan, where interests and 
instalments are paid for a number of periods. The usual practise for a small company 
is to establish a one ship company for each vessel financed. By creating a stand-alone 
company, legal access to the ship’s earnings and insurance is blocked for claims 
against other ships in the borrower’s fleet. Large shipping companies prefer to borrow 
as a company, using their corporate balance sheet as collateral. The proportion of the 
ship’s market value which can be advanced, called gearing, varies depending on the 
bank and the borrower. Generally, loans of more than 50% require additional security. 
The loan usual runs for a period of 5-8 years. The effective interest rate including 
fees, varies between 2-4 percentage points above the borrowing rate of the bank. 
Numerous financial instruments exist for the lender and the borrower to set the 
interest rate in order to reduce the risk of fluctuations in the currencies, oil prices and 
freight rates. 
In general the principles of financing a new building and a second-hand ship are the 
same. However the capital costs of a new ship is generally too high to be financed 
over a period of 5-8 years. Second, finance is needed before the ship is built so there 
is a period before delivery when part of the loan is drawn but the hull is not available 
as collateral. An important part for the shipyard has been to offer financing to their 
customers, often with the support of their governments. In an effort to regulate often 
fierce competition in shipbuilding credits between countries, the OECD has attempted 
to set up terms for government credits. In 1995 the terms were 80 per cent loans over 
8 years at an interest rate of 8.5 [14]. 
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Opening a New Route 
When considering opening a new route a market research should be the first step. A 
distinction should be made between a market forecast and a market research. A 
market forecast is concerned with the future of the market as a whole. As mentioned 
in [14] forecasting has a poor reputation in maritime circles. A market research is 
concerned with a specific commercial decision. This means studying the prospects for 
a specific ship or route. Here we will focus on the market research.  
 
Market Research Methodology 
Market research studies focus on a particular part of the market, usually in connection 
with some specific project involving investment in fixed assets or the development of 
new products or services. The first step is to establish the terms of reference. A ferry 
company considering setting up a new route needs to decide what type of operation to 
set up and how much to invest in it. The following questions should be asked: 
 

• What is the size of the market and which share can be won? 
• How is traffic likely to develop in the future? 
• How are the port facilities? 
• Which segment of the market to serve? 
• What kind of service are customers likely to expect? 
• Which ship type will be most cost effective in providing this service? 
• How will present competitors react and how is competition likely to develop? 

 
Answers to these questions should be: 
 

• Type of (ro-ro) ship (lorries only or lorries and cars. Accommodation facilities 
etc.) 

• How many ships that should operate on the route 
• The number of vehicles in peak and normal periods 
• Maximum draught of the ship 
• Operating speed – Crossing time 
• The fare prices that can be charged 
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Economic Evaluating of a Project 
The next step is to identify the ship design which meets the performance requirements 
most efficiently. For economic evaluation Buxton [1] suggests two different ways 
depending on the circumstances. 
 
Net present value (NPV). This technique involves setting up a projected cash flow for 
each   option under consideration. Revenue and costs are projected on an annual basis 
over the lifetime of the ship and the net discounted cash flow for each year is 
calculated, taking account of capital payments, income, expenditure, and perhaps the 
final resale of the vessel. The option giving the highest NPV is generally preferred. 
The advantage of the method is that it takes account of both revenue and cost flows 
and produces a single comparative figure. The disadvantage is that in many cases the 
revenue is extremely difficult to project and arbitrary assumptions about potential 
earnings of the vessel may give a distorted result. 
 
Required freight rate (RFR). This method avoids the problem of predicting the 
revenue. The RFR is calculated by computing the annual average cost of running the 
ship and dividing by the annual tonnage/units of cargo transported. The aim is then to 
show which ship design gives the lowest transportation costs per unit. For ro-ro 
vessels the unit could be m2 or lane metres. 
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7.4. Example Including Economic Performance  
 
Suppose we have the same requirements for the vessel as on page 101.  The vessel is 
sailing on the route, with cost and capital data as shown below. It is assumed that the 
building time is 2 years. As there is a sister ship on the route, the administration and 
the terminal costs are given as the share borne by this ship. 
 

Year 
 
 

Fuel price 
[$/ton] 

Lub. oil 
[$/ton] 

 

Maintenance 
[$/year] 

 

Insurance   
[$/year] 

 

Terminal 
costs 

[$/year] 

Administration 
[$/year] 

 

Crew cost 
[$/person] 

 
0-3 250 1750 400,000 600,000 400,000 300,000 35,000 
4-7 250 1750 461,440 649,459 432,973 324,730 37,885 
8-11 250 1750 587,520 702,996 468,664 351,498 41,008 
12-15 250 1750 762,880 760,945 507,297 380,473 44,388 
16-19 250 1750 972,160 823,671 549,114 411,836 48,047 
20- 250 1750 1,200,000 891,568 594,379 445,784 52,008 
 
 
Costs of ship etc.   Route  
Bulkhead thickness [m] 0.02  One way distance [Nm] 30
Steel weight [t/m3] 7.7  Crossings per day 6
KG cargo above deck [m] 4.5  Loading time [hours] 0.75
Height of 1st deck [m] 4.7  Number of cars 110
Height of 2nd deck [m] 2.8  Number of lorries+trailers 45
Cost factor for a lower hold 0  Fare cars [$] 45
Labour rate [$/hour] 18  Fare lorries [$] 110

Steel cost [$/ton] 450  Fare per used m2 [$] 0
Outfit cost [$/ton] 2000  Extra profit per vehicle [$] 1.5
Overheads [% of labour cost] 70%  Annual increase in fares 2.0%
   Operating days per annum 340
Capital   Number of crew 30
Owner’s share of building costs 20%    
Loan repayment period [years] 8    
Loan with instalments? (1 or 0) 1    

Effective interest rate 7%    

Rate of discount 12%    
Depreciation (years or fraction) 15    
Tax rate 35%    

 
In the operating costs block it is assumed that insurance, terminal, administration and 
crew costs rise with the general inflation rate of 2% per annum. The maintenance cost 
is thought to rise slowly in the first 4 years then it picks up and starts to slow again in 
the last years of the life of the vessel. The maintenance cost is also adjusted for an 
annual inflation rate of 2%. The fuel price (marine diesel oil) is for the moment kept 
on the relatively high level of January 2003. The number of crew excludes catering 
and shop staff as this cost has been deducted in the cell ‘Extra profit per vehicle’. 
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The approach is now to find the dimensions that will maximise the NPV after for 
instance 12 years. This leads to the same ship as in Figure 40, which is not surprising 
as we only change the ship dimensions and the subdivision. The total building cost of 
the ship is $44.9 million. With the given area utilisation (110 cars, 45 lorries) and 
fares we obtain a net present value after 10 years of operation (project lifetime=12 
years) of $26.4 million equivalent to a rate of return of 38%. This kind of (unrealistic) 
return rate will probably attract competition. To see how low we can go, solve NPV=0 
by changing cell F44 ‘Fare price per used m2’. The present $26.4 million corresponds 
to a fare price of  $2.76 / m2. By solving NPV=0 the minimum acceptable fare price is 
$1.68 per used m2. Thus that we can go down to $1.68 per used m2 and have the 
required 12% rate of return. This is also known as the required freight rate. 
In the calculations so far it is assumed that the capacity of the vessel is fully exploited 
on each voyage. Suppose the average amount of traffic is only 70 cars and 30 lorries 
with trailers. This results in an accumulated NPV after 12 years of $2.2 million or a 
rate of return of 14% by use of the original fare prices of $45 and $110. The cash flow 
for this situation is seen in Figure 42. Notice in cell M104 that the scrap value is 
added to the cashflow as the project is terminated. In the spreadsheet the cash flow is 
extended to year 22 so the user does not have to delete and add rows if the life time 
changes. In Figure 43 a chart of the internal rate of return versus different 
combinations of number of cars and lorries is shown. In Figure 44 a chart of the 
internal rate of return versus the fare price per m2 is shown for the cars-lorries 
combination 70-30. Not surprisingly, the number of vehicles and the fare they pay are 
of the utmost importance to the soundness of project. Therefore a market analysis 
must be made in order to acquire a picture of the market situation of the particular 
route. 
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Figure 42: Cash flow for the vessel in Figure 40 with costs as on page 110. Depreciation could be 
changed from 15 years to for instance 0.3 for 30% each year.  
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Figure 43: Combination of cars and lorries vs. Internal rate of return after 12 
years. Fare ($110;$45) 
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Figure 44: Fare price vs. internal rate of return after 12 years. 
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In the following calculations we assume that our market analysis has led to the result 
that an average of 68 cars and 30 lorries is aboard on each crossing. A car will pay 
$45 and a lorry with a trailer will pay $100. The accuracy of the analysis is ±8 cars 
and ±4 lorries. With this passenger data we will now investigate how the other 
parameters influence the economy of the project. We concentrate on the fuel prices, as 
this is the single largest operational cost and the most volatile, see Figure 45, where 
the first year operating cost have been graphed for two different fuel prices. 
 
 

Crew 
18% 

Fuel 
50% 

Insurance 
10% 

Terminal cost
7% 

Administration 
5% 

Lubrication oil 
3% 

Maintenance 
7% 

 

Crew 
23% 

Fuel 
37% 

Lubrication oil
3%

Insurance
13%
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9%

Administration 
6% 

Maintenance
9%

Figure 45: Operating costs with a fuel price of  

      $250. Total operating costs = $5,9m 

Operating costs with a fuel price of $150. 

Total operating costs = $3,7m 

 
In the calculations so far we have used the price of marine diesel oil for January 2003 
throughout the project. This price is relatively high due to strikes in the Venezuelan 
oil industry, a possible war in Iraq and winter in the northern hemisphere. In the 
following we investigate the profitability of the project using 3 different scenarios for 
the fuel price: 
 

1. A prolonged conflict in Iraq causes the fuel price to rise to $350 per ton in 
year 1-3. In the following period it drops to $150 and then moves up and down 
between $130 and $250. 

