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ABSTRACT

Studies focusing on simultaneous lot sizing and scheduling problems, discard the
effect of workforce constraints and tactical level decisions such as overtime and
selected number of shifts. Generally, in production planning, workforce and shift
decisions are given first and respect to these decisions, the scheduling and lot sizing
decisions are given. This study focuses on the extensions of the simultaneous lot sizing
and scheduling MIP models in literature by the overtime, shift decisions and available
workforce constraints including production environments of parallel non identical sets
of machines using multiple sets of non-identical tools attached and sequence
dependent/independent setups between the tools occur. Developed MIP models are
based on the Capacitated Lot Sizing Problem with Sequence Dependent Setups (CLSD)
models. In addition to the CLSD models sequence independent versions Capacitated
Lot Sizing Problem with Sequence Independent Setups (CLSI) are also presented. Later
a MIP based decomposition technique will be presented to solve industry size problems.
The developed models are tested in a TV manufacturer in Europe, Vestel Electronics’s
production planning of the plastic injection plant. The results show that the developed

heuristics solve the large size problems in a reasonable time.

Key words: Overtime and Shift Planning, Inventory, Backlogging and
Production Decisions, Mixed Integer Linear Programming, Sequence Dependent and
Independent Setup Time, Continuous Time Scheduling, Operation Planning,

Simultaneously Lot Sizing and Scheduling, Tool and Machine Interaction



OZET

Eszamanli parti biiyiikliigli belirleme ve ¢izelgeleme modellerinde yapilan
giincel calismalar isgiicii bagimli kisitlar1 ve fazla mesai ya da vardiya planlari gibi
kararlarin etkilerini géz ardi etmektedir. Uretim planlamadaki genel uygulama, isgiicii
ve vardiya saygilarinin belirlenmesinden sonra siralama ve parti biiyiikliigii belirlenmesi
seklindedir. Bu g¢alismada, eszamanli siralama ve parti biikiikliiklerinin belirlenmesini
saglayan karma tam sayili programlama modellerinin, paralel ve farkli makine tipleri,
makinalarda kullanilan paralel ve birbirinden farkli ekipmanlari, siralama
bagimli/bagimsiz kurulum siireleri bulunan {iretim birimlerinde, isgiicii planlama,
vardiya belirleme, fazla mesai kararlarin1 kapsayacak sekilde genisletilmektedir.
Calismadaki karma tam sayili programlama modelleri, literatiirde bulunan siralama
bagimli kurulumu g6z oOniine alan kapasitelendirilmis parti biiyiikligi belirleme
modelleri kullanilarak gelistirilmistir. Karsilastirma yapabilmek amaciyla, gelistirilen
modellerin siralama bagimsiz versiyonlar1 da calismada sunulmaktadir. Caligmada
endiistriyel boyuttaki problemlerin ¢dziimii i¢in karma tam sayili programlama tabanl
pargalara ayirma teknigi kullanilmistir. Gelistirilmis olan modeller TV f{ireticisi olan
Vestel Elektronik’in plastik enjeksiyon fabrikasinin iiretim planlamasinda denenmistir.
Alman sonuglar gelistirilen modellerin ve parcalara ayirma yontemlerinin biiyiik

problemleri kisa siirede ¢6zebildigi goriilmiistiir.

Anahtar kelimeler: Fazla Mesai ve Vardiya Planlamasi, Stok, Geciktirilmis
Uretim, Uretim Kararlari, Karma Tam Sayili Programlama, Siralama Bagmli ve
Siralama Bagimsiz Kurulum, Eszamanli Siralama ve Parti Biiylikligii Belirleme, Kalip

Makine Eslesmesi



ACKNOWLEDGMENTS

I would like to thank to my advisor Assist. Prof. Gérkem Yilmaz for his
guidance, support and encouragement throughout this study. | have to express my
special gratitude to my family. | could never finish this study without the support and

motivation given by them.



TABLE OF CONTENTS

ABSTRACT ..ttt 2

OZET oot 3

ACKNOWLEDGMENTS ... 4

TABLE OF CONTENTS ... .o 5

LIST OF TABLES. ... 8

LIST OF FIGURES ... .o 9

I INTRODUCTION ...ttt 10

Il PROBLEM DEFINITON ...coiiiiiiiiii e 12

2.1 Lot Sizing and Scheduling Problem.............cccooveviiiiiiiciie e, 13

2.2 Overtime and Shift Planning..........ccccooiiiiiiniiniecieese e 14

2.3 WOrkforce Planning ........cocooiiiiieieiiiiie e 15

2.4 Characteristics of the Problem ..., 16

2.4.1 Time CharaCteriStiCS.......cocvivririeieirienieeeise e 17

2.4.2 Demand CharacteristiCs.........coovrviirenieiiiinesieise e, 17

2.4.3 Machine CharacCteristiCs ...........ccooeourereiriinesieiesc e, 18

2.4.4 Tool and Product CharaCteristiCs ...........cccorereierererinenieneenen, 19

2.4.5 Setup CharaCteriStiCS ........cccvvvevriiieiieie e 19

2.4.6 Capacity CharaCteriStiCS .......ccooiiirererieieieniese e 20

2.4.7 CoSt CharaCteriStiCS.......cuevverierieriiriesiesieee e 21

11 LITERATURE REVIEW ... 23

3.1 The Lot Sizing and Scheduling Problem ..........ccccoov e, 23
3.1.1 Capacitated Lot Sizing Problem with Sequence Dependent

SEIUPS (CLSD) .ttt 29

3.1.2 Proportional Lot Sizing and Scheduling Problem (PLSP) ......... 33

3.1.3 Continuous Lot Sizing and Scheduling Problem (CSLP) .......... 35

3.1.4 Discrete Lot Sizing and Scheduling Problem (DSLP) ............... 37

3.2 Overtime and Shift Planning.........cccoccovriiiinniniinesee e, 39



3.3 Workforce Planning DeCISIONS .........ccccveieiieeiirereiiese e 39

3.4 Conclusions About the Literature REVIEW ..........ccccceveiireniniinisieiee, 40
3.4.1 ProduCtion STAgES .....c.cevveieeiiieiisiesieeie et 41

3.4.2 MaChines Per STAQE .......ccueiverierieiieiesieree e 42

3.4.3 Bill of Material (BOM) StrUCtUIe.........ccceevvereirieniieie e 42

A4 SBIUP .ot 43

3.4.5 Objective FUNCHION ..o 44

3.4.6  Solution Method ..........cccooeiiiiiieiie e, 44

3.4.7 Tool, Product and Machine Interaction............c.ccoceveivneniennnen, 45

IV OBJECTIVE AND METHODOLOGY ....cccoiiiiiiiiiiienie e 51
V' MATHEMATICAL MODEL......c.ooiiiiiiiie e 52
5.1 Base Model for CLSDaS/OT Formulation..............cccccocevvnivniinininnnnn, 53
5.1.1 Overtime and Shift Extensions to the Model CLSDaS/OT ......... 57

5.1.2 Workforce Planning Extensions to the Model CLSDaS/OT .....59

5.1.3 Minor Setup Revisions for CLSDaS/OT Formulation (CLSDaS$/

OT /MS) oot ee e es s es e 61

5.2 Base Model for CLSDbS/OT Formulation............c.cccevvvveieerieseennnn, 65
5.2.1 Overtime and Shift Extensions to the Model CLSDbS/OT ...... 69

\4

5.2.2 Workforce Planning Extensions to the Model CLSDbS/OT .... 71

5.3 Base Model for CLSIaS/OT Formulation ............cccocooeveniniinenininnnn, 73
5.3.1 Overtime and Shift Extensions to the Model CLSIaS/OT ........ 78
5.3.2 Workforce Planning Extensions to the Model CLSIaS/OT....... 80

5.4 Base Model for CLSIbS /OT Formulation ............cccoceveveniiinnniininnnn, 82
5.4.1 Overtime and Shift Extensions to the Model CLSIbS/OT ........ 85
5.4.2 Workforce Planning Extensions to the Model CLSIbS/OT ...... 87

5.5 Summary and Comparison of the Models............ccccooovveviiiiiieiin e, 90

NUMERICAL STUDY ittt 92

6.1 Test Data GENEIatiON .........cccveviirieieiie e 92

6.2 Model Performance Comparisons for Parallel Identical Machines ....... 98



Vil

Vil

Xl

Xlil

DECOMPOSITION APPROACH FOR CLSD FORMULATIONS......... 102

7.1 Decomposition for Parallel Non-ldentical Machines.............cc.cco...... 103
7.2 Results of DECOMPOSITION ........ccveiiieieiieie e 107
7.3 A Heuristic Approach for the Solution of Industry Size Problems...... 108
7.4 Comparison of Exact vs Heuristic SOIUtIONS ...........ccooiviiiiiiiiiennn, 110
7.5 Results of the Vestel Electronics’s Problem..........cccccceviiiiiiiiininnenne, 112
CONCLUSIONS AND MANAGERIAL INSIGHT ... 113
FUTURE RESEARCH ...t 115
APPENDIX ..ot 117
BIBLIOGRAPHY ..ottt 122
VAIRA ... W A R 126



LIST OF TABLES

Table 1 — Literature review classification of CLSD mModelsS ..........ccoocvvveiiiiiiiinnieninien, 47
Table 2 — Literature review classification of PLSP modelsS ..........cccoocvvviiiiiiiiniiincien, 48
Table 3 — Literature review classification of CSLP models...........ccocvvviiiiiiiinnieniinnnn, 49
Table 4 — Literature review classification of DLSP models.........cccooovvieiiiieiienienccieenn, 50

Table 5 CLSDS/”, CLSDf;/OT, cLSIS/°T and CLSIg/OT model comparisons based on

binary variables and SEtUP PrOPEITIES .......cceiiiiiiiieieee e 91
Table 6 — Product type and product quantities in Vestel ELECTRONICS..............cccoc..... 93
Table 7 — Machine type and compatible product type quantities in Vestel Electronics...... 94
Table 8 — Order frequencies in Vestel EIECIIONICS. ........ccovveiiiiieniiii e 96
Table 9 — Mold quantities and required machine hours per mold in Vestel Electronics..... 96
Table 10 — Parameters for test data generation............coceveriiiriiiieiene e 97

Table 11— CLSDY°”, CLSD{C;/OT, cLs1Y°" and CLSIS/OT model problem size comparison

............................................................................................................................................. 98
Table 12— CLSDY ", cLsDY*™™3 | cLsDY/°", cLSIY/°" and CLSIY/" model

(o000 o= L]0 OO SOT SR P PP PRORPRPPTN 99
Table 13 — Decomposition results in Vestel EI€CtroNiCS..........cccovvviveveiieiiece e 107

Table 14 — Setup decision variable comparison of exact models and developed heuristics

........................................................................................................................................... 110
Table 15 — Solution of exact model and developed heuristiC...........ccocvveriieniniiiciennn, 111
Table 16 — Comparison of exact model and developed heuristiC...........cc.ccocevviiiininnnnn, 111



LIST OF FIGURES

Figure 1- Classification Lot Sizing Scheduling Problem (Copil et al. 2016)...................... 27
Figure 2- Product and product type quantities in Vestel Electronics. ........c.cccccccvvvvvvenenne. 93
Figure 3- Order frequency distribution in Vestel EIectronics. ..........cccccvvevivevciecieennene, 95
Figure 4- Optimality gap improvement chart for exact models on data instance 13......... 100
Figure 5 - Optimality gap improvement chart for exact models on data instance 14........ 100

Figure 6 - Optimality gap improvement chart for CLSDa model for Data Instances 13 and

Figure 7 — Tool and Machine Type Decomposition Based on Machine Capability ......... 103
Figure 8 — Hierarchical solution procedure for large problems...........c.ccccooveveiiieinicennn, 109

Figure 9 — Demand, production time, setup time and idle times of complete problem .... 112



INTRODUCTION

Production planning problem has been studied analytically for more than a
century (Toledo et al. 2015). Based on the length of the planning horizon, the
production planning is divided into three groups: (i) strategic, (ii) tactical, (ii)
operational. The strategic level plans are made for long term where the decisions of the
investments to increase or decrease available installed capacity is given. The supplier
selection, plant location or production system selections are the strategic long term
decisions. The tactical level plans are mid-term plans where the production levels of the
facilities are decided. The personnel recruitment decisions or shift decisions are the
examples of tactical decisions. The operational level planning concentrates on the short
term decisions such as the lot-sizing, product scheduling and available workforce

planning.

One of the concerns of operational level planning is product scheduling and lot
sizing. The scheduling and lot sizing are made to assign and schedule the resources,
such as products, machines and tools to the production tasks (Urrutia, Aggoune, and
Dauzere-Péres 2014). Operating a machine or tool usually requires a worker; therefore,
the available capacity of the plants is closely related to the available workforce.
Considering this neither the shifts nor the overtimes can be decided without considering
the workforce planning. Similarly, operational level decisions cannot be taken without
considering capacity utilization decisions brought by the tactical level plans. So that the
lot sizing, scheduling, shift planning, overtimes and workforce decisions should be

made simultaneously.

The lot sizing and scheduling decisions should be considered simultaneously in

order to achieve optimal and feasible solutions especially when sequence dependent
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setup times and costs are present (Copil et al. 2016). One special case where the
sequence dependent setups occur is the production technologies which use tools by the
machines where setups occur due to the interchange of the tools. Another case where
sequence dependent setups occur is the minor revisions on the tools to produce different
versions of the products or the raw material changes such as the plastic injection
production method. In this work simultaneous lot sizing and scheduling problems in the
literature is studied and the models in the literature have been extended to cover the tool

— machine — product interactions, overtime and shift planning decisions.

The rest of the thesis is organized as follows: Section 2 describes the
simultaneous lot sizing and scheduling problem including the tool product interaction
with overtime or shift planning extensions and workforce planning. Section 3
concentrates on the literature review on the field. In Section 4 the selection of
methodology based on the literature review will be presented. In section 5 mathematical
models with tool product interaction, overtime and shift decisions and workforce
planning extensions are developed. In Section 6 the numerical study is made on the
developed models. Section 7 concentrates on possible decomposition methods and
heuristics for the industry size problems. Sections 8 and 9 are reserved for conclusions,

managerial insight and future research possibilities.
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PROBLEM DEFINITON

Operational production planning task of the production plant, where tools are
attached to the machines to produce the products using different raw materials and the
operators are required for the machines, includes multiple decision making processes in
tactical and operational level. The shift plans considering the available workforce is an
example for the tactical level decisions that should be considered together with the
operational production plans. The total daily capacities of the machines are determined
by the total number of the shifts made on the machine. The workforce is the single input
to determine the shift plans. Different types of machines capable to produce different
products may require extra shifts during the planning horizon so the shift plans should
be considered simultaneously with the operational level lot sizing and scheduling

decisions.

