RESSALVA

Atendendo solicitacao da autora,

0 texto completo desta tese sera

disponibilizado somente a partir
de 10/06/2022



A
AVAVAY  UNIVERSIDADE ESTADUAL PAULISTA

WA
u ne Sp ' 40LI0 DE MESQUITA FILHO”

Campus de Sao José do Rio Preto

Caroline de Arruda Signorini

One-dimensional cutting stock problems with multiple
periods applied to the precast slab industry

Sao José do Rio Preto
2022



Caroline de Arruda Signorini

One-dimensional cutting stock problems with multiple periods

applied to the precast slab industry

Tese apresentada como parte dos requisi-
tos para obtencdo do titulo de Doutora em
Matematica, junto ao Programa de Pés-Graduagéo
em Matematica, do Instituto de Biociéncias, Letras
e Ciéncias Exatas da Universidade Estadual
Paulista “Julio de Mesquita Filho”, Campus de Sao
José do Rio Preto.

Financiadora: FAPESP 2018/10284-0
CAPES

Orientador: Prof. Dr. Silvio Alexandre de Araujo
Co-orientadora: Profa. Dra. Gislaine Mara Melega

Sao José do Rio Preto
2022



S5780

Signorini, Caroline de Arruda

One-dimensional cutting stock problems with multiple periods applied to the
precast slab industry / Caroline de Arruda Signorini. -- Sdo José do Rio Preto,
2022

134 p. : il., tabs.

Tese (doutorado) - Universidade Estadual Paulista (Unesp), Instituto de
Biociéncias Letras e Ciéncias Exatas, S&o José do Rio Preto
Orientador: Silvio Alexandre de Araujo

Coorientadora: Gislaine Mara Melega

1. Matematica. 2. Pesquisa Operacional. 3. Otimizacdo Matematica. 4.
Programacéo inteira-mista. 5. Problemas de corte de estoque multiperiodo. I.

Titulo.

Sistema de geragdo automatica de fichas catalograficas da Unesp. Biblioteca do Instituto de Biociéncias Letras e

Ciéncias Exatas, Sao José do Rio Preto. Dados fornecidos pelo autor(a).

Essa ficha ndo pode ser modificada.




Caroline de Arruda Signorini

One-dimensional cutting stock problems with multiple periods
applied to the precast slab industry

Tese apresentada como parte dos requi-
sitos para obtencdo do titulo de Doutora
em Matematica, junto ao Programa de Pos-
Graduacao em Matematica, do Instituto de
Biociéncias, Letras e Ciéncias Exatas da
Universidade Estadual Paulista “Julio de
Mesquita Filho”, Campus de S&o José do
Rio Preto.

Financiadora: FAPESP 2018/10284-0
CAPES

Comissao Examinadora

Prof. Dr. Silvio Alexandre de Araujo
Orientador

Profa. Dra. Sonia Cristina Poltroniere Silva
UNESP - Campus de Bauru

Profa. Dra. Adriana Cristina Cherri Nicola
UNESP - Campus de Bauru

Prof. Dr. Reinaldo Morabito Neto
UFSCar - Campus de Séo Carlos

Prof. Dr. Bruno de Athayde Prata
UFC - Fortaleza

Séao José do Rio Preto
10 de dezembro de 2021



Ao Nené



AGRADECIMENTOS

A conquista de elaborar esta tese de doutorado nao seria possivel sem a mo-
tivacdo de meus pais e a priorizagdo que eles deram em minha educagao. A
convivéncia entre geracdes diferentes nem sempre é facil, mas a aprendizagem é
inevitavel. Agradeco a minha mae, Patricia, € meu pai, Antonio Carlos, por terem
apoiado minhas decisdes e possibilitado minha progressao académica.

Os anos de doutorado ndo foram faceis: cobranga, ansiedade e comparagao
fizeram parte deste percurso e me confundiram, acrescentando mais barreiras a
serem contornadas e até superadas. Uma grande parte da forga para continuar
obtive por cuidar do meu cachorrinho e irméo. Agradeco ao Nené por ter me dado
a oportunidade de amadurecer sendo sua irma/mae e ter me conduzido a valorizar
as coisas simples que me trazem alegria.