2. The fuel price stabilises at $250.  In year 8-11 a new shock causes it to rise to 
$350. In year 12 and onward it stabilises again at $250 

3. A quick successful war in Iraq and a restart of the Venezuelan oil production 
cause the fuel price to drop to $150. High economic growth in year 4-7 causes 
it to rise to $200. From this point it rises with a general inflation rate of 2%. 
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Scenario 1 
Year 1-3 4-7 8-11 12-15 16-19 20- 

Fuel price [$/ton] 350 150 200 150 250 275 
 

Fare price 60 cars & 26 lorries 68 cars & 30 lorries 76 cars & 34 lorries 
40; 90 NPV = -8,151,922 -3,035,674 1,869,167 

45 ; 100 -4,017,956 1,464,500 6,846,726 
50 ; 110 -56,487 5,898,282 11,795,132 

 
Because the ship is being built in year 1 and 2 the price of $350 is only used in 
year 3. 

 
Scenario 2 

Year 1-3 4-7 8-11 12-15 16-19 20- 
Fuel price [$/ton] 250 250 350 250 250 250 

 
Fare price 60 cars & 26 lorries 68 cars & 30 lorries 76 cars & 34 lorries 

40; 90 NPV = -11,719,053 -6,141,924 -1,191,217 
45 ; 100 -7,149,191 -1,595,883 3,786,343 
50 ; 110 -3,119,153 2,837,898 8,734,749 

 
 

      Scenario 3 
Year 1-3 4-7 8-11 12-15 16-19 20- 

Fuel price [$/ton] 150 200 216 234 254 275 
 

Fare price 60 cars & 26 lorries 68 cars & 30 lorries 76 cars & 34 lorries 
40; 90 NPV = -8,079,731 -2,972,423 1,889,523 

45 ; 100 -3,954,705 1,490,902 6,837,930 
50 ; 110 -20,119 5,889,485 11,766,266 

 
 

From the three fuel price scenarios above it is seen that the cost of fuel plays an 
important role in size of the year-to-year profit. But the overall profitability of the 
project is determined by whether or not we obtain an average of 68 cars paying no 
less than $45 and 30 lorries paying $100 on board each departure. If this can be 
achieved the project should go ahead. To be on the safe side we should aim at 
charging $50 per car and $110 per lorry. In order for the project to be profitable with 
an average of only 60 cars and 26 lorries, the cars must be willing to pay $50 and the 
lorries $110. Furthermore, scenario 2 must not be a reality. If the number of vehicles 
or the fare rate cannot be achieved we should either abandon the project, lower the 
requirement for the rate of return or build a smaller ship. However building a smaller 
ship might compromise the service policy for customers at peak periods. 
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Using RFR instead of NPV 
In the above calculations we used the Net Present Value of a cash flow to decide 
whether or not the project is profitable. Another approach is to calculate the required 
freight rate in order for a project to be profitable. In the following we calculate the 
RFR so that the three fuel sceneries give an internal rate of return of 12% equal to the 
rate of discount. To find this we solve NPV=0. 

 
Scenario 1 

Year 1-3 4-7 8-11 12-15 16-19 20- 
Fuel price [$/ton] 350 150 200 150 250 275 

 
Vehicles Required fare per 

used m2 
Example of car and 

lorry fare price 
60 cars & 26 lorries 2.89 $46 ; $120 
68 cars & 30 lorries 2.51 $43 ; $98 
76 cars & 34 lorries 2.22 $35 ; $93 

 
Scenario 2 

Year 1-3 4-7 8-11 12-15 16-19 20- 
Fuel price [$/ton] 250 250 350 250 250 250 

 
Vehicles Required fare per 

used m2 
Example of car and 

lorry fare price 
60 cars & 26 lorries 3.10 $56 ; $114 
68 cars & 30 lorries 2.70 $48 ; $101 
76 cars & 34 lorries 2.38 $50 ; $95 

 
Scenario 3 

Year 1-3 4-7 8-11 12-15 16-19 20- 
Fuel price [$/ton] 150 200 216 234 254 275 

 
Vehicles Required fare per 

used m2 
Example of car and 

lorry fare price 
60 cars & 26 lorries 2.88 $50 ; $110 
68 cars & 30 lorries 2.51 $44 ; $95 
76 cars & 34 lorries 2.21 $37 ; $88 

Instead of obtaining the accumulated present value of the cash flow we now obtain the 
fare price needed to receive a return on the investment of 12%. With the predicted 
number of vehicles we should not charge less than $2.50 per used m2, preferably 
$2.70.  
On the previous pages we have calculated the net present value of a cash flow and the 
required freight rate for the ship in Figure 40 after 10 years of operation. Usually we 
will have several alternative designs. The procedure is then to calculate the NPV or 
the RFR for the alternative designs, and choose either the design with the highest 
NPV or the design with the lowest RFR. As written in [1] if we are not sure on the 
revenue, the RFR method is preferred. 
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7.5. Using the Spreadsheet Model to Rank Designs 
 
In the beginning of this chapter and in Chapter 6 we used utility functions to find an 
optimal design. To create the utility functions we ranked a number of non-dominated 
designs. The ranking of the designs was based on the experience and intuition of the 
designer. With the introduction of the economic performance values in this chapter, it 
should be possible to rank designs more rationally. Thus we rank the designs on page 
99 by calculating the required freight rate for each design. A couple of problems arise 
and we will discuss them afterward. To calculate the RFR for each design, put the 
design in the spreadsheet and load it with vehicles (here cars). Now solve NPV=0 by 
changing cell F44 ‘Fare per used m2’. The results are shown in Table 37. 
 

Table 37: New ranking of the designs for vessel 2 on page 99. 

# 
A 

Hold area 
[m2] / cars 

Lightweight 
[t] 

RFR*) 

$/ m2 

Deck 
pos. 

Long 
pos. 

Depth 

6 0.730 1254 / 104 9312 5.30 8.99 10.23 16.61 
2 0.712 1206 / 99 9222 5.51 8.65 9.84 16.22 

21 0.707 1193 / 98 9112 5.55 8.54 9.74 15.65 
22 0.718 1162 / 96 9115 5.67 8.54 9.49 15.65 
10 0.709 1121 / 92 9113 5.92 8.27 9.15 15.73 
8 0.811 969 / 80 9410 6.89 8.98 7.91 16.99 

26 0.782 925 / 76 9168 7.21 8.49 7.55 15.84 

 *) Only the lower hold is filled therefore the relatively high RFR 
 
It is seen that, except for design #8 / #26, we acquire the exact same ranking as our 
intuition gave. The reason for this is that from an economic point of view, the three 
objects are not much in conflict. The two objects Attained Index and lightweight are 
of course strictly speaking in conflict with the third object Area, as the relationships 
are: 
 

1. Increase in area can be obtained through narrowing the side casings causing a 
lower Attained Index. 

2. Increase in the area can also be achieved by raising the depth of the vessel 
allowing an extra vehicle deck, which causes the lightweight to rise. 

3. Increase in the Attained Index can be obtained through a rise in the ro-ro deck 
position causing an increase in the weight 

 
The first and the third conflicts are neutralised by the fact that we have no a metric 
measuring profitability as a function of the stability. In real life the Attained Index 
will be a constraint and not an object. This approach is also adopted in the 
dimensioning of the new vessel on page 101. 
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The second conflict is not really active as we only allow two decks. We might then 
play with the other main dimensions of the ship such as L and B. We do not do this, 
as the specific example on page 99 is for an existing hull. 
The result is that increasing the ro-ro area decreases the required freight rate, therefore 
the ranking in Table 37. 
The objections raised above are only to show how the example on page 99 fails. 
When a new ship as that on page 101 is designed the method of ranking designs using 
for instance RFR is an excellent approach as we here have stability as a constraint, are 
able to play with all the dimension parameters and have a fixed number of vehicles for 
which to create an area. 
In the last part of this chapter we will describe the Microsoft Excel spreadsheet used. 
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Figure 46: Excel spreadsheet for estimating the dimensions of a ro-ro ship 
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Figure 47: Excel spreadsheet for estimating the dimensions of a ro-ro ship 
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7.6. The Spreadsheet Used in This Chapter 
 
The spreadsheet ro-ro design.xls estimates various values such as the ro-ro area, 
stability, building costs and a projected cash flow for a ro-ro vessel. A print of the 
sheet is shown on the two previous pages. The white shaded cells are input cells for 
the user. The yellow shaded cells are output from the program. The white shaded 
input cells are divided into the following main groups: 

 

 
 
The design variables (A3:D18) are the dimensions and the subdivision of the vessel. 
The columns ‘Min’ and ‘Max’ are used for optimising of the design to tell the 
optimiser the limits of the variables. The two lines ‘Height of superstructure’ and 
‘Length of superstructure’ are simple functions of Lpp and B. They can easily be 
changed if the user chooses to do so. 

 

 
 
The constraints are used when evaluation or optimising a design. The minimum GM 
is a formula (0.06*B). The ‘Area control’ is a function determining if the number of 
cars and lorries actually fits in the ro-ro area. This depends not only on the area but 
also on the height of the decks. It returns 0 if all is well, otherwise 1.  
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The four blocks Costs of ship, Operating cost, Route and Capital, are all fixed 
parameters for the project. 
In the block ‘Costs of ship etc.’ the cell B39 ‘KG cargo above ro-ro deck’ is the 
distance from the ro-ro deck to the COG of the cargo/dead weight. Initially, it is a 
formula ‘=IF(B28>=8.0;4.5;2.0)’ stating that if the height of the ro-ro deck is greater 
than 8.0 m there is room for two decks lifting the COGcargo to 4.5 m, otherwise it is set 
to 2.0 m above the ro-ro deck. 
The cell B40 ‘Height of 1st deck’ is the distance from the ro-ro deck to the first deck 
above this. Lorries will require this to be at least 4.7 m, preferably 5.2 m. 
The cell B41 ‘Height of any decks above 1st’ is the minimum height which a second 
or third deck must have. 
The cell B42 ‘Cost factor for a lower hold’ is a factor to penalise a possible lower 
hold. The penalty is the extra work and overheads for constructing a lower hold in the 
vessel. In the calculations here, is set to zero, as no information concerning the cost 
has been available. 
 

