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ABSTRACT

The present work aims at solving the reverse engineering problem of reconstructing
the hull geometry of a ship utilising generally available information such as the hy-
drostatic table of the vessel. In general, the hull of a vessel is characterized by a com-
plex topology which cannot be represented by analytical expressions. The present
work investigates the possibility of recreating an approximation of the hull of an
existing vessel using as few inputs as possible. The presented approach method-
ology builds on CAD modeling algorithms of the vessel geometry, combined with
optimization algorithms, and benefits greatly by the available computational power
offered by modern computational systems.

In order to keep a high level of flexibility, the majority of the construction al-
gorithms that deal with hull parts, such as waterlines or sectors, are created with
the help of the open source C++ library OpenCASCADE. At first, we initialise the
shape of the hull using elementary information, such as the vessel’s length, breadth
and depth, along with fundamental lines that restrict its geometry. These lines are
the transom, flat of bottom, flat of side and the hull profile. Then, by utilizing
an optimization process, we compute the appropriate parameters of the hull CAD
model that lead to hull geometries which have hydrostatic properties close to those
reported in the hydrostatic table of the ship. Finally, the algorithm is applied for
reconstructing (a) the hull of a simple test vessel, designed within our software, and
(b) the hull of an actual cargo vessel. The results demonstrate that the presented
algorithm can generate the hull of the simple test vessel with very high accuracy
(mean relative error of the waterline geometry less than 0.1%), whereas promising
results are obtained for the case of an actual vessel where the corresponding mean
error has been below 2%.



YTNOUVH

H rnapoboua epyacio otoyelel oty enthuon tou mpoBAfuatog avtioTeopou TeXVIXol
oyedlacpol (reverse engineering) mou ogopd OTNY OVAXATACXEVH TNG YEWUETPOG TG
ydoTpog mholou, yenowonoldviac yevixd dladéoiuec TAnpogopie 6TWE TO UBPOCTATL-
%6 dudypappo Tou Tholou. I'evixd, n ydotpa Tou mAolou yapaxtneiletan and nepinhoxn
tonoloyla, 1 onolo dev umopel vor avanapas todel avaiutixd. H tapovoa epyaacio diepeu-
V& TN SuVITOTNTAL vl NLOLEY O WAS TPOTEYYLONE TNS YAOTEAS VPLO TAUEVOY OXAPOV,
Yenolonoldvtac 660 To duvatdy Arydtepa dedouéva elo6dou. H yedodoroyia npocéyyl-
one mou napovaldleton Bacileton oe ahydpriuoug povrehonoinone CAD g yewyetplag
Tou oxdPoug, oe cuvduaoud pe alyoprduoug BerticTonolnong, xou efval QLT oE pe-
yého Bodud e tn Pordeia tng Sladéoiunc umoloylo TXAC oY VOE TOL TEOCPEROLY T
GUYYPOVA UTOAOYIC TS GUC TAUATA.

Ipoxewévou va dwotnendel évo LPNAG erinedo evellog, N TAelOVOTNTA TWV CAYO-
plduwy xataoxeunc mou aoyololvtal pe e€apTNUATo YAOTEAS, OTKS oL ([GoAol ol ot
eYxdpotleg Touég, dnutoupyolvta ue T Bordela tne BiBAodxng avorytol xdduo C ++
OpenCASCADE. Apyxd, mpooeyy(leton 10 meplypaupo Tne YOO TROS, XENOULOTOLOVTAS
G TOLYELDOELS TANPOYOopleg, OTWS To UNRxog, To TAGTOC xou To Bddoc Tou oxdpous, Uo-
Ul e Poowéc ypopuée mou meplopillouv ) yewuetplo tou. Autéc ol ypouués elvon ta
transom, flat of bottom, flat of side, xod¢ xan t0 didunxec npogih Tou Tholov. Xt
ocuvéyeLla, Yenowonowwvtag uia dadixactio Bedtiotonoinong, urnoloyilovue TIC XTI
Mnhec mapoapétpoug tou poviéhou CAD tne ydotpac, mou odnyolv ce yewuetpleg ot
omoleg £0uUV LUBPOCTATIXES OLOTNTEC XOVTE OE QUTEG TOU AVAPELOVTAL OTOV LBPOC TATL-
%6 mivoo Tou mhofov. Télog, o alybpLipoc eapudleTan Yo THY AvVoXaTooXeLT| (o) Tov
%«0TOUC EVOC AhoU BoxipacTixol Tholou, Tou €yel oyedlac el evide Tou Aoylouixol TNng
Tapovoog epyaoiog, xat (B) e ydoTteas evée mpayUaTnol goptnyol mholou. To amo-
tehéopata xatadeviouy 6Tl 0 Topouclaldpevos ahyoptduog umopel var avanopdiel
YéoTeo Tou amhol doxipao ko) Tholou e Tohd udmhA axpifela (Wéco oyeTind opdipa
e YewpeTplog TwVodhnv uxedtepo and 0,1%), eved Tohh) utocybueva anoteAéoUATA
hapPdvovton yior Tny TeplnTworn evog tpayuotixod Tholou, énou To avtioTolyo Tto péco
opdhua etvon xdte and 2%.
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INTRODUCTION

Reverse engineering is the deconstruction of an object to its original design. We
usually apply reverse engineering techniques to complex objects to reveal their ori-
gin (designs or architecture) and retrieve all the appropriate information so as to
generate them from the very beginning.

Reverse engineering is commonly utilized in all engineering fields. The present
study tries to apply reverse engineering practices in the naval architect domain.

1.1 MOTIVATION

The construction of a vessel is a procedure divided in stages. There are two main
categories, the design and the production stage. At the design stage, engineers are
planing in details all the appropriate naval designs and set up the required compu-
tational simulations according to the these designs in order to estimate the vessel’s
stability and strength and also arrange the necessary changes to conform with the
international rules. This procedure is very complicated and time consuming, as
there are too many details that need to be settled for a vast number of components.
At the end of this stage, there are detailed plans and 3D designs of the entire ves-
sel including the hull, the superstructures and all the ship’s accessories. The next
phase is the production. The engineers at the shipyards make all the mandatory
plans using the information acquired by the design stage in order to produce the
vessel.

As mentioned above, in order to construct a vessel we need the detailed designs
and especially the hull. By having the hull in such a form, engineers can run nu-
merous simulations in order to inspect the behaviour of the hull (stability, strength)
in many conditions and evaluate the design in order to improve it further. Also, in
case of a damaged hull the lines of the hull are needed for the purpose of repairing
and restoring it at its original state. Additionally, when refurbishment is required, it
is essential to know the design of the hull in order to apply the appropriate changes.

In many cases, this digital model does not exist or it is damaged. For that reason
applying a reverse engineering technique that will be able to recreate a digital hull
design is very important and in some circumstances the only possible way.

1.2 PROBLEM STATEMENT

The purpose of this thesis is to develop a reverse engineering technique that will
regenerate the hull of a vessel without the detailed designs, but by using informa-
tion that every vessel holds regardless its age or its manufactured process (detailed
3D models are not available for every vessel) and with no need of travelling at its
location.

This is not an easy problem as hulls are very complicated shapes. The complexity
of these shapes is mainly due to the parts of the hull at the aft (stern)1.1 and at the
fore of the hull (stem)1.2.
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(a) Stern Profile View
(b) Stern Top View

Figure 1.1: Stern of the hull
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(a) Stem Profile View

(b) Stem Top View

Figure 1.2: Stem of the hull

1.3 LITERATURE REVIEW

1.3.1  Analysis

The idea of recreating a vessel using computational power is not something new.
There are studies that show how to handle a collection of data and regenerate the
hull or parts of a vessel.

Although, due to the ship’s enormity and schedule limitations of the most vessels
it is nearly impossible to apply the reverse engineering techniques that are being
used in other industries.

For example, in automotive industry small scanners and coordinate measuring
machines(CMM) are used to acquire the needed data from an automobile. Also, as
described in [1] automobile companies create smaller models in order to speed up
the process.

In aerospace industry, things are similar to the automotive industry. Laser track-
ers and 3D scanners are being used to create the appropriate data clouds[1]. The
procedure is more complicated comparing to the automotive industry. Despite air-
plane’s size, if we consider their working environment(airports) and the fact that an
airplane is available for inspection more frequently compare to a vessel, a reverse
engineering process can be applied without many problems.

2
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In the ship industry there are not too many methods that can be used. According
to H. J. Koelman][2] there are four categories.

The first category is the standard manual measurement. This method is the least
efficient one. Even if a laser meter is being used, is really difficult to measure all
the appropriate parameters in order to achieve a hull recreation. Also, there are
technical limitations concerning vessel’s length.

The second category is about devices like contact scanners. The problems with
such devices are similar to the previous category and for that reason there are not
being used at this kind of measure.

The following categories are the most important ones and they are being used
globally in order to achieve an accurate result.

The laser scanning technique is the first category of great importance in the
naval reverse engineering field. Vessels are digitized using large 3D scanners that
are capable of retrieving enough data that allows the engineers to create 3D CAD
models.

The most applicable technique of all is photogrammetry [3] [4]. It is a technique
based on images captured from different angles and directions of the object we want
to regenerate, in this case the hull.

After the appropriate data possession, what follows is the data pre-processing in
order to avoid any inconsistencies, noise or human errors during the data collection.
At the doctoral thesis of Desta Milkessa Edessa [5] there is a very detailed expla-
nation of these methods such as Nearest Neighbourhood, Noise Filtering, Down-
Sampling and Normal Estimation 1.1 .

Table 1.1: Data pre-processing methods

Nearest Neighbourhood Optimization problem of finding the point in a
given set that is closest to a given point

Noise Filtering Removing unnecessary data from images by
preserving the details of the same
Down-Sampling Reduce the number of points to efficiently
perform operations on point clouds
Normal Estimation Estimation of the normal at each point in a point
data cloud

Finally, these data must be constructed into an object; the surface of the hull.
Again, there are numerous ways to recreate a surface but we will not analyse them
as it is outside the scope of this work.

In the literature, many reverse engineering techniques are presented for parts of
the vessel and not the whole hull. For example, the housing of the main propulsion
propeller shaft [6]. In this study, a close range laser scanner was used to acquire the
needed data and a special software to create the surface of the object based on the
data cloud from the scanner. The average deviation of this model was 0.59mm while
its dimensions are ¢290425mm. The ship propeller blades [7] reconstructed using
a 3D camera with high accuracy and a laser distance sensor. This study propose a
fully automated procedure of a robotic scanning system that is able to reconstruct a
propeller blade with resolution of 0.1 mm. The propeller diameter that used for this
study is 3600 mm. Three photogrammetric procedures and one triangulation laser
scanner used to reverse engineer the blades of a small highly skewed propeller[8].
These techniques along with the appropriate software post-processing produced a
3D model with the worst spatial residual at 0.065 mm.

In the study [9] a photogrammatry technique applied in reconstructing the hold
of a bulk carrier with the help of a software to create the 3D model. The hold’s
dimensions are 30 x 25 x 15 m and for this study were used approximately 8oo
images with the final picture size computed at 1.2 mm.
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Yet there are also some interesting studies where reverse engineering techniques
that involve the whole hull or the even the entire vessel.

In Daniel Wujanz’s research [10] terrestrial laser scanning was applied to deter-
mine the sensor positions on a ship and the outer shell of the vessel was captured
by digital imagery and processed to a 3D point cloud by using multi view stereo
software.

Anna Nora Tassetti, Michele Martelli and Gabriele Buglioni [11] used a combina-
tion of data acquisition methods, standard manual measurement and photogram-
metry by using a laser distometer and a 18 Mega Pixels camera in order to obtain
the appropriate data and recreate a fishing vessel. The the data that obtained from
the distometer imported in a CAD software. In order to create the shape of the hull
they used NURBS surfaces. As they mention, for this procedure they spent a lot
of time. On the other hand, taking pictures of the vessel was pretty easy and with
the help of the commercial photogrammetric software they regenerate the vessel’s
geometry.

F. Menna , E. Nocerino , A. Scamardella [12] recreate the hull of a torpedo-boat
destroyer “Indomito” using photogrammetric techniques along with laser scanner
technique. They used a 12 Mega Pixels camera where the distance of the model
was 1m(average) and with the help of software they determine the circular coded
target centers. Also, they used a 3D Scanner, to obtain a dense point cloud of the
hull. Furthermore, they used some additional equipment to recreate the main deck
and the superstructure.Their research contributed greatly in the maritime heritage.
Two medium-scale prototype boats were scanned, a tsunami fisherman boat and a
catamaran hull vessel and re-engineered using close range photogrammetry and a
terrestrial laser scanner [13].

Pawel Burdziakowski and Pawel Tysiac [14] applied close-range photogramme-
try and terrestrial laser scanning techniques to regenerate the hull of a decommis-
sioned Polish Navy Ship Jastrzab(PNSJastrzab), ex-HNoMS “Kobben”(S-318). The
mean error between their calculations and the actual hull is at 5cm with a standard
deviation at 3cm.

In the study of Peter KJ. Tay, Collin H.H. Tang and H.E. Tang [15], a 4om anchor
handling tug hull was reconstructed via a close range phogrammetric model with
high accuracy of 4.1mm absolute mean of error. They used an digital SLR camera
along with a photogrammetric software. Fabio Menna and Salvatore Troisi [16]
re-engineer a 12m sailing boat with average distance of 1 millimetre of the actual
vessel. The equipment they used to obtain the required data was a digital camera,
370 circular targets(161 of them were coded) and two plumb lines. Except of the
equipment, they used different commercial software packages to edit the data and
create the 3D model.

1.3.2 Comparison and summary of existing approaches

In 1.3.1 we mention a lot of studies relative to the field of reverse engineering in ship
industry. All the researches are based on acquiring the needed data to reconstruct a
vessel or a smaller part of it by taking pictures or use special equipment like CMM
or laser scanners. These approaches require the natural presence of the researchers
at the location of the vessel. This is a really demanding requirement as not only
a group of people need to travel to a specific location but also the arrangement of
such a procedure that will bind a vessel for so much time is very difficult to be
found and may cost a lot of money to the owner of the vessel.

4
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1.4 AIM OF THE WORK

In the present study we try to reverse engineer a vessel with as less inputs as pos-
sible. The innovation of this research is that we are trying to reconstruct the entire
hull of a vessel with no actual photos or measurements. Although, we require a
series of inputs. We need, the profile of the vessel, the transom curve, the flat of
bottom and flat of sight curves along with the hydrostatic table. Moreover, we need
the main characteristics of the ship, the length, the breadth, the depth, the length
of the parallel mid section and also some coefficients related to the hull’s shape 1.2.
All of these data requirements exist for every operational vessel and can be easily
obtained at any time as vessels are obligated to hold this information on board.
Our approach to the problem is not based on image editing or data cloud process-
ing. We use the original data of a hull that contains huge amounts of information
that refers to its unique form(hydrostatic table) and shape limitations of its main
characteristics. We provide these data to a mathematical model and then through
optimization processes we try to reverse engineer the hull.

Table 1.2: Hull coefficients

Cg Hull coefficient

Cpm | Midship section coefficient
Cp Prismatic coefficient
Cwr Water line coefficient

1.5 METHODOLOGICAL APPROACH

In the following chapter 2 we analyse all the tools used, the calculations performed
and the mathematical model we build along with the optimization process that was
followed in order to create the results that are presented later 3 in this thesis.
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2 METHODOLOGY

In this chapter, we will explain in detail our approach to the problem including the
tools and the techniques that we utilised in order to obtain the results presented in
the following chapter.

21 TOOLS

We created this project in the integrated development environment ( IDE) Visual
Studio 2019 using C++ as the programming language.
At this point, we will mention the core libraries of the project.

1. Qt Software
Qt [17] is a free open-source library that we used in the current project in
order to create a graphical user interface ( GUI). Is one of the most popular
free open-source libraries using c++. Creating GUI is really important and
essential at this project because not only makes it easier for testing, but also
the results can be displayed at a graphical environment and evaluated in a
more efficient way. The pictures below 2.1 are an example of this GUI.

(a) GUI (b) Presenting results

Figure 2.1: GUI using Qt library
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2. Open CASCADE Technology Overview

OCCT[18] is an open-source software development platform for 3D CAD,
CAM and CAE developed by Open Cascade SAS. This project is a CAD soft-
ware. For all the appropriate lines,surfaces and shapes we created, a 3D CAD
was necessary. Although, we faced a problem related to the displayed graphi-
cal environment. We detect that the b-spline curve representation did not rep-
resent one hundred percent to the actual curves. OCCT simplifies the curve’s
detailed structure in order to display all the information.

Also, most of the calculations that refer to geometrical properties are com-
puted with the help of OCCT. The majority of the work is based on this library.
The figures 2.2a and 2.2b are snapshots of this CAD.

(a) Create surfaces and points (b) Boundary curves

Figure 2.2: OCCT library

3. Dlib
Dlib [19] is an open-source, general purpose library written in C++. In this
project we used it for its numerical optimization components.

4. OpenGA
OpenGa [20] is a free C++ genetic algorithm library. We apply this library at
some parts of the optimization process in order to obtain better results.



2.2 HYDROSTATIC & GEOMETRICAL CALCULATIONS |

2.2 HYDROSTATIC & GEOMETRICAL CALCULATIONS

At this point, we will break down both the hydrostatic and the geometrical terms
we use in this project along with the approach we chose to calculate them.

2.2.1 Water plane area (WPA)

WPA is the area of a longitudinal section(waterline) of the hull and differs for every
depth. We calculated WPA with the help of the library OCCT. The following picture
2.3 displays three waterlines in different depths. The colored areas represent the
WPA of each waterline.

12m

Figure 2.3: Longitudinal Sections

2.2.2 Second moment of area in Longitudinal Axis (Ixx)

Ixx is the geometrical property of the water plane area and reflects the points dis-
tribution of the waterline curve in x-axis. The mathematical equation of the second
moment inertia is the following 2.1 .

Lix = //A y2dxdy (2.1)

8
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2.2.3 Longitudinal Center of Floatation (LCF)

Longitudinal center of floatation(LCF) is the center of the longitudinal section (wa-
terline) of the hull and differs for every depth 2.4. It is calculated according to the
following equation,

2
LCF = % (2.2)

LCF

X

Figure 2.4: Longitudinal Center of Floatation

2.2.4 Volume (V)

When we refer to the volume of the hull, is about the volume between two or more
longitudinal sections 2.5.

Z A

Figure 2.5: Volume between two longitudinal sections
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2.2.5 Wetted Surface Area (WSA)

WSA stands for wetted surface area. It is the surface between two or more longitu-
dinal sections. At the picture 2.6 we present an example with two waterlines. We
create three ruled surfaces between every pair of waterlines, one for each region of
these waterlines; the stern, the parallel mid section and the stem.

(a) WSA back view (b) WSA front view

Figure 2.6: WSA

10
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2.2.6 CB

CB stands for center of buoyancy. It is the center of volume between two or more
longitudinal sections 2.7. It is separated in three coordinates as follows,
X-coordinate or Longitudinal Center of Buoyancy(LCB):

LCB = m (2.3)

Z-coordinate or Vertical Center of Buoyancy(VCB):

VCB = W (2.4)

The y-coordinate is always zero as the hull is symmetric on this axis.

Figure 2.7: Center of Buoyancy
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2.3 CURVATURE

Curvature is the amount from which a curve deviates from being a straight line. At
first, we calculate the tangents of the surface, for a collection of x-positions at the
curve and store these tangents as x and y coordinates. Then, we create points with
these coordinates and normalized them by the y-coordinate to ensure a uniform
display. Finally, we create two b-spline curves through these created points. One
for the stern 2.8a and one for the stem 2.8b. These curves represent the curvature.

(a) Curvature on stern with OCCT (b) Curvature on stem with OCCT

Figure 2.8: Curvature

12
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2.4 CALCULATIONS EVALUATION

In this section we will present proof that our calculations are correct by comparing
our results with the results that produced with the use of arithmetic methods with
the help of the software package Matlab [21].

For the evaluation process we created a special two dimensional shape 2.9(water-
line). This shape is separated in three parts. Each part is a polynomial curve. We
use polynomials because the calculations will be much easier and more accurate
than using splines or a complex function.

The first part is represented by the polynomial curve,
y(x) = —0.0037 - x? — 0.4762 - x + 0.0041, x € [0,60)

the second part is a straight line,

y(x) = 14.6,x € [60,130]

and the third part is represented by the polynomial curve,

y(x) = —4.8895-1078-x° +3.6476-107° - x* — 0.0109 - x> + 1.6387 - x> — 123.06 - x +
3.7126-103, x € (130,190]
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Figure 2.9: Polynomial Waterline

In the table below 2.1 we present the area attributes as calculated with our pro-
gram and the software package Matlab.

Table 2.1: Area Attributes Comparison
WPA[m?] I[m* LCF[m]

Our program 4586.859 278255 98.52
Matlab 4585.452 278240  98.494
Absolute difference 1.4068 15 0.026

Percentage Difference ~ 0.03 %  0.005 % 0.026 %

In order to compare the volume attributes we create two identical waterlines as
described above and form the 3d shape between them 2.10. The first waterline is
created at zero depth and the second one three meters above.
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Figure 2.10: Polynomial waterline

In the table below 2.2 we present the volume attributes as calculated with our
program and the software package Matlab.

Table 2.2: Volume Attributes Comparison

Volume[m®] WSA[m?] Longitudinal Center of Volume][m]

Our program 13760.02 5762.305 98.51888
Matlab 13756 5760.859 98.4938
Absolute Difference 4.021435 1.446462 0.025081
Percentage Difference 0.029 % 0.025 % 0.025 %

From tables 2.1, 2.2 we can see that the differences of the two calculating methods
are very close to zero.

2.5 GEOMETRY GENERATION

2.5.1  Waterlines

Waterlines are the longitudinal sections of the hull parallel to the XY plane. The
common construction of a waterline includes b-spline curves passing through a
large number of points creating smooth curves that meet the waterplane’s area
attributes. Also, these curves follow some boundary rules that are related to the
vessel’s limitations. In the following figure 2.11 we can see some waterlines at the
stern part of a vessel.

Figure 2.11: Waterlines at stern region-AVEVA Initial Design™

Every waterline meets the following structure :

1. at the stern region there is a b-spline that interpolates the points at the aft part
of the ship for a specified depth

2. at parallel mid section of the vessel there is a straight line that unites the aft
and the fore part of each waterline



2.5 GEOMETRY GENERATION |
3. at stem region there is also a b-spline curve interpolating the points at the fore

part of the ship

In the figure 2.12 below we present the three parts of the waterline’s structure.

Stern Region Parallel Mid Section Stem Region

Figure 2.12: The form of a common waterline

We create waterlines in a similar way to a common construction, but with a few
differences that determine their final form.
First of all, in order to create a waterline, we need the following input :

1. Desired depth

2. Profile

3. Flat of sight (FOS)

4. Flat of bottom (FOB)

5. Transom

6. Parallel mid section limits

7. Bilge radius

15
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The mentioned inputs are the limitations that our vessel must follow. These
limitations along with the vessel’s hydrostatic table is the information we request
from the user in order to start recreating the vessel’s hull.

We use the input mentioned above to obtain four points (or five if the boundary
curve transom is a part of this waterline), for each waterline.These points are part of
the hull and are placed according to the initial input. The first point is a stern-point,
the second and the third are the FOS-points and the fourth point is the stem-point
(from now on, we will refer to these points as boundary points).

Subsequently, we create a b-spline between the boundary points 1 and 2, one
straight line between boundary points 2 and 3 and one more b-spline between
boundary points 3 and 4 2.13.

Figure 2.13: Example of boundary points at a random depth

If the waterline cuts the boundary curve transom, the line-point sequence is the
following. First, we create a straight line between the boundary points 1 and 2, then
a b-spline between the boundary points 2 and 3, one straight line between boundary
points 3 and 4 and one more b-spline between boundary points 4 and 5 2.14.

Figure 2.14: Example of boundary points at a random depth including transom

We will now clarify the way that b-splines are constructed.

The most important is that we do not pass the b-spline curves through points, but
we use control points.
We use control points for two reasons:

(a) Itis easier to reach the desired curve attributes such as continuity, smoothness,
curvature.

(b) Control points are not necessary part of the curve. They are a set of points
that determine the shape of the b-spline curve. As a result, we can move the
control points more freely than the actual points of the curve.

We designed two types of curves for the stern (between boundary points 1 and
2). The distinction between these two types is one extra boundary point due to the
transom curve.
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2.5.1.1 Stern Curve : Type 1

The first type consists of a b-spline with a € (5,00) number of control points. The
first and the last control point are the boundary points 1 and 2, so there are a — 2
control points now that need to be settled.

We set the 2 — 2 control points(middle control points) as follows :

The control points are separated in smaller groups. The name of each group refers
to the number of control points. These groups are the a — 3 and the a — 4. All
groups are part of the total control points and every smaller group is part of the
next bigger group.

The x-coordinates of the 2 — 3 control points are equidistant between the bound-
ary points. The last middle control point is placed between the last point of the
group a — 3 and the boundary point 2. The y-coordinates of the 2 — 4 middle points
are on the straight line that is created between the two boundary points 1 and 2. The
last two middle control points are placed at the same y-coordinate as the boundary
point 2.

We demonstrate this construction with an image-example of 4 = 6 2.15.

Figure 2.15: Example of b-spline curve type 1 with 6 control points

For our b-splines we need G, continuity in order to achieve curvature continuity.
For that reason the degree of the b-splines must be at least 3 and as a result we re-
quire 4 control points minimum. Furthermore, for a b-spline curve of degree 3 we
need two control points col-linearly in order to achieve tangential continuity with
the parallel mid body, so the purpose of point a5 2.15 is to create a smooth connec-
tion between our b-spline and the straight line at parallel mid section. That is why
in our construction we need at least 5 control points. We place the x-coordinates
of our control points equidistant to achieve uniformity. The y-coordinates of the
a — 4 control points 2.15 are on a straight line between the end-boundary points.
We choose to place these points in such way because of our assumption that regard-
less to the shape of the stern(narrow or wide) it is a safe and fairly rational starting
positioning of the control points.

17
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2.5.1.2 Stern Curve : Type 2

The second type is almost the same. But at this type of b-spline there is an extra
boundary point due to the boundary curve transom 2.16.

Figure 2.16: Example of b-spline curve type 2 with 6 control points

2.5.1.3 Stem Curve

For the stem we designed one type of b-spline curve(between boundary points 3
and 4). This b-spline consists of a € (5, c0) number of control points. The first and
the last points are the boundary points 3 and 4, so there are a4 — 2 control points
now that need to be settled.

The a — 2 control points are setted (middle control points) as follow :

As we did for the stern b-splines, we separate the middle control points in smaller
groups. These groups are the a — 4 and the a — 5. All groups are part of the total
control points and every smaller group is part of the next bigger group.

The middle a — 2 control points are setted as follows :

The x-coordinate of the first middle point is the same as the the boundary point
4. The x-coordinates of the 2 — 4 points are equidistant at the space between bound-
ary points. The last middle point is placed between the last point of the group a — 4
and the boundary point 3.

The y-coordinate of the first middle point is a percentage of the y-coordinate of
the boundary point 3 and its value depends on ship’s profile. The a — 5 points are
on the straight line that is created between the first middle point and boundary
point 3. The last two control points are placed at the same y-coordinate as the
boundary point 3.

We will demonstrate this construction with an figure-example with a = 6.

The difference between stem b-splines and stern b-splines is the positioning of
the point a2 2.17. We choose to place this point at such way so the waterlines at fore
end up to a vertical tangent. We choose this construction because of the vessel’s
shape at stem.

18
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Figure 2.17: Example of b-spline curve at stem with 6 control points
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2.5.2 Sectors

Sectors are the transverse sections of the hull. They are usually produced by the
intersection of the waterlines. After sector’s first initialisation, we can move some
of the sector’s points in order to reach the appropriate attributes like curvature or
area. Then, we feed waterlines with these changes by doing the opposite procedure
that described above. We repeat this process until both sectors and waterlines reach
the necessary form.

We use the same method to initialise sectors. We create b-splines passing through
the points that are intersected with each created waterline. We evaluate our results
through the smoothness of the these curves and also it is one of the main output
results of the program. In the figure 2.18 we have isolate two sectors.

Figure 2.18: Example of two sectors created by seven waterlines

In the following picture 2.19, there is a grid of of sectors and waterlines which
share the same points.

Figure 2.19: A grid of sections and waterlines

2.5.3 Hull

Hull is the part of the vessel most of which is underwater and is responsible for
the vessel’s behaviour underwater. We create hull using waterplanes. After the
creation of multiple waterplanes we use OCCT library in order to create the shape
of the hull. For each pair of waterplanes we create one shell. This shell consists of a
pair of waterplanes (the up and down seals of the shell) , one trapeze surface from

20
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the waterlines’s end points(the back seal of the shell) and three ruled surfaces(the
front seal of the shell). We create one ruled surface, between the pair of waterlines,
for each region of these waterlines; the stern, the parallel mid section and the stem.
The unity of all these shells is the vessel’s hull 2.20. As the quantity of well pro-
duced waterplanes is increasing the closer we get in recreating the desired hull. As
mentioned in 2.5.1 in order to create a hull we need some initial information that
includes, vessel’s profile, flat of sight(FOS), flat of bottom(FOB), transom, parallel
mid section limits and vessel’s bilge radius.

(a) Back and Upper seals (b) Front and Down seals

Figure 2.20: Shell’s compartments

(a) Hull created by 18 waterlines (b) Hull created by 9o waterlines

Figure 2.21: Ship Hull
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2.0 OPTIMIZATION ALGORITHMS

In this section, we will clarify how we use the optimization algorithms. The main
aspect of optimization algorithms is that they select and evaluate data more effi-
ciently through iterations. The number of iterations depends on the stop strategy
that the algorithm uses.

We apply all the following algorithms in order to optimize the waterlines of the hull.

First of all, there are some common characteristics in all the algorithms. They are

based on single objective optimizations, which means that they evaluate the result
of a single function. The initial data that every algorithm uses are in section 2.5. For
every iteration the optimization algorithms determine the values of the variables
that are to be setted through a given mathematical space (2.6.3, 2.6.1) and/or the
evaluation process (2.6.2).
The values that change are the control points of both splines of each waterline that
are not boundary points. We create two different approaches on how to change the
coordinates of these points (the z-coordinate can not change because is one of main
characteristics of each waterline, the depth).

1. Change One Coordinate
After the initialization(2.5), the non boundary points can change only by the
y-coordinate, except the ones that define the waterline design as explained
in 2.5. This means that the control points that initially setted at the same
y-coordinate 2.15, 2.16, 2.17 can change only by the x-coordinate. This is a
simpler approach with few variables that need to be optimized.

2. Change both Coordinates
This approach is much more complex and difficult as the non boundary points
can change in both directions with the exception of the control points origi-
nally setted at the same y-coordinate.

We will now expound the mathematical spaces that we mention. These mathe-
matical spaces are based on the initial design of the section 2.5 and limitations of
the problem.

We build the spaces that refer to the x-coordinates of the control points according
to the their initial positions. Every non boundary control point is enabled to move
at the space between the second half of the distance of the initial position of the pre-
vious control points and its current initial position and the first half of the distance
of the initial position of the following control points and its current initial position.

