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a b s t r a c t

An optimization framework using genetic algorithms has been developed towards an automated para-
metric optimization of the Octabuoy semi-submersible design. Compared with deep draft production
units, the design of the shallow draught Octabuoy semi-submersible provides a floating system with
improved motion characteristics, being less susceptible to vortex induced motions in loop currents. The
relatively large water plane area results in a decreased natural heave period, which locates the floater in
the wave period range with more wave energy. Considering this, the hull design of Octabuoy semi-
submersible has been optimized to improve the floater’s motion performance. The optimization has
been conducted with optimized parameters of the pontoon’s rectangular cross section area, the cone
shaped section’s height and diameter. Through numerical evaluations of both the 1st-order and 2nd-
order hydrodynamics, the optimization through genetic algorithms has been proven to provide improved
hydrodynamic performance, in terms of heave and pitch motions. This work presents a meaningful
framework as a reference in the process of floating system’s design.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

An optimization framework using genetic algorithms has been
developed in this research, towards an automated parametric
optimization of the Octabuoy semi-submersible design, a new
floater concept designed for deep water areas. Compared with deep
draft production units, such as SPAR or other deep draft semi-
submersibles, the design of the shallow draught Octabuoy semi-
submersible provides a floating system with improved motion
characteristics, being less susceptible to Vortex Induced Motions
(VIM) in loop currents (Korbijn et al., 2005). Fig. 1 shows a view of
the shallow draught Octabuoy semi-submersible platform.

The shallow draught Octabuoy semi-submersible consists of an
octagonal shaped pontoonwith a rectangular cross section and four
circular columns. Parametric resonance is a phenomenon which
may occur when a parameter in a mechanical system varies over
time, which is different from ordinary resonance as it exhibits
instability. Parametric instability describes a coupling between
heave and pitch/roll and is known as the Mathieu effect in Fig. 1(b).

It can be triggered by an oscillation hydrostatic stiffness in the
vertical modes. It is possible to reduce the amplitude of the oscil-
lating stiffness by varying the cross-sectional area in the free sur-
face zone. Therefore, on the top of each vertical column, there is a
cone shaped section whose half height is around the still waterline
(Pettersen et al., 2007). The relatively large water plane area brings
the floating system a high deck load capacity, which makes it a
highly competitive solution compared to other semi-submersibles,
on one hand. On the other hand, the so thus decreased natural
heave period due to the relatively largewater plane area locates the
floater in a wave period range with more wave energy in harsh sea
conditions. A tuned mooring system has been proposed to ensure
the improved heave motion characteristics compared to other
semi-submersibles, making the floater suited for accommodating
steel catenary risers (Korbijn et al., 2005). In this scenario, an
optimization process can be developed to reduce the level of the
motion response in harsh sea states, improving the shallow draught
Octabuoy semi-submersible design’s hydrodynamic performance.

Design optimization includes the selection of a set of variables to
describe the design alternatives, objective function expressed in
terms of the design variables to be minimized or maximized, a set
of constraints expressed in terms of design variables and the
optimized variables’ values, while satisfying all the constraints.
Therefore, optimization formalizes what designers have done
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philosophically and can be operationally used during the design
process where analysis can be applied (Papalambros et al., 2000).
Genetic Algorithms (GAs) have been developed (Holland, 1973,
1984), to design artificial systems that retains the significant
mechanisms of natural systems including natural selection and
natural genetics, which combine survival of the fittest among string
structures with a randomized information exchange to form a
search algorithm. Compared with traditional optimizationmethods
such as Calculus-based methods, the enumerative methods and
random method, genetic algorithms are theoretically and empiri-
cally proven to provide robustness, due to its direct use of coding,
search from a population, blindness to auxiliary information and
randomized operators. Moreover, genetic algorithms keep the
balance between efficiency and efficacy in many different
environments.

