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ABSTRACT

Economic and environmental factors are putting pressure on the business model of the steel manufacturing
industry. Companies are exploring ways to improve their processes and use of materials to remain competitive.
One approach focuses on optimizing which parts are cut from which stock material, known as the Nesting
Problem, a sub-problem of the family of Cutting Stock Problems. However, current algorithms that focus on
a single objective do not meet the demand of the industry. In this context, we investigate a multi-objective
optimization approach to the nesting problem. Our approach focuses on incorporating the decision-maker’s
knowledge and preferences in the optimization. We first present a review of the state-of-the-art literature and
an investigation into the factors that affect how a decision-maker evaluates solutions to the nesting problem.
Then, we select two evolutionary algorithms based on this review and compare these on the ZDT and DTLZ test
sets. From there, we apply one of these algorithms to a case study using cases from Dutch steel construction
companies. We show that the multi-objective optimization outperforms the single-objective optimization, and
gives the decision-makers more control over which solution they want to accept. We also show that, in the context
of the nesting problem, the local optimization and repair steps in the evolutionary algorithm are profoundly
impactful on which solutions the algorithm finds. Based on these observations, we postulate that some techniques
that work on theoretical test sets may not have a significant impact when applied to real-world nesting cases, and
propose various research directions based on this notion.

Keywords: Multi-objective optimization, decision-maker, preference modelling, cutting stock problem, case
study
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1 INTRODUCTION

The Netherlands produced over 6 million tonnes of raw steel in 2022 (Worldsteel (2023b)). Steel frames are
an essential part of large construction projects such as offices, warehouses, and various production facilities.
Material costs are the biggest cost factor in a steel construction project, with even a small project requiring
somewhere in the order of 100 tonnes of steel. Table 1 lists the price per kilogram of steel for various H-profiles.
Exposure to movements in price also makes this a big risk factor given that a construction project may take
months or years to complete. At the same time, projects have a huge variability in the profiles, dimensions, and
lengths of steel beams required. Therefore, most steel manufacturers order steel on a per-project basis and do not
hold any general inventory.

Table 1. Steel prices for HEA profiles. Data collected from https://www.limtrade.nl/ on March 12th, 2024

Profile Price per meter (€) Kilograms per meter Price per kilogram (€)
HEA100 20,76 17,1 1,21
HEA200 53,13 432 1,23
HEA450 186,09 1427 1,30
HEA700 278,28 207,9 1,34
HEA1000 371,04 277,2 1,34

Besides the economic risks, energy usage, carbon emissions, and waste reduction are pressing concerns
which need to be addressed for the sustainability and future growth of the steel manufacturing industry. Steel
production is an energy-intensive process that requires a great deal of heat. Transporting steel between production,
manufacturing, and construction facilities uses trucks that typically run on diesel. All in all, the carbon footprint
of steel is large, at 1.89 kilograms of carbon dioxide per kilogram of steel according to Worldsteel (2023a). Given
the increased effort of the European Union' to reduce the carbon footprint of Europe, the steel industry will have
to become more efficient.

Typically, steel suppliers offer beams to the manufacturing industry in length increments of 1 metre, ranging
from 6 to 24 metres. However, projects often require parts in varying lengths that do not fit neatly into the
supplied lengths. Given this limitation, manufacturers will attempt to cut their parts out of the given beams with
as little waste as possible. Optimizing which parts to cut from which beam is known as nesting, belonging to the
more generic class of Cutting and Packing problems Oliveira and Ferreira (1993). Specifically, when nesting into
beams it is the /-Dimensional Multiple Stock Size Cutting Stock Problem (1D-MSSCSP) (Wischer et al. (2007)).
An alternative name sometimes used in literature is the Paper Trim Problem.

1.1 Problem statement

The one-dimensional cutting stock problem, and by extension the nesting process, is known to be NP-Hard (Fang
et al. (2023)). The search space tends to become too large to explore exhaustively for problems larger than only
a handful of parts and beam lengths. Therefore, finding optimal nestings requires an approach that efficiently
explores the search space.

Over the years, various software packages have been created to automate the nesting process. These include
DIGI-STEEL (Voortman (2024)), Tekla PowerFab (Tekla (2024)), ConstruSteel (ConstruSteel (2024)), STRUMIS
(STRUMIS (2024)), LiemarX (Liemar (2024)), and Steel Projects (FICEP (2024)). These software packages
each use a proprietary algorithm to minimize the amount of wasted material in a nesting.

However, there are common problems with the algorithms. First, they only optimize the amount of wasted
material without regard for other factors that may influence the evaluation of a nesting. Second, many of these
algorithms lack contextual understanding of the problem and give the decision-maker no control over the outcome
of the nesting process. This leads to situations where the produced nesting may appear optimal but causes
problems during production. Consequently, these problems reduce the effectiveness and acceptance of these
nesting algorithms. In this context, the steel manufacturing industry requires a generalized, multi-objective
solution to the 1D-MSSCSP that can adapt to the preferences of a decision-maker.

'For example, the Fir for 55 legislation: https://commission.europa.eu/strategy—and-policy/
priorities-2019-2024/european—green-deal/delivering-european-green—-deal_en
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1.2 Research questions

The goal of this research is to create a proof of concept implementation of a multi-objective algorithm with
preference modelling to optimize nestings. To develop this proof of concept, we answer the following research
questions:

RQ1 What factors influence a decision-maker’s evaluation of a nesting, and how do we model these factors as
the objectives, constraints, decision variables, and parameters of a multi-objective optimization problem?

RQ2 Given a small selection of state-of-the-art multi-objective optimization algorithms that include decision-
maker preferences, which algorithm is most suitable to solve the nesting problem?

RQ3 How does the proposed nesting algorithm compare to the existing nesting algorithm in real-world cases,
based on nesting performance and decision-maker evaluation?

1.3 Methodology

To answer RQ1 we perform semi-structured interviews with several expert decision-makers. Based on these
interviews, we compile an extensive list of factors influencing the nesting process. From there, we show how these
factors may be used to define the objectives, constraints, decision variables, and parameters of a multi-objective
optimization problem by creating a proof of concept that covers a subset of the identified factors.

In preparation for this research project, we perform a structured literature review of the field of multi-objective
optimization. We select two multi-objective optimization algorithms from the studies collected in this literature
review. We implement the algorithms to answer RQ2 by comparing their performance on various test sets found
in the literature and selecting the most suitable algorithm based on their performance.

To answer RQ3 we apply the evolutionary algorithm selected as a result of answering RQ2 to the proof
of concept problem resulting from RQ1. We compare the performance of the algorithm against an existing
benchmark on various real-world nesting cases. We then ask domain experts and expert decision-makers to
evaluate the algorithm.

1.4 Report structure

The remainder of this report is further organised as follows. Chapter 2 describes the case study context of this
report. Chapter 3 describes the structured elicitation of state-of-the-art studies as a background to our work,
and our analysis of these literature sources. Chapter 4 describes the interview process, and Chapter 5 describes
the implementation and testing of the chosen algorithms. Chapter 6 discusses the evaluation by the domain
experts and decision-makers. Finally, Chapter 7 discusses our findings and presents possible directions for future
research.
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2 CASE STUDY

Our research aims to apply multi-objective optimization to the one-dimensional multi-stock-size cutting stock
problem in a real-world setting. In this research, we perform a case study at Voortman Steel Group (VSG).
This chapter analyses the organization to give context to our research. We describe the relevant stakeholders,
processes, and technologies at Voortman Steel Group and their clients.

Although this analysis is done in the context of one company and its partners, many elements of the case
study are generally applicable, since many of the challenges faced by Voortman and their clients represent the
challenges of the steel manufacturing sector. The case study is introduced into this research to capture real-world
requirements and to serve as an environment for validation

The models and descriptions presented in this chapter are based on multiple conversations with the staff and
management at VSG, and information gathered from examining the public-facing websites of VSG and their
clients.

2.1 Voortman Steel Group

Voortman Steel Group? is a family-owned business that operates in the steel manufacturing industry. Their
primary business is configure-to-order production lines consisting of multiple steel manufacturing machines.
These machines are connected by automatic rollers that can move steel parts between these machines to enable
the automated production of steel parts that require multiple processing steps. Until early 2023, the company had
a steel construction division, a machine manufacturing division, and a software development division. To focus
on the machine line and software development divisions, the steel construction division was sold to Severfield>.

The machine manufacturing division produces machine lines consisting of multiple steel processing machines
connected by roller belts. The proprietary Voortman Automation Computer-Aided Manufacturing (VACAM)
software controls these machine lines locally. When presented with a CAM file, VACAM instructs the machine
line to automatically produce the requested part(s) from the provided stock material(s).

More recently, in 2018, the Voortman subsidiary DIGI-STEEL started to produce software running in the
cloud that can replace and extend the production logic currently implemented in VACAM. This cloud solution
aims to create a digital twin of the steel manufacturing line that integrates inventory management, production
planning, and manufacturing control in one place. The advantage of the proposed solution is that the VACAM
software will only be responsible for controlling the machines and ensuring the correct execution of a production
order. At the same time, the business logic is run in the cloud, making it easier to connect to various data sources
and introduce new functionality.

2.2 Client companies

VSG primarily serves clients in Western Continental Europe, the United Kingdom, and the United States of
America. These client companies are steel manufacturers that own one or more machines built by Voortman
Machinery and use the existing automatic beam nesting algorithm in their production planning. These companies
are primarily concerned with making parts from steel stock material as efficiently as possible.

Client companies are not only concerned with making steel products as efficiently as possible. An important
driver for organizations is the impact of their operations on the people and environment around them. Tighter
safety laws, higher consumer sustainability awareness, and the impact of sustainability laws mean that companies
are moving towards operating their business more sustainably. They understand that for the business model to
survive, they must consider their impact on their surroundings. Along with this, costs are positively driving an
overall reduction of waste.

2.3 Production planning

The process we are targeting with our research is production planning, which is the main responsibility of the
production planner. Figure 1 is an overview of how a production planning process functions. In practice, each
production planner may deviate slightly from what is modelled here, but the overall flow of the process remains
the same.

Production planning starts when a project is accepted. Depending on the size of the projects, multiple projects
may be planned at the same time to benefit from economies of scale. This is especially useful when multiple
small projects require a stock of the same shape, size, and material. The process does not change fundamentally
when multiple projects are planned at the same time.

’https://www.voortman.net/en/
3https://www.severfield.com/
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Figure 1. General production planning process.

The size of a steel construction is generally defined by the weight of steel required. Large projects with a
mostly homogeneous selection of beam specifications have a different process. Above certain volume require-
ments, steel beams can be rolled on demand from a steel mill. In this case, steel can be ordered in large batches
of one specific length, typically in increments of 10 centimetres. Ordering these rolled steel beams can save 5%
to 10% on material costs compared to ordering standard-length stock. At the moment, nesting for these large
projects is done by hand, with the help of validation and efficiency calculation tools in the DIGI-STEEL software.

2.4 Production planner
The production planner is responsible for stock material purchasing, human resource planning, and production
scheduling at the client company. Production planning often happens on a per-project basis.

Purchasing is done for the project as a whole or in large batches, corresponding to the several phases of a
large project. In some cases, the purchasing for multiple small projects is done at once to benefit from economies
of scale.

Human resources planning consists of the daily scheduling of production personnel on the production lines.
A manufacturing facility with a fully connected and automated Voortman production line only needs a handful of
operators manning the machines. Most of the human resources are required at the final manufacturing step, where
smaller components are welded to the large beam components that are produced by the automated production line.
This assembly step in the production process is the most labour-intensive because it is also the most specialized.

To model the production planner, we use the goal modelling language i* 2.0* defined in Dalpiaz et al. (2016).
This is an update of the original i* language presented in Yu (1997) that consolidates the core concepts of the
language. Figure 2 is an i* 2.0 model of the production planner, created using piStar (Pimentel and Castro
(2018)).

A production planner’s ultimate goal is to create efficient, viable production plans for the workshop. For the
sake of this research, we are interested in how the nesting affects this goal, as well as how efficiency is quantified.

Creating a nesting is a required step to complete the production planning. A nesting may be created by hand
or by using an automated nesting solution. Ideally, we reduce the number of situations in which the production
planner needs to resort to manual nesting by improving the automated nesting solution. An important requirement
of the nesting process is that the nesting it produces is valid for the machine line that will ultimately create the
parts.

We find that the production planning process is influenced by various cost factors, including material costs,
labour costs, and the cost of lost production due to an idle machine. These costs are influenced by many factors,
which will often influence multiple costs at the same time. Sometimes, multiple costs are reduced by improving
a certain factor. For example, purchasing less steel leads to lower material costs and requires less labour to move

40ften written as iStar 2.0 for SEO purposes.
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Figure 2. i* goal model of the production planner

the steel in the workshop. Other factors may positively affect one of the costs but negatively impact another. This
leads to trade-off decisions for the production planner, where the knowledge and preferences of the production
planner will influence their nesting and planning decisions.
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3 BACKGROUND

As part of the work that was done leading up to this graduation project, we performed a structured literature
review. In this section, we briefly describe the literature review process and the outcomes. Many of the details of
the review process have been omitted for the sake of brevity.

The first step in a literature review is to consider the research questions we want to answer. From the problem
context, we arrive at the following research questions.

Q1 What techniques are being used to perform requirement prioritization in multi-objective optimization
problems?

Q2 What multi-objective optimization techniques have been applied to the cutting stock problem?

Q3 How do these techniques aid in the decision-making process?

A commonly accepted methodology for a literature review is to create a search string that encodes our
research questions (Kitchenham (2007)). We performed our search based on the following search string:

(’requirement* priorit*” OR “preference* model*” OR “preference* priorit*”’) AND (“multi*
objective*” OR “multiobjective*” OR “multi* criteri*”” OR “multicriteri*” OR “multi* attribute®”
OR ”multiattribute*””) AND (optim* OR csp OR cutting stock” OR ”paper trim” OR moo)

Digital libraries collect, index, and link published research. Most of these libraries also enable researchers to
perform queries on their research database using a search string. For our literature review, we queried Scopus,
IEEEXplore, and the ACM Digital Library. Together, these libraries represent a breadth of research in general
and depth in the relevant fields of study.

As part of the literature review process, we defined the criteria to accept and reject studies. Table 2 details the
acceptance and rejection criteria that we used.

Table 2. Acceptance and rejection criteria

Acceptance criteria Rejection criteria
The study is of a relevant topic/subject area. The study is incomplete.

The study relates to methodologies or tech- The study is duplicated compared to another selected study
niques. We want to explore existing techniques  or extended in another study. In this case, the most complete

in the state-of-the-art. study is selected.

The study is published in a venue, a conference The study presents a technique where the decision maker is

or a journal, that requires peer review. not a domain expert.

The study is written in English. To the best of our abilities, the full-text study cannot be
acquired.

The study was published after 2003.

The final step to collect works from the state-of-the-art is to perform a snowballing step. Wohlin (2014)
define snowballing as “using the reference list of a paper [...] to identify additional papers”, which we do for
one level of references. Like the initial search, we apply the acceptance and rejection criteria in Table 2 to the
works resulting from snowballing.

By applying the described search methodology, we arrived at 170 studies on which we performed our analysis.
Figure 3 shows the number of studies at each step in the search process.

From here, we analysed the collected work. The goal of the review is to present a comprehensive overview of
the breadth of the state-of-the-art in multi-objective optimization with decision-maker preference modelling from
2004 until 2023°.

The rest of this chapter is structured into sections discussing our findings regarding multi-objective opti-
mization, preference modelling, and validation. Appendix A lists the studies and some of the collected data.
Throughout the analysis, we include some examples of relevant studies.