Ao meu parceiro-namorado Bruno, agradeco por ter me apoiado desde o primeiro
dia de aula na graduacao, tanto nas disciplinas quanto nas grandes decisdes de
vida e carreira. Seu apoio foi essencial para eu conseguir trilhar o caminho da
graduacgéao ao fim do doutorado.

Agradecgo a minhas amigas Ju, Bea, Flavinha, Isa, Mari, Amanda e Bia, e meus
amigos Gui, Dan e Cebola pelo suporte emocional, pelos momentos e risos com-
partilhados. A amizade de vocés faz minha vida ser mais leve.

Fizeram parte dos Ultimos anos de meu doutorado meus amigos a distancia,
especialmente Igor, Markin e Tynho, que me acolheram no ambiente online, onde
compartilhamos histérias, aprendizado e risadas por meio de conversas e partidas
em nossas noites de jogatina.

Sou muito grata aos meus amigos de lbilce e de vida, em especial André Oak,
Lucas Aracato, Jess, Kumon, Will, Ronisio, Luiz, Samuel, Eduardo, Jennifer, Hel,
Junior, Ana, Otavio, Jarnin e Plinio. Pela companhia do dia-a-dia, estudos juntos,
almocos no RU, cafés na salinha e rolés tdo memoraveis.

Muito importantes nessa jornada foram também os servidores do Ibilce. Agradeco



em especial ao Getulio e ao Thiago pelo suporte técnico e brincadeiras descontrai-
das, a Michele, Eliani, Netinha e Eldes do Restaurante Universitario (RU) que tratam
a todos com tanto carinho, a Eliane e ao André da STAEPE que me auxiliaram com
paciéncia a encaminhar documentos para a FAPESP, e ao Mauro, Silvia e Aliria da
Secao de Pés-Graduacao pelo excelente atendimento. Prestativos, atenciosos e
acolhedores, auxiliaram sempre que preciso e tornam o ambiente da universidade
uma casa.

Agradeco aos meus professores, que cumpriram papel essencial em minha for-
magao. Em especial, Gorete, por ter me acolhido em meus trés anos de PET, onde
aprendi que a universidade € mais do que apenas cursar disciplinas. Herminia,
por ter acompanhado meus primeiros passos como pesquisadora. Hermes, que
me inspira como pessoa e professora atenciosa. Valeriano e Socorro, que exigiram
sempre meu melhor. Tim, pelas corre¢cdes que me ensinaram matematica além do
inglés.

Ao Silvio e Gi, sou grata pelo amparo durante esses mais de quatro anos com
tanta paciéncia e confianga em meu trabalho. Como meu orientador e co-orientadora
no papel, atuaram como pais me guiando nessa aventura que é o doutorado.

Agradeco aos membros da banca, Sénia, Bruno, Reinaldo, Adriana, Fernando,
Valeriano e Kelly, por terem se disponibilizado a participarem de minha defesa.

O presente trabalho foi realizado com apoio da Coordenacao de Aperfeicoa-
mento de Pessoal de Nivel Superior - Brasil (CAPES) - Cédigo de Financiamento
001. Agradeco a FAPESP pela concessao da bolsa de pesquisa, sob 0 processo
2018/10284-0, Fundacao de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP).



‘All we have to decide is what to do with the time that is given us’,
John Ronald Reuel Tolkien



RESUMO

Este estudo analisa o planejamento da producédo de lajes pré-moldadas decorrente
de fabricas brasileiras especializadas. A primeira parte desta pesquisa considera
o processo de producao de lajes alveolares, para o qual sdo propostos dois mode-
los matematicos baseados no problema de corte de estoque unidimensional mul-
tiperiodo com aspectos inovadores relativos a multiplos modos de manufatura que
podem ser usados para produzir as lajes. Visando a minimizagéo de custos de pro-
ducao e de estoque, os dois modelos sédo resolvidos por métodos heuristicos. Com
base em dados fornecidos por uma fabrica, resultados computacionais indicam a
relevancia de tais modelos como ferramentas auxiliares na tomada de decisao. A
segunda parte deste estudo trata o processo de producao de lajes trelicadas, o qual
compreende dois estagios: corte de trelicas de aco e concretagem nos moldes. O
modelo matematico proposto consiste em um problema de corte de estoque uni-
dimensional multiperiodo de dois estagios de modo a minimizar custos de setup,
producao e estoque sob restricbes de capacidade e balanceamento de estoque.
Diferentes estratégias de solucdo baseadas no método de geracao de colunas sao
aplicadas a este modelo para gerar os padrdes de corte que serdo utilizados na
producdo, e um pacote computacional é utilizado para identificar solucdes inteiras.
As instancias sdo baseadas em informacdes obtidas da fabrica e os resultados

computacionais ilustram a aplicacdo do modelo proposto em um contexto realista.

