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SUMMARY 

 

This paper presents a novel, highly interactive genetic algorithm-based layout exploration and optimisation method for 

generating spatial configurations of ships in the early stages of the design process. The method draws upon the principles 

of design-driven architecturally centred ship design processes by enabling the naval architects to make important 

decisions in a hybrid design process. The method utilises a genetic algorithm-based optimisation tool to rapidly generate 

and evaluate a diverse set of general arrangement options. It is approached in stages where each stage comprises two 

steps (manual and automatic). 

 

The new genetic algorithm-based layout optimisation tool is demonstrated by being applied to an Offshore Patrol Vessel 

test case. The advantages and disadvantages of the proposed tool are discussed, as well as the current limitations of the 

overall approach and future work. 

 

 

 

NOMENCLATURE 

 

CP  Computational Domain 

CPF Continuous function Penalty Factor 

DBB  Design Building Block 

DSS  Design Solution Space 

ESSD  Early Stage Ship Design 

GA  General Arrangement 

GAOT  General Arrangement Optimisation Tool 

ISA  Intelligent Ship Arrangement 

LCG  Longitudinal Centre of Gravity 

MDW  Main Design Window 

NA  Naval Architect 

OC  Optimisation Criteria 

OE  Entity to be Optimised 

OPV  Offshore Patrol Vessel 

PF  Penalty Factor 

SPF Step function Penalty Factor 

VCG  Vertical Centre of Gravity 

VSP  Void Space Penalty factor 

WF Weighting Factor 

 

 

 

1. INTRODUCTION 

 

Developing a suitable General Arrangement (GA) is a 

critical part of ensuring the successful design of all ships, 

from superyachts to aircraft carriers. How different 

spaces, such as bridges, crew quarters, control rooms etc. 

are sized and located is fundamental to guaranteeing safe 

and effective operations. It is a complex, time-consuming 

and inherently iterative part of the design process since 

many different, and very often conflicting, requirements 

have to be balanced within the constraints of the vessel 

while ensuring that all aspects of the operations and 

human factors are considered. 

 

A less detailed, high-level GA is considered for the first 

time in the conceptual phase of the design process, 

referred here as Early Stage Ship Design (ESSD). The 

main purpose of this initial phase is to design several 

alternatives in a low level of detail, which are then 

considered to assess their cost and performance trade-

offs with the aim of elucidating design requirements [1], 

[2]. 

 

Traditionally, ESSD has been conducted in phases where 

one follows another sequentially; in general, it is 

perceived as a linear process with discrete sequential 

steps and feedbacks reflecting its inherently iterative 

nature, and it is often represented by a design spiral [3], 

[4]. Compartments are being arranged within the fixed 

hull dimensions towards the end of the process, typically 

following initial sizing [5]. All changes and adjustments 

require the process to go from the beginning, leading, 

therefore, to a significant number of iterations to be 

carried out making the process time-consuming and 

expensive [6]. Moreover, this procedure often leads to a 

parent ship method where a new ship is designed based 

on the existing one (or a class of similar designs) that 

closely matches the performance requirements of a new 

design [7]. This process can be seen to narrow down the 

exploration of the Design Solution Spaces (DSS), limit 

innovation and the creative inputs from Naval Architects 

(NA) [8], thus, is not particularly suitable for designing 

novel ships with radically different features, 

unconventional, unique or nonstandard designs. 

 

Andrews [9] argues that the design of warships and most 

of the other commercial service vessels [10] should be 
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driven by their internal (and upper deck) configuration 

and that the concept design of these types of vessels 

should be approached by firstly configuring spaces 

focusing on the vessel’s primary function followed by 

“wrapping” the hull around afterwards [11]. This leads to 

the “inside-out” design approach opposing to the 

traditional “outside-in” approach. 

 

These inferences led to the function-based architecturally 

oriented ESSD to be introduced in the latter part of the 

twentieth century; centering the ship architecture and 

allowing all traditional ESSD numerical calculations to 

be performed concurrently while modifying the layout 

configuration [8], [12]. Andrews [5] concluded that fully 

integrative ship design synthesis that places greater 

emphasis on the physical description of the ship layout 

will foster more creativity and novelty by enabling 

architectural factors to impact major decision making and 

allow the main requirement drivers to be considered from 

the start [3]. 

 

Still, the manual nature of developing GAs makes the 

process laborious, requiring NAs to manually readjust 

the whole layout many times during the DSS exploration. 

Moreover, only one ship can be designed at the time, 

which makes the generation of multiple design concepts 

time and resource expensive. Hence, fully manual ESSD 

approaches do not readily lend themselves to rapid trade-

off, cost-benefit and option analysis when multiple 

design alternatives are required to be synthesised and 

evaluated [13]. 

 

Challenging markets and tight budgets for building ships 

drive the need for developing advanced tools that would 

help ship designers to rapidly produce a diverse set of 

design options with an aim of enabling wider and more 

thorough concept exploration, while at the same time 

reducing the time and the cost of ESSD. Despite the 

significant developments in the current ESSD tools and 

software applications, a high degree of user inputs still 

prevents the extensive exploration of DSS, particularly in 

the case of configurationally driven service vessels [13]. 

 

The aim of this paper is to introduce a project carried out 

at UCL Mechanical Engineering in collaboration with the 

University of Southampton and BMT. Its overarching 

aim is the development of highly interactive layout 

exploration and optimisation method that can be applied 

to configurationally driven ships for generating GAs. The 

project focuses on naval service vessels during ESSD. 