Vestel Electronics produces TV sets. The TV sets requires various plastic parts
and these parts are produced within the plastic injection plant. The final assembly
production plant operates on the accepted orders. According to the bill of material of the
TV sets and due dates of the orders the plastic injection factory production planning is
made. The plastic injection process requires the tools (molds) machines (plastic
injection machine) and operators as resources. The interchange of the molds brings
sequence dependent setups to the studied problem. In order to be able to reduce the
sequence dependent setup times the planners give the decisions of inventories.
Contrarily if the capacities of the machines are not enough to produce the demanded
products the planners are able to give backlogging decisions with penalty costs. The
production planners are able decide to make three shifts at maximum considering the

available workforce, in the high demand seasons.
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The organization of this chapter is as follows. The first section concentrates on
the simultaneous lot sizing and scheduling decisions made on single stage parallel sets
of non-identical machines production environments. The second section explains the
overtime and shift planning connections with the operational production planning
problem. The third section is reserved for the workforce planning relations with the
operational level production plans. Finally, specific characteristics of the studied

problem are explained in the fourth section.
2.1 Lot Sizing and Scheduling Problem

The lot sizing is made to determine the production quantity of a product at a
period of the production plant (Urrutia, Aggoune, and Dauzeére-Péres 2014). If the
resources of the problem have a finite capacity the lot sizing problem becomes
capacitated lot sizing problem. In a capacitated lot sizing problem, the production
capacity is limited so backlogging and inventory decisions should be made when

demand exceeds the available capacity in a period within the planning horizon.

Scheduling can be defined as assigning tasks to resources. The resources could
be the personnel in a service industry such as operators in a call center or the machines
in a production facility such as the injection machines in a plastic injection factory. In
the review of (Harjunkoski et al. 2014) scheduling task is explained by four basic
decisions made; (i) selection of the tasks to execute, (ii) assigning the tasks to resources,
(iii) sequencing the tasks and (iv) timing of the tasks. The tasks and resources
considered in a scheduling problem can be classified according to different fundamental
needs of different manufacturing or service enterprises. In a scheduling problem there

are different constraints such as the capability of the resources to accomplish different

13



tasks, setup requirements of the resources to continue with other tasks, storage

constraints of the products or production capacity of the resources.

If the setups are sequence dependent, the setup times cannot be determined
solely by the number of setups made within the period. In a sequence dependent setup
case the setup times are interrelated with the scheduling and sequencing of the tasks. So
in a sequence dependent setup problem the lot sizing and scheduling decisions should

be made simultaneously.

In a plastic injection production environment injection molds are used on the
injection machines and the molds has to be interchanged in order to produce a different
product by the machine. Due to different sizes of molds and machines with different
attributes, the setups become sequence dependent in a plastic injection production plant.
Furthermore, the molds may include different versions so that minor setups can be made
to make production of different products when the same mold is assembled on the
machine as well. Because of the sequence dependent setups, the production plans

studied in this thesis should include simultaneous lot sizing and scheduling decisions.
2.2 Overtime and Shift Planning

The lot sizing and scheduling decisions are interrelated with the available
workforce and the tactical decisions such as overtime and shift. The decisions of lot
sizes and linked backlogs or inventory levels are constrained by the available capacity.
Although the capacities may be presented as the production rates of the specified
machines and tools attached, the available working time of the particular machine is

closely related with the available workforce for the shifts and possible overtimes.
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The planners are allowed make the tactical decisions such as putting extra shifts
or making overtime. One shift in the period is eight hours with one hour of lunch break
and the thirty minutes breaks given in the morning and the afternoon. If necessary, the
planner may add one or two shifts in one period (one day) which increases the total

capacity of the machine or the mold three times.

The overtime decisions on the other hand, can be given when required but the
unit time labor cost increases by 50%. An overtime decision adds 2 hours to the
available working time of the machine. The total time of extra work which can be done
by a worker is limited legally. A worker can make maximum 270 hours of extra work in
a fiscal year. Considering this the overtime decisions planners should consider that there

is available workforce at the specific shift which are able to make overtime.

The shifts and required labor quantity during that shift is decided at the
beginning of the planning horizon. Although the shifts are set for a frozen period such
as two weeks or one month the planners may have the freedom to make extra shifts
when required during the planning horizon. For instance, an increased demand for a
specific product which requires a machine or tool with a limited capacity, urges the
planners to make extra shifts on that specific machine. So the shift plans and overtime

decisions should be made simultaneously with the operational level production plans.
2.3 Workforce Planning

The machines in the studied problem are operated by one operator. In a plastic
injection factory, the operators are making the tasks of quality check of the products,
extra operations on the products such as applying protection films and placing the ready

products to the containers.
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The requirement of labor on the machines brings major constraints on the
studied problem. In tactical level production plans the decisions such as the overtime
and extra shifts should be made considering the labor capacity and constraints due to the
labor sanctions about overtime and shift. The workforce also has an impact on the
capacity of the plant. Total number of available operators defines the total number of

the machines that can be used for production.

The tactical decisions like overtime and shift can be planned within the planning
horizon but it depends on the total number of the operators contracted and the suitable
number of operators which can make overtime. Due to these facts workforce planning

should be made simultaneously with the operational level production plans.

2.4 Characteristics of the Problem

In this section different characteristics of the Vestel Electronics’s plastic
injection plant production planning problem is explained in detail. The first section
explains the time characteristic which includes the planning horizon. The demand
characteristics are explained in detail in the second section. The machine characteristics
section concentrates on the difference of the machines and the impact of these
differences on the studied problem. The fourth and fifth section explains the tool
machine interaction and the setup characteristics of the problem. Sixth section explains
the capacity of the plastic injection plant and the parameters affecting this capacity. The

final section elaborates on the parameters which generates cost in the planning problem.
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2.4.1 Time Characteristics

In Vestel Electronics the operational level production plans are made for the so
called frozen period. The orders for the frozen period are fixed and the production plans
for all parts are made according to the frozen period demands. This makes the planning
horizon of the problem fixed with the frozen period which is usually one or two weeks

(7-14 days).

The fixed orders for the products have special sub assembly plastic parts which
require single stage production by the molds and machines. In tactical perspective the
period length which is defined as one shift of the day and the capacity can be changed.
The details of overtime and shifts will be presented in overtime and shift planning

section.

2.4.2 Demand Characteristics

The demand for the specific parts is calculated through the Bill of Materials
(BOM) structure of the products. The part demand for the production is either produced
in-house or supplied through contracted suppliers. The demand for the products may
resemble seasonality features. The long term capacity plans on the products are usually

done according to this demand feature.

Production plants such as Vestel Electronics, being an OEM supplier, the
designs are consolidated within the size and product families. The differentiation of the
products is achieved through the cosmetic parts and versions of the structural
mechanical parts suitable for different components. By this consolidation long term

demand forecasts for the preproduction of common parts can be done. The demand on

17



the differentiating parts can only be fixed by the orders so the production plans for these

parts should be done on daily basis in the frozen periods.

2.4.3 Machine Characteristics

The main characteristics of the plastic injection plant are that it is using several
parallel clusters of non-identical machines capable of producing different parts. The
machines and the injection mold should be compatible with each other in order to be
able to make the production. The machines should be set up to correct mold and raw

material in order to make production of a specified product.

The machines are mainly classified according to their sizes usually defined as
the maximum available clamping force capability and material feeding system. The size
of the parts and stamping molds dedicated to the parts requires a minimum clamping

force in order to make the production.

In plastic injection plant there is similarly raw material feeding systems to the
machines and each machine is set up for the specific raw material. Each plastic part has
a specific raw material so each dedicated mold to the parts should be set up on the
machines which are already set up for that raw material. Some of the cosmetic parts
require an additional steam generator installed on the plastic injection machines. This
additional feature on the machines makes it possible to produce steam injection

requiring parts.
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2.4.4 Tool and Product Characteristics

The product can only be produced by the tools capable to produce the products
assigned to machines. For instance, a 32” TV back cover can only be produced by the

mold designed for it.

The molds can be used in the capable machines. There can be multiple
duplications of the molds to produce the same product. The duplication decisions of the
molds are made by the long term plans. A high runner product capacity is increased by

procuring multiple tools assigned to produce the specified product.

Every tool assigned to a machine requires a setup time and cost associated. The
setup times between the interchange of the tools in the machines reduce the available
working time within the periods. Cost and setup characteristics of these setups will be

explained later in the dedicated sections.

In the special case the product variations can also be produced on the same
mold. In this case the setup times and costs are minimal compared to the complete mold

interchanges. These setups are called as the minor setups.

2.4.5 Setup Characteristics

As explained earlier, the tools (i.e. the molds) can produce one specific product
when used on the production machine (i.e. the injection machine). The capacities and
the quantities of the tools are decided by the long term strategic plans. The tools may
have to be changed on the production machines according to the demand on different
parts. This can be done by setups on the machines. There is an associated setup cost and

time for the setup operations.
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The setups can be done by dedicated labor to interchange the tools on the
machines. During the setup operations the tools that are being interchanged and the
machine should be idle. This brings the constraint that neither the tools nor the
machines can be used during the setups. Setup times depend on the tool and machine
sizes and features. In each setup the calibration of the machine and the mold should be
done according to the quality specifications. A larger machine with a larger tool
assigned to it requires more time to finalize the setup. These make our problem a
sequence dependent setup time and cost problem. The setups in which the tools are

interchanged on the machine will be called as macro setups in this work.

The plastic parts are designed so that the same mold is capable to produce
different product requirements. This is achieved by adding versions on the molds. In
addition to the setups occurring due to the interchange of the molds, the version changes
on the molds are also causing setup times in the studied problem. The version changes
on the molds will be called as minor setups in this work. The minor setups are assumed

to be strictly less than the major setups.

The planning horizon of the studied problem is divided into macro periods. The
setups at the beginning of the macro period are assumed not to consume time. The setup
labor is assumed to make the necessary setup operations if needed before the start time

of the first shift.

2.4.6 Capacity Characteristics

The production capacity of the problem depends on various constraints. For a

plastic injection plant the available plastic injection machines, the amount of plastic

20



injection molds, the available workforce and the tactical decisions such as the overtime

and shift quantities defines the capacity.

As explained earlier each injection mold can produce a specific product with a
defined cycle time. The molds can be used by the machines which are set up to the
suitable raw material, has enough clamping force (size of the machine) and if required
suitable to produce steam injection parts. The cycle times of the molds does not change

according to the machine types it is produced.

2.4.7 Cost Characteristics

There are several operations and decisions that can create costs in the
problem. The production machines create costs according to the size of the
machine. The labor costs are made in order to operate the machines. The setup
operations generate costs according to the total time of the setup operation. The
overtime decisions increase the labor cost of the production. The inventories being
hold by one period creates the inventory holding costs and the backlogged

guantities create a backlogging penalty cost in the plans.

In the machine characteristics of the problem it has been pointed that there
are different sizes of plastic injection or metal stamping machines in the production
plant. The size of the machine and unit production cost are proportional to each
other. So the planners are urged to make the plans with the minimum size possible
machines with minimum unit production costs in order to reduce the total

production costs.
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Each machine being used in the periods requires an operator with a daily
salary. Whenever an overtime decision is made, the unit labor cost increases by

50% per unit time.

Since the production plant has a large product portfolio the plans should
include the setups within the periods. The setups are made by the professionals with
fixed salaries. The setup times are differentiating between the molds being
interchanged. A large mold requires more time to make the setup whereas a smaller
mold can be set up easier with less setup time. Considering these facts, the setup

costs are given proportional to the setup times in the problem.

The problem includes lot sizing decisions as well. Sometimes production to
the inventory would be necessary either to balance the capacity before the demand
is high or to decrease the fixed daily cost of the machines, operators and setups.
Since the production cost or the volume occupied by each product differs in the
problem, the inventory costs are defined for each product. It is assumed that the
inventory holding costs occur if the product is hold in inventory at the end of one

period. To sum up the costs of the problem can be presented as below:

e Machine operating cost
e Operator salary

e Setup cost

e Overtime costs

¢ Inventory holding costs

e Backlogging costs
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LITERATURE REVIEW
In the literature review section, the papers that have mathematical models
related to lot sizing and scheduling problem workforce planning, overtime decisions
and shift planning, its classifications and solution methods will be explained. The
literature review is conducted on the relevant papers including the topics; lot sizing,

scheduling, set up times, set up costs, tactical decisions.

The purpose of the literature review is to collect the mathematical models
ready in the literature covering the subject of simultaneous lot sizing and scheduling
problems, the extensions made to cover the tool machine interaction and the
combinations of tactical level and operational level decisions. This thesis deals with
the single stage production systems with parallel sets of non-identical machines

with sequence dependent setups.

In the first section the generic model of lot sizing and scheduling problem is
introduced. The next four sub sections are dedicated to the classified lot sizing and
scheduling problems and its extensions. In these sections the general mathematical
formulations will be presented and a review of the related articles will be made. The
second and third sections; workforce, overtime and shift planning extensions in the
literature is discussed respectively. Finally, in the last section the literature review is

summarized considering the requirements of the problem defined.
3.1 The Lot Sizing and Scheduling Problem

The lot sizing problem is mainly divided into large-bucket and small-bucket
problems in the literature. The nature of lot sizing problem is characterized by the

macro time periods for which the production quantities and inventory levels are
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decided (large-bucket problem). Contrarily the scheduling problem concentrates on
the sequence of the productions and the timing of the production decisions within
the macro periods (small-bucket problem) (Babaei, Mohammadi, and Fatemi

Ghomi 2014).

Recently, simultaneous lot sizing and scheduling problem was reviewed by
(Copil et al. 2016) in their article Simultaneous lot sizing and scheduling problems:
a classification and review of models. The problem is formulated as a generic lot
sizing and scheduling problem (gGLSP) and further classified by different features
and solution methods used (Copil et al. 2016). They offered generic mathematical
model of GLSP (gGLSP) in order to classify different approaches to simultaneous

lot sizing and scheduling problems. The model is presented below:

DATA:

i,k Product indices, i, k=0, 1, ..., K, the value 0 is the natural state

S Index of micro periods,s=1,2,...,S

t Index of macro periods, t=1,2,..., T

S, Set of micro periods within a macro period

SCy, Setup costs for a change over from product i to product k

hc, Holding costs for product k > 0 (per unit and per macro period)

pc, Standby costs for preserving the setup state of product k on the
production resource (per time unit)

a, Production time per unit of productk (a, = 1)

st Setup time for a changeover from product i to product k
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C, Capacity of the production resource in macro period t (time)

lo Initial inventory of product k > 0 at the beginning of planning (units)
dy, Demand of product k in macro period t (units)
W, W,, = 1 indicates that the production resource is set up for product k at

the beginning of planning (w,, = 0, otherwise)

o} Minimal production quantity of product k > 0 (units); minimal time for

neutral state k =0

VARIABLES:

Q=0 Production quantity of physical product k > 0 (units) in micro period s;
time spent in neutral state if k = 0, respectively

q.=0 Duration (time) for which the setup state of product k is preserved on the
production resource in micro period s (q,, =0).