We set the mathematical spaces of the y-coordinates of the control points ac-
cording to the hull’s breadth. This means that the y-coordinates are taking values
between 0.1 meters (we choose not to use zero due to very small values) and half of
the hull’s breadth as this is the waterline’s structure limit.

The picture below, shows the mathematical spaces for a control point.

Figure 2.22: Example of the mathematical spaces for the control points
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The only omission is for the waterlines of type 2 2.23. At this type of waterlines
we set the first non boundary control point of the first spline (stern region) at a
different mathematical space for the y-coordinate. We set the down limit to be
equal to the y-coordinate of the second boundary point and the up limit to be the
half of breadth (the up limit is the same as before). We set this control point in such
way in order to avoid waterline shapes that do not apply in a vessel’s hull 2.24 .

Figure 2.23: The y mathematical space for the first non boundary control point of waterline
typez

Figure 2.24: Waterline shapes that must be avoided

The first two optimization algoritms that we apply are part of the Dlib library.
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2.6.1 DlibFindMinGlobal

2.6.1.1  General Info

This algorithm attempts to find the global minimum of a given objective function
and not just a local minimum.We do not need to specify derivatives or starting
positions for our control points but only the mathematical space for each variable.
We also define the number of iterations for this algorithm (stop strategy).

2.6.1.2 How it works

The intention of this algorithm is to make as fewer function evaluations as possible
and it manages to do so by preserving two different kinds of models, a global and
a local model.

The global model is a non-parametric piecewise linear model that aims to con-
strue an upper bound for the given objective function. This approach is build on the
method described in lobal Optimization of Lipschitz Functions by Cédric Malherbe
and Nicolas Vayatis in the 2017 International Conference on Machine Learning [22]

The local model is a quadratic model fit around the best point until that moment
and is analogous to what is proposed in: The NEWUOA software for unconstrained
optimization without derivatives By M.J.D. Powell, 4oth Workshop on Large Scale
Nonlinear Optimization (Erice, Italy, 2004) [23].

There is a video in dlib’s site that illustrates how this algorithm operates.

Figure 2.25: Dlib algorithm Find Min Global

Find GLobal Max

24


http://dlib.net/find_max_global_example.webm

2.0 OPTIMIZATION ALGORITHMS |

2.6.2 DlibFindMinUsingApproximateDerivatives

2.6.2.1  General Info

The find_min_using_approximate_derivatives algorithm is capable of finding the local
minimum of a given objective function.

Thus, the effectiveness of find_min_using_approximate_derivatives is based on the
starting values of the variables. The number of iterations of the algorithm, are
determined by the stop strategy we use.

2.6.2.2 How it works

It uses an unconstrained minimization of a nonlinear function that uses a gradient
based line search policy to make the objective function significantly smaller. This
sort of practice is using the strong Wolfe conditions with a bracketing and then a
sectioning phase, both using polynomial interpolation. The stop strategy we choose
for this algorithm is the distinction between two consecutively results of the objec-
tive function. If this distinction is below a user-given value then the search ends.

2.6.3 OpenGA

2.6.3.1  General Info

This is a genetic optimizer. The approach of such algorithm differs from the afore-
mentioned algorithms we use. The outcome of this algorithm is partly affected by
the starting values and the number of iterations is depending on users threshold
and distinction between the iterations.

2.6.3.2 How it works

All kind of genetic algorithms are trying to imitate the way that nature changes
from generation to generation. In this genetic algorithm we choose the genes to
be the position of the control points. So, in every generation, which consists of a
number of different collection of genes (from now on we will call this collection
of genes, population) that were produced randomly in given mathematical spaces,
the algorithm evaluates every person of this population. After the evaluation, it
preserves a collection of the best people in this population. In order for a person
to be included in the population, the result of the objective function for this person
must be less than 5000. The following step is the cross-over. The algorithm is pairing
these selected people with each other in order to occur a better generation. The last
phase is the mutation.The algorithm selects a random number of the produced
genes and alter them at random in the given mathematical spaces. This procedure
continues for as many generations as we decide. For our calculations we create
populations consisting of 100 people for 30 generations. But there is an other way
for the algorithm to stop. This alteration stoppage depends on how improved the
result of the objective function is getting from generation to generation. If the result
is not improved by a minimum selected value, the algorithm will stop.

25



2.0 OPTIMIZATION ALGORITHMS | 26

2.6.4 Hybrid algorithms

Hybrid algorithms are the combination of the above algorithms in order to occur
better results.
We used two kind of combinations.

(a) DlibFindMinGlobal - DlibFindMinUsingApproximateDerivatives
(b) OpenGA - DlibFindMinUsing ApproximateDerivatives

The idea behind both combinations is the same. At first, we use an algorithm
that will lead the results as close as possible to the global minimum of the objective
function. Then, with well-collected variables and the use of DlibFindMinUsingAp-
proximateDerivative algorithm we will get the desired results.
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2.7 GEOMETRY EVALUATION

In order to rate the constructed geometry we created some tools. We built a se-
ries of functions that evaluate the geometrical characteristics of the hull and the
constructed waterplane areas, by comparing the desired vessel’s hydrostatic values
acquired from the ship’s hydrostatic table with the constructed geometry.

2.7.1  Objective Functions

We created two categories of objective functions. Objective functions that evaluate
each waterline independently by ratting the area attributes and objective functions
that rate not only the area attributes but also the volume attributes between two
waterlines.

2.7.1.1  Objective functions for Area attributes

These kinds of objective functions rate the WPA, Ixx and LCF of each waterplane
area (2.2). We provide these functions with the new positions of the waterline’s
control points. These new positions are a result of the optimization algorithms that
we explained in the previous sector (2.6). At first, we alter the waterline according
to the new control points and then calculate the area features of the waterplane
area. Moreover, the actual/square differences between the attributes of the altered
waterplane area and the actual waterplane area are calculated and every difference
is normalized by dividing each result to the analogous attribute of the actual wa-
terplane. Finally, the sum of these differences is the return value of the objective
function.

Objective function for actual differences,

_ I _1 _
¥ P
(x) _ |WPAComputed WPAReal| + | XXComputed xxRenl' |LCFComputed LCFReal|
WPARea IxxReﬂl LCFRreal

(2.5)

Objective function for square differences,
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(WPACOmputed - WPAReul)z + (IXxComputed B IxxReal)z + (LCFCUmputed - LCPReul)z

]_C' =
( ) WPARear IxxReﬂl LCFReal
(2.6)

where,
¥, is the vector with the new positions of the control points

2.7.1.2 Objective functions for Area and volume attributes

This kind of objective functions rate WPA, Ixx and LCB of the current waterplane
area (area attributes), including V, CB and WSA that is created between the current
waterplane area and the previous optimized waterplane area (if the current water-
plane area is the first one, the volume attributes are calculated with the help of FOB
2.2). We provide these functions with the positions of the new waterline’s control
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points. At first, we alter the waterline according to the new control points and then
calculate the area features of the waterplane area and the volume attributes of the
created shape. Moreover, the actual/square differences between the attributes of
the altered shape and the actual hull at this depth are calculated and every differ-
ence is normalized by dividing each result with the analogous attribute of the actual
waterplane area or shape. Finally, the sum of the differences is the return value of
the objective function.

Objective function for actual differences,

- |WPAComputed - WPAReal| + |IxxCumpufed B IxxReul‘ |LCFC0mputed - LCFReal|

f(x) WPARea Ixmel LCFReal
|V01”meComputed - VOl”meReal| |WSAComputed - WSAReal| |LCBComputed - LCBReal|
Volumepg,y WS ARear LCBRear
|VCBComputed - VCBReal|
VCBReal
(2.7)

Objective function for square differences,

f(f) o (WPAComPuted - WPAReul)2 + (IXXCmnputed B IXXReaI)2 + (LCFCUmP”tfd — LCFRE“I)Z

WPAReal IXXRM LCFReal
(VOlumeComputed - VOlumeReal)2 + (WSACOmputed - WSAReal)2 (LCBComputed - LCBReal)z
Volumegeq WS ARear LCBReal
(VCBComputed - VCBReal)2
VCBReal
(2.8)

where,
X , is the vector with the new positions of the control points

Additionally, we boost both of these objective function categories with some ex-
tra options so as to obtain more results in different ways and observe how these
changes remodel our initial design.

2.7.1.3 Extra options for the objective functions

(a) Curvature Changes

For every waterline we have two b-spline curves. For each curve we calculate
the changes of curvature. If the number of changes is bigger than 3 at the
b-spline in stern region or the one at stem region then we add to the objective
function’s result a big number(10%) as a punishment for these control points
positioning. The number of curvature changes in most hulls is three for both
stern and stem curves, so we will not accept a curve with more curvature
changes. Moreover, in order to discourage curvature numbers with 2 or 3
changes we add to the result of the objective function the product of the initial
result, the number of curvature changes of both curves and a normalization
factor. This normalization factor is a number that its role is to not let this extra
addition dominate the objective functions result, but only to affect it.



2.7 GEOMETRY EVALUATION \

Altered objective function after curvature,
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f (%) curvature = f(X) + NegativePunishment + k- f(X) - (CurveChangel + CurveChange2)

(2.9)

where,
NegativePunishment, is the number 103

k € (0,1) , is a normalization factor that shrinks this product in order to not
dominate this function’s results

CurveChange1 and CurveChange2 , are numbers that represent the changes
in curvature for the B-splines at stern and stem regions.

Weights

As mentioned before, the result of the objective functions is the sum of the
actual/square differences between the waterplane area’s actual attributes ex-
tracted by the hydrostatic table and the attributes we calculate from our design.
We normalize these square differences because we want all the attributes to
be at the same scale. But there is also a different approach to this problem.
We can select different weights for each attribute in order to manipulate the
curves.

For example, if we choose to use the objective function for the waterline at-
tributes with the actual differences, the objective function’s equation with the
use of weights will be,

A. |WPAC0mputed - WPAReal| +B- |IxXComputed - IxxReal| +C. |LCFC0mputed - LCFReul|

WPARE&I Ixmel LCFReal
(2.10)

where,
A, B,C € [0,100000]

2.7.2 Modelling evaluation

We create the objective functions to evaluate the hydrostatic values. Although, in
order to judge whether we are heading to the right direction we must also be able
to evaluate the actual distances between the curves.

For that reason, we created a function to compare the calculated hull with a hull
that we know its actual points a priori.

We use two metrics.

1.

Square distances in waterlines

We measure the y-distance in a range of x positions between the two water-
lines, we deduct these distances and store the square of the result. Also, we
add all these results for every x-position in order to obtain a total evaluation
of the waterline.

. Minimum distances in waterlines

For the same x positions mentioned above we measure the minimum distance
between the two curves and store the square of the result. For every longi-
tudinal position we acquire a number that represents the minimum distance
between these curves. Also, we store the minimum distance of its point.
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The following figure 2.26 shows the difference between the two metrics.

Computed Waterline

Real Waterline

3 4

Figure 2.26: Example of the metrics

2.7.3 Selection of the proper objective function

The selection of the appropriate objective function is a really demanding process.
We perform a series of tests in order to end up with one objective function. For all
the following tests we use the optimization algorithm

find_min_using_approximate_derivatives as it is the only algorithm that we use in
order to find local minimum.

2.7.3.1 Uniqueness

First of all, we prove that a waterline can not be fully described by setting its area,
the second order inertia and the longitudinal center of its area. In other words,
there are infinite waterlines that share these area attributes.

In order to prove this statement we enforce the following procedure.

Firstly, we use the waterline that created in 2.4 as the model that we want to
reach its geometry. Afterwards, we create a waterline as described in 2.5.1 with one
difference. Due to the special form of the polynomial waterline in the stem area,
the spline we use for the stem area is the same type as the one at the stern region.
The waterline’s splines have degree 3 and 8 control points its spline.

Finally, in the optimization procedure we use the objective function for the area
attributes as described in 2.7.1.1 with no use of either the curvature option or the
weights option.

We repeat the above procedure three times by altering the initial position of the
control points randomly.

The percentage difference between the waterlines attributes is less than 1073% for
each attribute (area, Ixx, LCF) and we consider these attributes equal to each other.

In following tables 2.3, 2.4 we can see that there are more than one waterlines with
the same area attributes 2.5 and in the image 2.27 we observe that these waterlines
have different shapes.
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Figure 2.27: Waterlines with same area attributes

Table 2.3: Differences in area attributes - Waterline 1

Waterline 1

Attribute Real Computed Percentage difference
Area [m?] 4586.858 4586.858 0.000
Inertia [m*] 278255.218 278255.597 0.000

LCF [m] 98.520 98.521 0.000

Table 2.4: Differences in area attributes - Waterline 2

Waterline 2

Attribute Real Computed Percentage difference
Area [m?] 4586.858 4586.860 0.000
Inertia [m*] 278255.218 278255.252 0.000

LCF [m] 98.520 98.519 0.000

Table 2.5: Differences in area attributes - Waterline 3

Waterline 3

Attribute Real Computed Percentage difference
Area [m?] 4586.858 4586.852 0.000
Inertia [m*] 278255.218 278255.316 0.000

LCF [m] 98.520 98.520 0.000

2.7.3.2 Weight&lnitialization Testing

After the conclusion of non uniqueness 2.7.3.1 we test the objective function for area
attributes with the weight option 2.7.1.3. In order to test the impact of the weights
we created particular sequences of the variables A,B and C that represent the weight
for the waterplane area, the second order inertia and the longitudinal centre of area
respectively. These sequences are all the possible combinations of the numbers 1,
10, 100, 1000, 10000, 100000 in trinities. The reason for this approach is to examine
the relation between the attributes and how this could affect the final form of the
waterlines. We use the metric of minimum distances 2.7.2 to evaluate the result of
its combination.

For these tests we use the polynomial model as described in 2.7.2 with 6 control
points of degree 5 for each spline. Also, we choose to use the objective function for
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actual differences. Finally, we perform these tests many times for different initial
control points in order to examine the importance of the initialization.

In the two following tables 2.6, 2.7 we present some of the results as there is no
point in displaying the results in total. In both tables we have included the trinity
with the best result and highlighted. The difference between these tables is that the
initial control points are different 2.28. In the first approach, the control points are
closer to the desired design while in the second one they are not so close.
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Figure 2.28: Comparison of different initialisations

Table 2.6: Objective function’s behaviour with weights Initialization 1

Sum of Square Minimum

A B C Distances [11%]
10000 100000 10000 0.533992
1 1000 10000 5.72001
10000 100 10000 2.70227
100000 1000 100000 2.62452
100000 1000 1000 1.48763
1 1000 1 46.9744
100 100000 10 44.8244
100000 1 100 2.60368
100 10 1 44.7921
10000 1 10000 2.99995
100000 10 1 43.6721
1000 10 10 44.6219
100000 10000 1000 0.357639
100000 1 1 45.2572
10 10000 10000 4.30862
100 1 10 38.9659
1000 100000 100000 5.68345
100 10 1000 37.9454
1 100000 100000 5.62299
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Table 2.7: Objective function’s behaviour with weights Initialization 2

Sum of Square Minimum
A B C . 2
Distances [m“]
100000 100000 10000 26.501
1 1000 10000 105.738
10000 100 10000 2.25535
100000 1000 100000 2.35003
100 10000 100 0.8988
1 10 100000 28.7949
1 10000 10000 7.50583
1000 1000 1000 7.31867
100 10 100 2.1387
100000 10000 100 44.0368
1000 1000 100000 13.6209
1 10 1 39.6273
10 1000 10000 105.423
1000 10000 1000 0.359759
100000 10 100000 2.6798
10000 1000 1 45.1671
100000 1000 10 44.9854
100 10 1000 133.3
1000 100 10000 2.41391

As we can see in the tables, for each initialization we have different best trinities.

In the initialization where we are closer to the final design, the attribute that is
boosted the most is the computed area attribute.

In the initialization where we are not so close to the desired form the attribute
that is emphasized by the optimizer is the second order inertia.

We find the results pretty logical. When the initialization is closer to the solution
the optimization process is focusing on the attributes that have the least impact
to the shape of the curves. On the other hand, as we diverge from the solution
the optimizer will make bigger and bigger changes to the the shape and the most
important attribute that responds to these changes is the second order inertia.

To sum up, for this optimization process that we have chosen the weights can not
help us solve this problem so we will not use them at all. Although, the initialization
of the control points is really important and has a great impact to our optimization
problem.

2.7.3.3 Curvature&Stop Strategy Testing

At this point we will examine the objective functions (actual/square differences)
behaviour for the curvature option and how the stop strategy’s accuracy that the
optimization algorithm uses can affect the final design. We will perform these tests
for the polynomial waterline 2.4 and for waterlines with more than one curvature
changes by using waterlines from a real ship 2.29, 2.30. We choose to test waterlines
of different shapes in order to gain better results. We use 8 waterlines at depths o.1,

1,3,5,7,9, 12, 15.6 m.
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Figure 2.29: Aveva Model - 8 waterlines

(a) Stern View (b) Bow View

Figure 2.30: fig:Aveva Model 8 waterlines -Views

In 2.7.1.3 we mentioned how we apply the curvature option in our objective func-
tion. In the testing process that follows, we try three different values for the nor-
malization factor k. These values are 0, 0.01 and 0.1 .

As mentioned in 2.6.2 the stop strategy we choose for the algorithm is the distinc-
tion between two consecutively results of the objective function. If this distinction
is below a user given value then the search ends. We will test seven values as user
values, 1071,107%,1073,107%,107>,107%,10~7.

For all the tests we create waterlines as described in 2.5.1. The waterlines splines
have degree 5 and 6 control points.

Firstly, we present the results for the polynomial model.
Objective function for actual differences,

|WPAComputed - WPAReal| + |IxxComputed - IxxReul| |LCPComputed - LCFReal|

f ==
f( ) WPARear Ixmel LCFRear

(2.11)
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Table 2.8: Polynomial Model - Objective function with actual differences - Curvature factor

k=o
Terminate Value Sum of Square Minimum Distances [m?]
10! 5.41434
1072 5.41434
1072 5.41434
107* 5.41434
107° 5.41434
10°° 5.41434
1077 5.41434

Table 2.9: Polynomial Model - Objective function with actual differences - Curvature factor
k =o0.01

Terminate Value Sum of Square Minimum Distances [m?]

10T 5.3601
1072 5.3601
1073 5.3601
1074 5.3601
1075 5.3601
10~° 5.3601
10~7 5.3601

Table 2.10: Polynomial Model - Objective function with actual differences - Curvature factor
k=o.1
Terminate Value Sum of Square Minimum Distances [m?]

10T 76.083
1072 76.0824
1073 76.0824
1074 76.0824
107° 76.0824
10~ 76.0824
1077 76.0824

Objective function for square differences,

(J_C') - (WPAComputed - WPAReal)z + (IxxComputed o IxxReal)z + (LCFComputed - LCFReal)z
WPARea1 IxxRe,,l LCFRrea

(2.12)

Table 2.11: Polynomial Model - Objective function with square differences - Curvature factor

k=o
Terminate Value Sum of Square Minimum Distances [m?]
10T 23.7249
1072 23.7155
1073 23.7155
1074 23.7155
107° 15.2759
10~° 3.69427

1077 3.69813
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Table 2.12: Polynomial Model - Objective function with square differences - Curvature factor
k=o0.01

Terminate Value Sum of Square Minimum Distances [m?]

10T 23.7221
1072 23.7128
1073 23.7128
1074 23.7128
1075 15.269
10-° 3.70068
10~7 3.69789

Table 2.13: Polynomial Model - Objective function with square differences - Curvature factor

k=o0.1
Terminate Value Sum of Square Minimum Distances [m?]
1071 23.6967
1072 23.6873
1073 23.6873
1074 23.6873
1075 15.276
1076 3.69769
1077 3.69917

From the tables above 2.8, 2.9, 2.10, 2.11, 2.12, 2.13 we can see that the best results
for the polynomial model are from the objective function of square differences with
a terminate value 107°. The curvature option in these tests do not have any impact
as the polynomial model do not have any curvature changes.

Secondly, we present the results for the Aveva model for the 8 different waterlines.
Objective function for actual differences,

|WPAC0mputed - WPAReal| + |IxxCamputed B IxxReal| |LCFComputed - LCFReul|
WPAReal IxxRMl LCFReal

f(x) =

(2.13)

Table 2.14: Aveva Model - Objective function with actual differences - Curvature factor k = o

Terminate Value 101 1072 1073 107* 10°> 107® 1077

Waterline Depth [m] Square Y-Difference [m?]
0.1 11.161  8.244 2519 2382 2382 2381 2.381
1 24.527 24.527 22.599  7.76 7.76 7.76 7.76
3 13.877 10.961 10.958 10.958 10.958 10.958 10.958
5 6.679 3.689 3.689 3.689 3.689 3.689 3.689
7 49.1  48.858 45304 4.696  4.606  4.696  4.696
9 126.23 8.032  8.032 6.26 6.268  6.268  6.268

12 36.832 36.832 2.531 2.531 2.531 2531 2.531
15.6 17.7 1.479 1.479 0.936 0.928 0.928 0.929
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Table 2.15: Aveva Model - Objective function with actual differences - Curvature factor k =

0.01
Terminate Value 10t 102 10 10* 10° 10° 107
Waterline Depth [m] Sum of Square Minimum Distances[m?]
0.1 8.833 5.541  5.605 5605 2381 2.381 2.381
1 24.527 24.527 22618 7781 7781 7781 7781
3 13.807 10.889 10.889 10.889 10.889 10.912 10.912
5 6.62 3.669 3.669 3.669 3.669 3.669  3.669
7 49.015 48.759 4.692  4.692  4.692  4.692  4.692
9 127.583  7.82 7.82 6.268 6.278 6.281  6.281
12 36.724 36.724 2.532  2.532 2,532 2532  2.532
15.6 18.264 14.33 1.101  0.917 0.929  0.929  0.929

Table 2.16: Aveva Model - Objective function with actual differences - Curvature factor k =

0.1
Terminate Value 10t 102 10% 104 10-° 10-° 1077
Waterline Depth [m] Sum of Square Minimum Distances[m?]
0.1 7.916  4.702  4.702 4.702 4.702 4.702 4.702
1 24.527 24.527 22.603  7.754 7754 7-754 7754
3 13.211 10.349 10.437 10.482 10482 10482 10482
5 6.161  6.298  6.298 3.882 3.882 3.882 3.882
7 48.276  47.798  4.717 4717 4717 4717 4717
9 160.91 160.91 129.7 129.994 129.994 120.994 129.994
12 36.609 36.609 2.843 1.702 1.702 1.702 1.702
15.6 17.181  1.197  1.197 0.945 0.945 0.929 0.929

Objective function for square differences,

(LCPComputed - LCPReul)Z

(WPAComputed - WPAREHI)Z + (IxxComputed - IxxReal)2

]_C' =
f&) WPAgen -~

LCFle

(2.14)

Table 2.17: Aveva Model - Objective function with square differences - Curvature factor k =

o
Terminate Value 101 102 10 10* 10° 10° 1077
Waterline Depth [m] Sum of Square Minimum Distances[m?]
0.1 14.846  14.846 2179 21.83 2358 2.358 2.358
1 27.377  27.377 27377 35393 3.602 3.598 3.598
3 17.018  17.013 17.013 22.04 22.04 5.709 5.71
5 9.202 9.202 9.207 10.334 3.116 3.116 3.116
7 54.647 54631 54.631 54.631 4.502 4.502 4.503
9 161.234 161.234 42.416 39.179 6.535 6.535 6.827
12 37.824 37.685 0.694 0.676 0.676 0.676 0.676
15.6 23.178  23.162 23.162 1.464 1.464 1.465 1.465
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Table 2.18: Aveva Model - Objective function with square differences - Curvature factor k =
0.01

Terminate Value 101 102 103 10% 10° 10° 107

Waterline Depth [m] Sum of Square Minimum Distances[m?]

0.1 14.846  14.846 2179 21.83 2.358 2.358 2.358
1 27.418  27.418 35.406 35441 3.598 3.598 3.599
3 17.019  17.013 17.013 22.04 22.04 5.709 5.71
5 9.202 9.202 9.207  10.334 3.117 3.117 3.117
7 54.647  54.632 54.632 54.632 4.497 4.503 4.503
9 161.376 161.376 42.925 40.168 6.561 6.802 6.813
12 37.822  37.685 0.693 0.676 0.676 0.676 0.676

15.6 23.178  23.162  23.162  1.47  1.465 1.465 1.465

Table 2.19: Aveva Model - Objective function with square differences - Curvature factor k =

0.1

Terminate Value 101 1072 0% 10* 107° 10°® 1077
Waterline Depth [m] Sum of Square Minimum Distances[m?]

0.1 14.846  14.846 2179 21.831 2358 2.358 2.358

1 27.377 27377 27377 35395 3.595 3.598 3.598

3 17.019  17.013 17.013 22.041 22.041 5.709 5.709

5 9.202 9.202 9.207 10.334 3.117 3.117 3.117

7 54.648  54.633 54.633 54.633 4.495 4.501 4.503

9 162.067 160.695 41.359 40.721 6.442 6.797 6.806

12 37.915  37.915 37.915 0.678 0.677 0.677 0.677

15.6 23.178  23.162 23.162 1.469  1.465 1.465 1.465

From the tables above 2.14, 2.15, 2.16, 2.17, 2.18, 2.19 we can see that this prob-
lem is a bit more complex than the previous. Again, the best results are from the
objective function of square differences. Furthermore, in all examined cases the
terminate value does not need to be smaller than 107° to get the best results. But
in order to be on the safe side we will choose as terminate value 10~7. As for the
curvature option, there is almost no difference between the results but there is a
difference in the execution time. The faster results are produced by the objective
function with the curvature k = o.01.

Finally, the objective function we choose based on the previous analysis is the
following equation,

f (%) curvature = f(X) + NegativePunishment + 0.01 - f(X) - (CurveChangel + CurveChange2)
(2.15)
where,

2
f()—c») _ (WPACompured —WPAReq )2 + U”Computed 71”Reul ) + (LCFComputed_LCFReal )2
WPAReal LCFReal

IxxReaI



RESULTS

At this chapter, we present the results of a number of test cases. We created a

categorization of testing in order to get as much trustworthy results as possible.

The main categories we created are two. One category where we are trying to
regenerate models created by our own construction and a second category with a
vessel created by the program Aveva Marine. By this way, we escalate the adversity
and leading to not treacherous results. The rest of the categories pertain to the
objective functions and the optimization algorithms we already mentioned.

3.1 INITIAL MODEL

In order to create models through our program, we needed some initial data. So
we used the boundary curves of a real ship. After that, we alter the initial control
points that our program creates,by changing their y-coordinates, so as to build a
different model. We calculate the hydrostatic values for that model and finally we
try to regenerate this model through our optimization method.

We create a model where the original y-coordinates that our program created are
decreased by 20%. We make an exception for the splines that are attached to the
transom. In order to avoid creating a shape that will not comply with the common
waterline shapes of a vessel, the points of the splines that are attached to the transom
are reduced only by 4%.

3.1.1  Optimization Characteristics

For all the optimization procedures to reverse engineer this model we generate
geometries with the following characteristics

1. Stern B-spline
The degree of the spline is 5 with 6 control points

2. Stem B-spline
The degree of the spline is 5 with 6 control points

This combination for the number of control points and the degree number for the
splines was chosen after numerous of tests. For combinations with smaller number
of control points and degrees the results were not as good as the selected and for
bigger numbers of control points or degrees the optimization process was not only
really slow but also the accuracy improvement was almost zero.

3.1.2 Vessel's Characteristics

We create the model based on the initial data bellow. We create 19 waterlines, which
means one waterline every 1m and one extra in the maximum depth.

e Length : 181.45m

e Breadth: 29.2m
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e Depth: 15.6 m
e Radius: 2.523 m
o Parallel Midbody extent : 60.585 m - 129.825 m

We will present the main features of the vessel with the following figures 3.30,
3-31, 3-32, 3-33, 3:34
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3.1.3 Results using DlibFindMinUsingApproximateDerivatives

This optimization algorithm produce good results if the initialization of the con-
trol points is close enough. Otherwise, the differences between the desired and
the produced geometry will be very different in terms of shape but with similar
area/volume attributes.

3.1.3.1  Objective function for area attributes

Firstly, we present the differences in the attributes between the waterlines that our
optimizer calculated and the model’s waterlines. We present here only part of the
results 3.1. The entire data appears at Appendix A.
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Table 3.1: Differences in attribute - Approximate.Derivatives - ObjFunc.Area - Model

Waterline 1.000 m

Attribute Real Computed Percentage difference
Area [m?] 3638.650 3638.650 0.000
Inertia [m*]  200695.437 200695.437 0.000
LCF [m] 96.473 96.473 0.000
Volume [m®]  3286.598 3286.465 0.004
WSA [m?] 3725.620 3725.822 0.005
LCB [m] 95.392 95.388 0.004
KB [m] 0.517 0.517 0.000
Waterline 3.000 m
Attribute Real Computed Percentage difference
Area [m?] 4040.104 4040.103 0.000
Inertia [m*]  243814.578 243814.584 0.000
LCF [m] 94.297 94.297 0.000
Volume [m®]  10913.262  10913.075 0.001
WSA [m?] 4591.129 4591.100 0.000
LCB [m] 95934 95933 0.001
KB [m] 1.565 1.565 0.000
Waterline 5.000 m
Attribute Real Computed Percentage difference
Area [m?] 4103.510 4103.665 0.003
Inertia [m*]  253854.937 253854.781 0.000
LCF [m] 94.149 94.300 0.160
Volume [m®]  19034.183  19034.241 0.000
WSA [m’] 5336434  5335.612 0.015
LCB [m] 95.333 95.348 0.015
KB [m] 2.605 2.605 0.001
Waterline 10.000 m
Attribute Real Computed Percentage difference
Area [m?] 4403.614 4403.614 0.000
Inertia [m*]  274006.906 274006.906 0.000
LCF [m] 85.496 85.496 0.000
Volume [m°]  39943.433  39944.097 0.001
WSA [m?] 7369.131 7372.643 0.047
LCB [m] 93.398 93.441 0.046
KB [m] 5.177 5.177 0.000
Waterline 14.000 m
Attribute Real Computed Percentage difference
Area [m?] 4665.364 4665.085 0.005
Inertia [m*]  295876.375 295876.531 0.000
LCF [m] 82.221 82.319 0.119
Volume [m®]  56619.175  56618.304 0.001
WSA [m?] 8952.595 8951.434 0.012
LCB [m] 92.384 92.457 0.079
KB [m] 7.210 7.210 0.001
Waterline 15.600 m
Attribute Real Computed Percentage difference
Area [m?] 4702.847 4702.624 0.004
Inertia [m4] 209220.500 299220.623 0.000
LCF [m] 82.311 82.390 0.096
Volume [m®]  60792.464  60791.335 0.001
WSA [m?] 9321.041 9319.928 0.011
LCB [m] 92.267 92.343 0.082
KB [m] 7.719 7.719 0.001

We observe that there is little to no actual difference between the real and the
computed waterline attributes. At this point, we must highlight that the objective
function we use is minimizing the attributes Area, Inertia and LCFE.