5The literature review was performed in October 2023, the newest included work is from September 2023.
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Digital library search (259)

32 duplicates

Duplicates removed (227)

149 irrelevant works

Filtered based on title,
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Filtered on availability (76)

. 26 irrelevant works

Filtered on full-text (50)

181 relevant references }—»

Performed snowball (231)

| 61 irrelevant works

Full analysis performed (170)

Figure 3. The full research elicitation process.

3.1 Multi-objective optimization

The general structure of a multi-objective optimization problem consists of a decision vector x of n decision
variables. Without loss of generality, we assume that all decision variables and function outputs are an element of
R.

X = (x[,X2,...,%), XER"

We define the function f(x) which maps the vector of decision variables to a vector of m objective functions.
In multi-objective optimization, we are concerned with finding the decision vectors that correspond with the most
optimal objective vector.

f(x) = (f1(x), 2(X),..., fu(x)), f(x) eR"—R"

In optimization, the problem space is bound by p constraints that must be satisfied for the solution to be
admissible.

a(x) <0, k=1,....,p, g(x)eR"—R

Each of the decision functions fi, f2,..., fi» can be maximized or minimized, depending on the problem
that we model. An optimal (or non-dominated) decision vector results in an objective vector with the property
that an improvement in one objective has to come with a loss in at least one other objective. This trade-off
property between the objective functions is the foundation of the Pareto dominance principle. Without loss of
generality, we define the Pareto dominance relation where x dominates y for the case when all objectives are
being minimized®.

5We use the notation described by Simon (2013). However, in the literature, we see that both x < y and x > y are used as notation for the
case where x dominates y. For example, Rudolph et al. (2014).
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x>y <<= Vie{l,...,n}: fix) < fily) ATFje{l,...,n}: fi(x) < fi(y)

A decision vector is considered non-dominated, or part of the Pareto front, when there exists no other decision
vector with a strict improvement in one of the objective values and no loss in all other objective values.

A special kind of Pareto dominance exists between two decision vectors when there is no strict improvement
between the vectors. This weak Pareto dominance only requires that a non-dominated decision vector is not
strictly worse than any other decision vector in all objectives.

xry <= Vie{l,....n}: fi(x) < fi(y)

When the size of an optimization problem increases, in terms of decision variables, objective functions,
input size or constraints, the Pareto front quickly becomes infeasible to calculate as a whole. Instead, many
multi-objective optimization techniques aim to generate a subset of non-dominated decision vectors as a proxy
for (a region in) the Pareto front.

In the rest of this section, we describe the size classifications, types of output, search methods, and most used
algorithms for performing multi-objective optimization.

3.1.1 Problem dimensions

The objective vector f(x) in a multi-objective optimization contains two or more objective functions. The
literature differentiates three classes of multi-objective optimization problems based on the number of objectives.
Bi-objective problems have two objective functions (Rudolph et al. (2014); Baykasoglu (2005)), tri-objective
problems have three objective functions (Pedro and Takahashi (2014); Ruiz et al. (2020)), and any problem with
at least four objectives is considered a many-objective problem (Rivera et al. (2022a); Li et al. (2018b)). In
extreme cases, the many-objective problems described in the literature can have up to 20 objectives (Goulart and
Campelo (2016); Gong et al. (2017)). The widely used synthetic test set DTLZ is often configured for up to 10
objectives (Li et al. (2019); Abouhawwash and Deb (2021)).
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Figure 4. The maximum number of objectives studied per year.
Figure 4 shows the maximum number of objectives considered by the studies in our dataset for each year.

Based on this plot, we conclude that researchers have been consistently investigating optimization problems with
higher numbers of objectives in recent years.
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Figure 5. Distribution of the number of objectives per study, per year.

Figure 5 shows the distribution of the maximum number of objectives in studies per year. The graph
demonstrates that the percentage of studies that consider at least six and up to ten objectives has increased over
the last five years.

Together, Figure 4 and Figure 5 suggest that the state-of-the-art is moving towards multi-objective optimiza-
tion with at least six and up to ten objective functions. However, studies that consider more than ten objectives
are rarely being carried out. A potential explanation for this upper limit is that 10 objectives may be the limit of
real-world applicability. A decision-maker may not be able to effectively deal with choices that consider more
than 10 objectives.

3.1.2 Model output

The optimization techniques also differ in the output that is presented to the decision-maker at the end of the
optimization. Some techniques present one decision vector as the final solution, which has been automatically
selected from the Pareto front based on the preferences of the decision maker (Benabbou et al. (2020)). These
methods do not require any cognitive effort from the decision-maker in the selection process. However, this
method is sensitive to errors in the preference elicitation process.

As an improvement to finding a single solution, researchers started developing search algorithms that instead
try to find a set of non-dominated solutions to approximate the Pareto front. The result of the search is a set of
Pareto optimal solutions for the consideration of the decision-maker. The decision maker uses a multi-objective
decision-making technique to select the preferred solution from this set. The advantage over single-solution
methods is that the decision-maker can inspect the solution space to make their final decision, which gives them
a better frame of reference for their choice. Approximating the entire Pareto front has been losing popularity
(Branke et al. (2016)).

With the problem sizes and the number of objectives increasing, it becomes infeasible to find a set of
non-dominated solutions to approximate the complete Pareto front in a reasonable time. In addition, the decision-
maker is often not interested in many of these solutions. Many multi-objective techniques search for the region of
interest on the Pareto front that closely matches the preferences of the decision maker (Fernandez et al. (2015)).
The final set of non-dominated solutions presented to the decision-maker is selected from this region of interest,
which ensures that many of the solutions are relevant to the decision-maker, increasing the efficacy of the search.
Only approximating a subset of solutions during the search also improves the rate of convergence on the Pareto
front.
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3.1.3 General search methods
The literature boasts a wide array of search algorithms for multi-objective optimization. These algorithms can be
classified into several general methodologies.

The exact methods are inherited from single-objective optimization (Brafman and Chernyavsky (2005); Hunt
et al. (2004)). These methods enumerate the search space to find the optimal solution or set of solutions. In
bi-objective optimization problems with few variables and constraints, these algorithms can cover the full search
space, ensuring that the resulting solution is Pareto optimal. However, many real-world problems cannot be
solved by exact methods because of the size of the problem.

Heuristic methods use rule-based logic to explore the search space (Galand and Spanjaard (2007); Kania et al.
(2022)). These algorithms create a single solution that is not guaranteed Pareto optimal. The heuristic search
depends on the quality of the rules that govern solution construction. This means it requires extensive knowledge
of the solution space to create a heuristic model that produces an admissible, near-optimal solution. In many
cases, this knowledge is not available.

Local search is an alternative to the heuristic method that does not use rule-based logic (Wiecek et al. (2009);
Luque et al. (2009)). Instead, it starts on a (semi-)random admissible point in the search space. It then tries to
find the lowest (or highest, in the case of a maximization objective) point in the search space by moving towards
the neighbouring solution with the best objective values. This search strategy is effective in convex search
spaces, where the search space has a clear global minimum or maximum. However, the algorithms struggle in
non-convex search spaces in which they can get stuck in local optima that are not globally non-dominating.

Meta-heuristics solve the issues of the exact, heuristic, and local search methods (Wickramasinghe and Li
(2008, 2009)). These search methods use a pseudo-random search strategy to move through the search space.
Meta-heuristic implementations do not require any knowledge about the search space to function. This makes
them easier to implement compared to heuristic methods. In addition, they do not rely on enumeration of the
full search space, which makes them applicable to larger optimization problems than the exact methods. A
downside to meta-heuristics is that many implementations approach the search space sequentially. This means
the search outcome becomes increasingly dependent on the starting location when optimizing large problems.
Many meta-heuristics incorporate a random element that can escape local minima, making it more suitable for
non-convex search spaces than local search.

Evolutionary algorithms model the process of evolution from nature (Sudeng and Wattanapongsakorn (2015b);
Chugh et al. (2015)). A population of individuals is generated in the search space. Each individual performs an
optimization routine and is evaluated according to a fitness function. Then a selection of the fittest individuals
from a generation is used to breed new individuals for the next generation. This process continues until a stopping
condition is reached. Genetic algorithms are a class of evolutionary algorithms widely used in the literature
(Molina et al. (2009); Braun et al. (2017a)). The advantage of evolutionary algorithms over meta-heuristics is
the parallelism of having a population of individuals. This enables the evolutionary algorithms to search large
problem spaces with high measures of diversity while still being able to converge on the Pareto front in reasonable
time frames. On the other hand, some studies have shown that parallelizing the meta-heuristic approach can
benefit from parallel execution as well.

The search strategies are not disjoint in the literature. One research direction investigates applying multiple
search strategies in a hyper-heuristic (Rivera et al. (2023b); Filho et al. (2018)). These methods use multiple
search algorithms in sequence to take advantage of the strengths of the individual algorithms. For example, a
heuristic solution with simple rules may be used to create the initial solution for a meta-heuristic to speed up
convergence on a high-quality solution.

Another method to combine the strengths of the algorithms is to use a local search step in a meta-heuristic or
evolutionary algorithm (Dias et al. (2008)). This local search step converges on the local optimum, increasing the
global pressure towards Pareto optimal solutions.

An upcoming research area is applying the Bayesian method to optimization problems (Astudillo and Frazier
(2020); Feliot et al. (2019). The advantage of the Bayesian method is the ability to learn one or more black-box
functions with no prior bias for the shape of the function. This allows researchers to elicit the preference model
of the decision-maker without having to make assumptions about the shape of the underlying preference function.

Figure 6 shows the distribution of the search methods over the reviewed literature’. The category Evolutionary
algorithms contains the evolutionary and genetic methods, and the category Other contains local search, Bayesian
search, heuristics, and hyper-heuristics. We observe that the evolutionary algorithms are the most-studied search
method. The exact methods make up a large portion of the earlier work. However, the state-of-the-art has largely

"The bar for 2012 is split 50/50 between Exact and Other because for this year we only found two studies in the review.
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Figure 6. Distribution of the search methods per study, per year.

departed from investigating exact solutions to optimization problems in recent years in favour of evolutionary
and meta-heuristic search.

3.1.4 Commonly used search algorithms
The general classes of search methods identified in the previous section consist of various techniques. In this
section, we discuss these techniques and the differences between them.

Studies that apply exact search methods to a multi-objective optimization problem show a preference for
mathematical programming and goal programming techniques. These studies often present the optimization
problem as a linear program or a goal program (Wiecek et al. (2009); Abd El-Wahed and Lee (2006)). These
mathematical problems are then solved using the exact algorithms previously developed for single-objective
optimisation problems. These algorithms include the Simplex method, branch-and-bound, and cutting planes.

This notion of applying existing single-objective methods to a multi-objective problem persists in the studies
that use meta-heuristics. Early work into multi-objective meta-heuristics uses Simulated Annealing (SA) to
do multi-objective optimization (Aggelogiannaki and Sarimveis (2007)). Later studies show a preference for
Particle Swarm Optimization (PSO) and Ant Colony Optimization (ACO) (Rivera et al. (2023a); Saldanha et al.
(2020)). These algorithms, together with the Firefly Algorithm (FA) (Trachanatzi et al. (2020)) and several other
algorithms, are known as nature-inspired meta-heuristics. These techniques model population-based search
methods found in nature. Their biggest advantage over simulated annealing is that the population of search
agents can achieve a higher diversity over the search space.

Evolutionary algorithms extend population-based search by repeatedly improving the population in a way
that mimics evolution in nature. The state-of-the-art has a few reference algorithms that have been used as the
basis for most other studies that present a multi-objective optimization technique. The evolutionary algorithm
used most widely as a reference in the literature is the Multi-objective Evolutionary Algorithm by Decomposition
(MOEA/D) (Hu et al. (2021); Liu et al. (2016)).

An often-seen subset of evolutionary algorithms is the genetic algorithms. The studies we investigated
generally favour the Non-dominated Sorting Genetic Algorithm (NSGA) (Deb and Kumar (2007a); Braun et al.
(2017a)), which is one of the most widely extended and compared-against family of reference algorithms.
State-of-the-art algorithms in this family are based on the NSGA-II and NSGA-III reference algorithms.

Other notable reference evolutionary algorithms are the Necessary-preference-enhanced Evolutionary Multi-
objective Optimizer (NEMO), Strength Pareto Evolutionary Algorithm (SPEA), Indicator-based Evolutionary
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Algorithm (IBEA), and Territory Defining Evolutionary Algorithm (TDEA) (Branke et al. (2010); Friedrich et al.
(2013); Zitzler and Kiinzli (2004); Pedro and Takahashi (2013)).

Hyper-heuristics are presented in only a handful of studies. We cannot identify a hyper-heuristic that has
gained enough traction in the state-of-the-art to be a reference algorithm for many other hyper-heuristics.

3.2 Preference modelling
So far, we have discussed the methods that are available to perform a search over the solutions to a multi-objective
problem. In this section, we describe the methods for incorporating the preferences of the decision-maker into
the search. We consider the stage of the process when we ask the decision maker for their preferences, the way
that preferences are presented to the search algorithms, and the methods by which we may elicit the preference
model from a decision maker.

3.2.1 Preference timing
The literature describes three methods by which preference information can be elicited from the decision-maker.
These are the a posteriori, a priori, and interactive methods.

Performing a posteriori preference modelling is the most straightforward method to incorporate decision-
maker preferences in the search for a solution (Jia et al. (2013); Perera et al. (2013)). First, we use a search
algorithm to find an approximation of the Pareto front. Using this approximation of the Pareto optimal front, the
decision-maker chooses the solution that best fits their preferences. The decision-making phase can incorporate a
decision-making framework to assist the decision-maker in selecting their preferred solution. The advantage of
the a posteriori method is that the decision-maker can use the knowledge of the whole Pareto front to select a
solution. This can improve the decision-maker’s understanding of the trade-offs between objectives. However,
the a posteriori method is difficult to apply to problems with a large, complex Pareto front. In addition, the
decision-maker may find it difficult to choose from the entire Pareto front.

A priori preference modelling considers the decision-maker’s preferences before starting the search for the
Pareto front (Park and Koh (2004); Galand et al. (2013)). This method uses preference information from the
decision-maker to guide the search algorithm to a single preferred solution or a region of interest on the Pareto
front. The advantage of this technique is that the solutions presented to a decision-maker at the end of the search
come from a region on the Pareto front that is likely to be relevant to the decision-maker. This method can ignore
a large portion of the search space, allowing it to tackle larger problems than the a posteriori method. However,
the a priori method requires the decision-maker to have well-defined preferences before the search begins. The
literature describes the weakness of the a priori method that in many real-world applications, even when the
decision-maker is an expert, the preferences are not known beforehand or are inaccurate.

The interactive preference modelling method tackles the disadvantage of the a priori methods by eliciting
the decision-maker’s preferences multiple times while searching for the Pareto front (Krettek et al. (2009); Abd
El-Wahed and Lee (2006)). Every so often, the decision-maker is presented with information about the best
solutions found so far. Based on this information, they can review and adapt their preferences. The interactive
method retains the advantages of the a priori method by guiding the search to the region of interest on the Pareto
front. At the same time, it also incorporates the knowledge of the search space from the a posteriori method by
presenting the decision maker with intermediate solutions to base their preferences on.

3.2.2 Preference encoding

An important aspect of preference modelling is how we determine which solution is most preferred by the
decision-maker. The literature knows many methods for encoding preferences over multiple objectives to rank
the solutions found during the search for the Pareto front.