=0 Inventory (units) of product k > 0 at the end of macro period t

W, € {0,1} Setup state variable; W, =1 indicates that the production resource is set
up for product k in micro period s (0O otherwise)

Z,.€{01}  Changeover variable; z,, =1 indicates a change over from product i to

product k in micro period s (O otherwise)

OBJECTIVE FUNCTION:
s K K K T K s

MIN: zzzscikziks+zzhcklikt+zz PC, Oys 1)
1 i-0 k=0 kol toL k=l st

SUBJECT TO:

K K K
ZZ(akas +ys) + ZZZStik Zys = C, 2)
k=0 seS; i=0 k=0 seS;
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I = Ik,t—l+zqks_dkt vt,k >0 3)

seS

> w, =1 vs (4
k=0

& s + s < CWi vk,t,seS, (5)
Zis ZW, o +W—1 Vi k,s (6)
O = " (Wig = Wi o) vk,s (7)

In the g(GLSP) model the objective function (1) is to minimize the set up
costs, inventory costs and set up preservation costs. Equation (2) limits the
production to exceed the total available time in the macro period. Equation (3) is the
inventory balance equation. Equation (4) ensures that in each micro period one
product is set up, including the natural stage. Equation (5) links the set up decision

variable to production quantity decision variable. If either the continuous variables

0. 0r 0,is positive the set up decision variable w,should be set to 1. Equation (6)
ensures that if the setup decision variable z,, is 1 then the w,, and w,,both

should be 1. Equation (7) ensures that the minimum lot sizes are produced if the

model decides to produce product k.
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gGLSP

pcr = pcr =0
SCro = 00
GLSPLS GLSPCS
g =0,stz =0 X
IS = K CLSD X Xzigs <1
se8,; i=0
i+k
Sl =2 KK
PLSP 2 2 2Ziks <1
s€8, k=0 i=0
______________________________________ o __
1S/ =1
DLSP CSLP

Figure 1- Classification Lot Sizing Scheduling Problem (Copil et al. 2016)

In Figure 1 one can find the general classification of GLSP’s. The models
have been divided into two main versions according to the conservation of set-up
stage after the idle periods. Namely the general lot sizing and scheduling problem
with loss of setup stage (GLSPLS) and the general lot sizing and scheduling
problem with conservation of set up stages (GLSPCS) (Fleischmann and Meyr

1997).

In the generic model if preserving cost of setup stage pcC,is set to oo the
model rejects the idle time of the machine. This makes the model to make setups in

each micro period even the set up stage is preserved. In GLSPCS case, if pc, is set

to 0 and by sc;, to oo the model can conserve the set up stage between the periods.

The model is further classified according to the allowed setup decisions
within the micro periods. The GLSPCS models are divided into three sub models

namely the capacitated lot sizing problem with sequence dependent setups (CLSD),
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proportional lot sizing and scheduling problem (PLSP) and continuous setup lot

sizing problem (CSLP) (Copil et al. 2016).

The special case of GLSPCS, CLSD models limits the maximum number of
micro periods to the number of products (|S|=K). The set up time for the
changeovers are set to zero (st, =0) and the minimum production quantity is

neglected (g, = 0). This model allows the production of the products at most once

per macro period (8). These additional features are added to the model by below

additional inequalities.
K
> 7, <1 vt,k >0 (8)

The PLSP models allow at most once set up (|St|=2) and at most two

different products can be produced per macro period (9). The below inequalities can

be added to the gGLSP model in order to convert to PLSP model.

ZK:ZK: Zs <1 vt (9)

The CSLP model at most one product can be produced in the macro period (
|St|:1) and being a GLSPCS model the setup is conserved between the macro
periods. The DLSP models are able to produce at most one product per macro
period as it is in CSLP models but the model does not allow the conservation of set
ups. The DLSP models does not allow the idle stages in the micro periods so the

model produces single product with full capacity or does not produce at all.
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3.1.1 Capacitated Lot Sizing Problem with Sequence Dependent Setups

(CLSD)

The first CLSD model was developed by (Haase 1996) in his paper at 1996
(Copil et al. 2016). The model offered was capable of making the lot size and
inventory decisions together with the sequence of the production within the macro
periods. The model considers single machine and single production stage. Model
offered by (Haase 1996) minimizes the total setup and inventory costs in the
planning horizon. Decision variable for the setups was modelled as arcs from
product i to product j (TSP). The decision variable indicates the sequence setups
between product i to product j in the sub period but contrary to the original TSP the
tour of production starts with the dummy product O and can end the tour at any
product. The sub tours in the problem was eliminated by limiting the production
decision of any product to once per macro period. The total number of setups was
limited by limiting the total number of sub periods in the model. In the paper the
solution method offered is backward heuristics. To note that the model does not

consider multiple machines and setup times.

(A. R. Clark and Clark 2000) has offered another CLSD model which
includes multiple parallel machines with multiple products. The model minimizes
the inventory costs, backorder costs, setup costs and production costs at the end of
the planning horizon. The decision variables for the setups are given for each
parallel machine. The binary variable takes the value of 1 if machine | changes the
setup from product i to product j at the n’th sub period. The solution method is

rolling horizon approach for the model. (A. R. Clark 2003) was able to solve the
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problem with multiple production stages. This model also considers the capability

of the work centers to produce different products.

(Gupta and Magnusson 2005) have studied single machine, single
production stage problem and used the TSP approach to model the setup sequences.
Setup times, initial and final setup products are included into the model compared

to (Haase 1996). Heuristic approach is studied to solve the model.

(Quadt and Kuhn 2005) is concentrated on the flexible flow shops in which
multiple parallel machines are used to produce different production stages of the
products. The model suggests three stage hierarchical approaches to solve the
problem. In the first stage model schedules the production minimizing the total cost
of setup, inventory and backorder costs considering the bottleneck stage of the
problem. The decision variable of setups is like the TSP. In the second stage the
model minimizes the flowtime of the schedule. The aim of the second stage is not to
alter inter period inventories or production quantities during the periods. In the first
and second stages the product families are scheduled. Finally, in the third stage the
model decides on the individual product level slot assignments keeping the

flowtime and reducing the total setup costs.

(Almada-lobo et al. 2007) modeled single machine single stage CLSD. The
model uses the TSP notation in order to state the changeovers of the production
stage during the macro period. In the model product i which is setup at the
beginning of the period can be produced multiple times in order to maximize the
utilization of the machine. This feature adds the setup carry over feature to the

model. The products other than the initial setup is made cannot be produced
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multiple times during the period which is achieved by sub tour eliminations in the

mathematical model. The heuristic solution method is offered in the paper.

(Almada-Lobo, Oliveira, and Carravilla 2008) has modelled multiple
machine multiple product with different attributes CLSD model. The model was
used in the glass container industry. In this industry glass plates are produced
through the furnaces and idleness of the furnaces are not allowed. Different molds
on the production lines produces different glass containers and the color setups
should be handled in order to change the color of the glass containers during the
periods. The decisions of the color changes on the parallel machines are handled by
the TSP like decision variables. The model includes the capabilities of the machines
to produce the products. The model uses variable neighborhood search (VNS)
method to solve the problem.(Almada-Lobo and James 2010) has introduced
variable neighborhood descend (VND) and taboo search (TS) methods to solve the

problem.

(Almeder and Almada-Lobo 2011) has studied parallel non-identical
machines with secondary resources like the tools. In the paper two types of MIP
models has been developed and tested in the commercial optimization package
CPLEX. The first model is developed as GLSP and the second model is developed
according to CSLP. The time perspective of the model is constructed as macro
period and smaller micro periods assigned to the macro period. The objective of the
both models is to minimize the inventory, backorder, setup costs for changing the

secondary resources (i.e. Tools).
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(James and Almada-Lobo 2011) has proposed to solve the multiple machine
multiple product CLSD model by dividing the original problem into pieces and
solve the problem iteratively. The solution method is described as the MIP-based
iterative neighborhood search heuristic starting with a relax and fix construction

heuristic (INSRF)

(Kwak and Jeong 2011) has proposed two stage hierarchical approach to
single machine multi product CLSD. In the first stage capacitated lot sizing problem
(CLD) solved. In the second stage, fixing the production quantities coming from the
CLD solution, the lower level scheduling problem is solved minimizing the make

span of the production.

(Mohammadi 2010) has developed a model for flow shops with multiple
stages of production. The model uses two level time structure as the macro period
and the predefined number of micro periods. The MIP model has been formulated
to decide the production, setup and idle micro periods. The model minimizes the
total cost of production, inventory and setups. The problem is solved by rolling

horizon and relax & fix heuristics.

(Giglio, Paolucci, and Roshani 2017) has studied manufacturing and
remanufacturing job shop scheduling and lot sizing model. The model minimizes
the Manufacturing, remanufacturing, holding inventory, setup and backlogging
costs. Setup times are not considered in the model. Relax and fix heuristics are used

to solve the model.

(Nejati et al. 2016) has studied multiple production stage multiple non-

identical machine job shop production systems. The model minimizes the
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completion time of the jobs. Setup times are sequence dependent and setups costs
are not considered. Genetic algorithms and simulated annealing is used to solve the

model.

3.1.2 Proportional Lot Sizing and Scheduling Problem (PLSP)

(C Suerie 2005) has made extensions of campaign planning on the classical
PLSP model. The model considers the demand is fulfilled when required humbers
of products (batches) are ready. The model is structured to minimize the set up and
inventory costs. The set up decisions are made according to set up times and set up
costs which are sequence dependent. Single machine with single production stages
are considered in the model. The model also uses minimum resource utilization

constraints. The model uses MIP as the solution technique.

In the standard PLSP model there can be production of the products if the
machine is set up at the beginning of the period or set up operation is done during
the period. (Christopher Suerie 2006) has developed the model that is capable to
produce a third product within the period. The related constraints allow the model
to produce another product if set up time requirement is fulfilled within the period.
Furthermore, period overlapping setups are possible in the model. The model
considers single machine with single production stages of the products. The

solution method chosen is MIP solver.

(Tempelmeier and Buschkiihl 2008) has considered the common resource of
set up operators. The standard formulation of PLSP is used to model the problem.
Extra decision variables that keep the start time and finish time of the setups are

used to assign the set up operator to the machines. Multiple machine and multiple
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products with single production stage is considered in the model. MIP solver is used

to solve the problem.

(Kaczmarczyk 2011) has proposed a PLSP model on multiple product
parallel machines. Flow variables of amount of machines used and shared capacities
to produce the products before and after the set up operations in periods are added
to the standard one machine multiple products PLSP model. The model is using
sequence independent set up costs and times and the model’s objective is to
minimize the set up and inventory holding costs. MIP solver is used to solve the

model.

(Stadtler 2011) has proposed a multilevel single machine PLSP model with
the extensions of period overlapping set up times and batch flow constraints. The
period overlapping set up times extension of the model enables to solve the
problems when set up operations start in the one period and finish in the next
period. The batch flow constraints enable to model to handle the production that
should be served in batches (i.e. tubs, tanks ovens). The model keeps the track of
inflow inventories to solve the batch constraints. The model minimizes the inflow
and final product inventory holding and set up costs. Branch and bound solution

method is used to solve the model.

(Stadtler and Sahling 2013) has further developed (Stadtler 2011) by adding
zero lead time constraints. The model can solve the PLSP models with multilevel
production characteristics. The standard model proposed in (Stadtler 2011) is
capable of handling the multilevel production but the model can make production if

the required sub level products are ready at the beginning of the periods. (Stadtler
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and Sahling 2013) is capable to make the production of higher level products even
the sub level components of the product is produced within the same period. The
objective is again to minimize the inflow and final product inventory holding and

setup costs. Fix and optimize heuristics is used to solve the problem.

3.1.3 Continuous Lot Sizing and Scheduling Problem (CSLP)

(Gopalakrishnan 2000) has studied the CSLP model in order to decide on
setup carryovers. This model has additional decision variables to keep the first and
last production lots and the decision variable to carryover the setup to the next

macro period.

(Pochet Y 1991) has developed added cutting planes to the standard CSLP
model. The model uses multi item multistage production planning in single

machines. The objective is to minimize setup and inventory holding costs.

(Ghosh Dastidar and Nagi 2005) has developed a CSLP model and has
studied injection molding operations. As in our case the model considers the tool
machine and tool product interactions. The proposed solution method is to divide
the problem into subgroups considering the capabilities of the tools (i.e. work
centers) to produce parts. The critical parts that can be produced by scarce number
of tools are grouped together with ascending order of the tools. The problem is
solved for each sub groups in ascending order and the backorder quantities are
added as demand for the next subgroup problem. The model objective is to
minimize the setup, inventory holding and backorder costs. The set ups times and

costs are sequence dependent. MIP solver is used to solve the problem.

35



(Silvio A. de Araujo, Arenales, and Clark 2008) has studied furnace
scheduling in foundries in which the furnace is set up for a specific alloy and it can
produce multiple different products using the alloy in single period. The problem
studied is a single stage multi product model. The setups are sequence independent.
The objective is to minimize the setup, inventory holding and backlogging costs.

The model is solved by rolling horizon heuristics.

(Gaglioppa, Miller, and Benjaafar 2008) has developed a multistage CSLP
model that a single machine can produce different BOM levels of a product
executing multiple tasks. The setup cost and times are sequence independent. The
authors have proposed valid inequalities to the model and made numerical tests on
MIP solver. The objective of the model is to minimize setup, inventory holding and

backlogging costs.

(Almada-Lobo et al. 2010) Has studied glass industries in which a single
furnace produces melt glass and parallel lines of machines are casting the glass into
the products. The furnace can be idle with the furnace idleness cost. The setup times
and costs are sequence dependent. Being a CSLP model each casting machines can
produce only one type product per period. The objective is to minimize the setup,
furnace idleness and inventory holding costs. The model is solved by MIP solver

and Lagrangian heuristics.

(Silvio Alexandre Araujo and Clark 2013) has offered a priori formulations
to the standard CSLP model. Contrary the formulation characteristics of CSLP the
time is modelled as days and sub periods within the days. The rolling horizon

heuristics are formulated for each day. Since in each sub period only one product
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can be produced the solved model in the RH heuristics is a CSLP. The model
minimizes the inventory holding, backorder and setup costs. The setup costs and
times are sequence dependent. The production is made in single stage and by a

single machine.

(Motta Toledo et al. 2013) has extended the formulation of (Almada-Lobo et
al. 2010) to a multi machine problem in glass industry. The model has been solved
by genetic algorithms. As it is in (Almada-Lobo et al. 2010) casting machines can
produce only one type product per period. The objective is to minimize the setup,

furnace idleness and inventory holding costs.

