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Abstract
The paper presents a comprehensive multi-objective hydrodynamic optimisation procedure and its application to the early design of a
ﬂoating liqueﬁed natural gas (LNG) terminal for improved seakeeping and wave attenuation characteristics on its lee side. Genetic
algorithms are used to ﬁnd the Pareto optima designs followed by multi-objective decision making procedures to select the optimum
design among them. The paper addresses the deﬁnition of the relevant optimisation problem and the set-up and interface of relevant
software tools, presents results of systematic studies with respect to the minimisation of the motion responses and wave elevation on the
leeward side of free-ﬂoating terminals and concludes with analysis and critical review of the obtained results and their impact on terminal
design.
r 2008 Elsevier Ltd. All rights reserved.
Keywords: Gas import ﬂoating terminal (GIFT); Seakeeping; Genetic algorithms; Pareto designs; Multi-criteria optimisation; Multi-criteria decision
making

1. Introduction
With the still growing demand for hydrocarbons worldwide and the proven economic and environmental advantages of natural gas over coal and oil, the demand for new
liqueﬁed natural gas (LNG) terminals has signiﬁcantly
increased in recent years. Safety and security aspects in
view of the risk of possible terrorist attacks and relatively
short lead time between conception and deployment is
driving many decision makers (DMs) to look after ﬂoating
offshore LNG terminal solutions. Offshore LNG terminals
are typically a few miles away from the coast and offer
relatively little threat to people and marine environment,
and provide easy access for incoming LNG carriers. When
considering offshore LNG terminals, weather and marine
environmental conditions are the major factors greatly
affecting terminal design for optimal operational efﬁciency
and reliability. Wind, waves and currents in many locations
of interest can be severe. This complicates the terminal
design and its operation, considering that LNG-carrying
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ships have to moor and ofﬂoad to a moving ﬂoating
structure in the middle of the sea. Maximisation of the
utilisation of the facility for ensuring acceptable economy
of the concept requires an operability of the terminal even
in appreciably adverse environmental conditions.
This paper presents a hydrodynamic hull form optimisation procedure applicable to the early design stage of a gas
import ﬂoating terminal (GIFT) with improved seakeeping
qualities. It is based on research conducted in the framework of the EU funded research project GIFT (GIFT
Project, 2005–2007). Besides the National Technical University of Athens (NTUA), the partners in this project were
DORIS Engineering (France, coordinator), Aker Yards SA
(France), London Marine Consultants Ltd. (UK) and Det
Norske Veritas (DNV, Norway).

2. Background
The GIFT concept was introduced by DORIS Engineering (France) and the initial version of the terminal was
designed by Aker Yards SA (GIFT Project, 2005–2007). It
deals with the development of an offshore ﬂoating LNG
storage and regasiﬁcation terminal moored to the seabed
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by means of a turret-mooring system, which allows the
terminal to weather vane freely following the prevailing
weather conditions, thus minimising the loads acting on the
terminal and its mooring system in extremely bad weather
conditions (typically hurricanes in the Gulf of Mexico).
When the signiﬁcant wave height is higher than about
1.25 m (operating limit of tugs supporting the berthing of
incoming LNG carriers) and lower than about 2.5 m
(ofﬂoading operation limit of GIFT), stern thrusters direct
the hull to an oblique angle with respect to the direction of
the prevailing seas, so that the hull acts like a breakwater
and reduces the wave elevation on its lee side for the tugs,
facilitating the approach of LNG carriers for berthing and
mooring. During an LNG carrier ofﬂoading and when an

LNG carrier is not alongside, the terminal weather vanes
freely again. In Fig. 1 a terminal’s side view is shown. For
reducing the amplitude of its motions, the terminal is
equipped with a pair of underwater skirts, not only
increasing the terminal’s damping, but also affecting its
inertia and hydrodynamic mass, as well as its wave-induced
loads.
Given the above-discussed design concept, the
optimisation problem addressed herein was to select
the optimum size for the GIFT terminal and its skirt
system, in order to optimise its seakeeping behaviour and
maximise its ‘‘shadowing’’ effect on the lee side for
protection of incoming tugs, supporting the approach of
LNG carriers.

Fig. 1. GIFT terminal side view (GIFT Project, 2005–2007).

Fig. 2. SDL-NTUA generic ship design optimisation procedure (Zaraphonitis et al., 2003).
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3. Optimisation procedure
The optimisation procedure of a system in general is set
up by the deﬁnition of its input parameters, the design

Fig. 3. GIFT terminal NAPA hull deﬁnition.
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variables and design parameters, the merit (objective)
functions, the constraints and the requested output. In
this framework the Ship Design Laboratory of NTUA
(SDL-NTUA) developed earlier in the framework of the
EU-FP5 project ROROPROB (Zaraphonitis et al., 2003a)
a generic design optimisation framework for the compartmentation of RoPax ships of increased survivability in case
of damage, as shown in Fig. 2. This procedure has been
subsequently adjusted for other objective functions
(namely resistance and seakeeping) and constraints within
the EU-FP5 projects FLOWMART (Zaraphonitis et al.,
2003b) and VRSHIPS-ROPAX2000 (Boulougouris and
Papanikolaou, 2005) and it has also been implemented in
the present optimisation problem. The design pool at the
centre of the above optimisation framework is created by a
parametrically deﬁned design and a systematic variation of
the design variables, using a set of design parameters
(shown at the top of Fig. 2). The procedure implies the
fulﬁlment of a set of constraints (shown at the bottom left)
while at the same time a set of objectives is optimised
(bottom right). The whole process is initialised by design
requirements or in the present case by the parent/initial
hullform of the GIFT terminal.