The research aims to develop a method and optimisation 

tool that can be easily applied to any generic manual 

ESSD process without any sophisticated software or 

synthesis systems required as a prerequisite.  

 

The problem is approached in stages where each stage is 

composed of two steps. First, the General Arrangement 

Optimisation Tool (GAOT) is utilised to assist the 

designer in developing and evaluating a diverse but 

rational set of alternative arrangements. Then NAs 

examine returned alternatives manually, make changes 

where necessary and return the modified designs back to 

the tool as the initial population (solution) for the next 

stage. The hybrid process goes on until the satisfactory 

solution has been found. The purpose of the tool is to 

help the designer to explore the design solution space by 

returning design alternatives after each stage, however, 

the major ship design calculations and all decisions are 

still performed manually or by coupling GAOT with 

other manually operated ESSD synthesis tool/s. GAOT 

integrates space and system interrelationships, global 

preferences, constraint management, and also considers 

certain basic naval architecture aspects such as stability. 

 

2. OPTIMISATION METHODS TO ESSD 

 

Previously discussed downsides common to all manual 

design approaches combined with rapid development in 

affordable computational power over the recent years 

have urged researchers to start developing methods and 

tools that can automatically produce many design options 

simultaneously. Early examples of such tools are ASSET 

[14], [15] and PASS [16], [17] where designs can be 

semi-automatically generated by altering relevant design 

variables. However, the optimisation of GAs of 

configurationally driven service vessels is a challenging 

and complex problem typified by excessively large DSS 

and a great number of conflicting objectives and 

constraints. Thereby, it is necessary to approach the 

problem, not only by developing fast and efficient 

algorithms, but also by proposing a method suitable to 

“optimise” the automation/(manual input from NAs) 

ratio so as to cope with the complexity of a given 

problem (i.e. improving the design procedure while 

reducing the overall ESSD time). 

 

Existence of numerous, quite often subjective and not 

explicitly defined optimisation criteria such as ‘close to’, 

‘separated from’, or ‘more or less square’ is an ideal 

environment for fuzzy logic [18] principles to be applied. 

The fuzzy optimisation approach, first proposed in [19], 

has been applied in many arrangement design efforts 

[20]–[22].  

 

These principles have also been utilised by researchers 

from the University of Michigan. Intelligent Ship 

Arrangement (ISA) method – published in [23]–[27] – 

has been developed as an addition to the U.S. design 

process with the purpose to assist NAs in semi-

automatically producing spatial arrangements in ESSD. 

The process starts by allocating spaces into predefined 

and fixed zone-decks during the first step followed by 

arranging each one separately. It works in a hybrid 

environment where a genetic algorithm developed by 

Nick [28] – encouraging solution diversity – is coupled 

with a multi-agent system that provides intelligent search 

capabilities. The method requires an intelligent product 

modelling system and a central data repository (LEAPS) 

[29] that has been introduced as the central, coordinating 

database for naval ship design information created as a 
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part of the ASSET [30] naval ship synthesis system [27]. 

Therefore, ISA is compatible with the U.S. navy design 

process, however, it cannot be straightforwardly applied 

to other design processes. 

 

Concurrently with, but separately from, these attempts 

from the U.S., van Oers [31], [32] proposed a new TU 

Delft (Delft University of Technology) Packing 

Approach. This utilises an object-driven semi-automatic 

2.5D and 3D ESSD synthesis model. It relies upon 

parametric ship description and contains basic ship 

design aspects in a form of search algorithm constraints. 

It is performed in two steps; first, search algorithm – by 

utilising Non-dominated Sorting Genetic Algorithm 

NSGA-II [33] – generates a diverse set of feasible 

options by satisfying non-negotiable constraints on space 

and equipment location, aiming to obtain the maximum 

packing density, followed by manual selection of designs 

of interest [31]. The 2.5D version of Packing Approach is 

faster because it assumes simplified arrangements in the 

transverse direction, i.e. transverse objects are collapsed 

onto a centreline place which reduces object placement 

to two dimensions while keeping the accurate profile of 

the hull [34]. Later research focused on gaining insights 

from NAs by capturing design rationales [34], [35], 

introducing a new approach to allow NAs to guide the 

options generation [36] and applying the network theory 

in order to understand physical relationships in the GAs 

generated by the Packing Approach [37].  

 

Nonetheless, the approach still fails to deal with the 

interdependences resulting from the relationships 

between spaces when configuration-driven ships are 

concerned, as concluded by Droste in the recent paper to 

IMDC 2018 [38]. Interactive steering introduced by 

Duchateau [36] is available only through manipulating 

with search algorithm objective function/s, while the 

packing rules and the search algorithm constraints stay 

hard-coded; which may limit the flexibility of the 

algorithm by hindering some of the potential benefits 

interactive feedback may bring. 

 

Research at UCL has been focussed on integrating ship 

architecture into a holistic approach to ship synthesis, via 

the Design Building Block approach (DBB); first 

proposed by Andrews [5]. It is a graphical computer-

aided holistic design method that applies principles of 

architecturally driven ESSD approaches in practice by 

combining numerical calculations with a CAD system. It 

has been fully realised after it was implemented into the 

SURFCON which comes as an additional module of the 

GRC ESSD tool PARAMARINE [39]. Since its 

development, the DBB approach has been successfully 

demonstrated many times and its utility and applicability 

has been reported in numerous publications (see [4], [8], 

[40]–[42]). Even though its benefits are undeniable, still, 

it is fully manual and requires continuous inputs from 

NA during DSS exploration allowing only one ship to be 

designed at the time. 