Then, we present the differences between the actual points of the waterlines with
the use of the two metrics, square y-distances 3.2 and minimum distances 3.3. For
these metrics we use 40 points for each waterline. These points are equally
distributed across the longitudinal axis, excluding the PMB, as these differences

are always zero.
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As, we can see in table 3.3 the maximum distances are between 3cm - 20cm for all

the waterlines.

The mean error of minimum distances between the two curves is at 3.1 cm with
the maximum error at 20 cm.

Table 3.2: Square y-Difference - Approximate.Derivatives - ObjFunc.Area - Model

Waterline.Depth [m]

Square.y-Difference [m?]

Position.of Max.Vertical.Distance [m

]

Max.Vertical.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

0.010
0.013
0.006
0.011
0.160
0.140
0.013
0.159
0.024
0.015
0.493
0.268
0.181
0.139
0.112
0.105

12.127
176.018
176.945
9.630
168.712
168.803
9.120
167.614
173.739
173.100
5.592
5-309
5.053
4.820
4.609
4-492

0.034
0.046
0.071
0.039
0.110
0.097
0.041
0.104
0.079
0.082
0.205
0.154
0.129
0.113
0.101
0.096

Table 3.3: Minimum Distances - Approximate.Derivatives - ObjFunc.Area - Model

Waterline.Depth [m]

Sum.Square.Min.Distance [11?]

Position.of Max.Distance [m] Max.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

0.009
0.010
0.001
0.009
0.136
0.114
0.010
0.132
0.009
0.001
0-447
0.246
0.171
0.130
0.106
0.095

12.134
11.242
174.692
9.641
168.749
168.836
9-133
167.649
3.224
160.869
5.633
5-337
5.075
4.839
4.626
4.507

0.033
0.035
0.015

0.038
0.103
0.091
0.039
0.097
0.038
0.013
0.200
0.152
0.127
0.111
0.100

0.095

Furthermore, as we can see in table 3.3, there are two areas that the maximum
distance appears. The first one is at the fore of the waterline between 4m - 13m
and the second one is at the aft of the waterline between 160 m - 175 m(bulb
area).The accuracy is extremely good and the parts with the biggest errors are the

ones that are characterized by abrupt change in curvature.

In the following figures are presented the differences between the waterlines 3.43,
3.44 , we plot the computed waterlines and the model’s waterlines in the same
diagram. The two curves are very close to each other and only in waterlines at
depths 14.000m and 15.000m in the stern region we spot two different curves.
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Additionally, we plot the following sections 3.45. The approximation between the
sections is also good but not as good as the waterlines. This occurs because in the
optimization process we deal only with the waterlines and the sections are the
produced transverse sections of the hull. So, their smoothness is depending on the
waterlines approximation. As we mentioned before, there are some waterlines
where the distance between the real and the computed curve reaches 20ocm and
this diversion is spotted clearly in the traversed sections.
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3.1.3.2 Objective function for volume attributes

In the following table 3.4 we can see the differences in the attributes between the
waterlines that our optimizer calculated for the objective function that includes the
volume attributes and the model’s waterlines. The difference between them is
almost zero, although as the depth increases the differences are becoming
relatively bigger. This result is only logical. Because of the volume attributes
calculations, the error that may occur in any depth is added to the total error. So as
the depth increases the error is transferred to the bigger waterlines. We present
here only part of the results, the entire data appears at Appendix A.
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Table 3.4: Differences in attribute - Approximate.Derivatives - ObjFunc.Volume - Model

Waterline 1.000 m

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m°]
WSA [m?]
LCB [m]
KB [m]

Attribute
Area [m?]
Inertia [m*]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [1n°]
WSA [m?]
LCB [m]
KB [m]

Real Computed Percentage difference
3638.650 3638.629 0.000
200605.437  200695.402 0.000
96.473 96.463 0.011
3286.598 3286.464 0.004
3725.620 3725.727 0.002
95-392 95.382 0.010
0.517 0.517 0.000
Waterline 3.000 m
Real Computed Percentage difference
4040.104 4040.142 0.000
243814.578  243814.640 0.000
94.297 94.296 0.001
10913.262  10913.078 0.001
4591.129 4591.123 0.000
95934 95.926 0.008
1.565 1.565 0.000
Waterline 5.000 m
Real Computed Percentage difference
4103.510 4103.510 0.000
253854.937  253854.794 0.000
94.149 94.172 0.024
19034.183  19034.166 0.000
5336.434  5336.557 0.002
95-333 95-340 0.007
2.605 2.605 0.000
Waterline 10.000 m
Real Computed Percentage difference
4403.614 4403.591 0.000
274006.906  274023.388 0.006
85.496 85.511 0.018
39943433 39943.666 0.000
7369.131 7369.175 0.000
93.398 93.410 0.013
5.177 5.177 0.000
Waterline 14.000 m
Real Computed Percentage difference
4665.364 4665.656 0.006
295876.375 296364.808 0.164
82.221 82.105 0.140
56619.175  56619.677 0.000
8952.595 8952.919 0.003
92.384 92.384 0.000
7.210 7.210 0.000
Waterline 15.600 m
Real Computed Percentage difference
4702.847 4703.142 0.006
209220.500  299774.985 0.184
82.311 82.197 0.137
60792.464  60793.299 0.001
9321.041 9321.292 0.002
92.267 92.258 0.010
7.719 7.719 0.001

In the next two tables we present the differences between the actual points of the
waterlines with, square y-distances 3.5 and minimum distances 3.6.

In the table 3.6 the maximum distances are between 2cm - 15¢cm for the waterlines.
The biggest distance appears at the last waterline(depth = 15.6 m) as the error at
this waterline is affected by the all the other waterlines due to the objective
function that includes the volume attributes.
The mean error of minimum distances between the two curves is at 2cm with the

maximum error at 16cm.
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Table 3.5: Square y-Difference - Approximate.Derivatives - ObjFunc.Volume - Model

Waterline.Depth [m]

Square.y-Difference [m?]

Position.of Max.Vertical.Distance [m

|

Max.Vertical.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

0.008
0.012
0.013
0.017
0.019
0.018
0.012
0.010
0.024
0.018
0.076
0.146
0.131
0.195
0.265
0.225

33.663
176.018
176.945
11.678
11.787
177-925
9.120
7.004
173.739
173.100
171.058
171.346
171.929
172.516
173.100
173.447

0.030
0.046
0.071
0.042
0.054
0.067
0.044
0.043

0.079
0.082
0.098
0.143
0.158
0.165
0.169
0.187

Table 3.6: Minimum Distances - Approximate.Derivatives - ObjFunc.Volume - Model

Waterline.Depth [m]

Sum.Square.Min.Distance [m?]

Position.of Max.Distance [m] Max.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

0.007
0.008
0.007
0.015
0.016
0.012
0.009
0.009
0.010
0.004
0.054
0.122
0.110
0.167
0.234
0.189

33.654
33.157

11.733
11.691

11.804
9.778
9-134
7.018
3.225
160.872
171.010
171.277
169.782
170.333
170.884
171.208

0.028
0.031
0.021
0.040
0.051
0.046
0.041
0.040
0.040
0.022
0.077
0.113
0.127
0.140
0.147
0.157

The following figures 3.43, 3.44 are some of the optimized waterlines along with
the waterlines of the model. As we can see the results are very good and they seem
to better that the optimization process where we did not use the volume attributes.
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In the figures below we present some sectors of both the computed hull and the
model’s hull 3.45. Again, the sectors are better than the optimization process
without the volume attributes with the only easy spotted difference at the sector
165.000 M.
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3.1.4 Results using DlibFindMinGlobal

With this optimizer we are trying to find the global minimum of the objective func-
tions and the initialization of the control points is irrelevant to the produced results.
For each waterline the algorithm stops after 2000 iterations.

3.1.4.1  Objective function for area attributes

The following results are presenting here only for reasons of completeness. The
Global Minimum optimizer is not able to find a result on its own. Because of the
complexity of the problem it is almost impossible to find a good approximation.
The results are presenting in the following tables 3.7(the whole table appears at
Appendix A), 3.8, 3.9. The mean error of minimum distances between the two
curves is at 34cm with the maximum error at 166cm.
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Table 3.7: Differences in attribute - Global.minimum - ObjFunc.Area - Model

Waterline 1.000 m

Attribute Real Computed Percentage difference
Area [m?] 3638.650 3637.494 0.031
Inertia [m*]  200695.437 200696.590 0.000
LCF [m] 96.473 95.644 0.859
Volume [m®]  3286.598 3281.002 0.170
WSA [m?] 3725.620 3722.870 0.073
LCB [m] 95.392 94.986 0.425
KB [m] 0.517 0.517 0.000
Waterline 3.000 m
Attribute Real Computed Percentage difference
Area [m?] 4040.104 4040.104 0.000
Inertia [m*]  243814.578 243814.578 0.000
LCF [m] 94.297 94.297 0.000
Volume [m®]  10913.262  10887.072 0.239
WSA [m?] 4591.129 4650.952 1.286
LCB [m] 95.934 96.041 0.111
KB [m] 1.565 1.565 0.015
Waterline 5.000 m
Attribute Real Computed Percentage difference
Area [m?] 4103.510 4142.407 0.938
Inertia [m*]  253854.937 253819.634 0.013
LCF [m] 94.149 93.356 0.842
Volume [m®]  19034.183  19056.433 0.116
WSA [m?] 5336434 5392777 1.044
LCB [m] 95.333 95.072 0.274
KB [m] 2.605 2.611 0.210
Waterline 10.000 m
Attribute Real Computed Percentage difference
Area [m?]  4403.614  4395.794 0.177
Inertia [m*]  274006.906 274012.418 0.002
LCF [m] 85.496 85.898 0.468
Volume [m%]  39943.433  40030.664 0.217
WSA [m?] 7369.131 7402.476 0.450
LCB [m] 93.398 93.182 0.230
KB [m] 5.177 5.181 0.069
Waterline 14.000 m
Attribute Real Computed Percentage difference
Area [m?] 4665.364 4665.312 0.001
Inertia [m*]  295876.375 295876.455 0.000
LCF [m] 82.221 82.235 0.017
Volume [m®]  56619.175  56700.373 0.143
WSA [m?] 8952.595 9113.651 1.767
LCB [m] 92.384 92.190 0.209
KB [m] 7.210 7.210 0.010
Waterline 15.600 m
Attribute Real Computed Percentage difference
Area [m?] 4702.847 4701.347 0.031
Inertia [m*] 299220500 299221.115 0.000
LCF [m] 82.311 82.763 0.547
Volume [m®]  60792.464  60873.508 0.133
WSA [m?] 9321.041 9482.340 1.701
LCB [m] 92.267 92.087 0.194
KB [m] 7.719 7.717 0.018

54



3.1 INITIAL MODEL \

Table 3.8: Square y-Difference - Global.minimum - ObjFunc.Area - Model

Waterline.Depth [m] Square.y-Difference [1?]

Position.of Max.Vertical.Distance [m

|

Max.Vertical.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

10.231
8.082
1.725

17.509

18.823
6.339
5.558
5-375
9-335

10.535

12.398

15.780

15.488

10.396

10.649
5.648

172.323
155.231
9.338
13.726
11.787
175.645
17.394
15.371
171.668
171.060
171.058
-1.746
10.191
-0.177
-0.262

173.447

1.522
0.713
0.412
1.355
1.557
0.743
0.866
0.779
1.023
1.207
1.286
1.662
1.014
1.261
1.178
0.819

Table 3.9: Minimum Distances - Global. minimum - ObjFunc.Area - Model

Waterline.Depth [m]  Sum.Square.Min.Distance [m

7]

Position.of Max.Distance [m] Max.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

8.260

7-390

1.528

15.058
16.147
5.223

4.425

4.380

7-743

8.782

10.713
14.414
14.425
9.469

9.638

4.956

171.631
153.100
7-037
13.312
11.288
16.414
17.036
15.056
28.662
170.474
170.434
-1.776
9991
-0.198
-0.347
156.323

1.268
0.688
0.400
1.283
1.466
0.644
0.765
0.694
0.816
0.926
0.986
1.662
0.994
1.260
1.176
0.669

As we can see in the figures below3.43, 3.44, the results are not good at all. The
difference between the curves is easily spotted and appears at almost every

longitudinal position.
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We plot the sections 3.45 and the results are even worse. Not only the computed
curves diverse from the original ones but also there is no smoothness in the
sections. The only sections that appear to have a sort of similarity between the
actual curves and the computed ones(at the early depths only) are the sections at
-3.000m and 5.000om. These curves appear at the stern region and as we can see the
curves geometry is more simpler than the rest of the sections.
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3.1.4.2 Objective function for volume attributes

As in the previous process the following results are presenting here only for
reasons of completeness. The following results appear to be even worse than the
results of this algorithm with the use of the objective function for the area
attributes only.

The results are presenting in the following tables 3.10(the whole table appears at
Appendix A), 3.11, 3.12. In the following tables it is easy to observe that in the
majority of the waterlines the maximum error overcome the 8o cm and in some
case even the 200 cm.

The mean error of minimum distances between the two curves is at 5ocm with the
maximum error at 225cm.
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Table 3.10: Differences in attribute - Global.Minimum - ObjFunc.Volume - Model

Waterline 1.000 m

Attribute Real Computed Percentage difference
Area [m?] 3638.650 3626.031 0.346
Inertia [m*]  200695.437 200752.463 0.028
LCF [m] 96.473 95.972 0.519
Volume [m®]  3286.598 3276.672 0.302
WSA [m?] 3725.620 3712.842 0.342
LCB [m] 95392 95.169 0.234
KB [m] 0.517 0.517 0.051
Waterline 3.000 m
Attribute Real Computed Percentage difference
Area [m?] 4040.104 4039.454 0.016
Inertia [m*]  243814.578 243823.656 0.003
LCF [m] 94.297 95594 1.356
Volume [m®]  10913.262  10900.419 0.117
WSA [m?] 4591129 4577.804 0.290
LCB [m] 95.934 95.660 0.285
KB [m] 1.565 1.566 0.067
Waterline 5.000 m
Attribute Real Computed Percentage difference
Area [m?] 4103.510 4109.647 0.149
Inertia [m*]  253854.937 253850.190 0.001
LCF [m] 94.149 94-494 0.365
Volume [m®]  19034.183  19031.594 0.013
WSA [m?] 5336434  5336.926 0.009
LCB [m] 95.333 95.310 0.024
KB [m] 2.605 2.607 0.084
Waterline 10.000 m
Attribute Real Computed Percentage difference
Area [m?] 4403.614 4402.180 0.032
Inertia [m*]  274006.906 274021.092 0.005
LCF [m] 85.496 85.825 0.383
Volume [m°] 39943433 39966.527 0.057
WSA [m?] 7369.131 7369.961 0.011
LCB [m] 93.398 93.370 0.029
KB [m] 5.177 5.179 0.036
Waterline 14.000 m
Attribute Real Computed Percentage difference
Area [m?] 4665.364 4666.597 0.026
Inertia [m*]  295876.375 296358.632 0.162
LCF [m] 82.221 84.117 2.254
Volume [m®]  56619.175  56661.870 0.075
WSA [m?] 8952.595 8975.835 0.258
LCB [m] 92.384 93.133 0.804
KB [m] 7.210 7.213 0.031
Waterline 15.600 m
Attribute Real Computed Percentage difference
Area [m?] 4702.847 4699.907 0.062
Inertia [m*]  299220.500 299855.176 0.211
LCF [m] 82.311 82.449 0.167
Volume [m®]  60792.464  60835.378 0.070
WSA [m?] 9321.041 9346.425 0.271
LCB [m] 92.267 93.097 0.891
KB [m] 7.719 7.721 0.023
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Table 3.11: Square y-Difference - Global. Minimum - ObjFunc.Volume - Model

Waterline.Depth [m]

Square.y-Difference [m?] Position.of. Max.Vertical.Distance [m

|

Max.Vertical.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

8.602
16.203
10.214

7173

3-193
10.970

3.636

4175

4.973

3-398

105.066
70.140
52.127
42.190
31.761
10.049

172.323
171.398
161.236
175.270
35-947
175.645
175446
15.371
171.668
171.060
160.863
159.021
159.420
157.706
155.928
173.447

1.307
1.459
0.859
0.935
0.586
1.093
0.818
0.725
0.853
0.551
2.408
2.002
1.835
1.647
1.449
1.217

Table 3.12: Minimum Distances - Global. Minimum - ObjFunc.Volume - Model

Waterline.Depth [m]

Sum.Square.Min.Distance [m?]

Position.of Max.Distance [m] Max.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

7-094
13.891
9-195
6.105
2.820
8.841
2.868
3-394
4.081
2.954
94.148
64.250
47.803
38.961
29239
8.739

169.551
170.797
161.485
174.834
36.142
16.300
175.059
15.073
171.255
154.903
161.675
7-441
157.861
156.039
156.341
172.868

1.134
1.288

0.819
0.760
0.547
0.906
0.655
0.642
0.657
0.501
2.254
1.911
1.732
1.562
1.385
0.967

In the following figures 3.43, 3.44, we plot the computed waterlines and the
model’s waterlines in the same diagram. Between the ploted waterline differences
the only ones that seam to be fairly well generated are the waterlines at the depths

at 5.00om and 10.

ooom .
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Waterline 1.000 m Waterline 5.000 m
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Finally, we plot the following sections 3.45. As we mentioned before, the produced
sections are not good at all we the exception of the sections at -3.000m and 5.000m
in the early depths.
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3-1.5 Results using GeneticOptimizer

At this optimization process we use the OpenGA algorithm which is a genetic opti-
mizer. We created 30 generations consisting of a population of 100 people.

3.1.5.1  Objective function for area attributes

The results of this process are not good and we present the results in the following
tables and figures.

In the table below 3.13 we can see the percentage difference at the attributes of the
hull between the calculated geometry and the created model. At Appendix A there
is the entire table of Differences in attribute. The differences between the curves
are displayed in the upcoming tables 3.14, 3.15 .

In almost all the waterlines the maximum distance between the curves overcomes
the 100 cm and at the waterlines with depth 3.000m, 4.000m and 5.00om the
maximum distance is over 40ocm. Furthermore, the position of the maximum
distances in all the waterlines appears at the stern region.

The mean error of minimum distances between the two curves is at 86cm with the
maximum error at 478cm.
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Table 3.13: Differences in attribute - Genetic.Optimizer - ObjFunc.Area - Model

Waterline 1.000 m

Attribute Real Computed Percentage difference
Area [m?] 3638.650 3664.821 0.714
Inertia [m*]  200695.437 200625.215 0.034
LCF [m] 96.473 95.366 1.147
Volume [m®]  3286.598 3291.911 0.161
WSA [m?] 3725.620 3746.872 0.567
LCB [m] 95392 94.839 0.579
KB [m] 0.517 0.518 0.122
Waterline 3.000 m
Attribute Real Computed Percentage difference
Area [m?] 4040.104 4073.265 0.814
Inertia [m*]  243814.578 243813.193 0.000
LCF [m] 94.297 87.309 7.410
Volume [m®]  10913.262  11024.420 1.008
WSA [m?] 4591129 4855347 5.441
LCB [m] 95934 93733 2.294
KB [m] 1.565 1.569 0.270
Waterline 5.000 m
Attribute Real Computed Percentage difference
Area [m?] 4103.510 4115.257 0.285
Inertia [m*]  253854.937 253826.396 0.011
LCF [m] 94.149 87.486 7.077
Volume [m®]  19034.183  19183.802 0.779
WSA [m?] 5336434  5614.472 4.952
LCB [m] 95.333 90.931 4.617
KB [m] 2.605 2.604 0.046
Waterline 10.000 m
Attribute Real Computed Percentage difference
Area [m?] 4403.614 4421.774 0.410
Inertia [m*]  274006.906 273995.396 0.004
LCF [m] 85.496 84.026 1.719
Volume [m]  39943.433  40219.375 0.686
WSA [m?] 7369.131 8036.846 8.308
LCB [m] 93.398 89.872 3.775
KB [m] 5.177 5.174 0.071
Waterline 14.000 m
Attribute Real Computed Percentage difference
Area [m?] 4665.364 4666.201 0.017
Inertia [m*]  295876.375 295879.070 0.000
LCF [m] 82.221 81.581 0.777
Volume [m%]  56619.175  56912.041 0.514
WSA [m?] 8952505  9634.730 7.079
LCB [m] 92.384 89.612 3.000
KB [m] 7.210 7.199 0.157
Waterline 15.600 m
Attribute Real Computed Percentage difference
Area [m?] 4702847  4705.074 0.047
Inertia [m4] 209220.500 299218.894 0.000
LCF [m] 82.311 81.208 1.339
Volume [m®]  60792.464  61087.794 0.483
WSA [m?] 9321.041 10010.259 6.885
LCB [m] 92.267 89.625 2.863

KB [m] 7.719 7.706 0.165
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Table 3.14: Square y-Difference - Genetic.Optimizer - ObjFunc.Area - Model

Waterline.Depth [m]

Square.y-Difference [m?] Position.of. Max.Vertical.Distance [m

|

Max.Vertical.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

10.814
22.500
268.873
388.730
322.859
56.450
17.554
22.981
261.207
24.092
5.796
22.017
5.788
7.710
13.230
18.892

25.587
22.201
16.503
17.823
19.221
16.694
15.739
12.024
10.399
4.023

0.131

3-545

-0.084
-0.177
-0.262

6.093

1.094
1.646
4.378
5.121
4.982
2.423
1.381
1.542
4.350
1.612
0.890
1.379
0.931
1.121
1.364
1.160

Table 3.15: Minimum Distances - Genetic.Optimizer - ObjFunc.Area - Model

Waterline.Depth [m]

Sum.Square.Min.Distance [m

7]

Position.of Max.Distance [m] Max.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

9-591
20.603
238.161
333.611
269.523
45.617
14.201
18.424
215.285
20.845
5.308
20.905
5-440
7-374
12.753
17.941

25.278
21.740
15.110
16.027
17.202
17.489
16.841
11.443
10.509
3-535
-0.029
3-314
-0.187
-0.277
-0.463
5.885

1.046
1.574
4-143
4779
4.520
2.181
1.232
1.404
3-945
1.529
0.876
1.359
0.925
1.116
1.350
1.140

The difference between the waterlines is easily detected in the following figures
3.43, 3.44 and these results confirm the numbers that appear in the previous tables.
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Waterline 5.000 m
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Additionally, to the waterlines figures, the images of the sectors between the
computed and the desired geometry is conspicuous 3.45 to the naked eye.
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As presented in the process with the objective function only for the area attributes,
the genetic algorithm can not produce better results by adding the volume
attributes. In the table below 3.16 we can see the percentage difference at the
attributes of the hull between the calculated geometry and the created model. In
the Appendix A exists the whole table.

Table 3.16: Differences in attribute - Genetic.Optimizer - ObjFunc.Volume - Model

Waterline 1.000 m

Attribute
Area [m?]
Inertia [m*]
LCF [m]
Volume [1m3]
WSA [m?]
LCB [m]
KB [m]

Real
3638.650 3672.422
200695.437 200719.114
96.473 94.028
3286.598 3296.419
3725.620 3750-433
95392 94157
0.517 0.518

0.919
0.011
2.534
0.297
0.661
1.204
0.154

Computed Percentage difference

Waterline 3.000 m

Attribute
Area [m?]
Inertia [m*]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Real
4040.104 4069.784
243814.578  243774.891
94.297 88.066
10913.262  11026.496
4591.129  4685.507
95-934 92.312
1.565 1.568

0.729
0.016
6.608
1.026
2.014
3775
0.211

Computed Percentage difference

Waterline 5.000 m

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Real
4103.510 4111.908
253854.937  253856.812
94.149 89.714
19034.183  19209.978
5336.434  5785.297
95-333 92.022
2.605 2.605

0.204
0.000
4.710
0.915
7.758
3-473
0.003

Computed Percentage difference

Waterline 10.000 m

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Real
4403.614  4404.598
274006.906  274034.612
85.496 85.393
39943-433  40283.881
7369.131  8008.595
93398 90.308
5177 5-175

0.022
0.010
0.120
0.845
7-984
3.308
0.041

Computed Percentage difference

Waterline 14.000 m

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Real

4665.364 4668.387
295876.375 296414.228
82.221 81.744
56619.175  56984.353
8952.595  9770.859
92.384 89.984
7.210 7.199

0.064
0.181
0.580
0.640
8.374

2.597
0.163

Computed Percentage difference

Waterline 15.600 m

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m°]
WSA [m?]
LCB [m]
KB [m]

Real Computed
4702847  4706.089
209220.500 299815.554
82.311 81.416
60792.464  61160.630
9321.041 10172.642
92.267 89.959
7719 7.705

Percentage difference

0.068
0.198
1.086
0.601
8.371
2.501
0.177
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These differences between the generated geometry and the actual geometry are

displayed in the upcoming tables 3.17, 3.18.

Despite the fact that the results are slightly better than the previous process, they
only confirm the fact that we can not approach the desired geometry with this

algorithm.

The mean error of minimum distances between the two curves is at 79cm with the
maximum error at 470cm.

Table 3.17: Square y-Difference - Genetic.Optimizer - ObjFunc.Volume - Model

Waterline.Depth [m]

Square.y-Difference [m?]  Position.of Max.Vertical.Distance [m

]

Max.Vertical.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

32.843
106.003
215.098

11.190
145.851
303.865

52.227
137.368

15.428

12.535

6.283
60.982
2.138
4.342
26.668
10.043

22.895
22.201
18.891
17.823
19.221
14.961
15.739
13.698
6.805
171.060
0.131
0.017
171.929
1.488
7.857
2.892

1.666
3.009
3.894
1.146
3-444
5.170
2.448
3.635
1.303
1.358
1.039
2.388
0.701
0.710
1.367
0.996

As we can see in the following table 3.18 the reults of the waterlines are not good

at all.

Table 3.18: Minimum Distances - Genetic.Optimizer - ObjFunc.Volume - Model

Waterline.Depth [m]

Sum.Square.Min.Distance [11?]

Position.of Max.Distance [m] Max.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

28.976
96.108
190.879
9.718
120.491
246.341
42.136
110.280
13.013
10.396
5.899
57.116
1.750
4.087
25.250
9.667

22.447
21.400
17.705
17.432
19.766
14.728
14.787
13.953
6.354
170.407
-0.001
1.477
171.591
1.394
7.626

2.746

1.600
2.893
3.699
1.066
3.108
4.709
2.214
3-249
1.209
1.059
1.031
2.361
0.546
0.704
1.347
0.985

The difference between the waterlines is easily detected in the following figures

3.43, 3.44-
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Waterline 5.000 m
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Additionally, to the waterlines figures, the images of the sectors between the
computed and the desired geometry is conspicuous 3.45 to the naked eye.
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3.1.6 Results using Hybrid

At this section we present the results from the combination of two optimization
algorithms. At first we use the genetic algorithm in order to find a global minimum
that will be as close as possible to the waterplane area attributes. Then, we use the
DlibFindMinUsingApproximateDerivatives algorithm to find the global minimum.

3.1.6.1  Objective function for area attributes

In this optimization process we combine the best two optimization algorithms. At
first, we use the genetic algorithm in order to obtain a better approach and then we
pass the results to the DlibFindMinUsingApproximateDerivatives to find the
global minimum of the objective function that uses only the waterplane area
attributes.

In the table below 3.19 we can see the percentage difference at the attributes of the
hull between the calculated geometry and the created model(the entire data
appears at Appendix A). The attribute differences are below 2 percent for all the
waterlines. These results are not better than the
DlibFindMinUsingApproximateDerivatives when used by itself but are better than
the genetic algorithm. The fact the results are not better than

DlibFindMinUsing ApproximateDerivatives is because the approximate derivatives
algorithm’s success is based on the initial control points and in this case these
initial control points are really bad.

The square-differences and the minimum distances between the waterlines are
displayed in the upcoming tables 3.21, 3.20. The most of the maximum distances
appear at the stern region of the waterlines. The mean error of minimum distances
between the two curves is at 32cm with the maximum error at 182cm.
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Table 3.19: Differences in attribute - Hybrid.Optimization - ObjFunc.Area - Model

Waterline 1.000 m

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m°]
WSA [m?]
LCB [m]
KB [m]

Attribute
Area [m?]
Inertia [m*]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Attribute
Area [m?]
Inertia [m*]
LCF [m]
Volume [1n°]
WSA [m?]
LCB [m]
KB [m]

Real Computed Percentage difference
3638.650 3649.174 0.288
200605.437 200632.890 0.031
96.473 96.244 0.237
3286.598 3286.046 0.016
3725.620 3736.304 0.285
95.392 95.289 0.108
0.517 0.517 0.052
Waterline 3.000 m
Real Computed Percentage difference
4040.104 4079.331 0.961
243814.578  243814.577 0.000
94.297 94.302 0.004
10913.262  10948.817 0.324
4591.129  4627.659 0.789
95.934 95.864 0.073
1.565 1.567 0.158
Waterline 5.000 m
Real Computed Percentage difference
4103.510 4178.180 1.787
253854.937  253867.456 0.004
94-149 94144 0.005
19034.183  19183.350 0.777
5336.434  5386.594 0.931
95333 95.286 0.049
2.605 2.614 0.318
Waterline 10.000 m
Real Computed Percentage difference
4403.614  4424.117 0.463
274006.906  273957.200 0.018
85.496 85.494 0.001
39943-433  40267.627 0.805
7369.131 7474-190 1.405
93.398 93.376 0.022
5.177 5.181 0.078
Waterline 14.000 m
Real Computed Percentage difference
4665364  4674.844 0.202
295876.375 295875.723 0.000
82.221 82.221 0.000
56619.175  56983.040 0.638
8952.595 9060.505 1.190
92.384 92.368 0.017
7.210 7.205 0.079
Waterline 15.600 m
Real Computed Percentage difference
4702.847 4705.000 0.045
209220.500 299215.091 0.001
82.311 82.310 0.000
60792.464  61161.313 0.603
9321.041 9428.094 1.135
92.267 92.252 0.016

7-719 7-711

0.101
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Table 3.20: Square y-Difference - Hybrid.Optimization - ObjFunc.Area - Model

Waterline.Depth [m]

Square.y-Difference [m?]

Position.of Max.Vertical.Distance [m

|

Max.Vertical.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

4.058
3.606
7-798
15.805
31.843
6.955
4.588
25.181
7.605
3-893
5.729
9.456
5.697
3.246
4.949
4.284

28.279
27.685
170.213
13.726
173.261
18.427
32.288
172.026
12.196
5.906
0.131
-1.746
-1.797
-1.843
173.100
-1.909

0.625
0.549
0.764
1.071
2.029
0.762
0.605
1.741
0.812
0.530
0.944
1.368
0.768
0.701
0.739
0.782

Table 3.21: Minimum Distances - Hybrid.Optimization - ObjFunc.Area - Model

Waterline.Depth [m]

Sum.Square.Min.Distance [m?]