Fig. 4. GIFT SDL-NTUA optimisation data ﬂowchart.
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In its generic form, the optimisation problem of the
GIFT terminal with respect to the underwater skirts can be
modelled using up to ﬁve design variables, namely, the type
of the skirts (i.e. plane skirts or grillages), the thickness of
the skirt, the inclination of the skirt against the vertical
terminal sides, the circumferential extent of the skirt and
the breadth of the skirt. Due to the complexity of the
associated viscous hydrodynamic effects linked to the
various alternative skirt proﬁles and the lack of empirical
data for their consideration, at ﬁrst only the last design
variable, namely the skirt’s width has been herein
investigated; other skirt design variables can follow once
relevant empirical data to assess relevant skirt proﬁle
properties become available.
The objectives in this design problem were obviously
multiple, namely:





the minimisation of terminal’s motion responses,
the minimisation of the sea surface elevation on the
leeward side of the terminal at predeﬁned areas,
the minimisation of the size of the skirts as a measure to
minimise the clearance to the terminal’s hull of the
berthed ship, the construction cost and structural loads
due to wave-induced loads.

For achieving the ﬁrst objective, the motions at
terminal’s centre of gravity were used as a merit function.
For the second objective, the average of sea surface
elevation at various predeﬁned locations on the lee side
of the GIFT terminal was used. For the last objective the
nominal skirt area, practically the skirt’s width, was used.
Safety and feasibility issues related to the berthing of the
LNG carrier to the GIFT terminal pose constraints to the
design, i.e. the breadth of the skirt should be less than 8 m
and the clearance of the top of the skirt to the bottom of
the berthed ship should be adequate.
Considering the very complex nature of the selected
objective functions, of mathematically unknown functional
relation to the design variables in the design space of the
present problem and in order to handle multiple objectives
and constraints, the adoption of multi-objective genetic
algorithms (MOGA) seems the most suitable option for
optimisation procedure (Sen and Yang, 1998).

objective one with non-commensurable objectives. This
will provide the DM with a number of optimal solutions
and an insight into the characteristics of the problem
solution space before the ﬁnal solution is selected.
Multi-objective decision making (MODM) seeks to
optimise the components of a vector-valued merit function.
In contrast to single objective optimisation problems, the
solution in MODM is not a single point, but a family of
points known as Pareto-optimal set or Pareto Frontier.
Each point in this surface is optimal in the sense that no
improvement can be achieved in one merit vector
component without degradation in at least one of the
remaining components.
Mathematically, the above can be represented as the
following vector programming problem (Sen and Yang,
1998):
Optimise F(X) ¼ {f1(X)yf1(X)yfk(X)}
Subject to XAO

where O ¼ fX

i ¼ 1; . . . ; m1 ;
i ¼ 1; . . . ; m2 g;

jgi ðX Þp0;
jhj ðX Þ ¼ 0;

jX ¼ ½x1 . . . xn ;

Start

Clear project
database

Read
parameters
Read
variables

Create Terminal’s
geometric model

Check hull
properties

On Error

OK

4. Multi-objective optimisation
The present design optimisation problem, like most real
world design problems, requires the simultaneous optimisation of multiple and often competing objectives. The
practical solution to this type of problems is usually found
by merging all desired objectives to a single one, according
to some weighting deﬁned by the DM and referred to in the
literature as utility function. However, setting the utility
function without a sufﬁcient knowledge of the design space
of feasible solutions may mislead the optimum solution
away from the actual DM’s preference. To avoid such a
case, the problem should rather be treated as a multi-

Create Skirts’
geometric model

Calculate Skirts’
properties

Create Panelisation

End
Fig. 5. NAPA BASIC Macro ﬂowchart.
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xi is a decision variable, X denotes a solution, fi(X) is
generally a nonlinear objective function, and gi(X) and
hj(X) are, respectively, nonlinear inequality and equality
constraint functions.
The solutions are categorised into dominated or inferior
and non-dominated or noninferior or Pareto-optimal
according to the following deﬁnitions:
Deﬁnition 1 (inferiority)
A vector X ¼ [x1yxn] is said to be inferior to
Y ¼ [y1yyn] if Y is partially less than X, i.e.
8i ¼ 1; . . . ; n;

yi pxi ^ 9i ¼ 1; . . . ; n : yi oxi .

Deﬁnition 2 (superiority)
A vector X ¼ [x1yxn] is said to be superior to
Y ¼ [y1yyn] if Y is inferior to X.
Deﬁnition 2 (non-inferiority)
Vector X ¼ [x1yxn] and Y ¼ [y1yyn] are said to be
non-inferior to one another if Y is neither inferior nor
superior to X.
Each element of the Pareto-optimal set constitutes a
non-dominated solution to the MODM problem. There are
many methodologies for the solution of the MODM
problem. The genetic algorithms (GAs) are one of the
more attractive ones due to their capability to maintain in
parallel a population of solutions and to handle nonlinear,
very discontinuous objective spaces bounded by a variety
of constraints and thresholds.
GA is actually a search technique based on the
Darwinian principles of natural selection. A basic feature
of this approach is to represent the set of variables deﬁning
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the problem as a numerical string, either binary or
otherwise. Starting with a pool of solutions (or strings)
the ﬁttest members are chosen for the next generation and
offsprings are created by crossover and mutation operators
acting on the strings. Crossover results in the exchange of
genetic material or feature between relatively ﬁt members
of the population, leading potentially to a better pool of
solutions. Mutation introduces random changes to the
gene pool in an attempt to ensure that the exploitation
aspect of the solution strategy is not prematurely concluded in the drive for convergence. The presence of
multiple, conﬂicting objectives makes the solution process
somewhat more elaborate, but the guiding principles
remain unchanged (Sen and Yang, 1998).
5. Algorithms and software tools
The implementation of the proposed optimisation
procedure required the use of a number of specialised
algorithms and software applications, namely:





a geometric parametric deﬁnition procedure for building
the parametric model of the ship,
seakeeping prediction code, able to assess the motions of
the ship in regular and irregular waves, given by seaway
spectra,
optimisation software, able to coordinate the calculations of the various applications and detect the actual
Pareto frontier, i.e. the non-dominated designs.