 
 
In the block ‘Route’ the cell F39 ‘Loading time’ is not used. It could be used in 
calculations of the total number of operating hours. The cells F44 ‘Fare per used m2 
[$]’ can be set to 0 if the individual fares for cars and lorry should be used. The 
correct terminology is ‘fare per lane meter’. But because a lane metre for cars is 
different from a lane metre for lorries we here use ‘fare per square metre’. Cell F45 
‘Extra profit per vehicle [$]’ could be the profit (not revenue) from shops or 
restaurants onboard. 
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Cell B49 ‘Owner’s share’ is the fraction of the building costs that the ship owner must 
provide himself. 
Cell B51 ‘Loan with instalments‘ indicates if loan repayments should occur in each 
period (1), or at the end of the loan period (0). 
Cell B54 ‘Depreciation, years or fraction ‘ can for instance be 15 for a 15-year period, 
or 0.25 for a depreciation of 25% of the scrap value each year.  
 

 
 
In the block ‘Operating costs’ the various costs associated with operating the vessel 
are entered. It should be noted that operating costs are here defined as all the periodic 
costs of the ship except capital costs. This definition might vary from author to author.  
Instead of using a fixed price inflator the costs can be set to vary arbitrarily. In the 
case of fuel and to some extent insurance this is important, as especially fuel can vary 
much more than the general inflation rate. The drawback of this approach is that the 
costs shall either be entered for each year or, in order to limit the size of the sheet, for 
a period. In this spreadsheet a period of 4 years has been chosen, so that the costs are 
kept constant for a 4-year period.  
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Output from the Sheet 
The outputs of the sheet are located in the yellow shaded cells. In the following the 
formulas used to calculate each output cell are explained. 
 
Objectives 
Cell G5 Attained Index Uses the main dimensions, the subdivision and KG 
Cell G6 Ro-ro area Copy of cell M18 
Cell G7 Lightweight Copy of cell M15 
Cell G8 Building costs Copy of cell M54 
Cell G9 NPV (12 years) Copy of cell O104 (could be any cell in column O) 

Note that cell O104 includes the scrap value of the vessel. If 
another cell in column O is used remember to change M104 

Cell G10 Crossing time Copy of cell M23 

 
 
Constraints 
Cell B24 L/B Length / Breadth 
Cell B25 D/T Depth / Draught 
Cell B26 Engine room height [m] Ro-ro deck position – Double bottom position 
Cell B27 Lower hold height [m] Ro-ro deck position – Double bottom position 
Cell B28 Ro-ro deck height [m] Depth - Ro-ro deck position 
Cell B29 Intact Stability, GM [m] Copy of cell P51 
Cell B30 Roll period [s] IF(GM>0;2*B/GM^0.5*(0.373+0.023*B/T-0.043*(L/100));0) 
Cell B31 Attained Index (MSC19(58)) Copy of cell G5 

 
 
Cell 
B32 

AreaControl Checks if the number of cars and lorries can be in the ship 
Output=0 if space enough 

 Function AreaControl(RoRoDeckArea As Double, HoldArea As Double, HoldHeight As Double, _ 
                     RoRoDeckHeight As Double, Deck1h As Double, Deck2h As Double, _ 
                     cars As Integer, Lorries As Integer) As Integer 
    'Checks to see if the number of cars and lorries can be in the space. 
    'Start by filling the spaces with lorries then with cars 
    'Output=0 if there is space enough 
     
    Dim rgStorageheight() As Double 
    Dim Storages As Integer, i As Integer, n As Integer 
    Dim Filled0 As Double, Filled1 As Double 
    Dim CarHeight As Double, LorryHeight As Double 
    Dim CarArea As Double, LorryArea As Double 
     
    LorryHeight = 4.7 
    LorryArea = 17 * 3.6 
    CarHeight = 2.8 
    CarArea = 4.8 * 2.55 
     
    Storages = Int((RoRoDeckHeight - Deck1h) / Deck2h) + 1 
    If Storages <= 1 Then Storages = 1 
    ReDim rgStorageheight(Storages) 
    rgStorageheight(1) = Deck1h 
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    For i = 2 To Storages 
        rgStorageheight(i) = Deck2h 
    Next i 
     
    'Start to fill hold 
    Filled0 = HoldArea 
    If HoldArea > 0 Then 
        If HoldHeight >= LorryHeight Then 
            If Lorries > 0 Then n = Int(HoldArea / LorryArea) Else n = 0 
            Lorries = Lorries - n 
            If Lorries < 0 Then n = Lorries + n 
            Filled0 = Filled0 - n * LorryArea 
        End If 
        If HoldHeight >= CarHeight Then 
            If cars > 0 Then n = Filled0 / CarArea Else n = 0 
            cars = cars - n 
            If cars < 0 Then n = cars + n 
            Filled0 = Filled0 - n * CarArea 
        End If 
    End If 
     
    For i = 1 To Storages 
        Filled1 = RoRoDeckArea / Storages 
        If rgStorageheight(i) >= LorryHeight Then 
            If Lorries > 0 Then n = Int(Filled1 / LorryArea) Else n = 0 
            Lorries = Lorries - n 
            If Lorries < 0 Then n = Lorries + n 
            Filled1 = Filled1 - n * LorryArea 
        End If 
        If rgStorageheight(i) >= CarHeight Then 
            If cars > 0 Then n = Filled1 / CarArea Else n = 0 
            cars = cars - n 
            If cars < 0 Then n = cars + n 
            Filled1 = Filled1 - n * CarArea 
        End If 
    Next i 
     
    If cars <= 0 And Lorries <= 0 Then AreaControl = 0 Else AreaControl = 1 
End Function 

 
 
Cell M14 Displacement [m3] L⋅B⋅T⋅Cb 
Cell M15 Light weight Steel + Outfit + Machinery + Bulkheads 
Cell M16 Dead weight Displacement⋅1.025 - LightWeight 
Cell M17 Pay load DeadWeight - 10⋅ (Fuelmain + Fuelaux + Lub) 
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Cell 
M18 

Ro-ro Area Estimates the ro-ro area in m2 

 Function RoRoArea(L As Double, B As Double, D As Double, Cb As Double, Cw As Double,  
                       RoRoDeckPos As Double, CasingOnRoro As Integer, _ 
                       LowerHold As Integer, LowerHoldPos As Double, _ 
                       UpCasingPos As Double, Deck1h As Double, Deck2h As Double) As Double 
 
    Dim Storages As Integer 
    Dim Area As Double 
     
    Storages = Int((D - RoRoDeckPos - Deck1h) / Deck2h) + 1 
    If Storages <= 0 Then Storages = 0 
     
    Area = 0# 
     
    If CasingOnRoro = 1 Then 
        Area = Area + (Cw * L * (UpCasingPos * 2)) * Storages 
    Else 
        Area = Area + (Cw * L * B) * Storages 
    End If 
     
    If LowerHold = 1 Then 
        Area = Area + 0.6 * L * (LowerHoldPos * 2) * Cb 
    End If 
     
    RoRoArea = Area 
End Function 

 
 
Cell M19 Of these in lower hold The difference in area between a version with a lower hold and a 

version without. 
Cell M23 Time for 1 crossing Distance / Speed 
Cell M24 Fuel [t/crossing] Estimates the amount of fuel for main engines to do 1 crossing 

= 170⋅10-6⋅MCR⋅time 
Cell M25 Aux. Fuel [t/crossing] Estimates the amount of fuel for auxiliary engines to do 1 crossing 

= 0.07⋅Fuel for main engine 
Cell M26 Lubrication oil Estimates the amount lubrication oil to do 1 crossing 

= 0.01⋅Fuel for main engine 
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Cell 
M30 

Steel weight Estimates the steelweight and multiplies it by 0.88 to subtract the 
bulkheads. Formula from [5] The value is multiplied by 0.88 to 
subtract the bulkheads which are added in cell M32 

  
Public Function Steelwgh(ByVal L As Double, ByVal B As Double, ByVal D As Double, ByVal, _ 
                                          As Double, Cb As Double, Le As Double, He As Double) As Double 
     
   Le is the length of the superstructure 
   He is height of the superstructure 
 
   Dim E As Double, ee As Double, K As Double 
   Dim i As Integer 
     
    'Superstructure 
    ee = 0 
    For i = 1 To 1 
        ee = ee + Le * He 
    Next i 
     
    E = L * (B + T) + 0.85 * L * (D - T) + 0.75 * ee 
    K = 0.037 
    Steelwgh = K * (E ^ 1.36) * (1 + 0.5 * ((Cb + (1 - Cb) * (0.8 * D - T) / (3 * T)) - 0.7)) 
     
End Function 

 
 
Cell M31 KGSteel (0.44+0.00155⋅(0.85-Cb)⋅(L/D)2)⋅D  [11] 

 
 
Cell 
M32 

BulkheadWeight Estimates the weight of the bulkheads 
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 Function BulkheadWeight(NTB As Integer, L As Double, B As Double, D As Double, _ 
                           RoroDeckPos As Double, TankTopPos As Double, Thickness As Double, _ 
                           RoSteel As Double, CasingOnRo-ro As Integer, LowerHold As Integer, _ 
                           LowerHoldPos As Double, UpCasingPos As Double) As Double 
 
    Dim Weight As Double 
'----------- 
'Transverse 
    Weight = NTB * B * Thickness * TankTopPos 
    If LowerHold = 1 Then 
        Weight = BulkheadWeight + 4 * Thickness * B * (RoroDeckPos - TankTopPos) 
        Weight = BulkheadWeight + 2 * (NTB - 4) * Thickness * (B / 2 - LowerHoldPos) *  
                       (RoroDeckPos - TankTopPos) 
    Else 
        Weight = Weight + NTB * Thickness * B * (RoroDeckPos - TankTopPos) 
    End If 
     
    If CasingOnRo-ro = 1 Then 
        Weight = Weight + 2 * NTB * Thickness * (B / 2 - UpCasingPos) * (D - Ro-roDeckPos) 
    End If 
     
'----------- 
'Longitudinals 
    If LowerHold = 1 Then 
        Weight = Weight + 2 * Thickness * L * (RoroDeckPos - TankTopPos) 
    End If 
     
    If CasingOnRo-ro = 1 Then 
        Weight = Weight + 2 * Thickness * L * (D - RoroDeckPos) 
    End If 
     
'----------- 
    BulkheadWeight = Weight * RoSteel 
End Function 

 
 
 
Cell M33 Steel cost [$] SteelWeight⋅ (1.167-0.117⋅Cb) ⋅ (Steel price per ton) 

The formula is from [5] and the parensesis is a correction factor 
Cell M34 Steel labour Estimates the hours used in the steelwork. Formula from *** 

=157⋅ (SteelWeight)^-0.9 
Cell M37 Outfit weight Estimates the outfit weight. 