Weights are the simplest and one of the oldest methods for reducing multiple objectives to a single objective
that can be optimized by classical single-objective means (Hunt et al. (2004); Friedrich et al. (2013)). By
some means, the decision maker defines a weight for each objective that can be used to combine the objectives
into a weighted-sum, single-objective optimization problem. Then, we can use a single-objective optimization
technique to find the optimal solution.

Goal programming is an early method to solve a multi-objective optimization problem without defining a
weighted sum that creates a single-objective proxy problem (Wang and Liang (2005); Abd El-Wahed and Lee
(2006)). Rather, goal programming encodes the decision-maker’s preferences as goal points for each objective.
The goal programming methods differ in how these goal points are then used. Some methods try to minimize the
total distance between the objective values of the solution and the goal points. Other methods use lexicographic
ordering to reach the most important goal(s) first, before optimizing the other objectives.
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Decision trees are used occasionally as a preference encoding method (Hu et al. (2021); Cheng and Jia (2021).
These are most useful when the components of a solution can be divided into a small, finite set of classes. The
decision-maker can define a binary preference relation over the power set of the classes, based on which the
technique creates a decision tree. An application of this is when searching for multi-objective spanning trees in
finite graphs. Decision trees are difficult to apply to many generalized multi-objective optimization problems
because it can be difficult to define a complete set of decision rules accurately.

Besides weights, there are other methods for reducing a multi-objective problem down to a single-objective
problem. The techniques using weights implicitly assume that the decision-maker’s preference function is linear.
However, this is not always the case. Methods that use value functions and utility functions do not need to make
this assumption (Ozbey and Karwan (2014); Fowler et al. (2010)). The decision-maker is assumed to follow
some function for their preferences. These methods use preference information gathered from the decision-maker
to approximate their preference function. This approximation is used to guide the search or select the most
optimal solution. A disadvantage of this technique is that the approximation may not be accurate enough in cases
with sparse preference information to learn from.

Another option is to define a reference solution or set of reference solutions that the decision-maker considers
optimal given their preference model (Deb and Kumar (2007b); Vesikar et al. (2018)). The search for a set
of Pareto optimal solutions can be guided towards this reference location. Techniques that incorporate such
a reference, often a reference point, need to be aware that the reference is not necessarily Pareto optimal or
even feasible. Search methods using a reference point are commonly found in the literature. These techniques
incorporate projecting the reference point onto the (approximate) Pareto front to define the region of interest.

Finally, rather than defining explicit preferences, we may only require the decision-maker to produce a
ranking of a small set of potential solutions (Cruz-Reyes et al. (2017); Braun et al. (2011)). From there, we create
decision rules that are used to rank newly found solutions. These implicit rankings can be used to define the
relative fitness between solutions. Higher-ranked solutions are used to guide the search process.

3.2.3 Preference elicitation

The way that preferences are encoded is in part determined by the chosen preference elicitation framework.
Reviewing the literature, we identify several methods for preference elicitation, which are often referred to by
their acronym (for simplicity, we will refer to these methods as the acronym methods). Many of the acronym
methods are multi-criteria decision analysis methods that have been applied to multi-objective optimization. In
addition to the acronym methods, the literature also describes preference elicitation methods that do not have an
acronym-based name. In this section, we describe these findings.

The Analytic Hierarchy Process (AHP) by Saaty (1990) uses pairwise comparison to determine the importance
between all pairs of criteria (Cordone et al. (2007); Wang et al. (2004)). Relative importance is described by
the ratios between the criteria. The method requires a full elicitation of the relative importance between all
objectives.

ELECTRE was first described by Benayoun et al. (1966) and has been extended to include the I, II, III, IV,
TRI, and IS variants (Rivera et al. (2022b); Fernandez et al. (2022)). The ELECTRE III and ELECTRE IV
methods create a fuzzy outranking between the solutions. The ranking is based on the strength of the assertion
that a outranks b for any two solutions a and b (Figueira et al. (2016)). The decision-maker can set weights,
preference thresholds, indifference thresholds, and veto thresholds to influence the ranking.

INTERCLASS is an extension of ELECTRE TRI by Ferndndez et al. (2020) that can accommodate decision-
maker preferences that are described as an interval (Castellanos-Alvarez et al. (2021); Castellanos et al. (2022)).
The INTERCLASS method requires the decision-maker to define classes for actions or solutions in the model.
Allowing the decision maker to describe the boundaries between classes with intervals accommodates uncertainty.

The Multi-Atribute Utility Theory (MAUT) by Keeney and Raiffa (1993) uses information gathered from the
decision maker to construct a utility function (Le Huédé¢ et al. (2006); Fouchal et al. (2011)). This utility function
captures the total utility of a potential solution to the decision-maker.

The Preference Ranking Organization Method for Enrichment Evaluations (PROMETHEE) by Brans et al.
(1986) also uses an outranking approach to reach a valued outranking graph (Saldanha et al. (2020); Fernan-
dez et al. (2009)). This allows us to specify a partial pre-order (PROMETHEE I) or a complete pre-order
(PROMETHEE II) on the set of possible actions.

TOPSIS by Hwang and Yoon (1981) uses the distance from the ideal solution and the nadir solution to rank
the potential solutions to an optimization problem (Yao et al. (2011); Jia et al. (2013)). The solutions are ranked
based on the ratio between these distances. The decision maker can influence the ranking by specifying which
objective has a higher weight in the distance calculations.
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The UTASTAR method by Siskos and Yannacopoulos (1985) indirectly infers preference information from the
decision-maker (Trachanatzi et al. (2020)). According to Trachanatzi et al. (2020) the decision-maker is required
to provide decision examples on a reference set of solutions that can be used to determine an approximation of
their decision function.

The final acronym method is the Weighted Ordered Weighted Averaging (WOWA) by Torra (1997), an
extension of the OWA method (Ogryczak and Sliwinski (2009); Ogryczak (2008)). The OWA method uses a
set of weights to aggregate several objective values into one single objective. The WOWA extension applies
the theory of the weighted mean to this method, which takes into account the reliability of the source of the
information.

To understand which of the acronym methods are most prevalent in the state-of-the-art, we count the number
of studies that discuss each of the methods. Table 3 shows the acronym methods and how often they appear in
the state of the art. This includes mentions in the background or related work sections. We observe that AHP,
ELECTRE, MAUT, and PROMETHEE are the most prevalent in the studies we review.

Table 3. The number of studies that mention each of the acronym methods.

Elicitation method Number of studies

AHP 18
ELECTRE 36
INTERCLASS 3
MAUT 14
PROMETHEE 25
TOPSIS 6
UTASTAR 1
WOWA 6

Many of the reviewed studies do not elicit preferences by specifically using one of the techniques in Table 3.
One method that is used particularly often is to encode the decision-maker’s preferences as a reference point,
vector, or set. This method, often referred to as the Reference Point Method, does not require the decision-maker
to set weights, describe relative importance, or determine threshold values. Instead, the decision-maker is asked
for their ideal values for the optimization problem’s objectives. The search for a set of optimal solutions is guided
towards the region on the Pareto front that is closest to the reference point (or line, or set). Distance metrics used
in the literature include Euclidean distance, Tchebycheff distance, and Hausdorff distance. The advantage of
the reference point method over many other preference modelling methods is that it is less sensitive to minor
imperfections in the decision-maker’s preference. The method works for reference points that are feasible and
infeasible, as well as dominated and non-dominated. The reference point method can be used in a priori and
interactive optimization models.

Many of the preference elicitation techniques have a similar workflow. The first step is to perform some
comparison, classification, or ranking of objective functions or a small set of candidate solutions. From there
a weight matrix, value/utility function, or set of decision rules is used to evaluate the fitness of the full set of
candidate solutions. This produces a ranking that can be used to choose the best k solutions®. These best solutions
are then presented to the decision-maker or used to guide the next iteration of a search algorithm.

3.3 Validation

We have identified many methods for preference modelling and multi-objective optimization. In this section,
we consider the methods described in the literature for the validation of optimization methods. We first cover
the numerical and case-based validation methods. Then, we cover the most widely used standardized test sets.
Finally, we describe the metrics by which we can evaluate an optimization method.

8In many evolutionary algorithms, the ranking also takes a diversity metric into account. Including a diversity measure in the fitness
calculation avoids local optima by covering a larger portion of the search space.
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3.3.1 Numerical example

A common method for validating an optimisation technique is to apply it to a numerical example. In this test
method, researchers define an example problem against which they evaluate their technique. This can be a
problem-specific optimization problem or a general optimization problem. The numerical example has the
advantage of demonstrating the technique’s performance on a representative optimization problem. However,
these tailored examples make comparing techniques from different studies difficult. Furthermore, studies that use
custom-built example problems frequently do not apply the technique to a broad range of optimization problems.
This makes it impossible to make claims about the technique’s general applicability.

3.3.2 Case study

Numerical examples are generally done on synthetic problems in a lab setting. In some studies, researchers apply
their technique to a real-world case study. This shows the applicability of the technique to optimization problems
with realistic numbers of variables, preference models, decision-makers, and constraints. This also enables a
qualitative evaluation of user acceptance, usability, and running time. Like with the numerical examples, the
disadvantage of a case study is the difficulty in making comparisons between studies. This is especially difficult
in studies using case studies as their main validation method because the mathematical model underlying the
problem is not always disclosed. In the literature, case studies are not used very often.

3.3.3 Standardized test sets

Researchers have developed standard test sets to improve the comparability of the validation of different multi-
objective optimization techniques. The test sets ZDT (Zitzler et al. (2000)), DTLZ (Deb et al. (2005)), and WFG
(Huband et al. (2006)) are widely used in the state-of-the-art to validate optimization techniques. Each of the test
sets has different properties, strengths, and weaknesses.

ZDT is the oldest of these widely used test sets. It was created in response to the growing number of
evolutionary algorithms for solving multi-objective optimizations. Zitzler et al. (2000) describe six reasons why
an evolutionary algorithm may have difficulty achieving convergence on the Pareto front or maintaining diversity
over the Pareto front. The set contains six tests that expose the technique under evaluation to the six identified
challenges. All of the problems in ZDT are strictly bi-objective.

Deb et al. (2005) identify other challenges that a multi-objective may encounter and point out that ZDT is not
scalable to increasing numbers of objective functions. DTLZ was developed to measure the convergence and
diversity performance of evolutionary algorithms for any number of objectives and decision variables. The DTLZ
test set is defined in two separate works, as noted by Huband et al. (2006). The original technical report describes
the test problems DTLZ1-9 (Deb et al. (2005)), whereas a later conference paper only describes DTLZ1-7 (Deb
et al. (2002b)). The tests DTLZ5 and DTLZ9 from the technical report are not found in the conference paper. In
our work, we use the problems DTLZ1-9 presented in the original technical report by Deb et al. (2005).

Huband et al. (2006) analyse earlier multi-objective test sets, including ZDT and DTLZ, to conclude that
these test sets do not adequately cover several newly established criteria for multi-objective test sets. WFG
incorporates new criteria such as deceptive objective spaces, flat Pareto fronts, and separability. However, the
authors note that, despite these shortcomings, ZDT and DTLZ are still effective test sets.

In the literature, multiple test sets are often used in tandem to cover as many of the known challenges as
possible.

3.3.4 Evaluation metrics

Another aspect of the comparisons between multi-objective optimization techniques is the measurements that we
use to describe the performance of the technique. In this section, we discuss convergence and diversity, composite
Pareto fronts, and qualitative metrics.

The quantitative measurements discussed in this section require some prior knowledge of the true Pareto
front of a problem to determine how the approximation by a technique compares. In the standardized test sets
discussed above, the function that determines the Pareto front is known. When the true Pareto front is not
known, researchers often opt to create a close approximation of the true Pareto front by doing one expensive,
long run with an optimization method with good convergence and diversity properties such as (unmodified
implementations of) NSGA-II or NSGA-IIIL

Convergence is the measure of how closely an optimization technique can approximate the true Pareto front
of a given problem. In their 2015 review, Riquelme et al. (2015) concludes that hyper-volume is the most used
convergence metric. Other notable measurements for convergence are the generational distance, the inverted
generational distance, and the epsilon indicator.
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Diversity is the measure of how evenly the solutions obtained by a technique are distributed over the Pareto
front. The review by Yan et al. (2007) concludes that there are several diversity metrics, all of which are flawed
in some way. They conclude that studies using diversity metrics should be aware of the drawbacks of each metric.
Diversity measurements include clustering, hyper-volume, spacing, chi-square-like deviation, and A.

When the true Pareto front is not known, these metrics require us to be able to approximate the true Pareto
front by some technique. A downside of this is that we are dependent on the accuracy of the approximation of
the true Pareto front for our metrics.

Alternatively, when comparing the techniques against each other, it is possible to create a Pareto front using
the combined approximations of the Pareto front found by each technique. The percentage contribution to this
composite Pareto front measures how good the technique is compared to the other technique(s) in the composite
front. IGD-CF and R-IGD are convergence measures that measure the relative contributions of each technique to
the solutions in the region of interest on the composite Pareto front.

The literature also presents some qualitative measurements. The quality of a technique can be determined
according to the mental load on the decision maker as well as the computational load needed. The number of
interactions with the decision-maker and the amount of information per interaction are defining traits for the
mental load on the decision-maker, especially in interactive optimization techniques. Generally, it is considered
better to limit the number of interactions and amount of information. Finding techniques with low computational
load is important in online use cases where it is not possible to wait a long time for a computation to finish.

3.4 Conclusion

This research concerns a multi-objective optimization problem in which the decision-maker has a strong
preference when choosing between multiple Pareto-optimal solutions. In Section 1.3, we mention that we
selected two algorithms for our methodology to answer RQ2. In this chapter, we describe how we chose our
algorithms given our requirements and our literature analysis.

Conversations with domain experts have shown that a decision-maker performs in the order of 10s of nesting
runs per day. This makes interactive algorithms prohibitively intrusive for the decision-makers. The literature has
shown that a posteriori algorithms perform significantly worse than interactive or a priori algorithms. For these
reasons, we considered only a priori algorithms.

In the last 10 years, the state-of-the-art has largely moved to researching evolutionary algorithms. Research
has shown that these algorithms can deal with many problem types, handle higher numbers of objectives,
incorporate preference information, and are simple to implement. The two most popular evolutionary algorithms
researchers have modified or expanded to suit their particular requirements are NSGA-2 and MOEA/D. We chose
one algorithm based on NSGA-2 and one based on MOEA/D for our research.

A common method for preference encoding is to use a reference point that guides the search to a small area
on the Pareto front. The advantage of this method is that the decision-maker does not need to be very accurate
to still obtain good results, compared to using a method based on weights. On top of that, the reference point
can be saved between optimization runs to reduce the mental load on the decision-maker, and algorithms using
reference points are generally easy to adapt with preference learning techniques.

Finally, this research considers the state-of-the-art. Therefore, we chose algorithms that have been published
relatively recently. Given the requirements we have outlined so far, we investigated ar-NSGA-2 (Yi et al. (2019),
originally known as ar-MOEA) and r-MOEA/D, (Qi et al. (2019)). Both algorithms meet the requirements and
have the advantage that they can be used a priori and interactively. This would enable us to investigate interactive
optimization compared to a priori optimization using the same implementations of the algorithms in future work.
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4 IDENTIFYING NESTING FACTORS

Our first research question concerns the factors influencing how a decision-maker evaluates a nesting and how
we model these factors in a multi-objective optimization model.

In this chapter, we describe the process of eliciting the factors by interviewing domain experts at DIGI-
STEEL, interviewing expert decision-makers at the client companies, compiling the lists of factors from these
interviews, and creating the multi-objective optimization model using a representative subset of these factors.