3.1.4 Discrete Lot Sizing and Scheduling Problem (DSLP)

(Lasdon and Terjung 1971) has developed one of the first DLSP models in
the literature. The model does not consider setups and minimizes the total

production cost and inventory holding costs.

(Jans and Degraeve 2004) has developed DLSP model including the
technological constraints about the capability of the tools and machines to produce
the products. The model minimizes the setup, inventory holding and backlogging

Costs.

(Persson et al. 2004) studied crude oil refinery production scheduling
problem. The model includes the sequence dependent setup costs, startup costs and

inventory holding costs. Tabu search heuristics was used to solve the model.

(Céline Gicquel 2008) and (C. Gicquel et al. 2009) has developed valid

inequalities to the standard DLSP model and proposed cutting plane generation
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technigues. The model minimizes sequence dependent setup costs and inventory

Costs.

(Pahl, VoB, and Woodruff 2010) has developed a DLSP model for single
machine problem. The model considers sequence dependent setup costs, inventory
holding costs and perishability of the products (spoilage costs). Lifetime of products
has been introduced to the model as parameters and spoiled quantity of the items in

inventory is tracked in the model.

(Supithak, Liman, and Montes 2010) considered tardiness and earliness costs
and developed a GA to solve the problem. The algorithms consider the demand as a
set of orders which can be about the same or similar product at the same period.
Considering this the demand data is not clustered originally. Preprocessing is done
on the data in order to make the clusters of demand before the solution is done. The
model later uses genetic algorithms in order to make the sequence of the production

to minimize the earliness, tardiness, setup and inventory costs.

(Neidigh and Harrison 2017) has studied nonlinear production rates (i.e.
learning curves are considered). The model developed minimizes production,
inventory holding and setup costs. Setup times are not considered and setup costs

are sequence independent. Heuristics are developed to solve the model.

(Claassen et al. 2016) has studied the DLSP models considering the decay of
the products in time. The model minimizes the inventory holding and setup costs.
The setup costs and times are sequence dependent. Relax and fix heuristics is used

to solve the model.
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3.2 Overtime and Shift Planning

(Tavaghof-gigloo, Minner, and Silbermayr 2016) is one of the papers which
study the effect of overtimes and shift plans on the cost of production plans and the
available capacity. The study concentrates on multiple facility multiple production
stage production plans. The cost is generated by the holding cost, shift cost, cost of
changing shifts and overtime costs. The authors discuss the effect of flexible shift
and overtime deviations on the overall performance of the production plans and

gives relevant data of improvement in the total production costs.

(Hulst, Hertog, and Nuijten 2017) has studied robust shift generation in air
traffic controllers planning problem. The shift generation is optimized considering
the cost of different shift type openings based on the workload data through the
planning horizon. The jobs in the problem require a single skill so the workforce

skill constraints are not included to the model.
3.3 Workforce Planning Decisions

In the review of (Bruecker et al. 2015) the workforce planning decisions are
summarized as the workforce hiring or dismissing decisions and allocation of the
labor on the tasks based on their skillsets, availability and cost. The problem
discussed in this thesis has a single skill operation (i.e. packing the products
produced by single stage machines) so the problem does not require the

management of the skillset.

As it is in all production or service industry the availability of the labor and

allocation of the labor to spontaneous tasks that should be done within the planning
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horizon is an important issue to be handled. The management of the workforce
should be done efficiently so that the production plans are secured to the deviations

of sudden changes due to technical or labor related reasons.

As far as our knowledge no study is found considering the workforce
availability decisions except for (Tempelmeier and Buschkiihl 2008). The authors
have studied the workforce requirements of the setup operators in simultaneous lot
sizing and scheduling models. They developed a mathematical model to solve the
plastic injection plant production plans considering common setup operators. The
model includes additional constraints to prevent simultaneous setup operations
when there is a single setup operator. However, this research does not cover the
overall workforce plans working on the individual machines and the shift or

overtime decisions.

3.4 Conclusions About the Literature Review

In the literature review different methods to model a simultaneous lot sizing
and scheduling problems has been provided namely CSLP, CLSD, PLSP and
DLSP. CSLP, CLSD and PLSP models are conserving the setup stage. That means
in case of an idle period on the machine the setup stage is conserved in the next
periods in which the machines are utilized. On the other hand, the DLSP approach
is made on the all or nothing assumption where the setups are not conserved when
an idle period occurs. That means in every period the machines are assumed to
require a setup. All or nothing assumptions also refers that if the machine is utilized

in a period full capacity is used to produce the product.
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The literature review is basically made on five attributes namely the
production stage, machines per stage, BOM levels, setup attributes, objective
function and solution method. The model extensions of tool-product-machine
interaction, workforce planning, overtime and shift decisions that will be elaborated
in this thesis are also classified in the literature review and findings will be

presented later in this section.

Some of the workforce related tactical decisions that should be considered in
a production plan is the overtime and shift planning decisions. The overtime
decision considering the available workforce may increase the efficiency of the
production plans. Also the shift plans made together with the production plans
simultaneously gives an opportunity to the planner to have free labor which can be
used in extra spontaneous workforce requiring jobs. To the best of our knowledge
there is no model which covers lot sizing, scheduling, workforce planning, shift

planning and overtime decisions simultaneously.

3.4.1 Production Stages

The production stages are important when there are multiple operations in a
single product or several parts are required in the assembly of the final
product.(Giglio, Paolucci, and Roshani 2017), (Nejati et al. 2016), (Stadtler and
Sahling 2013), (Mohammadi 2010), (Gaglioppa, Miller, and Benjaafar 2008),
(Persson et al. 2004) and (A. R. Clark 2003) has worked on multiple production
stage problems. (Giglio, Paolucci, and Roshani 2017) considered remanufacturing
extensions to the problem. (Stadtler and Sahling 2013) studied the zero lead time

inventories.
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(Neidigh and Harrison 2017), (Claassen et al. 2016), (Almeder and Almada-
Lobo 2011),(Kwak and Jeong 2011), (Kaczmarczyk 2011) and (Pahl, VoB, and
Woodruff 2010) are examples of multiple production stage problems. Some of the
model extension examples are concentrating on perishability of products, secondary

resources and different attributes of the products.

3.4.2 Machines per Stage

The classification types on the literature about the machines are namely
single, parallel identical and parallel non-identical. Recent papers in the literature
review for single machine problems are (Neidigh and Harrison 2017), (Claassen et
al. 2016), (Stadtler and Sahling 2013). The multiple machine problems are
classified as the parallel identical and parallel non-identical problems. (Almeder and
Almada-Lobo 2011), (Kaczmarczyk 2011) and (Mohammadi 2010) examples of
parallel identical machine problems. Reader is referred to (Giglio, Paolucci, and
Roshani 2017), (Nejati et al. 2016), (Motta Toledo et al. 2013) and (Almada-Lobo,

Oliveira, and Carravilla 2008) for parallel non-identical problems.

3.4.3 Bill of Material (BOM) Structure

The BOM structure of the products in the literature has been classified as
single and multiple. Single BOM is referred if the product does not contain any sub
processes or sub products. Multiple BOM structure refers to the products where
multiple sub parts or sub production stages are required to manufacture a final

product.
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Examples of the single BOM structure in the literature review are (Neidigh
and Harrison 2017), (Claassen et al. 2016), (Motta Toledo et al. 2013), (Almeder
and Almada-Lobo 2011) and (Kwak and Jeong 2011). The multiple BOM structure
can be reviewed in the following papers; (Giglio, Paolucci, and Roshani 2017),
(Silvio A. de Araujo, Arenales, and Clark 2008), (Stadtler and Sahling 2013) and

(Gaglioppa, Miller, and Benjaafar 2008).

3.4.4 Setup

Setups are one of the main features of the simultaneous lot sizing and
scheduling problems. As explained earlier GLSP problems are first classified as the
conservation and loss of setup stages. DLSP models are examples of lost setup
stages. Reader can refer to CLSD, CSLP and PLSP models for the conserved setup

problems.

The second classification can be done as the setup time and setup cost
considerations. The models reviewed used setup costs or times as the requirement
of the specified problems. The models are also further classified as the sequence
dependent setups. (Nejati et al. 2016), (Claassen et al. 2016) and (Motta Toledo et
al. 2013) are examples of the models considering sequence dependent setup times.
(Stadtler and Sahling 2013), (Kaczmarczyk 2011), (Stadtler 2011) and
(Tempelmeier and Buschkiihl 2008) are examples are sequence independent setup

time models.

The sequence dependent cost of setup models can be found in the following
papers; (Claassen et al. 2016), (Motta Toledo et al. 2013) and (Gupta and

Magnusson 2005). Sequence independent setup cost model examples are (Giglio,
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Paolucci, and Roshani 2017), (Neidigh and Harrison 2017), (Supithak, Liman, and

Montes 2010) and (C. Gicquel et al. 2009).

3.4.5 Objective Function

In the reviewed papers two types of objective functions has been identified.
One of which is the cost minimization and the other is the models considering the
due dates or completion times of the jobs (orders). (Nejati et al. 2016) has used an
objective function to minimize the sum of the weighted completion times.(Kwak
and Jeong 2011) has used a hierarchical approach to solve a CSLP model. In the
first step the lot sizes are determined considering the cost of production and
inventories. In the second step scheduling is done to minimize the maximum

completion time of the jobs.

(Almada-Lobo, Oliveira, and Carravilla 2008) has considered an objective
function to minimize the weighted sum of sequence dependent setup times, average
inventory levels, and number of stock outs. Rest of the reviewed work is using
objective function to minimize the cost including production, setup and inventory

holding costs.

3.4.6 Solution Method

There is a wide variety of solution approaches in the literature. The solution
methods can be classified as the exact methods (MIP), MIP based heuristic methods

and the meta-heuristics.

The exact methods are studied by the researches and valid inequalities are

used to make the large size problems solvable by standard MIP solvers however
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these methods do not guarantee the optimality. (Celine Gicquel, Minoux, and
Dallery 2011) and (A. Clark, Mahdieh, and Rangel 2014) are examples of these

kind of studies.

Another method used by the researchers is the MIP based approaches such
as fix and relax, fix and optimize and rolling horizon. In these approaches the
standard MIP problem is divided into easier sub problems and the sub problems are
solved by MIP solvers sequentially. Examples of MIP based heuristics are (Giglio,
Paolucci, and Roshani 2017), (Claassen et al. 2016), (Stadtler and Sahling 2013)

and (Mohammadi 2010).

Final solution approach for the combinatorial problems like the simultaneous
lot sizing and scheduling models is the meta-heuristic algorithms. The meta-
heuristics used in the reviewed paper are simulated annealing, genetic algorithms
and tabu search etc. The reader may refer to the following articles using meta-
heuristics; (Neidigh and Harrison 2017), (Nejati et al. 2016), (Motta Toledo et al.

2013) and (Supithak, Liman, and Montes 2010)

3.4.7 Tool, Product and Machine Interaction

Tool, product and machine interaction is also classified in the literature
review. This classification is referring mainly to the secondary resources that should
be used on the machines. As an example the molds used with the plastic injection

machines are secondary resources that should be considered in the production plans.

(Almeder and Almada-Lobo 2011) has studied this attribute in CLSD and

CSLP model formulations.(Ghosh Dastidar and Nagi 2005) worked on the plastic
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injection factory production plans. Developing a PLSP model the available tools to
be used on the injection machines are considered as a capacity and technological
constraint in the model. (Silvio A. de Araujo, Arenales, and Clark 2008) focused on
the glass production plants in which parallel identical machines with specified dies

are used to produce glass containers.
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Table 1 — Literature review classification of CLSD models
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Table 2 — Literature review classification of PLSP models

AI0JUSAUI MOJJUI W1} Pes| 0187

(€T0Z) UeLIO]4 ‘Buljyes

0%®4 + + + + + + + dS7d nWeH ‘19peIS
Buuued ubredwe) MAATOS (TTOZ) INWLEH ‘J8)pPEIS
‘uononpoud yaleq ‘sdn 3as Buiddejiano porad dIN + + + + + + + dS1d
poylsw punog pue youelq YIATOS (1702)
dIIN dn paads 01 sajqerieA Jabisiul moj4 dIN + + + + + + + dSd Jewapep ‘NAzorewzoey
‘|[apow dST1d [euibuio ay 0] pappe YAATOS (8007) WRQSIT ‘[ymyosng
suresuod Joresado dn 1as 821nosal 8jbuls ph + + + + + + + + dS1d 1510H ‘Ja1dwadwa |
a1qissod ate sdn 185 Buiddepsano poLiad ‘|apouw (9002) 0 aueng
dS1d prepuels 0} Aresjuod pouiad 0121w a8y}
ulynm paonpoud aq ued sjonpoud z ueyl a1o0N
Yum psonp q p 4 d3IAT0S | " + + o+ + + dS1d
dInN
uonezinn ¥Y3AI0S (5002) O aueng
80Inosal wnwiul ‘Butuueld ubredwed  dIN * Y + o * * ds'd
z
S8 200w Wwke - Wz
[l i x = w = w
o HAAHEMWVO_HWSMM%%LWLINLW _nllu
S 820]3223CEz8FR-000F2a72F &
T CN%WT@%R_W_S o2g808ss5%2 5> 42
w Zpao wWos R R s 2
> s (@) n = o
S310N zZ o SHOHL1NY
ﬁlu I =z L
= W= x {Y¥ O b
> =0 S 22 Ew O
= = e 2~ =5 o0 A
Q Qo SNOISNALX3  dnlds SO I§H 5 3
m>D _Dlﬂ w O o
oL 5 2a
o

48



(€T0Z) opIeulag ‘0qoT-epEW|Y
ou1Bq1y

Table 3 — Literature review classification of CSLP models

VO + + d1S2 3puasay oreusy ‘eIIBAIIO 2d
OIOIRIA ‘SOIURIY BA[IS B(]
OUBIge OIpne|D ‘opsjoL BHON
Buinpayos pue ael-u| ‘Buos
S tInpays pue oo (TT02) r | ‘buoar
1ZIS 10] JO UONIN|OS [ed1ydJelaIH dIN + + d1SO U00S-X| Mem
$324n0say AJepuods opJeusag ‘0goT-epew
Y Arepuodes o (T102) Op. Cm_m_m:g ._aume_<
dIW + + + d1S0 NSLYD Jspawy
sl (0T0Z) "MT Ss0Y ‘sauer
SNA + d189 0p.JeuIdg '000T-epeW|Y
aurpp) ‘fenbor
MIATOS -1 (8007) 2ur[p) ‘jenborn
dIN
(8002) Y Jtexsiy e
14 + 41sD "N SO0Je|N ‘Sa[eusly
"V OIAlIS ‘olnely ap
(8002) Jtes ‘rejeefuag
d3aNT0S d1Sd "V esIT 9N
dIN 09s89UeIS ‘eddol|fes
$80.n0sal AIEpU02as (5002) ysasey ‘16eN
Buibbopioeg ‘swajgold sesedss JIATOS + . 4189 DleAles ‘Jepnseq ysoys)
Buinjos pue Buidnoih 10npoid din
4189 (0002) ueyoN ‘ueuystiieredon
soueld Bumnd g + + o+ o+ + d1s0 (T66T) W1 A8SoM A 18420d
z
S g ZROuw Wwe - W Wz
= — o w = w w -
a NAMHEM%OWW =S=280840E 4 oz 8
o WwOoJ1=2Z22D 4% =NFFO0OO0O0OFO Z0E =
QO SZg x> T O zaz®aoz4 <
T CM%WT@%R_._VLS D.D.D”DQUQV 52 3
S31ON z m SYOHLNY
) - w w Z
S %3 £ g8 5, 3
= E e sp 25 Lo
% R [8) SNOISN3LX3 dNl13s % W w A_M - M %
B35 r If S £
o 5 2a x

49



s1onpoud

ays Jo
sainqune
waseyld

s1onpoud
04
1iqeysiiad

SaAIND
Bulures)

s1onpoud
104
Il'qeystiad

dIiN

44

VO
vd

sonsLNaH

dIiN

uonisodwodag
ajloM -Biziveq

SL

dd
Xepsy d'1

+

+

ds1d

ds1da

ds1da

ds1da

ds1da

ds1da

ds1da

o
(7]
|
[a]

(6002) “A ‘Aisjle@
‘IN ‘XNoul

"N “O[[IAdBRIN

"D ‘[enboin

(9102)

[V O T ‘ISION J9p UeA
1 N "3 ‘XupusH
"D [ ‘UassapIa)

L A 113]]PPIN
(0102)

‘£ 301113 ‘SO
' eAuns ‘uewn
INQIAN ;:n._:_l_‘._ﬂ
(£102)

"d A1la] ‘uosiireH
‘Nannyg :.D.J.D?.