Fig. 6. NAPA-produced parametric panelisation with ﬁve panels in the vertical direction.
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The parametric deﬁnition of the geometrical model is
herein based on a NAPA (NAPA Oy, 2005) project
deﬁnition of the bare hull of the GIFT terminal provided
by Aker Yards SA. A sample of the developed geometric
model is shown in Fig. 3. Using this model, NAPA
MACROS have been developed using NAPA BASIC, in
order to prepare at each loop the input for the hydrodynamic calculation code, based on the input ﬁle created
by optimisation scheduler.
The seakeeping calculations were herein conducted using
the SDL-NTUA’s code NEWDRIFT (Papanikolaou, 1985;
Papanikolaou and Zaraphonitis, 1987; Schellin et al., 1989).
It is a six degree-of-freedom (DOF), 3D panel code for
seakeeping, wave-induced loads and drift force analysis of
ships and arbitrarily shaped ﬂoating structures, including
multi-body arrangements. The code enables the evaluation
of six DOF ﬁrst- and quasi-second-order motions and waveinduced loads, including drift deviations, forces and

moments and is applicable to arbitrarily shaped 3D ﬂoating
or submerged bodies (like ships, ﬂoating structures or
underwater vehicles), operating at zero or nonzero forward
speed, ﬁnite or inﬁnite water depth and being excited by
sinusoidal linear waves of arbitrary frequency and heading.
The consideration of natural seaway excitation is enabled
through a spectral analysis post-processor, given the
incident seaway spectral characteristics (Papanikolaou and
Zaraphonitis, 2001). In its latest version the code calculates
the sea surface elevation at user-deﬁned locations around
the ﬂoating body. For the inclusion of skirt drag effects,
drag coefﬁcients were used based on CFD calculations of
NTUA (GIFT Project, 2005–2007), model experiments and
literature.
The optimisation scheduler is herein implemented by use
of the commercial software modeFrontier (E.STE.CO,
2003). The software interface and data ﬂow between the
three applications is shown in Fig. 4.

Fig. 7. Process ﬂow for GIFT skirt optimisation in modeFrontier.

Fig. 8. Critical positions of tug boats on GIFT’s terminal leeward side (GIFT Project, 2005–2007).
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6. Parametric geometric model
A parametric geometric model has been created in
NAPA using NAPA BASIC. Several NAPA MACROS
have been programmed that handle the following tasks:











automatic initialisation of the GIFT NAPA macros,
clear NAPA project’s database from previously stored
data,
read the ﬁle that contains the optimisation parameters,
read the ﬁle that contains the design variables,
create the geometric model of the GIFT terminal and its
skirts,
calculate various geometric properties in order to verify
the consistency of the model,
create the panelisation for the hydrodynamic calculations,
output the panels’ description to a predeﬁned ﬁle,
end the NAPA application.

The relevant program ﬂowchart is shown in Fig. 5. The
panelisation of the GIFT terminal proved to be a very
unique problem compared to previous applications to
shiplike structures. Even though the geometry seems simple
due to extended large ﬂat surfaces, except for the terminal’s
ends, this was not the case for the panelisation, due to the
internal structure of NAPA surfaces for the hullform
deﬁnition. The special features of the terminal’s geometry
were:






the hull was made of an assembly of different parts with
C0 continuity,
both the aft and the fore skeg are appended to the main
hull as trim surfaces,
the aft and the fore ﬂat inclined surfaces are trimmed
surface with highly curved boundaries,
these characteristics required the deﬁnition of facespeciﬁc NAPA surface objects and auxiliary boundary
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curves for the deﬁnition of various panelisation
groups,
the parameters of the geometric model included:
o the number of panels used in the vertical direction,
o the number of panels used for the bottom,
o the number of panels used in transverse direction on
the skirts,
o the number of panels along the fore and aft skegs.

These parameters were kept constant during the
optimisation, but permitted the utilisation of different grid
densities for the exploitation of the design’s sensitivity to
panelisation. The variables for the deﬁnition of the
geometric parametric model were:




GIFT terminal length, breadth and draught,
skirt type, width, thickness, inclination and vertical
position of skirts base from terminal’s bottom.