4.1 Interviews

To prepare for the interviews with the decision-makers, we first met with several experts on nesting from
DIGI-STEEL. During the unstructured interviews with these experts, we compiled an initial list of factors to
guide our questions in the interviews with the decision-makers. Based on these meetings we determined that the
factors influencing nestings can be broadly categorized into cost, time, and labour.

Next, we performed semi-structured interviews with the expert decision-makers at three client companies
operating in the steel manufacturing industry in the Netherlands. The interviews were conducted in two sessions.
In session one, we focused on eliciting as many factors as possible from the decision-maker. In session two,
we dove deeper into how the decision maker chooses a nesting when confronted with trade-offs between these
factors. Appendix B shows a complete list of the guiding questions we prepared for the interviews.

4.1.1 Interview session 1
The first interview session was split into two phases: factor collection and factor prioritization.

During the collection phase, we focused on identifying the factors the decision-maker pays attention to
when assessing a nesting. To do so, we asked them to describe how they evaluate a nesting. During the expert
interviews at DIGI-STEEL, we were informed that many of these considerations normally happen subconsciously.
Therefore, we prepared our semi-structured interview with guiding questions, such as:

”In previous projects, what aspects of a nesting (besides the waste it produced) did you consider and
why?”

The meetings with internal experts at DIGI-STEEL yielded an initial list of factors and categories. During
the initial elicitation phase of the interview, we did not share this list with the decision-maker. However, we used
the identified categories to ask questions such as the following:

”What are situations in which [costs/time/labour] would be important to consider when creating a
nesting?”

”What aspect of the nesting or the situation makes it important to consider [cost/time/labour]?”

Before the prioritization phase, we showed the decision-maker the full list of factors. The decision-maker
was then given time to read through this list and give their comments. These comments could include any factors
they were still missing and situations in which a factor may be influential.

During the prioritization phase, the decision-maker was asked to rank the factors in order of importance.
During the interview session, the decision-makers were able to create an ordering to the factors. However, the
decision-makers all reached a point in the prioritization where ordering the factors became impossible because
the factors were incomparable to each other or only situationally useful to the decision-makers.

In Section 3.2.3 we identified decision-making frameworks such as AHP (Saaty (1990)) that rely on com-
parisons between all objectives in a multi-objective decision-making problem. Given that many factors were
considered equally important to the decision-makers, these decision-making frameworks may struggle to find
reasonable weights for the objectives in the nesting context.

4.1.2 Interview session 2

In the second interview session, we delved deeper into the interactions between the nesting factors. During this
session, the interviewees were asked to compare two nestings that contain the same parts. These nestings differed
according to one or more factors identified in session one.

Figure 7 is an example of a comparison between two nestings. At the top of the example, we show the two
nestings for the comparison. All parts, waste, and beam sizes are to scale to give the decision-maker an intuitive
understanding of the relations between these lengths. Below the examples, we included information to place the
choice in context. This information is the total length of the steel required for the nesting, the total amount of
waste in metres, and the cost of this waste for the HEA300 and HEA80O0 profiles.
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Beam: 19000 9400 9400 x1

Beamn: 18000 4400 4400 4400 4400 ® 10

L

Beam: 10000 9400 %2
Beam: S000 4400 4400 =20

Option 1 Option 2
Total length (m) 199 200
Waste (m) 4.8 5.8
Waste cost HEA300 @ 30.48 (£) 146.31 176.79
Waste cost HEABDD @ 88.23 [€) 423.51 511.74

Figure 7. Nesting comparison shown to the decision-maker in interview 2

The decision-makers were each presented with 6 to 8 comparisons, created based on the factors they
considered important in interview one. With these comparisons, we could discuss the relations between these
factors more deeply. On top of that, the second interview session also led to identifying more factors that had
been missed during session one.

All in all, the second round of interviews did not lead to any drastic changes in our understanding of the
nesting factors.

4.2 Interview Results

To simplify reasoning about the factors that influence the nesting process, they were grouped into the categories
of money, process, time, and producibility. In reality, the factors often influence the nesting process in multiple
ways, which makes it difficult to separate them neatly into groups or categories.

4.2.1 Money
The most straightforward measure for the performance of a nesting is how much it would cost to produce. Factors
in this category include the cost of waste and the delivery costs of purchased steel.

Many of the quantifications of the factors relating to cost can be expressed in multiple measures. For example,
the amount of waste a nesting produces can be expressed in Euros, millimetres, and kilograms. This offers us
flexibility in how we define our optimization model. We may prefer to show the decision-maker the cost of waste
in Euros, but the price of steel may not always be known at the time of nesting”. In this case, we could express the
cost of waste in millimetres or kilograms. A decision-maker can still use this information to evaluate a nesting.

4.2.2 Process

In many steel production facilities, the process can be heavily influenced by a nesting. Production planners prefer
to keep the process as streamlined as possible, to reduce chaos in the process. Chaos will lead to production
delays, accidents, lost inventory, and many other problematic situations. Factors in this category include the
number of handling operations performed on a beam and phase clustering.

The factors related to the process are mostly quantified by counting the relevant occurrences. The flexibility
of these factors lies in the methods we could choose to define an occurrence. For example, when considering the
quantification of phase clustering we could choose to count the number of beams that contain multiple phases.
Alternatively, we could count the number of distinct phases per beam or the largest spread within a beam. Using
a different method to quantify the factor could lead to other outcomes when nesting.

9The price of steel has fluctuated a lot over the past few years, and nestings are sometimes done months before the start of a project.
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4.2.3 Time

Time is money, and this is no different in steel manufacturing. Production planners seek to use the time of their
workforce and machines as effectively as possible. Factors in this category include operation duration and the
number of manual operations.

The factors related to time are all relatively straightforward. Using time as the quantification for these
factors does introduce the difficulty of estimating the nominal time for an action. For example, the operation
duration factor is sensitive to the accuracy of the time estimation for each operation. Using this factor in a nesting
evaluation model may become infeasible if the estimation is too inaccurate or unknown.

4.2.4 Producibility

The steel manufacturers that purchase their machines at Voortman do so to produce parts automatically. The
degree to which parts can be produced automatically is determined in part by reproducibility. Factors in this
category include the number of operations that cannot be produced automatically.

The producibility factors may be most suitable as configurable constraints, rather than as objectives for the
nesting algorithm. A decision-maker could choose to set a minimum level of producibility. Some decision-makers
may choose to accept some non-automated operations, while other may want to fully constrain the nesting to
ensure automated production. Constraints may also include a deviation to allow a decision-maker to consider the
trade-off between producibility and other factors. The deviation can be used as a minimization objective for the
nesting algorithm.

4.3 Proof of Concept Model

In this section, we describe the factors that can influence the evaluation of a nesting. The goal is to implement
a nesting algorithm that can take these factors into account. As an example of what such an implementation
would look like, we created a proof of concept implementation. In the rest of this section, we explain the proof of
concept model, the choices of factors, and how this model is representative of the complete list of factors we
identify. For a rigorous mathematical definition, we refer to Appendix C.

4.3.1 Parameters

As input to the model, we define the set of parts P that we intend to nest, the set of possible beam lengths A, and
the set of phases F. The set of beams B always contains enough beams to fit all parts. For this research, we do
not consider any nesting problems with a bounded number of beams.

The cost parameters are the cost of steel (Cy..;) and the cost of an oversized load (Cyeysizeq)- The threshold
parameters are the discount threshold for the remnant (7y;scou¢ ), the Short Piece Removal System threshold
(Tsprs), and the threshold for which beam lengths count as an oversized load (Tyyersizea). Other parameters are
the length of a part (/en,), the discount factor we apply to a remnant (), and whether a part belongs to a phase

(phase, ).
Most of these parameters are configurable by the decision-maker before executing a nesting.

4.3.2 Decision Variables

The nesting model has two decision variables we can perturb to generate new nestings. The first decision variable
determines whether a part is nested into a beam (x,;), while the second decision variable determines the length
of each beam (yp).

4.3.3 Auxiliaries

The auxiliaries are variables and functions that we use to support the calculations for the objectives and constraints.
If a beam is used, z; equals one, and 0 otherwise. The waste generated by a beam is given by W, and the estimated
number of waste pieces the SPRS cannot remove from a beam is given by S;,. The function Dj, returns the
discount factor if the discount can be applied and 1 otherwise. To check if a beam contains parts from multiple
phases we check whether a phase is nested into a beam (g ) and use this information to determine if a beam
contains multiple phases (). Finally, the extra delivery costs for an oversized load are given by E.

4.3.4 Objectives
We define three objectives that represent the factors in the cost, process, and time categories, respectively.

To represent the cost category, we minimize the total cost of waste and the costs for an oversized load. In the
cost of waste, we apply the discount factor to any piece of waste that is long enough to be a remnant piece.

To represent the process category, we minimize the number of beams that contain multiple phases. We do
not consider the number of phases per beam or the distances between phases in this model. With the available
information, it would be trivial to implement this in the future.
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Lastly, we minimize the estimated number of waste pieces that the Short Piece Removal System cannot
remove to represent the time category.

4.3.5 Constraints

To begin with, each part needs to fit into the beam it is nested into and each part should be nested once. In
addition, a beam that contains parts needs to be considered in use. Furthermore, a part may only belong to one
phase. Lastly, do not consider a beam in use when it does not contain parts.
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5 COMPARING AR-NSGA-2 AND R-MOEA/D

This chapter compares the two algorithms we selected in section 3.4 to determine their performance on test sets
from the literature. The results of this comparison are used to decide which algorithm would be used for the case
study evaluation. We describe the implementation of the algorithms, the test setup, and the performance metric.
After that, we present the test results and our findings.

5.1 Algorithms

We base our implementation of ar-NSGA-2 on the original study by Yi et al. (2019). The core of their work is
the ar-dominance relationship, which considers the angle and distance to the reference point for each solution.
The algorithm uses an adaptive weight to vary the importance of the angle and distance information. At the
beginning of the optimization run, the distance is more influential to the preference relation. Towards the end of
the optimization run, the angle becomes more influential.

Importantly, the authors of the original work present a general methodology without explicitly mentioning
NSGA-2. To select the individuals for the next generation, the authors use the ar-dominance relation with an
elitist sorting strategy. However, they give no further details for the specific implementation of this sorting
strategy. Based on the given information, we decided to use the elitist non-dominated sorting strategy from
NSGA-2 (Deb et al. (2002a)). Instead of using crowding distance, we apply the ar-dominance principle to sort
solutions belonging to the same non-dominated set. Therefore, we name this implementation ar-NSGA-2.

The algorithm has two parameters that influence the ar-dominance relation. These parameters are adaptive,
changing automatically with the number of elapsed iterations. Yi et al. (2019) provide reference bounds for these
parameters, which we have used in this work. Our lower bound for the dominance threshold differs from the
original implementation'®. The adaptive weight & determines the trade-off between distance and angle in the
ar-dominance relationship. We set the interval for the adaptive weight to & € [0, 1]. The adaptive dominance
threshold & determines how much more a solution must be preferred over another Pareto-indifferent solution to
be considered ar-dominant. We set the interval for the adaptive dominance threshold to & € [0.2,1].

Our implementation of -MOEA/D follows the original work by Qi et al. (2019). This algorithm is based on
MOEA/D, first proposed by Zhang and Li (2007), incorporating the distance to a reference point as the preference
structure.

The implementation of -MOEA/D follows directly from the implementation of the original MOEA/D. The
authors introduce a new scalarizing function that incorporates the reference point which replaces the scalarizing
function in MOEA/D. This new scalarizing function is a direct replacement of the original scalarizing function
and has the added benefit that it is not dependent on an estimation of the ideal point.

The algorithm has two parameters that influence the selection and replacement of neighbouring solutions. Qi
et al. (2019) provide reference values for the parameters, which we have used in this research. The neighbourhood
size T determines how many weight vectors are considered neighbours to any given weight vector. This
neighbourhood is used to generate new solutions in the recombination phase. We set the neighbourhood size
to T = 3. The maximum number of replacements 7, determines how many solutions can be replaced by any
candidate solution. We set the maximum number of replacements to n, = 3.

5.2 General considerations

Central to any evolutionary algorithm is the recombination, mutation, and repair mechanics used in child
generation. In the literature, authors generally expect the reader to have a prior understanding of the algorithms
used for recombination, mutation, and repair. The authors of both papers do not reference any previous work for
implementations of these mechanics.

The recombination, mutation, and repair that are applicable also depend on the underlying model of the
optimization. Many optimization problems, such as bin packing, have specialized child generation algorithms.
Given that our work concerns a real-world nesting problem and testing on ZDT and DTLZ, we use two sets of
child generation algorithms.

The decision variables in ZDT1-4, ZDT6, and DTLZ1-9 use an identical data structure. The genome is a list
of real-valued decision variables with known upper and lower bounds. To perform recombination, we implement
the cut and splice operator FCO on the individual variables instead of bins of variables (Mellouli et al. (2019)).
For the mutation, we implement polynomial mutation (Carles-Bou and Galan (2023)). On this genome, the
chosen recombination and mutation strategies always yield feasible results, so a repair mechanism is not required.

101 the original paper, the authors use a lower bound of O for the dominance threshold. Due to a misunderstanding, we set the lower
bound to 0.2 in our implementation.
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For a more detailed explanation of the genomes and the effects of the recombination and mutation, see Appendix
Section D.1.

Our representation of a nesting uses beams as bins with an ordered list of parts. For the recombination step,
we implement the GCO algorithm (Falkenauer (1996)). The GCO algorithm does not take into account variable
bin sizes, so in our implementation whenever we create a new bin we use a semi-random procedure to select
the bin size. For the mutation strategy, Falkenauer (1996) suggests destroying some bins based on the mutation
factor. We implement this mutation strategy and the first fit descending strategy with local optimization as our
repair mechanism. For a more detailed explanation of the genomes and the effects of the recombination and
mutation, see Appendix Section D.2.

5.2.1 Generational Distance

In Chapter 3 we identified several performance metrics for multi-objective optimization algorithms. For this
research, we are mostly concerned with how well an algorithm can converge on optimal solutions. The measure
for convergence we use is the generational distance (GD) as described by Carles-Bou and Galédn (2023), which
is a measure of the distance between the non-dominated front found by the optimization algorithm and the true
Pareto front.

GD

%
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Figure 8. An illustration of generational distance from Carles-Bou and Galan (2023)

Figure 8 illustrates how we calculate the distances used in generational distance. The arrows show the
distance between each solution found during a testing run (blue) and a known solution on the Pareto front
(yellow). For ZDT and DTLZ the Pareto fronts are known, so we can use the shortest distance from each point to
the front instead.

With these distances, we can use the following equation to calculate the generational distance for the set of
solutions S to the Pareto front PF:

GD(S) = 1 Y (distance(s,PF)) (1)
|S| seS

5.3 Test configurations

In this section, we discuss the distance calculations we used for the ZDT (Zitzler et al. (2000)) and DTLZ (Deb

et al. (2005)) test sets, and the parameters we changed to affect the performance of the algorithms.

Of the six tests in the test set, ZDT1-4 and ZDT6 use the same genome structure, where the genome is a list
of real-valued decision variables. ZDT5 uses a genome that consists of a list of decision variables that contain
a binary string (see Appendix Section D.3 for the genome structure). The downside of this approach is that
ZDTS5 requires a different recombination, mutation, and repair mechanism than ZDT1-4 and ZDT6. Therefore,
to simplify the implementation and ensure we compare performance on the same child generation mechanisms,
we do not consider ZDTS5 in our testing.