(0102)
7 piAeq ‘JNIPOOAN
UBJIS ‘YOA

vuNe ‘1mpAd

(T£6T) O o ‘Bunbial
S 7 ‘uopse

(#002)

preulag ‘uoipuss
"] uer ‘uaibpun
pne
‘ua1BpunT-aypen

(#002)
196a7 ‘anaeibaQ
1Py ‘Siipe

Table 4 — Literature review classification of DLSP models

S310N

SOLUTION METHOD

COST
MINIMISATION

DUE DATE,
COMPLETION

TIME

SECONDARY

RESOURCES

WORKFORCE
OVERTIME

SHIFT

Cs

S.D. TIME

S.ID TIME

S.D. COST

S.ID COST

SINGLE

MULTIPLE

SINGLE

Pl

PN

SINGLE

MULTIPLE

OBJECTIVE
FUNCTION

SNOISN3ILX3

dN.L3s

BOM
STRUCTURE

MACHINES
PER STAGE

PRODUCTION

STAGE

PROBLEM FORMULATION

SHOHLNV

50



OBJECTIVE AND METHODOLOGY
The objective of this work is to extend the MIP models in the literature in
order to cover below decisions simultaneously and be able to solve Vestel

Electronics’s plastic injection factory of production plans:

e Simultaneous lot sizing and scheduling decisions
e Tool, product and machine based constraints

e Overtime decisions

e Shift planning

e Workforce planning

The assumptions made during the development of the MIP models are listed

below:

e Demand is deterministic

e The setup times are deterministic

e Planning horizon is 7 days

e Available workforce does not change during the planning horizon
e Each mold should be used at most once in a macro period

e Minor setup times do not exceed major setup times

In order to solve the production plans of Vestel Electronics plastic injection

plant, MIP based decomposition methods and heuristics are developed.
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MATHEMATICAL MODEL
In this section different CLSD and capacitated lot sizing with sequence
independent setup (CLSI) mathematical model formulations will be presented. First
a base model for multiple parallel machines with sequence dependent setup times
and costs with CLSD formulations considering molds as the secondary resources
will be developed. Later the workforce planning, shift and overtime decision

extensions will be added to the models.

The CLSD;Z/OT formulation the setup changeover decisions are formulated as

arcs from product i to product j. This methodology omits the usage of the
predefined micro periods in the model. CLSDi/OTformulation used predefined

number of micro periods for the allocation of the tools in the machines.

For the computational considerations the CLSIg/OT formulation considers the

sequence independent setups to omit the setup changeover decision variables. In
this formulation the setup times of each tool is independent of the sequence and can

take different values.

Based on CLSIZ/OT if the setup times are independent of the tool type but

depends on the machine the tool is used CLSIE/OT iIs proposed. This type of
formulation can be used on the metal stamping lines where the setup times are

dependent on the stamping machine properties. The performance of each model will

be studied in the Numerical Study section.
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5.1 Base Model for CLSD>/°" Formulation

DATA
M O max
T max
Lmax
MO

T

mt

ML,

ml

LT,

PC,
HC
BC
LC

CT,

ml

ST

mn

Total number of molds

Total number of periods

Total number of machines
Set of product types (molds)
Number of periods

Set of machines

Capacity of the production resource in one shift (time)

A big number

Demand of product type m at period t (units) (Vme MO ;VteT)

1 indicates that machine | is capable to produce product type m, 0

otherwise (Vme MO; VIl e L)

The type of the machine | (VI e L)

Operating production cost of machine | (Vl e L)

Variable unit inventory holding cost of product type m (Vm € MO)
Variable unit backlogging cost of product type m (Vm e MO)
Daily salary of an operator without overtime (labor cost)

Cycle time for product type m on machine | (Vme MO; VIl e L)

Set up time from product type m to product type n

(Vme MO ; vn e MO)

53



SC Set up cost per unit time

B? Initial backlog for product type m (Vm e MO)
s? Initial inventory for product type m (Vm e MO)
MQ, Mold quantities for different product types (Vm e MO)

BINARY VARIABLES

Zooi € {0,13 1 iff machine | produces product types m and n consecutively at
period t
(Vm=0..MO;v¥n=0.MO;VleL;VteT)

w,,. € {0,1} 1 iff machine | produces product type m at period t
(VmeMO;VlelL;VteT)

sd, € {0,1} 1 iff machine | is opened for one shift (requires an operator) at
period t, 0 otherwise (Vl e L;VteT)

INTEGER VARIABLES

0.€N* Production quantity for product type m produced at machine | at

period t
(Vme MO;Vlel;vt=1.T")

S EN* Inventory level for product type m at the end of period t

(Vme MO;VteT)

b,€N?* Backlogging level for product type m at the end of period t

(VmeMO;VteT)

it,e N* Idle time of machine | at periodt (VleL;VteT)

U, €N Additional variable for sub tour eliminations
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(VmeMO;VlelL;VteT)
MILP MODEL
The objective function is to minimize the total inventory cost, production cost, setup

cost, labor cost and backlogging penalty cost at the end of planning horizon.

[MIN]z= " TZHC Skt D TZPC CTolm + Y. D ZTZSTmn z,.SC+
meMO t=1 leL meMO t=1 meMOneMO leL t=1
T MAX T MAX
D> > LCsdy+ > > BC,by,
leL t=1 meMO t=1

Equation (1) is the inventory balance equation. The production of product type m, the
stock coming from previous period and the backlogged quantity is equal to the sum of

demand, stock at period t and backlogged quantity from the previous period.

Dy +Sp +bps =S b + D0 Dy (VmeMO;VteT) (1)

meMO leL
Equation (2) defines initial backlogged quantities of the product types.
B0 = Bn (Vme MO) (2)
Equation (3) defines initial stock quantities of the product types.
Smio = Sn (Vme MO) (3)
Equation (4) ensures that the production quantity of product type m to be zero if there is
no production decision of mold m on machine I at period t.

w,.M>q., (YmeMO;VleL;t=1..T™) (4)

By equation (5) Total available production time cannot be exceeded.

ZCTmlqmlt + z ZSTmn mnlt = (VI € L!tlemaX) (5)

meMO meMO neMO

Equation (6) ensures that product type m is used at most once in a period.
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D Wy <MQ, (VmeMO;t=1..T™) (6)

leL

Equation (7) ensures that if machine is not opened there can be no production
decision on the machine at period t.

<sd, (VmeMO;VlelL;t=1.T™) (7)

W

mit

Equation (8) ensures that if machine I is not capable to produce product type m there
can be no production decision on the machine at period t.

W, <ML, (YmeMO;VleL;t=1.T™) (8)

Equation (9) defines the idle times of the machine | at period t.

it, =Csd, — Z(:Tm,qm,t . Z ZSTmnzmn,t (VleL;t=1..T™) (9)

meMo meMO neMO
Equations 10 through 15 are the setup sequencing constraints. Equation (10) states
that if there is a setup to mold m then there should be a setup from mold m.
Equation (11) and (12) ensures that if there is no production decision of mold m on
machine | at period t then there cannot be sequence of setup on mold m on the
respective machines and periods. Equations (13) and (14) states that if a machine |
is opened in period t then there should be setup sequence to and from the dummy

mold 0. Equations (15) and (16) are the sub tour elimination constraints.

MO ™ MO ™

Dl = D Zym (VmeMO;VlelL;t=1..T™) (10)
x=0 y=0

MO ™

D Zo = Wiy (VmeMO;Vlel;t=1..T™) (11)
n=0

Momax

Zznmlt =W, (VmeMO;VleL;t=1.T™) (12)
n=0
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MO ™
32, <sdp (VleL;t=1..T™) (13)

n=0

Momax

D Zogy < S0y (VleL;t=1.T™) (14)
n=0

U, <MO™ (VmeMO;VleL;t=1..T™) (15)

mit

<MO™ -1

mnlt —

Uy — Uy + MO™ 2
(VmeMO;vneMO|m=n;VlelL;t=1.T™) (16)

Equation (17) sequences the same type of machines by ascending order so that the

symmetrical solutions in parallel identical machines are reduced.

sd, <sd,, (leL;VkeL|k>l&LT, =LT ;t=1..T™) (17)

s/0T
a

5.1.1 Overtime and Shift Extensions to the Model CLSD

The original problem would be extended by the overtime and shift decisions
in order to increase the total available time of the machine per period. Following

data are added to the base formulation.

CoT’ Time coefficient of overtime - Percentage of increase in capacity
per one period

COT® Cost coefficient of overtime - Percentage of increase in labor cost
in case of overtime decision is made

Following binary decision variables are added to the base formulation.

sd,' € {0,1} 1 iff machine | is opened for second shift (requires an operator) at

period t, 0 otherwise (VleL;VteT)

sd," € {0,1} 1 iff machine | is opened for third shift (requires an operator) at
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period t, 0 otherwise (Vl e L;VteT)
ot, € {0,1} 1 iff machine | is makes overtime at period t, O otherwise

(VleL;VteT)

The labor cost statement in the objective function should be revised as follows:

TMAX TMAX TMAX
[MIN]Z= > > HC s, +>. > > PCCT On+ >, > > > .STZmSC
meMO t=1 leL meMO t=1 meMO neMO leL t=1
+Zi LC(sd, +sd,' +sd," +COT“ot, )+ >’ i BC, b,
leL t=1 meMO t=1

Adding the extra decision variables for shifts and overtimes the equations (5) and (9)
should be revised as below. The total available time is revised including the additional

shifts and overtimes.

ZCTm,qm,t + Z ZST,mzrnnlt <C(sd, +sd, +sd;" +COTot,)

meMO meMO neMO

(VleL;t=1..T™) (5.b)

ity = C(Sd& + Sdlltl + Sd&” +COTT0tn) - ZCTmI Ot — z ZSTmn Zimit

meMO meMO neMO

(VleL;t=1..T™) (9.b)
Below additional constraints should be added to the model in order to

maintain relations between the newly added decision variables.

Equation (18) ensures that the second shift cannot be decided if first shift is not made on

machine | at period t.
sd, > sd,' (VleL;t=1..T™) (18)
Equation (19) ensures that the third shift cannot be decided if second shift is not made

on machine | at period t.
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sd, >sd," (VleL;t=1..T™) (19)
Equation (20) ensures that overtime decision cannot be made if first shift is not made on
machine | at period t.

sd, >ot, (VleL;t=1.T™) (20)
Equation (21) ensures that overtime decision cannot be made if all three shifts are
decided on machine | at period t.

sd, +sd, +sd," +ot, <3 (VleL;t=1..T™) (21)

5.1.2 Workforce Planning Extensions to the Model CLSDj:’,/OT

As explained in the problem definition section the number of available
operators is limited for the planning horizon. There is a limit for the number of
operators which may make overtime during the planning horizon. The other
characteristics of the problem is that if an operator is decided to work in specified
shift he or she should continue working on the shift throughout the planning

horizon.

In order extend the model for workforce planning following constants are

added to the model.

AO® Number of available operators for the shifts per day
AO“ Number of available operators to make overtime in the planning
horizon

The following decision variables are added to the model for the extension:

osd' eN* Number of operators to work in first shift

osd" eN* Number of operators to work in second shift
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osd" eN” Number of operators to work in third shift

osf eN” Number of free operators during the planning horizon

The objective function should be revised according to the dedicated work force for
shifts. If a worker is assigned to a shift even the machines are not utilized during the

period a labor cost occurs during the planning horizon. The revised objective function is

shown below:
TMAX TMAX TMAX
[MIN]Z= > S HC, s +D D D PCCTulm + D, > > > ST ZpSC
meMO t=1 leL meMO t=1 meMO neMO leL t=1

T T
+LC(osd' +osd" +0sd")+> > LCCOT “ot, + > > BC_ b,

leL t=1 meMO t1
In order to satisfy the previously explained limitations of the workforce planning
following extra constraints should be added to the model:

Equation (22) ensures that the total number of operators on all three shifts is not

exceeded.

osd' +osd" +o0sd" +osf = AO® (22)

Equation (23) ensures that the number of opened machines in first shift of period t does

not exceed the decided total number of operators to work in first shift.

S sdi <osd! (t=1.T™) (23)

leL
Equation (24) ensures that the number of opened machines in second shift of period t

does not exceed the decided total number of operators to work in second shift.

> sdy <osd" (t=1..T™) (24)

leL
Equation (25) ensures that the number of opened machines in third shift of period t does

not exceed the decided total number of operators to work in third shift.
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> sdy" <osd" (t=1..T™) (25)

leL
Equation (26) ensures that the total number of overtime decisions in all machines and
all periods cannot exceed the total number of operators that can make overtime in the

planning horizon.