An example of the geometric parametric mode created in
NAPA is shown in Fig. 6.
7. Set-up of optimisation procedure
The set-up of the full optimisation process ﬂow in
modeFrontier is shown in Fig. 7. It includes ten design
variables, six objectives and one constraint. On the right,
Table 1
Exploratory case study parameters
Wave periods
Wave heading
Wave spectrum
Water depth
CG
iXX
iZZ, iYY
No. of panels

8–18 s with a step of 1 s
1501
JONSWAP (hS ¼ 4.0 m, Tpeak ¼ 12.5 s, g ¼ 3.3)
75 m
(LCB, 0, draught)
0.4B
0.25L
2  829 panels (including skirt deﬁnition)

Fig. 9. Sea elevation results for T ¼ 10 s, heading ¼ 1201 and water depth ¼ 75 m grid points.
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the design variables are listed, feeding the input ﬁle named
INPUTB.DAT. The values of these ten design variables are
determined by modeFrontier’s scheduler MOGA (E.STE.CO, 2003).
The six optimisation objectives considered herein are:






minimisation
minimisation
minimisation
minimisation

of
of
of
of

the
the
the
the

heave response,
roll response,
pitch response,
yaw response,




minimisation of the skirt area,
minimisation of the maximum of the sea elevations at
various locations on the lee side,

Following the parametric geometric model deﬁnition, the
set-up of the rest of the building bricks for the materialisation
of the optimisation procedure was developed. These included:
(a) a pre-processing application for the employed seakeeping code NEWDRIFT in order to compile the

Fig. 10. Scatter chart of heave vs. skirt area vs. displacement volume.

Fig. 11. Attributes’ weight at saturation.
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panelisation produced by NAPA, to remove
any redundant nodes and to verify panel grid
integrity,
(b) a pre-processing application for NEWDRIFT in order
to merge the geometric model with the rest of the
parameters required by the seakeeping code and to
perform the required calculations,
(c) a post-processing application for NEWDRIFT for
extracting the sea elevation data on the lee side of the
terminal, for various speciﬁed locations on the sea
surface (see Figs. 8 and 9).
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Table 2
Comparison of existing and optimal designs (exploitation phase)

Parameter

Units

GIFT length
GIFT beam
GIFT draught
Skirt width
Displacement
volume

m
m
m
m

Existing design

m3

403
55
16
5

449
55
14
1

328,176

329,126

Yaw, Significant Amp. Index [rad]

0.0037

0.0032

0.0027

0.0022

0.0017

0.0012
0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

Heave, Significant Amp. Index [m]
Fig. 12. Signiﬁcant amplitude of heave vs. signiﬁcant amplitude of yaw.

0.007

Pitch, Significant Amp. Index [rad]

0.006

0.006

0.005

0.005

0.004

0.004

0.003
200000

250000

300000

350000

400000

450000

GIFT Displacement [cub.m.]
Fig. 13. Displacement volume vs. signiﬁcant amplitude of roll.

Optimal
(exploitation
phase)

500000
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As the assessment is based on irregular seaway
responses, hydrodynamic calculations include ﬁrst a
determination of relevant response amplitude operators
(RAOs), followed by the determination of corresponding
spectral responses for the speciﬁed sea spectra.

includes the assessment of preliminary results for four
design variables, namely:




8. Case studies



In order to explore and fully exploit the resulting design
space, ﬁrst an exploratory optimisation is conducted. This



GIFT’s length in meters, varying in the range 350–450 m
with a step of 1.0 m,
GIFT’s beam in meters, varying in the range 45–60 m,
with a step of 1.0 m,
GIFT’s draught in meters, varying in the range 14–18 m,
with a step of 0.5 m,
skirt’s width in meters, varying in the range 1–8 m, with
a step of 1.0 m.

Fig. 14. Wave points groups according to their location on the terminal’s lee side. Wave ﬁeld for heading ¼ 1501, wave amplitude ¼ 1.0 m and wave
period ¼ 10 s.

Fig. 15. Wave points groups according to their location on the terminal’s lee side. Wave ﬁeld for heading ¼ 1501, wave amplitude ¼ 1.0 m and wave
period ¼ 12.5 s.
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During this exploratory phase, the wave elevations were
not calculated, but only the motion responses (heave, roll,
pitch and yaw) and the design output characteristics
(volume and skirt area). The rest of the case details are
given in Table 1. The optimisation algorithm used was
MOGA. An initial run attempting to optimise all the
objectives was made and this resulted in the generation of
265 designs. A 3D scatter chart for the heave motion
response vs. skirt area vs. displacement volume is shown in
Fig. 10. Considering the objective values attained by each
design as attributes and ranking the designs according to
the DM’s preference, the weighting factors of the objectives
were estimated by the modeFrontier application. The
relevant weights are shown in Fig. 11. Using the multicriteria decision making (MCDM) tool of the modeFrontier, a new objective was deﬁned employing these utility
functions. The MCDM tool provided by modeFrontier

allows the correct grouping of outputs into a single
objective function coherent with the preferences expressed
by the user through pair-wise comparison of solutions or
direct speciﬁcation of output importance.
Substituting the minimisation of the six deﬁned objective
functions with the maximisation of the resulting
utility function, a new set of runs was performed. This
resulted in the generation of 422 designs. Two of the scatter
diagrams of the objectives for the resulting designs are
shown in Figs. 12 and 13. In these ﬁgures, the red dot
represents the original GIFT design, while the green
one, the optimum design according to the DM’s preference.
The characteristics of the produced optimum design
compared to the existing one is shown in Table 2. The
conclusions from this exploratory optimisation phase were
the following:


Table 3
Global optimisation case study parameters
Wave periods
Wave heading
Wave spectrum
Water depth
VCG
iXX
iZZ, iYY
No. of panels
Optimisation
scheduler
Prob. of crossover
Prob. of selection
Prob. of mutation
DNA string mutation
ratio