In the previous research, automated hull shape optimization
procedure has been investigated and proven to be an efficient tool
for the improvement of existing and the development of new sys-
tem concepts in short time (Birk et al., 2001; Clauss et al., 1996;
Guha and Falzarano, 2016a). Multi-objective optimizations towards
a fully automated semi-submersible hull form have been conducted
through Simulated Annealing (SA) method (Park et al., 2015). It
shows that the total hull height is proportional to the structural

wright and inversely proportional to the heave motion. Non-
dominated Sorting Genetic Algorithms have been employed along
with radial basis function towards a Tension Leg Platform (TLP)
design to reduce the maximum dynamic tendon tensions (Zhang
et al., 2018). It was found that the maximum dynamic tension
shows positive correlation with pontoon height and width, and
negative correlation with hull draft, column spacing and column
diameter. Neural network prediction method and Inverse Multi-
Quadric radial basis function have been applied to estimate the
hydrodynamics performances for different hull forms during the
optimization process and proven to suppress the Semi-Submersible
platforms’ heave motion and total weight (Qiu et al., 2019).

In this research, GAs have been applied to optimize the hull
design of Octabuoy semi-submersible, in terms of the pontoon’s
rectangular cross section area, the cone shaped section’s height and
diameter, which are also called free variables. Through the nu-
merical evaluations in both the 1st-order and 2nd-order hydrody-
namics, optimization through GAs has been proven to provide
improved hydrodynamic performance, in terms of the energy
spectrum of heave and pitch motion and the wave drift loads. This
work presents a meaningful framework as a reference in the pro-
cess of floating system’s design.

Fig. 1. (a) View of the shallow draught Octabuoy semi-submersible platform (Korbijn et al., 2005), (b) General solution of the Mathieu differential equation.

Fig. 2. Optimization framework of the floater hull design.
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2. Optimization framework

In Genetic Algorithms (GAs), the first step in the optimization
process is to code the single parameter or multiple parameters into
a finite-length string or strings as the starting space. Each param-
eter is allocatedwith a probability that is positively correlative with
the corresponding objective function, which is also the criterion for
selection of the optimal design, including the design variables in
the model. The randomly selected information on each parameter
with a decided probability in the population will produce the
reproduction and crossover for the next generation. As a result, the
strings with a higher or lower objective function value obtains a
higher probability to contribute one or more offspring to the next
generation, making a directional process (Papalambros et al., 2000).
Therefore, GAs use a database rich in a population of strings to
search multiple peaks in parallel, reducing the probability of
converging a local peak.

The framework of optimization of the Octabuoy semi-
submersible hull design in this paper can be presented in Fig. 2.
The design parameters to be optimized are free variables while all
other parameters are fixed in the optimization procedure. A para-
metric hull of the Octabuoy semi-submersible is firstly generated,
according to the randomly generated free variables. With the help
of our in-house code, the numerical evaluation of the hull design’s
1st-order and 2nd-order hydrodynamic quantities will be con-
ducted, which will then contribute to the objective functions
including the sea keeping or global performance criteria. In this
study, a population of 50 makes the first generation. The informa-
tion contained in the free variables that are highly correlated to
smaller objective functions are with higher possibility to survive
and pass their information to the offspring. Through generations’
iterations, the objective functions converge and the key informa-
tion can be kept, forming the optimized parameters of the hull
design.

3. The expression of the second order force and moment

The direct integral of the wave pressure over the floating
structure’s wetted surface can be developed to derive the wave
forces in various orders.

F ¼ Fð0Þ þ εFð1Þ þ ε
2Fð2Þ (1)

Through previous research and the simplification of the hy-
drostatics, we can obtain:

Fð0Þ ¼ rgck (2)
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Similarly, thewavemoment on the floating structure can also be
derived through the direct pressure integral into a perturbation
form.