T max

> Y ot, < AO” (26)

leL t=1

S/OT

5.1.3 Minor Setup Revisions for CLSD; ™ Formulation (CLSDS/OT/MS)

a

The sequence dependent setups for the tools may be used for the tool based
setup costs and times however the formulation presented cannot be used for the
minor setups where the tools are kept on the machine but minor revisions are made

to produce a different product version.

The model should be revised so that if the mold m is assigned to a machine I,
all products capable to be produced by the mold m can be produced on the machine

I. In order to do that all the m and n (product type indices) indices on the decision
variablesz,, Wy, Qn and U, should be revised to i and j (product indices)

respectively.
The revised decision variables are shown below:
Z;,€ {0,1} 1 iff machine | produces product i and j consecutively at period t
(Vi=0..I1"Vvj=0..I1" VlelL;VteT)

w;, € {0,1} 1 iff machine | produces product i at period t

(Vi=1;VlelL;VteT)
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0, €Nt Production quantity for mold m produced at machine | at period t
(Vi=1;Vlel;vt=1.T")
u, € N* Additional variable for sub tour eliminations
(Vi=1;VlelL;VteT)
Similarly below data should be revised as well:
CT, Cycle time for product i on machine | (Viel ;Vlel)
S Set up time from product i to product j (Viel ;Vjel)

Below data should be added to the model

| MAX Maximum number of products
| Set of products
MI; 1 indicates that mold m is capable to produce product i, 0 otherwise

(VmeMO;Viel)
In order to assure that a product i cannot be produced if a mold m capable to
produce product i is not installed to machine | at period t below decision variable

should be added to the model:

wm,,, 1 iff mold m is setup at machine | at period t

(VmeMO;Vlel;t=1..T™)

Based on the revised decision variables and data, the objective function of

S/OT
a

CLSD formulation becomes:
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T MAX T MAX T MAX

[MIN]Z=>">"HC; s, + > > > PC,qy, +>.>. > > ST,2,,SC +

iel t=1 leL meMO t=1 iel jel leL t=1

T T
+LC(osd' +o0sd" +0sd"")+> > LCCOT “ot, + > > BC; b,

leL t=1 iel t=1

The constraints (1), (5), (9), (10), (11), (12), (13), (14), (15), (16) should be

revised based on the revised decision variables and constraints as shown below:

Equation (1) is the inventory balance equation. The production of product i, the stock
coming from previous period and the backlogged quantity is equal to the sum of

demand, stock at period t and backlogged quantity from the previous period.

D, +s, +b,, =S, +b, +qu (Viel;VteT) (1.c)

leL

By equation (5) Total available production time cannot be exceeded.

D CTyty + 2. ST,z <C(sdy +sdy' +sd," +COT ot )

ieMO iel jel I
(VleLl:t=1..T™) (5.)

Equation (9) defines the idle times of the machine I at period t.

it, =C(sd, +sd +sdy" +COT ot,) - > CT,ty — > > ST,z

ieMO il jel
(VleL;t=1..T™) (9.c)
Equations 10 through 15 are the setup sequencing constraints. Equation (10) states
that if there is a setup to product i then there should be a setup from product i.
Equation (11) and (12) ensures that if there is no production decision of product i on
machine | at period t then there cannot be sequence of setup on prodcut i on the
respective machines and periods. Equations (13) and (14) states that if a machine |

is opened in period t then there should be setup sequence to and from the dummy
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product 0. Equations (15) and (16) are the the sub tour elimination constraints.

| max | max

D 2w =D iy (Viel;VleL;t=1..T™) (10.b)
x=0 y=0

| max )

ZZHM =W, (Viel;VleL;t=1..T™) (11.b)
j=0

|max )

> 20 =Wy, (Viel;VleL;t=1.T™) (12
j=0

Imax

D 7,4 <5d, (VleL;t=1.T™) (13.b)
i=0

Imax

D 2o < sdy (VleL;t=1..T™) (14.b)
=0

u, < 1™ (Viel;VleL;t=1..T™) (15.h)
Uy — Uy + 1™z, < 1™ -1 (Viel;vjellizj;VleL;t=1..T™) (16.b)

Equation (27) should be added to the model in order to ensure if a mold m is not set
up at machine | at period t any product i that is capable to be produced by mold m,

cannot be produced on machine I at period t.

ZMImiwmmlt > Wy, (VmeMO;Viel ;VlelL;t=1..T™) (27)

meMO
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5.2 Base Model for CLSD;’°" Formulation

Another solution approach for the CLSD formulation is to introduce a micro
period index and link the sequence dependent setup decision variables to the

sequentially allocated molds on the machines in the micro periods.

DATA

MO™ Total number of product types

™ Total number of periods

L™ Total number of machines

P Total number of micro periods

MO Set of product types

T Number of macro periods

L Set of machines

P Set of micro periods

C Capacity of the production resource in one shift (time)

M A big number

D.. Demand of product type m in period t (units) (Vme MO ;VteT)

ML, 1 indicates that machine | is capable to produce product type m, 0
otherwise (Vm e MO; Vil e L)

LT, The type number of the machine |

PC., Variable unit production cost of machine | using product type m
(Vme MO;Vlel).

HC,, Variable unit inventory holding cost of product type m (Vm e MO).
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BC

m

LC

CT,

ml

ST,
SC
BO

SO

MQ,

Variable unit backlogging cost of product type m (Vm € MO)

Daily salary of an operator without overtime

Cycle time for product type m on machine | (Yme MO;Vl e L)

Set up time from product type m to product type n (¥me MO ; ¥ne MO)
Set up cost per unit time.

Initial backlog for product type m (Vm € MO)

Initial inventory for product type m (Vm € MO)

Mold quantities for different product types (Vm e MO)

BINARY VARIABLES

Zmnlpt

Wit € {0,1}

sd, € {0,1}

€ {0,1} 1 iff machine | makes setup from product type m to product type n at

micro period p and macro period t, 0 otherwise
(VmeMO;VneMO;VlelL;vpeP;VteT)

1 iff machine | produces product type m at micro period p and macro
period t, 0 otherwise (Vme MO ; VIl e L;vpeP;VteT)

1 iff machine | is opened for one shift (requires an operator) at period t, 0

otherwise (VleL;VteT)

INTEGER VARIABLES

qmlt € N+

Sw €N*

Production quantity for product type m produced at machine | at period t

(VmeMo;VleL;VteT)_

Inventory level for product type m at the end of period t

(VmeMO;VteT)
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b,€ Nt Backlogging level for product type m at the end of period t
(VmeMO;VteT)
it, e N* Idle time of machine | at period t (VI e L;VteT)

MILP Model
The objective function is to minimize the total inventory cost, production cost, setup

cost, labor cost and backlogging penalty cost at the end of planning horizon.

MAX TMAX
[MIN Z ZHCm mt +Z Z ZPCmIQmIt + Z Z ZZ ZSTmn mnlpt +
meMO teT leL meMO t=1 meMO neMO leL peP t=1
Y Y Lcsd! + Y Y BC,b,,
leL t=1 meMO t=1

Equation (1) is the inventory balance equation. The production of product type m, the
stock coming from previous period and the backlogged quantity is equal to the sum of

demand, stock at period t and backlogged quantity from the previous period.

Dy + Sy +By =S+ + D) Y Ml (Viel:;t=1..T™) (1)

meMO leL

Equation (2) defines initial backlogged quantities of the product types.

b, =B’ (¥m e MO) (2)

Equation (3) defines initial stock quantities of the product types.

S, o=S° (Vme MO) (3)

Equation (4) prevents the production quantity to be positive if there is no production

decision of product type m on machine | at period t.

D WM >0 (YmeMO;VleL;t=1.T™) (4

peP

Equation (5) prevents that the available production time is not exceeded.
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ZCTmlth + Z Z ZSTmnzmnlpt <C (VleL;t=1.T™) (5)

meMO meMO neMO peP
Equation (6) ensures that product type m can only be used at most once in a micro

period p.

> Wy <MQ, (VmeMO;t=1..T™)  (6)

peP leL
Equation (7) prevents that more than one mold is assigned to micro period p in machine

| at macro period t.

D Wy <1 (peP;VleL;t=1..T™) (7)

meMO
Equation (8) ensures that if machine is not opened there can be no production decision

on the machine | at period t.

w. . <sd; (VmeMO;Vlel;peP;t=1.T™) (8)

mipt —

Equations (9), (10) and (11) links the variables z and w_ .. If product type m and

mnipt mipt *

product type n are produced sequentially at period t and t-1 then the variable y,  takes the

value of 1 and 0 otherwise.

+1>W,  +W (YmeMO;VYneMO;Vlel;p=2.T" t=1..T™) (9)

Zmnlpt nipt ml (p-1)t

z_ <W (YmeMO;VYneMO;Vlel; p=2.T":t=1..T™)(10)

mnipt nlpt

(Vme MO ;VneMO;VlelL; p=2.T" t=1.T™) (11)

Zmnlpt < Wml(p—l)t
Equation (12) is the ordering constraint for the micro periods. The micro periods with
lower index should be used first. This constraint is used to break the symmetry when the

used molds in the machine | are less than the available number of micro periods.

D Wiy 2 D Wiy (VmeMO:;VleL;p=2.P" :teT)(12)

meMO meMO
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Equation (13) ensures if machine | is not capable to produce product type m there

can be no production decision on the machine at macro period t.
W < ML, (VmeMO;VlelL;peP;t=1..T™) (13)

Equation (14) defines idle time of the machine | at period t.

it, =Csd, — ZCqumn —Z Z Z:STngmn,pt (VleL;t=1.T™) (14)

meMO peP meMO neMO
Equation (15) sequences the same type of machines by ascending order so that the
symmetrical solutions in parallel identical machines are reduced.
sd, <sd,, (leL;VkeL|k>1&LT, =LT,;t=1..T™) (15)

s/oT

5.2.1 Overtime and Shift Extensions to the Model CLSD),

Below data should be added to the model:

COoT’ Time coefficient of overtime - Percentage of increase in capacity per one
period
COT® Cost coefficient of overtime - Percentage of increase in labor cost in case

of overtime decision is made

Similar to CLSD3’®" model below decision variables should be added to CLSDi/OT

model.

sd,' € {0,1} 1 iff machine | is opened for second shift (requires an operator) at period

t, 0 otherwise (VI e L;VteT).

sd;" € {0,1} 1 iff machine | is opened for third shift (requires an operator) at period t,

0 otherwise (VleL;VteT).

ot, € {0,1} 1 iff machine | is makes overtime at period t, 0 otherwise

(VlelL;VteT).
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The labor cost statement in the objective function should be revised as follows:

T MAX T MAX

IMIN]Z= > > HC s, +>. > D PClm + 2. 2. 2> D ST Zyo SC +
meMO teT leL meMO t=1 meMO neMO leL peP t=1

ZTZ LC(sd, +sd, +sd,' +COTot,)+ >’ TZ BC,b,,

leL t=1 mieMO t=1

Adding the extra decision variables for shifts and overtimes the equations (5) and (14)
should be revised as follows:
Equation (5.b) is revised by the introduction of shift and overtime variables. The total

available time is revised by including the additional shifts and overtimes.

D CTulm + X D D ST Zi <C(sdy +sdy' +sdy" +COT ot )

meMO meMO neMO peP
(VleL;t=1..T™) (5.b)
Equation (14.b) is revised so that the total available time is defined by the shift and

overtime decisions

MOMAX pMAX M OMAX \joMAX
itit = C (Sd I; + Sd Iil + Sd IltII + COT TOtlt) - Z CTml qmlt - Z Z STmn Zmnlpt
m=1 p=2 m=l n=1

(VleL;t=1.T™)(14.b)
Below additional constraints should be added to the model in order to maintain relations
between the newly added decision variables.
Equation (16) ensures that the second shift cannot be decided if first shift is not made on
machine | at period t.
sd, >sd,' (VleL;t=1..T™) (16)
Equation (17) ensures that the third shift cannot be decided if second shift is not made
on machine | at period t.

sd; >sd," (VleL;t=1.T™) (17)
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Equation (18) ensures that overtime decision cannot be made if first shift is not made on
machine | at period t.

sd, >ot, (VleL;t=1..T™) (18)
Equation (19) ensures that overtime decision cannot be made if all three shifts are
decided on machine | at period t.

sd, +sd,' +sd," +ot, <3 (VleL;t=1..T™) (19)

5.2.2 Workforce Planning Extensions to the Model CLSDS/OT

s/or

Similar to CLSD,’~" model in order extend the model for workforce planning following

constants are added to the model:
AO? Number of available operators for the shifts per day

AO” Number of available operators to make overtime in the planning horizon

The following decision variables are added to the model for the extension:

osd' e N*  Number of operators to work in first shift

osd" € N*  Number of operators to work in second shift

+

osd" € N*  Number of operators to work in third shift

osf €eN"  Number of free operators during the planning horizon

S/0T

As it is done in the CLSD;’ " model the labor cost should be modified according to the

workers selected for the shifts. The modified objective function is shown below:

MAX T MAX

[MIN]Z= > > HC,s,, +>. > ZPcm,qmIt +3 3> ST Zyn SC +
meMO teT leL meMO t=1 meMO neMO leL peP t=1
LC(osd' +o0sd" +osd") + Zi LCCOT ot + > TZ BC, b
leL t=1 mieMO t=1

In order to satisfy the previously explained limitations of the workforce planning
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following extra constraints may be added to the model:
Equation (20) ensures that the total number of operators on all three shifts is not

exceeded.

osd' +o0sd" +o0sd" +osf = AO® (20)

Equation (21) ensures that the number of opened machines in first shift of period t does

not exceed the decided total number of operators to work in first shift.

> sdy <osd' (t=1..T™) (21)

leL
Equation (22) ensures that the number of opened machines in second shift of period t

does not exceed the decided total number of operators to work in second shift.

> sdy <osd" (t=1..T™) (22)

leL
Equation (23) ensures that the number of opened machines in third shift of period t does

not exceed the decided total number of operators to work in third shift.

> sdy' <osd" (t=1..T™) (23)

leL
Equation (24) ensures that the total number of overtime decisions in all machines and
all periods cannot exceed the total number of operators that can make overtime in the

planning horizon.

T max

> o, < AT (24)

leL t=1
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5.3 Base Model for CLSI>/°" Formulation

The cLSDS/°" and CLSD;/°" models are capable to sequence the production

in the machines but have the disadvantage of in terms of the binary variables in

large data instances. The z,, € {0,1} decision variables in CLSD/°" and z

mnlpt

€ {0,1} decision variables in CLSD,f/OT quantity increase by the mold quantities

quadrically (MOxMO).

The sequencing decisions is required especially in the sequence dependent
setup time and cost constraints inherited in the problem. Using the symmetry within
the sequence dependent setup time and cost of the molds this variable can be
eliminated. Usually the setup time is dependent on the duration of removing a mold
from a machine and loading the new mold onto the machine. This brings an

inherited symmetry to the model.