The GD performance metric requires knowing the distance to the optimal front for each solution in the result
of the optimization run. ZDT defines the function g(x) with a known optimal value for each test instance. We
use the difference between the value of g(x) and the optimal value as the distance for all ZDT tests, such that for

each solution the distance is d = g(x) — g*.
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For DTLZ1 the optimal front is a linear hyper plane with Y, (f) = 0.5. For each solution, the distance to
this hyperplane is:

d=Y () ~05 @)

i=

—

The optimal front for DTLZ2-6 is the positive quadrant of a unit sphere. The distance to the optimal front for
each individual is:

3)

The authors do not describe an equation for the optimal front of DTLZ7. Rather, the Pareto-optimal solution
corresponds to xj; = 0. In the literature, the Tchebychev distance is an accepted method to find the distance
between two vectors. Given that our optimal vector is the zero vector, the distance calculation simplifies to:

d = max(xp) “)

We could not establish the optimal front for DTLZS8 from the original work. Therefore, we opt to use the
cumulative distance to the line component of the optimal front as an approximation of optimality':

M—1

d=Y (Ifix) = fix)]) )

i=2

Finally, DTLZ9 also has an optimal plane that is difficult to establish from the original work. For any
objective function f;(x), where i # M plotted against fj,(x) the optimal front is the positive quadrant of the unit
circle. As an approximation of the performance of the distance we use:

d=\/f2(x)+ £ (x)—1 (6)

To compare the theoretical performances of the algorithms, we run them on the ZDT and DTLZ test sets.
The algorithms and test sets have various parameters that affect the performance of the algorithms. The general
parameters are the number of iterations (7), the population size (|P|), the mutation probability (py,), the mutation
index (1), and the number of objectives (m, only for DTLZ).

The polynomial mutation operation requires a mutation index 1),,,. This mutation index determines the width
of the distribution function we use to perturb the genome. A lower value makes the distribution wider. Previous
work focusing on the polynomial mutation operation has shown that a mutation index between 5 and 40 will
show similar performance (Carles-Bou and Galan (2023)). For the rest of this testing, we set the mutation index
to 1, = 5 unless specified otherwise.

We set the other parameters based on testing data, starting with the mutation probability, then the population
size, the number of iterations, and finally the number of objectives (only for DTLZ).

5.4 ZDT Results

We first analysed the performance of the algorithms on the ZDT test set (Zitzler et al. (2000)). As described in
Section 5.2.1, we based our analysis on the generational distance (GD) metric. To adjust for the randomness in
the algorithms, we averaged the GD value over 20 runs for all tests'?.

'This approximation is not the most effective method to determine the distance to the optimal front. Generally, it overestimates the
distance to the front, and this overestimation error becomes bigger for points further away. A more accurate distance metric may have been
the Tchebychev distance. We note that this choice has not affected the results of our testing, given that DTLZ8 did not show any major
differences between our algorithms.

12We chose to run the algorithm 20 times to average out much of the variation while still keeping the total runtime of the tests manageable.
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5.4.1 Mutation probability
The mutation probability determines the likelihood that a decision variable is changed in the mutation step of an
evolutionary algorithm. To determine the mutation factor we used for the remainder of the tests, we observed the
performance of the algorithms with a mutation chance of 1%, 2.5%, 5%, 7.5%, 10%, 50%, and 100%. Previous
unstructured testing and the literature (De Jong (1975)) favour lower mutation chances, so most of the chosen
mutation chances are low percentages. We included 50% and 100% to show the algorithms’ behaviours at higher
mutation chances as an indication of robustness.
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Figure 9. Varying mutation probabilities on ZDT1-4 and ZDT6. I = 1000, |P| = 50, and 1,,, = 5.

Figure 9 shows the performance of ar-NSGA-2 and -MOEA/D on the ZDT test set at the given mutation
probabilities. We observe that ar-NSGA-2 shows near-optimal convergence for mutation probabilities up to
10% across all tests. On the other hand, -MOEA/D does not approach optimality on ZDT4 for any mutation

probability.
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Figure 10. Varying mutation probabilities on ZDT1-3 and ZDT6. I = 1000, |P| = 50, and 1, = 5.

Figure 9 does not show the relative performance when the algorithms approach optimality. The high GD
values as a result of ZDT4 cramp the graphs at the low end. To show the difference in performance more
clearly, Figure 10 shows the performance of the algorithms on ZDT1-3 and ZDT6. Clearly, ar-NSGA-2 performs
better for mutation probabilities up to 10%, whereas -MOEA/D struggles to reach optimality at any mutation

probability.
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Given these results, we conclude that ar-NSGA-2 outperforms -MOEA/D, especially at mutation probabilities
below 10%. The algorithms show the best performance at a mutation probability of 5%. We will use this mutation
probability for the rest of the ZDT testing.

5.4.2 Population size

The population size determines the number of individuals in the population and the number of children generated
for the next generation. Previous research has shown that increasing the population size tends to lead to better
convergence to optimality (Benecke and Mostaghim (2021)). However, the downside of increasing the population
size is an increase in computation time. Work has been done that investigates evolutionary algorithms that vary
the population size depending on the stage of the optimization (Guan et al. (2017)). Adapting the population size
during the optimization run looks promising. For this research, we used a fixed population size.
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Figure 11. Varying population sizes on ZDT1-4 and ZDT6. I = 1000, p,, = 0.050, and 1, = 5.
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Figure 11 shows the performance of the algorithms on various population sizes. The behaviour shown by
the algorithms when exposed to varying population sizes looks similar to what we observe when varying the
mutation probabilities. Once again, -MOEA/D does not come close to optimal convergence on ZDT4. On all
other tests, the population size does not appear to meaningfully affect the convergence performance.
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Figure 12. Varying population sizes on ZDT1-3 and ZDT6. I = 1000, p,, = 0.050, and 1, = 5.

However, Figure 11 is too zoomed out to show the differences between the algorithms on ZDT1-3 and ZDT6.
To show the difference between the algorithms more clearly, we looked at the performance of the algorithms
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on only ZDT1-3 and ZDT6. Figure 12 shows the performance of the algorithms on these tests. The graphs
show that -MOEA/D does not converge to optimality as closely as ar-NSGA-2, even at higher population sizes.
Interestingly, the performance of ar-NSGA-2 is not meaningfully affected by the population size.

The performance of -MOEA/D improved only marginally at population sizes higher than 80. Therefore, we
set the population size to 80 for the remainder of the ZDT tests.

5.4.3 Number of iterations

The final parameter is the number of iterations. Generally speaking, more iterations give the algorithms more time
to converge. We expect the performance of the algorithms to improve as the number of iterations is increased.
For this analysis, we ran the algorithms on the test set for 100, 250, 500, 750, 1000, 1500, and 2000 iterations.
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Figure 13. Varying numbers of iterations on ZDT1-4 and ZDT6. |P| = 80, p,, = 0.050, and 1,, = 5.

Figure 13 shows the convergence performance for the algorithms over varying numbers of iterations. As
we observed in the other tests, -MOEA/D struggles with ZDT4. For all other tests, the performance appears
equal based on these graphs. What does stand out is the performance of -MOEA/D on ZDT4. We expect the
performance to improve at higher iterations, but this is not the case for this test. ZDT4 tests an algorithm’s
performance when presented with a multi-modal problem, and it appears that -MOEA/D struggles to overcome
this multi-modality.
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Figure 14. Varying numbers of iterations on ZDT1-3 and ZDT6. |P| = 80, p;, = 0.050, and 1, = 5.

To compare the near-convergence performance, we plot the performance on ZDT1-3 and ZDT6. Figure
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14 shows this performance in detail. We observe that both algorithms perform the worst at 100 iterations and
this performance improves between 250 and 500 iterations. Overall, ar-NSGA-2 outperforms -MOEA/D at all

numbers of iterations.
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Figure 15. Varying numbers of iterations on ZDT1-4 and ZDT6. |P| = 80, p,, = 0.050, and 1,, = 5.

Figure 15 shows the time the algorithms took to complete the optimization tests for the varying numbers of
iterations. We observe that, as we would logically expect, a higher number of iterations leads to a longer time to
complete. The algorithms perform similarly in terms of time complexity.

5.5 DTLZ Results
We perform the same analysis as above on the DTLZ test set (Deb et al. (2005)). In this analysis, we also fix the

mutation probability, population size, and the number of iterations, after which we analyse the performance of
the algorithms over a varying number of objectives.

5.5.1 Mutation probability

The ZDT tests showed that the algorithms tend to become unstable at high mutation probabilities. Since the
DTLZ set contains more tests and is intended to test performance at higher numbers of objectives, we only test
the performance for fewer mutation chances. To determine the mutation factor used for the remainder of the tests,
we observed the performance of the algorithms with a mutation chance of 1%, 2.5%, 5%, 7.5%, and 10%.
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Figure 16. Varying mutation probabilities on DTLZ1-9. I = 1000, |P| = 80, 1, = 5, and m = 3.
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Figure 16 shows the performance of the algorithms on DTLZ1-9. Much like the ZDT testing, ar-NSGA-2
shows good performance at mutation probabilities up to and including 10%. On the other hand, -MOEA/D is far
less performant. At 1% mutation chance, the performance degrades on DTLZI, and the performance on DTLZ3
varies wildly across the mutation probabilities. The performance of both algorithms appears most stable at a 5%
mutation probability. Therefore, we set the mutation probability to 5% for the DTLZ tests.

5.5.2 Population size
The algorithms did not show any differentiating behaviour at population sizes over 100 during testing on the ZDT
tests. Therefore, we compared the performance of the algorithms on population sizes of 10, 30, 50, 80, and 100.
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Figure 17. Varying population sizes on DTLZ1-9. I = 1000, p,, = 0.050, n,, = 5, and m = 3.

Figure 17 shows the performance at the different population sizes. The behaviour of ar-NSGA-2 is similar to
the ZDT set. The algorithm appears agnostic to changes in the population size. At a population size of at least
30, the performance does not meaningfully change. On the other hand, as population size increases, so does the
performance of -MOEA/D. The algorithm struggles specifically on DTLZ1 and DTLZ3, with a large GD value
at lower population sizes. For the remainder of the DTLZ tests, we set the population size to 80.

5.5.3 Number of iterations

The ZDT testing showed that the algorithms did not perform meaningfully differently at the highest numbers of
iterations. To show the performance on DTLZ, we ran the algorithms for 100, 250, 500, 750, 1000, and 1500
iterations.

Figure 18 shows the generational distance at varying numbers of iterations. At less than 500 iterations,
ar-NSGA-2 performs poorly on DTLZ3, which is gone when the number of iterations rises to at least 500. This
poor performance on DTLZ3 with fewer iterations also happens with -MOEA/D. However, DTLZ3 remains
difficult for rMOEA/D even at higher iteration counts.

As we did for the ZDT tests, we plot the performance of the algorithms close to optimal convergence. Figure
19 shows the performance on DTLZ1-2 and DTLZ4-9 over the various iteration counts. In general, the graph
shows the expected improvement in performance when the algorithms are run for more iterations. Notably, some
of the tests show no improvements with more iterations. In the original DTLZ paper, the authors show that
unmodified NSGA-2 and SPEA2 do not converge on the true Pareto front on DTLZ6 (Deb et al. (2005)). The
performance we observe in Figure 19 suggests that ar-NSGA-2 and -MOEA/D are similarly unable to reach the
true Pareto front.

Like with the ZDT tests, the algorithms perform similarly in time complexity. Figure 20 shows the time taken
for each test at the different numbers of iterations. In some cases, -MOEA/D will run quicker than ar-NSGA-2
on our testing setup. But rather than an algorithmic inefficiency, this may be the result of an inconsistent testing
setup.

The tests were run in parallel on one machine and were started in the order ar-NSGA-2 test 1 to 9 and then
r-MOEA/D test 1 to 9. This would consistently put the -MOEA/D runs at the end of the execution queue. What
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Figure 18. Varying numbers of iterations on DTLZ1-9. |P| = 80, p,, = 0.050, 1, = 5, and m = 3.
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Figure 19. Varying numbers of iterations on DTLZ1-2 and DTLZ4-9. |P| = 80, p,, = 0.050, 1, = 5, and m = 3.

we may be seeing is that computer resources are being freed up, and more processing power is going to the later
tests. This could explain why DTLZ6-9 is faster for -MOEA/D. Given that the speed difference between the
algorithms did not contribute to the comparison and reworking the testing infrastructure would take prohibitively
long, we did not rerun the tests to adjust for this issue.

5.5.4 Number of objectives

The ZDT tests are strictly bi-objective optimization problems. One of the improvements made by the DTLZ tests
is that all tests are defined for any number of objectives greater than 1. In the literature, DTLZ was mostly used
for 3 up to 10 objectives, although there are studies that have gone up to 20 objectives. To test the performance
of the algorithms, we run them on 3, 5, 7, and 10 objectives.

Figure 21 shows the performance at the different numbers of objectives. Like in the previous tests, DTLZ3
has proven to be a difficult problem for these algorithms. For -MOEA/D specifically, DTLZS also leads to poor
performance at higher objective counts.

To analyse the performance close to optimality more accurately, we plot the performance on DTLZ2 and
DTLZA4-9. Figure 22 shows how the algorithms perform on these tests. Besides the poor performance of ar-
NSGA-2, and the slightly worsening performance of -MOEA/D on DTLZ7, the graphs show that the algorithms
come close to reaching optimality over many numbers of objectives.

Finally, Figure 23 shows the time average time taken by the algorithms to complete each test. As expected, the
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Figure 20. Varying numbers of iterations on DTLZ1-9. |P| = 80, p,, = 0.050, 1, = 5, and m = 3.
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Figure 21. Varying numbers of objectives on DTLZ1-9. I = 1000,

P| =80, py =0.050, N, =5, and m = 3.

time taken goes up with the number of objectives. The increase in complexity also leads to longer computational
times.

5.6 Conclusion

In this chapter, we have described the implementation of ar-NSGA-2 and -MOEA/D and covered their perfor-
mance on the ZDT and DTLZ test sets. To perform the case study, we chose one of these algorithms to implement
the proof of concept model we defined in Chapter 4 and Appendix C. We based this choice on the performance
of the algorithm on the test set, as well as how straightforward the algorithm is to understand and implement.
This allowed us to use a quantitative and qualitative measure when deciding which algorithm to implement for
the proof of concept.

The performance of the algorithms follows from the analysis of the testing runs we described above. Based
on this data, we conclude that ar-NSGA-2 performs better overall. In many of the tests, it comes closer to the
optimal frontier and is shown to be more robust against changes in mutation factor, population size, and number
of iterations. In most of the test cases, it clearly outperforms -MOEA/D. The robustness against changes in
parameters makes it plausible that ar-NSGA-2 is easier to implement in various situations, because it may not be
as dependent on perfect parameter tuning as -MOEA/D.

Research has shown that maintaining a software system can account for a large portion of the costs of
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a software project (Heri¢ko and Sumak (2023)). Given that we are exploring the practical application of an
optimization algorithm, we must consider the maintainability of the algorithm. One aspect of this maintainability
is how straightforward the algorithm is to understand. An algorithm that is easier to understand and implement
may save costs on implementation, improvement, and maintenance. We find that ar-NSGA-2 uses a far more
straightforward strategy to update the population compared to -MOEA/D. In general, NSGA-2 uses a simple
non-dominated searching strategy to update the population and archive, while MOEA/D uses a more convoluted

local replacement.

Our analysis of the algorithms has shown that ar-NSGA-2 performs better and is preferable in terms of
understanding and implementation. Therefore, we performed the case study with the proof of concept on realistic

data using the ar-NSGA-2 algorithm.