= 0.4 ⋅ L ⋅ B 
Cell M38  Outfit cost [$] Weight of outfit ⋅ Cost of outfit per ton 
Cell M39 Outfit labour Estimates the hours used for the outfit. Formula from [5] 

=270*OutfitWeight 
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Cell 
M42 

Power [kW] Estimates the required machinery power. 

 Public Function PowerkW(Lpp As Double, Speed As Double, Block As Double, Disp As Double)  
                                          As Double 
'   Power in kW, Disp in t 
    If Lpp < 90 Then 
        a = 105.72 * Lpp - 4971.8 
        If a < 50 Then a = 0 
    Else 
        a = 4643.4 
    End If 
    PowerkW = (0.0037 * (Disp ^ (2 / 3) * Speed ^ 3) + a) * 0.746 [2] 
 
    'Add auxilary 
    PowerkW = PowerkW * 1.20 
End Function 

 
 
Cell M43 Machinery weight Estimates the weight of the machinery. Formula from [15] 

=0.72 * (MCR[kW]) ^ 0.78 
Cell M44 Machinery cost [$] Estimates the cost of the machinery. Formula from [5] 

=13672*Power^0.7 + 760500 
Cell M47 Total hours Outfit hours + steel hours 
Cell M48 Wages [$] Total hours * labour rate 
Cell M49 Overhead Wages * overhead percentage 
Cell M50 Total ‘wage’ cost Overhead + Wages 
Cell M52 Total building price Steel + Machinery + outfit + total wages 
Cell M53 Lower hold cost If it exist then Total wages * Cost factor for lower hold 

 
 
Cell P47 KGlight (0.82*(Wsteel + Wbulkheads)* KGsteel+ 0.18*Wsteel*(D+0.5*hsuperstructure)+ 

Woutfit*D+Wmachinery*(0.3*EngineroomH+TankTopH))/Wlight 

 
Here it is assumed that 18% of the steel weight is located in the superstructure 

Cell P48 KB T*(5/6-Cb/(3*Cw)) 
Cell P49 BM 1/12*(B2/(T*Cb))*(0.5*(3*Cw-1)) 
Cell P50 KGtotal (KGlight*Wlight+Wdead*(RoRoDeck+KGcargo))/(Wlight+Wdead) 
Cell P51 GM KB+BM-KGtotal 
Cell P52 KGmax See chapter xx 

Cell P53 KGScale See chapter xx 

 
 



130  7.  Optimising a Ro-ro Ship by use of Excel 
 

  

Operating cost 
 
Cell B71 Crew [$/year] Crew number * Crewcost 
Cell B72 Fuel [$/year] Fuel consumption per Cros.* Crossings*FuelPrice*Opr.Days 
Cell B73 Lub. oil  [$/year] Lub consumption per Cros.* Crossings*Lub.Price*Opr.Days 
Cell B74 Maintenance [$/year] Set by user 
Cell B75 Insurance [$ /year] Set by user 
Cell B76 Terminal cost [$ /year] Set by user 
Cell B77 Administration [$ /year] Set by user 
 
 
Cell B81 Revenue first year [$] 

 
The formula used is 
user dependent. 
 
 

((Cars*4.8*2.3 + Lorries*17*3.1)*Fare per m2 + 
(Lorries+Cars)*Extra_Income)*Crossings 
                                Or 
(Cars*FareCar + Lorry*FareLorries + 
(Cars+Lorries)*Extra_Income)*Crossings 

 
 
Formulas for the Cash Flow 
The cash flow of a project consists of the money that goes in and out of the project. 
How the money and assets flows around within the project is not a concern for the 
cash flow. It is therefore not an accountancy report. The purpose of the cash flow is to 
evaluate whether a project is profitable or not. How detailed the cash flow should be 
can always be discussed. The cash flow used here is described below: 
 
Two cash flows are set up. The first is for the construction phase, which is set to 2 
years. The second is for the operating phase. 
 
Cash Flow During the Building Period 
 
B87:B89 Building instalments When the contract is signed 5% of the building costs are paid 

During year 1 (Building_cost - Allread_paid)/2 are paid. 
In year 2 the last payments to the shipyard are made. 

C87:C89 Owner’s share of 
building cost 

The first payment is paid completely by the owners money 
The 1st and 2nd according to owner’s shade. User set 

D87:D89 Loan draw down The difference between the total building cost and the owner’s 
share are being paid by the bank in year 1 and 2 

E87:E89 Owner’s expenses 
and fees 

Administrative costs associated with the project  

F87:F89 Loan outstanding The loan borrowed by the owner. During the building period no 
instalments will be made, but interest are paid. 

G87:G89 Interest Interest on the outstanding loan 
J87:J89 Accumulated tax 

deduction 
Loses can be deducted in latter positive results. The column 
keeps track of this. 

M87:M89 Net cash flow The cash flow during building is negative and consists of the 
building payments, various expenses and the interest. 

N87:N89 Net present value The discounted value of the years cash flow 
O87:O89 Acc. NPV The accumulated discounted cash flow 
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Cash Flow in the Operation Period 
 
B94:B114 Scrap value Building cost – the depreciation 
C94:C114 Depreciation 

Method specified by 
the user 

Building cost / depreciation period 
                      or 
Scrap value * depreciation factor 

D94:D114 Loan outstanding Reduce the loan by the repayment value until it is repaid 
E94:E114 Loan repayment 

Method specified by 
user. 

 0 until last year of loan where the total loan is repaid 
                        or  
Repayments + interests = constant each year 

F94:F114 Interests Calculated from the outstanding loan. Constant interest rate 
G94:G114 Operating costs Calculated in line 79 
H94:H114 Revenue Calculated in line 81 and corrected for increase in fare price. 
I94:I114 Profit before tax Revenue - costs 
J94:J114 Accumulated tax 

deduction 
Loses can be deducted in latter positive results. The column 
keeps track of this. 

K94:K114 Taxable profit The profit plus any accumulated tax deduction. Cannot be 
negative.  

L94:L114 Tax If there is any taxable profit use the tax rate to calculate the tax. 
M87:M89 Net cash flow The sum of cash going in and out of the project in during the year 
N87:N89 Net present value The discounted value of the years cash flow 
O87:O89 Acc. NPV The accumulated discounted cash flow 
 
 
Cell B83 Rate of return 

 
 

Calculates the rate of return from the cash flow. Remember to 
add the scrap value of the ship to the last cell in the cash flow if 
the project is closed down. 
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7.7. Using the Spreadsheet for Optimisation 
 
Three optimisation methods have been prepared in the spreadsheet: 
 

• Minimisation of a weighted sum function 
• Maximisation of an added utility function 
• A multi objective method using Pareto dominance (MOGA) 
• The MiniMax method 

 
As the problems can be quite large and often non-linear, a genetic algorithm optimiser 
should be used. The spreadsheet is set up to use Evolver from Palisade but any other 
will do the job. The objects are given in cells G5:G10. In the cells K5:K10 a ‘+’ 
specifies that the object should be maximised, a ‘-‘ specifies that the object should be 
minimised. A blank cell will ignore the object. To set up the optimiser enter the range 
for the design values in C4:D18 and the constraints in C24:C31 and set the objects in 
K5:K10. If the weighted sum is used fill out range I5:J10 and M5:M10. Then press 
the button ‘Set up Evolver’. Once the genetic optimiser has been set up the 
optimisation can start. The button ‘Set up Solver’ sets up the Solver optimiser 
supplied with MS Excel. This should only be used in order to verify that Solver 
cannot optimise a problem like the one presented here. 
 

Minimisation of a weighted sum function 
This is the classical way of multi objective optimisation. The value of each object is 
scaled according to its maximum and minimum values and then multiplied by a 
weight factor. The added function to be minimised is located in cell G4. It is very 
important that the range of each object is set as correctly as possible. It is better to 
increase the range than setting it too narrowly. 
 

 
Example of input for the weighted sum method. 
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Maximisation of an added utility function 
If a set of utility functions for each object is known they can be entered in the sheet 
‘UTA’. When the utility functions have been entered and the goals have been set in 
the ‘Main’-sheet, press the ‘Set up utility’ button. Now cell G22 is ready to be 
maximised. 

 
Example of utility functions in the UTA-sheet 
 

The MOGA Method 
Set cell G14 to 1, set the range of the design variables, and assign the goals to column 
K. Press the button ‘Set up Evolver’. When running the Evolver optimiser the results 
are written to sheet ‘MOGA’. Once the optimiser has finished or is stopped by the 
user, go to sheet ‘MOGA’ and clean the sheet using the buttons here. 
 