Palavras-chave: Problemas de corte de estoque multiperiodo, Producao de laje
alveolar, Producao de laje treligada, Relax-and-fix, Geracao de colunas.



ABSTRACT

This study looks at the production planning of precast slabs derived from specialized
Brazilian factories. The first part of this research considers the production process
of hollow-core slabs. For this, two mathematical models are proposed for the aris-
ing problem, which consists of a multi-period one-dimensional cutting stock problem
with innovative aspects regarding the multiple manufacturing modes that can be
used to produce the slabs. These models are solved using heuristic methods, both
models aiming at the minimization of production and inventory costs. Based on real
data provided by a company, the computational results indicate the relevance of
such models as auxiliary tools in decision-making. The second part of this study
addresses the production of lattice slabs, which comprises a process in two stages:
cutting steel trusses and concreting them in the molds. The proposed mathematical
model is expressed by a two-stage multi-period one-dimensional cutting stock prob-
lem and aims at the minimization of setup, production and inventory costs, subject to
capacity and demand balance constraints. To solve this model, different strategies
based on the column generation procedure are implemented to generate the cutting
patterns used in the production and then different rounding strategies are applied
to identify integer solutions. The instances are based on information obtained from
the factory and computational results are used to evaluate the application of the

proposed model in a realistic context.

Keywords: Multi-period cutting stock problems, Hollow-core slab production, Lattice
slab production, Relax-and-fix, Column generation.
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1 Introduction

The advances in infrastructure conquered by humanity in the last two centuries
are clear. In civil construction, industrial processes ease and speed up building while
offering durability, sustainability and quality control. In the second industrial age,
precast concrete combined with steel emerged as new technology to compose struc-
tural elements of buildings, including joists, beams, columns, modular boxes, stairways
and walls, among other components. The use of precast elements enhances techno-
logical and social development since their application combines more sophisticated
equipment, better working conditions and more efficient quality management. Conse-
quently, an increasing use of precast concrete has been seen (Debs, 2000; Steinle et al.,
2019). However, the construction industry in Brazil still has many challenges, since
there is widescale waste of materials, low productivity, low quality, slow processes and
an informal and low-skilled workforce. To face these challenges, this sector has been
increasingly integrating innovative technologies and management tools into its produc-
tion processes, aiming to increase productivity, quality, safety and client satisfaction
(Debs, 2000; Barbosa and Vilnitis, 2017).

In the light of growing competitiveness, environmental responsibility and lack of
resources, the industrial sector has had to develop decision-making tools intending
to both design and produce materials economically and efficiently. As a scientific
tool, mathematical modeling applied to industrial processes provides objective and
measurable support for decision-making. In these circumstances, the cutting stock
problem (CSP) can be a helpful approach to solve arising problems.

The cutting stock problem arises in many industries as a fundamental subproblem
of production planning and establishes the best way to cut standard length objects
(material units such as aluminum or paper coils, metal or wood sheets, and steel bars,
among others) into smaller items with specified dimensions, minimizing material waste
while meeting the demand (Dyckhoff, 1990, Wang and Wischer, 2002, Wischer et al.,
2007, Morabito et al., 2009, Gomes et al., 2016). There are many studies of the CSP
from different perspectives. For example, the residual length of a cutting pattern can
be stocked for future use, i.e. handling the usable leftovers (Cui et al., 2017). A

multi-objective approach can also be considered, aiming, for example, to minimize the
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18 Introduction

frequency of different cutting patterns to be used and, simultaneously, to minimize the
number of cut objects (Aliano Filho et al., 2018, Thsan Erozan and Calskan, 2020,
Oliveira et al., 2021). Another perspective in production planning is the approach of
multiple periods, where the decision can be made looking not only at the demand of
a single period but considering the demand of future periods of a planning horizon
(Aktin and Ozdemir, 2009).