8–28 s with a step of 1 s
1201 & 1501
JONSWAP (hS ¼ 4.0 m, Tpeak ¼ 12.5 s, g ¼ 3.3)
75 m
Proportional to the depth of the original GIFT
terminal design
0.326B (acc. to existing)
0.273L (acc. to existing)
2  711 panels (w/o skirt deﬁnition)
MOGA
0.75
0.1
0.15
0.2
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the deﬁned objective with respect to the displacement
difference from the original one should not be deﬁned in
terms of the achieved absolute volume, but based on the
absolute difference to the displacement of the original
design, keeping in mind that the carrying capacity
should be close to the originally selected one,
a wider range of periods should be used in the RAO
calculations in order to verify that the roll resonance
period is properly captured,
it is apparent that there is signiﬁcant potential for
improvement of the original design,
the selection of the terminal’s dimensions and the
optimal skirt width should be studied and also
decoupled in order to investigate the impact of the skirt
separately,
the large number of objectives will eventually deduce
their relative weights in the utility functions; thus it
would be hard to identify the impact of any individual

Fig. 16. Process ﬂow for GIFT skirt optimisation in modeFrontier.
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objective on the overall objective. This is particularly
evident in the minimisation of the sea surface elevation
at various points on the lee side of the GIFT terminal.
Therefore a rationalisation of the number of objectives
was required.

and identify the optimal terminal conﬁguration for least
motion responses and least sea surface elevation of the
terminal’s lee side under a variety of environmental
conditions, a three stage optimisation procedure was ﬁnally
conducted, namely the following:



8.1. Global and local vs. total optimisation
In order to investigate systematically the impact of
various design parameters on the terminal’s performance

a global optimisation procedure with respect to the
GIFT terminal’s main dimensions for a speciﬁed sea
spectrum and two operational wave headings (1201 and
1501),

150 deg

0.45

Smaller
Larger
Original

0.43

Sign. Heave Amp. [m]

0.41

0.39

0.37

0.35

0.33

0.31
0

0.05

0.1

0.15

0.2
Vol_Diff

0.25

0.3

0.35

0.4

Fig. 17. Volume difference vs. signiﬁcant heave amplitude at 1501 heading.

150 deg

0.014
Larger
Smaller
Original

Sign. Roll Ampl. [rad]

0.012

0.010

0.008

0.006

0.004

0.002

0.000
0.00

0.05

0.10

0.15

0.20
Vol_Diff

0.25

0.30

0.35

Fig. 18. Volume difference vs. signiﬁcant roll amplitude at 1501 heading.

0.40
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8.2. Global optimisation scenario
For the global optimisation procedure three design
variables were used, namely:




GIFT’s length in meters, varying in the range
350–450 m, with a step of 1.0 m,
GIFT’s beam in meters, varying in the range 45–60 m,
with a step of 1.0 m,

2.5

2.0
Average Surface Elevation [m]



a local optimisation procedure with respect to the GIFT
terminal’s skirt dimensions for the same speciﬁed sea
spectrum and two operational wave headings (1201 and
1501),
a total optimisation procedure with respect to the GIFT
terminal’s main and skirt dimensions for an additionally
speciﬁed sea spectrum and two operational wave headings (1201 and 1501).

1.5

1.0
Avg. Exposed Area
Avg. Shadow Area
Original Avg. Exposed Area
Original Avg. Shadow Area

0.5

0.0
0

0.05

0.1

0.15

0.2
Vol_Diff

0.25

0.3

0.35

0.4

Fig. 19. Volume difference vs. average elevation for the exposed and the shadow area locations for 1501 heading.

120 deg
1.10

Smaller
Larger
Original

1.00
0.90
Sign. Heave Amp. [m]
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0.80
0.70
0.60
0.50
0.40
0.30
0

0.05

0.1

0.15

0.2
Vol_Diff

0.25

0.3

0.35

Fig. 20. Volume difference vs. signiﬁcant heave amplitude at 1201 heading.
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GIFT’s draught in meters, varying in the range 14–18 m,
with a step of 0.5 m.

grouping is based on their location in the wave ﬁeld
shown in Figs. 14 and 15 and accounts for the LNG
carrier approach and the support by the tugs.

The objectives in the multi-objective optimisation were:
The remaining scenario parameters are given in Table 3.
The process ﬂow deﬁned in modeFrontier is shown in Fig.
16. This is slightly different from the initially deﬁned one
due to the presence of the eight wave elevation locations
and the substitution of the absolute volume by the volume
difference from the existing design’s displacement volume.
A total of 246 designs were created. The calculations for
the above designs were repeated for the wave heading of
1501 and the results are shown in Figs. 17–19, using
120 deg

0.025

Larger
Smaller
Original

0.020
Sign. Roll Ampl. [rad]



the minimisation of terminal’s motion responses,
the minimisation of GIFT’s displacement difference
from the original design,
the minimisation of the sea surface elevation on the
leeward side of the GIFT terminal at eight predeﬁned
positions. The points were classiﬁed into two groups,
namely those in shadow and exposed areas and the
average elevation of each group was used. Their
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0.000
0.00
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0.20
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0.25

0.30

0.35

0.40

Fig. 21. Volume difference vs. signiﬁcant roll amplitude at 1201 heading.
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Fig. 22. Volume difference vs. average elevation for the exposed and the shadow area locations for 1201 heading.

ARTICLE IN PRESS
E.K. Boulougouris, A.D. Papanikolaou / Ocean Engineering 35 (2008) 787–811

801

1.000
0.950
0.900
0.850
0.800
0.750
0.700
0.650
0.600
181 65 184 219 81 223 193 154 140 185 167 117 113 188 222 155 204 200 194
Design ID
Fig. 23. Design ranking for Case Study A1.