A disadvantage of this approach is that the minor setups such as the version
changes in the tools cannot be considered in this model. These changes are strongly
sequence dependent since in a major setup the tool is completely disassembled from
the machine. However, considering the relatively short times for the minor setups
this disadvantage may be omitted in real life problems such as the plastic injection

or metal stamping production facilities.

Considering the cost and available capacity, the problem can be decomposed
to the sequence independent setup times and costs. Assuming molds a, b and c are
produced sequentially in a machine the decomposition of sequence dependent setup

times are shown below:
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STab — STaremovaI + STbIoad
STbc — STbremoval + STcload
S-I—bSIN — STbremovaI + STbIoad
On the other hand the sequence of the molds on the machines should be

known on the scheduling perspective as well. Due to this fact the CLSDi/OTmodeI

approach will be used to decompose the setups. The CLSI;:/OT model is presented

below.

DATA

MO™ Total number of molds

T™ Total number of periods

L™ Total number of machines

pm Total number of micro periods

MO Set of molds

T Number of macro periods

L Set of machines

P Set of micro periods

C Capacity of the production resource in one shift (time)

M A big number

D.. Demand of product type m at macro period t (Vme MO;t=1..T™)

ML, 1 indicates that machine | is capable to produce product type m, O
otherwise.(Ym e MO;Vl e L)

LT, The type of machine | (Vl e L)
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PC, Variable unit production cost of machine | (Vl € L)

HC, Variable unit inventory holding cost of product type m (Vm € MO)
BC,, Variable unit backlogging cost of product type m (Vm € MO)

LC Daily salary of an operator without overtime

CT., Cycle time for product type m on machine | (Yme MO; VI e L)
ST Decomposed set up time for product type m (Vm e MO)

SC Set up cost per unit time

B? Initial backlog for product type m (Vm e MO)

s? Initial inventory for product type m (Vm e MO)

MQ,, Mold quantities for product type m (Vm € MO)

BINARY VARIABLES

W, € {0,1} 1 iff machine | produces product type m at micro period p and macro
period t, 0 otherwise (VM e MO; VIl eL;vpeP;t=1..T™)
sd, € {0,1} 1 iff machine | is opened for one shift (requires an operator) at period t, 0

otherwise (VI eL;t=1..T™)
INTEGER VARIABLES

Opt € NT Production quantity for product type m produced at machine | at macro
periodt (VmeMO;Vlel;vpeP;t=1..T™).
S EN* Inventory level for product type m at the end of period t

(Vme MO;t=1.T™)

b,€N* Backlogging level for product type m at the end of period t
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(Vme MO;t=1..T™).
it,e N* Idle time of line | at period t (VleL;t=1..T™)
MILP Model

The objective function is to minimize the total inventory cost, production cost, setup

cost, labor cost and backlogging penalty cost at the end of planning horizon.

T MAX T MAX PMAXT MAX

IMIN]Z= > S HC. s +D. D D> D> PClpm + 2. 2. D D ST W, SC +
meMO t=1 leL meMO peP t=1 meMO leL p=1 t=1
ZTZ LCsdy + Y. Tz BC,b
leL t= meMO t=

Equation (1) is the inventory balance equation. The production of product type m, the
stock coming from previous period and the backlogged quantity is equal to the sum of

demand, stock at period t and backlogged quantity from the previous period.

D + S Bt =Smea +bg + D D Ui (Vme MO;t=1..T™) (1)

meMO leL peP
Equation (2) defines the initial backlogging quantity.

b, =B (Vm e MO) (2)

Equation (3) defines the initial inventory quantity.
Smo = So (Vme MO) (3)
Equation (4) prevents the production quantity to be positive if there is no production

decision of product type m on machine | at period t.

ZwmlptM > O (VmeMO;VleL;p=1P™;t=1..T™) (4)

peP

Equation (5) ensures that total available production time is not exceeded.

P MAX

D CTolme + D, ST MWy, <C (VleL;t=1.T™) (5)

meMO meMO p=1
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Equation (6) ensures that product type m can be assigned at period t only once.

D W <MQ, (VmeMO;t=1..T™) (6)

peP leL
Equation (7) ensures that only one product type is assigned to micro period p in line | at

micro period t.

3 Wy <1 (YMeMO;VleLt=1.T™) (7)

meMO
Equation (8) ensures that if line is not opened there can be no production decision on

the line at period t.
wm,mésdll (VmeMO;VleL;peP;t=1..T™) (8)

Equation (9) is the ordering constraint for the micro periods. The micro periods with
lower index should be used first. This constraint is used to break the symmetry when the

used molds in the line are less than the available number of micro periods.

szI(P—l)t e zwmlpt (vm S MO,VI S L, p = ZPMAX 't :1Tmax)(9)

meMO meMO
Equation (10) ensures that if line | is not capable to produce product type m there can be

no production decision on the line at period t.
Wiy < ML, (VmeMO;VlelL;peP;t=1..T™) (10)

Equation (11) defines the idle time of the machine | at period t.

PMAX
it, =Csdy — > > CT Unoe — O, DO ST "Wy (VleL;t=1..T™) (11)
meMO peP meMO p=2

Equation (12) sequences the same type of machines by ascending order so that the

symmetrical solutions in parallel identical machines are reduced.

sd, <sd, (leL:VkeL|k>1&LT =LT,:t=1.T™) (12)
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5.3.1 Overtime and Shift Extensions to the Model CLSIY/°T

a

Below data should be added to the model:

COoT’ Time coefficient of overtime - Percentage of increase in capacity per one
period
COT® Cost coefficient of overtime - Percentage of increase in labor cost in case

of overtime decision is made

As done in previous CLSD models below decisions variables can be added to the base

formulation.

sd,' € {0,1} 1 iff machine | is opened for second shift (requires an operator) at period
t, 0 otherwise (Vl e L;VteT).

sd;" € {0,1} 1 iff machine | is opened for third shift (requires an operator) at period t,
0 otherwise (VleL;VteT).

ot, € {0,1} 1 iff machine | is makes overtime at period t, 0 otherwise

(VleL;VteT)

The labor cost statement in the objective function should be revised as follows:

T MAX T MAX PMAX T MAX
[IMIN]Z=">" S HC, s, +> > > > PC e + 2., D D > ST w,,, SC +
meMO t=1 leL meMO peP t=1 meMO leL p=1 t=1
ii LC(sdy +sd,' +sd," +COTot,)+ > i BC, b,
I=1 t=1 meMO t=1

Adding the extra decision variables for shifts and overtimes the equations (5) and (11)

should be revised as follows:

Equation (5.b) prevents total available production time to be exceeded. The total

available time is revised by including the additional shifts and overtimes.
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P MAX

Z ZCTmIqmIIDt + Z ZSTn?INWmIpt <C(sd, +sd, +sd," +COT"ot,)

meMO peP meMO p=1
(VleL;t=1.T™) (5.b)
Equation (11.b) defines the idle time of the machine | at period t. The total available

term is revised as C(sd,, +sd,' +sd,"' +COT ot,)similarly.

p MAX

it, =C(sd, +sd, +sd," +COT ot,) - Z ZCTmlqmlpt - Z ZSTH?INWm,pt

meMO peP meMO pi
(VmeMO;VlelL;t=1..T™) (11.b)

Below additional constraints should be added to the model in order to maintain relations

between the newly added decision variables.

sd, > sd,' (VleL;t=1..T™) (13)

Equation (13) ensures that the second shift cannot be decided if first shift is not made on

machine | at period t.

sd, >sd," (VleL;t=1.T™) (14)

Equation (14) ensures that the third shift cannot be decided if second shift is not made

on machine | at period t.

sd, >ot, (VleL;t=1..T™) (15)

Equation (15) ensures that overtime decision cannot be made if first shift is not made on

machine | at period t.

sdy +sd,' +sd," +ot, <3 (VleL;t=1..T™) (16)

Equation (16) ensures that overtime decision cannot be made if all three shifts are

decided on machine | at period t.
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5.3.2 Workforce Planning Extensions to the Model CLSIS/OT

Similarly, in order extend the model for workforce planning following

constants are added to the model.

AO? Number of available operators for the shifts per day

AO” Number of available operators to make overtime in the planning horizon

The following decision variables are added to the model for the extension:

osd' e N*  Number of operators to work in first shift

osd" e N*  Number of operators to work in second shift

+

osd" € N*  Number of operators to work in third shift

osf € N™  Number of free operators during the planning horizon

The objective function should be modified as it is done for the CLSDS/OT and CLSDS/OT
formulations considering the workforce assigned to the shifts. The modified objective

function is shown below:

MIN]Z= 3 STHC 50+ 3 3 S PCte + 3 33 3 ST M, SC +
meMO t=1 leL meMO peP t=1 meMO leL p=1 t=1

T T
LC(osd' +osd" +osd")+> > LCCOT “ot, + > > BC,b,

leL t=1 meMO t=1
In order to satisfy the previously explained limitations of the workforce planning

following extra constraints may be added to the model:
osd' +osd" +osd" +osf = AO® (17)

Equation (17) ensures that the total number of operators on all three shifts is not

exceeded.
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> sdy <osd' (t=1..T™) (18)

leL

Equation (18) ensures that the number of opened machines in first shift of period t does

not exceed the decided total number of operators to work in first shift.

> sdy <osd" (t=1..T™) (19)

leL
Equation (19) ensures that the number of opened machines in second shift of period t

does not exceed the decided total number of operators to work in second shift.

> sdy' <osd" (t=1..T™) (20)

leL
Equation (20) ensures that the number of opened machines in third shift of period t does

not exceed the decided total number of operators to work in third shift.

T max

> > ot, < AQot (21)

leL t=1
Equation (21) ensures that the total number of overtime decisions in all machines and
all periods cannot exceed the total number of operators that can make overtime in the

planning horizon.
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5.4 Base Model for CLSI;'°" Formulation

The CLSIj/OT model has the property of solving the problems where setup
times may vary in different tools and machines. However in real world instances the
setup times may not vary according to the tools but it can solely depend on the

machine type like metal stamping machines. This property gives the opportunity to

further reduce the binary variables of the CLSIg/OT model. The decision variable

w,,, takes the consideration of the setup times of each tool produced on machine | at

period t. Using the property of machine dependent setup times the micro period index p

s/oT

can be cancelled from the model. The CLSI,””" model is presented below:

DATA

MO™ Total number of molds

Tm™ Total number of periods

L™ Total number of machines

pm Total number of micro periods

MO Set of molds

T Number of macro periods

L Set of machines

P Set of micro periods

C Capacity of the production resource in one shift (time)
M A big number

D.. Demand of product type m at macro periodt (Vme MO;t=1..T™)
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ML, 1 indicates that machine | is capable to produce product type m, O
otherwise.(Vm e MO;Vlel)

LT, The type of machine | (VI e L)

PC, Variable unit production cost of machine I (Vl eL)

HC, Variable unit inventory holding cost of product type m (Vm € MO)

BC, Variable unit backlogging cost of product type m (Vm € MO)

LC Daily salary of an operator without overtime

CT, Cycle time for product type m on machine | (Yme MO; VI eL)

sToN Decomposed set up time for product type m (Vm e MO)

SC Set up cost per unit time

B? Initial backlog for product type m (Vm e MO)

s? Initial inventory for product type m (Vm e MO)

MQ, Mold quantities for product type m (Vm e MO)

BINARY VARIABLES

w., € {0,1} 1 iff machine | produces product type m at macro period t, 0 otherwise
(VmeMO;VlelL;t=1..T™)
sd, € {0,1} 1 iff machine | is opened for one shift (requires an operator) at period t, 0

otherwise (VleL;t=1..T™)
INTEGER VARIABLES

J. € N* Production quantity for product type m produced at machine | at macro

periodt (VmeMO;Vl el ;t=1..T™).
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S.ENT Inventory level for product type m at the end of period t

(Vme MO;t=1..T™)

b,€N* Backlogging level for product type m at the end of period t
(Vme MO;t=1..T™).

it,e N* Idle time of line | at period t (VleL;t=1..T™)

MILP Model

The objective function is to minimize the total inventory cost, production cost, setup

cost, labor cost and backlogging penalty cost at the end of planning horizon.

MAX MAX MAX

[MIN]z= " TZ HC Sy +>. D, ZTZ PC oy Uit + D, ZTZ ST, Wy, SC +
meMO t=1 leL meMO peP t=1 meMO leL t=1

Y S lesd! + Y Y BC,b,

leL t= meMO t=

Equation (1) is the inventory balance equation. The production of product i, the stock
coming from previous period and the backlogged quantity is equal to the sum of
demand, stock at period t and backlogged quantity from the previous period.
Dy +S; +By =S 0+ ) D e (VMmeMO;t=1..T™) (1)

meMO leL
Equation (2) defines the initial backlogging quantity.
b, = B2 (Vme MO) (2)

Equation (3) defines the initial inventory quantity.

S0 = S0 (Vm e MO) (3)

m

Equation (4) ensures the production quantity to be zero if there is no production

decision of mold m on machine I at period t.

w, M >q, (YmeMO;VleL:t=1.T™) (4
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Equation (5) ensures that total available production time is not exceeded.

D CTole + ST Wy, <C (VleL;t=1..T™) (5)

mit
meMO meMO

Equation (6) ensures that mold m can only be assigned once at period t.

Lmax

> Wy <MQ, (VmeMO;t=1.T™) (6)

1=1

Equation (7) ensures that, if line is not opened there can be no production decision on
the line at period t.

w, <sdg (VmeMO;VleL;t=1..T™) (7)

mit
Equation (8) ensures that, if line | is not capable to produce mold m there can be no

production decision on the line at period t.

w

mit

<ML, (VmeMO;Vlel;t=1.T™) (8)

Equation (9) defines the idle time of the machine | at period t.

it, =Csd, — ZCTm,qm,t - ZSTmS'NWm,t (VleL;t=1..T™) (9)

meMO meMo
Equation (10) sequences the same type of machines by ascending order so that the
symmetrical solutions in parallel identical machines are reduced.

sd, <sdy, (leL;VkeL|k>I&LT, =LT,;t=1..T™) (10)

5.4.1 Overtime and Shift Extensions to the Model CLSIIS)/OT

Below data should be added to the model:

COoT’ Time coefficient of overtime - Percentage of increase in capacity per one
period
COT® Cost coefficient of overtime - Percentage of increase in labor cost in case

of overtime decision is made
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As done in previous CLSD models below decisions variables can be added to the base

formulation.

sd, € {0,1} 1 iff machine | is opened for second shift (requires an operator) at period
t, 0 otherwise (VleL;VteT).

sd," € {0,1} 1 iff machine | is opened for third shift (requires an operator) at period t,

0 otherwise (Vl e L;VteT).

ot, € {0,1} 1 iff machine I is makes overtime at period t, 0 otherwise

(VleL;VteT)

The labor cost statement in the objective function should be revised as follows:

TMAX TMAX TMAX
[MIN]Z="> > HC s, +>. > D > PCilpe + 2. > > STa"w,, SC +
meMO t=1 leL meMO peP t=1 meMO leL t=1
ii LC(sdy +sd, +sd," +COT ot,)+ > TZ BC, b,
I=1 t=1 meMO t=

Adding the extra decision variables for shifts and overtimes the equations (5) and (9)
should be revised as follows:
Equation (5.b) ensures that total available production time cannot be exceeded. The

total available time is revised including the additional shifts and overtimes.