36/69



6 CASE STUDY VALIDATION AND EVALUATION

In this chapter, we describe how we evaluate the algorithm we selected in Chapter 5. First, we describe how we
collected the real-world nesting cases and show some characteristics of each case. Then, we explain the tests
that we perform on these cases and show the results of these tests. Finally, we consider the evaluation with the
decision-makers and draw our conclusions.

6.1 Cases

For this case study we collected nestings for steel construction projects from one of the client companies we
interviewed for the work described in Chapter 4. They provided 19 nesting cases (C1-19) from their previous
steel construction projects. On top of this, we also collected 9 nesting cases (C20-28) which the current algorithm
is known to perform poorly on from various client companies.

Table 4. Case characteristics

Case ID Unique Parts Total Parts Phases

Cl 53 75 1
C2 8 41 2
C3 1 7 1
C4 19 26 2
C5 43 53 4
C6 5 6 1
C7 25 49 3
C8 5 53 1
C9 22 36 3
C10 1 12 1
Cl1 10 11 2
C12 2 10 1
C13 76 115 7
Cl4 3 3 1
C15 2 2 1
Cl16 43 78 7
C17 49 82 4
C18 5 6 1
C19 5 12 1
C20 1 4 1
C21 8 17 1
C22 27 37 1
C23 2 6 1
C24 6 34 1
C25 4 11 1
C26 4 4 1
Cc27 3 41 1
C28 5 9 1

Table 4 shows the cases and the characteristics such as the unique number of parts, the total number of parts,
and the number of phases. Each case contains several unique parts, which may be produced more than once,
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resulting in the total number of parts in a case. Multiple production phases may be nested together to improve the
efficiency of the nesting solution by leveraging economies of scale. In general, cases with a higher number of
parts or more phases will be more difficult to optimize.

To make testing simpler, we saved each case in a JSON file. The case file contains information about the
profile, the parts, and the available beam lengths. Listing | shows an example of the structure of the case files.

Listing 1. Case File Example

—_~

"Profile": "IPE240",
"Parts": [
{
"Length": 6700,
"Count": 10,
"Phase": 1

"Length": 4400,
"Count": 4,
"Phase":

]I
"BeamLengths": [
11000,
15000,
17000,
22000

These JSON files enabled us to perform many of the tests automatically. By storing the data in this way, we
also ensured that each testing run used the same information.

6.2 Comparative testing

The first step in our testing is to evaluate how the nesting algorithms perform when presented with the same
real-world cases. To do this, we ran comparative tests to determine which algorithms provided the dominant
solutions under various circumstances.

Although we selected one algorithm in Section 5.6, we performed the case study evaluation on two versions
of the ar-NSGA-2 algorithm. One of the factors we chose to implement in the proof of concept was the number
of beams with multiple phases. We noticed that using the local optimization and repair by Falkenauer (1996) was
generating solutions with many mixed-phase beams. In Section 4.2.2, we explained that beams with multiple
phases increase handling and storage costs. By reducing the number of mixed-phase beams, we reduce these
costs. Therefore, we also implemented a version of the Falkenauer (1996) local optimization and repair that does
not produce mixed-phase beams. We have named this the phase preserving local optimization and repair.

As a result, we performed our tests on three algorithms: the single-objective benchmark (SO), the multi-
objective ar-NSGA-2 implementation (MO), and the multi-objective ar-NSGA-2 implementation with phase
preservation (MO-PP). For the MO and MO-PP algorithms, we use the following values for the thresholds and
costs:

¢ Remnant discount threshold: Tyiscoun: = 6000

* Oversized load threshold: 7,,.sizeq = 18000

SPRS threshold: T,y =25
* Cost of an oversized load: C,yersizeq = 100

¢ Remnant discount factor: d = 0.15
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These values were chosen based on conversations with decision-makers and internal experts at DIGI-STEEL.
The cost of steel (Cy..;) depends on the profile defined for each casel3.

The first test compares the algorithms without introducing any restrictions. We ran the 28 cases on the
algorithms, collected the resulting solutions, and evaluated these solutions on the objectives defined in the proof
of concept.

Using the solutions found by the three algorithms, we created a combined Pareto front with all of the
non-dominating solutions. This combined Pareto front contains all solutions with the property that any other
solutions better in one objective must be worse in another. From there, we determined which algorithm(s) had
contributed solutions to this combined Pareto front.

If all of the solutions in the Pareto front have been contributed by one algorithm, we consider this algorithm
to be fully dominant over the others. If an algorithm provided none of the solutions in the Pareto front, we regard
it as fully dominated by the other algorithms. For this analysis, we use the definition of Pareto dominance as
described in Section 3.1.

Table 5. Domination characteristics

Outcome Number of cases Percentage of cases
SO dominates 1 3.57%

MO dominates 1 3.57%

MO-PP dominates 3 10.71%

Both MO dominate 13 46.43%

Equal 7 25.00%

Indifferent 3 10.71%

Table 5 shows the number and percentage of cases for which the algorithms were dominant. When the
algorithms produced solutions that were exactly equal in terms of their objective values, we noted them as Equal.
When the single-objective algorithm and at least one of the multi-objective algorithms produced Pareto-indifferent
solutions, we describe these algorithms as Indifferent in the table.

Table 6. Domination characteristics

Outcome Number of cases Percentage of cases
SO dominates 1 3.57%

Any MO dominates 17 60.71%

No dominant algorithm 10 35.71%

Table 6 shows the outcome of the comparison when we combine the performances of the two multi-objective
variants. From these tables, we conclude that in most cases, the multi-objective implementations, and more
specifically the MO-PP implementation, perform equally well or better compared to the SO benchmark.

However, while the multi-objective algorithms are intended to optimize for the objectives in the proof of
concept model, the single-objective benchmark algorithm only optimizes for the waste produced by the nesting.
To make claims about the efficacy of adding more objectives to the optimization, we must also consider the
performance in the single-objective domain.

To test the relative performance in the single-objective domain, we investigated how our ar-NSGA-2 imple-
mentation would perform when presented with one objective. We defined two objectives that we could use for
this test: a cost objective and an efficiency objective. The cost objective is the same as the cost objective in the
proof of concept model. The efficiency objective measures the amount of waste material created by a nesting
solution, compared to the total length of steel used. The benchmark SO algorithm uses the efficiency objective.

Table 7 shows the performance of the multi-objective algorithm when it is presented with one objective.
We ran the benchmark algorithm and our algorithm on the 28 cases and evaluated the outcomes based on the
expected cost of the solution and the total length of steel purchased. For both measures, we counted the cases
where each algorithm outperforms the other in cost and total length.

In single-objective performance, the MO outperforms or matches the SO benchmark in almost all cases. In
both comparisons, we observe that ar-NSGA-2 finds lower-cost solutions that the benchmark algorithm misses.

13For each profile, we collected the price per meter excluding taxes from https://www.1limtrade.nl on May 6th, 2024.
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Table 7. Performance on single-objective optimization

Outcome

SO outperforms
Equal performance
MO outperforms

Cost
Cost
1

8

19

objective Efficiency objective
Total Length Cost Total Length
4 2 1
14 13 17
10 13 10

The SO algorithm does find more solutions with a lower total length when ar-NSGA-2 is given only the cost
objective. In three of the four cases where the benchmark finds a lower total length, the cost of the solution
found by ar-NSGA-2 is lower than that of the benchmark solution. This suggests that the benchmark solution is
unknowingly introducing extra costs. Indeed, looking at the lengths of the longest beams for the solutions, the
SO algorithm tends to use beam lengths above the oversized load threshold, whereas the MO solution tends to

use beam lengths below this threshold.

Finally, we compared the single-objective performance of ar-NSGA-2 to the multi-objective performance of
ar-NSGA-2. By comparing the performance of our implementation in the single-objective and multi-objective
domains, we can make an apples-to-apples comparison of the effect that adding more objectives has on the
performance of the algorithm. Like with the first test, we compare the solutions generated by each algorithm on
the cost, phase, and manual operation objectives defined in the proof of concept model.

Table 8. Comparing single-objective and multi-objective ar-NSGA-2

Case ID Pareto Front Members

Cl1
C2
C3
C4
C5
C6
C7
C8
C9
C10
Cl11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28

MO, MO-PP
MO-PP, COST

MO, MO-PP, COST
MO, MO-PP
MO-PP, COST, EFF
MO, MO-PP, COST
MO-PP, COST, EFF
MO, COST, EFF
MO-PP, COST, EFF
Equal

MO, MO-PP

Equal

MO, MO-PP, COST, EFF
Equal

Equal

MO-PP, COST, EFF
MO, MO-PP

Equal

MO, MO-PP, COST
Equal

Equal

Equal

Equal

MO, MO-PP

MO, MO-PP

Equal

MO

MO, MO-PP, COST

Table 8 shows the composition of the Pareto front for each case. For the cases where all algorithms produce
the same solutions, the table notes Equal. The single-objective ar-NSGA-2 was run twice, once with the cost
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objective, and once with the efficiency objective. These are labelled as COST and EFF in the table. Based on
this table, how the algorithms compare is not immediately obvious.

Table 9. Domination summary

QOutcome Count Percentage
Single-objective dominates 0 0.00%
Multi-objective dominates 7 25.00%
Indifference 11 39.29%
Equality 10 35.71%

Therefore, we have compiled Table 9 as a summary of the results shown in Table 8. Based on this summary,
we observe that the multi-objective approach matches or outperforms the single-objective approach in all cases.
This shows that adding more objectives to the optimization is not noticeably detrimental to the performance of
the other objectives.

This analysis shows that the MO and MO-PP algorithms match or outperform the existing SO nesting
algorithm in almost all real-world cases we collected. Based on this numeric performance, we conclude that the
newly proposed nesting algorithms (MO and MO-PP) have the potential to be effective improvements to the
existing SO algorithm.

6.3 Decision-maker evaluation
An aspect of multi-objective optimization that has been a driving factor throughout this project is incorporating
decision-maker preferences in the optimization process. Our review of the literature in Chapter The final step in
evaluating the proposed implementation of ar-NSGA-2 is to determine the effects of adding more objectives to
the optimization process with a decision-maker.

In our previous evaluation of the performance of the algorithms, we established that there are various
cases where the algorithms produce incomparable solutions. We have selected 11 cases to evaluate with a
decision-maker based on the following criteria:

e The SO and MO/MO-PP solutions have equal cost, the MO/MO-PP solution dominates in the other
objectives.

¢ The SO and MO/MO-PP solutions are Pareto-indifferent

¢ The SO solution has a higher cost, and the MO/MO-PP solution has a higher total length

For each case, we selected one solution solution from the SO, MO, and MO-PP algorithms for the decision-
makers to compare. For each solution, we show them the efficiency (percentage of steel used for parts), the total
purchased length, the number of purchased beams, the cost objective, the phase objective, the manual operation
objective, the shortest beam, and the longest beam. In addition, we provided information about the steel profile,
number of parts, and number of phases. Based on a review by the internal experts, we added information about
remnant steel to some of the cases where relevant.

We asked two internal experts at DIGI-STEEL and two decision-makers at a client company to evaluate
these cases. The cases were presented to the internal experts and the decision-makers with no indication of
which solution came from which algorithm and no indication of how these algorithms function. The order of the
solutions was randomized'* to prevent a situation where the choice is made based on a pattern or preference for
one particular algorithm.

Table 10 shows each decision-maker’s preferred solution. The decision-makers could discuss the examples
with each other and would prefer the same nesting solution in most cases. They chose different solutions for Case
10 based on personal preferences. We observed that they prioritized certain nesting factors differently, therefore
reaching a different conclusion regarding which solution was the best.

Table 10 shows that the internal experts preferred the SO solution more often than the decision-makers.
This suggests that their choices may be influenced by their previous understanding of the nesting problem. To
understand the impact of this potential bias, we decided to redo the interview with internal expert 1 (who had the
biggest difference from the decision-makers). Given that the SO algorithm’s objective is efficiency, we suspected

14We used the free List Randomizer from https: //www.random. org to randomize the order of the solutions for each case.
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Table 10. Preferred solutions

Case# Internal expert1 Internal expert2 DM 1 DM 2

1 MO-PP MO-PP MO MO

2 SO MO/MO-PP MO/MO-PP  MO/MO-PP
3 MO MO MO MO

4 SO MO-PP MO-PP MO-PP
5 SO MO-PP MO-PP MO-PP
6 MO-PP MO-PP MO MO

7 SO SO SO SO

8 SO SO MO-PP MO-PP
9 SO SO MO-PP MO-PP
10 MO MO MO MO-PP
11 SO SO SO SO

that removing the efficiency of the solutions from the presented information may influence the expert’s choices.
In the repeated interview, we showed internal expert 1 the same 11 cases without the efficiency information.

Table 11. Preferred solutions for the repeated interview

Case # Original choice New choice

1 MO-PP PP

2 SO MO/MO-PP
3 MO MO

4 SO SO

5 SO MO-PP
6 MO-PP MO-PP
7 SO SO

8 SO SO

9 SO MO-PP
10 MO MO

11 SO MO

Table 11 shows the solutions originally preferred by internal expert 1 and their preferred solutions when
shown the solutions without the efficiency information. Given no further instruction, internal expert 1 displayed a
shift towards the solutions found by MO and MO-PP when they could not choose a solution based on efficiency.
This brings their choices much more in line with the decision-maker’s choices.

Besides evaluating the cases, we also discussed the setup of the interview and what requirements they might
have for a new nesting implementation. This discussion led to two interesting observations: the importance of
context and the importance of control.

Throughout the evaluation, the decision-makers often remarked that when choosing between the given
options, the option which was the best nesting solution could change drastically depending on the context. For
most of the 11 cases, they would name one or more factors that would influence the evaluation of the nesting
which had not been captured in the presented data. These factors were captured in the tables in Section 4.2,
but were not included in the proof of concept model. On the whole, both decision-makers stated that being
shown more information offered them more context to make their choice between the solutions. In this thesis, we
claimed that giving a decision-maker more information to make a decision would enable them to make decisions
that better fit their preferences. This feedback from the decision-makers validates this claim. Furthermore, this
feedback shows that the factors that we captured during the interview process are relevant to the nesting process.

The control discussion is summarized by decision-maker 2 as I just want to be able to choose between a
couple of solutions”. A critical point of feedback on the existing algorithm is that it only ever produces one
solution. The decision-makers were adamant that having multiple options to choose from would improve their
interaction with the nesting algorithm. More specifically, they wanted to be presented with a "best effort’ solution
up front and then given the option to review other candidate solutions should they want to do so. This indicates
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that an a priori preference model may fit the requirements of high-volume nesting workflows better than an
interactive preference model. The desire for multiple options also validates the generally accepted understanding
that presenting a set of Pareto-indifferent solutions to the decision-makers will improve their interaction with the
nesting algorithm.

During the initial interviews with internal experts, we were warned that the decision-makers may not be
receptive to the idea of evaluating nestings on other criteria besides efficiency. However, the interviews in Chapter
4 and the discussion described in this section have shown that decision-makers understand the context of their
nesting decisions very well, and can reason about how the factors that influence a nesting interact and lead to
trade-off decisions. In the context of the steel manufacturing industry, we believe decision-makers can play an
important role in the development of effective preference models to support their nesting decisions.

6.4 Conclusion

In this chapter, we have comparatively tested the performance of our ar-NSGA-2 implementations against the
single-objective benchmark and evaluated implementing multiple objectives with expert decision-makers using
real-world cases.

The comparative tests have focused on the relative performance of the algorithms. First, we showed that the
benchmark is matched or outperformed in almost all cases when evaluated according to the objectives defined in
the proof of concept model. Next, we showed that the proposed ar-NSGA-2 implementations outperform the
benchmark in almost all cases when run in a single-objective mode. Finally, we have shown that multi-objective
ar-NSGA-2 matches or outperforms single-objective ar-NSGA-2 in all cases.