Table 4
Comparison of existing and optimal designs for the global optimisation studies (1501)
Parameter

Units

Existing

Opt. A1

Opt. A2

Opt. A3

Opt. A4

GIFT length
GIFT beam
GIFT draught
Skirt width
Displacement difference

m
m
m
m
m3

403
55
16
–
–

450
53
16
–
+8%

450
60
18
–
+37%

450
59
14
–
+5%

450
60
18
–
+37%

Attribute Weight At Saturation

0.25

0.20

Weight

0.15

0.10

0.05

0.00
Avg.
Exposed

Avg.
Shadow

Heave

Displ
Difference

Roll

Pitch

Yaw

Attribute
Fig. 24. Attribute weights at saturation for Case Study A2 for 1501 heading.
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different symbols for the original design, the designs with
larger displacement, and those with smaller displacement. The
calculations for the above designs for the wave heading of 1201
and the results are shown in Figs. 20–22. The relevant designs
were treated separately initially for each wave heading.
In order to rank them for the 1501 case, different utility
functions for the various attributes were used.
In Case Study A1 it was assumed that the DM considers
equally important all the seven design attributes (i.e.
attribute weight 17 at saturation) for the wave heading of

1501. The resulting design ranking is shown in Fig. 23. The
cyan column shows the attained score of the original design
(without skirt). The optimum and the original design
characteristics are given in Table 4.
In another scenario examined (Case Study A2), the DM
considers unequal weights for the design attributes for the
wave heading of 1501. The attained displacement was
considered less important, while the suppression of the wave
ﬁeld in terminal’s shadow area received the maximum
attention, followed by the exposed part in the approach

1.000
0.950
0.900
0.850
0.800
0.750
0.700
0.650
0.600
0.550
0.500
125 63 211 93 153 184 161 181 204 154 110 155 103 134 193 218 81 199 210 223
Design ID
Fig. 25. Design ranking for Case Study A2.

1.000
0.950
0.900
0.850
0.800
0.750
0.700
0.650

Design ID
Fig. 26. Design ranking for Case Study A3.

0
14
0
14
9
22
3
18
5

21

3
11
3

19

15
2
24
4
18
1
13
8
24
3
21
9
18
4
11
7
19
4
19
6
21
3
18
3
65

0.600
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area. The heave and the yaw motions were ranked third in
importance, leaving roll and pitch motions to the fourth. The
relevant weights are shown in Fig. 24. The resulting design
ranking is shown in Fig. 25. The cyan column shows the
attained score of the original design (without skirt). The
optimum and the original design characteristics are given in
Table 4. It is obvious that if the displacement difference is not
important to the DM, the largest allowable design is the best,
as expected.
The above decision-making scenarios were then applied
to the 1201 wave heading results for the same designs. For
the equally weighted attributes (Case Study A3) the
resulting design ranking is shown in Fig. 26. The cyan
column shows the attained score of the original design
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(without skirt). The optimum and the original design
characteristics are given in Table 4. Compared to the
optimum design found in Case Study A1, the breadth is
increased by 6 m and the draught is reduced by 2 m,
proving the increased importance of the lateral properties
of the design in this case.
Using for Case Study A4 the results for 1201 heading and
the same unequal weights as in Case Study A2, the
resulting design ranking shown in Fig. 27 is produced. The
cyan column shows the attained score of the original design
(without skirt). The optimum and the original design
characteristics are given in Table 4. It is obvious that if the
displacement difference is not important to the DM, the
largest allowable design is the best, as expected.

0.25

0.20

0.15

0.10

0.05

0.00
Avg.
Exposed

Avg.
Shadow

Heave

Disp
Differencel

Roll

Pitch

Yaw

Fig. 27. Attribute weights at saturation for Case Study A4 for 1201 heading.
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Linear Motion Sign. Amp. [m]

0.8
0.7
0.6
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0.4
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0.2
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0.1

Surge

0
0

2

4

6

8

Skirt Width
Fig. 28. Signiﬁcant amplitude of linear motions vs. skirt width for 1201 heading.
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8.3. Local optimisation results

are given in the following ﬁgures. From these results it is
apparent that:

For the local optimisation procedure it is considered that
only the skirt’s width changes. Given the fact that the
existing design has been thoroughly examined and it is
close to materialisation, it was decided that the local
optimisation should be performed based on the original
geometry, instead of the terminal geometry obtained
by the global optimisation. It is obvious that the same
procedure can be easily applied to any terminal geometry.
The results for the various skirt widths and wave headings





sway and surge remain basically the same and are thus
independent of the skirt’s width,
heave and pitch amplitudes increase signiﬁcantly with
skirt width for both headings,
roll amplitude decreases signiﬁcantly with skirt width
until a minimum value is reached, for certain skirt’s
width, and then it increases again. For the 1201 wave
heading, this width is 3 m, while for the 1501 it is 5 m,

0.016

Sign. Ampl. Angular Motion [rad]

0.014
0.012
0.01
0.008
0.006
Yaw

0.004

Roll
0.002

Pitch

0
0

2

4

6

8

10

Skirt Width
Fig. 29. Signiﬁcant amplitude of angular motions vs. skirt width for 1201 heading.

1.8

Average Surface Elevation [m]

1.6
1.4
1.2
1
0.8
0.6
0.4

Shadow Average
Exposed Average

0.2
0
0

2

4

6

8

Skirt Width
Fig. 30. Average surface elevation vs. skirt width for 1201 heading.
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the average wave elevation of the points located in the
shadow area generally decrease for the 1201 case, but it
shows a small increase for the 1501 case.
The average wave elevation of the points located in the
exposed area has a minimum for the 1201 case for a
skirt’s width of 8 m, but is almost constant for the 1501
case.