The main objective of this thesis is to study mixed-integer linear programs applied
to the production planning of hollow-core slabs and lattice slabs. According to the
classification in Melega et al. (2018), the models presented here consist of a Multi-
Period Cutting Stock Problems (MPCSP), also denoted by ( - /L2/ - /M), since they
do not presuppose more than one production level and allow integration of periods by
carrying inventory items from one period to another. Here, the one-dimensional case
of the cutting process is considered.

In Chapter 2, there is a literature review on the cutting stock problems, includ-
ing papers with similar applications to those addressed in this research, along with
a discussion of the mathematical formulations and papers that address mixed-integer
mathematical models with cutting processes of two stages. The next two chapters of
this work are based on the production planning of precast slabs derived from two differ-
ent companies. Chapter 3 addresses the hollow-core slab production planning problem
of a plant, and Chapter 4 is based on the production process of a factory specialized
in lattice slabs.

More specifically, Chapter 3 is based on the published paper by Signorini et al.
(2021) that focuses on the production planning of hollow-core slabs at a specific plant,
which is briefly described next. First, an order form is considered. It contains the client
order specifications: prestressed wire configurations, the length of the slabs and the due
date. Based on this information, the production manager plans weekly when, which and
how many hollow-core slabs (items) should be made in each available mold. Following
these instructions, the assembly sector conducts the preparation of the mold, pre-
stressing, casting the concrete, curing, post-tensioning, wire release and item removal.
A more detailed description of this process is presented in Section 3.1. Considering the
previously-described production process and focusing on the weekly planning decision
on which hollow-core slabs will be produced in each available mold, the main contri-
bution of Chapter 3 is the proposal of two mathematical models based on the cutting
stock problem literature, aiming at the minimization of inventory and production costs
(mainly related to the use of steel wires) subject to demand balance and capacity con-
straints, as presented in Section 3.2. There is one aspect of these models which, to the

best of our knowledge, has not appeared in other studies in the literature about cutting
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stock problems. In this study, the handling of wire configurations is more comprehen-
sive, as it contemplates the combination of items with different wire configurations in
the same production line (same mold) under an unusual restriction: to reduce the total
costs, an item might be produced with a wire configuration whose load is equal to or
higher than that required (multiple manufacturing modes). Moreover, a theoretical
analysis of the compact and extended formulations is discussed in Section 3.3. The
solution methods are described in Section 3.4. The first proposed model is solved by
an exact method and heuristic methods, based on decomposition approaches, are used
to solve both models. Considering a data set based on real information, Section 3.5
analyzes the computational results, which provides an interesting introspection for the
industry. Section 3.6 summarizes the outcomes of Chapter 3 and some directions to
amend this study.

Looking upon the lattice slab production process of a Brazilian factory, the main
contribution of Chapter 4 is the proposal of a mathematical model for the produc-
tion planning of lattice joist based on the one-dimensional multi-period cutting stock
problem with two stages. In the joists’ production process, a limited number of molds
is used, which are divided into sections of equal length. The production planning of
lattice slabs is also weekly and the production process starts with the preparation of
the molds. Next, each mold is filled with concrete. The steel trusses previously cut
into the length of the items are used as reinforcement, being inserted into the still
liquid concrete base. Subsequently, the items are removed from the molds, resetting
the production cycle. A more detailed description of the production process of lattice
joists is presented in Section 4.1. The main concerns of the factory are the waste of
steel trusses during the cutting process, the minimization of the setup and inventory
costs and the increase in productivity. Considering a cutting process with two stages,
Section 4.2 introduces a mathematical model based on the cutting pattern formulation
that matches the factory objectives while meeting demand and satisfying capacity con-
straints. The first stage is the cutting of steel trusses of standard length into pieces
of specific lengths, and the second stage consists of dividing the molds with separators
that will outline the allocation of each item. Different cutting patterns in the multiple
sections of each mold are allowed, which entails a setup cost related to this use. To
the best of our knowledge, this approach has not been handled by any other studies
in the literature on cutting stock problems, since we optimize the multi-period cutting
stock decisions in a two-stage scenario simultaneously. Another contribution of this
research is the proposition of different column generation-based methods with inno-
vative aspects arising from the two-stage problem, where two types of subproblems

have to be solved. Exploring decomposition by stages, different rounding strategies are
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also proposed. Details are specified in Section 4.3. To evaluate the application of the
proposed model in a realistic context, Section 4.4 presents the computational results
based on information collected from the factory. Conclusions and opportunities for
further research are discussed in Section 4.5.