Position.of Max.Distance [m] Max.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

3.592
3.285
6.830
13.672
26.169
5-879
3.810
20.308
6.413
3.468
5-433
8.965
5.199
3.123
4.486
3-953

28.096
52.470
21.042
13.393
174.126
18.129
32.501
172.765
11.883
5742
0.007
-2.201
-1.955
-0.237
-2.024
-2.026

0.595
0.523
0.714
1.011
1.825
0.686
0-559
1.559
0.735
0.501
0.936
1.323
0.753
0.696
0.720
0.774

The difference between the waterlines is displayed in the following figuress.43,
3.44. In the pictures we confirm that the biggest differences appear in the stern
region. In all waterline figures the maximum distance appear at the stern region
while in waterline at the depth 5.000m appears at the bow region.
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The figures of the sectors between the computed and the desired geometry are
displayed3.45 below. On the contrary with the waterlines, the sections appear to be
better in the stern region. This indicates that in the stern region the error seams
not to change too much from waterline to waterline. Although, in the bow region
the distance between the waterlines constantly changes.
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3.1.6.2  Objective function for volume attributes

In the following table 3.22 we can see the percentage differences at the attributes
between the calculated geometry and the created model. The entire data appears
at Appendix A. The results with this hybrid process are similar to the previous one.
Despite, the fact that we use both the volume and the area attributes the produced
curves did not improve. Actually, the results are worse than the previous process.
The mean error of minimum distances between the two curves is at 33cm with the
maximum error at 255cm.
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Table 3.22: Differences in attribute - Hybrid.Optimizer - ObjFunc.Volume - Model

Waterline 1.000 m

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Real Computed Percentage difference
3638.650 3714.858 2.051
200605.437 200656.219 0.019
96.473 92.596 4.018
3286.598 3321.051 1.037
3725.620 3793719 1.795
95-392 93-430 2.057
0.517 0.519 0.333

Waterline 3.000 m

Real Computed Percentage difference
4040.104 4054.545 0.356
243814.578  243822.726 0.003
94.297 93.825 0.500
10913.262  10997.145 0.762
4591.129  4781.180 3.974
95-934 94.581 1.409
1.565 1.562 0.166

Waterline 5.000 m

Real Computed Percentage difference
4103.510 4118.884 0.373
253854.937 253781.369 0.028
94.149 94.149 0.000
19034.183  19131.741 0.509
5336.434  5551.128 3.867
95333 94.508 0.865
2.605 2.600 0.193

Waterline 10.000 m

Attribute
Area [m?]
Inertia [m?]
LCF [m]
Volume [m°]
WSA [m?]
LCB [m]
KB [m]

Attribute
Area [m?]
Inertia [m*]
LCF [m]
Volume [m?]
WSA [m?]
LCB [m]
KB [m]

Real Computed Percentage difference
4403.614 4411.900 0.187
274006.906  274058.419 0.018
85.496 85.496 0.000
39943.433  40121.768 0.444
7369.131 7622.538 3.324
93.398 92.793 0.647
5177 5-174 0.072

Waterline 14.000 m

Real Computed Percentage difference
4665.364 4670.124 0.101
295876.375 295864.265 0.004
82.221 82.221 0.000
56619.175  56811.847 0.339
8952.595 9250.417 3.219
92.384 91.863 0.563
7.210 7.202 0.110

Waterline 15.600 m

Attribute
Area [m?]
Inertia [m*]
LCF [m]
Volume [1n°]
WSA [m?]
LCB [m]
KB [m]

Real Computed Percentage difference

4702.847  4706.331 0.074
209220.500 299214.896 0.001
82.311 82.311 0.000
60792.464  60990.956 0.325
0321.041 9621.821 3.126
92.267 91.781 0.526
7.719 7.710 0.108

The square-differences and the minimum distances between the them are
displayed in the upcoming tables 3.24, 3.23. Te biggest difference in this process
appears to be in the very first waterline with the maximum distance at 266 cm, a
fact that affect the total results as in this process we include the volume attributes.
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Table 3.23: Square y-Difference - Hybrid.Optimizer - ObjFunc.Volume - Model

Waterline.Depth [m]

Square.y-Difference [m?]

Position.of Max.Vertical.Distance [m

|

Max.Vertical.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

73.908
7-467
8.188
3.366
11.137
12.613
4.815
6.691
22.789
2.022
1.472
1.804
16.178
1.968
5.827
3.760

22.895
173.708
174.701
40-354
35-947

16.694
175.446

13.698

13.993

11.556

7-413
171.346

-0.084

-0.177

-1.886

-0.308

2.668
1.128
1.017
0.561
0.924
1.240
1.109
0.648
1.727
0-459
0.334
0.566
1.367
0.371
1.038
0.667

Table 3.24: Minimum Distances - Hybrid.Optimizer - ObjFunc.Volume - Model

Waterline.Depth [m]

Sum.Square.Min.Distance [m?]

Position.of Max.Distance [m] Max.Distance [m]

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000

10.000

11.000

12.000

13.000

14.000

15.000

15.600

67.760
6.379
7-029
2.961
9.646
10.360
3.750
5.634
18.175
1.782
1.369
1.530
15.327
1.824
5.589
3473

22.159
173.176
174.227
40.506
36.256
16.212
174.921
13.444
13.299
11.399
7-340
171.073
-0.282
-0.226
-2.005
-0.363

2.557
0.906
0.828
0.538
0.862
1.120
0.885
0.583
1.546
0.427
0.325
0.441
1.353
0.368
1.032
0.665

In the following figures are presented the differences between the waterlines 3.43,
3.44. In the first figure(Waterline 1.000m), it is easily spotted the big difference
between the computed and the actual waterline.
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Model

The figures of the sectors between the computed and the desired geometry are
displayed below 3.45. The produced sections are not smooth at all and appear to
be similar with the hybrid process in which we used only the area attributes.
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3.2 VERIFICATION MODEL

After the evaluation of a model created especially for these tests we must test our
optimization process on a real ship.

Firstly, we fed the program with the appropriate data taken from the AVEVA
Initial Design™. The waterlines’s points and the hydrostatic table of this ship were
inserted in our program along with all the needed input 2.5.1 .

The main characteristics of both the model and the real ship are the same. We
decide to use the same characteristics in order to compare the results between the
created model and the real ship. If we did use a completely different vessel we
would not be able to compare properly the results as the form of the hull can affect
the quality of the results.

3.2.1  Characteristics

We create 10 waterlines with the data taken from the AVEVA Initial Design™. The
depths are at 1m, 3m, 3.5m, 5m, 7m, gm, 10m, 12m, 14m, 15.6m .

Length : 181.45m

Breadth : 29.2m

Depth : 15.6 m
e Radius: 2.523 m
e Parallel Midbody extent : 60.585 m - 129.825 m

We will present the main features of the vessel with the following figures 3.30,3.31,3.32,3.33,3.34-

3.2.2 Optimization Characteristics
For this model we did some modifications compare to the model we used in 3.1.

1. Stern B-spline
The degree of the spline is 5 with 6 control points

2. Stem B-spline
The degree of the spline is 5 with 6 control points
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Figure 3.34: Transom

3.2.3 Results using Optimum Technique

In the previous section, we present the results of all the available optimization tech-
niques that were developed for a model that we create for the needs of this study.
For the real vessel we only use the optimization process that came up with the best
results for the model that we create (DlibFindMinUsingApproximateDerivatives),
as it is impossible for any of the optimization techniques to produce better results
in much more difficult problem.
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Results with DIlibFindMinUsingApproximateDerivatives - Objective function

for area attributes

In the table below 3.25 we can see the percentage difference at the attributes of the
hull between the calculated geometry and the created model. The entire data
appears at Appendix A. We observe that the differences between the two models
for the area attributes are zero in all the waterlines. Although, for the volume
attributes the differences are not zero and the volume diversity reaches 6.617
percent for the entire hull.

Table 3.25: Differences in attribute - Approximate.Derivatives - ObjFunc.Area - Aveva.Model

Waterline 1.000 m

Attribute Real Computed Percentage difference
Area [m?] 3699.729 3699.729 0.000
Inertia [m*]  206390.703 206390.710 0.000
LCF [m] 94.606 94.606 0.000
Volume [m®]  3550.620 3316.972 6.580
WSA [m?] 3803.479 3777.169 0.691
LCB [m] 94.737 94.400 0.355
KB [m] 0.515 0.518 0.758
Waterline 3.000 m
Attribute Real Computed Percentage difference
Area [m?] 4031.179 4038.177 0.173
Inertia [m*]  245117.703 243686.623 0.583
LCF [m] 94.084 94.084 0.000
Volume [m®]  11597.669  11021.927 4.964
WSA [m?] 4621.299 4571.176 1.084
LCB [m] 94.456 94.550 0.099
KB [m] 1.555 1.564 0.594
Waterline 5.000 m
Attribute Real Computed Percentage difference
Area [m?] 4121.939 4121.936 0.000
Inertia [m*]  255044.093  255043.955 0.000
LCF [m] 93.341 93.341 0.000
Volume [m®] 19991750  19165.671 4132
WSA [m?] 5375.649 5320.200 1.031
LCB [m] 94.200 94.323 0.130
KB [m] 2.583 2.601 0.692
Waterline 10.000 m
Attribute Real Computed Percentage difference
Area [m?]  4517.959  4529.251 0.249
Inertia [m*]  285150.687 288204.298 1.059
LCF [m] 82.081 82.081 0.000
Volume [m%]  42000.851  40551.944 3.449
WSA [m?]  7556.029  7454.559 1.342
LCB [m] 91.328 91.351 0.025
KB [m] 5.180 5.202 0.440
Waterline 14.000 m
Attribute Real Computed Percentage difference
Area [m?] 4668.109 4668.108 0.000
Inertia [m*]  298844.000 298843.859 0.000
LCF [m] 81.051 81.050 0.001
Volume [m%]  60975.808  57461.214 5.764
WSA [m?] 9126.330 8956.834 1.857
LCB [m] 88.148 90.271 2.352
KB [m] 7.305 7.227 1.066
Waterline 15.600 m
Attribute Real Computed Percentage difference
Area [m?] 4706.060 4706.060 0.000
Inertia [m*]  301400.500 301400.466 0.000
LCF [m] 81.386 81.385 0.000
Volume [m®]  68693.898  64148.377 6.617
WSA [m?] 9752.259 9546.809 2.106
LCB [m] 87.370 90.196 3.133
KB [m] 8.147 8.030 1.424
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The square-differences and the minimum distances between the them are

displayed in the upcoming tables 3.32, 3.33. The mean error of minimum distances
between the two curves is at 22cm with the maximum error at 12gcm. Contrary to
the produced model where the biggest differences where found in the stern region,

in the Aveva model the biggest differences appear to be in the bow region. The
aveva model we use has a complex bow region and the algorithm can not find a
very good approach. We must mention that in AVEVA Initial Design™ for the
creation of the bulb were used over one hundred points to reach the desired

geometry.

Table 3.26: Square y-Difference - Approximate.Derivatives - ObjFunc.Area - Aveva.Model

Waterline.Depth [m]

Square.y-Difference [m?]

Position.of.Max.Vertical.Distance [m]

Max.Vertical.Distance [m]

1.000
3.000
3.500
5.000
7.000
9.000

10.000

12.000

14.000

15.600

Table 3.27: Minimum Distances - Approximate.Derivatives - ObjFunc.Area - Aveva.Model

3.884
9-904
7.178
4.318
7.699
20.591
6.342
2.418
1.107
1.316

172.323
35.608
175.028
175.536
175.446
-0.381
-1.626
167.237
172.516
173.447

0.914
1.056
0.967
1.060
1.163
2.650
1.381
0.729
0-497
0.604

Waterline.Depth [m]

Sum.Square.Min.Distance [1?]

Position.of Max.Distance [m] Max.Distance [m]

1.000
3.000
3.500
5.000
7.000
9.000

10.000

12.000

14.000

15.600

The differences between the waterlines are displayed in the following figures 3.43,

3-383
8.664
6.105
3.482
6.199
9-957
4.841
2.097

0.935
1.100

171.924
35943
174.592
175.067
174.949
0.703
-0.961
167.519
168.466
167.144

0.780
0.994
0.803
0.892
0.999
1.294
1.076
0.660

0.439
0.521

3.44. It appears that the waterlines are close to the desired geometry but it also
obvious the problem that we mentioned before for the bulb area.
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Func.Area - Aveva.Model

The figures of the sectors between the computed and the desired geometry are
displayed 3.45 below. Despite the fact that the differences can easily be spotted the
shape of the sections appear to be very close to the actual sections.
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3.2.3.2 Results with DIlibFindMinUsingApproximateDerivatives - Objective function
for volume attributes

In the table below 3.28 are presented the percentage differences between the
calculated geometry and the created model. The entire data appears at Appendix
A. In the previous optimization process the area attributes were all zero, but in this
process where we have included the volume attributes the area attributes along
with the volume attributes are not zero and are increasing as the depth increases.
This increase is due to the fact that the volume errors of every depth is transferred
from depth to depth because calculation for each depth includes all the previous
generated shapes.
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ObjFunc.Volume

Table 3.28: Differences in attribute - Approximate.Derivatives -
Aveva.Model
Waterline 1.000 m
Attribute Real Computed Percentage difference
Area [m?] 3699.729 3699.729 0.000
Inertia [m*]  206390.703 206390.705 0.000
LCF [m] 94.606 94.606 0.000
Volume [m®]  3550.620 3316.936 6.581
WSA [m?]  3803.479 3777114 0.693
LCB [m] 94.737 94-399 0.356
KB [m] 0.515 0.518 0.758
Waterline 3.000 m
Attribute Real Computed Percentage difference
Area [m?] 4031.179 4031.179 0.000
Inertia [m*]  245117.703 245117.797 0.000
LCF [m] 94.084 94.084 0.000
Volume [m®]  11597.669  11014.419 5.029
WSA [m?] 4621.299 4567.110 1.172
LCB [m] 94.456 94.554 0.104
KB [m] 1.555 1.563 0.562
Waterline 5.000 m
Attribute Real Computed Percentage difference
Area [m?] 4121.939 4121.939 0.000
Inertia [m*]  255044.093 255044.017 0.000
LCF [m] 93.341 93.341 0.000
Volume [m®] 19991750  19144.636 4.237
WSA [m’] 5375649 5311513 1.193
LCB [m] 94.200 94.326 0.133
KB [m] 2.583 2.600 0.665
Waterline 10.000 m
Attribute Real Computed Percentage difference
Area [m®]  4517.959  4517.959 0.000
Inertia [m*]  285150.687 285174.743 0.008
LCF [m] 82.081 82.081 0.000
Volume [m%]  42000.851  40504.764 3.562
WSA [m? 7556.029 7441.465 1.516
LCB [m] 91.328 91.327 0.000
KB [m] 5.180 5.202 0.438
Waterline 14.000 m
Attribute Real Computed Percentage difference
Area [m?] 4668.109 4668.109 0.000
Inertia [m*]  298844.000 299341.397 0.166
LCF [m] 81.051 81.051 0.000
Volume [m%]  60975.808  57364.463 5.922
WSA [m?] 9126.330 8937.705 2.066
LCB [m] 88.148 90.262 2.342
KB [m] 7.305 7.224 1.097
Waterline 15.600 m
Attribute Real Computed Percentage difference
Area [m?] 4706.060 4706.060 0.000
Inertia [m*]  301400.500 301968.439 0.188
LCF [m] 81.386 81.386 0.000
Volume [m®]  68693.898  64051.634 6.757
WSA [m?]  9752.259  9527.249 2.307
LCB [m] 87.370 90.187 3.123
KB [m] 8.147 8.030 1.434

The square-differences and the minimum distances between the them are
displayed in the upcoming tables 3.29, 3.30. Like the previous optimization process
the maximum distances appear to be in the bulbous area. The mean error of

minimum distances between the two curves is at 2ocm with the maximum error at

123Cm.
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Waterline.Depth [m]

Square.y-Difference [m?]

Position.of Max.Vertical.Distance [m] Max.Vertical.Distance [m]

1.000
3.000
3.500
5.000
7.000
9.000

10.000

12.000

14.000

15.600

Table 3.30: Minimum Distances - Approximate.Derivatives - ObjFunc.Volume - Aveva.Model

3.874

7-129

5.717

4.325

6.114
24.714
4.935

0.769

0.935

1.228

172.323 0.924
174.701 1.325
175.028 1.198
175.536 1.061
175.446 1.342

-0.381 2.650

-1.626 1.068
171.346 0.383
172.516 0.688
173447 0.827

Waterline.Depth [m]

Sum.Square.Min.Distance [

Position.of.Max.Distance [m] Max.Distance [m]

1.000
3.000
3.500
5.000
7.000
9.000

10.000

12.000

14.000

15.600

3.369
5.937
4.690
3-487
4939
13.597
3.755
0.666
0.739
0.951

171.920 0.788
174.113 1.111
174.496 1.003
175.067 0.892
174.882 1.162

0.668 1.227
-1.106 0.800
171.171 0.320
172.207 0.578
173.077 0.693

The difference between the waterlines is displayed in the following figures 3.43,

3.44.
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Figure 3.39: Waterline 15.600 m - Computed vs Real - Approximate.Derivatives - Obj-
Func.Volume - Aveva.Model

The figures of the sectors between the computed and the desired geometry are
displayed 3.45 below.
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3.2.4 Results using FOB

Because the previous results were not so close we tried a different approach. We

used the flat of bottom, which is the waterline at depth zero as an initialization.

In order to create the following waterlines we use the FOB’s points as the next
waterline’s points after scaling them accordingly. And so on, for each waterline we
use the previous waterline’s points. In this approach, we use as many control points
as needed in order to recreate the FOB’s waterline as good as possible. In our tests
we use,

1. Stern B-spline
The degree of the spline is 9 with 11 control points

2. Stem B-spline
The degree of the spline is 7 with g control points

For this approach we use 156 waterlines or one waterline every o.1 m. This
amount of waterlines is necessary because when we scale from one waterline to
the other, it is easier to accomplish a better initialization. Because of the enormous
number of waterlines, some of them are not perfectly smooth. This fact can lead
to divergences. Also, in this approach there is a small difference in the spline’s
waterlines at the stem. As mentioned in 2.5.1.2 the first control point’s y-coordinate
is setted as a percentage of the vessel’s breadth. In the previous tests we setted this
percentage at 50 percent but in this approach is setted at 17 percent. The reason for
this change is the shape of the waterlines at the low depths. The stem region is less
inflate and for that reason we chose this initialisation.

In the following figures 3.41, 3.42 we present these waterlines.

Figure 3.41: Aveva Model - 156 waterlines

(a) Stern View (b) Bow View

Figure 3.42: fig:Aveva Model 156 waterlines -Views
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In the table below 3.31 we can see the percentage difference at the attributes of the
hull between the calculated geometry and the created model. The
square-differences and the minimum distances between the them are displayed in
the upcoming tables 3.32, 3.33. Because the waterlines are too many we only
present some of the results. The results are not better than the ones produced
earlier but the mean error for all the waterlines is at 0.268 m . And if we consider
that some waterlines do not have the appropriate form then the results are pretty
good. As these tables are pretty big, we present only some of the results. The
entire tables appear at Appendix A.
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Table 3.31: Differences in attribute - Approximate.Derivatives - ObjFunc.Area -
Aveva.model.156

Waterline 1.000 m

Attribute Real Computed Percentage difference
Area [m?] 3716.822 3716.818 0.000
Inertia [m*]  208015.812 208015.847 0.000
LCF [m] 94.607 94.611 0.004
Volume [m®]  3467.250 3473.858 0.190
WSA [m?] 3818.393  4055.314 5.842
LCB [m] 94.551 95.374 0.863
KB [m] 0.514 0.514 0.049
Waterline 3.000 m
Attribute Real Computed Percentage difference
Area [m?] 4037.486 4042.905 0.134
Inertia [m*]  246213.375 246269.153 0.022
LCF [m] 94.052 96.400 2.435
Volume [m®] 11297814  11308.861 0.097
WSA [m?] 4628.048 5697.869 18.775
LCB [m] 94.440 95.573 1.184
KB [m] 1.553 1.552 0.028
Waterline 5.000 m
Attribute Real Computed Percentage difference
Area [m?] 4122.475 4132.083 0.232
Inertia [m*]  255708.750 255763.183 0.021
LCF [m] 93.387 96.004 2.725
Volume [m®] 19457250  19474.311 0.087
WSA [m?] 5374536 7232698 25.691
LCB [m] 94.274 96.047 1.846
KB [m] 2.580 2.580 0.013
Waterline 10.000 m
Attribute Real Computed Percentage difference
Area [m?] 4523.910 4531.800 0.174
Inertia [m*]  286013.531 283804.389 0.772
LCF [m] 82.157 84.624 2.915
Volume [m%]  40739.292  40856.058 0.285
WSA [m?] 7547.717  11086.540 31.919
LCB [m] 91.253 93.287 2.180
KB [m] 5.168 5.174 0.113
Waterline 14.000 m
Attribute Real Computed Percentage difference
Area [m?] 4672.187 4674.075 0.040
Inertia [m*]  299591.718  299590.779 0.000
LCF [m] 81.065 79.883 1.457
Volume [m®]  57439.718  57606.564 0.289
WSA [m?] 9046.807  12881.799 29.770
LCB [m] 90.386 91.794 1.534
KB [m] 7.179 7.183 0.045
Waterline 15.600 m
Attribute Real Computed Percentage difference
Area [m?] 4709.800 4712.190 0.050
Inertia [m*]  302136.375 302135.219 0.000
LCF [m] 81.390 79.978 1.734
Volume [m®]  64123.421  63882.649 0.375
WSA [m?] 9637.863 13444.703 28.314
LCB [m] 90.289 91.425 1.241

KB [m] 7.986 7.938 0.606



Table 3.32: Square

y-Difference

Aveva.Model.156
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Approximate.Derivatives

- ObjFunc.Area

Waterline.Depth [m]

Square.y-Difference [m?]

Position.of Max.Vertical.Distance [m

|

Max.Vertical.Distance [m

|

0.100
1.800
6.800
9.000

10.100

12.400

14.200

15.600

2.539
6.065
5-341
16.113
8.987
4-930
3.585
2.675

Table 3.33: Minimum  Distances

167.527 0.685
173.486 0.961
175553 1.372

1.414 2.172

0.243 1.048
167.451 0.658
166.267 0.593
173.447 0.663

Approximate.Derivatives -  ObjFunc.Area

Aveva.Model.156

Waterline.Depth [m]

Sum.Square.Min.Distance [11?]

Position.of.Max.Distance [m]

Max.Distance [m]

0.100 2.297 167.304 0.643
1.800 4.466 173.062 0.813
6.800 4334 174.984 1.195
9.000 10.729 2.472 1.429
10.100 7.873 0.642 0.954
12.400 4.596 22.574 0.627
14.200 3.316 166.479 0.547
15.600 2.374 167.166 0.555

The differences between the waterlines are displayed in the following figures 3.43,

3.44. The differences can easily be spotted in both the stern and the bow regions.
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Figure 3.44: Waterline 15.600 m - Computed vs Real - Approximate.Derivatives - Obj-
Func.Area - Aveva.model.156

The figures of the sectors between the computed and the desired geometry are
displayed 3.45 below. The sections with some exceptions in between the sectors are
pretty smooth, especially if we consider the fact that we optimise 156 waterlines.
The depths where the sections are not so smooth are between 8.0oom and 10.000m .
We have mentioned earlier that because of the vast number of waterlines, they are
not perfect relatively to smoothness so these results are expected. This remark is
verified by the real sector at the longitudinal position 165 m.
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3.3 ANALYSIS OF THE RESULTS

As we can see from the produced results the best optimization procedure is when
we use only the DlibFindMinUsingApproximateDerivatives algorithm. The algo-
rithm’s success is based on the starting position of our control points. In the case
where we use the DIlibFindMinUsing ApproximateDerivatives algorithm along with
the objective function both for the area attributes and volume attributes the results
of the function are very close to zero. That means that the algorithm reaches an
optimum local minimum based on its initialization. For the other two algorithms
DlibFindMinGlobal and OpenGA, we do not expect from them to reach a global
minimum by themselves. We expect from these algorithms to find positions of
the control points as close as possible to the global minimum in order to use the
DlibFindMinUsingApproximateDerivatives to find the minimum value. Although,
none of these algorithms could find a solution better than our first initialisation.
When we used a combination either of these algorithms along with the DlibFind-
MinUsingApproximateDerivatives algorithm could produce a good result. Finally,
in the approach where we use the flat of bottom as a starting set up for our control
points, the results are not better than by just using the DIlibFindMinUsingApprox-
imateDerivatives algorithm but both the produced waterlines and the sections are
smooth curves, which is impressive if we consider that we use 156 waterlines.

3-3.1 Model a

For the model that we produced the results are pretty good. The average of the
maximum distances between the computed waterlines and the model’s waterlines
that were produced by the DlibFindMinUsingApproximateDerivatives algorithm
for the objective function for the area attributes only is 0.080 m, while the mean
error of all points is 0.024 m. For the objective function that includes the volume
attributes the average of the maximum distances between the computed waterlines
and the model’s waterlines is 0.0y cm and the mean error of all points is 0.023
cm. The reason why they are so good is because the model is created in a way to
be very close to our first initialization. We include this example to prove that if
our initialization is close enough to the desired design, it is possible to achieve the
regeneration of an actual vessel.

3.3.2 AVEVA Model

The results of the real vessel are not so good. The average of the maximum distances
between the computed waterlines and the model’s waterlines that were produced by
the DIlibFindMinUsing ApproximateDerivatives algorithm for the objective function
for the area attributes only is 0.845 m, while the mean error of all points is 0.221
m. For the objective function that includes the volume attributes the average of the
maximum distances between the computed waterlines and the model’s waterlines
is 0.857 cm and the mean error of all points is 0.205 cm.

In both cases, the biggest problem that we confront is reaching the desired geom-
etry at the regions were the changes in curvature were very sharp at the stern and
the stem regions.
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4 CONCLUSIONS AND FUTURE WORK

4.1 CONCLUSIONS

The purpose of the present thesis is to introduce a novel approach for reverse en-
gineering of the hull geometry of conventional cargo vessels. Today, reconstruction
of hull geometry is made either manually, by reproducing the 3D geometry from
several 2D drawings of the vessel, or with in-situ measurements, by utilizing emerg-
ing technologies such as the 3D Laser Scanning method or photogrammetry. Both
methods are time consuming, costly and require great amounts of manual work. In
the present thesis we developed and validated a computational procedure which,
by utilizing very few input data, such as the hydrostatic table of the vessel, can
lead to reconstruction of the vessel hull with acceptable accuracy. The results of the
present study have demonstrated that the presented algorithm is capable of gener-
ating the hull of an actual cargo vessel with a mean geometry error of the order
of 2%. This reconstruction cannot be considered sufficient for detailed analysis of
the ship, but it forms a proof of concept of the proposed methodology. Additional
work on the CAD modeling and fine tuning of the optimization algorithms will be
required to attain hull geometry approximations with very small error tolerances.
Furthermore, the application of the present algorithm has been limited to only two
vessel models. More models with different hull shapes should be used in order
to make the algorithm generic enough to be applicable to different ship types and
hull designs (e.g. bulk carriers, tankers, containerships, etc.). However, the main
advantage of the present study lies in the fact that the requirement of input data in
minimal. The required data are generally available for most cargo vessels and it can
be easily extracted for any vessel with no extra cost.

4.2 FUTURE WORK

The genetic algorithm 2.6.3 did not produce such good results. However, there
are a lot of changes that could be done in order to make this algorithm more effi-
cient. Namely, there are two important points at the algorithm’s procedure that can
change its behaviour. The first one has to do with the population; we accept a collec-
tion of genes (individuals) to be part of our population (we choose 100 individuals)
if the objective function’s result of genes collection is less than number x, in our case
is 5000. We chose this limit because the algorithm had difficulties in finding better
initial population with numbers smaller than that. Yet, more tests need to be done,
examining the population and the down limit of a collection of genes to be accepted.
The second point has to do with mutation; we choose to mutate a random number of
genes by altering their values according to the vessel’s initial attributes, like breadth
or length. Perhaps, a different approach would be more beneficial and yield more
accurate results. Two very important factors that affect the optimization algorithms
FindMinGlobal and GA are the upper and lower bounds for the y-coordinate of
the control points. If the variable mathematical spaces were smaller the algorithms
might find better solutions faster. Still, this scenario must also be tested thoroughly.
Another important factor is the number of control points. In chapter 3 we did some
changes in order to gain better results by adding more control points. Although,
as the number of control points is growing the waterline’s shape is failing due to
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4.2 FUTURE WORK \

the vast number of variables. Thereby, further testing need to take place consider-
ing the number of control points and probably the starting position of those extra
points, because in our approaches the control points are equally distributed in each
curve. Moreover, there are different optimization algorithms that can be tested with
the methodology that has already been created and will possibly produce better
results than those produced. Additionally, a multi-objective function process that
will focus in different attributes of the waterplane area and the volume’s shape will
create a pareto of solutions that can also lead to better results.

Furthermore, there is one more solution based on this methodology but is slightly
different. We can create a data base of vessels by feeding our program with a lot
of different vessels. In this way, we will possess the hydrostatic attributes for all of
these ships and most importantly the attributes that have to do with the form of the
hull, like the block coefficient ( Cp ) and the prismatic coefficient ( Cps ). Thereby,
when we try to reverse engineer a vessel we will compare its attributes with the
ones that exist in our database and then scale the database-vessel with the closest
attributes accordingly in order to meet the attributes of the desired vessel. This
way, we will be able to obtain a very good first approach, helping our optimization
algorithms to generate better results.

Last but not least, all the above suggestions can be applied along parallel pro-
gramming. If the processes are carried out simultaneously, the time reduction will
be significant, allowing us to make more iterations of an algorithm and many more
tests in shorter time.
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A APPENDIX A

SOURCE CODE

A1

A.2

In this section we present the full tables of the differences in the attributes for all
the optimization processes.