 

3. SCIENTIFIC APPROACH 

 

Early research carried out by this project focused on 

determining the scope and high-level features of the 

method. One approach was to adopt a fully automatic 

optimisation tool that would have more autonomy which, 

in order to balance the ship design, would necessarily 

mean addressing more than just arrangement. The result 

of such approach would be a set of feasible alternative 

ships from which the NA would choose preferred 

options. 

 

However, the interactions between requirements, design 

solutions and cost are not known from the start; NA 

gains knowledge and insights during the concept 

exploration process. Thus, requirements may also change 

during the process led by the obtained knowledge and 

dialogues with the requirement owner causing major 

decisions to be also revised and the design re-worked. 

This is termed requirements elucidation by Andrews [1]. 

Accordingly, ESSD is extremely challenging to fully 

automate without the input of the designer in order to 

address these changes and newly gained insights. 

 

Considering this key aspect, a novel hybrid approach to 

optimising arrangements is proposed that incorporates 

sufficient and appropriately implemented level of 

interaction between design team and GAOT throughout 

the whole ESSD, balancing therefore manual and 

automatic aspects. The method is intended to assist the 

intelligent user by means of GAOT rather than replacing 

them with the ‘intelligent’ optimisation tool that would 

theoretically be able to make all decisions autonomously 

based on inputs on the very beginning of the process. 

 

3.1 PROPOSED METHOD 

 

The highly interactive nature of the proposed method is 

outlined by the design triangle which is illustrated in 

figure 1. It represents the principal relations among three 

major factors: Main Design Window (MDW), design 

team and GAOT. 

 

 
 

Figure 1: Design triangle 

 

MDW typifies manually-driven design environment 

encompassing all necessary tools where all relevant 

numerical calculations are performed. MDW and GAOT 

have to be compatible with each other so as to allow the 



International Conference on Computer Applications in Shipbuilding 2019, 24-26 September 2019, the Netherlands 

 

© 2019: The Royal Institution of Naval Architects 

flow of information in both ways. Design team manages 

both of these systems. All tools from the MDW are 

manually operated and require continuous inputs and 

presence of NAs, whereas GAOT needs inputs only at 

the beginning and in between each optimisation stage.  

 

The overall method is approached in stages where one 

stage is composed of two steps: manual and automatic. 

Each automatic step is performed by utilising genetic 

algorithm-based GAOT which outputs a set/s of design 

alternatives along with the substantial feedback about 

each returned design option. Returned feedback is 

deemed to be very important which is why a statistical 

analysis feature is intended to be a significant part of 

GAOT. The purpose of this feature is to give information 

that would help to read, differentiate and evaluate every 

design alternative. Some of the returned pieces of 

information are:  

 

 The level of satisfaction of every optimisation 

criteria for the overall design as well as for each 

space to be optimised 

 Statistical report that provides probability of a 

certain space to be found at the certain position 

considering all returned designs 

 Rankings of options based on cumulative and 

selective evaluation functions 

 The level of constraints violation for each OE, 

etc.) 

 

Retuned designs are then manually analysed by the 

design team which performs additional calculations and 

returns modified set/s as the initial solution for the next 

hybrid stage.  

 

Figure 2 depicts a high-level schematic of the method. It 

commences by gathering initial requirements and 

performing initial calculations in MDW prior to 

considering GA at all. Subsequently, these early insights 

are imported into GAOT in form of high-level blocks and 

set of key optimisation criteria. The main purpose of this 

initial phase – denoted as stage 0 in figure 1 – is to focus 

on the most important compartments and systems 

necessary for the ship to deliver its primary function and 

major routes. GAOT returns a certain number of overall 

GAs all of which contain the network of major access 

ways reflecting the arrangement of the first set of 

imported blocks. 

 

NAs then manually consider each design alternative by 

means of MDW where additional numerical calculations 

are performed. Based on this, they modify and upgrade 

the returned set of designs by changing individuals 

separately, or combining pieces of different solutions 

together, which then forms the initial population for the 

next stage. Changes can be divided into the ones that 

change DSS and ones that don’t. For instance, importing 

a new set of spaces, disassembling high-level blocks into 

constituent parts, fixing certain spaces, modifying 

requirements, Optimisation Criteria (OC) or Weighting 

Factors (WF) all necessarily mean changing the 

Computational Domain (CP), i.e. DSS. Therefore, the 

hybrid approach features dynamic solution space which 

reflects changes in the CD of certain individuals and also 

enables later optimisation stages to be performed in 

parallel. Therefore, individuals modified in a way which 

doesn’t change the CD go into the next phase as a part of 

the solution forming the old population (figure 2), and 

the number of different variants of DSS dictate the 

number of new populations. This way allows for 

exploring multiple combinations of OC, objectives and 

constraints simultaneously mitigating the risk of 

excluding certain options and/or combinations of 

requirements too early in the process. 

 

 
 

Figure 2: Schematic of the proposed method 

 

Within a stage, every subprocess, representing a unique 

population, is considered by the algorithm separately, 

without crossing over (DSS is separately defined for each 

subprocess, i.e. population); all k+1 subprocesses run in 

parallel forming the overall algorithmic process within a 

hybrid stage (figure 2). From the perspective of the 

algorithm, every subprocess can be performed in single 



International Conference on Computer Applications in Shipbuilding 2019, 24-26 September 2019, the Netherlands 

 

© 2019: The Royal Institution of Naval Architects 

or multi-objective manner, where fitness functions can be 

differently defined for every subprocess, and also, all 

subprocesses don’t need to have the same number of 

algorithmic objectives. This means that various naval 

architecture objectives, combination of WFs and other 

OC can be differently combined and grouped to form 

fitness functions for different subprocesses; since there is 

generally a great number of naval architecture objectives 

and OC, each of which is also strengthened by a unique 

WF, all of them cannot be modelled as separate fitness 

functions, hence, some of them have to be combined 

within the same fitness function. 

