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Chapter 1

Introduction

Multi-objective optimization involves the concurrent optimization of conflicting ob-

jectives, aiming to identify a group of solutions that reveal a trade-off among optimal

solutions instead of a single optimal solution. Finding these trade-offs is particu-

larly challenging when the evaluation methods of the solutions are computationally

expensive. The complexity further increases when constraints are present in the op-

timization problem. Examples of such constraint multi-objective problems can be

found in various engineering design problem domains, including aerospace [33, 34],

automotive [116, 157], civil [1, 42], marine [115, 149], and others.

This work shows how feasible optimal solutions in the constraint multi-objective

optimization problem domains can be found with optimization algorithms. The pri-

mary focus of this work is the development of constraint multi-objective optimization

algorithms, with a secondary objective to apply the newly developed algorithms to

ship design optimization problems. Before multi-objective algorithms were used, the

classical way to optimize multi-objective problems in the maritime industry was to

optimize one objective at a time or use traditional mathematical optimization tech-

niques such as the weighted sum method. The pragmatic weighted sum approach

combines objectives by multiplying them with predefined weights into one objective.

The weighted sum of the objectives is then optimized until an optimal feasible solution

is found. However, the weighted sum method has some disadvantages, since a priori

weight selection can be difficult, the outcome is sensitive to the weight selection, and if

only one weight combination is selected only one solution will be discovered instead of

the entire Pareto frontier [99]. Advantages in multi-objective evolutionary algorithms

have made multi-objective optimization more common and accessible in the past 30
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years [10] and thereby also more usable for the maritime industry.

In ship design, multi-objective optimization can be applied in different design

phases. Ship design typically consists of three phases, the preliminary design stage,

the contract design stage, and the detailed design stage. According to Taggart [139],

early design stages occupy the smallest amount of time. In the first design phases,

the operational requirements are translated into phyisical and technical characteris-

tics [89]. This is done by finding the balance between the need of the customer and

the available budget, resulting in one or more possible design solutions [54]. Despite

the limited amount of time spent in the early design stages, it is estimated that 60 to

80 percent of the total life cycle cost is already locked in after the preliminary design

stage [127]. Depending on the experience of the involved Naval Architects, this can

be quite risky. The design decisions are typically hard to reverse and are also often

made with limited design problem knowledge. It is because of the large room for im-

provement and the relatively large decision freedom in the early design stage that this

work focuses on applying multi-objective algorithms in the preliminary design stage.

This is done by investigating what optimization algorithms are needed when using two

different design methods:

1. In the empirical design method the main dimensions and ship characteristics are

determined by investigating and learning from similar-built vessels.

2. The simulated design method uses 3-D models connected to simulation software

that evaluate the ship designs created by naval architects.

The constraint multi-objective problems arising from these two design methodologies

exhibit significant differences, particularly when accounting for the required computa-

tional effort. Where the empirical design method is computationally inexpensive and

relatively simplistic, the simulated design method is computationally more demand-

ing and can lead to really challenging conditions for identifying promising feasible

Pareto efficient solutions. More details about the design methodologies are described

in Chapter 3.

The availability of design data and more exact and computationally demanding

simulation software has led to the need for more advanced optimization algorithms and

techniques. The constraint multi-objective optimization algorithms developed in this

doctoral dissertation aim to fill this gap. The main scientific contribution therefore is

also the newly developed algorithms and methodologies for constraint multi-objective

optimization. The proposed methodologies are thoroughly described, tested, and com-

pared to state-of-the-art constraint multi-objective optimization algorithms. The new
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Chapter 1. Introduction

algorithms have extended the horizons of knowledge in the field of multi-objective

optimization and now give engineers from different domains the tools needed to more

efficiently deal with computationally demanding constraint multi-objective optimiza-

tion problems.

1.1 Research Questions

Finding feasible Pareto efficient solutions for computationally demanding optimization

problems is not a straightforward task. The primary research question is therefore as

follows:

How to identify the Pareto frontier of constraint multi-objective

optimization problems with only a few function evaluations?

The secondary objective is to apply the new algorithms to ship design optimization

problems. The research question is therefore separated into the following sub-research

questions:

RQ1: What are typical ship design optimization problem characteristics?

RQ2: How can data be used to find feasible Pareto efficient ship design solutions?

RQ3: How to find the Pareto frontier of computationally expensive problems?

RQ3.1: How to deal with expensive multi-objective problems?

RQ3.2: How to efficiently satisfy constraints in multi-objective optimization?

RQ3.3: How to propose multiple solutions for evaluation in parallel?

RQ3.4: How to deal with a mix of expensive and inexpensive functions?

RQ3.5: How do the proposed algorithms compare to state-of-the-art algorithms?

RQ4: What is the performance of the proposed algorithms in real-world scenarios?

1.2 Outline

The research questions are answered in different chapters of this dissertation. The re-

mainder of this thesis is organized as follows: In Chapter 2 the problem notations and

relevant preliminaries are given for efficient constraint multi-objective optimization.
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Chapter 3 describes ship design optimization problem characteristics and answers re-

search question 1. In Chapter 4 research question 2 is answered and it is shown how

multi-objective optimization algorithms are used in combination with machine learning

in an empirical ship design method. The largest scientific contribution of this research

is described in Chapter 5. In this chapter, the main research question is answered, and

multi-objective optimization algorithm configurations are proposed for solving parallel

simulation-based optimization problems with mixed expensive constraints and objec-

tives. In Chapter 6 research question 4 is answered and the algorithms from the

previous chapter are used to optimize real-world ship design optimization problems.

Finally, conclusions are drawn in Chapter 7.
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