Based on these results, we conclude that our implementation of ar-NSGA-2 is an improvement on the
benchmark. The testing results and the evaluations with the internal experts and the decision-makers show that
a multi-objective approach to the nesting problem gives the decision-maker more control over their preferred
solution to a nesting. The evaluations have also shown that the way information is presented, as well as which
information is presented, can influence the nesting decision. Therefore, we conclude that using a multi-objective
algorithm that can include more contextual information in the objectives and constraints is a valuable asset to a
decision-maker for finding solutions to the nesting problem.
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7 CONCLUSION

The goal of this research was to implement a proof of concept of a multi-objective optimization algorithm
for the nesting problem. To develop this proof of concept, we answered the three research questions RQ1-3
described in Section 1.2. In this chapter, we draw our conclusions to these research questions, discuss the various
aspects of multi-objective optimization we discovered during our research, provide directions for future work,
and acknowledge the invaluable help we have had along the way.

RQ1 asks which factors influence a decision-maker’s evaluation of a nesting, and how we use these to con-
struct an optimization model. In Chapter 4, we interviewed expert decision-makers from the steel manufacturing
industry and compiled an extensive list of factors. We identified four categories that these factors could be loosely
sorted into, which could be used to guide future investigations into these factors. Finally, we created a proof
of concept model for a multi-objective optimization of the nesting problem that incorporates a representative
selection of these factors.

RQ2 asks which algorithm from a small selection of state-of-the-art algorithms is most suited to solve the
nesting problem. In Chapter 5, we used test sets and a performance metric from the literature to compare the
ar-NSGA-2 and -MOEA/D algorithms. Based on these tests and our experiences implementing the algorithms,
we concluded that ar-NSGA-2 performed better and is preferable in terms of understandability and ease of
implementation. We selected ar-NSGA-2 to implement the proof of concept optimization model.

RQ3 asks how the selected algorithm compares to the existing benchmark. In Chapter 6 we compared the
performance of these algorithms in 28 real-world cases. We also asked internal experts and decision-makers to
evaluate the solutions found by the algorithms in 11 of these cases. Based on the performance of the algorithms
and the evaluations by the internal experts and decision-makers, we concluded that our implementation of the
ar-NSGA-2 algorithm is preferable over the benchmark algorithm currently used in production because of the
improved performance and by providing the decision-maker with multiple solutions.

To conclude, in this research we analysed the factors that influence a decision-maker’s choices when evaluating
solutions to the nesting problem and showed that a multi-objective optimization algorithm that incorporates these
factors improves nesting performance and gives the decision-maker more control over the outcome of the nesting
process.

7.1 Discussion
Throughout our work, we discovered various aspects of multi-objective optimization that, while we did not get
the chance to explore them further, are worth discussing.

In Chapter 3 we performed a structured review of the literature regarding multi-objective optimization with
preference modelling. The relevant studies for this review belong to two research domains: multi-objective
optimization (MOQO) and multi-criteria decision-making (MCDM). We found that these domains do not share the
same keywords, leading to a fractured field of research. For example, when considering optimization problems
with multiple objectives, studies may use the keywords multi-objective, multi-criteria, and even multi-attributre
interchangeably. This makes it difficult to find relevant studies because there is no single definition or keyword
for many of the concepts used in the field.

On top of this, our literature review showed that the state-of-the-art is moving towards interactive preference
modelling techniques. The idea behind these techniques is to give the decision-maker multiple opportunities
to guide the optimization process. However, we found that in the steel construction industry, decision-makers
perform many optimizations per day, often in parallel. Therefore, requiring them to interact with each of these
optimization runs puts a lot of strain on the decision-makers. In our study, we focused on the factors that
influenced the evaluation of a nesting and proposed an approach to modelling such an optimization. Our work
does not answer which preference modelling technique could best be applied to this optimization.

In Chapter 6 we noted that we implemented two versions of ar-NSGA-2. We found that the local optimization
and repair step in the evolutionary algorithm had a profound impact on the solutions it would produce. In this
work, we did not explore this behaviour in depth, although the good performance of the MO-PP implementation
of ar-NSGA-2 shows that finding more problem-specific local optimization and repair mechanisms may improve
the performance of multi-objective optimization algorithms in real-world, high-volume contexts.

Another aspect of nesting that we discussed in Chapter 4 is that each decision-maker has different ideas
about which factors are relevant to the evaluation of a nesting. One research direction that we have not found in
the state-of-the-art is whether the ability to turn objectives or constraints on and off at will could improve the
usability of the optimization for the decision-maker.

Finally, in our evaluation of the nestings with the internal experts and the decision-makers, we found that the
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way that information was presented greatly influenced the choices the subjects made. This phenomenon was too
far outside the scope of this work to investigate it any further.

7.2 Future work
Based on our discussion, we have identified several topics for future work.

Unification of the terminology used in the research into multi-objective optimization, specifically the studies
concerning preference modelling, via a mapping study. Such a study could provide an in-depth understanding of
the terminology and a proposition for a unified terminology may aid future literature reviews.

Which preference modelling techniques may apply to high-volume optimization environments. Further
investigations could improve our understanding of how multi-objective optimization techniques could be applied
to real-world optimization problems, especially in industries where the decision-maker does not have the time or
mental capacity to interactively guide a high number of optimizations.

A study to define best practices for local optimization and repair mechanics, especially for problems with more
complex models. We observed that a local optimization and repair that is not aware of the global objectives could
lead to sub-par results. A study that investigates this connection further could improve the local optimization and
repair steps for complex real-world problems.

Modularization of the optimization model for an evolutionary algorithm as an extension to the investigation
into local optimization and repair best practices. By giving the decision-maker the option to turn on or off the
objectives and constraints, and by creating local optimizations and repair mechanics that support this, they could
adapt the optimization model to their current needs on a case-by-case basis.

Finally, an investigation into how information should be presented when making a decision. This could lead
to improvements in the ways that decision-makers are informed about the trade-offs between various solutions to
an optimization problem. Based on our investigation, this could lead to more informed choices, which in turn
could lead to a better fit between the chosen solution and the business processes that rely on this solution.

7.3 Contribution

Our contribution to the state-of-the-art is a structured review of the literature regarding preference modelling
and multi-objective optimization from 2004 until 2023, the comparison of two multi-objective optimization
algorithms from the state-of-the-art, and the application of one state-of-the-art algorithm to a real-world case
study. Furthermore, we have shown that local optimization and repair mechanics have a profound impact on the
performance of a multi-objective optimization algorithm when applied to a real-world problem. Our investigation
has also shown that the dominant understanding that interactive preference modelling is preferable cannot be
applied to situations where many optimizations are run each day. Finally, we have shown the importance of
applying multi-objective optimization algorithms to real-world cases as well as test sets from the literature. In
our work, we found that some accepted notions from the state of the art, such as the effectiveness of interactive
preference modelling, cannot be applied to all real-world scenarios.
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A TABLE OF STUDIES

We performed our literature review on 170 studies published between 2004 and 2023. In Section 3, we describe
the review process and the analysis of these works. To make the review process transparent, we present table 12,
which lists the studies that we analysed for our review of the literature. For each of the studies, we include the
maximum number of objectives discussed, the preference timing used, the method for encoding preference, the
search type, and the test set(s) used during validation.

Table 12: Some of the collected data points for each study in the review.

Citation # of Preference Preference Search type Test set
Obj timing encoding
Abd El-Wahed and 2 Interactive  Goal points  Exact Numerical example
Lee (2006)
Abdolshah et al. 3 A priori Relations Bayesian search Schafferl, MNIST
(2019)
Abouhawwash and 10 A priori Reference = Evolutionary algo- ZDT, SRN, DTLZ
Deb (2021) locations rithm
Aggelogiannaki and 3 A priori Relations Meta-heuristic State of the art problem sets
Sarimveis (2007)
Astudillo and Fra- 5 A priori Relations Bayesian search DTLZ, Numerical example
zier (2020)
Augeri et al. (2021) Interactive  Relations Exact Numerical example
Balderas et al. A priori Relations Genetic algorithm  Numerical example
(2019)
Battiti and Passerini 10 Interactive  Utilities Evolutionary algo- DTLZ
(2010) rithm
Baykasoglu (2005) A priori Goal points  Meta-heuristic State of the art problem sets
Bemporad and Piga Interactive  Relations Meta-heuristic State of the art problem sets
(2021)
Ben Said et al. 10 Interactive Reference  Evolutionary algo- Fonseca, DTLZ, ZDT
(2010) locations rithm
Benabbou et al. 7 Interactive  Functions Genetic algorithm MTSP
(2020)
Bezoui et al. (2023) 2 A priori Reference  Genetic algorithm  Numerical example
locations
Borges et al. (2014) 3 A posteri- Relations Exact Case study
ori

Brafman and 3 A priori Goal points  Exact Numerical example
Chernyavsky (2005)
Branke and Deb 3 A priori Reference  Evolutionary algo- ZDT, DTLZ
(2005) locations rithm
Branke et al. (2010) 2 Interactive  Functions Evolutionary algo- ZDT

rithm
Branke et al. (2015) 5 Interactive  Functions Evolutionary algo- ZDT, DTLZ, WFG

rithm
Branke et al. (2016) 5 Interactive  Utilities Evolutionary algo- ZDT, DTLZ

rithm
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Table 12: Some of the collected data points for each study in the review. (Continued)

Braun et al. (2017b)
Braun et al. (2017a)

Braun et al. (2015)

Braun et al. (2011)

Brockhoff et al.

(2013)

Castellanos-

Alvarez et al.

2021)

Castellanos et al.

(2022)
Chen et al. (2017)

Cheng and Jia

(2021)
Cheng et al. (2016)
Chica et al. (2015)

Chugh et al. (2015)

Cordone et al.

(2007)
Cruz-Reyes et al.
(2020)
Cruz-Reyes et al.
(2017)
Dasdemir et al.
(2020)
Deb and Kumar
(2007a)
Deb and Kumar
(2007b)
Deb and Sundar

(2006)
Dias et al. (2008)

10

12

10

10

10

10

A priori

A priori

A priori

A priori

A priori

A priori

A priori

Interactive

Interactive

A priori

Interactive

Interactive

A priori

Interactive

A priori

Interactive

Interactive

Interactive

A priori

Interactive

Utilities

Functions

Functions

Relations

Reference
locations

Relations

Relations

Relations

Decision
trees

Reference
locations

Reference
locations

Weights

Weights

Relations

Relations

Reference
locations

Reference
locations

Reference
locations

Reference
locations

Reference
locations

Genetic algorithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Genetic algorithm

Meta-heuristic

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Meta-heuristic

Evolutionary algo-
rithm

Heuristic, meta-
heuristic, exact

Evolutionary algo-
rithm

Hyper-heuristic

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Genetic algorithm

ZDT, DEB2DK, DO2DK

ZDT, DTLZ, WEG,
DEB2DK, DEB3DK,
DO2DK

DEB2DK, DO2DK, DTLZ,
ZDT, Lamé

CTP, DEB2DK, DEB3DK,
DO2DK, DTLZ, LZ09,
SZDT, UF, WFG, ZDT

ZDT

DTLZ

DTLZ

GLT, DTLZ

Numerical example

DTLZ, SDTLZ, WFG
Numerical example

DTLZ, ZDT

Case study

DTLZ

Case study

ZDT, DTLZ, welded beam,

spring design

7ZDT, DTLZ, Korhonen and
Laakso, Side impact

ZDT, KUR, OSY, DTLZ,
Welded beam, Spring design,
Side impact

ZDT, DTLZ, Welded beam

Generated problem sets
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Table 12: Some of the collected data points for each study in the review. (Continued)

Ehrgott et al. (2004)

Ertugul and Giies
(2007)

Feliot et al. (2019)

Fernandez et al.
(2013)

Fernandez et al.
(2015)

Fernandez et al.
(2009)

Fernandez et al.
(2019)

Fernandez et al.
(2022)

Filho et al. (2018)

Fliedner and Liesio
(2016)

Fouchal et al. (2011)
Fowler et al. (2010)

Friedrich et al.
(2013)

Galand et al. (2013)

Galand and Span-
jaard (2007)

Galand and Perny
(2007)

Gong et al. (2013)

Gong et al. (2011)

Gong et al. (2017)

Goulart and

Campelo (2016)
Greco et al. (2010)

Guo et al. (2020)

Hakanen and

Knowles (2017)

7

20

2

3

4

A priori

A priori

A priori

A priori

A priori

A priori

A priori

A priori

A priori

A priori

A priori

Interactive

A priori

A priori
A priori

A priori

Interactive

Interactive

Interactive

A priori

Interactive

Interactive

Interactive

Utilities

Goal points
Reference
locations
Relations
Relations
Relations
Relations
Relations
Reference
locations

Weights

Utilities

Functions

Weights

Functions

Utilities

Utilities

Functions

Relations

Reference
locations

Reference
locations

Relations

Reference
locations

Functions

Exact, meta-
heuristic, genetic
algorithm

Exact

Bayesian search

Genetic algorithm

Meta-heuristic

Evolutionary algo-
rithm

Meta-heuristic

Evolutionary algo-
rithm

Hyper-heuristic

Exact

Exact

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Exact

Heuristic

Heuristic

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Meta-heuristic

Numerical example

Numerical example

BNH

Numerical example

Case study

Numerical example

Numerical example

DTLZ

James, CAS, WS, E-Shop

Numerical example

Numerical example
MO-Knapsack

ZDT, WFG

Numerical example

Numerical example

Numerical example

ZDT, DTLZ

ZDT, DTLZ, welded beam

DTZL

DTLZ

Theoretical analysis

Case study

DTLZ
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Table 12: Some of the collected data points for each study in the review. (Continued)

He et al. (2020)

He et al. (2021)
Hu and Li (2006)
Hu et al. (2007)
Hu et al. (2017)

Hu et al. (2021)

Huang et al. (2005)

Hunt et al. (2004)

Iniestra and
Gutiérrez (2009)

Jaimes et al. (2011)
Jia et al. (2013)

Junker (2004)
Kaddani et al
(2016)

Kadzinski and
Stowinski (2012)

Kadzinski et al.
(2020)

Kania et al. (2022)
Karahan and
Koksalan (2010)
Kharrat et al. (2010)
Kiris
(2012)

Klamroth and Miet-
tinen (2008)

Koksalan and Kara-
han (2010)

Krettek et al. (2009)

and Ustun

Le Huédé et al.
(2006)

Li and Liu (2015)
Liet al. (2018a)

Li et al. (2019)

4

W W

15

10

10

A priori

Interactive
A priori
A priori
A priori

Interactive
Interactive
A priori

A posteri-
ori

Interactive

A posteri-
ori

A priori
A priori

Interactive
Interactive

Interactive

A priori

Interactive

Interactive
Interactive
Interactive
Interactive
A priori

A priori

Interactive

Interactive

Reference
locations

Weights
Goal points
Goal points

Reference
locations

Decision
trees

Reference
locations

Weights

Relations

Relations

Reference
locations

Relations

Functions

Relations

Functions

Relations
Weights

Goal points
Weights

Reference
locations

Weights

Relations

Utilities

Reference
locations

Reference
locations

Functions

Evolutionary algo-
rithm

Meta-heuristic
Exact
Genetic algorithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Meta-heuristic