The MiniMax Method 
This method is capable of discovering all efficient solutions of a multi objective 
problem. The method uses the distance between the design and a predefined ideal 
design. Set the goals in cells K5:K10 and the weights in cell M5:M10. As with the 
Weighted sum method the cells I5:J10 defining the range of the objects must be as 
correct as possible. When these cells have been set, press the button ‘set up MiniMax’ 
and Evolver is set up for optimisation using the MiniMax method. The method uses 
one variable (G27) more than the Weighted sum method and N more constraints 
(G28:G33). 
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Parameter Study 
To make a systematic parameter study, fill out the minimum and maximum values in 
the design variable block. Remember to let the other minimum- and maximum cells 
be equal, in order to tell the spreadsheet not to consider them. To tell the spreadsheet 
how many points each variable shall be investigated for, enter this in the value cell. 
Now press the button ‘Param. study’. The output is written to the sheet ‘Each’. Only 
six variables can be investigated at once. That can also be quite a few designs. If each 
variable is divided into 4 points then 6^4=1296 designs are investigated. In the figure 
below 3 design variables are investigated; the ro-ro deck position (3 points), lower 
and upper side casing position (4 points each). When pressing the button ‘Param. 
study’, 3·4·4 = 48 designs will be generated and written to sheet ‘Each’ 

 

 
Figure 48: Example on entering 3 variables for a  parameter study 
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7.8. Critique of the Spreadsheet 
 
As all models, the spreadsheet here presented only shows a simplified version of the 
real world. The goal of the model is to capture the essence of the problem in order to 
help the designer to make decisions concerning the design. In the following we focus 
on some of the simplifications. 
 
Building Costs 
This value is, as previously mentioned, probably the most uncertain value of the 
model. The value should not be counted as more than a rule of thumb. So if the model 
gives a building cost of $50m it might as well be $42m or $58m. This will of course 
affect the profitability of the project, but as capital costs account for less than 15% of 
the annual costs, it is believed that the uncertainty of the building costs is manageable. 
 
Economy of Scale 
In the spreadsheet model we do the calculations for 1 ship. But on most routes the 
shipowner will deploy 2 maybe 3 vessels. Ordering 2 or 3 new vessels will of course 
lower the building price. The variable costs associated with the operation of the ships 
will be the same, but the fixed costs such as terminal and administration costs will be 
lower. If these things are accounted for and the costs are distributed evenly on each 
ship the spreadsheet can still be used to calculate the economic aspects of the 
operation. 
 
Vehicles and Fares 
As opposed to the costs, the number of vehicles is kept constant and an inflator 
adjusts the fare prices during the lifetime of the project. In the case of a new route it 
might take 1 or 2 years to change people’s travelling habits. Competition from other 
routes or travelling methods might also change during the lifetime of the project. 
Altering the spreadsheet to comply with these changes would not be very difficult. 
Adding more columns to the block in A60:H66 lead to the desired effect. 
 
Missing Cb, Cw and L/B Constraint 
It seems natural that a constraint exists between Cb , Cw and L/B, so that for instance 
Cb cannot be very low and Cw very large. Or L/B cannot be very low and at the same 
time have a low Cb. Constraints like these are not included in the spreadsheet. In the 
examples so far they have not seemed to pose a problem, but this does not mean they 
will not for other optimisation processes. 
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Lack of Innovation 
Using four types of subdivision for the ro-ro ship, the spreadsheet forces the designer 
to think in conventional ways and not to explore different and possibly better ways to 
lay out the ship. This use of traditional design is intensified by the formulas applied to 
calculate the properties of the design. These formulas naturally have their foundation 
in historical data.  
 
 
Risk Oriented Approach  
Instead of just calculating a few scenarios in which the user changes parameters like 
the oil price, the spreadsheet could be enhanced with probability functions for selected 
cells. This would enable a more risk management oriented approach. An add-in, 
called @Risk, from Palisade Software [19] is able to do just that. 
  
 
 

7.9. Conclusions 
 
In this chapter we have used the model for the Attained Index in an Excel spreadsheet 
as a constraint to estimate the dimensions of a new ro-ro ship. The estimated values 
concerning the weights, the ro-ro area and stability seem to give good and usable 
results. It has not been possible to verify the cost formulas. The obtained building 
costs probably only give results of the correct magnitude, but they should at least 
reflect the change of costs when the dimensions of the ship are changed. It is also 
shown how to use economic performance values such as NPV and RFR to rank 
designs. In order to use the spreadsheet for optimisation purposes a genetic optimiser 
should be attached. In this thesis Evolver from Palisade has been used. Another 
optimiser is Premium Solver from Frontline System, which includes linear, non-linear 
and genetic algorithms. With appropriate modifications suiting the designer, it should 
be possible to use the spreadsheet presented here at the early stage of the design 
phase. Trial versions of the optimisation programs are available from the individual 
company’s website. Please see Reference list for links. 
 



 

8.  Conclusions 
 
This thesis has focused on simplifications and optimisation of the subdivision of ro-ro 
ships with the focus on probabilistic damage stability. The conclusions from the work 
are summarised in the following. 
 
The Attained Subdivision Index does not necessarily have to be calculated from a 
complete detailed subdivision model. An Attained Index within 5% of the true value 
can be calculated using a simplified subdivision model. By a simplified subdivision 
model for a ro-ro vessel is meant a model that includes the main transverse bulkheads, 
the ro-ro deck, the double bottom and any side casings. Such a subdivision modell 
typically consists of 25-45 compartments reducing the computation time significantly 
compared to a full model calculation of A. 
Parameter studies have shown that the most important contributors to the Attained 
Index are the position of the ro-ro deck, the position of KG, existence of side casings 
and to some extent the number of transverse bulkheads. The reason that the number of 
bulkheads is important only to some extent is that the Attained Index is an asymptotic 
function of the complexity of the subdivision. Thus at some point adding or deleting 
bulkheads does not change A. However, if the design is located in the lower part of 
the range for the Attained Index, then removing or adding a bulkhead might change it 
quite a lot. 
 
In the thesis the hydrostatic software I-ship has been linked with various optimisers 
with the purpose of optimising the subdivision of a ro-ro design. The objectives were 
to: 
 

• Maximise the Attained Subdivision Index 
• Maximise the ro-ro deck area  
• Minimise the ship’s lightweight 

 
This is known as a multiobjective optimisation problem and various techniques for 
solving it are described in the thesis. The most promising way is the so-called MOGA 
method, which seeks to find the non-dominated solutions of the optimisation problem. 
With a set of non-dominated solutions, also called Pareto solutions, the designer can 
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apply the techniques of multicriteria decision-making, here the UTA method, to reach 
the particular design that satisfies him or her. The number of transverse bulkheads and 
the position of the ro-ro deck are the most important design variables. The existence 
of a side casing is of course very important to both the ro-ro area and the Attained 
Index. However, since a side casing contains lifts and stairs and the ro-ro deck 
contains vehicles of a certain width the possible positions for the side casing are 
limited. The position of the double bottom has been found to be rather insignificant 
for the Attained Subdivision Index. This leaves us with the ro-ro deck and the number 
of transverse bulkheads as relevant design variables. 
 
Optimising a ro-ro ship by use of direct calculations requires a predefined hull and a 
compartment definition. In the beginning of the design phase this might not be 
available. During the course of naval architecture history, a number of functions used 
to estimate the various masses and dimensions of a ship have been established. In the 
thesis a quick way of estimating the Attained Subdivision Index, calculated according 
to MSC19(58), for four generic types of ro-ro ships has been set up. The method 
seems to be able to predict the Attained Index within a range of ±15% for 90% of the 
verified designs. It has been implemented in a small program, called ProbStab, where 
it is possible to see the four types of ro-ro vessels, change the various parameters and 
see the effect on the Attained Index.  
 
In the spreadsheet Ro-ro design.xls a preliminary design can be investigated. The 
spreadsheet estimates the ro-ro area, the weights, the stability, the building costs, 
operating cost, and sets up a projected cash flow for a new ro-ro vessel. The 
spreadsheet is set up to optimise a number of objects using a weighted function, the 
MOGA method or utility functions. The optimisation requires installation of the 
genetic algorithm software Evolver or similar add-in optimisation software for 
Microsoft Excel. Premium Solver from Frontline could be considered as it includes 
several optimisation algorithms. 
 
A CD-ROM accompanies the thesis. Here the data and the described programs used in 
the thesis can be found. See Appendix C for the contents of the CD-ROM. 
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A. New Optimisation Results  
 
In chapter 5 the subdivision of two ships were optimised using direct calculations by 
I-ship. The formulas for estimating the lightweight has latter been changed and now 
believed to give better lightweight estimates. To remedy these inaccuracies we will 
here do the subdivision optimisation of the two ships using the newest weight 
formulas. 

PRR3 
Length overall (m) 68.83 
Length between perpendiculars (m) 64.60 
Subdivision Length (m) 68.73 
Breadth (m) 14.80 
Depth to Car Deck (m) 4.35 
Depth to Top Deck (m) 9.50 
Full load draught (m) 3.00 
Full load displacement (t) 2041 
Partial load draught (m) 2.84 
Partial load displacement (t) 1907 

 

 
Figure 49: Compartment layout of PRR3 
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The small ro-ro ferry PRR3 is shown in Figure 49. The four moveable transverse 
bulkheads are located between the collision bulkhead and the after peak bulkhead. 
The geometrical constraints are (i) that the engine room length must be greater than 
12 m; (ii) the engine room height must be greater than 3.0 m and, (iii) the ro-ro deck 
height must be 5.2m. Running for instance the MOGA-method and removing the 
dominated solutions gives the dataset in Figure 50. The Pareto optimal designs or 
non-dominated designs are ranked according to the following reasoning. A is 
preferred to be greater than 0.89. If A is less, a larger ro-ro area must compensate this 
sacrifice. The third preference is then to minimize the lightweight. The ranking is 
shown in Table 38. 
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Figure 50: Non dominated values for PRR3 

 

Table 38: The author’s ranking of a subset of Figure 50 

Subjective 
ranking 

A 
 

Ro-ro Area
[m2] 

Light weight
[t] 

∆Tank 
top 

∆Ro-ro 
deck 

∆Side 
casing 

U 

17 0.87 773 1647 0.43 0.64 1.73 0.6606 
16 0.88 750 1634 0.36 0.35 1.51 0.6057 
12 0.86 736 1621 0.29 0.08 1.38 0.5229 
4 0.86 729 1618 0.06 0.03 1.32 0.4984 
2 0.88 700 1629 0.43 0.25 1.05 0.4005 
6 0.94 528 1652 0.08 0.75 -0.44 0.2222 
5 0.94 512 1669 -0.05 1.09 -0.59 0.2171 

19 0.94 491 1643 0.12 0.56 -0.77 0.2169 
13 0.93 580 1680 -0.10 1.32 0.01 0.2155 
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Once the dataset is ranked, three utility functions can be generated and the utility 
functions in Table 39 are found and illustrated in Figure 51. The next step is then to 
maximise the added utility function. The result of this is shown in Table 40 and where 
the optimisation process is also shown. 
 