 

However, between stages, design team can combine 

solutions from all populations, add new ones or obliterate 

ones that are deemed not to be attractive any more. The 

number of stages (denoted with n in figure 1) is not 

predetermined; the process goes on until the satisfactory 

and limited set of design options has been found, which 

is then filtered manually.  

 

Between stages Entities to be Optimised, (OE) that are 

deemed satisfactorily arranged can be fixed, which 

means they are excluded from the CD, or can be kept 

inside with revised WFs. OEs are all objects manipulated 

by the algorithm such as spaces, systems, compartments, 

passageways, etc. Strong WFs for global preferences 

allow only slight deviations from their previously found 

‘optimal’ positions, shapes and areas. Typical examples 

for this are high priority entities arranged in the initial 

stage. This is schematically depicted in figure 3. 

 

 

 
 

Figure 3: Types of changes to OEs 

 

3.1 (a) Considering Major Components 

 

Major routes and watertight bulkheads are approached in 

a slightly different way. Both are considered for the first 

time in the initial stage taking into account only high-

level blocks. A network of major passageways is 

modelled as a collection of nodes which are related to 

arranged high-priority spaces. One approach implies 

fixing them after the stage 0, (exclude them from the 

CD), while another approach allows them to deviate from 

the original shape (by skewing and distorting the 

network) so as to adjust to more detailed GAs in 

successive stages. The level of adjustment (deviation 

from preferred routes) can be regulated by numerical 

values of WFs. Watertight bulkheads and hull 

dimensions follow the same principle. In that their 

deviation from a specified value can be regulated or 

limited by the user; these settings can be differently 

defined for different populations. Any prior decision/s 

can be reversed or changed in any of the succeeding 

stages. 

 

3.2 LAYOUT OPTIMISATION TOOL 

 

GAOT solver is based on a genetic algorithm method. 

Genetic algorithms, first introduced by John J. Holland 

[43], belong to the group of evolutionary algorithms [44]. 

It is a stochastic optimisation technique inspired by 

Darwin’s principles of natural selection and survival of 

the fittest individuals. The solution converges towards 

the optimum by repeatedly modifying a population of 

individuals, represented by chromosomes. The process 

starts by creating an initial population that is then 

evaluated and ranked against an objective function. In the 

next step, the algorithm selects individuals from the 

current generation to be parents and uses them to produce 

children for the next generation (crossover and mutation 

operators are performed). During the selection, only the 

fittest individuals survive, while the rest of them are 

discarded by the algorithm. The population evolves 

towards an optimum solution over consecutive 

generations by repeating the above steps, imitating 

thereby biological evolution [45], [46]. The current 

version of GAOT is encoded within MATLAB 

programming language where MATLAB Genetic 

Algorithm Toolbox has been utilised [47], [48]. 

 

There are two types of constraints supported by the tool, 

hard and soft ones. Hard implies defining a constraint 

function where constraints are considered separate from 

objectives. In a soft constraint, penalty functions are 

used, where all constraints, along with other OC, are 

incorporated within the fitness function in form of 

Penalty Factors (PF) which are then minimised 

throughout the process. Two types of PFs are supported. 

Step function PFs (SPF) are modelled as a step function, 

where, if the constraint is violated, always the same 

penalty value is returned. The other option is to adopt 

sliding or Continuous function PFs (CPF), where, the 

more the constraint is violated, the higher the penalty 

value is. This way allows for soft modelling of all 

constraints; implemented penalty function calculates the 

degree of a constraint violation, and correspondingly 

returns the penalty factor value. This approach allows 

semi-feasible individuals to survive and take part in the 

crossover process; the algorithm gradually eliminates 

semi-feasible individuals through the selection 

improving, thereby, the chance of finding better solutions 

and converging towards promising results faster. On the 

contrary, if only hard constraints had been used, only 

feasible individuals (no constraint violation at all) would 

have been survived to the next generation, reducing 
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population diversity and increasing the probably that the 

algorithm would diverge and fail to the inability to find 

any feasible individuals. 

 

3.2 (a) Overlap Management 

 

Overlap management secures rational and realistic 

geometrical properties of returned layouts by: 

 

 Suppressing overlapping between OEs 

 Suppressing overlapping between OEs and 

predefined entities 

 Restraining all OEs to stay inside the CP, i.e. 

penalising OEs that exceed deck borders 

 Penalising OEs that cross through watertight 

bulkheads (the network of main passageways is 

an exception) 

 

Overlapping is addressed by penalising the overlapping 

area, however the use of a soft constraint means that 

small overlaps will be permitted if they lead to a more 

optimal overall arrangement.  

 

3.2 (b) Modelling Constraints 

 

The same way of modelling is adopted for constraints, 

objectives and other design rules, all of which are 

denoted as OC. They are modelled in a form of 

functions, where each function is characterised by a PF, 

WF and the function shape f, all of which can be 

specified by the user. All expressions are generally 

taking a form of PF = WF * f(x’), where x’ is a decoded 

subset of design variables relevant for the given PF. 

Function shape enables defining a variety of different 

preferences for different OC. They can be 1D, 2D or 

even 3D fields, and also can be continuous or discrete. 