The results are shown in Figs. 28–33. Based on these
results, ﬁve different ranking scenarios were considered.
In Case Study B1 it was assumed that the DM values all
the attributes equally (i.e. attribute weight 17 at saturation).
Considering the performance of the various designs for the
1201 wave heading case, the resulting ranking is shown in
Fig. 34. From this it is obvious that the 2 m skirt design is
the optimum one. If the same utility functions are used but
the performance of the various designs is evaluated at the
1501 wave heading case (Case Study B2), the resulting
ranking is shown in Fig. 35. Here also the 2 m skirt width
design is optimum.

2
Average Surface Elevation [m]
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1.8
1.6
1.4
1.2
1
0.8
0.6
0.4

Shadow Average
Exposed Average

0.2
0
2

0

4

6
Skirt Width

8

10

Fig. 33. Average surface elevation vs. skirt width for 1501 heading.

0.700
0.600
0.500

Linear Motion Sign. Amp. [m]

0.400
0.6

0.300

0.5

0.200

0.4

0.100

Heave
Sway
Surge
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0
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Fig. 34. Design ranking for Case Study B1 (1201).

0.1
0
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6
4
Skirt Width
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8
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0.800

Fig. 31. Signiﬁcant amplitude of linear motions vs. skirt width for 1501
heading.
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0.400

Sign. Ampl. Angular Motion [rad]

0.006

0.300

0.005

0.200
0.004

0.100

0.003

0.000
0

0.002

Yaw
Roll
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0.001

1

2
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5
6
Skirt Width

7

8

9

Fig. 35. Design ranking for Case Study B2 (1501).

0
0

2

4
6
Skirt Width

8

10

Fig. 32. Signiﬁcant amplitude of angular motions vs. skirt width for 1501
heading.

Assuming that the DM expresses preference for the
attributes as shown in Fig. 36 and taking into account the
performance of the various designs for the 1201 wave
heading case (Case Study B3), the resulting ranking is

ARTICLE IN PRESS
E.K. Boulougouris, A.D. Papanikolaou / Ocean Engineering 35 (2008) 787–811

806
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0.2
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0.1
0.05
0
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Avg.
Shadow

Heave

Skirt
Area

Roll
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Yaw

Fig. 36. Attribute weights at saturation for Case Studies B3 and B4.
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0.400
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0.100

0.4
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0
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4
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Fig. 37. Design ranking for Case Study 3 of the local optimisation (1201).

0.36
0
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4
5
6
Skirt Width
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Fig. 39. Design ranking for Case Study 5 of the local optimisation (1201
and 1501).

0.800
Table 5
Total optimisation case study parameters

0.700
0.600

Wave periods
Wave heading
Wave spectrum
Water depth
VCG

0.500
0.400
0.300
0.200
0.100
0.000
0

1

2

3

4

5

6

7

8

9

Skirt Width
Fig. 38. Design ranking for Case Study 4 of the local optimisation (1501).

8–28 s with a step of 1 s
120
JONSWAP (hS ¼ 2.5 m, Tpeak ¼ 11 s, g ¼ 1.0)
75 m
Proportional to the depth of the original GIFT
terminal design
iXX
0.326B (acc. to existing)
iZZ, iYY
0.273L (acc. to existing)
Optimisation scheduler MOGA
Prob. of crossover
0.75
Prob. of selection
0.1
Prob. of mutation
0.15
DNA string mutation 0.2
ratio
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shown in Fig. 37. It is obvious that in this case the 9 m skirt
design is optimum. Using the same weights but evaluating
the design performance at the 1501 wave heading case
(Case Study B4), the ranking shown in Fig. 38 is calculated.
It is obvious that the 2 m skirt design is optimum.
Finally, merging the contradicting results of the last two
cases (B3 and B4) produces Case Study B5. Given the fact
that for the 1201 heading the best solution was the one with
9 m skirt, while for 1501 it was the one with 2 m, the
relevant importance of the two operational cases should be
provided by the DM. This could be based on his best
judgement or on the probability of occurrence of each wave
direction. Using a weight factor of 0.8 for the 1201 and 0.2
for the 1501, the ﬁnal ranking shown in Fig. 39 is produced.
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From this it is obvious that the 3-m skirt is the optimum
solution, based on the present scenario’s assumptions.
8.4. Total optimisation results
The ﬁnal optimisation procedure used to identify the
optimal terminal design for the various possible operating
conditions was that of the total optimisation, for which
geometries with and without skirts were considered by the
optimisation algorithm. For this case four design variables
were used, namely:



GIFT’s length in meters, varying in the range
350–450 m, with a step of 1.0 m,

Fig. 40. Process ﬂow for GIFT skirt optimisation in modeFrontier.

0.65
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0.35
0.30
0.25
0.20
0.002

0.003

0.004

0.005
0.006
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Sign. Roll Amp. [rad]

0.008

0.009

Fig. 41. Signiﬁcant roll amplitude vs. signiﬁcant heave amplitude at 1201 heading.
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GIFT’s beam in meters, varying in the range 45–60 m,
with a step of 1.0 m,
GIFT’s draught in meters, varying in the range 14–18 m,
with a step of 0.5 m,
skirt’s width in meters, varying in the range 0–8 m, with
a step of 1.0 m.