 

Table 39: Mean utility functions for PRR3 

A U (A) Area [m2] U(Area) LightW [t] U(LightW) 
0.84 0 490 0 1610 0.0666

0.895 0.12826 645 0.03973 1645 0.00223
0.95 0.22904
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In the real world the Attained Index would 
be a constraint and the design would 
therefore not be given any credit for A- 
values larger than 0.89. But in this 
example one of the objectives is to 
maximise the Attained Index. 
 
 

Figure 51: Mean utility functions for PRR3 
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Table 40: Maximum of the added utility function for PRR3 

Design variables Initial Evolver 
Tanktop [m] 0.90 0.82 
Ro-ro deck [m] 4.35 5.38 
Side casing [m] 5.00 6.88 

   
Output   

Depth [m] 9.55 10.58 
GM full [m] 2.12 1.49 
GM par [m] 2.35 1.70 
Roll period full [s] 9.3 11.1 
Roll period partial 9.0 10.6 
A 0.93 0.92 
Ro-ro area [m2] 579 789 
Lightweight [t] 1617 1666 
Utility 0.49 0.84 
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Vessel 2 

 

 
Lpp 
B 
Depth 
Draught 
 
Displacement 
Ro-ro deck 
Tanktop 
Side casing 
Cross-flood. 

 
176.0 m  
25.0 m 
14.4 m 
6.5 m 
 
17300 t 
z=7.40m 
z=1.80m 
y=7.50m 
Yes 

Figure 52: Compartment layout of vessel 2   

 
The second vessel is a large ro-ro ship with the compartment layout shown in Figure 
52. There are 8 transverse bulkheads located between the collision bulkhead and the 
after peak bulkhead. The geometrical constraints are (i) that the engine room length 
must be at least 25 m, (ii) the engine room height and lower hold height must be at 
least 5.0 m, (iii) the ro-ro deck height must be 7.0 m allowing two vehicle decks. The 
two side casings below the ro-ro deck are connected allowing cross flooding. Figure 
53 is created by running the MOGA method, removing the dominated solutions and 
ranking them according to the following reasoning. As long as A is at least 0.70 its 
value is not important. The ro-ro area is considered more import than the lightweight. 
 

28

27

26

2524 23
22

21

20

19

18 17
16

15141312

11
10

9 8

7

65 4
3 2

1250

1350

1450

1550

1650

1750

0.7 0.72 0.74 0.76 0.78 0.8 0.82

Attained Index

A
re

a 
[m

2 ]

23
456

7

89

10
11

12131415

16
1718

19

20

21
22

2324 25

26

27

28

1250

1350

1450

1550

1650

1750

9100 9150 9200 9250 9300 9350 9400

Lightweight

A
re

a 
[m

2 ]

2

34
56

7

8

9

1011

12131415 16

17

18

19

20
21

22

23

24

2526

2728

9100

9150

9200

9250

9300

9350

9400

0.7 0.72 0.74 0.76 0.78 0.8 0.82

Attained Index

Li
gh

tw
ei

gh
t [

t]

 

Figure 53: Non dominated solutions for vessel 2 
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Table 41: Ranking of non-dominated designs  

Subjective 
ranking 

A 
 

Hold Area 
[m2] 

Light 
weight 

[t] 

Deck  
pos.  
[m] 

Long. 
pos. 
[m] 

 
Utility 

6 0.72165 1743 9356 9.24 10.72 0.7417 
4 0.70865 1696 9297 8.95 10.40 0.6806 

13 0.70032 1661 9258 8.76 10.16 0.6347 
11 0.70268 1660 9262 8.78 10.14 0.6349 
21 0.7532 1326 9196 8.45 7.73 0.2448 
22 0.80184 1299 9305 8.99 7.50 0.2248 
26 0.77328 1294 9222 8.58 7.50 0.2149 

 
Once the datasets are ranked, three utility functions are generated. The following 
utility functions are found and shown graphically in Figure 54. The added utility 
function is maximised in Figure 55. 

 
A U(A) Hold 

[m2] 
U(Hold) LightW 

[t] 
U(LightW) 

0.7 0 1290 0 9180 0.11411 
0.82 0.19086 
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In the real world the Attained Index 
would be a constraint and the design 
would therefore not be given any credit 
for A- values larger than 0.89. But in this 
example one of the objectives is to 
maximise the Attained Index. Even 
though we do not care about its value in 
the ranking of the designs, it still figures 
as an object to maximise. 

Figure 54: Utility functions for Vessel 2  
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Table 42: Maximum of the added utility function for vessel 2 

Design variables Initial Evolver 
∆Ro-ro Deck [m] 1.5 1.98 
∆Side casing [m] 2.0 4.03 
   
Output   
Depth [m] 15.9 16.4 
GM full [m] 2.71 2.36 
GM par [m] 3.31 2.99 
Roll period full [s] 11.7 12.6 
Roll period partial 11.0 11.6 
A 0.7360 0.71 
Ro-ro area [m2]   3910 3919 
Hold area [m2] 1580 1840 
Light Weight [t] 9287 9386 
Utility 0.55 0.85 
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Vessel 2 Including Transverse Bulkheads 
 
In the previous optimisation we only moved the lower side casing and the ro-ro deck. 
Now we will include the eight transverse bulkheads in the optimisation. The utility 
function found in the previous section should still be valid, as our preferences have 
not changed. 
The results from optimising the added utility function in Figure 54 are shown in the 
first row of Table 43. The second row shows the design properties of the initial ship in 
Figure 52 and the last row is the design found on the previous page where the 
transverse bulkheads are not design variables.  
The lower hold is limited by transverse bulkhead #4 and #8. We see that the optimiser 
has been able to find these and locate them further apart, thereby enlarging the lower 
hold. By including the transverse bulkheads in the optimisation the added utility 
function is increased from 0.85 to 0.93. It is of course nice to see that the utility theory 
works, but the increase in the hold area is actual only 43 m2 corresponding to 4 extra 
cars. 
 

Table 43: Maximum of the added utility function for vessel 2 including transverse bulkheads 

# 
 

A 
 

Hold Area 
[m2] 

Light 
weight 

[t] 

Deck  
pos. 

Long. 
pos. 

TB1 
 

TB2
 

TB3
 

TB4
 

TB5
 

TB6 
 

TB7 
 

TB8 
 

Utility 

Final 0.70 1883 9339 9.16 10.82 25 29 50 56 83 115 127 164 0.93 
Init. 0.54 1276 8985 7.40 7.50 20 35 50 61 85 110 134 158 -0.06 

               
Pg 
147 0.71 1840 9386 9.38 11.54 20 35 50 61 85 110 134 158 0.85 
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Figure 55: Optimisation process of the added utility function including TBs 

 



 

B. Summary of the model for 
Attained Index 
 
In the following the model for the Attained Subdivision Index developed in chapter 6 
is summarized. To see an example of how to use the model see for example the Excel 
file \ProbStab\App\EstimateA.xls on the attached CD-ROM. (do not change the 
specific file). 
 
 
Step 1. Calculate the Attained index for a Type 1 vessel 

Calculate A1 as a function of L, L/B, Disp, deck and KG 
 

Deck <= 1.15 :  
|   KG <= 0.742 : LM1 (93/8.2%) 
|   KG >  0.742 :  
|   |   Deck <= 1.09 : LM2 (107/10.8%) 
|   |   Deck >  1.09 :  
|   |   |   KG <= 0.9 : LM3 (83/7.6%) 
|   |   |   KG >  0.9 : LM4 (118/13.2%) 
Deck >  1.15 :  
|   KG <= 0.898 :  
|   |   Deck <= 1.22 :  
|   |   |   KG <= 0.686 : LM5 (62/5.49%) 
|   |   |   KG >  0.686 : LM6 (156/10.4%) 
|   |   Deck >  1.22 :  
|   |   |   KG <= 0.685 :  
|   |   |   |   Deck <= 1.31 : LM7 (66/4.84%) 
|   |   |   |   Deck >  1.31 :  
|   |   |   |   |   Deck <= 1.36 : LM8 (17/4.16%) 
|   |   |   |   |   Deck >  1.36 :  
|   |   |   |   |   |   Deck <= 1.39 : LM9 (7/3.21%) 
|   |   |   |   |   |   Deck >  1.39 : LM10 (3/0.218%) 
|   |   |   KG >  0.685 :  
|   |   |   |   Deck <= 1.28 :  
|   |   |   |   |   Disp <= 12100 : LM11 (32/12.1%) 
|   |   |   |   |   Disp >  12100 : LM12 (54/5.72%) 
|   |   |   |   Deck >  1.28 : LM13 (120/7.71%) 
|   KG >  0.898 :  
|   |   Deck <= 1.22 : LM14 (153/14.6%) 
|   |   Deck >  1.22 :  

    LM1 = -2.2 + 0.00104L + 0.0254LB + 
2.6Deck - 0.669KG - 4.11e-7Disp 
    LM2 = -1.64 + 0.00154L - 0.00876LB + 
1.98Deck - 0.317KG - 2.92e-6Disp 
    LM3 = -1.78 + 4.79e-4L + 0.0183LB + 
2.25Deck - 0.572KG + 1.12e-6Disp 
    LM4 = -1.36 + 0.00262L - 0.017LB + 
1.79Deck - 0.449KG - 6.66e-6Disp 
    LM5 = -1.08 + 0.00106L + 0.027LB + 
1.52Deck - 0.498KG + 1.42e-7Disp 
    LM6 = -1.57 + 6.54e-4L + 0.0328LB + 
2.04Deck - 0.704KG + 3.02e-6Disp 
    LM7 = -0.417 + 7.44e-4L + 0.0221LB + 
0.967Deck - 0.317KG + 3.52e-7Disp 
    LM8 = 0.203 + 3.22e-4L + 0.0111LB + 
0.544Deck - 0.215KG + 7.54e-7Disp 
    LM9 = 0.135 + 3.22e-4L + 0.0111LB + 
0.572Deck - 0.186KG + 1.66e-6Disp 
    LM10 = 0.138 + 3.22e-4L + 0.0111LB + 
0.572Deck - 0.186KG + 1.55e-6Disp 
    LM11 = -1.01 + 2.86e-4L + 0.0221LB + 
1.65Deck - 0.63KG + 1.22e-6Disp 
    LM12 = -0.779 + 2.86e-4L + 0.0296LB + 
1.33Deck - 0.485KG + 2.61e-6Disp 
    LM13 = -0.476 + 0.00128L + 0.0165LB + 
1.01Deck - 0.392KG + 2.26e-7Disp 
    LM14 = -1.19 + 0.00282L - 0.0151LB + 
1.79Deck - 0.662KG - 5.94e-6Disp 
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|   |   |   KG <= 1.13 : LM15 (158/10.6%) 
|   |   |   KG >  1.13 : LM16 (51/19.3%) 

    LM15 = -0.649 + 0.0018L - 8.1e-4LB + 
1.37Deck - 0.692KG - 4.3e-7Disp 
    LM16 = 0.631 + 6.19e-4L - 0.0216LB + 
1.19Deck - 1.39KG + 2.59e-6Disp 
 

 
 
Step 2. Correct for the number of transverse bulkheads. 