A.2.1

A.2.1.1

DATA MODELS

Results using DlibFindMinUsingApproximateDerivatives

Objective function for area attributes

Waterline 1.000 m

Attribute Real Computed | Percentage difference
Area [m?] 3638.650 3638.650 0.000
Inertia [m?] 200695.437 | 200695.437 0.000
LCF [m] 96.473 96.473 0.000
Volume [m?] 3286.598 3286.465 0.004
WSA [m?] 3725.620 3725.822 0.005
LCB [m] 95.392 95.388 0.004
KB [m] 0.517 0.517 0.000
Waterline 2.000 m
Attribute Real Computed | Percentage difference
Area [m?] 3801.612 | 3801.612 0.000
Inertia [m*] 222918.328 | 222918.328 0.000
LCF [m] 96.733 96.733 0.000
Volume [m?] 7006.495 7006.361 0.001
WSA [m?] 4113.554 4113.767 0.005
LCB [m] 96.036 96.033 0.002
KB [m] 1.041 1.041 0.001
Waterline 3.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4040.104 4040.103 0.000
Inertia [m*] 243814.578 | 243814.584 0.000
LCF [m] 94.297 94.297 0.000
Volume [m?] 10913.262 | 10913.075 0.001
WSA [m?] 4591.129 4591.100 0.000
LCB [m] 95.934 95.933 0.001
KB [m] 1.565 1.565 0.000
Waterline 4.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4065.494 4065.493 0.000
Inertia [m*] 249646.921 | 249646.923 0.000
LCF [m] 94.537 94.537 0.000
Volume [m?] 14949.680 | 14949.697 0.000
WSA [m?] 4969.153 4969.520 0.007
LCB [m] 95.604 95.602 0.001
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KB [m] 2088 | 2088 | 0.001
Waterline 5.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4103.510 4103.665 0.003
Inertia [m?] 253854.937 | 253854.781 0.000
LCF [m] 94.149 94.300 0.160
Volume [m?] 19034.183 | 19034.241 0.000
WSA [m?] 5336.434 5335.612 0.015
LCB [m] 95-333 95.348 0.015
KB [m] 2.605 2.605 0.001
Waterline 6.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4137.835 4137.971 0.003
Inertia [m?] 257324.015 | 257323.874 0.000
LCF [m] 93.679 93.814 0.143
Volume [m?] 23154.855 | 23155.071 0.000
WSA [m?] 5701.997 5701.429 0.009
LCB [m] 95.081 95.118 0.039
KB [m] 3.120 3.120 0.001
Waterline 7.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4169.185 4169.184 0.000
Inertia [m?] 260325.875 | 260325.877 0.000
LCF [m] 93.012 93.012 0.000
Volume [m?] 27308.365 | 27308.671 0.001
WSA [mz] 6069.280 6071.053 0.029
LCB [m] 94.817 94.859 0.044
KB [m] 3.634 3.634 0.001
Waterline 8.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4200.771 4200.914 0.003
Inertia [m?] 263016.375 | 263016.224 0.000
LCF [m] 91.542 91.683 0.153
Volume [1m°] 31493345 | 31493.745 0.001
WSA [m?] 6456.085 6454.035 0.031
LCB [m] 94-479 94.525 0.048
KB [m] 4.148 4.148 0.000
Waterline 9.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4229.549 4229.548 0.000
Inertia [m*] 265277.375 | 265277.378 0.000
LCF [m] 89.067 89.067 0.000
Volume [m?] 35708.503 | 35708.921 0.001
WSA [m?] 6880.507 6884.066 0.051
LCB [m] 93.986 94.035 0.052
KB [m] 4.661 4.662 0.000
Waterline 10.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4403.614 | 4403.614 0.000
Inertia [m?] 274006.906 | 274006.906 0.000
LCF [m] 85.496 85.496 0.000
Volume [1m°] 39943-433 | 39944-097 0.001
WSA [m?] 7369.131 7372.643 0.047
LCB [m] 93.398 93.441 0.046
KB [m] 5.177 5.177 0.000
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Waterline 11.000 m

Attribute Real Computed | Percentage difference
Area [m?] 4562.796 4562.174 0.013
Inertia [m?] 285026.312 | 285926.662 0.000
LCF [m] 82.786 82.999 0.256
Volume [m?] 44146.347 | 44146.666 0.000
WSA [m?] 7842.342 7839.784 0.032
LCB [m] 92.987 93.038 0.054
KB [m] 5.688 5.688 0.000
Waterline 12.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4604.721 4604.295 0.009
Inertia [m?] 200190.062 | 290190.274 0.000
LCF [m] 82.324 82.471 0.178
Volume [m?] 48301.007 | 48300.815 0.000
WSA [m?] 8215.772 8214.250 0.018
LCB [m] 92.731 92.794 0.068
KB [m] 6.195 6.195 0.001
Waterline 13.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4637.713 4637.376 0.007
Inertia [m?] 293313.968 | 293314.159 0.000
LCF [m] 82.228 82.345 0.141
Volume [m?] 52455.910 | 52455.340 0.001
WSA [m?] 8584.437 | 8583.167 0.014
LCB [m] 92.535 92.605 0.075
KB [m] 6.703 6.702 0.001
Waterline 14.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4665.364 4665.085 0.005
Inertia [m?] 295876.375 | 295876.531 0.000
LCF [m] 82.221 82.319 0.119
Volume [m?] 56619.175 | 56618.304 0.001
WSA [m?] 8952.595 8951.434 0.012
LCB [m] 92.384 92.457 0.079
KB [m] 7.210 7.210 0.001
Waterline 15.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4689.464 4689.223 0.005
Inertia [m?] 298042.687 | 298042.821 0.000
LCF [m] 82.268 82.353 0.104
Volume [1?] 60792.464 | 60791.335 0.001
WSA [m?] 9321.041 9319.928 0.011
LCB [m] 92.267 92.343 0.082
KB [m] 7.719 7.719 0.001
Waterline 15.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4702.847 4702.624 0.004
Inertia [m*] 209220.500 | 299220.623 0.000
LCF [m] 82.311 82.390 0.096
Volume [m3] 60792.464 | 60791.335 0.001
WSA [m?] 9321.041 9319.928 0.011
LCB [m] 92.267 92.343 0.082
KB [m] 7.719 7.719 0.001
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A.2.1.2 Objective function for volume attributes

Waterline 1.000 m
Attribute Real Computed | Percentage difference
Area [m?] 3638.650 3638.629 0.000
Inertia [m?] 200695.437 | 200695.402 0.000
LCF [m] 96.473 96.463 0.011
Volume [m?] 3286.598 3286.464 0.004
WSA [m?] 3725.620 3725.727 0.002
LCB [m] 95.392 95.382 0.010
KB [m] 0.517 0.517 0.000
Waterline 2.000 m
Attribute Real Computed | Percentage difference
Area [m?] 3801.612 | 3801.608 0.000
Inertia [m?] 222918.328 | 222923.164 0.002
LCF [m] 96.733 96.722 0.011
Volume [m?] 7006.495 7006.347 0.002
WSA [m?] 4113.554 4113.658 0.002
LCB [m] 96.036 96.025 0.010
KB [m] 1.041 1.041 0.000
Waterline 3.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4040.104 | 4040.142 0.000
Inertia [m*] 243814.578 | 243814.640 0.000
LCF [m] 94.297 94.296 0.001
Volume [m?] 10913.262 | 10913.078 0.001
WSA [m?] 4591.129 4591.123 0.000
LCB [m] 95.934 95.926 0.008
KB [m] 1.565 1.565 0.000
Waterline 4.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4065.494 4065.429 0.001
Inertia [m*] 249646.921 | 249652.222 0.002
LCF [m] 94.537 94.584 0.049
Volume [m?] 14949.680 | 14949.677 0.000
WSA [m?] 4969.153 4968.764 0.007
LCB [m] 95.604 95.603 0.000
KB [m] 2.088 2.088 0.001
Waterline 5.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4103.510 4103.510 0.000
Inertia [m?] 253854.937 | 253854.794 0.000
LCF [m] 94.149 94.172 0.024
Volume [m?] 19034.183 | 19034.166 0.000
WSA [m?] 5336434 | 5336.557 0.002
LCB [m] 95-333 95.340 0.007
KB [m] 2.605 2.605 0.000
Waterline 6.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4137.835 4137.830 0.000
Inertia [m?] 257324.015 | 257329.253 0.002
LCF [m] 93.679 93.698 0.019
Volume [m?] 23154.855 | 23154.846 0.000
WSA [m?] 5701.997 | 5702.094 0.001
LCB [m] 95.081 95.090 0.009
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KB [m] 3120 | 3120 | 0.000
Waterline 7.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4169.185 4169.181 0.000
Inertia [m?] 260325.875 | 260325.835 0.000
LCF [m] 93.012 93.028 0.017
Volume [m?] 27308.365 | 27308.356 0.000
WSA [m?] 6069.280 6069.352 0.001
LCB [m] 94.817 94.827 0.011
KB [m] 3.634 3.634 0.000
Waterline 8.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4200.771 4200.769 0.000
Inertia [m?] 263016.375 | 263021.783 0.002
LCF [m] 91.542 91.560 0.019
Volume [’] 31493345 | 31493333 0.000
WSA [m?] 6456.085 6456.132 0.000
LCB [m] 94.479 94.490 0.012
KB [m] 4.148 4.148 0.000
Waterline 9.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4229.549 4229.547 0.000
Inertia [m?] 265277.375 | 265277.219 0.000
LCF [m] 89.067 89.085 0.020
Volume [m?] 35708.503 | 35708.506 0.000
WSA [m?] 6880.507 6880.545 0.000
LCB [m] 93.986 93.998 0.012
KB [m] 4.661 4.662 0.000
Waterline 10.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4403.614 4403.591 0.000
Inertia [m?] 274006.906 | 274023.388 0.006
LCF [m] 85.496 85.511 0.018
Volume [m?] 39943.433 | 39943.666 0.000
WSA [m?] 7369.131 7369.175 0.000
LCB [m] 93.398 93.410 0.013
KB [m] 5.177 5.177 0.000
Waterline 11.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4562.796 | 4562.776 0.000
Inertia [m*] 285926.312 | 286186.093 0.090
LCF [m] 82.786 82.792 0.007
Volume [m?] 44146.347 | 44146.617 0.000
WSA [m?] 7842.342 7842.363 0.000
LCB [m] 92.987 93.000 0.013
KB [m] 5.688 5.688 0.000
Waterline 12.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4604.721 4604.620 0.002
Inertia [m?] 290190.062 | 290555.615 0.125
LCF [m] 82.324 82.338 0.017
Volume [m?] 48301.007 | 48301.218 0.000
WSA [m?] 8215.772 8215.393 0.004
LCB [m] 92.731 92.743 0.013
KB [m] 6.195 6.195 0.000
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Waterline 13.000 m

Attribute Real Computed | Percentage difference
Area [m?] 4637.713 4637.880 0.003
Inertia [m?] 293313.968 | 293748.035 0.147
LCF [m] 82.228 82.164 0.077
Volume [m?] 52455.910 | 52456.169 0.000
WSA [m?] 8584.437 8584.622 0.002
LCB [m] 92.535 92.544 0.009
KB [m] 6.703 6.703 0.000
Waterline 14.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4665.364 4665.656 0.006
Inertia [m?] 295876.375 | 296364.808 0.164
LCF [m] 82.221 82.105 0.140
Volume [m?] 56619.175 | 56619.677 0.000
WSA [m?] 8952.595 8952.919 0.003
LCB [m] 92.384 92.384 0.000
KB [m] 7.210 7.210 0.000
Waterline 15.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4689.464 4689.826 0.007
Inertia [m?] 298042.687 | 298574.868 0.178
LCF [m] 82.268 82.121 0.178
Volume [m?] 60792.464 | 60793.299 0.001
WSA [m?] 9321.041 9321.292 0.002
LCB [m] 92.267 92.258 0.010
KB [m] 7.719 7.719 0.001
Waterline 15.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4702.847 4703.142 0.006
Inertia [m?] 299220.500 | 299774.985 0.184
LCF [m] 82.311 82.197 0.137
Volume [m?] 60792.464 | 60793.299 0.001
WSA [m?] 9321.041 9321.292 0.002
LCB [m] 92.267 92.258 0.010
KB [m] 7.719 7.719 0.001

A.2.2 Results using DlibFindMinGlobal

A.2.2.1

Objective function for area attributes

Waterline 1.000 m

Attribute Real Computed | Percentage difference
Area [m?] 3638.650 3637.494 0.031
Inertia [m*] 200695.437 | 200696.590 0.000
LCF [m] 96.473 95.644 0.859
Volume [m?] 3286.598 3281.002 0.170
WSA [m?] 3725.620 3722.870 0.073
LCB [m] 95.392 94.986 0.425
KB [m] 0.517 0.517 0.000

Waterline 2.000 m

Attribute Real Computed | Percentage difference
Area [m?] 3801.612 3782.160 0.511
Inertia [m?] 222918.328 | 222916.397 0.000
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LCF [m] 96.733 97.808 1.099
Volume [m?] 7006.495 6990.270 0.231
WSA [m?] 4113.554 4139.648 0.630
LCB [m] 96.036 95.912 0.128
KB [m] 1.041 1.040 0.047
Waterline 3.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4040.104 4040.104 0.000
Inertia [m*] 243814.578 | 243814.578 0.000
LCF [m] 94.297 94.297 0.000
Volume [m?] 10913.262 | 10887.072 0.239
WSA [m?] 4591.129 4650.952 1.286
LCB [m] 95.934 96.041 0.111
KB [m] 1.565 1.565 0.015
Waterline 4.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4065.494 4092.926 0.670
Inertia [m*] 249646.921 | 249627.509 0.007
LCF [m] 94.537 93-477 1.121
Volume [m?] 14949.680 | 14938.395 0.075
WSA [m?] 4969.153 5024.057 1.092
LCB [m] 95.604 95.528 0.078
KB [m] 2.088 2.090 0.110
Waterline 5.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4103.510 4142.407 0.938
Inertia [m*] 253854.937 | 253819.634 0.013
LCF [m] 94.149 93.356 0.842
Volume [m?] 19034.183 | 19056.433 0.116
WSA [m?] 5336434 | 5392.777 1.044
LCB [m] 95-333 95.072 0.274
KB [m] 2.605 2.611 0.210
Waterline 6.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4137.835 4149.028 0.269
Inertia [m*] 257324.015 | 257356.316 0.012
LCF [m] 93.679 93-454 0.240
Volume [m?] 23154.855 | 23202.302 0.204
WSA [m?] 5701.997 5761.166 1.027
LCB [m] 95.081 94.774 0.322
KB [m] 3.120 3.127 0.208
Waterline 7.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4169.185 4184.258 0.360
Inertia [m?] 260325.875 | 260314.512 0.004
LCF [m] 93.012 92.677 0.359
Volume [1?] 27308.365 | 27368.294 0.218
WSA [m?] 6069.280 6132.380 1.028
LCB [m] 94.817 94.515 0.318
KB [m] 3.634 3.640 0.163
Waterline 8.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4200.771 4216.270 0.367
Inertia [m*] 263016.375 | 263076.367 0.022
LCF [m] 91.542 91.287 0.277
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Volume [m?] 31493.345 | 31568.547 0.238
WSA [m?] 6456.085 6516.471 0.926
LCB [m] 94.479 94.178 0.318
KB [m] 4.148 4.154 0.139
Waterline 9.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4229.549 4236.753 0.170
Inertia [m*] 265277.375 | 265269.988 0.002
LCF [m] 89.067 89.209 0.159
Volume [m?] 35708.503 | 35795.211 0.242
WSA [m?] 6880.507 6929.976 0.713
LCB [m] 93.986 93.712 0.291
KB [m] 4.661 4.667 0.112
Waterline 10.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4403.614 | 4395.794 0.177
Inertia [m?] 274006.906 | 274012.418 0.002
LCF [m] 85.496 85.898 0.468
Volume [m?] 39943.433 | 40030.664 0.217
WSA [m?] 7369.131 7402.476 0.450
LCB [m] 93.398 93.182 0.230
KB [m] 5.177 5.181 0.069
Waterline 11.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4562.796 | 4557.867 0.108
Inertia [m*] 285926.312 | 285929.530 0.001
LCF [m] 82.786 83.050 0.317
Volume [1?] 44146.347 | 44226.206 0.180
WSA [m?] 7842342 | 7879.443 0.470
LCB [m] 92.987 92.830 0.169
KB [m] 5.688 5.690 0.025
Waterline 12.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4604.721 4604.725 0.000
Inertia [m*] 290190.062 | 290190.060 0.000
LCF [m] 82.324 82.323 0.001
Volume [m?] 48301.007 | 48378.556 0.160
WSA [m?] 8215.772 8261.169 0.549
LCB [m] 92.731 92.600 0.141
KB [m] 6.195 6.196 0.004
Waterline 13.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4637.713 | 4639.940 0.047
Inertia [m?] 293313.968 | 293311.370 0.000
LCF [m] 82.228 81.274 1.160
Volume [m?] 52455.910 | 52536.028 0.152
WSA [m?] 8584.437 8699.213 1.319
LCB [m] 92.535 92.368 0.180
KB [m] 6.703 6.702 0.003
Waterline 14.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4665.364 4665.312 0.001
Inertia [m*] 295876.375 | 295876.455 0.000
LCF [m] 82.221 82.235 0.017
Volume [m?] 56619.175 | 56700.373 0.143
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WSA [m?] 8952.595 9113.651 1.767
LCB [m] 92.384 92.190 0.209
KB [m] 7.210 7.210 0.010

Waterline 15.000 m

Attribute Real Computed | Percentage difference

Area [m?] 4689.464 4689.464 0.000

Inertia [m*] 298042.687 | 298042.687 0.000
LCF [m] 82.268 82.268 0.000

Volume [1?] 60792.464 | 60873.508 0.133

WSA [m?] 9321.041 9482.340 1.701
LCB [m] 92.267 92.087 0.194
KB [m] 7.719 7.717 0.018

Waterline 15.600 m

Attribute Real Computed | Percentage difference

Area [m?] 4702.847 | 4701.347 0.031

Inertia [m*] 299220.500 | 299221.115 0.000
LCF [m] 82.311 82.763 0.547

Volume [m?] 60792.464 | 60873.508 0.133

WSA [m?] 9321.041 9482.340 1.701
LCB [m] 92.267 92.087 0.194
KB [m] 7.719 7.717 0.018

A.2.2.2 Objective function for volume attributes

Waterline 1.000 m

Attribute Real Computed | Percentage difference
Area [m?] 3638.650 3626.031 0.346
Inertia [m?] 200695.437 | 200752.463 0.028
LCF [m] 96.473 95.972 0.519
Volume [m?] 3286.598 3276.672 0.302
WSA [m?] 3725.620 3712.842 0.342
LCB [m] 95.392 95.169 0.234
KB [m] 0.517 0.517 0.051
Waterline 2.000 m
Attribute Real Computed | Percentage difference
Area [m?] 3801.612 3807.176 0.146
Inertia [m*] 222918.328 | 222919.976 0.000
LCF [m] 96.733 95.668 1.101
Volume [m?] 7006.495 6992.863 0.194
WSA [m?] 4113.554 4107.692 0.142
LCB [m] 96.036 95.514 0.543
KB [m] 1.041 1.041 0.056
Waterline 3.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4040.104 4039.454 0.016
Inertia [m?] 243814.578 | 243823.656 0.003
LCF [m] 94.297 95-594 1.356
Volume [m?] 10913.262 | 10900.419 0.117
WSA [m?] 4591.129 4577.804 0.290
LCB [m] 95.934 95.660 0.285
KB [m] 1.565 1.566 0.067
Waterline 4.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4065.494 | 4073.820 0.204
Inertia [m?] 249646.921 | 249643.347 0.001
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LCF [m] 94.537 94.372 0.175
Volume [m?] 14949.680 | 14940.131 0.063
WSA [m?] 4969.153 4963.607 0.111
LCB [m] 95.604 95.548 0.058
KB [m] 2.088 2.089 0.075
Waterline 5.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4103.510 4109.647 0.149
Inertia [m*] 253854.937 | 253850.190 0.001
LCF [m] 94.149 94.494 0.365
Volume [m?] 19034.183 | 19031.594 0.013
WSA [m?] 5336.434 5336.926 0.009
LCB [m] 95.333 95.310 0.024
KB [m] 2.605 2.607 0.084
Waterline 6.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4137.835 | 4152365 0.349
Inertia [m*] 257324.015 | 257321.934 0.000
LCF [m] 93.679 93.176 0.537
Volume [m?] 23154.855 | 23162.631 0.033
WSA [m?] 5701.997 5718.066 0.281
LCB [m] 95.081 95.046 0.036
KB [m] 3.120 3.123 0.094
Waterline 7.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4169.185 4169.621 0.010
Inertia [m*] 260325.875 | 260323.744 0.000
LCF [m] 93.012 92.885 0.135
Volume [m?] 27308365 | 27323.807 0.056
WSA [m?] 6069.280 6083.743 0.237
LCB [m] 94.817 94.739 0.082
KB [m] 3.634 3.637 0.085
Waterline 8.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4200.771 4215.490 0.349
Inertia [m*] 263016.375 | 263011.475 0.001
LCF [m] 91.542 91.407 0.147
Volume [m?] 31493.345 | 31516.335 0.072
WSA [m?] 6456.085 6472.134 0.247
LCB [m] 94-479 94393 0.090
KB [m] 4.148 4.151 0.079
Waterline 9.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4229.549 4225.270 0.101
Inertia [m?] 265277.375 | 265279.372 0.000
LCF [m] 89.067 89.350 0.317
Volume [1?] 35708.503 | 35736.236 0.077
WSA [m?] 6880.507 6883.727 0.046
LCB [m] 93.986 93.918 0.071
KB [m] 4.661 4.665 0.065
Waterline 10.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4403.614 | 4402.180 0.032
Inertia [m*] 274006.906 | 274021.092 0.005
LCF [m] 85.496 85.825 0.383
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Volume [°] 39943433 | 39966.527 0.057
WSA [m?] 7369.131 7369.961 0.011
LCB [m] 93.398 93.370 0.029
KB [m] 5.177 5.179 0.036
Waterline 11.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4562.796 4568.946 0.134
Inertia [m*] 285926.312 | 286190.177 0.092
LCF [m] 82.786 86.224 3.986
Volume [m?] 44146.347 | 44174.210 0.063
WSA [m?] 7842.342 7834.921 0.094
LCB [m] 92.987 93.155 0.180
KB [m] 5.688 5.690 0.034
Waterline 12.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4604.721 4604.301 0.009
Inertia [m?] 290190.062 | 290546.385 0.122
LCF [m] 82.324 85.001 3.148
Volume [m?] 48301.007 | 48330.519 0.061
WSA [m?] 8215.772 8225.283 0.115
LCB [m] 92.731 93.172 0.473
KB [m] 6.195 6.197 0.027
Waterline 13.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4637.713 4650.567 0.276
Inertia [m*] 293313.968 | 293773.006 0.156
LCF [m] 82.228 84.515 2.706
Volume [1?] 52455.910 | 52491.815 0.068
WSA [m?] 8584.437 8605.431 0.243
LCB [m] 92.535 93.159 0.669
KB [m] 6.703 6.705 0.029
Waterline 14.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4665.364 | 4666.597 0.026
Inertia [m*] 295876.375 | 296358.632 0.162
LCF [m] 82.221 84.117 2.254
Volume [m?] 56619.175 | 56661.870 0.075
WSA [m?] 8952.595 8975.835 0.258
LCB [m] 92.384 93.133 0.804
KB [m] 7.210 7.213 0.031
Waterline 15.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4689.464 4688.494 0.020
Inertia [m?] 298042.687 | 298577.885 0.179
LCF [m] 82.268 83.790 1.816
Volume [m?] 60792.464 | 60835.378 0.070
WSA [m?] 9321.041 9346.425 0.271
LCB [m] 92.267 93.097 0.891
KB [m] 7.719 7.721 0.023
Waterline 15.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4702.847 4699.907 0.062
Inertia [m*] 299220.500 | 299855.176 0.211
LCF [m] 82.311 82.449 0.167
Volume [m?] 60792.464 | 60835.378 0.070
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WSA [m?] 9321.041 9346.425 0.271
LCB [m] 92.267 93.097 0.891
KB [m] 7.719 7.721 0.023

A.2.3 Results using GeneticOptimizer

A.2.3.1  Objective function for area attributes

Waterline 1.000 m
Attribute Real Computed | Percentage difference
Area [m?] 3638.650 3664.821 0.714
Inertia [m*] 200695.437 | 200625.215 0.034
LCF [m] 96.473 95.366 1.147
Volume [m?] 3286.598 3291.911 0.161
WSA [m?] 3725.620 3746.872 0.567
LCB [m] 95.392 94.839 0.579
KB [m] 0.517 0.518 0.122
Waterline 2.000 m
Attribute Real Computed | Percentage difference
Area [m?] 3801.612 3874.259 1.875
Inertia [m*] 222918.328 | 222846.435 0.032
LCF [m] 96.733 95.184 1.600
Volume [m?] 7006.495 7061.145 0.773
WSA [m?] 4113.554 4166.255 1.264
LCB [m] 96.036 95.071 1.004
KB [m] 1.041 1.044 0.350
Waterline 3.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4040.104 4073.265 0.814
Inertia [m*] 243814.578 | 243813.193 0.000
LCF [m] 94.297 87.309 7.410
Volume [m?] 10913.262 | 11024.420 1.008
WSA [m?] 4591.129 | 4855.347 5.441
LCB [m] 95.934 93.733 2.204
KB [m] 1.565 1.569 0.270
Waterline 4.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4065.494 4079.236 0.336
Inertia [m?] 249646.921 | 249639.995 0.002
LCF [m] 94.537 86.631 8.363
Volume [m?] 14949.680 | 15086.142 0.904
WSA [m?] 4969.153 | 5230.564 4.997
LCB [m] 95.604 91.980 3.790
KB [m] 2.088 2.089 0.072
Waterline 5.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4103.510 4115.257 0.285
Inertia [m?] 253854.937 | 253826.396 0.011
LCF [m] 94.149 87.486 7.077
Volume [m?] 19034.183 | 19183.802 0.779
WSA [m?] 5336434 | 5614.472 4.952
LCB [m] 95-333 90.931 4.617
KB [m] 2.605 2.604 0.046
Waterline 6.000 m
Attribute Real | Computed | Percentage difference
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Area [m?] 4137.835 4170.104 0.773
Inertia [m?] 257324.015 | 257291.093 0.012
LCF [m] 93.679 91.294 2.545
Volume [m?] 23154.855 | 23324.773 0.728
WSA [m?] 5701.997 6102.804 6.567
LCB [m] 95.081 90.660 4.649
KB [m] 3.120 3.118 0.068
Waterline 7.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4169.185 4218.981 1.180
Inertia [m*] 260325.875 | 260346.950 0.008
LCF [m] 93.012 92.575 0.469
Volume [m?] 27308.365 | 27519.009 0.765
WSA [m?] 6069.280 6490.541 6.490
LCB [m] 94.817 90.856 4.177
KB [m] 3.634 3.634 0.019
Waterline 8.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4200.771 4222.602 0.516
Inertia [m*] 263016.375 | 262979.670 0.013
LCF [m] 91.542 90.496 1.142
Volume [1m°] 31493.345 | 31740.163 0.777
WSA [m?] 6456.085 6906.939 6.527
LCB [m] 94479 90.948 3.737
KB [m] 4.148 4.148 0.006
Waterline 9.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4229.549 4240.772 0.264
Inertia [m?] 265277.375 | 265266.329 0.004
LCF [m] 89.067 83.355 6.413
Volume [m?] 35708.503 | 35968.535 0.722
WSA [m?] 6880.507 7563.639 9.031
LCB [m] 93.986 90.472 3.738
KB [m] 4.661 4.659 0.050
Waterline 10.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4403.614 4421.774 0.410
Inertia [m?] 274006.906 | 273995.396 0.004
LCF [m] 85.496 84.026 1.719
Volume [m?] 39943.433 | 40219.375 0.686
WSA [m?] 7369.131 8036.846 8.308
LCB [m] 93-398 89.872 3.775
KB [m] 5.177 5.174 0.071
Waterline 11.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4562.796 4566.914 0.090
Inertia [m?] 285926.312 | 285925.899 0.000
LCF [m] 82.786 82.332 0.548
Volume [m?] 44146.347 | 44432.834 0.644
WSA [m?] 7842.342 8480.245 7.522
LCB [m] 92.987 89.698 3.537
KB [m] 5.688 5.683 0.095
Waterline 12.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4604.721 4607.985 0.070
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Inertia [m?] 290190.062 | 290187.648 0.000
LCF [m] 82.324 80.944 1.676
Volume [1?] 48301.007 | 48591.777 0.598
WSA [m?] 8215.772 8886.041 7.542
LCB [m] 92.731 89.635 3-339
KB [m] 6.195 6.188 0.120
Waterline 13.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4637.713 4637.815 0.002
Inertia [m?] 293313.968 | 293317.967 0.001
LCF [m] 82.228 81.698 0.644
Volume [m?] 52455.910 | 52748.364 0.554
WSA [m?] 8584.437 9265.200 7.347
LCB [m] 92.535 89.597 3-174
KB [m] 6.703 6.693 0.141
Waterline 14.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4665.364 | 4666.201 0.017
Inertia [m?] 295876.375 | 295879.070 0.000
LCF [m] 82.221 81.581 0.777
Volume [m?] 56619.175 | 56912.041 0.514
WSA [m?] 8952.595 | 9634.730 7-079
LCB [m] 92.384 89.612 3.000
KB [m] 7.210 7.199 0.157
Waterline 15.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4689.464 4693.476 0.085
Inertia [m*] 298042.687 | 298038.162 0.001
LCF [m] 82.268 81.374 1.086
Volume [m?] 60792.464 | 61087.794 0.483
WSA [m?] 9321.041 10010.259 6.885
LCB [m] 92.267 89.625 2.863
KB [m] 7.719 7.706 0.165
Waterline 15.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4702.847 4705.074 0.047
Inertia [m*] 299220.500 | 299218.894 0.000
LCF [m] 82.311 81.208 1.339
Volume [m?] 60792.464 | 61087.794 0.483
WSA [m?] 9321.041 10010.259 6.885
LCB [m] 92.267 89.625 2.863
KB [m] 7.719 7.706 0.165

A.2.3.2 Objective function for volume attributes

Waterline 1.000 m

Attribute
Area [m?]
Inertia [m*]
LCF [m]
Volume [1?]
WSA [m?]
LCB [m]
KB [m]

Real
3638.650
200695.437

96-473
3286.598

3725.620
95.392
0.517

Computed
3672.422
200719.114
94.028
3296.419
3750-433

94.157
0.518

Percentage difference
0.919
0.011
2.534
0.297
0.661
1.294
0.154

Waterline 2.000 m
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Attribute Real Computed | Percentage difference
Area [m?] 3801.612 3872.460 1.829
Inertia [m?] 222918.328 | 222936.207 0.008
LCF [m] 96.733 91.906 4-990
Volume [m?] 7006.495 7068.501 0.877
WSA [m?] 4113.554 4185.996 1.730
LCB [m] 96.036 93.512 2.627
KB [m] 1.041 1.044 0.332
Waterline 3.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4040.104 4069.784 0.729
Inertia [m?] 243814.578 | 243774.891 0.016
LCF [m] 94.297 88.066 6.608
Volume [m?] 10913.262 | 11026.496 1.026
WSA [m?] 4591.129 4685.507 2.014
LCB [m] 95.934 92.312 3.775
KB [m] 1.565 1.568 0.211
Waterline 4.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4065.494 4110.070 1.084
Inertia [m?] 249646.921 | 249606.338 0.016
LCF [m] 94.537 94.040 0.525
Volume [m?] 14949.680 | 15096.925 0.975
WSA [m?] 4969.153 5274.127 5.782
LCB [m] 95.604 92.063 3.703
KB [m] 2.088 2.089 0.084
Waterline 5.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4103.510 4111.908 0.204
Inertia [m*] 253854.937 | 253856.812 0.000
LCF [m] 94.149 89.714 4.710
Volume [1?] 19034.183 | 19209.978 0.915
WSA [m?] 5336434 | 5785.297 7.758
LCB [m] 95.333 92.022 3-473
KB [m] 2.605 2.605 0.003
Waterline 6.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4137.835 4174.113 0.869
Inertia [m4] 257324.015 | 257247.813 0.029
LCF [m] 93.679 87.688 6.395
Volume [m?] 23154.855 | 23353.649 0.851
WSA [m?] 5701.997 6202.620 8.071
LCB [m] 95.081 91.430 3.839
KB [m] 3.120 3.119 0.043
Waterline 7.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4169.185 4222.291 1.257
Inertia [m?] 260325.875 | 260295.454 0.011
LCF [m] 93.012 91.093 2.062
Volume [m3] 27308.365 | 27550.499 0.878
WSA [m?] 6069.280 6674.198 9.063
LCB [m] 94.817 91.122 3.896
KB [m] 3.634 3.634 0.008