Exact

Evolutionary algo-
rithm

Genetic algorithm

Meta-heuristic

Exact

Genetic algorithm

Exact

Evolutionary algo-
rithm

Heuristic

Evolutionary algo-
rithm

Meta-heuristic

Heuristic

Exact

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Exact

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

LZ08, ZDT, DTLZ

Tire tread compound
Numerical example
Numerical example
ZDT, DTLZ

Numerical example

Numerical example

Theoretical analysis

Numerical example

Numerical example

Case study

Theoretical analysis

Numerical example

Numerical example

DTLZ, WFG

Case study
ZDT, DTLZ

Numerical example

Numerical example

Numerical example

ZDT, DTLZ

Kursawe

Numerical example

ZDT

DTLZ, WFG

DTLZ
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Table 12: Some of the collected data points for each study in the review. (Continued)

Li et al. (2023)

Li et al. (2018b)

Li et al. (2017)

Li and Hu (2009)
Lin (2004)
Liu et al. (2016)

Liu et al. (2020)

Lépez-Jaimes and
Coello Coello
(2014)

Lu et al. (2007)
Luque et al. (2009)

Ma et al. (2015)

Macias-Escobar
et al. (2020)
Misitano (2023)

Mkaouer et al.
(2013)

Mohammadi et al.
(2014)

Molina et al. (2009)

Mukhlisullina et al.
(2013)

Ogryczak and
Sliwinski (2009)
Ogryczak (2008)

Ozbey and Karwan
(2014)

Park and Koh (2004)

Parreiras and Vas-
concelos (2009)

Parreiras and Vas-
concelos (2007)

10

[SSIEN )

NN

Interactive
Interactive
A priori

A priori
A priori

Interactive
Interactive
Interactive
Interactive
Interactive
A priori
A priori
Interactive
A priori
A priori
Interactive
Interactive
A priori
A priori
Interactive
A priori

A posteri-
ori

A posteri-
ori

Relations

Relations

Reference
locations

Goal points
Goal points

Reference
locations

Relations

Reference
locations

Goal points

Reference
locations

Reference
locations

Reference
locations

Weights

Reference
locations

Reference
locations

Reference
locations

Reference
locations

Weights
Reference
locations

Utilities

Functions

Relations

Relations

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Genetic algorithm

Exact
Exact

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Exact

Local search

Evolutionary algo-
rithm

Hyper-heuristic,
Genetic algorithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Exact

Exact

Exact

Genetic algorithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

DTLZ, MDTLZ, WFG

STK

STK

Numerical example
Numerical example
ZDT, DTLZ

ZDT, DTLZ

Case study
Numerical example
Numerical example
ZDT, DTLZ, UF
FDA, dMOP
Numerical example
Case study

DTLZ

ZDT, deb32

UF

Numerical example
Numerical example
Generated problem sets
Numerical example

TEAM benchmark problem
22

Numerical example
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Table 12: Some of the collected data points for each study in the review. (Continued)

Pedro and Takahashi
(2013)

Pedro and Takahashi
(2014)

Perera et al. (2013)

Qi et al. (2019)

Rachmawati  and
Srinivasan (2010)

Ramirez et al.
(2018)

Rivera et al. (2023b)
Rivera et al. (2023a)
Rivera et al. (2021)
Rivera et al. (2022b)
Rivera et al. (2022a)
Rosen et al. (2007)

Rudolph et al
(2014)

Ruiz et al. (2015)
Ruiz et al. (2020)
Saborido et al

(2019)

Saldanha et al
(2020)

Sanchis et al. (2008)

Selim and Ozkara-
han (2008)

Shen et al. (2010)
Shukla et al. (2013)
Sindhya et al. (2011)
Sinha et al. (2018)

Sinha et al. (2014)

Solares et al. (2019)

3

Interactive
Interactive
A posteri-
ori
Interactive
Interactive
Interactive
A priori
Interactive
Interactive
A priori

A priori

A priori
A priori

A priori

A priori
Interactive
A posteri-
ori

A priori
A priori

Interactive
A priori

Interactive
Interactive
Interactive

A priori

Utilities

Relations

Weights

Reference
locations

Relations

Relations

Relations
Relations
Relations
Relations
Relations
Functions

Reference
locations

Reference
locations

Reference
locations
Goal points

Relations

Relations

Goal points

Relations

Functions

Weights

Functions

Functions

Intervals

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Hyper-heuristic
Meta-heuristic
Exact
Meta-heuristic
Meta-heuristic
Exact

Evolutionary algo-
rithm

Genetic algorithm

Evolutionary algo-
rithm

Genetic algorithm

Meta-heuristic

Genetic algorithm

Exact

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Numerical example

Numerical example

Numerical example

ZDT, DTLZ, WFG

ZDT, DTLZ

Aqualush, Dataproj4,
Java2HTML, JSapar, Marvin,
NekoHTML

DTLZ, WFG
DLTZ, WFG
Numerical example
Numerical example
DTLZ, WFG
Numerical example

SPHERE, DTLZ,
ZDT

ZDT, DTLZ

DENT,

CMASdL

Numerical example

Case study

Numerical example

Numerical example
Theoretical analysis, numeri-

cal analysis
DTLZ, ZDT, DEB2DK,

DEB3DK
Numerical example
DTLZ

MZDT, MDTLZ

Numerical example
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Table 12: Some of the collected data points for each study in the review. (Continued)

Sudeng and Wat- 3
tanapongsakorn
(2015a)

Sudeng and Wat- 3
tanapongsakorn
(2015b)

Sun et al. (2011) 2
Tamssaouet et al. 4
(2022)

Tang et al. (2021) 10
Taylor et al. (2021) 3

Thiele et al. (2009) 5

Tiwari et al. (2008) 2

Tomczyk and 5
Kadzinski (2021)
Tomczyk and 5
Kadziriski (2020)
Tomczyk and 5
Kadzinski (2019a)
Tomczyk and 5
Kadzinski (2019b)
Trachanatzi et al. 3
(2020)

Trautmann and 2
Mehnen (2009)

Tyagi et al. (2011) 3
Tyagi and Verma 2
(2017)

Vallerio et al. (2015) 5
Vesikar et al. (2018) 5

Wagner and Traut- 10
mann (2010)

Wang and Liang 3
(2005)

Wang et al. (2015) 5

Wang et al. (2004)

Wang and Liang
(2004)

[SSIEN )

Interactive

Interactive

Interactive

A priori

Interactive

Interactive

Interactive

Interactive

Interactive

Interactive

Interactive

Interactive

Interactive

A priori

A priori

Interactive

Interactive

A priori

A priori

A priori

Interactive

A priori
A priori

Reference  Evolutionary algo-

locations rithm

Reference  Evolutionary algo-

locations rithm

Functions Evolutionary algo-
rithm

Relations Meta-heuristic

Reference  Evolutionary algo-

locations rithm

Reference  Evolutionary algo-

locations rithm

Reference  Evolutionary algo-

locations rithm

Functions Evolutionary algo-
rithm

Relations Evolutionary algo-
rithm

Relations Evolutionary algo-
rithm

Weights Evolutionary algo-
rithm

Relations Evolutionary algo-
rithm

Functions Meta-heuristic

Functions Evolutionary algo-
rithm

Goal points  Meta-heuristic

Weights Meta-heuristic

Relations Meta-heuristic

Reference  Evolutionary algo-

locations rithm

Functions Evolutionary algo-
rithm

Goal points  Exact

Reference  Evolutionary algo-

locations rithm

Goal points  Exact

Goal points  Exact

Numerical example

ZDT, DTLZ, WFG

ZDT

Numerical example

ZDT, DTLZ

ZDT, DTLZ, RE

ZDT

SCH, FON, KUR, POL,
BNH, OSY, SRN, TNK, ZDT
WFG

WFG

WFG, DTLZ

WFG

Benchmark set

Numerical example

Numerical example

Numerical example

Case study
DTLZ, WFG, CRASH

ZDT

Case study

ZDT, DTLZ

Numerical example

Numerical example
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Table 12: Some of the collected data points for each study in the review. (Continued)

Wickramasinghe
et al. (2010)

Wickramasinghe
and Li (2008)

Wickramasinghe
and Li (2009)

Wiecek et al. (2009)
Yao et al. (2011)
Yi et al. (2019)

Yu et al. (2016)
Zhao et al. (2013)
Zheng et al. (2017)
Zhou-Kangas and

Miettinen (2019)

Zitzler and Kiinzli
(2004)

6

3

15

4

4

A priori

Interactive

A priori

A priori
A priori
Interactive
Interactive
A priori
Interactive

Interactive

A priori

Reference
locations

Reference
locations

Reference
locations

Functions
Relations

Reference
locations

Weights
Relations
Reference
locations

Functions

Relations

Evolutionary algo-
rithm

Meta-heuristic

Meta-heuristic

Local search
Exact

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Evolutionary algo-
rithm

Exact

Evolutionary algo-
rithm

Numerical example
ZDT, DTLZ
ZDT, DTLZ, WFG

Numerical example
Case study
ZDT, DTLZ, WFG

ZDT, DTLZ
Numerical example

ZDT, DTLZ

Numerical example

EXPO, ZDT, DTLZ, KUR
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B SEMI-STRUCTURED INTERVIEW QUESTIONS

B.1 Interview Session 1 - Identifying Factors

What are factors that you take into account when creating or evaluating a nesting?

When evaluating the [cost/time/labour] effectiveness of a nesting, what are factors that you take into
account?

What are situations in which [costs/time/labour] would be important to take into account when creating
a nesting? What aspect of the nesting or the situation makes it important to take [cost/time/labour] into
account?

In previous projects, what aspects of a nesting did you take into account and why?

Has there been a project in the past where [costs/time/labour] influenced your decision making? If yes,
how did it influence your decision making?

Examples of cost factors that we have already come up with are material waste and the cost of storing
inventory. What other factors are relevant to you?

What factors do you think could be relevant to other steel manufacturers?

B.2 Interview Session 1 - Ranking Factors

L]

L]

L]

Given [factor], could you describe a situation where this factor would be influential to your nesting?

Is there a situation where [factor 1] would be more important to your nesting than [factor 2]? If so, can
you give an example? And in what case would it be the other way around?

Given [important factor], have there been projects in the past where you considered this factor not
important? If so, what situation and why?

Given [unimportant factor], have there been projects in the past where you considered this factor important?
If so, what situation and why?

B.3 Interview Session 2 - Evaluating Nestings

L]

L]

L]

L]

Given [nesting 1] and [nesting 2], which nesting would you prefer and why?
Is there a situation in which you would choose the other nesting? If so, what would that situation be?
How would [aspect] have to change for you to choose the other nesting?

How would you change [non-preferred nesting] to make it more suitable for your production plant?
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C POC MODEL

C.1 Parameters

C.1.1 Sets

Set of parts: P

Set of beams: B where |B| < |P|
Set of possible beam lengths: A
Set of phases: F

C.1.2 Costs
Cost of a millimetre of steel: Cppy
Oversized load penalty: C,yersized

C.1.3 Thresholds

Discount threshold: Ty;scount

Short piece removal threshold: T,
Oversized load threshold: T, eysizeq

C.1.4 Other Parameters

Length of a part: len,

The discount factor for remnants: d where 0 <d <1
Is part p in phase f: phase,r € {0,1} Vp € P, Vf € F
C.2 Decision Variables

Is part p nested into beam b:

xpp €{0,1}Vpe P, Vb€ B

Length of beam b:

y, EAVbEB

C.3 Auxiliaries
Beam b is in use:

2 €{0,1}VheB

Waste generated by bar b in millimetres:

Wy =z % (yp — Z (lenp *x,p))
peP

An estimation of the number of pieces the SPRS cannot remove from a bar b:

2 lf W, < Rprs
Sp= Loif Toprs S Wp <2xTypps
0 if Wb > 2% Tsprs

If we have enough waste to make a remnant, apply the discount:

D, — d lf Wb > Tdiscolmt + Tsprs
b 1 otherwise

Does beam b contain phase f:

(M

®)

&)

10)

(1)

12)
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_ 1 if ):pep(pr*phasepf) > 1
qvf 0 otherwise

Check if a beam contains parts from multiple phases:

0 otherwise

Qb:{ L if Yrer(aps) >1

Extra delivery costs:

E— Coversized lf dbeB s.t. Yb*2Zp > Toversized
0 otherwise

C.4 Objectives
Minimize cost:

min Cyee * Z (WpxDyp) +E
beB

Minimize beams with multiple phases:

min " (Qp)

beB

Minimize the estimated number of manual removals:

min Z (Sp)

beB

C.5 Constraints
All parts are nested exactly once:

Z(pr) =1VpeP
beB

All parts fit in the beam, the beam must be considered used:

Z (pr * lenp) <yp*2p VbeB
pEP

Part can only belong to one phase:

Z (phase,s) =1VpeP
fer

When a beam contains no parts, do not consider it used:

%< Y (x)VbEB
pEP

13)

(14)

5)

(16)

A7)

(18)

19)

(20)

21

(22)
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D GENOMES, RECOMBINATIONS, AND MUTATIONS

D.1 ZDT and DTLZ
D.1.1 Genome
For the ZDT (except ZDT5) and DTLZ tests, the genome is an array of real-valued numbers between 0 and 1:

[x1,--,x] st. VneN where n<i, 0<x,<1 (23)

D.1.2 Recombination
To create a child solution, we perform a crossover between two parent solutions x and y (Mellouli et al. (2019)):

X = X1, Xy X 1,00 5 Xi] St 1 <k<i 24)

y:[yla"'aykayk+17"'1yi] st 1<k<i (25)

We can create two children from these parents:

C| :[xla"'7xkayk+1?”"yi] (26)

szb’l;"'»)’k,xk-s-la"',xi] (27)

D.1.3 Mutation
For the mutation, we take any child solution ¢ and mutate one or more of the values in the genome:

ch=cptcyxn where —1<n<1 (28)

For the polynomial mutation, the possible values of n depend on the chosen distribution width. The value of » is
determined such that it maintains 0 < ¢, < 1 (Carles-Bou and Galan (2023)).

D.2 Nesting
D.2.1 Genome
The genome for the nesting problem is an array of beams, each of which is an array of parts:

[b1,---,bi] st. YneN where n<i, b,=[p1,---,pj] (29)

D.2.2 Recombination
For the recombination, we use the GCO as it is defined by Falkenauer (1996). Given two parents:

X = [X1, Xy X 1y s Xy X 1, 5 Xi] sk, 1 <k<n<i (30)

Y= [Yh"' yViy Yk+15" " s Yns Yn+1, " ayi] s.t. 1Sk<l’l<l (31)

We create one child from these parents:

C:[xh'"7xk7Yk+17"'7ynaxn+17"'7xi] (32)

However, this will cause the child to have duplicate or missing parts. We remove any beams that came from
parent X that contain parts also contained in the section of the genome coming from parent y. For this example,
suppose a came from parent x and b came from parent y and both contain the same part:

[c1,-++,a,--+ b, ,ci] becomes [ci,-+,b, - ,ci] (33)
This leaves some parts unnested, so we repair the genome using an adaptation of First Fit Descending as

described by Falkenauer (1996). Instead of using one length, we randomly choose a length for each beam.
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D.2.3 Mutation
For the mutation, we randomly remove a beam from the child solution:

[c1,-+,a,--,ci] becomes [cy,---,ci] (34)

We then repair using the adapted First Fit Descending.

D.3 Unique Case ZDT5
The genome for ZDTS is different than all other tests in ZDT and DTLZ. Instead of an array of real values, the
genome is an array of binary strings:

[b1,-+,bi] s.t. VneN where n<i, by =[xy |xm € {0,1}] (35)

As aresult, ZDTS5 requires different recombination and mutation operators from the rest of ZDT and DTLZ. For
this reason, we chose to focus our efforts on testing with ZDT1-4, ZDT6, and all the tests in DTLZ.
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