Finally, Chapter 5 revises the contributions of this thesis and points out some
perspectives for extending the research presented here. Other contributions of this
thesis are presented in the appendices. Appendix A illustrate by a numerical example
the application of the solution methods proposed in Chapter 3. Tables with more
detailed computational results of Chapter 3 can be found in Appendix B. Variations
of the solution strategies proposed in Chapter 4 are in Appendix C. Lastly, Appendix
D contains a general example to illustrate the model proposed in Chapter 4 and the

application of one of the proposed solution strategies to a numerical example.



5 Conclusion and future research

The main objective of this research was to develop mathematical-computational
tools that assist the decision making for the production planning of hollow-core slabs
and lattice slabs motivated by partnership with precast concrete producers in Brazil.

Considering the production planning of hollow-core slabs at a specific plant, two
models based on compact and extended formulations of the one-dimensional multi-
period cutting stock problems were proposed in the first part of this thesis. Both
models aim at the minimization of inventory penalty and production costs (mainly
related to the use of steel wires while satisfying demand balance and capacity con-
straints). Also, both models handle with wire configurations more comprehensively,
since they foresee the combination of items with different wire configurations in the
same production line provided that the wire configuration of a produced item is equal
or higher than that required. To the best of our knowledge, this feature has not ap-
peared in other studies. To solve the compact model KMPCSP, the MILP approach
and the Relax-and-fix heuristic were applied, while a strategy based on the column
generation procedure was used to solve the extended model GGMPCSP. The compu-
tational results used fictional instances generated based on real data from the plant. A
better efficiency of the compact model compared to the extended model was observed.
This unusual result arises from some particularities of this problem that produces a
demand matrix and cutting pattern matrix of higher dimensions, which increases the
complexity in generating interesting columns, forcing the hardware. It was also noted
that bin-packing based models (compact formulation) are generally considered by stud-
ies where the average demand for items is low and a weak lower bound to the integer
problem is produced, along with symmetrical structures, decreasing the efficiency of
branch-and-bound methods. On the other hand, models based on the cutting stock
problems (extended formulation) perform better in cases where the average demand
for items is high, granting a tight linear relaxation and stronger lower bounds through
the elimination of some fractional solutions and removal of symmetries. In this study,
the low demand rate in the instances tested caused a drawback in the performance of
the column generation procedure used to solve the extended formulation, provoking

its low efficiency. Furthermore, a theoretical analysis of the compact and extended
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70 Conclusion and future research

formulations was argued.

Another widely used precast slab in Brazil is the lattice slab, the focus of the second
part of this research. Considering the production planning of lattice joists (which com-
pose the slab) and keeping in view the central interests of the factory (the minimization
of setup and production costs and waste of steel trusses, while managing the inventory
level and increasing productivity), a model based on the compact formulation for the
multi-period cutting stock problem with two stages was proposed. The first stage
comprehends the cutting of steel trusses of standard length into smaller pieces, while
the second stage involve the division of the molds with separators, outlining the place-
ment of each item. Since this model optimizes cutting stock decisions in a multi-period
and two-stage scenario concomitantly, to the best of our knowledge, it provides an in-
novative addition to the related literature. An additional contribution of this research
is the proposal of three different solution strategies based on the column generation
procedure that explore the two-stage feature, where two groups of subproblems are
used to deal with the two cutting processes involved. The computational results used
fictional instances based on existing orders from the factory in focus, and provide a
very positive evaluation that supports the application of such research in the real-world
problem.

Opportunities for further research include the incorporation of other production pro-
cesses, e.g., the acquisition of raw material, packing, and distribution of final products.
Readjustments in the proposed models and the use of alternative mathematical models,
such as the arc-flow formulation, might be necessary. Other possibilities to extend this
research are improving the solution methods addressed here, while comparing their re-
sults to others existent in the literature, implementing different techniques to generate

interesting columns, and exploring combinations of different heuristic approaches.
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