Calculate A2 as a function of nTB, deck and KG 
 

A2 = nTB_Correct(nTB, Deck, KG) / nTB_Correct(17.78, Deck, KG) 
 

Deck <= 1.2 :  
|   KG <= 0.861 : LM1 (42/11.4%) 
|   KG >  0.861 :  
|   |   Deck <= 1.13 : LM2 (32/14.3%) 
|   |   Deck >  1.13 :  
|   |   |   KG <= 1.1 : LM3 (23/8.83%) 
|   |   |   KG >  1.1 : LM4 (20/13.3%) 
Deck >  1.2 :  
|   KG <= 0.894 : LM5 (40/12.9%) 
|   KG >  0.894 :  
|   |   Deck <= 1.3 :  
|   |   |   nTB <= 15.3 : LM6 (13/9.39%) 
|   |   |   nTB >  15.3 :  
|   |   |   |   KG <= 1.13 : LM7 (30/7.06%) 
|   |   |   |   KG >  1.13 : LM8 (15/19.1%) 
|   |   Deck >  1.3 :  
|   |   |   KG <= 1.19 : LM9 (19/12.1%) 
|   |   |   KG >  1.19 : LM10 (5/28.6%) 
 
 

LM1 = -1.34 -0.0143nTB+2.36Deck - 0.687KG 
LM2 = -1.05 - 0.00766nTB +1.78Deck-0.416KG 
LM3 = -1.06 - 0.0111nTB + 1.88Deck - 0.45KG 
LM4 = -0.653 -0.00976nTB+1.74Deck-0.693KG 
LM5 = -0.184 -0.0137nTB+1.33Deck - 0.595KG 
LM6 = -0.101 - 0.0106nTB +1.24Deck - 0.61KG 
LM7 = -0.253 -0.0155nTB+1.46Deck - 0.645KG 
LM8 = 0.32 - 0.015nTB + 1.34Deck - 1.03KG 
LM9 = 0.0333 -0.0134nTB + 1.3Deck - 0.768KG 
LM10 = 0.0887 -0.0122nTB+1.19Deck-0.722KG 
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Step3. Correct for the type of subdivision 
  
 Type 1 
 A3=1 
 
 

Type 2 no cross flooding. 
A3 = Type2(Deck, Lcasing, KG) / Type1(160, 6, 0.6, Deck, KG) 

 
deck <= 1.18 :  
|   KG <= 1 : LM1 (81/18.2%) 
|   KG >  1 : LM2 (61/12.6%) 
deck >  1.18 :  
|   KG <= 0.969 : LM3 (124/24.4%) 
|   KG >  0.969 : LM4 (108/20%) 

LM1 = -1.16 +1.86deck-0.211Lcasing- 0.45KG 
LM2 = -0.569 + 1.43deck - 0.0335Lcasing - 
0.63KG 
LM3 = -0.138 + 0.904deck - 0.225Lcasing - 
0.31KG 
LM4 = 0.482 + 1.04deck - 0.564Lcasing - 
0.994KG 

 
 

Type 2 cross flooding. 
A3 = Type2cf(Deck, Lcasing, KG) / Type1(160, 6, 0.6, Deck, KG) 
 
deck <= 1.18 :  
|   KG <= 0.882 :  
|   |   deck <= 1.12 : LM1 (38/7.6%) 
|   |   deck >  1.12 :  
|   |   |   Lcasing <= 0.398 : LM2 (27/6.54%) 
|   |   |   Lcasing >  0.398 : LM3 (20/6.86%) 
|   KG >  0.882 :  
|   |   deck <= 1.1 :  
|   |   |   KG <= 1.17 :  
|   |   |   |   KG <= 0.943 :  
|   |   |   |   |   Lcasing <= 0.398 : LM4 
(6/6.27%) 
|   |   |   |   |   Lcasing >  0.398 : LM5 (2/5.07%) 
|   |   |   |   KG >  0.943 : LM6 (31/4.41%) 
|   |   |   KG >  1.17 : LM7 (10/4.42%) 
|   |   deck >  1.1 :  
|   |   |   KG <= 1.11 : LM8 (62/7.99%) 
|   |   |   KG >  1.11 :  
|   |   |   |   KG <= 1.2 : LM9 (25/4.87%) 
|   |   |   |   KG >  1.2 : LM10 (13/5.58%) 
deck >  1.18 :  
|   KG <= 1.1 :  
|   |   deck <= 1.28 :  
|   |   |   Lcasing <= 0.362 :  
|   |   |   |   KG <= 0.952 :  
|   |   |   |   |   deck <= 1.22 : LM11 (31/5.8%) 
|   |   |   |   |   deck >  1.22 : LM12 (40/5.57%) 
|   |   |   |   KG >  0.952 : LM13 (26/6.71%) 
|   |   |   Lcasing >  0.362 :  
|   |   |   |   KG <= 0.929 : LM14 (79/5.68%) 

LM1 = -1.32 + 2.2deck-0.653Lcasing- 
0.501KG 
LM2 = -0.881 + 1.76deck - 0.671Lcasing - 
0.427KG 
LM3 = -0.777 + 1.67deck - 0.791Lcasing - 
0.359KG 
LM4 = -0.772 + 1.4deck - 0.126Lcasing - 
0.355KG 
LM5 = -0.762 + 1.4deck - 0.158Lcasing - 
0.355KG 
LM6 = -1.02 + 1.69deck - 0.163Lcasing - 
0.408KG 
LM7 = -0.767 + 1.64deck - 0.105Lcasing - 
0.607KG 
LM8 = -0.913 + 1.78deck - 0.392Lcasing - 
0.531KG 
LM9 = -0.403 + 1.4deck - 0.187Lcasing - 
0.669KG 
LM10 = -0.273 + 1.39deck - 0.149Lcasing - 
0.777KG 
LM11 = -0.275 + 1.18deck - 0.731Lcasing - 
0.29KG 
LM12 = 0.0247 + 0.916deck - 0.768Lcasing - 
0.251KG 
LM13 = -0.335 + 1.31deck - 0.609Lcasing - 
0.451KG 
LM14 = -0.0861 + 1.04deck - 1.01Lcasing - 
0.193KG 
LM15 = -0.3 + 1.27deck - 0.802Lcasing - 
0.367KG 
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|   |   |   |   KG >  0.929 : LM15 (44/6.71%) 
|   |   deck >  1.28 :  
|   |   |   Lcasing <= 0.381 :  
|   |   |   |   deck <= 1.35 :  
|   |   |   |   |   KG <= 1.02 : LM16 (41/5.77%) 
|   |   |   |   |   KG >  1.02 : LM17 (14/3.42%) 
|   |   |   |   deck >  1.35 :  
|   |   |   |   |   KG <= 1.02 : LM18 (14/1.75%) 
|   |   |   |   |   KG >  1.02 : LM19 (8/9.06%) 
|   |   |   Lcasing >  0.381 : LM20 (48/7.12%) 
|   KG >  1.1 :  
|   |   deck <= 1.29 :  
|   |   |   KG <= 1.16 : LM21 (59/8.1%) 
|   |   |   KG >  1.16 : LM22 (43/11.5%) 
|   |   deck >  1.29 :  
|   |   |   KG <= 1.17 : LM23 (35/10.2%) 
|   |   |   KG >  1.17 : LM24 (24/8.24%) 

    LM16 = 0.252 + 0.723deck - 0.877Lcasing - 
0.19KG 
    LM17 = 0.294 + 0.77deck - 0.755Lcasing - 
0.335KG 
    LM18 = 0.378 + 0.614deck - 0.83Lcasing - 
0.184KG 
    LM19 = 0.471 + 0.526deck - 0.779Lcasing - 
0.175KG 
    LM20 = 0.284 + 0.737deck - 1.01Lcasing - 
0.19KG 
    LM21 = -0.148 + 1.44deck - 0.285Lcasing - 
0.892KG 
    LM22 = 0.463 + 1.2deck - 0.112Lcasing - 
1.22KG 
    LM23 = 0.767 + 0.821deck - 0.0896Lcasing 
- 1.07KG 
    LM24 = 1.1 + 0.874deck - 0.0896Lcasing - 
1.42KG 

 
 
 Type 3 

A3 = Type3(Deck, Ucasing, KG) / Type1(160, 6, 0.6, Deck, KG) 
 