Waterline 8.000 m
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Attribute Real Computed | Percentage difference
Area [m?] 4200.771 4238.354 0.886
Inertia [m?] 263016.375 | 262990.918 0.009
LCF [m] 91.542 87.772 4.117
Volume [m?] 31493.345 | 31780.061 0.902
WSA [m?] 6456.085 7131.831 9.475
LCB [m] 94479 90.896 3.792
KB [m] 4.148 4.148 0.011
Waterline 9.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4229.549 4262.048 0.762
Inertia [m*] 265277.375 | 265249.064 0.010
LCF [m] 89.067 88.474 0.665
Volume [m?] 35708.503 | 36032.001 0.897
WSA [m?] 6880.507 7544.055 8.795
LCB [m] 93.986 90.568 3.636
KB [m] 4.661 4.662 0.005
Waterline 10.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4403.614 4404.598 0.022
Inertia [m*] 274006.906 | 274034.612 0.010
LCF [m] 85.496 85.393 0.120
Volume [m?] 39943.433 | 40283.881 0.845
WSA [m?] 7369.131 8008.595 7.984
LCB [m] 93.398 90.308 3.308
KB [m] 5.177 5.175 0.041
Waterline 11.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4562.796 | 4574.373 0.253
Inertia [m?] 2850926.312 | 286231.793 0.106
LCF [m] 82.786 82.616 0.206
Volume [m?] 44146.347 | 44493.822 0.780
WSA [m?] 7842.342 8493.220 7.663
LCB [m] 92.987 90.174 3.025
KB [m] 5.688 5.683 0.089
Waterline 12.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4604.721 4614.994 0.222
Inertia [m?] 290190.062 | 290772.919 0.200
LCF [m] 82.324 80.147 2.645
Volume [m?] 48301.007 | 48659.673 0.737
WSA [m?] 8215.772 8954.658 8.251
LCB [m] 92.731 90.045 2.896
KB [m] 6.195 6.188 0.113
Waterline 13.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4637.713 4639.171 0.031
Inertia [m?] 2093313.968 | 293751.432 0.148
LCF [m] 82.228 82.275 0.057
Volume [1?] 52455.910 | 52818.875 0.687
WSA [m?] 8584.437 9393.822 8.616
LCB [m] 92.535 89.966 2.776
KB [m] 6.703 6.693 0.141

Waterline 14.000 m
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Attribute Real Computed | Percentage difference
Area [m?] 4665.364 | 4668.387 0.064
Inertia [m?] 295876.375 | 296414.228 0.181
LCF [m] 82.221 81.744 0.580
Volume [m?] 56619.175 | 56984.353 0.640
WSA [m?] 8952.595 | 9770.859 8.374
LCB [m] 92.384 89.984 2.597
KB [m] 7.210 7.199 0.163

Waterline 15.000 m

Attribute Real Computed | Percentage difference
Area [m?] 4689.464 4690.818 0.028
Inertia [m*] 298042.687 | 298591.518 0.183
LCF [m] 82.268 80.887 1.678
Volume [m?] 60792.464 | 61160.630 0.601
WSA [m?] 9321.041 10172.642 8.371
LCB [m] 92.267 89.959 2.501
KB [m] 7-719 7-705 0.177

Waterline 15.600 m

Attribute Real Computed | Percentage difference
Area [m?] 4702.847 4706.089 0.068
Inertia [m*] 299220.500 | 299815.554 0.198
LCF [m] 82.311 81.416 1.086
Volume [m?] 60792.464 | 61160.630 0.601
WSA [m?] 9321.041 10172.642 8.371
LCB [m] 92.267 89.959 2.501
KB [m] 7.719 7-705 0.177

A.2.4 Results using Hybrid Optimizer

A.2.4.1  Objective function for area

Waterline 1.000 m
Attribute Real Computed | Percentage difference
Area [m?] 3638.650 3649.174 0.288
Inertia [m?] 200695.437 | 200632.890 0.031
LCF [m] 96.473 96.244 0.237
Volume [m?] 3286.598 3286.046 0.016
WSA [m?] 3725.620 3736.304 0.285
LCB [m] 95.392 95.289 0.108
KB [m] 0.517 0.517 0.052
Waterline 2.000 m
Attribute Real Computed | Percentage difference
Area [m?] 3801.612 3812.542 0.286
Inertia [m*] 222918.328 | 222918.328 0.000
LCF [m] 96.733 96.732 0.000
Volume [1?] 7006.495 7016.372 0.140
WSA [m?] 4113.554 4125.465 0.288
LCB [m] 96.036 95.925 0.115
KB [m] 1.041 1.041 0.082
Waterline 3.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4040.104 4079.331 0.961
Inertia [m*] 243814.578 | 243814.577 0.000
LCF [m] 94.297 94.302 0.004
Volume [m?] 10913.262 | 10948.817 0.324
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WSA [m?] 4591.129 4627.659 0.789
LCB [m] 95.934 95.864 0.073
KB [m] 1.565 1.567 0.158
Waterline 4.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4065.494 4122.507 1.382
Inertia [m*] 249646.921 | 249646.921 0.000
LCF [m] 94.537 94.536 0.001
Volume [1?] 14949.680 | 15033.831 0.559
WSA [m?] 4969.153 5000.063 0.618
LCB [m] 95.604 95.546 0.059
KB [m] 2.088 2.093 0.250
Waterline 5.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4103.510 4178.180 1.787
Inertia [m*] 253854.937 | 253867.456 0.004
LCF [m] 94.149 94.144 0.005
Volume [m?] 19034.183 | 19183.350 0.777
WSA [m?] 5336.434 | 5386.594 0.931
LCB [m] 95.333 95.286 0.049
KB [m] 2.605 2.614 0.318
Waterline 6.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4137.835 4162.832 0.600
Inertia [m?] 257324.015 | 256446.013 0.341
LCF [m] 93.679 93.717 0.039
Volume [m?] 23154.855 | 23353.028 0.848
WSA [m?] 5701.997 5763.843 1.072
LCB [m] 95.081 95.043 0.039
KB [m] 3.120 3.129 0.267
Waterline 7.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4169.185 4178.942 0.233
Inertia [m*] 260325.875 | 260324.456 0.000
LCF [m] 93.012 93.012 0.000
Volume [m?] 27308.365 | 27523.625 0.782
WSA [m?] 6069.280 6133.829 1.052
LCB [m] 94.817 94.788 0.030
KB [m] 3.634 3.639 0.141
Waterline 8.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4200.771 4262.960 1.458
Inertia [m?] 263016.375 | 263016.374 0.000
LCF [m] 91.542 91.542 0.000
Volume [m?] 31493.345 | 31743.810 0.789
WSA [m?] 6456.085 6555.355 1.514
LCB [m] 94.479 94.452 0.028
KB [m] 4.148 4.153 0.116
Waterline 9.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4229.549 4261.526 0.750
Inertia [m?] 265277.375 | 265267.443 0.003
LCF [m] 89.067 89.069 0.002
Volume [m?] 35708.503 | 36006.295 0.827
WSA [m?] 6880.507 6990.047 1.567
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LCB [m] 93.986 93.961 0.025
KB [m] 4.661 4.667 0.121
Waterline 10.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4403.614 4424.117 0.463
Inertia [m*] 274006.906 | 273957.200 0.018
LCF [m] 85.496 85.494 0.001
Volume [m?] 39943.433 | 40267.627 0.805
WSA [m?] 7369.131 7474.190 1.405
LCB [m] 93.398 93.376 0.022
KB [m] 5.177 5.181 0.078
Waterline 11.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4562.796 4577.103 0.312
Inertia [m*] 2850926.312 | 285917.646 0.003
LCF [m] 82.786 82.786 0.000
Volume [m?] 44146.347 | 44488.099 0.768
WSA [m?] 7842.342 | 7944.977 1.291
LCB [m] 92.987 92.967 0.021
KB [m] 5.688 5.690 0.032
Waterline 12.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4604.721 4613.102 0.181
Inertia [m?] 290190.062 | 290190.062 0.000
LCF [m] 82.324 82.324 0.000
Volume [m?] 48301.007 | 48654.277 0.726
WSA [m?] 8215.772 8318.587 1.235
LCB [m] 92.731 92.711 0.020
KB [m] 6.195 6.195 0.010
Waterline 13.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4637.713 4639.122 0.030
Inertia [m?] 203313.968 | 293314.002 0.000
LCF [m] 82.228 82.228 0.000
Volume [m?] 52455.910 | 52814.028 0.678
WSA [m?] 8584.437 8686.062 1.169
LCB [m] 92.535 92.517 0.019
KB [m] 6.703 6.699 0.051
Waterline 14.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4665.364 4674.844 0.202
Inertia [m?] 295876.375 | 295875.723 0.000
LCF [m] 82.221 82.221 0.000
Volume [m?] 56619.175 | 56983.040 0.638
WSA [m?] 8952.595 9060.505 1.190
LCB [m] 92.384 92.368 0.017
KB [m] 7.210 7.205 0.079
Waterline 15.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4689.464 4689.893 0.009
Inertia [m*] 298042.687 | 298042.637 0.000
LCF [m] 82.268 82.268 0.000
Volume [1?] 60792.464 | 61161.313 0.603
WSA [m?] 9321.041 9428.094 1.135
LCB [m] 92.267 92.252 0.016
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KB [m] 7.719 ‘ 7.711 0.101
Waterline 15.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4702.847 4705.000 0.045
Inertia [m?] 209220.500 | 299215.091 0.001
LCF [m] 82.311 82.310 0.000
Volume [m?] 60792.464 | 61161.313 0.603
WSA [m?] 9321.041 9428.094 1.135
LCB [m] 92.267 92.252 0.016
KB [m] 7.719 7.711 0.101

A.2.4.2 Objective function for volume attributes

Waterline 1.000 m

Attribute Real Computed | Percentage difference
Area [m?] 3638.650 3714.858 2.051
Inertia [m*] 200695.437 | 200656.219 0.019
LCF [m] 96.473 92.596 4.018
Volume [m?] 3286.598 3321.051 1.037
WSA [m?] 3725.620 | 3793.719 1.795
LCB [m] 95.392 93.430 2.057
KB [m] 0.517 0.519 0.333
Waterline 2.000 m
Attribute Real Computed | Percentage difference
Area [m?] 3801.612 3807.117 0.144
Inertia [m*] 222918.328 | 222913.084 0.002
LCF [m] 96.733 96.733 0.000
Volume [m?] 7006.495 7080.358 1.043
WSA [m?] 4113.554 | 4293.619 4.193
LCB [m] 96.036 94.070 2.046
KB [m] 1.041 1.041 0.001
Waterline 3.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4040.104 | 4054.545 0.356
Inertia [m*] 243814.578 | 243822.726 0.003
LCF [m] 94.297 93.825 0.500
Volume [m?] 10913.262 | 10997.145 0.762
WSA [m?] 4591.129 4781.180 3.974
LCB [m] 95.934 94.581 1.409
KB [m] 1.565 1.562 0.166
Waterline 4.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4065.494 4063.091 0.059
Inertia [m*] 249646.921 | 247943.706 0.682
LCF [m] 94.537 94.537 0.000
Volume [m?] 14949.680 | 15040.403 0.603
WSA [m?] 4969.153 5180.679 4.082
LCB [m] 95.604 94.553 1.099
KB [m] 2.088 2.083 0.204
Waterline 5.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4103.510 4118.884 0.373
Inertia [m?] 253854.937 | 253781.369 0.028
LCF [m] 94.149 94.149 0.000
Volume [m?] 19034.183 | 19131.741 0.509
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WSA [m?] 5336.434 5551.128 3.867
LCB [m] 95.333 94.508 0.865
KB [m] 2.605 2.600 0.193
Waterline 6.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4137.835 4168.349 0.732
Inertia [m*] 257324.015 | 257329.592 0.002
LCF [m] 93.679 92.973 0.754
Volume [1?] 23154.855 | 23275.191 0.517
WSA [m?] 5701.997 5938.266 3.978
LCB [m] 95.081 94.340 0.778
KB [m] 3.120 3.116 0.125
Waterline 7.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4169.185 4156.550 0.303
Inertia [m*] 260325.875 | 259714.309 0.234
LCF [m] 93.012 92.990 0.022
Volume [m?] 27308.365 | 27437.867 0.471
WSA [m?] 6069.280 6304.816 3.735
LCB [m] 94.817 94.132 0.721
KB [m] 3.634 3.629 0.130
Waterline 8.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4200.771 4221.436 0.489
Inertia [m?] 263016.375 | 263867.862 0.322
LCF [m] 91.542 91.542 0.000
Volume [m?] 31493.345 | 31626.933 0.422
WSA [m?] 6456.085 6696.588 3.591
LCB [m] 94479 93.884 0.629
KB [m] 4.148 4.142 0.137
Waterline 9.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4229.549 4260.187 0.719
Inertia [m*] 265277.375 | 266259.624 0.368
LCF [m] 89.067 87.803 1.418
Volume [m?] 35708.503 | 35867.044 0.442
WSA [m?] 6880.507 7176.248 4.121
LCB [m] 93.986 93.386 0.637
KB [m] 4.661 4.657 0.091
Waterline 10.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4403.614 4411.900 0.187
Inertia [m?] 274006.906 | 274058.419 0.018
LCF [m] 85.496 85.496 0.000
Volume [m?] 39943.433 | 40121.768 0.444
WSA [m?] 7369.131 7622.538 3.324
LCB [m] 93.398 92.793 0.647
KB [m] 5.177 5.174 0.072
Waterline 11.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4562.796 4570.143 0.160
Inertia [m?] 285926.312 | 285822.708 0.036
LCF [m] 82.786 82.787 0.000
Volume [m?] 44146.347 | 44332.082 0.418
WSA [m?] 7842.342 8095.584 3.128
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LCB [m] 92.987 92.441 0.587
KB [m] 5.688 5.684 0.081
Waterline 12.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4604.721 4604.721 0.000
Inertia [m*] 290190.062 | 290225.787 0.012
LCF [m] 82.324 82.387 0.076
Volume [m?] 48301.007 | 48490.221 0.390
WSA [m?] 8215.772 8466.641 2.963
LCB [m] 92.731 92.234 0.536
KB [m] 6.195 6.190 0.093
Waterline 13.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4637.713 4638.223 0.010
Inertia [m*] 293313.968 | 293858.971 0.185
LCF [m] 82.228 81.022 1.466
Volume [m?] 52455.910 | 52645.984 0.361
WSA [m?] 8584.437 8865.358 3.168
LCB [m] 92.535 92.027 0.549
KB [m] 6.703 6.695 0.105
Waterline 14.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4665.364 4670.124 0.101
Inertia [m?] 295876.375 | 295864.265 0.004
LCF [m] 82.221 82.221 0.000
Volume [m?] 56619.175 | 56811.847 0.339
WSA [m?] 8952.595 9250.417 3.219
LCB [m] 92.384 91.863 0.563
KB [m] 7.210 7.202 0.110
Waterline 15.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4689.464 4696.283 0.145
Inertia [m?] 298042.687 | 298049.100 0.002
LCF [m] 82.268 82.268 0.000
Volume [m?] 60792.464 | 60990.956 0.325
WSA [m?] 9321.041 9621.821 3.126
LCB [m] 92.267 91.781 0.526
KB [m] 7.719 7.710 0.108
Waterline 15.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4702.847 4706.331 0.074
Inertia [m?] 299220.500 | 299214.896 0.001
LCF [m] 82.311 82.311 0.000
Volume [m?] 60792.464 | 60990.956 0.325
WSA [m?] 9321.041 9621.821 3.126
LCB [m] 92.267 91.781 0.526
KB [m] 7.719 7.710 0.108

A.2.5 Results for the real vessel

A.2.5.1

Objective function for area attributes

Waterline 1.000 m

Attribute
Area [m?]

Real Computed
3699.729 3755.698

Percentage difference
1.490
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Inertia [m?] 206390.703 | 205811.629 0.280
LCF [m] 94.606 96.442 1.904
Volume [1?] 3550.620 3340.625 5.914
WSA [m?] 3803.479 3833.521 0.783
LCB [m] 94.737 95.337 0.629
KB [m] 0.515 0.520 0.999
Waterline 3.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4031.179 4101.393 1.711
Inertia [m?] 245117.703 | 245333.287 0.087
LCF [m] 94.084 94.084 0.000
Volume [m?] 11597.669 | 11166.402 3.718
WSA [m?] 4621.299 4654.149 0.705
LCB [m] 94.456 95.449 1.041
KB [m] 1.555 1.567 0.790
Waterline 3.500 m
Attribute Real Computed | Percentage difference
Area [m?] 4058.229 4058.229 0.000
Inertia [m?] 248154.906 | 250117.608 0.784
LCF [m] 94.035 93.989 0.048
Volume [m?] 13678.750 | 13193.609 3.546
WSA [m?] 4810.540 4914.418 2.113
LCB [m] 94.397 95.301 0.949
KB [m] 1.813 1.825 0.698
Waterline 5.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4121.939 4121.939 0.000
Inertia [m*] 255044.093 | 255044.044 0.000
LCF [m] 93.341 93.341 0.000
Volume [m?] 19991.750 | 19313.952 3.390
WSA [m?] 5375.649 5475.084 1.816
LCB [m] 94.200 94.837 0.671
KB [m] 2.583 2.594 0.452
Waterline 7.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4220.740 4257.951 0.873
Inertia [m*] 263561.500 | 263557.907 0.001
LCF [m] 90.607 93.707 3.308
Volume [m?] 28572.099 | 27694.461 3.071
WSA [m?] 6162.500 6239.290 1.230
LCB [m] 93.578 94-443 0.916
KB [m] 3.610 3.626 0.456
Waterline 9.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4407.160 4419.680 0.283
Inertia [m?] 276348.000 | 276347.999 0.000
LCF [m] 84.785 84.768 0.019
Volume [m?] 37403.769 | 36368.151 2.768
WSA [m?] 7090.120 7285.442 2.680
LCB [m] 92.318 93.190 0.936
KB [m] 4.648 4.670 0.488
Waterline 10.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4517.959 | 4524.534 0.145
Inertia [m*] 285150.687 | 285809.068 0.230
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LCF [m] 82.081 82.081 0.000
Volume [m?] 42000.851 | 40758.523 2.957
WSA [m?] 7556.029 7741.927 2.401
LCB [m] 91.328 92.249 0.999
KB [m] 5.180 5.193 0.263
Waterline 12.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4618.390 4673.725 1.183
Inertia [m*] 295174.500 | 293411.159 0.597
LCF [m] 80.894 83.154 2.717
Volume [m?] 51415.828 | 49343.970 4.029
WSA [m?] 8350.240 8549.169 2.326
LCB [m] 89.487 91.468 2.166
KB [m] 6.246 6.214 0.502
Waterline 14.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4668.109 4703.678 0.756
Inertia [m*] 298844.000 | 299744.674 0.300
LCF [m] 81.051 81.051 0.000
Volume [m?] 60975.898 | 57772.807 5.253
WSA [m?] 9126.330 9326.711 2.148
LCB [m] 88.148 91.262 3.412
KB [m] 7.305 7.222 1.122
Waterline 15.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4706.060 4707.313 0.026
Inertia [m*] 301400.500 | 301400.500 0.000
LCF [m] 81.386 81.347 0.046
Volume [m?] 68693.898 | 64489.720 6.120
WSA [m?] 9752.259 | 9924.357 1.734
LCB [m] 87.370 91.078 4.072
KB [m] 8.147 8.026 1.480

A.2.5.2 Objective function for volume attributes

Waterline 1.000 m

Attribute Real Computed | Percentage difference
Area [m?] 3699.729 3699.729 0.000
Inertia [m*] 206390.703 | 206390.705 0.000
LCF [m] 94.606 94.606 0.000
Volume [m?] 3550.620 3316.936 6.581
WSA [m?] 3803.479 | 3777.114 0.603
LCB [m] 94.737 94.399 0.356
KB [m] 0.515 0.518 0.758
Waterline 3.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4031.179 4031.179 0.000
Inertia [m?] 245117.703 | 245117.797 0.000
LCF [m] 94.084 94.084 0.000
Volume [m?] 11597.669 | 11014.419 5.029
WSA [m?] 4621.299 4567.110 1.172
LCB [m] 94.456 94.554 0.104
KB [m] 1.555 1.563 0.562
Waterline 3.500 m
Attribute Real ‘ Computed ‘ Percentage difference
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Area [m?] 4058.229 4058.229 0.000
Inertia [m?] 248154.906 | 248154.886 0.000
LCF [m] 94.035 94.035 0.000
Volume [m?] 13678.750 | 13024.339 4.784
WSA [m?] 4810.540 4754.938 1.155
LCB [m] 94.397 94.545 0.156
KB [m] 1.813 1.823 0.599
Waterline 5.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4121.939 4121.939 0.000
Inertia [m*] 255044.093 | 255044.017 0.000
LCF [m] 93.341 93.341 0.000
Volume [m?] 19991.750 | 19144.636 4.237
WSA [m?] 5375649 | 5311.513 1.193
LCB [m] 94.200 94.326 0.133
KB [m] 2.583 2.600 0.665
Waterline 7.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4220.740 4220.740 0.000
Inertia [m*] 263561.500 | 263561.530 0.000
LCF [m] 90.607 90.607 0.000
Volume [m?] 28572.099 | 27489.678 3.788
WSA [m?] 6162.500 6083.364 1.284
LCB [m] 93.578 93.604 0.028
KB [m] 3.610 3.633 0.640
Waterline 9.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4407.160 4413.279 0.138
Inertia [m?] 276348.000 | 276357.569 0.003
LCF [m] 84.785 84.602 0.215
Volume [m?] 37403.769 | 36120.369 3.431
WSA [m?] 7090.120 7000.356 1.266
LCB [m] 92.318 92.171 0.158
KB [m] 4.648 4.678 0.644
Waterline 10.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4517.959 | 4517.959 0.000
Inertia [m?] 285150.687 | 285174.743 0.008
LCF [m] 82.081 82.081 0.000
Volume [m?] 42000.851 | 40504.764 3.562
WSA [m?] 7556.029 7441.465 1.516
LCB [m] 91.328 91.327 0.000
KB [m] 5.180 5.202 0.438
Waterline 12.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4618.390 4618.390 0.000
Inertia [m?] 295174.500 | 295548.726 0.126
LCF [m] 80.894 80.894 0.000
Volume [m?] 51415.828 | 49028.751 4.642
WSA [m?] 8350.240 8204.468 1.745
LCB [m] 89.487 90.497 1.116
KB [m] 6.246 6.221 0.398
Waterline 14.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4668.109 | 4668.109 0.000
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Inertia [m?] 298844.000 | 299341.397 0.166
LCF [m] 81.051 81.051 0.000
Volume [1?] 60975.898 | 57364.463 5.922
WSA [m?] 9126.330 8937.705 2.066
LCB [m] 88.148 90.262 2.342
KB [m] 7.305 7.224 1.097
Waterline 15.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4706.060 4706.060 0.000
Inertia [m?] 301400.500 | 301968.439 0.188
LCF [m] 81.386 81.386 0.000
Volume [m?] 68693.898 | 64051.634 6.757
WSA [m?] 9752.259 | 9527.249 2.307
LCB [m] 87.370 90.187 3.123
KB [m] 8.147 8.030 1.434

A.2.5.3 Objective function for area attributes using the FOB technique

Waterline 0.100 m
Attribute Real Computed | Percentage difference
Area [m?] 3214.657 3216.874 0.068
Inertia [m?] 148200.031 | 148201.932 0.001
LCF [m] 94.812 96.666 1.917
Volume [m?] 308.108 308.229 0.039
WSA [m?] 3216.919 3224.516 0.235
LCB [m] 94.481 95.565 1.134
KB [m] 0.050 0.050 0.008
Waterline 0.200 m
Attribute Real Computed | Percentage difference
Area [m?] 3316.294 3318.276 0.059
Inertia [m?] 159516.796 | 159530.914 0.008
LCF [m] 94.780 96.121 1.394
Volume [m?] 635.098 635.224 0.019
WSA [m?] 3324318 | 3342.492 0.543
LCB [m] 94-559 95.943 1.442
KB [m] 0.101 0.101 0.007
Waterline 0.300 m
Attribute Real Computed | Percentage difference
Area [m?] 3393.034 | 3396.238 0.094
Inertia [m*] 168401.250 | 168400.071 0.000
LCF [m] 94.748 95.370 0.652
Volume [m?] 970.862 970.948 0.008
WSA [m?] 3408.476 3441.559 0.961
LCB [m] 94.577 95.873 1.351
KB [m] 0.153 0.153 0.008
Waterline 0.400 m
Attribute Real Computed | Percentage difference
Area [m?] 3456.738 3456.831 0.002
Inertia [m*] 175964.406 | 175963.694 0.000
LCF [m] 94.716 94.721 0.004
Volume [1?] 1313.486 1313.600 0.008
WSA [m?] 3480.821 3528.554 1.352
LCB [m] 94.587 95.657 1.118
KB [m] 0.204 0.204 0.008
Waterline 0.500 m
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Attribute Real Computed | Percentage difference
Area [m?] 3514.262 3514.549 0.008
Inertia [m?] 182628.968 | 182628.989 0.000
LCF [m] 94.744 95.807 1.109
Volume [m?] 1661.577 1662.169 0.035
WSA [m?] 3549-457 | 3621.319 1.984
LCB [m] 94.584 95.575 1.036
KB [m] 0.256 0.256 0.007
Waterline 0.600 m
Attribute Real Computed | Percentage difference
Area [m?] 3563.086 3563.086 0.000
Inertia [m4] 188634.109 | 188634.104 0.000
LCF [m] 94.719 94.719 0.000
Volume [m?] 2014.348 2016.053 0.084
WSA [m?] 3609.540 3715.462 2.850
LCB [m] 94573 95.520 0.991
KB [m] 0.307 0.307 0.032
Waterline 0.700 m
Attribute Real Computed | Percentage difference
Area [m?] 3607.091 3607.406 0.008
Inertia [m?] 194103.265 | 194103.150 0.000
LCF [m] 94.694 95.757 1.109
Volume [m?] 2371.636 2374.578 0.123
WSA [m?] 3665.811 3801.771 3.576
LCB [m] 94.567 95.478 0.954
KB [m] 0.359 0.359 0.045
Waterline 0.800 m
Attribute Real Computed | Percentage difference
Area [m?] 3647.002 3646.983 0.000
Inertia [m*] 199119.843 | 199121.544 0.000
LCF [m] 94.668 94.667 0.001
Volume [1?] 2733.040 2737.300 0.155
WSA [m?] 3719.008 3892.506 4.457
LCB [m] 94.562 95.442 0.922
KB [m] 0.410 0.411 0.052
Waterline 0.900 m
Attribute Real Computed | Percentage difference
Area [m?] 3683.406 3683.642 0.006
Inertia [m*] 203743.078 | 203742.894 0.000
LCF [m] 94.641 95.600 1.003
Volume [m?] 3098.334 3103.833 0.177
WSA [m?] 3769.749 3971.586 5.082
LCB [m] 94.555 95.406 0.892
KB [m] 0.462 0.462 0.052
Waterline 1.000 m
Attribute Real Computed | Percentage difference
Area [m?] 3716.822 | 3716.818 0.000
Inertia [m?] 208015.812 | 208015.847 0.000
LCF [m] 94.607 94.611 0.004
Volume [m3] 3467.250 3473.858 0.190
WSA [m?] 3818.393 4055.314 5.842
LCB [m] 94.551 95.374 0.863
KB [m] 0.514 0.514 0.049

Waterline 1.100 m
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Attribute Real Computed | Percentage difference
Area [m?] 3747.648 3747.897 0.006
Inertia [m?] 211970.328 | 211970.126 0.000
LCF [m] 94.572 95.511 0.983
Volume [m?] 3839.354 3847.095 0.201
WSA [m?] 3865.432 4131.359 6.436
LCB [m] 94.550 95.344 0.832
KB [m] 0.566 0.566 0.047
Waterline 1.200 m
Attribute Real Computed | Percentage difference
Area [m?] 3776.272 3776.155 0.003
Inertia [m*] 215635.046 | 215637.692 0.001
LCF [m] 94.536 94.594 0.061
Volume [m?] 4214.424 4223.300 0.210
WSA [m?] 3911.079 4209.996 7.100
LCB [m] 94.547 95.318 0.808
KB [m] 0.618 0.618 0.044
Waterline 1.300 m
Attribute Real Computed | Percentage difference
Area [m?] 3802.896 3803.107 0.005
Inertia [m*] 219031.359 | 219031.670 0.000
LCF [m] 94.501 95-455 0.999
Volume [m?] 4592.306 4602.264 0.216
WSA [m?] 3955541 | 4283.388 7.653
LCB [m] 94.541 95.294 0.789
KB [m] 0.670 0.670 0.040
Waterline 1.400 m
Attribute Real Computed | Percentage difference
Area [m?] 3827.939 3827.988 0.001
Inertia [m?] 222175.390 | 222175.345 0.000
LCF [m] 94.472 94.481 0.008
Volume [m?] 4972.860 4983.821 0.219
WSA [m?] 3999-285 | 4364.373 8.365
LCB [m] 94.532 95.269 0.773
KB [m] 0.722 0.722 0.037
Waterline 1.500 m
Attribute Real Computed | Percentage difference
Area [m?] 3850.760 3850.989 0.005
Inertia [m*] 225081.015 | 225081.038 0.000
LCF [m] 94.440 95.321 0.924
Volume [m?] 5356.065 5367.772 0.218
WSA [m?] 4041.951 4436.169 8.886
LCB [m] 94.521 95.242 0.757
KB [m] 0.774 0.774 0.030
Waterline 1.600 m
Attribute Real Computed | Percentage difference
Area [m?] 3871.792 3872.266 0.012
Inertia [m?] 227758.375 | 227758.423 0.000
LCF [m] 94.408 95.998 1.655
Volume [1?] 5741.850 5753.933 0.210
WSA [m?] 4083.801 4500.198 9.252
LCB [m] 94.510 95.270 0.798
KB [m] 0.826 0.826 0.020