 

 
 

Figure 4: Example of penalty function shapes 

 

For example, if a space should be located close to the 

stern, or other general longitudinal position, this can be 

addressed by defining a global position PF with respect 

to the x coordinate. On the other hand, if the certain 

compartment prefers to have a porthole (captain’s cabin 

for instance), this can be addressed by appropriately 

defined global preference PF with the respect to y to 

ensure it is located outboard. Left hand-side of figure 4 

shows the example of 1D continuous penalty function 

curve for space’s global location preference. The 

function is normalised in a way that if the space is 

positioned at the target position, penalty value is zero, 

and it grows with the distance reaching the value of one 

for some critical distance. The right side of the same 

figure depicts an example of the penalty curve for the 

separation. Minimum separation in terms of Euclidean 

distances is prescribed to be minimum distance. Every 

distance between two considered compartments that is 

greater or equal to minimum distance is not penalised, 

otherwise, penalty value rises and reaches one if 

compartments are positioned next to each other. To 

reflect the fact that the ship comprises multiple decks, 

Manhattan distance system is also encoded into GAOT. 

 

Generic function shapes are multiplied by WFs in order 

to address the importance of certain OC linked to certain 

OEs. WFs can take a value of zero or any other positive 

real number. Table 1 provides more detail on the 

constraints used in the prototype tool and proposed 

method. 

 

3.2 (c) Combining Constraints 

 

In general, all OC can be expressed as a combination of 

2D matrices, vectors and scalars whose elements are PFs. 

PFs describing relations among OEs are stored in a 2D 

matrix Aij, where both indices i and j correspond to OEs. 

Matrix Aij enables capturing both influences entity i has 

on entity j and also entity j has on entity i (i to j and j to 

i). Since there can be multiple relationships between 

entities, matrix Aijt stores t Aij matrices where index t 

reflects the collection of relations driven by certain ship 

design aspect, i.e. overall ship OC such as survivability, 

maintainability, cost, accessibility, etc.  

 

On the other hand, detail OC linked to the entity itself 

such as global preferences, relations between OEs and 

predefined entities or OEs and fixed objects are stored in 

penalty vectors Bi. Fixed objects can be, for instance, the 

propeller, bow, stern, mast or any other fixed x,y,z 

position in the CD. Matrix Bim stores m penalty vectors. 

Finally, certain OC such as LCG, trim, VCG or Void 

Space PF (VSP) are scalars, and n scalar PFs are stored 

in n-dimensional vector Cn. In general, all fitness 

functions are taking a form defined by equation 1. 

 

 

 
(1) 

 

The basic principle is to add all relevant PFs to form one 

algorithmic objective function. For running the GAOT in 

a multi-objective manner, a number of fitness functions 

can be defined each of which is composed of differently 

defined and combined three terms from equation 1. PFs 

from overlap management are encompassed by the third 

term from equation 1. A high-level list of OC is 

summarised in table 1, while table 2 further breaks down 

OC expressing global and relational preferences for OE. 

Preferences can be linked to the entity itself or can be 

expressed as a relation between two entities. 
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Type of OC Description 

Basic NA 
Intact stability, simple weight calculation, trim, VCG, LCG, hydrostatics (GM = KB + BM – 

KG), bulkheads are considered 

Global preferences 

Preferable X,Y,Z 

positions of 

compartments and 

systems 

Global positions 

(target positions) of 

all compartments and 

systems on board 

Accessibility 

Operability (operation) 

Survivability 

Maintainability 

Supportability 

Costing 

Noise, safety, comfort 

Motions 

Topological requirements 

Functional dependencies (function) 

Mission 

Physical connections between systems – system runs – connectivity 

Visibility 

Compartment 

interdependencies 

and 

interrelationships 

Relationships 

between all effected 

compartments and 

systems based on 

different optimisation 

criteria 

Overlap penalty 

factors 

Overlapping between two spaces their self 

Overlapping between the space and the system 

Overlapping between empty space necessary for a certain system to work properly and any 

other object (for instance, radar arcs, required arcs for weapons etc.) 

Overlapping between the deck perimeter and space 

Overlapping between the main passageways and other objects in the model 

Compartment shape 

The general shape of the compartment or system  

length to the width aspect ratio 

width to the length aspect ratio 

Compartment size 
Area of compartments and systems (volume of the object can be calculated from the area – 

rough estimation of the volume) 

Void space penalty 

factor 

Space utility measure. Defined as the ratio or difference between the overall hull deck area 

and all non-overlapping area occupied by entities inside the hull.  

 

Table 1: High-level list of optimisation criteria 

 

 

 

The structure of the GAOT is shown in figure 5. The user 

manipulates five levels of inputs from the MDW. The 

first level implies specifying all OEs and all 

predefined/fixed entities which are excluded from the 

CD. The algorithm varies areas, shapes and x,y,z 

positions of centroids of spaces by means of design 

variables. Two-dimensional horizontal xy coordinate 

system is originated at transom stern, where x coordinate 

axis is aligned with the centreline of the vessel facing 

towards the bow, while the y-axis is perpendicular to x 

and is oriented from starboard to port side of the deck. X 

and y variables are continuous, while z positions denote 

the deck on which the entity sits on and take only 

integers. 

 

 

 

 

 

 

 
 

Figure 5: Structure of the GAOT 
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The second level of inputs encompasses specifying 

parameters for defining hull, watertight bulkheads and 

superstructure. The current version of the tool 

manipulates the shape of the superstructure taking into 

account the maximum number of superstructure decks, 

but doesn’t support hull dimensions, the number of decks 

and bulkheads to be manipulated by the algorithm, 

hence, they have to be predefined. However, these can be 

manually changed for any of the parallel populations 

between two hybrid stages. WFs and the shape of penalty 

functions for global preferences, relational OC, overlap 

management and basic ship design considerations are 

specified within the third, fourth and fifth level of inputs. 