M¼Mð0Þ þ εMð1Þ þ ε
2Mð2Þ

¼ �∬
SM

pðX�X0Þ�ndS�∬
DS
pðX�X0Þ�ndS (5)

By applying the simplification of the hydrostatics, the moment
in various orders can be expressed as:

Mð0Þ ¼ rgyCBci� rgxCBcj (6)
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Fig. 3. The numerical model of the vertical cylinder: (a) Description of the vertical cylinder; (b) Numerical panel of the vertical cylinder.
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Fig. 4. The amplitudes of the drift force coefficients with respect to bichromatic wave frequencies (rad/s): (a) Amplitude of the wave drift force in X direction (kN/m2); (b)
Amplitude of the wave drift force in Z direction (kN/m2); (c) Amplitude of the wave drift moment in Y direction (kN/m).
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Based on the above expression (Xie et al., 2019; Xie and
Falzarano, 2020), the full Quadratic Transfer Function (QTF) of a
floating system can be numerically evaluated. To verify this

approach, a vertical cylinder has been selected as an example. The
diameter of the vertical cylinder is 40 m and its draft is 10 m. The
center of the gravity is 5 m above the equilibrium free surface. Fig. 3

Fig. 5. The comparison of the mean drift force coefficients with the standard commercial software: (a) Amplitude of the mean drift force in X direction (kN/m2); (b) Amplitude of
the mean drift force in Z direction (kN/m2); (c) Amplitude of the mean drift moment in Y direction (kN/m).
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shows the numerical model of this vertical cylinder. The environ-
mental parameters such as the wave direction and the water depth
are 180 deg and 1500 m, respectively. Therefore, considering the
symmetry of this vertical cylinder, the 2nd-order wave loads in the
longitudinal and vertical directions have been taken into consid-
eration. The full QTF numerically evaluated through our in-house
code is presented in Fig. 4, while the diagonal elements, namely
the mean drift force coefficients have been presented and
compared with the numerical results from the industry standard
commercial software WAMIT (WAMIT User Manual,) as a reference
in Fig. 5. The in-house code shows a good agreement with the in-
dustry standard commercial software and provides a convincing
numerical benchmark of the 2nd-order wave loads.

4. Original design of the Octabuoy semi-submersible

The design of shallow draught Octabuoy semi-submersible
consists of an octagonal shape pontoon with a rectangular cross
section, four circular columns with a cone shaped section whose
half height is around the still water level, and a plate deck. The
principal parameters (Korbijn et al., 2005) and the numerical model
of the underwater part of the prototype have been presented in
Table 1 and Fig. 6.

The characteristic of the wave drift loads needs to be taken into
consideration, especially for a floating structure with large volume.
Newman’s approximation has been widely applied in evaluating
the 2nd-order wave drift force with relatively low difference fre-
quency, possibly losing accuracy in the cases with relatively high
difference frequency. In the previous research (Guha and Falzarano,

Table 1
Principal parameters of the origin design.

Parameter Value Unit

Outer length 72 m
Pontoon height 4 m
Column diameter at bottom 15.5 m
Column diameter at water line 15 m
Draught 23 m
KG 17.5 m
Mass 25,000 ton

Fig. 6. Numerical model of the origin design.

Fig. 7. Full QTF of the origin design: (a) drift force in heave motion, (b) drift moment in pitch motion.

Fig. 8. The optimization: (a) Form 1; (b) Form 2.
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2015a,b; 2016b; Guha and Falzarano, 2016a; Liu and Falzarano,
2017a,b,c; Xie et al., 2020), the full expression of the 2nd-order
wave loads applied on floating structures has been derived and
presented through 1st-order and 2nd-order hydrodynamic quan-
tities, through which the full quadratic transfer function can be
numerically obtained. Through the quantities obtained in 1st-order
diffraction and radiation problem, inwhich the Green functionwith
finite water depth can be efficiently evaluated (Xie et al., 2017), the
full 2nd-order QTF of the original Octabuoy semi-submersible
design can be thus numerically evaluated and presented in Fig. 7.