Waterline 1.700 m
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Attribute Real Computed | Percentage difference
Area [m?] 3891.289 3891.248 0.001
Inertia [m?] 230219.734 | 230219.666 0.000
LCF [m] 94.378 94.405 0.028
Volume [m?] 6130.163 6142.113 0.194
WSA [m?] 4124.916 4615.382 10.626
LCB [m] 94.496 95.266 0.808
KB [m] 0.878 0.878 0.006
Waterline 1.800 m
Attribute Real Computed | Percentage difference
Area [m?] 3909.762 3909.992 0.005
Inertia [m*] 232467.828 | 232467.939 0.000
LCF [m] 94.347 95.261 0.959
Volume [m?] 6520.722 6532.178 0.175
WSA [m?] 4165.439 4687.141 11.130
LCB [m] 94.482 95.240 0.796
KB [m] 0.930 0.930 0.007
Waterline 1.900 m
Attribute Real Computed | Percentage difference
Area [m?] 3926.674 3927.072 0.010
Inertia [m*] 234509.625 | 234509.473 0.000
LCF [m] 94.315 95.933 1.686
Volume [m?] 6913.114 6924.030 0.157
WSA [m?] 4205.400 4750.258 11.470
LCB [m] 94.469 95.260 0.831
KB [m] 0.983 0.982 0.018
Waterline 2.000 m
Attribute Real Computed | Percentage difference
Area [m?] 3941.976 3941.981 0.000
Inertia [m?] 236350.187 | 236350.197 0.000
LCF [m] 94.285 94.289 0.003
Volume [m?] 7307.153 7317.489 0.141
WSA [m?] 4244.929 4868.755 12.812
LCB [m] 94-457 95.252 0.835
KB [m] 1.035 1.034 0.027
Waterline 2.100 m
Attribute Real Computed | Percentage difference
Area [m?] 3955.808 3955.929 0.003
Inertia [m?] 237993.000 | 237993.310 0.000
LCF [m] 94.257 95.099 0.885
Volume [m?] 7702.654 7712.388 0.126
WSA [m?] 4284.065 4937.619 13.236
LCB [m] 94.446 95.224 0.816
KB [m] 1.087 1.086 0.035
Waterline 2.200 m
Attribute Real Computed | Percentage difference
Area [m?] 3968.428 3968.846 0.010
Inertia [m?] 239442.328 | 239442.055 0.000
LCF [m] 94.230 95.766 1.603
Volume [1?] 8099.448 8108.626 0.113
WSA [m?] 4322.880 5000.273 13.547
LCB [m] 94437 95.234 0.836
KB [m] 1.139 1.138 0.041

Waterline 2.300 m
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Attribute Real Computed | Percentage difference
Area [m?] 3980.014 | 4001.986 0.549
Inertia [m?] 240700.453 | 240883.012 0.075
LCF [m] 94.205 96.228 2.102
Volume [m?] 8497.380 8507.167 0.115
WSA [m?] 4361.439 | 5073.929 14.042
LCB [m] 94.429 95.270 0.882
KB [m] 1.191 1.190 0.033
Waterline 2.400 m
Attribute Real Computed | Percentage difference
Area [m?] 3990.299 4004.578 0.356
Inertia [m*] 241769.750 | 239461.607 0.954
LCF [m] 94.174 96.623 2.534
Volume [m?] 8896.170 8907.494 0.127
WSA [m?] 4399.714 | 5137.047 14.353
LCB [m] 94.422 95.322 0.943
KB [m] 1.243 1.242 0.018
Waterline 2.500 m
Attribute Real Computed | Percentage difference
Area [m?] 3999574 | 4018.029 0.459
Inertia [m*] 242652.406 | 242611.670 0.016
LCF [m] 94.150 97.258 3.195
Volume [m?] 9295.746 9308.627 0.138
WSA [m?] 4438.051 5201.667 14.680
LCB [m] 94.415 95.392 1.023
KB [m] 1.295 1.294 0.005
Waterline 2.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4008.188 4009.533 0.033
Inertia [m?] 243393.375 | 243400.533 0.002
LCF [m] 94.122 97.860 3.819
Volume [m?] 9695.511 9709.077 0.139
WSA [m?] 4476.573 | 5264.328 14.964
LCB [m] 94.414 95.488 1.124
KB [m] 1.346 1.346 0.002
Waterline 2.700 m
Attribute Real Computed | Percentage difference
Area [m?] 4016.135 4016.172 0.000
Inertia [m?] 244126.968 | 244134.002 0.002
LCF [m] 94.103 94.226 0.130
Volume [m?] 10095.221 | 10108.437 0.130
WSA [m?] 4514.643 | 5502.758 17.956
LCB [m] 94.420 95.524 1.155
KB [m] 1.398 1.398 0.008
Waterline 2.800 m
Attribute Real Computed | Percentage difference
Area [m?] 4023.757 4024.101 0.008
Inertia [m?] 244844.218 | 244843.905 0.000
LCF [m] 94.083 95.218 1.191
Volume [1?] 10495.361 | 10508.010 0.120
WSA [m?] 4552.533 | 5579.915 18.412
LCB [m] 94.427 95.511 1.134
KB [m] 1.449 1.449 0.015

Waterline 2.900 m
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Attribute Real Computed | Percentage difference
Area [m?] 4030.837 4031.525 0.017
Inertia [m?] 245543.093 | 245542.324 0.000
LCF [m] 94.067 95.893 1.904
Volume [m?] 10896.208 | 10908.048 0.108
WSA [m?] 4590.323 5642.285 18.644
LCB [m] 94.434 95.531 1.148
KB [m] 1.501 1.501 0.022
Waterline 3.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4037.486 4042.905 0.134
Inertia [m*] 246213.375 | 246269.153 0.022
LCF [m] 94.052 96.400 2.435
Volume [m?] 11297.814 | 11308.861 0.097
WSA [m?] 4628.048 5697.869 18.775
LCB [m] 94.440 95.573 1.184
KB [m] 1.553 1.552 0.028
Waterline 3.100 m
Attribute Real Computed | Percentage difference
Area [m?] 4043.382 4064.713 0.524
Inertia [m*] 246870.046 | 246902.098 0.012
LCF [m] 94.040 96.660 2.710
Volume [m?] 11700.085 | 11711.290 0.095
WSA [m?] 4665.695 | 5757.949 18.969
LCB [m] 94-445 95.625 1.233
KB [m] 1.604 1.604 0.026
Waterline 3.200 m
Attribute Real Computed | Percentage difference
Area [m?] 4048.917 4058.525 0.236
Inertia [m?] 247493.593 | 247483.103 0.004
LCF [m] 94.032 97.163 3.221
Volume [m?] 12102.823 | 12114.514 0.096
WSA [m?] 4703.411 5812.704 19.083
LCB [m] 94.450 95.686 1.291
KB [m] 1.655 1.655 0.021
Waterline 3.300 m
Attribute Real Computed | Percentage difference
Area [m?] 4054.049 4064.546 0.258
Inertia [m?] 248099.890 | 248100.260 0.000
LCF [m] 94.026 97.445 3.508
Volume [m?] 12506.038 | 12517.847 0.094
WSA [m?] 4741.146 5857.330 19.056
LCB [m] 94-454 95.755 1.359
KB [m] 1.707 1.707 0.020
Waterline 3.400 m
Attribute Real Computed | Percentage difference
Area [m?] 4058.877 4072.430 0.332
Inertia [m?] 248681.078 | 248742.559 0.024
LCF [m] 94.020 97.659 3.725
Volume [1?] 12909.798 | 12922.100 0.095
WSA [m?] 4778.848 5901.057 19.017
LCB [m] 94.456 95.827 1.429
KB [m] 1.758 1.758 0.017

Waterline 3.500 m
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Attribute Real Computed | Percentage difference
Area [m?] 4063.451 4071.419 0.195
Inertia [m?] 249244.390 | 249305.676 0.024
LCF [m] 94.011 97.941 4.012
Volume [m?] 13314.222 | 13327.072 0.096
WSA [m?] 4816.504 5944.746 18.978
LCB [m] 94.457 95.899 1.503
KB [m] 1.810 1.809 0.014
Waterline 3.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4067.750 4083.488 0.385
Inertia [m*] 249778.375 | 249771.705 0.002
LCF [m] 94.002 97-995 4.075
Volume [m?] 13719.658 | 13733.252 0.098
WSA [m?] 4854.108 5989.740 18.959
LCB [m] 94-454 95.969 1.578
KB [m] 1.861 1.861 0.010
Waterline 3.700 m
Attribute Real Computed | Percentage difference
Area [m?] 4071.805 4071.770 0.000
Inertia [m*] 250319.203 | 250319.836 0.000
LCF [m] 93.994 93.982 0.012
Volume [m?] 14126.452 | 14140.596 0.100
WSA [m?] 4891.841 6247.904 21.704
LCB [m] 94-446 95.973 1.591
KB [m] 1.913 1.912 0.008
Waterline 3.800 m
Attribute Real Computed | Percentage difference
Area [m?] 4075.608 4076.072 0.011
Inertia [m?] 250780.281 | 250779.790 0.000
LCF [m] 93.977 95.231 1.316
Volume [m?] 14534.115 | 14548.022 0.095
WSA [m?] 4929.249 6340.102 22.252
LCB [m] 94-435 95.935 1.563
KB [m] 1.964 1.964 0.011
Waterline 3.900 m
Attribute Real Computed | Percentage difference
Area [m?] 4079.576 4088.371 0.215
Inertia [m?] 251260.484 | 251260.817 0.000
LCF [m] 93.954 95.903 2.031
Volume [m?] 14941.977 | 14956.243 0.095
WSA [m?] 4966.502 6405.693 22.467
LCB [m] 94-425 95.925 1.563
KB [m] 2.016 2.015 0.011
Waterline 4.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4083.875 4097.103 0.322
Inertia [m?] 251731.546 | 251806.111 0.029
LCF [m] 93.926 96.405 2.571
Volume [1?] 15350.037 | 15365.514 0.100
WSA [m?] 5003.673 6462.388 22.572
LCB [m] 94.416 95.931 1.579
KB [m] 2.067 2.067 0.006

Waterline 4.100 m
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Attribute Real Computed | Percentage difference
Area [m?] 4087.646 4101.142 0.329
Inertia [m?] 252187.671 | 250963.192 0.485
LCF [m] 93.896 96.580 2.779
Volume [m?] 15758.731 | 15775.426 0.105
WSA [m?] 5040.867 6515.801 22.636
LCB [m] 94.404 95.946 1.606
KB [m] 2.118 2.118 0.001
Waterline 4.200 m
Attribute Real Computed | Percentage difference
Area [m?] 4091.468 4095.761 0.104
Inertia [m*] 252613.421 | 252663.842 0.019
LCF [m] 93.858 97297 3.533
Volume [m?] 16168.141 | 16185.265 0.105
WSA [m?] 5077.917 6583.455 22.868
LCB [m] 94.392 95.971 1.645
KB [m] 2.170 2.170 0.001
Waterline 4.300 m
Attribute Real Computed | Percentage difference
Area [m?] 4095.279 4101.819 0.159
Inertia [m*] 253030.125 | 253012.634 0.006
LCF [m] 93.815 97.461 3.741
Volume [m?] 16577.919 | 16595.144 0.103
WSA [m?] 5114.930 6626.635 22.812
LCB [m] 94.379 96.006 1.694
KB [m] 2.221 2.221 0.002
Waterline 4.400 m
Attribute Real Computed | Percentage difference
Area [m?] 4099.283 4106.046 0.164
Inertia [m?] 253446.328 | 253478.507 0.012
LCF [m] 93.769 97643 3.967
Volume [m?] 16988.068 | 17005.535 0.102
WSA [m?] 5151.936 6667.646 22.732
LCB [m] 94.366 96.043 1.745
KB [m] 2.273 2.272 0.003
Waterline 4.500 m
Attribute Real Computed | Percentage difference
Area [m?] 4103.167 4105.905 0.066
Inertia [m?] 253843.781 | 253840.488 0.001
LCF [m] 93.718 97.818 4.191
Volume [m?] 17398.583 | 17416.131 0.100
WSA [m?] 5188.941 6707.890 22.644
LCB [m] 94.353 96.083 1.800
KB [m] 2.324 2.324 0.004
Waterline 4.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4106.984 4111.796 0.117
Inertia [m?] 254228.656 | 254222.887 0.002
LCF [m] 93.663 97.878 4.307
Volume [1?] 17809.478 | 17827.016 0.098
WSA [m?] 5225.961 6746.565 22.538
LCB [m] 94.339 96.123 1.856
KB [m] 2.375 2.375 0.006

Waterline 4.700 m
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Attribute Real Computed | Percentage difference
Area [m?] 4110.729 4110.714 0.000
Inertia [m?] 254607.750 | 254608.017 0.000
LCF [m] 93.603 93.601 0.002
Volume [m?] 18220.822 | 18238.274 0.095
WSA [m?] 5263.027 7017.152 24.997
LCB [m] 94.324 96.115 1.863
KB [m] 2.427 2.426 0.008
Waterline 4.800 m
Attribute Real Computed | Percentage difference
Area [m?] 4114.627 4114.990 0.008
Inertia [m*] 254983.812 | 254983.353 0.000
LCF [m] 93.537 94.813 1.346
Volume [m?] 18632.607 | 18649.596 0.091
WSA [m?] 5300.120 7108.358 25.438
LCB [m] 94.308 96.073 1.836
KB [m] 2.478 2.478 0.011
Waterline 4.900 m
Attribute Real Computed | Percentage difference
Area [m?] 4118.527 4123.642 0.124
Inertia [m*] 255348.390 | 255394.626 0.018
LCF [m] 93.465 95.525 2.156
Volume [m?] 19044.750 | 19061.526 0.088
WSA [m?] 5337.281 7176.044 25.623
LCB [m] 94.291 96.053 1.834
KB [m] 2.529 2.529 0.013
Waterline 5.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4122.475 4132.083 0.232
Inertia [m?] 255708.750 | 255763.183 0.021
LCF [m] 93.387 96.004 2.725
Volume [m?] 19457.250 | 19474.311 0.087
WSA [m?] 5374.536 7232.698 25.691
LCB [m] 94.274 96.047 1.846
KB [m] 2.580 2.580 0.013
Waterline 5.100 m
Attribute Real Computed | Percentage difference
Area [m?] 4126.516 4131.503 0.120
Inertia [m?] 256072.671 | 256041.392 0.012
LCF [m] 93.304 96.403 3.215
Volume [m?] 19870.107 | 19887.487 0.087
WSA [m?] 5411.913 7283.889 25.700
LCB [m] 94.255 96.050 1.868
KB [m] 2.632 2.631 0.012
Waterline 5.200 m
Attribute Real Computed | Percentage difference
Area [m?] 4130.643 4139.148 0.205
Inertia [m?] 256439.562 | 256480.502 0.015
LCF [m] 93.214 96.663 3.568
Volume [1?] 20283.322 | 20301.019 0.087
WSA [m?] 5449.427 7330.656 25.662
LCB [m] 94.236 96.060 1.899
KB [m] 2.683 2.683 0.012

Waterline 5.300 m
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Attribute Real Computed | Percentage difference
Area [m?] 4134.813 4142.185 0.177
Inertia [m?] 256802.515 | 255906.825 0.348
LCF [m] 93.117 96.728 3.733
Volume [m?] 20696.904 | 20715.086 0.087
WSA [m?] 5487.092 7376.301 25.611
LCB [m] 94.215 96.073 1.933
KB [m] 2.734 2.734 0.011
Waterline 5.400 m
Attribute Real Computed | Percentage difference
Area [m?] 4139.078 4143.845 0.115
Inertia [m*] 257169.765 | 257197.177 0.010
LCF [m] 93.014 97.047 4.155
Volume [m?] 21110.857 | 21129.386 0.087
WSA [m?] 5524.917 7425.000 25.590
LCB [m] 94.193 96.089 1.972
KB [m] 2.786 2.785 0.010
Waterline 5.500 m
Attribute Real Computed | Percentage difference
Area [m?] 4143.468 | 4139.579 0.093
Inertia [m*] 257546.453 | 257566.320 0.007
LCF [m] 92.905 96.716 3.940
Volume [m?] 21525.197 | 21543.557 0.085
WSA [m?] 5562.912 7478.005 25.609
LCB [m] 94.170 96.104 2.012
KB [m] 2.837 2.836 0.012
Waterline 5.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4147.973 4142.958 0.120
Inertia [m?] 257931.562 | 257989.000 0.022
LCF [m] 92.790 96.461 3.805
Volume [m?] 21939.931 | 21957.680 0.080
WSA [m?] 5601.079 7524.404 25.561
LCB [m] 94.145 96.113 2.047
KB [m] 2.888 2.888 0.016
Waterline 5.700 m
Attribute Real Computed | Percentage difference
Area [m?] 4152.566 4153.227 0.015
Inertia [m?] 258320.421 | 258355.652 0.013
LCF [m] 92.669 96.580 4.049
Volume [m?] 22355.074 | 22372.491 0.077
WSA [m?] 5639.424 7568.062 25.483
LCB [m] 94.119 96.121 2.082
KB [m] 2.939 2.939 0.018
Waterline 5.800 m
Attribute Real Computed | Percentage difference
Area [m?] 4157.279 4159.927 0.063
Inertia [m?] 258720.562 | 258744.663 0.009
LCF [m] 92.542 95.541 3.138
Volume [1?] 22770.642 | 22788.158 0.076
WSA [m?] 5677.947 7653.000 25.807
LCB [m] 94.092 96.120 2.109
KB [m] 2.991 2.990 0.019

Waterline 5.900 m
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A.2 DATA MODELS |

Attribute Real Computed | Percentage difference
Area [m?] 4162.083 4162.119 0.000
Inertia [m?] 250129.000 | 259129.042 0.000
LCF [m] 92.410 92.411 0.001
Volume [m?] 23186.654 | 23204.290 0.076
WSA [m?] 5716.645 7858.440 27.254
LCB [m] 94.063 96.081 2.100
KB [m] 3.042 3.041 0.019
Waterline 6.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4166.945 4167.019 0.001
Inertia [m*] 250541.031 | 259540.759 0.000
LCF [m] 92.272 93.411 1.219
Volume [m?] 23603.132 | 23620.772 0.074
WSA [m?] 5755517 | 7939.099 27.504
LCB [m] 94.033 96.025 2.074
KB [m] 3.093 3.093 0.020
Waterline 6.100 m
Attribute Real Computed | Percentage difference
Area [m?] 4171.889 4172.100 0.005
Inertia [m*] 259958.734 | 259957.996 0.000
LCF [m] 92.129 94.120 2.115
Volume [m?] 24020.097 | 24037.727 0.073
WSA [m?] 5794.561 8005.897 27.621
LCB [m] 94.001 95.986 2.067
KB [m] 3.145 3.144 0.021
Waterline 6.200 m
Attribute Real Computed | Percentage difference
Area [m?] 4177.035 | 4178.933 0.045
Inertia [m?] 260403.421 | 260440.457 0.014
LCF [m] 91.980 94.658 2.828
Volume [m?] 24437.578 | 24455.277 0.072
WSA [m?] 5833.788 8064.174 27.657
LCB [m] 93.969 95.959 2.073
KB [m] 3.196 3.195 0.021
Waterline 6.300 m
Attribute Real Computed | Percentage difference
Area [m?] 4182.149 4186.031 0.092
Inertia [m?] 260830.671 | 260865.495 0.013
LCF [m] 91.828 95.047 3.386
Volume [m?] 24855.595 | 24873.524 0.072
WSA [m?] 5873.172 8115.679 27.631
LCB [m] 93.934 95.940 2.090
KB [m] 3.247 3.247 0.021
Waterline 6.400 m
Attribute Real Computed | Percentage difference
Area [m?] 4187.323 4193.613 0.149
Inertia [m?] 261262.312 | 261312.776 0.019
LCF [m] 91.670 95.333 3.842
Volume [1?] 25274.195 | 25292.506 0.072
WSA [m?] 5912.722 8163.426 27.570
LCB [m] 93.899 95.928 2.115
KB [m] 3.299 3.298 0.020

Waterline 6.500 m
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Attribute Real Computed | Percentage difference
Area [m?] 4192.538 4206.159 0.323
Inertia [m?] 261698.484 | 261692.164 0.002
LCF [m] 91.508 95.543 4.222
Volume [m?] 25693.417 | 25712.495 0.074
WSA [m?] 5952.440 | 8214.515 27.537
LCB [m] 93.862 95.920 2.145
KB [m] 3.350 3.349 0.018
Waterline 6.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4197.833 4207.465 0.228
Inertia [m*] 262143.250 | 261183.492 0.366
LCF [m] 91.342 95.599 4.453
Volume [m?] 26113.279 | 26133.176 0.076
WSA [m?] 5992.326 | 8257.714 27.433
LCB [m] 93.823 95.914 2.179
KB [m] 3.401 3.401 0.016
Waterline 6.700 m
Attribute Real Computed | Percentage difference
Area [m?] 4203.282 4204.626 0.031
Inertia [m*] 262603.125 | 262596.055 0.002
LCF [m] 91.171 95.890 4.921
Volume [m?] 26533.814 | 26553.780 0.075
WSA [m?] 6032.384 8311.896 27.424
LCB [m] 93.784 95.911 2.218
KB [m] 3.453 3.452 0.016
Waterline 6.800 m
Attribute Real Computed | Percentage difference
Area [m?] 4208.770 4208.645 0.002
Inertia [m?] 263068.750 | 262971.718 0.036
LCF [m] 90.996 93.528 2.706
Volume [m?] 26955.054 | 26974.475 0.071
WSA [m?] 6072.596 8472.949 28.329
LCB [m] 93.743 95.893 2.241
KB [m] 3.504 3.504 0.018
Waterline 6.900 m
Attribute Real Computed | Percentage difference
Area [m?] 4214.259 4224.785 0.249
Inertia [m?] 263536.125 | 262131.184 0.533
LCF [m] 90.817 94.025 3.412
Volume [m?] 27377.011 | 27396.157 0.069
WSA [m?] 6112.959 8544.278 28.455
LCB [m] 93.702 95.860 2.251
KB [m] 3.556 3.555 0.018
Waterline 7.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4219.755 4250.014 0.711
Inertia [m?] 264008.875 | 264012.066 0.001
LCF [m] 90.635 94.403 3.991
Volume [1?] 27799.701 | 27819.898 0.072
WSA [m?] 6153.467 | 8602.380 28.467
LCB [m] 93.659 95.835 2.270
KB [m] 3.607 3.607 0.014

Waterline 7.100 m

142



A.2 DATA MODELS |

Attribute Real Computed | Percentage difference
Area [m?] 4225.304 4258.254 0.773
Inertia [m?] 264491.625 | 264465.455 0.009
LCF [m] 90.450 94.564 4.350
Volume [m?] 28223.136 | 28245.311 0.078
WSA [m?] 6194.105 8648.253 28.377
LCB [m] 93.615 95.815 2.296
KB [m] 3.659 3.659 0.007
Waterline 7.200 m
Attribute Real Computed | Percentage difference
Area [m?] 4230.931 4231.276 0.008
Inertia [m*] 264985.125 | 264986.782 0.000
LCF [m] 90.262 90.515 0.280
Volume [m?] 28647.318 | 28669.881 0.078
WSA [m?] 6234.877 8907.241 30.002
LCB [m] 93.570 95.766 2.293
KB [m] 3.711 3.710 0.005
Waterline 7.300 m
Attribute Real Computed | Percentage difference
Area [m?] 4236.565 4236.299 0.006
Inertia [m*] 265482.125 | 265481.878 0.000
LCF [m] 90.071 91.395 1.448
Volume [m?] 20072.257 | 29093.295 0.072
WSA [m?] 6275.781 8983.505 30.141
LCB [m] 93.523 95.696 2.270
KB [m] 3.762 3.762 0.009
Waterline 7.400 m
Attribute Real Computed | Percentage difference
Area [m?] 4242.163 4242.160 0.000
Inertia [m?] 265983.625 | 265983.672 0.000
LCF [m] 89.877 89.879 0.002
Volume [m?] 20497.955 | 29517.215 0.065
WSA [m?] 6316.829 9097.349 30.564
LCB [m] 93.476 95.624 2.245
KB [m] 3.814 3.813 0.014
Waterline 7.500 m
Attribute Real Computed | Percentage difference
Area [m?] 4247.721 4247.446 0.006
Inertia [m*] 266496.062 | 266496.127 0.000
LCF [m] 89.677 90.531 0.943
Volume [m?] 29924.380 | 29941.707 0.057
WSA [m?] 6358.101 9162.258 30.605
LCB [m] 93.428 95.547 2.217
KB [m] 3.866 3.865 0.018
Waterline 7.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4253.343 4252.804 0.012
Inertia [m?] 267010.375 | 267010.323 0.000
LCF [m] 89.474 91.084 1.768
Volume [1?] 30351.531 | 30366.721 0.050
WSA [m?] 6399.502 9222.825 30.612
LCB [m] 93.378 95.480 2.202
KB [m] 3.917 3.917 0.022

Waterline 7.700 m
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Attribute Real Computed | Percentage difference
Area [m?] 4258.920 4258.900 0.000
Inertia [m?] 267534.906 | 267534.968 0.000
LCF [m] 89.264 89.268 0.004
Volume [m?] 30779.638 | 30792.309 0.041
WSA [m?] 6441.202 9352.787 31.130
LCB [m] 93.327 95.407 2.180
KB [m] 3.969 3.968 0.027
Waterline 7.800 m
Attribute Real Computed | Percentage difference
Area [m?] 4264.040 4263.736 0.007
Inertia [m*] 268066.968 | 268067.051 0.000
LCF [m] 89.037 89.852 0.907
Volume [m?] 31208.761 | 31218.453 0.031
WSA [m?] 6483.737 9414.318 31.128
LCB [m] 93.275 95.327 2.152
KB [m] 4.021 4.020 0.033
Waterline 7.900 m
Attribute Real Computed | Percentage difference
Area [m?] 4269.081 4268.566 0.012
Inertia [m*] 268604.187 | 268604.233 0.000
LCF [m] 88.796 90.357 1.727
Volume [m?] 31638.144 | 31645.073 0.021
WSA [m?] 6526.867 9473.142 31.101
LCB [m] 93.219 95.257 2.139
KB [m] 4.073 4.071 0.037
Waterline 8.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4277.905 4277.897 0.000
Inertia [m?] 269163.781 | 269163.580 0.000
LCF [m] 88.532 88.534 0.001
Volume [m?] 32071.103 | 32072.398 0.004
WSA [m?] 6571.584 9603.098 31.568
LCB [m] 93.156 95.179 2.125
KB [m] 4.125 4.123 0.046
Waterline 8.100 m
Attribute Real Computed | Percentage difference
Area [m?] 4284.176 4283.850 0.007
Inertia [m?] 269729.968 | 269730.083 0.000
LCF [m] 88.222 89.065 0.946
Volume [m?] 32501.851 | 32500.496 0.004
WSA [m?] 6618.199 9663.013 31.509
LCB [m] 93.067 95.095 2.132
KB [m] 4.177 4.175 0.051
Waterline 8.200 m
Attribute Real Computed | Percentage difference
Area [m?] 4289.008 4288.482 0.012
Inertia [m?] 270304.906 | 270304.969 0.000
LCF [m] 87.975 89.491 1.694
Volume [1?] 32916.476 | 32929.117 0.038
WSA [m?] 6662.705 9720.193 31.455
LCB [m] 92.972 95.020 2.154
KB [m] 4.227 4.226 0.021

Waterline 8.300 m
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Attribute Real Computed | Percentage difference
Area [m?] 4298.019 4298.025 0.000
Inertia [m?] 270908.125 | 270908.186 0.000
LCF [m] 87.684 87.686 0.002
Volume [1m°] 33313.367 | 33358.443 0.135
WSA [m?] 6708.606 9848.967 31.885
LCB [m] 92.904 94.937 2.141
KB [m] 4.276 4.278 0.046
Waterline 8.400 m
Attribute Real Computed | Percentage difference
Area [m?] 4308.932 4308.597 0.007
Inertia [m*] 271552.812 | 271552.899 0.000
LCF [m] 87.359 88.172 0.922
Volume [m?] 33706.929 | 33788.784 0.242
WSA [m?] 6756.313 9908.469 31.812
LCB [m] 92.828 94.847 2.128
KB [m] 4.325 4.330 0.121
Waterline 8.500 m
Attribute Real Computed | Percentage difference
Area [m?] 4321.772 4321.759 0.000
Inertia [m*] 272273.500 | 272273.531 0.000
LCF [m] 86.977 86.978 0.000
Volume [m?] 34117.230 | 34220.301 0.301
WSA [m?] 6807.029 10001.845 31.942
LCB [m] 92.729 94.756 2.138
KB [m] 4.375 4.382 0.162
Waterline 8.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4320.947 4320.533 0.009
Inertia [m?] 272869.468 | 272869.110 0.000
LCF [m] 86.571 87.349 0.891
Volume [m?] 34546.984 | 34652.424 0.304
WSA [m?] 6858.401 10056.444 31.800
LCB [m] 92.623 94.661 2.153
KB [m] 4-427 4-434 0.157
Waterline 8.700 m
Attribute Real Computed | Percentage difference
Area [m?] 4346.504 4346.482 0.000
Inertia [m?] 273838.687 | 273838.788 0.000
LCF [m] 86.173 86.175 0.002
Volume [m?] 34982.492 | 35085.777 0.294
WSA [m?] 6911.683 10149.551 31.901
LCB [m] 92.506 94.563 2.176
KB [m] 4-479 4.486 0.148
Waterline 8.800 m
Attribute Real Computed | Percentage difference
Area [m?] 4364.386 4363.777 0.013
Inertia [m?] 274754.781 | 274755.055 0.000
LCF [m] 85.741 86.631 1.026
Volume [1?] 35419.199 | 35521.295 0.287
WSA [m?] 6965.450 10207.952 31.764
LCB [m] 92.395 94.463 2.190
KB [m] 4-532 4-538 0.135

Waterline 8.900 m
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Attribute Real Computed | Percentage difference
Area [m?] 4384.299 | 4384.301 0.000
Inertia [m?] 275789.281 | 275788.973 0.000
LCF [m] 85.254 85.258 0.005
Volume [m?] 35858.234 | 35958.698 0.279
WSA [m?] 7022.106 10312.544 31.907
LCB [m] 92.302 94.360 2.180
KB [m] 4.585 4.591 0.129
Waterline 9.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4401.180 4400.464 0.016
Inertia [m*] 276805.250 | 276805.593 0.000
LCF [m] 84.822 85.700 1.024
Volume [m?] 36297.210 | 36397.941 0.276
WSA [m?] 7081.041 10369.198 31.710
LCB [m] 92.204 94.253 2.173
KB [m] 4.637 4.643 0.139
Waterline 9.100 m
Attribute Real Computed | Percentage difference
Area [m?] 4417.137 4415.109 0.045
Inertia [m*] 277879.625 | 277880.556 0.000
LCF [m] 84.447 85.976 1.778
Volume [m?] 36738.730 | 36838.722 0.271
WSA [m?] 7132.326 10420.029 31.551
LCB [m] 92.106 94.152 2.173
KB [m] 4.690 4.696 0.130
Waterline 9.200 m
Attribute Real Computed | Percentage difference
Area [m?] 4432.436 4432.429 0.000
Inertia [m?] 278940.812 | 278940.868 0.000
LCF [m] 84.109 84.113 0.005
Volume [m?] 37182.328 | 37281.097 0.264
WSA [m?] 7181.852 10554.188 31.952
LCB [m] 92.004 94.044 2.168
KB [m] 4743 4-749 0.121
Waterline 9.300 m
Attribute Real Computed | Percentage difference
Area [m?] 4447.402 4446.670 0.016
Inertia [m?] 279952.156 | 279952.452 0.000
LCF [m] 83.767 84.572 0.952
Volume [m?] 37625.144 | 37725.058 0.264
WSA [m?] 7231.645 10610.779 31.846
LCB [m] 91.907 93.930 2.153
KB [m] 4.796 4.802 0.118
Waterline 9.400 m
Attribute Real Computed | Percentage difference
Area [m?] 4459.192 | 4457.709 0.033
Inertia [m*] 280889.625 | 280890.210 0.000
LCF [m] 83.502 84.863 1.604
Volume [1?] 38067.214 | 38170.279 0.270
WSA [m?] 7277.745 | 10660.737 31.733
LCB [m] 91.815 93.822 2.139
KB [m] 4.849 4.855 0.121