 

All OC can be switched on or off. Parameters for all OC 

can be separately defined or can be imported from built-

in databases. If any of elements of OC that is switched on 

is not specified, GAOT automatically assumes default 

settings from the database or assigns zero. The same 

principle is applied for deck shapes. They can be 

specified separately in the GAOT, or imported from the 

deck shape database. The custom way of defining all OC 

parameters, adding, removing or freezing OE allows for 

GAOT to be used in both a flexible approach to 

requirements elucidation, and in the less flexible mode 

when the design had been already locked by a specific 

and inflexible set of requirements given by the 

requirement owner. 

 

 

Driving 

factor 
Constraint 

Type of 

constraint 
Description 

Topology 

related 

Connectivity Relational 
Defines if two considered spaces need to be connected (share the same 

bulkhead) 

Adjacency Relational 
Defines if two affected spaces require to be positioned adjacent to each 

other or to other entity 

Separation To space itself 
For the given space, defines all separation requirements involving all 

entities of relevance 

Global 

location 
To space itself Defines a target position of a space 

Relative 

location 
Relational 

Defines preferred distance (min or max) between two spaces – can be 

modelled as the Euclidian or Manhattan distance 

Geometry 

related 

Area To space itself Defines target area of the space 

Volume To space itself Defines target volume for space 

Shape To space itself Defines shape and relevant aspect ratios 

Accessibility Relational Specifies requirements pertaining to access from one space to another 

Path Relational 
Specifies the restrictions on the path between two spaces (this can 

involve other spaces from the list) 

 

Table 2: Global preferences and relational optimisation criteria 

 

 

3.3 LIMITATIONS OF THE CURRENT 

VERSION OF THE TOOL 

 

GAOT is still in development and only the proof of 

concept version of the tool is presented in this paper.  

 

 The current version of the solver is based upon 

the MATLAB Genetic Algorithm Toolbox that 

originates from mid 1990s; the overall 

capabilities of GAOT are limited by the 

capabilities of the mentioned toolbox. 

 Hull dimensions, number of decks and positions 

of watertight bulkheads are not manipulated by 

the algorithm.  

 Defining input parameters manually and from 

scratch is a time-consuming process. The design 

database containing default settings is partial 

and underdeveloped, thus, many of OC and 

function shapes have to be separately defined 

every time GAOT is used.  

 A rules-based network representation of major 

passageways is under development but has not 

yet been implemented 

 The current version of GAOT tracks many 

parameters during the algorithmic process. 

Every separate PF value for every individual or 

combinations of cumulative PFs can be tracked 

and saved. However, they have to be analysed 

manually between two subsequent stages since 

no statistical analysis feature has been 

developed yet.  

 Only 2D representations of relevant decks are 

available as an output from the tool at the 

moment, and the MDW does not yet have 
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interactivity to allow the designer to “drag and 

drop” entities into place and edit their 

characteristics; this version of MDW requires 

numerical inputs for all manual editing 

(changing positions, areas or shapes of OEs). 

 Breaking down high-level blocks by arranging 

each one separately is supported by the current 

version of the tool but it is not straightforward 

since a new CD has to be defined manually; 

future versions will automate this feature in a 

way to automatically adjust to the new CD and 

semi-automatically set up multiple subcases 

reflecting the prearrangement of high-level 

blocks.  

 

4. PRELIMINARY RESULTS 

 

Since the development of GAOT is still ongoing, a 

complete set of test cases has not yet been carried out. 

Two sets of tests have been conducted so far both of 

which were targeting a specific subset of OC. The first 

set of experiments focused on validating overlap 

violation algorithm and penalty function approach, while 

the second one focused on testing global preferences and 

relational OC. 

 

4.1 SINGLE DECK SHIP TEST CASE 

 

The first batch of experiments was carried out on a single 

deck ship. The objective was to maximise deck utility by 

arranging 10 spaces and a main passageway, and to avoid 

overlapping. The intention of these tests was to validate 

implemented overlap management algorithm and basic 

geometrical capabilities of the tool so as to make sure the 

tool can cope with demands for flexible shapes, areas and 

positions of OEs. The second objective was to prove the 

penalty function concept. For this purpose, four fitness 

functions – one for each test case –  have been developed 

all of which contained the same subset of OC encoded by 

following a different approach. OC to be tested were 

VSP reflecting the deck utility, OC from overlap 

management, aspect ratio, area and shape PFs.  

 

Compliance with deck shape, compartment shape and 

compartment aspect ratio OC have been defined as hard 

nonlinear constraints for the first two test cases; 

overlapping OC have been included within the fitness 

function in a form of SPFs and CPFs for test cases 1 and 

2 respectively. Existence of hard constraints implies that 

the algorithm doesn’t consider individuals that violate 

any of the constraints. On the other hand, by modelling 

OC as PFs, all individuals are considered, and the 

algorithm tries to exclude bad individuals from the 

subsequent generations due to their poor finesses. 

 

Hard constraints have been excluded from the remaining 

two cases; all mentioned OC have been modelled as 

SPFs for the test case 3, whereas only CPFs have been 

used in test case 4. All SPFs have been modelled as step 

functions with the same penalty value of 1050. This value 

was returned every time the constraint was violated 

regardless of the level of violation. In contrast, CPFs 

return penalty value based on the level of a constraint 

violation, WFs and the shapes of the penalty functions. 