5. Optimization

Two optimized hull forms have been developed, both of which
are with a varying cross section area at the pontoon part and a
different column diameter at the water line. In the first hull form,
there are mainly three parts in the vertical column, the lower part,
the middle part and the cone shaped section running through the
waterline. The diameter of the middle part is constant and larger
than its lower part that is from the original design. This constant
diameter of the middle column, the cone shaped section’s height
and diameter at thewater line and the lower column’s height are all
to be optimized during the optimization process. After that, the
height and the location of the middle column can be determined. In

the second hull form, the middle column part with a constant
diameter mentioned in the first hull form is missing, but still with
the cone shaped section with its height and diameter at the water
line to be optimized. The numerical models of both hull forms are
shown in Fig. 8. The free variables, namely the parameters in these
two hull forms to be optimized in each iteration are shown in Fig. 9,
Tables 2 and 3. There is a constraint of the displacement in each
iteration during the optimization process. An iteration of design
with a displacement within 5% difference from the prototype is
considered successfully satisfying the constraint in this research.

During the process of optimization through genetic algorithms,
four objective functions that contain the information regarding the
heave and pitch motions’ hydrodynamics response in both 1st-or-
der and 2nd-order diffraction and radiation problem have been
evaluated in each iteration. The viscous damping ratio in heave
direction is assumed to be 0.6% in the numerical simulation. The
first two objective functions are the total area of the spectrums of
the heave and pitch motions in the 1st-order, while the incident
wave spectrum is the Pierson-Moskowitz spectrum with the peak
period of 11 s and the significant wave height of 4.82 m. The last
two objective functions are the summations of the 2nd-order wave
load coefficients in the heave and pitch motions with difference
frequency smaller than 0.3 rad/s, to evaluate the potential level of
the 2nd-order motions in these two degrees.

Fig. 9. Design variables to be optimized in form 1 (a) and form 2 (b) and the pontoon part (c): (a) diameter of the column at the waterline (D1), diameter of the middle column (D2),
cone shaped section half height (H1), height of the lower column from the keel (H2); (b) diameter of the column at the waterline (D1), cone shaped section half height (H1); (c)
middle pontoon part’s length (L), middle pontoon part’s height (H3).

Table 2
Free variables in form 1.

Parameter Lower bound Upper bound Optimization Unit

Diameter of the column at the waterline 13.20 15.20 15.06 m
Cone shaped section half height 3.00 5.00 4.63 m
Diameter of the middle column 16.00 20.00 16.05 m
Height of the lower column from the keel 13.00 16.00 15.53 m
Middle pontoon part’s length 6.00 14.00 9.78 m
Middle pontoon part’s height 2.00 6.00 3.35 m

Table 3
Free variables in form 2.

Parameter Lower bound Upper bound Optimization Unit

Diameter of the column at the waterline 13.20 15.20 14.93 m
Cone shaped section half height 3.00 12.00 8.07 m
Middle pontoon part’s length 6.00 14.00 8.69 m
Middle pontoon part’s height 2.00 6.00 3.28 m
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Fig. 10. Optimization in form 1 through iterations of genetic algorithms: (a) Objective
function of the 1st-order heave motion, (b) Objective function of the 1st-order pitch
motion, (c) Objective function of the 2nd-order QTF in the heave motion, (d) Objective
function of the 2nd-order QTF in the pitch motion (red point: constraint successfully
satisfied, blue point: constraint unsuccessfully satisfied).

Fig. 11. Optimization in form 2 through iterations of genetic algorithms: (a) Objective
function of the 1st-order heave motion, (b) Objective function of the 1st-order pitch
motion, (c) Objective function of the 2nd-order QTF in the heave motion, (d) Objective
function of the 2nd-order QTF in the pitch motion (red point: constraint successfully
satisfied, blue point: constraint unsuccessfully satisfied).
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F1¼
ð
RAO2

3ðuÞ,SðuÞdu (9)

F2¼
ð
RAO2

5ðuÞ,SðuÞdu (10)

F3¼
X

QTF3ðu1; u2Þ; ju1 � u2j<0:3 rad
.
s (11)

F4¼
X

QTF5ðu1; u2Þ; ju1 � u2j<0:3 rad
.
s (12)

The information contained in the free variables that give a lower
objective function value will be kept and passed to the updated free
variables. The objective functions through various iterations are
shown in Figs. 10 and 11.

From Figs. 10 and 11, it can be seen that there are obvious con-
vergences in the objective functions of the 1st-order heave and
pitch motions and the 2nd-order drift loads in the vertical direc-
tion. The objective function regarding the wave drift load in the

Fig. 12. PM spectrum.