KG <= 0.993 :  
|   deck <= 1.17 :  
|   |   Ucasing <= 0.392 : LM1 (56/16%) 
|   |   Ucasing >  0.392 :  
|   |   |   KG <= 0.836 :  
|   |   |   |   Ucasing <= 0.438 : LM2 (23/11.9%) 
|   |   |   |   Ucasing >  0.438 : LM3 (11/13.5%) 
|   |   |   KG >  0.836 : LM4 (40/13.2%) 
|   deck >  1.17 :  
|   |   Ucasing <= 0.402 :  
|   |   |   KG <= 0.871 : LM5 (54/7.69%) 
|   |   |   KG >  0.871 :  
|   |   |   |   deck <= 1.21 : LM6 (17/10.6%) 
|   |   |   |   deck >  1.21 :  
|   |   |   |   |   KG <= 0.934 :  
|   |   |   |   |   |   deck <= 1.34 : LM7 (18/5.41%) 
|   |   |   |   |   |   deck >  1.34 : LM8 (6/3.18%) 
|   |   |   |   |   KG >  0.934 : LM9 (16/10.4%) 
|   |   Ucasing >  0.402 : LM10 (90/11.4%) 
KG >  0.993 :  
|   KG <= 1.17 : LM11 (58/27.3%) 
|   KG >  1.17 : LM12 (26/35.9%) 

LM1 = 1.06 + 0.762deck - 1.54Ucasing - 
0.562KG 
    LM2 = 1.1 + 1.14deck - 2.5Ucasing - 
0.664KG 
    LM3 = 1.17 + 1.39deck - 3.18Ucasing - 
0.739KG 
    LM4 = 1.03 + 1.47deck - 2.86Ucasing - 
0.845KG 
    LM5 = 0.948 + 0.368deck - 0.679Ucasing 
- 0.253KG 
    LM6 = 1.27 + 0.328deck - 0.992Ucasing - 
0.455KG 
    LM7 = 1.05 + 0.437deck - 0.787Ucasing - 
0.421KG 
    LM8 = 1.04 + 0.383deck - 0.685Ucasing - 
0.377KG 
    LM9 = 0.962 + 0.445deck - 0.818Ucasing 
- 0.334KG 
    LM10 = 0.931 + 0.751deck - 1.38Ucasing 
- 0.477KG 
    LM11 = 1.32 + 0.855deck - 1.15Ucasing - 
1.09KG 
    LM12 = 2.34 + 0.784deck - 0.715Ucasing 
- 2.06KG 
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Type 4 no cross flooding 
A3 = Type4(Deck, Lcasing, Ucasing, KG) / Type1(160, 6, 0.6, Deck, KG) 

 
KG <= 1.09 :  
|   Ucasing <= 0.344 : LM1 (201/19.9%) 
|   Ucasing >  0.344 :  
|   |   deck <= 1.18 :  
|   |   |   Ucasing <= 0.403 :  
|   |   |   |   KG <= 0.982 : LM2 (59/17.7%) 
|   |   |   |   KG >  0.982 : LM3 (16/16.1%) 
|   |   |   Ucasing >  0.403 :  
|   |   |   |   KG <= 0.788 : LM4 (20/6.16%) 
|   |   |   |   KG >  0.788 : LM5 (48/10.8%) 
|   |   deck >  1.18 :  
|   |   |   Lcasing <= 0.364 :  
|   |   |   |   KG <= 0.975 : LM6 (89/11%) 
|   |   |   |   KG >  0.975 : LM7 (27/11.3%) 
|   |   |   Lcasing >  0.364 :  
|   |   |   |   Ucasing <= 0.387 : LM8 (56/11.2%) 
|   |   |   |   Ucasing >  0.387 : LM9 (83/9.97%) 
KG >  1.09 :  
|   deck <= 1.14 : LM10 (58/21.1%) 
|   deck >  1.14 : LM11 (184/27.3%) 

LM1 = 1.19 + 0.438deck - 0.276Lcasing - 
1.73Ucasing - 0.276KG 
    LM2 = 0.922 + 0.699deck - 0.728Lcasing - 
1.42Ucasing - 0.242KG 
    LM3 = 0.67 + 0.776deck - 0.522Lcasing - 
0.868Ucasing - 0.365KG 
    LM4 = 0.809 + 0.822deck - 0.925Lcasing - 
1.26Ucasing - 0.269KG 
    LM5 = 0.658 + 1.03deck - 0.761Lcasing - 
1.49Ucasing - 0.32KG 
    LM6 = 0.983 + 0.511deck - 1.04Lcasing - 
0.868Ucasing - 0.176KG 
    LM7 = 1.05 + 0.599deck - 1.03Lcasing - 
0.93Ucasing - 0.342KG 
    LM8 = 0.969 + 0.541deck - 0.372Lcasing - 
1.57Ucasing - 0.189KG 
    LM9 = 0.788 + 0.598deck - 0.672Lcasing - 
1.04Ucasing - 0.164KG 
    LM10 = 1.67 + 1.03deck + 0.0332Lcasing - 
0.964Ucasing - 1.73KG 
    LM11 = 1.98 + 0.712deck + 0.274Lcasing - 
0.901Ucasing - 1.77KG 

 
 
Type 4 no cross flooding 
A3 = Type4cf(Deck, Lcasing, Ucasing, KG) / Type1(160, 6, 0.6, Deck, KG) 
 
KG <= 1.09 :  
|   Ucasing <= 0.344 : LM1 (201/19.9%) 
|   Ucasing >  0.344 :  
|   |   deck <= 1.18 :  
|   |   |   Ucasing <= 0.403 :  
|   |   |   |   KG <= 0.982 : LM2 (59/17.7%) 
|   |   |   |   KG >  0.982 : LM3 (16/16.1%) 
|   |   |   Ucasing >  0.403 :  
|   |   |   |   KG <= 0.788 : LM4 (20/6.16%) 
|   |   |   |   KG >  0.788 : LM5 (48/10.8%) 
|   |   deck >  1.18 :  
|   |   |   Lcasing <= 0.364 :  
|   |   |   |   KG <= 0.975 : LM6 (89/11%) 
|   |   |   |   KG >  0.975 : LM7 (27/11.3%) 
|   |   |   Lcasing >  0.364 :  
|   |   |   |   Ucasing <= 0.387 : LM8 (56/11.2%) 
|   |   |   |   Ucasing >  0.387 : LM9 (83/9.97%) 
KG >  1.09 :  
|   deck <= 1.14 : LM10 (58/21.1%) 
|   deck >  1.14 : LM11 (184/27.3%) 

    LM1 = 1.19 + 0.438deck - 0.276Lcasing - 
1.73Ucasing - 0.276KG 
    LM2 = 0.922 + 0.699deck - 0.728Lcasing - 
1.42Ucasing - 0.242KG 
    LM3 = 0.67 + 0.776deck - 0.522Lcasing - 
0.868Ucasing - 0.365KG 
    LM4 = 0.809 + 0.822deck - 0.925Lcasing - 
1.26Ucasing - 0.269KG 
    LM5 = 0.658 + 1.03deck - 0.761Lcasing - 
1.49Ucasing - 0.32KG 
    LM6 = 0.983 + 0.511deck - 1.04Lcasing - 
0.868Ucasing - 0.176KG 
    LM7 = 1.05 + 0.599deck - 1.03Lcasing - 
0.93Ucasing - 0.342KG 
    LM8 = 0.969 + 0.541deck - 0.372Lcasing - 
1.57Ucasing - 0.189KG 
    LM9 = 0.788 + 0.598deck - 0.672Lcasing - 
1.04Ucasing - 0.164KG 
    LM10 = 1.67 + 1.03deck + 0.0332Lcasing - 
0.964Ucasing - 1.73KG 
    LM11 = 1.98 + 0.712deck + 0.274Lcasing - 
0.901Ucasing - 1.77KG 
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Step 4. Correct for the hull shape. 
 

A4(Cb/Cw)  
 
CbCw <= 0.802 : LM1 (323/58.3%) 
CbCw >  0.802 :  
|   CbCw <= 0.922 : LM2 (204/41.8%) 
|   CbCw >  0.922 : LM3 (208/85.4%) 

    LM1:  A4 = 1.91 - 1.3CbCw 
    LM2:  A4 = 1.43 - 0.714CbCw 
    LM3:  A4 = 0.279 + 0.487CbCw 

 
 
Final step: 

Attained Index = A1⋅A2⋅A3⋅A4 

 
 
To see an example of how to use the model see, for example, the Excel file 
\ProbStab\App\EstimateA.xls on the attached CD-ROM. (do not change the specific 
file). 
 



 

C. The Included CD-ROM 
 
Attached to the back of the thesis is a CD-ROM with the data files used. The execute 
files should be able to run directly in a Windows environment. They might start 
automatically to install some standard windows components the first time they are 
executed. If they cannot run please go to the install directory and install the programs 
from scratch. Some of the Excel spreadsheet macros can have difficulties running, 
depending on how VBA (Visual Basic for Applications) is installed. If the VB files 
cannot compile try including the namespace VBA in front of the function in question. 
For example VBA.Str() instead of only Str(). Use the zoom function to size the 
spreadsheet. 
 
The files on the CD-ROM are: 
  
Opti_I-ship Excel spreadsheet that links to the hydrostatic software I-ship. 

Use the spreadsheet to calculate I-ship designs for different design 
variables defined in the compartment file. 
To use the optimisation feature the genetic algorithm Evolver 
must be present. A help file is included. Please see this before 
using the spreadsheet. If the VB files cannot compile try including 
the namespace VBA in front of the function in question. For 
example VBA.Str() instead of just Str(). 
 

ProbStab.Exe Visualises the four generic ro-ro designs used in the model to 
estimate the Attained Subdivision Index. The program can 
generate an I-ship compartment file to validate the result. 
 

Ro-ro design.xls Excel spreadsheet that estimates various values such as the ro-ro 
area, the stability, the building costs and a projected cash flow for 
a ro-ro vessel. 
 

CreateIf.Exe Converts the output tree from the data mining software Weka to 
Visual Basic source code. An example input file is included to 
show how the input file must be formatted. 
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UTA-method.exe Calculates utility functions for each attribute from a number of 
ranked designs. Requires a reference to Excel Solver. A help file 
is included. 
 

Model Data.xls The data used to build the model for the Attained Subdivision 
Index. 
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