Linear shapes have been selected for all CPFs.  

 

All four test cases had VSP defined as a difference 

between the overall deck area and the deck area occupied 

by spaces. The area of each of ten spaces to optimise was 

restricted to be within the range of 1/5 and 1/15 of the 

overall deck area, while the area of the main passageway 

was fixed. Overall fitness value was set up according to 

equation 1 and divided by the overall deck area. All OC 

have been normalised to the penalty area, and the target 

fitness value was set to be 1, which corresponds to 

satisfying all constraints and reaching minimum 

objective value. 

 

All four cases were left to run in parallel. Simulations 

were stopped after test case 3 and 4 reached 400 

generations. All simulations were run with the population 

size of 20000 and with the crossover fraction (ratio 

between crossover and mutation children) of 0.7. Cases 1 

and 2 were converging very slowly due to hard constraint 

definition. Both of them were stopped after case 4 

reached 400 generations; during this time case 1 reached 

9 generations and case 2 only 2 generations. Resulting 

GAs are displayed in figure 6, while figure 7 shows 

graphs of the overall fitness value and VSP divided with 

the overall deck area over generations. 

 

 
 

Figure 6: Results from the single deck ship test 

cases – 2D spatial configurations 

 

It is clear that results from both cases 3 and four 4 have 

almost fully converged satisfying all geometrical, 

compartments shape, areas and overlapping OC. Around 

98 percent of the space was utilised for both cases 3 and 

4. This can be also seen from the deck utility tracking 

parameter from figure 7, however, WF of 6 has to be 

considered as well. Even though both PF approaches 

yielded satisfactory results, CPF approach took 4 times 

more computational time to reach 400 generations 
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compared to just a few hours of iterating necessary for 

SPF approach. The reason for this lies in the fact that the 

algorithm has to calculate the overlapping area for every 

combination of OEs and for every individual during one 

generation, which takes much more time than just 

checking if the constraint is violated and assigning 0 or 

1050 correspondingly. 

 

On the other hand, Case 1 seemed to satisfy overlapping 

OC, and partially satisfied compartment shape criteria 

while the deck utility still reached reasonably high 90 

percent. By contrast, during the same time, test case 2 

reached only 2 generations (it was stopped in the third 

generation) which was not enough to suppress 

overlapping; compartment shape and areas were also not 

fully satisfied. Overall, both test cases 1 and 2 required 

significantly more time to start converging and yielded 

worse GAs. 

 

 

 
 

 

Figure 7: Some tracking parameters from single deck ship test cases 

 

 

The penalty function approach proved to be superior over 

the use of hard constraints from both accuracy and 

computational time perspectives. Moreover, SPF 

approach happened to be more efficient for this level of 

complexity converging towards the solution on average 

four times faster. However, CPFs were tested only with 

linear function shapes and without the results of 

sensitivity analyses that would indicate the best 

combination of WFs. Hence, at this point, it is expected 

that the CPF approach will cope better with the 

increasing complexity. This hypothesis will be tested in 

the future. 

 

GAOT utilises both SPF and CPF settings as well as the 

constraint function definition. Thus, it gives the user the 

freedom to choose the best combination of these three 

settings so as to adjust and optimise GAOT parameters to 

efficiently solving problems of different complexities. 

4.2 FIVE DECK OPV TEST CASE 

 

The second set of experiments focused on testing global 

preferences, relational OC and overlap management 

altogether, while VSP has been omitted. For this purpose, 

an illustrative 5-deck OPV with 50 high-level blocks on 

board has been selected. In order to test the ability of the 

algorithm to deal with global preferences, OPV was first 

manually designed (deck plans are shown on the right 

side of figure 8) to serve as a baseline. This GA contains 

quite a few voids; the reason for this is twofold. Only the 

first instance of highly important spaces have been 

imported, voids are in this case necessary in order to give 

provision for other spaces that haven't been included. 

Secondly, the purpose of this test was to validate global 

preferences and relational OC, and therefore, the case 

was set up to reflect this by excluding void space 
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minimisation. Deck shapes have also been simplistically 

defined, assuming a wall-sided hull. 

 

Thus, the overall aim was for the algorithm to replicate 

the GA from the baseline. The case was set up in a way 

that a target area and a range of tolerated aspect ratios 

have been defined for every compartment. Preferable 

global positions have been specified for the majority of 

compartments following the baseline, while the positions 

of the remaining OEs were restricted based on relational 

OC. Watertight bulkheads have been turned off and 

omitted from this experiment. The CPF approach has 

been utilised, where shapes of all penalty functions were 

linear. Maximum deviation from the target value was 

specified for each PF; this means that PF returns penalty 

value higher than zero only for deviations higher than the 

maximum tolerated. The algorithm was also set up to 

prefer rectangular shapes if possible.  

 

 

 

 
 

Figure 8: Five deck OPV test case 

 

 

The case has been set up to have only one 

unambiguously defined minimum which was set up to be 

0 this time. The simulation was left to run overnight and 

the result is shown in figure 8 left. The simulation 

converged towards the minimum with the less than one 

percent deviation from the baseline. The slight difference 

compared to a baseline can still be spotted; this is due to 

the specified maximum tolerated deviation and the range 

of acceptable (non-penalised) aspect ratios. However, the 

result of this test showed that the algorithm is able to 

cope with the geometrical complexity and that the 

relational and global preferences OC are encoded 

properly. The next tests will focus on case studies with 

all OC turned on, running the GAOT in a multi-objective 

manner, giving, therefore, more freedom to GAOT to 

fully explore the DSS, encourage diversity and yield 

multiple Pareto-optimal solutions in every hybrid stage. 