Fig. 13. Comparison of the origin and the optimizations: (a) RAO of the heave motion, (b) RAO of the pitch motion, (c) spectrum of the heave motion, (d) spectrum of the pitch
motion.
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pitch motion does not show that obvious convergence, which in-
dicates that the design parameters that reduce the 1st-order heave
and pitch motions and drift heave load present an insignificant
correlation with the wave drift load in the pitch motion. Despite
this weak correlation, there is still a significant decrease in the pitch
drift moment of the optimizations, compared with the original
design. The RAOs and the motion response spectrums of the opti-
mizations in these two forms have been numerically evaluated and
compared with the origin design, respectively. Two PM incident
spectrums (Hs1 ¼ 4.82 m, Tp1 ¼ 11s; Hs2 ¼ 9.3 m, Tp2 ¼ 15s) have
been selected in this scenario (see Fig. 12): the first spectrum has
been chosen to evaluate the objective function in the optimization
process, while the second incident wave spectrum with higher
significant wave height and peak period is to evaluate the optimi-
zations’ response in the extreme sea state.

Considering head sea, only the heave and pitch degrees of
freedom have been taken into consideration. From Figs.13 and 14, it
can be seen that both forms of optimization designs have a better
hydrodynamics performance in the 1st-order motions of heave and
pitch. Compared with the original design, the optimization

minimizes both heave and pitch RAO’s peak value and reduces the
motion responses that are within the wave period range with the
main wave energy in harsh sea states. As a result, there is a
respectively 30.99 and 4.22 percent decline regarding the total
spectrum area of the motions of heave and pitch in form 1 while Tp
is 15s, 30.92 and 3.12 percent decline while Tp is 11s. As for form 2,
the percentage decline is 40.45 and 10.59 while Tp is 15s, 40.86 and
8.20 while Tp is 11s, respectively (see Table 4).

Moreover, the full QTF of the optimizations in the motions of
heave and pitch have been numerically evaluated and presented in
Figs. 15 and 16. The diagonal elements of the full QTF matrix,
namely the mean drift load coefficients of the optimizations have
been compared with the origin design in Fig. 17, to directly present
the decline in the 2nd-order difference frequency wave loads
included in the objective functions and the so thus potentially
reduced 2nd-order motion. Therefore, this optimization framework
considering both the 1st-order and 2nd-order hydrodynamic
quantities shows its efficacy in directly minimizing the shallow
draught Octabuoy semi-submersible design’s 1st-order heave and
pitch motions and potentially reducing the 2nd-order motions.

6. Conclusion

A genetic algorithm has been applied in the shallow draft
Octabuoy semi-submersible hull optimization. During the process
of optimization, two hull form designs have been proposed, in
terms of various cone shaped column section heights, diameters
and the cross section areas of the pontoons. During each iteration of
the optimization process, a new set of free variables, namely the
parameters to be optimized is generated and the corresponding
hull form design is evaluated, according to its corresponding

Fig. 14. Comparison of the motion spectrums: (a) heave motion, (b) pitch motion.

Table 4
Optimizations’ decline in percentage of the 1st-order response spectrums compared
with the origin design.

Spectrum Form 1 Form 2

Heave Pitch Heave Pitch

Tp15 30.99 4.22 40.45 10.59
Tp11 30.92 3.12 40.86 8.20

Fig. 15. Full QTF of the optimization in form 1: (a) drift force in heave motion, (b) drift moment in pitch motion.
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objective functions that evaluate the 1st-order and 2nd-order hy-
drodynamic quantities. Through the comparison of the hydrody-
namic performance in both 1st-order and 2nd-order between the
final optimization and the original design, it can be seen that there
is an obvious decline in the RAOs of the heave and pitch, and the
corresponding motion spectrum in harsh sea state. Moreover, the
undermined wave drift loads enable the optimized design’s
improved 2nd-order motions. This work presents a meaningful
framework as a reference for the optimizations of the non-
shipshape and shipshape offshore platforms in our future work.
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