Waterline 9.500 m
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Attribute Real Computed | Percentage difference
Area [m?] 4469.463 4470.568 0.024
Inertia [m?] 281789.000 | 281796.360 0.002
LCF [m] 83.274 85.163 2.218
Volume [m?] 38509.878 | 38616.695 0.276
WSA [m?] 7322.124 10711.374 31.641
LCB [m] 91.722 93.720 2.132
KB [m] 4.902 4.908 0.123
Waterline 9.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4482.515 4476.483 0.134
Inertia [m*] 282700.343 | 281302.939 0.494
LCF [m] 82.997 85.568 3.004
Volume [m?] 38954.753 | 39064.050 0.279
WSA [m?] 7368.979 | 10768.888 31.571
LCB [m] 91.626 93.625 2.135
KB [m] 4.955 4.961 0.121
Waterline 9.700 m
Attribute Real Computed | Percentage difference
Area [m?] 4496.876 4503.235 0.141
Inertia [m*] 283656.625 | 283641.817 0.005
LCF [m] 82.726 85.953 3.754
Volume [m?] 39401.585 | 39513.037 0.282
WSA [m?] 7416.233 10828.240 31.510
LCB [m] 91.526 93.535 2.148
KB [m] 5.008 5.014 0.118
Waterline 9.800 m
Attribute Real Computed | Percentage difference
Area [m?] 4506.744 | 4517.279 0.233
Inertia [m?] 284482.000 | 284695.776 0.075
LCF [m] 82.478 86.244 4.365
Volume [m?] 39849.976 | 39963.904 0.285
WSA [m?] 7464.101 10880.765 31.400
LCB [m] 91.427 93.451 2.165
KB [m] 5.062 5.068 0.118
Waterline 9.900 m
Attribute Real Computed | Percentage difference
Area [m?] 4515.141 4517.279 0.047
Inertia [m?] 285253.312 | 285275.857 0.007
LCF [m] 82.316 84.406 2.476
Volume [m?] 40297.960 | 40413.483 0.285
WSA [m?] 7505.873 11015.716 31.862
LCB [m] 91.333 93.365 2.176
KB [m] 5.115 5.121 0.116
Waterline 10.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4523.910 4531.800 0.174
Inertia [m?] 286013.531 | 283804.389 0.772
LCF [m] 82.157 84.624 2.915
Volume [1?] 40739.292 | 40856.058 0.285
WSA [m?] 7547.717 11086.540 31.919
LCB [m] 91.253 93.287 2.180
KB [m] 5.168 5.174 0.113
Waterline 10.100 m
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Attribute Real Computed | Percentage difference
Area [m?] 4532.262 4574.259 0.918
Inertia [m?] 286740.531 | 286716.281 0.008
LCF [m] 82.004 84.726 3.212
Volume [m?] 41171.062 | 41290.860 0.290
WSA [m?] 7589.035 11157.866 31.984
LCB [m] 91.194 93.234 2.188
KB [m] 5.219 5.225 0.115
Waterline 10.200 m
Attribute Real Computed | Percentage difference
Area [m?] 4539-867 | 4575.453 0.777
Inertia [m*] 287450.437 | 285578.347 0.651
LCF [m] 81.870 84.800 3.454
Volume [m?] 41597.015 | 41721.200 0.297
WSA [m?] 7629.487 11209.686 31.938
LCB [m] 91.147 93.196 2.198
KB [m] 5.270 5.277 0.119
Waterline 10.300 m
Attribute Real Computed | Percentage difference
Area [m?] 4546.540 4574.808 0.617
Inertia [m*] 288116.468 | 284634.868 1.208
LCF [m] 81.757 84.834 3.626
Volume [m?] 42020.457 | 42148.488 0.303
WSA [m?] 7668.983 11256.342 31.869
LCB [m] 91.106 93.165 2.210
KB [m] 5.321 5.327 0.122
Waterline 10.400 m
Attribute Real Computed | Percentage difference
Area [m?] 4552.261 4552.254 0.000
Inertia [m?] 288732.343 | 288732.498 0.000
LCF [m] 81.664 81.667 0.003
Volume [m?] 42442.429 | 42572.425 0.305
WSA [m?] 7707.658 11474.796 32.829
LCB [m] 91.068 93.122 2.205
KB [m] 5.371 5.378 0.122
Waterline 10.500 m
Attribute Real Computed | Percentage difference
Area [m?] 4558.157 4558.081 0.001
Inertia [m?] 289345.312 | 289345.346 0.000
LCF [m] 81.573 81.641 0.083
Volume [m?] 42863.335 | 42993.698 0.303
WSA [m?] 7746.359 11530.398 32.817
LCB [m] 91.033 93.067 2.185
KB [m] 5.422 5.428 0.117
Waterline 10.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4563.744 4563.628 0.002
Inertia [m?] 289931.062 | 289931.093 0.000
LCF [m] 81.489 81.588 0.121
Volume [1?] 43283.296 | 43414.013 0.301
WSA [m?] 7784778 | 11573.214 32.734
LCB [m] 91.000 93.016 2.166
KB [m] 5.472 5-479 0.113
Waterline 10.700 m
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A.2 DATA MODELS | 149

Attribute Real Computed | Percentage difference
Area [m?] 4569.086 4568.948 0.003
Inertia [m?] 290498.812 | 290498.857 0.000
LCF [m] 81.413 81.528 0.141
Volume [m?] 43702.503 | 43833.569 0.299
WSA [m?] 7822.964 11613.527 32.639
LCB [m] 90.970 92.967 2.147
KB [m] 5.523 5.529 0.109
Waterline 10.800 m
Attribute Real Computed | Percentage difference
Area [m?] 4574.181 4574.038 0.003
Inertia [m*] 201042.281 | 291042.296 0.000
LCF [m] 81.343 81.462 0.145
Volume [m?] 44121.105 | 44252.513 0.296
WSA [m?] 7860.941 | 11652.927 32.541
LCB [m] 90.941 92.920 2.129
KB [m] 5.573 5-579 0.105
Waterline 10.900 m
Attribute Real Computed | Percentage difference
Area [m?] 4579.054 4578.901 0.003
Inertia [m*] 291564.187 | 291564.578 0.000
LCF [m] 81.279 81.389 0.134
Volume [m?] 44539.222 | 44670.962 0.294
WSA [m?] 7898.737 11691.945 32.442
LCB [m] 90.913 92.875 2.111
KB [m] 5.623 5.629 0.101
Waterline 11.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4583.719 4583.607 0.002
Inertia [m?] 292064.718 | 292064.720 0.000
LCF [m] 81.221 81.311 0.110
Volume [m?] 44956.960 | 45089.010 0.292
WSA [m?] 7936.372 11730.807 32.345
LCB [m] 90.887 92.831 2.094
KB [m] 5.673 5.679 0.097
Waterline 11.100 m
Attribute Real Computed | Percentage difference
Area [m?] 4588.195 4588.106 0.001
Inertia [m?] 202545.250 | 292545.567 0.000
LCF [m] 81.169 81.229 0.074
Volume [m?] 45374394 | 45506.738 0.290
WSA [m?] 7973.864 11769.607 32.250
LCB [m] 90.862 92.789 2.076
KB [m] 5.724 5.729 0.093
Waterline 11.200 m
Attribute Real Computed | Percentage difference
Area [m?] 4592.487 | 4592.446 0.000
Inertia [m?] 293005.468 | 293005.741 0.000
LCF [m] 81.121 81.144 0.029
Volume [1?] 45791.585 | 45924.212 0.288
WSA [m?] 8o11.227 | 11808.391 32.156
LCB [m] 90.838 92.747 2.059
KB [m] 5774 5-779 0.089
Waterline 11.300 m




A.2 DATA MODELS |

Attribute Real Computed | Percentage difference
Area [m?] 4596.604 | 4596.621 0.000
Inertia [m?] 293446.062 | 293446.283 0.000
LCF [m] 81.077 81.058 0.023
Volume [m?] 46208.593 | 46341.488 0.286
WSA [m?] 8048.475 11847.173 32.064
LCB [m] 90.814 92.707 2.041
KB [m] 5.824 5.829 0.086
Waterline 11.400 m
Attribute Real Computed | Percentage difference
Area [m?] 4600.548 4600.629 0.001
Inertia [m*] 293866.750 | 293866.914 0.000
LCF [m] 81.038 80.971 0.082
Volume [m?] 46625.457 | 46758.616 0.284
WSA [m?] 8085.616 | 11885.949 31.973
LCB [m] 90.792 92.667 2.023
KB [m] 5.874 5.879 0.082
Waterline 11.500 m
Attribute Real Computed | Percentage difference
Area [m?] 4605.714 4605.861 0.003
Inertia [m*] 294259.875 | 294259.867 0.000
LCF [m] 81.026 80.920 0.131
Volume [m?] 47042.039 | 47175.705 0.283
WSA [m?] 8126.139 11924.894 31.855
LCB [m] 90.770 92.628 2.005
KB [m] 5.924 5929 0.079
Waterline 11.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4609.578 4609.721 0.003
Inertia [m?] 294638.250 | 294638.183 0.000
LCF [m] 81.001 80.886 0.141
Volume [m?] 47458.320 | 47592.792 0.282
WSA [m?] 8163.274 11964.830 31.772
LCB [m] 90.749 92.590 1.988
KB [m] 5.974 5-979 0.076
Waterline 11.700 m
Attribute Real Computed | Percentage difference
Area [m?] 4613.323 4613.546 0.004
Inertia [m?] 204997.500 | 294997.567 0.000
LCF [m] 80.980 80.814 0.205
Volume [m?] 47874.457 | 48009.846 0.282
WSA [m?] 8200.357 | 12003.964 31.686
LCB [m] 90.728 92.552 1.970
KB [m] 6.025 6.029 0.074
Waterline 11.800 m
Attribute Real Computed | Percentage difference
Area [m?] 4616.928 | 4617.229 0.006
Inertia [m?] 295338.093 | 295338.088 0.000
LCF [m] 80.962 80.742 0.271
Volume [1?] 48290.484 | 48426.889 0.281
WSA [m?] 8237.376 12042.702 31.598
LCB [m] 90.708 92.515 1.953
KB [m] 6.075 6.079 0.072
Waterline 11.900 m
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A.2 DATA MODELS |

Attribute Real Computed | Percentage difference
Area [m?] 4620.390 | 4620.769 0.008
Inertia [m?] 295659.625 | 295659.578 0.000
LCF [m] 80.947 80.673 0.338
Volume [m?] 48706.410 | 48843.934 0.281
WSA [m?] 8274.341 12081.412 31.511
LCB [m] 90.688 92.478 1.936
KB [m] 6.125 6.129 0.070
Waterline 12.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4623.706 4624.167 0.009
Inertia [m*] 295961.812 | 295961.720 0.000
LCF [m] 80.935 80.607 0.406
Volume [m?] 49122.269 | 49260.989 0.281
WSA [m?] 8311.257 12120.106 31.425
LCB [m] 90.668 92.442 1.918
KB [m] 6.175 6.179 0.068
Waterline 12.100 m
Attribute Real Computed | Percentage difference
Area [m?] 4626.869 4627.413 0.011
Inertia [m*] 206244.156 | 296244.014 0.000
LCF [m] 80.926 80.542 0.474
Volume [m?] 49538.066 | 49678.060 0.281
WSA [m?] 8348.131 12158.766 31.340
LCB [m] 90.649 92.406 1.900
KB [m] 6.225 6.229 0.066
Waterline 12.200 m
Attribute Real Computed | Percentage difference
Area [m?] 4629.899 4630.528 0.013
Inertia [m?] 296509.562 | 2965009.368 0.000
LCF [m] 80.920 80.480 0.542
Volume [m?] 49953.808 | 50095.149 0.282
WSA [m?] 8384.968 12197.374 31.255
LCB [m] 90.631 92.370 1.882
KB [m] 6.275 6.279 0.065
Waterline 12.300 m
Attribute Real Computed | Percentage difference
Area [m?] 4632.804 4633.518 0.015
Inertia [m?] 206758.687 | 296758.438 0.000
LCF [m] 80.916 80.421 0.610
Volume [m?] 50369.523 | 50512.258 0.282
WSA [m?] 8421.776 12235.914 31.171
LCB [m] 90.613 92.335 1.864
KB [m] 6.325 6.329 0.063
Waterline 12.400 m
Attribute Real Computed | Percentage difference
Area [m?] 4635.594 | 4636.394 0.017
Inertia [m?] 296992.656 | 296992.354 0.000
LCF [m] 80.913 80.365 0.677
Volume [1?] 50785.210 | 50929.387 0.283
WSA [m?] 8458.560 12274.382 31.087
LCB [m] 90.595 92.300 1.846
KB [m] 6.376 6.380 0.062

Waterline 12.500 m
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A.2 DATA MODELS |

Attribute Real Computed | Percentage difference
Area [m?] 4638.284 | 4639.167 0.019
Inertia [m4] 2097212.843 | 297212.492 0.000
LCF [m] 80.913 80.312 0.743
Volume [m?] 51200.890 | 51346.537 0.283
WSA [m?] 8495.327 12312.781 31.003
LCB [m] 90.578 92.265 1.828
KB [m] 6.426 6.430 0.061
Waterline 12.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4640.880 4641.845 0.020
Inertia [m*] 297419.718 | 297419.318 0.000
LCF [m] 80.915 80.262 0.806
Volume [m?] 51616.566 | 51763.706 0.284
WSA [m?] 8532.081 12351.111 30.920
LCB [m] 90.562 92.231 1.809
KB [m] 6.476 6.480 0.060
Waterline 12.700 m
Attribute Real Computed | Percentage difference
Area [m?] 4643.082 4644.128 0.022
Inertia [m*] 297611.593 | 297611.147 0.000
LCF [m] 80.912 80.208 0.870
Volume [m?] 52032.203 | 52180.877 0.284
WSA [m?] 8568.919 12389.403 30.836
LCB [m] 90.546 92.197 1.790
KB [m] 6.526 6.530 0.058
Waterline 12.800 m
Attribute Real Computed | Percentage difference
Area [m?] 4645.510 4646.637 0.024
Inertia [m?] 297796.781 | 297796.277 0.000
LCF [m] 80.917 80.164 0.930
Volume [m?] 52447.796 | 52598.052 0.285
WSA [m?] 8605.648 12427.618 30.753
LCB [m] 90.531 92.164 1.771
KB [m] 6.576 6.580 0.057
Waterline 12.900 m
Attribute Real Computed | Percentage difference
Area [m?] 4647.885 4649.090 0.025
Inertia [m?] 297972.968 | 297972.413 0.000
LCF [m] 80.923 80.124 0.987
Volume [m?] 52863.371 | 53015.246 0.286
WSA [m?] 8642.375 12465.758 30.671
LCB [m] 90.516 92.131 1.752
KB [m] 6.627 6.630 0.056
Waterline 13.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4650.212 4651.492 0.027
Inertia [m*] 298140.812 | 298140.206 0.000
LCF [m] 80.931 80.088 1.042
Volume [1?] 53278.964 | 53432.462 0.287
WSA [m?] 8679.106 | 12503.833 30.588
LCB [m] 90.501 92.098 1.733
KB [m] 6.677 6.680 0.055

Waterline 13.100 m
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A.2 DATA MODELS |

Attribute Real Computed | Percentage difference
Area [m?] 4652.498 | 4653.850 0.029
Inertia [m?] 298301.500 | 298300.841 0.000
LCF [m] 80.941 80.054 1.095
Volume [m?] 53694.593 | 53849.702 0.288
WSA [m?] 8715.840 12541.845 30.505
LCB [m] 90.487 92.065 1.714
KB [m] 6.727 6.731 0.055
Waterline 13.200 m
Attribute Real Computed | Percentage difference
Area [m?] 4654.743 4656.163 0.030
Inertia [m*] 298455.125 | 298454.422 0.000
LCF [m] 80.951 80.024 1.145
Volume [m?] 54110.265 | 54266.969 0.288
WSA [m?] 8752.581 12579.798 30.423
LCB [m] 90.474 92.034 1.694
KB [m] 6.777 6.781 0.054
Waterline 13.300 m
Attribute Real Computed | Percentage difference
Area [m?] 4656.965 4658.457 0.032
Inertia [m*] 298604.437 | 298603.753 0.000
LCF [m] 80.963 79.997 1.192
Volume [m?] 54526.019 | 54684.267 0.289
WSA [m?] 8789.330 12617.698 30.341
LCB [m] 90.461 92.002 1.675
KB [m] 6.827 6.831 0.053
Waterline 13.400 m
Attribute Real Computed | Percentage difference
Area [m?] 4659.167 4660.724 0.033
Inertia [m?] 298749.531 | 298748.787 0.000
LCF [m] 80.976 79.973 1.237
Volume [m?] 54941.855 | 55101.600 0.289
WSA [m?] 8826.088 12655.551 30.259
LCB [m] 90.448 91.971 1.655
KB [m] 6.878 6.881 0.052
Waterline 13.500 m
Attribute Real Computed | Percentage difference
Area [m?] 4661.358 4662.976 0.034
Inertia [m?] 298891.562 | 298890.784 0.000
LCF [m] 80.989 79.952 1.280
Volume [m?] 55357.796 | 55518.971 0.290
WSA [m?] 8862.858 12693.354 30.177
LCB [m] 90.436 91.940 1.635
KB [m] 6.928 6.931 0.051
Waterline 13.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4663.532 4665.209 0.035
Inertia [m?] 299029.531 | 299028.731 0.000
LCF [m] 81.004 79.935 1.319
Volume [1m°] 55773855 | 55936.385 0.290
WSA [m?] 8899.640 | 12731.108 30.095
LCB [m] 90.425 91.910 1.615
KB [m] 6.978 6.982 0.050

Waterline 13.700 m
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A.2 DATA MODELS |

Attribute Real Computed | Percentage difference
Area [m?] 4665.719 | 4667.453 0.037
Inertia [m?] 299168.968 | 299168.151 0.000
LCF [m] 81.019 79.919 1.357
Volume [m?] 56190.027 | 56353.848 0.290
WSA [m?] 8936.433 12768.827 30.013
LCB [m] 90.414 91.881 1.595
KB [m] 7.028 7.032 0.049
Waterline 13.800 m
Attribute Real Computed | Percentage difference
Area [m?] 4667.809 4669.595 0.038
Inertia [m*] 299308.437 | 299307.553 0.000
LCF [m] 81.033 79.904 1.393
Volume [m?] 56606.414 | 56771.361 0.290
WSA [m?] 8973.190 12806.506 29.932
LCB [m] 90.404 91.851 1.575
KB [m] 7.079 7.082 0.048
Waterline 13.900 m
Attribute Real Computed | Percentage difference
Area [m?] 4669.990 4671.859 0.040
Inertia [m*] 299448.968 | 299448.137 0.000
LCF [m] 81.049 79.893 1.425
Volume [m?] 57023.003 | 57188.930 0.290
WSA [m?] 9009.993 12844.171 29.851
LCB [m] 90.395 91.823 1.555
KB [m] 7.129 7.132 0.046
Waterline 14.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4672.187 4674.075 0.040
Inertia [m?] 299591.718 | 299590.779 0.000
LCF [m] 81.065 79.883 1.457
Volume [m?] 57439.718 | 57606.564 0.289
WSA [m?] 9046.807 | 12881.799 29.770
LCB [m] 90.386 91.794 1.534
KB [m] 7.179 7.183 0.045
Waterline 14.100 m
Attribute Real Computed | Percentage difference
Area [m?] 4674.410 4676.340 0.041
Inertia [m?] 299737.500 | 299736.595 0.000
LCF [m] 81.082 79.876 1.486
Volume [m?] 57856.542 | 58024.268 0.289
WSA [m?] 9083.635 12919.406 29.689
LCB [m] 90.377 91.766 1.514
KB [m] 7.230 7.233 0.044
Waterline 14.200 m
Attribute Real Computed | Percentage difference
Area [m?] 4676.651 4678.625 0.042
Inertia [m?] 299886.312 | 299885.385 0.000
LCF [m] 81.098 79.871 1.512
Volume [1?] 58273.414 | 58442.051 0.288
WSA [m?] 9120.477 12956.992 29.609
LCB [m] 90.368 91.739 1.494
KB [m] 7.280 7.283 0.042

Waterline 14.300 m
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A.2 DATA MODELS |

Attribute Real Computed | Percentage difference
Area [m?] 4678.913 4680.934 0.043
Inertia [m?] 300037.500 | 300036.596 0.000
LCF [m] 81.116 79.869 1.537
Volume [m?] 58690.343 | 58859.917 0.288
WSA [m?] 9157.333 | 12994.562 29.529
LCB [m] 90.360 91.712 1.473
KB [m] 7-330 7-333 0.041
Waterline 14.400 m
Attribute Real Computed | Percentage difference
Area [m?] 4681.197 4683.250 0.043
Inertia [m*] 300191.281 | 300190.290 0.000
LCF [m] 81.133 79.867 1.560
Volume [m?] 59107.375 | 59277.874 0.287
WSA [m?] 9194.204 13032.115 29.449
LCB [m] 90.353 91.686 1.453
KB [m] 7.381 7.384 0.040
Waterline 14.500 m
Attribute Real Computed | Percentage difference
Area [m?] 4683.497 4685.600 0.044
Inertia [m*] 300347.062 | 300346.144 0.000
LCF [m] 81.151 79.868 1.581
Volume [m?] 59524.515 | 59695.927 0.287
WSA [m?] 9231.089 13069.657 29.370
LCB [m] 90.346 91.660 1.433
KB [m] 7-431 7-434 0.039
Waterline 14.600 m
Attribute Real Computed | Percentage difference
Area [m?] 4685.819 4687.955 0.045
Inertia [m?] 300505.125 | 300504.163 0.000
LCF [m] 81.170 79.870 1.600
Volume [m?] 59941.773 | 60114.081 0.286
WSA [m?] 9267.991 13107.187 29.290
LCB [m] 90.339 91.634 1.413
KB [m] 7.481 7.484 0.037
Waterline 14.700 m
Attribute Real Computed | Percentage difference
Area [m?] 4688.159 4690.322 0.046
Inertia [m?] 300664.437 | 300663.465 0.000
LCF [m] 81.189 79.874 1.619
Volume [m?] 60359.144 | 60532.340 0.286
WSA [m?] 9304.909 13144.706 29.211
LCB [m] 90.332 91.609 1.393
KB [m] 7-532 7-535 0.036
Waterline 14.800 m
Attribute Real Computed | Percentage difference
Area [m?] 4690.513 4692.616 0.044
Inertia [m?] 300824.843 | 300823.464 0.000
LCF [m] 81.208 79.878 1.638
Volume [1?] 60776.652 | 60950.705 0.285
WSA [m?] 9341.843 13182.200 29.132
LCB [m] 90.326 91.584 1.374
KB [m] 7.582 7.585 0.035

Waterline 14.900 m

155



A.2 DATA MODELS |

Attribute Real Computed | Percentage difference
Area [m?] 4692.854 | 4695.075 0.047
Inertia [m?] 300987.250 | 300986.159 0.000
LCF [m] 81.228 79.886 1.651
Volume [m?] 61194.308 | 61369.183 0.284
WSA [m?] 9378.777 13219.718 29.054
LCB [m] 90.320 91.560 1.354
KB [m] 7-633 7-635 0.034
Waterline 15.000 m
Attribute Real Computed | Percentage difference
Area [m?] 4695.237 | 4697.487 0.047
Inertia [m*] 301150.843 | 301149.760 0.000
LCF [m] 81.249 79.895 1.666
Volume [m?] 61612.156 | 61787.781 0.284
WSA [m?] 9415.739 13257.218 28.976
LCB [m] 90.314 91.536 1.334
KB [m] 7.683 7.686 0.033
Waterline 15.100 m
Attribute Real Computed | Percentage difference
Area [m?] 4697.631 4699.896 0.048
Inertia [m*] 301314.437 | 301313.297 0.000
LCF [m] 81.270 79.905 1.680
Volume [m?] 62030.183 | 62206.501 0.283
WSA [m?] 9452.717 13294.711 28.898
LCB [m] 90.309 91.513 1.315
KB [m] 7-734 7-736 0.032
Waterline 15.200 m
Attribute Real Computed | Percentage difference
Area [m?] 4700.041 4702.351 0.049
Inertia [m?] 301478.687 | 301475.162 0.001
LCF [m] 81.293 79.917 1.691
Volume [m?] 62448.398 | 62625.345 0.282
WSA [m?] 9489.711 13332.213 28.821
LCB [m] 90.305 91.490 1.296
KB [m] 7.784 7.787 0.030
Waterline 15.300 m
Attribute Real Computed | Percentage difference
Area [m?] 4702.465 4704.682 0.047
Inertia [m?] 301643.125 | 301641.094 0.000
LCF [m] 81.316 79.927 1.707
Volume [m?] 62866.824 | 63044.313 0.281
WSA [m?] 9526.723 13369.686 28.743
LCB [m] 90.300 91.468 1.276
KB [m] 7.835 7.837 0.029
Waterline 15.400 m
Attribute Real Computed | Percentage difference
Area [m?] 4704.904 4707.266 0.050
Inertia [m*] 301808.250 | 301807.220 0.000
LCF [m] 81.340 79.945 1.714
Volume [1?] 63285.460 | 63463.411 0.280
WSA [m?] 9563.752 13407.209 28.667
LCB [m] 90.296 91.446 1.257
KB [m] 7.885 7.887 0.028

Waterline 15.500 m
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A.2 DATA MODELS |

Attribute Real Computed | Percentage difference
Area [m?] 4707.351 4709.736 0.050
Inertia [m4] 301973.062 | 301971.971 0.000
LCF [m] 81.364 79.961 1.724
Volume [m?] 63704.324 | 63882.649 0.279
WSA [m?] 9600.798 13444.703 28.590
LCB [m] 90.293 91.425 1.238
KB [m] 7.936 7.938 0.026

Waterline 15.600 m

Attribute Real Computed | Percentage difference
Area [m?] 4709.800 4712.190 0.050
Inertia [m*] 302136.375 | 302135.219 0.000
LCF [m] 81.390 79.978 1.734
Volume [m?] 64123.421 | 63882.649 0.375
WSA [m?] 9637.863 13444.703 28.314
LCB [m] 90.289 91.425 1.241
KB [m] 7.986 7.938 0.606

157



B APPENDIX B

B.1 CONVERGENCE STUDY FOR DLIBFINDMINGLOBAL

B.1.1  Number of lterations

For each waterline the number of iterations was 2000. We did some trails with the
number of iterations reaching even the 40000 but the results were disappointing and
for one waterline needs 3 days. After a series of testing on the number of iterations
we ended up with the number of 2000. If we increase the iterations the results are
not better or the improvement is very small compare to the time raise.

B.1.2 [lime limits

The execution time for all the waterlines was 8087.12 seconds for the objective func-
tion that includes only the area attributes and 11008.22 seconds for the objective
function that includes both area and volume attributes.

B.2 CONVERGENCE STUDY FOR DLIBFINDMINUSINGAP-
PROXIMATEDERIVATIVES

B.2.1  Number of lterations

For this optimization algorithm the number of iterations are different from waterline
to waterline. Because of the stop strategy we chose the algorithm will terminate if
the difference between two consecutively results is smaller that 10~7.

B.2.1.1 Model

The iteration’s range for the created model is [355,753] and the average is at 515 iter-
ations for the objective function for the area attributes and for the objective function
that includes the volume attributes the iteration’s range is [377,703] and the average

is 573.
B.2.1.2 Real Vessel

The iteration’s range for the real vessel is [235,1177] and the average is at 511 itera-
tions for the objective function for the area attributes and for the objective function
that includes the volume attributes the iteration’s range is [1126,1728] and the aver-
age is 1350.

B.2.2 [ime limits

B.2.2.1 Model

For the created model the total optimization time was 383.10 second for the objective
function that includes only the area attributes and 1167.64 seconds for the objective
function that includes both area and volume attributes.
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B.2.2.2 Real Vessel

For the real vessel the total optimization time was 319.34 second for the objective
function that includes only the area attributes and 2311.96 seconds for the objective
function that includes both area and volume attributes.

B.3 CONVERGENCE STUDY FOR GENETICOPTIMIZER

B.3.1 Characteristics

The genetic algorithm’s characteristics are the following.
1. Population : 100
2. Maximum generations : 30
3. Elite children : 5
4. Crossover fraction : 0.7

5. Stop strategy : if the difference of the objective function’s best genes between
two consecutively generations is less than 15 then the optimization process
stops

B.3.2 Time limits

The execution time for all the waterlines was 7316.10 seconds for the objective func-
tion that includes only the area attributes and 11894.93 seconds for the objective
function that includes both area and volume attributes.

B.4 CONVERGENCE STUDY FOR HYBRID

The hybrid model consists of the genetic algorithm that is being used to find a global
minimum and the DIlibFindMinUsingApproximateDerivatives algorithm in order
to find the global minimum. Their characteristics are mentioned in the previous
sections.

B.4.1  Number of Iterations

B.4.1.1  Model

The iteration’s range for the created model is [62,433] and the average is at 280 iter-
ations for the objective function for the area attributes and for the objective function
that includes the volume attributes the iteration’s range is [172,774] and the average

is 414.

B.4.2 Time limits

The total optimization time was 8281.82 second for the objective function that in-
cludes only the area attributes and 12615.37 seconds for the objective function that
includes both area and volume attributes.



B.5 CONVERGENCE STUDY FOR DLIBFINDMINUSINGAPPROXIMATEDERIVATIVES USING THE FLAT OF BOTTOM

B.5 CONVERGENCE STUDY FOR DLIBFINDMINUSINGAP-
PROXIMATEDERIVATIVES USING THE FLAT OF BOT-
TOM

B.5.1  Number of lterations

For this optimization algorithm the number of iterations are different from waterline
to waterline. Because of the stop strategy we chose the algorithm will terminate if
the difference between two consecutively results is smaller that 10~7.

B.5.1.1 Real Vessel

The iteration’s range for the created model is [228,1329] and the average is at 1091
iterations for the objective function for the area attributes.
B.5.2 Time limits

B.5.2.1 Real Vessel

For the real vessel the total optimization time was 26881.19 second for the objective
function that includes only the area attributes.
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