 

5. FUTURE WORK 

 

Goals for the future developments of the tool reflect the 

identified limitations of the current version. Development 

of GAOT will continue by gradually addressing 

limitations spelt out in subsection 3.3. Future work will 

focus on the following, where the sequence of bullet 

points also implies the priority: 

 

 Translate the code to Python for compatibility in 

a research team 

 Identify the best performing genetic algorithm 

that will be then implemented into GAOT 

 Test the tool in a multi-objective manner 

 Include the number of decks, hull dimensions 

and watertight bulkheads to be manipulated by 

the algorithm 

 Incorporate the statistical analysis visualisation 

feature for providing additional feedback and 

evaluation of returned design options 

 Include a separate stage to incorporate systems 

routings as well as main passageways; should 

come as the second hybrid stage. 

 Upgrade the MDW with the drag and drop 

feature, and also by developing automatic layout 

refinement feature which will automatically 

improve the geometry of returned GAs. 
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 Upgrade the deck visualisation output to be able 

to toggle between the 2D representation of 

decks and 3D mode. 

 Incorporate the generic and appropriate database 

containing OC settings, hull forms, list/s of 

generic spaces which could be then chosen and 

easily imported by the user, and/or modified if 

necessary. The idea is to gather certain 

collections of design rules which would be 

appropriately grouped (for instance, naval or 

commercial, type of the ship, role etc.) and 

ready for the designer to use/import. 

 

6. CONCLUSIONS 

 

This paper describes progress in a collaborative project 

that seeks to develop highly interactive layout 

exploration and optimisation method for semi-automatic 

generation of general arrangements during early stages of 

ship design. A novel hybrid approach has been discussed 

where the design process remains under the control of 

naval architects with collaboration with the other 

disciplines (such as naval engineers, combat system 

engineers, human factors, system engineering, etc.). The 

method combines a manual design environment with a 

General Arrangement Optimisation Tool (GAOT). It is 

approached in stages where each stage is characterised 

by two steps. Firstly, the GAOT is utilised to 

automatically generate a diverse set of alternative GAs 

followed by manual step where the designer continues 

the process manually by considering returned alternatives 

separately and returning modified set of designs back to 

GAOT as the initial solution for the next hybrid stage. 

 

The staged approach allows optimisation/design criteria 

to be gradually introduced during DSS exploration by 

incorporating newly gained insights (i.e. adding, 

modifying or removing certain criteria). It differs from 

traditional approaches where optimisation criteria are 

defined a-priori – substantially limiting the scope of DSS 

exploration – or a-posteriori by filtering and evaluating a 

large set of designs manually, which becomes 

excessively labour consuming. The method reflects the 

iterative nature of all ship design processes, allows for 

important dialogues among all interested parties to take 

place; it enables survivability zoning and major routing 

to be taken into account by the GAOT. Moreover, this 

approach enables for the complexity to be built gradually 

by introducing and arranging bigger blocks first 

(conglomerations of similar spaces, spaces of the same 

function, spaces that should go together) and breaking 

them down afterwards by arranging each bigger block 

separately. The other way to gradually build the 

complexity is to start by introducing high priority spaces, 

arranging them and finding major routes first, and 

introducing lower priority spaces in later stages. 

 

The current implementation of GAOT has been 

presented. The tool utilises overlap management where 

the designer can choose between modelling constraints 

by means of constraint functions (hard constraints) or 

penalty functions (soft constraints). Penalty function 

approach implies defining Penalty Factors (PF) which are 

then minimised along with other Optimisation Criteria 

(OC) and objectives as a part of fitness function; this 

approach allows for determining the degree of 

satisfaction of the given constraints. GAOT supports 

both step and continuous function based PFs. The latter 

PFs are characterised by the shape of the penalty function 

and weighting factor that gives importance and priority 

to the given OC. On a high level, OC can be categorised 

as global preferences, relational OC and basic naval 

architecture. Global preferences encompass OC such as 

global preferable positions, target areas or acceptable 

shapes and are predominantly linked to the OE itself; 

relational OC express interdependencies between OE 

themselves, OE and predefined entities and OE and fixed 

objects; examples are separation, adjacency, proximity, 

etc. Void space PF describing the deck utility has been 

included within the set of OC as a part of basic naval 

architecture OC along with LCG, VCG, etc. 

 

GAOT is still under development and only the first set of 

tests targeting a specific set of OC have been conducted. 

Results showed that the PF approach is faster and more 

accurate compared to hard constraints approach. 

Moreover, it has been shown that test case utilising step 

function PFs converged towards the solution 

significantly faster than the other three simulations 

indicating to be the most efficient set-up for the given 

complexity. It is expected that the continuous function 

PF approach will cope better with the problems of higher 

complexity. However, the presence of all three 

approaches gives the user a choice to choose the 

appropriate combination of constraint definitions within 

the overlapping management, which makes the tool 

flexible enough to efficiently adjust to the level of 

complexity of a given problem and to save computational 

time. 

 

Overall, it can be said that GAOT successfully coped 

with the complexity of conducted experiments. 

Therefore, it can be inferred that the genetic algorithm-

based approach is a viable path forward. Future work 

will primarily focus on translating the code into Python, 

identifying the best performing genetic algorithm from 

the variety of commercially available ones, speeding up 

the overall code and developing statistical analysis and 

visualisation output feature. Also, GAOT will be 

thoroughly tested in a multi-objective manner and the 

verification and comparison metric will be developed. 
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