The objectives in the multi-objective optimisation were:





the minimisation of terminal’s motion responses,
the minimisation of GIFT’s displacement difference
from the existing design (global optimisation),
the minimisation of the sea surface elevation on the
leeward side of the GIFT terminal at eight predeﬁned
positions.

The remaining scenario parameters are given in Table 5.
The process ﬂow deﬁned in modeFrontier is shown in Fig.
40. A total of 203 designs were created. A few of the entire
set of scatter diagrams are shown in Figs. 41–44. The

original design depicted in these ﬁgures corresponds to the
existing geometry of the terminal with 5 m skirts.
For the analysis of these results, two decision-making
case studies were performed. In the ﬁrst one (Case Study
C1), all the attributes of the designs were considered
equally important (see Fig. 45).
The ranking resulting from this assumption is shown in
Fig. 46. The comparison of the main dimension of the
existing and the optimal design is shown in Table 6. The
optimal design has the maximum allowable length, breadth
reduced by 6 m and draught increased by 0.5 m. Its skirt is
only 2 m wide. The cyan column depicts the performance of
the original design.
Assuming (Case Study C2) a different preference
distribution by the DM such as the one depicted in Fig.
47 results in the ranking shown in Fig. 48. The comparison
of the main dimension of the existing and the optimal
design is shown in Table 6. It is obvious here also that as
soon as the displacement difference is neglected, the largest
design becomes optimum. The importance of the minimisation of the skirt area caused also the removal the skirt
for the optimum design.

0.65

Sign. Heave Amp. [m]

9. Conclusions
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0.4

Fig. 42. Volume difference vs. signiﬁcant heave amplitude at 1201
heading.
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0.010
0.008
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0.004
0.002
0.000
0.00

0.05

0.10

0.15

0.20 0.25
Vol_Diff

0.30

0.35

0.40

Fig. 43. Volume difference vs. signiﬁcant roll amplitude at 1201 heading.

An innovative procedure for hydrodynamic shape
optimisation applicable at an early design stage to develop
a ﬂoating LNG terminal with improved seakeeping
qualities has been developed, implemented and systematically applied for various design and environmental
conditions. Relevant and required pre- and post-processing
software interfaces have been developed and implemented.
The set-up procedure utilises three robust software
applications, namely one for the terminal’s geometry in
NAPA, one for terminal’s seakeeping, namely NEWDRIFT
and one for integrating the optimisation procedure, namely
within the software system modeFrontier.
Each software application has been veriﬁed to work
reliably in its ﬁeld. A geometric parametric model has been
developed for both the GIFT terminal and its skirt in
NAPA and some indicative results were presented herein. A
set of NAPA macros, FORTRAN applications and
modeFrontier batch ﬁles have been developed in order to
integrate the various tools and materialise the design
optimisation procedure.
The implementation of the optimisation procedure and
its systematic application has resulted in a very thorough
exploration of the design space. Multi-objective optimisation was performed and utility functions based on the
DM’s preference were used to assess and rank various
designs in order to provide useful feedback to the designer.
The procedure has proven its capability to handle the
optimisation both as a whole (total optimisation) or in
parts (global+local optimisation).
The ﬁndings of the applied optimisation procedure prove
that signiﬁcant improvements of the original design can be
achieved with respect to the terminal’s motion responses,
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Fig. 44. Volume difference vs. average elevation for the exposed and the shadow area locations for 1201 heading.

Attribute Weight At Saturation
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Skirt Area

Attribute
Fig. 45. Attribute weights at saturation for equal importance (Case Study C1).

the sea surface elevation on the terminal’s lee side, which is
critical for operating the terminal and approaching/
berthing the LNGC carrier in limiting environmental
conditions.
It should be noted that the complexity of the deﬁned
optimisation problem, determined by a large number of
geometric design and environmental parameters, and the
multitude of the desired objective functions leads to

multiple optimal solutions, depending on the preferences
of the DM, who determines the relative weights of the
various objectives and the utility functions. In any case it is
remarkable that in all examined scenarios there were a
multitude of design solutions superior to that of the
original design.
With respect to the terminal’s main dimensions, the
following trends with respect to the original terminal
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Fig. 46. Design ranking for equal importance.
Table 6
Comparison of existing and optimal designs for the total optimisation studies C1 and C2
Parameter

Units

Existing

Opt. C1

Opt. C2

GIFT length
GIFT beam
GIFT draught
Skirt width
Displacement difference

m
m
m
m
m3

403
55
16
5
–

450
49
16.5
2
+3%

450
60
18
–
+37%

0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00
Avg.
Avg.
Exposed Shadow

Heave

Displ
Roll
Difference
Attribute

Pitch

Yaw

Fig. 47. Attribute weights at saturation for varying weights.
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Fig. 48. Design ranking for varying weights.

characteristics were identiﬁed to lead to an improved
terminal’s performance:
(a) an increase of terminal’s displacement (what can be
considered trivial),
(b) for about the same displacement, an increase of
terminal’s length and decrease of the terminal’s draft,
(c) a decrease of the width of the terminal’s skirt to about
2–3 m.
Notwithstanding the above ﬁndings, the presently
developed and implemented optimisation procedure allows
extension of operability of the GIFT concept to higher sea
states, by ﬁne-tuning of the terminal dimensions and skirt
characteristics in a rational and effective way. Further
development of the presented procedure to include the
design of the employed mooring and thrusters system
appears feasible and requests proper interfacing of relevant
software applications to the generic optimisation procedure
deﬁned here. Thus the developed method appears to be a
very valuable design tool with strong potential for future
applications.
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