Zc:Tm,qm,t + ZSTnf'Nwm,t <C(sd, +sd, +sd;" +COTot,) - Z ZDW“MI W

mi *mit
meMO meMO meMO iel

(VleL;t=1..T™) (5.0

(9.b) The total available term is revised as C(sd, +sd, +sd," +COT ot,)similarly.

it, =C(sdy +sd,' +sd" +COTTot,)— D CT 0y — > ST Wy,

meMO meMO
(VmeMO;Vlel;t=1..T™) (9.b)

Below additional constraints should be added to the model in order to maintain relations
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between the newly added decision variables.

(11) Ensures that the second shift cannot be decided if first shift is not made on machine
| at period t.

sd; > sd, (VleL;t=1.T™) (11)
(12) Ensures that the third shift cannot be decided if second shift is not made on
machine | at period t.

sd,' >sd;" (VleL;t=1.T™) (12)
(13) Ensures that overtime decision cannot be made if first shift is not made on machine
| at period t.

sd, >ot, (VleL;t=1..T™) (13)
(14) Ensures that overtime decision cannot be made if all three shifts are decided on
machine | at period t.

sd, +sd, +sd;"' +ot, <3 (VleL;t=1.T™) (14)

S/OT

5.4.2 Workforce Planning Extensions to the Model CLSI;

Similarly, in order extend the model for workforce planning following data

are added to the model.

AO°® Number of available operators for the shifts per day

AO* Number of available operators to make overtime in the planning horizon

The following decision variables are added to the model for the extension:

osd' e N*  Number of operators to work in first shift
osd" € N*  Number of operators to work in second shift

osd" € N*  Number of operators to work in third shift
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osf € N"  Number of free operators during the planning horizon

The objective function should be modified as it is done for the CLSD3/°" and CLSDg/OT

formulations considering the workforce assigned to the shifts. The modified objective

function is shown below:

T MAX T MAX T MAX
MIN|Z = HC. s + PC + ST3w _ SC +
[ ] Z Z m>mt Z Z Z Z mlqmlpt z Z Z m mipt
meMO t=1 leL meMO peP t=1 meMO leL t=1
LC(osd' +osd" +osd") + Zi LCCOT “ot, + > TZ BC,.b,
leL t=1 meMO t=

In order to satisfy the previously explained limitations of the workforce planning
following extra constraints should be added to the model:
Equation (15) ensures that the total number of operators on all three shifts is not

exceeded.
osd' +osd" +osd" +osf = AO® (15)

Equation (16) ensures that the number of opened machines in first shift of period t does

not exceed the decided total number of operators to work in first shift.

> sdy <osd' (t=1..T™) (16)

leL
Equation (17) ensures that the number of opened machines in second shift of period t

does not exceed the decided total number of operators to work in second shift.

> sdy <osd" (t=1..T™) (17)

leL
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Equation (18) ensures that the number of opened machines in third shift of period t does

not exceed the decided total number of operators to work in third shift.

> sdy" <osd" (t=1..T™) (18)

leL

Equation (19) ensures that the total number of overtime decisions in all machines and

all periods cannot exceed the total number of operators that can make overtime in the

planning horizon.

T max

> > ot, < AO* (19)

leL t=1
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5.5 Summary and Comparison of the Models

The existing models in the literature has been extended in order to cover the
tool and machine interactions, workforce planning and the tactical decisions such as
the shift plans and overtime. The so far presented models have different capabilities
that can be used in different production environments. Main difference of the
models is the setup properties of different production environments that use the

tools with the machines to produce the products.

The CLSDZ/OT and CLSD;Z/OT models has sequence dependent setup
properties and can be used in the production environments where the setup
sequence of high importance. Production facilities which include minor setup
decisions such as the version changes in plastic injection molds may use the
described models. In a minor change or version change in plastic injection process
the tool should not be removed from the machine. The setup can be done on the tool

which is generally shorter than a complete tool interchange.

The CLSIZ/OT model can be used in the production environments where the
sequence dependence of the setups is not important. The setup times are dependent
on the tools and machines in the model. This model can be used in the production
environments where minor setup decisions are trivial and does not consume time
compared to the tool interchange setups. The plastic injection plants can use the

model.

The CLSI;Z/OT model is also a sequence independent setup model. The main

difference of CLSIE/OT from CLSIZ/OT is that the setup times are defined on the
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machines. The main area that the model can be used is the metal stamping machines
where the setup times are highly dependent on the line types being worked on.The

comparison of the models can be seen on below table:

Table 5 CLSDY/?", CLSDf,/OT , CLSI;/*Tand CLSIIS,/OT model comparisons

based on binary variables and setup properties

SETUP DEPENDENCE Number of
MODEL . Binary
Sequence Minor Setups Variables
cLsDy/ " y N ;
CLSD>/°T
CLSI,'j%T + p N
cLSIY/OT - - *
. - ++
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NUMERICAL STUDY
The numerical study of the developed models will be studied in two sections.
In the first section, real life demand data of Vestel ELECTRONICS. final assembly
line is analyzed and test data generation method is presented. In the second section
the computational comparison of the developed models will be made in parallel

identical machine problems.

6.1 Test Data Generation

Before the test data generation the attributes of Vestel ELECTRONICS.’s
demand on plastic parts are studied. The attributes that will be presented are as
follows; product and product type relations, compatibility of the machines to
produce different product types, frequency of the orders within one week, mold
quantity relations with the demand, demand quantities and cycle times. The studied
data belongs to the demand of final assembly machines on 43’rd week (23-30 Oct)

of 2017.

Product vs Product Type:

In the studied period the total number of product types and individual
products are presented in below figure. Total number of demanded produts is 411

and total number of products is 237.
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PRODUCT VS. PRODUCT TYPE
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Figure 2- Product and product type quantities in Vestel Electronics.

The details of product and product type relations can be found on below
table. 163 product types cover only one product which is 40% of the total products
and 69% of the total product types. 38 of the product types contains (two products
total of 76 products) which is 16% of the product types and 18% of the products. 36
product types contain at least three products which makes total of 172 products so

that %17 of the product types contains three or more products.

Table 6 — Product type and product quantities in Vestel ELECTRONICS.

TOTAL NUMBER

NUMBER OF TOTAL NUMBER
OF PRODUCTS IN
PRODUCT TYPES PRODUCT TYPE OF PRODUCTS

163 1 163

38 2 76

13 3 39

10 4 40

5 5 25

3 6 18

2 7 14

1 10 10

1 11 11

1 15 15

TOTAL 237 - 411
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Machine — Product Type Compatibility:

Machines should be compatible to produce different product types. The
compatibility features of the demanded products at Vestel Electronics case is shown

in below table:

Table 7 — Machine type and compatible product type quantities in Vestel

Electronics.
COMPATIBLE
NUMBER OF PRODUCT
TONNAGE MACHINE TYPES MACHINES TYPE
QUANTITY
ES600-HE 13 63
600-700 ES700-HE 9 35 103 106
NB700-HE 13 104
NB850-HE 9 101
850-1000 ES900-HE 9 19 113 128
NB1000-HE 1 41
ES1200-HE 1 11
NB1250-HE 10 103
1200-1300 NBL300-HE 6 19 g &
ES1300-HE 2 97
1500 ES1500-HE 9 100
2000 ES2000-HE 1 24
2700 ES2700-HE 1 12
TOTAL 84 237

Tonnage column in table above presents the range of machines clustered in
different tonnage levels. The machine type represents the type of the machines in
different tonnage levels. The number of product types compatible both to different
tonnage levels and machine types are given. The overall compatibility considering
the tonnage clusters are 47% and the overall compatibility for each machine type is

49%.
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Order Frequency:

Every product is not ordered at every period. The number of products with
different order frequencies is presented below figure. The products can be classified
as low frequency and high frequency products. The products with one day and two
days frequencies are classified as high frequency products and the products with

three and more days frequencies as low frequency products.

ORDER FREQUENCY

- ]
N . I , . , . N 2 Em =
1 2 3 4 5 6

7

=)
ta
(=}

(]
(=
(=]

—
n
[=]

(%]
(=

NUMBER OF PRODUCTS

(=]

NUMBER OF ORDERS IN PLANNING HORIZON

Figure 3- Order frequency distribution in Vestel Electronics.
Considering the classification defined above 312 of the products are
classified as low frequency which has an average of 5,3 days between orders. 99
products which are classified as high frequency has an average of 1,7 days between

orders. The overall average order frequency is 3,46 days.
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Table 8 — Order frequencies in Vestel Electronics.

LOW HIGH
FREQUENCY FREQUENCY OVERALL
NUMBER OF PRODUCTS 312 99 411
NUMBER OF ORDERS 414 418 832
TOTAL PRODUCTION HOURS 10906 3364 14270
ORDER FREQUENCY 53 1,7 3,5

Mold Quantities

The high runner product types require more than one tool in order to be able
to meet the capacity requirements. The product type mold quantity relation is
presented in below table. 209 product types use single mold to produce the products
which makes %82 of the product types use only one mold. The maximum total
machine hour required per mold in 7 days for different mold quantities are
presented in table below. The maximum machine hour in the molds are around
130,3 hours per 7 days which is almost the full capacity of the machines and the

molds.

Table 9 — Mold quantities and required machine hours per mold in Vestel

Electronics.
MAXIMUM
NUMBER OF REQUIRED
PRODUCT TYPES MOLD QUANTITY MACHINQE HOUR PER
7 DAYS
194 1 130,3
27 2 122,3
7 3 128,8
5 4 94,7
2 5 86,9
1 8 70,1
1 13 75,7
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Cycle Times:

Cycle times of the product types range from 24 second to 153,9 seconds. The
cycle time distributions of the products fit a normal distribution (p<0.005) with an

average of 73,2 seconds and standard deviation of 26,8 seconds.

Used Parameters for Data Generation:

In order to be able to test and compare different models developed, the data
is generated for macro setup case. The setup times are 3600 seconds both for

sequence dependent and sequence independent models.

Table 10 — Parameters for test data generation

Data Definition Value Notes
STmn , ST SIN , .
o Setup time between molds 3600 Fixed for all product
ST, types
C Produc‘glon time per shift in 25200
a machine
M A big number 1000000
LC Lgbor cost per one shift 150
without overtime
SC Setup cost per unit time 0.2
Time coefficient for
.
cot overtime 0.33
COT¢ Cost coefficient for overtime 0.50
PC, Operating cost of machines 0.02 Fixed for all machines
per unit time
HC, Holding cost 0.1 Fixed for all products
BC, Backlogging cost 20 Fixed for all products
CT Cycle Time Unif. Dist (50;90)
CuUT Capacity utilization rate 75%
f Order frequency 3
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6.2 Model Performance Comparisons for Parallel Identical
Machines

The CLSD3/°"and CLSDIS;/OT models uses different approaches to the

a
simultaneous lot sizing and scheduling problems. The CLSDi/OT model does not use

micro-periods but relies on the setup decision variables for the sequence of the

production within the macro-periods. On the other hand, the CLSDi/OT model uses

micro-period formulation. The CLSIS/°"and CLSI;Z/OT formulations can be used in

sequence independent setup conditions. The variable and constraint numbers for

different problem sizes are shown below table:

Table 11— cLSDY?", cLsD;/°", cLsI/°" and CLSLY/®" model problem

size comparison

cLspy/°" cLspy/°" cLsiy/°" cLs1/°"
PROBLEM Bin Int Bin Int Bin. Int Bin. Int
SIZE : . ' : : : : :
Const Var. Var Const. Var. Var P Const. Var. Var P Const. Var. Var

L5/M10/T7 6133 4340 899 24778 8190 1249 3 3788 1190 1214 3 1583 490 549
L5/M20/T7 18893 15540 1759 63499 69640 3859 5 11438 3640 3824 5 2793 840 1059
L5/M30/T7 38653 33740 2619 394848 131390 5769 5 16848 5390 5834 5 4003 1190 1569

It can be seen that the CLSD;’°" model has higher values for the variables

and the constraints involved. The CLSI models which do not require sequence
dependent setup decision variables have lower number of constraints and decision
variables. The computation tests on the both models are made for the 10, 20 and 30
mold systems with 5 and 10 machines and 7 macro-periods where the capacity
utilization rate is 80%. The comparison of proposed model performances on the

generated data is shown in below table:
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Table 12 — cLSDY°", cLsDY®™™3 | cLsD}/°", cLsSIY/°T and CLSEY®T model
comparison

w Y cLsDy/°T cLsD3/OT/Ms cLspy/°" cLsty/°7 cLsy/°”
n EE w L L L L
=6 4, 2 < 4 2 T 4 2T T 4 2T T4 2o
wz Y g o ¥ 3 0 ¥ I oY 32 oY T o
2 g 2 > o 2 > o 2 > [ 2 > o0 2 >
2 3 & e 2O e 3 3
a I o o o o o
~ 1 121 38286 - 121 38286 - 3600 38286 0,17% 4 38286 - 28 38286 -
g 2 12 40815 - 13 40815 - 3600 40815 0,49% 8 40815 - 12 40815 -
g 3 15 39265 - 14 39265 - 3600 39265 4,98% 6 39265 - 5 39265 -
5 4 3600 48425 0,11% 3600 48425 0,13% 3600 48425 0,16% 3600 48425 0,15% 3600 48425 0,18%
5 3600 35634 0,14% 2979 35634 0,14% 3600 35634 0,14% 3600 35634 0,13% 3600 35634 0,13%
~ 6 386 35533 - 356 35533 - 3600 35533 7,09% 132 35533 - 104 35533 -
g 7 3600 36207 0,90% 3600 36205 0,91% 3600 36222 9,64% 3600 36207 0,37% 278 36207 -
g 8 40 36214 - 217 36214 - 1161* 36887 11,53% 87 36214 - 105 36214 -
5 9 3600 36619 0,43% 3600 36619 0,43% 3361* 36971 13,89% 476 36619 - 58 36619 -
10 3600 32900 0,36% 3600 32400 0,38% 3600 32930 2,91% 3600 32900 0,18% 3600 32900 0,42%
~ 11 3600 42808 2,17% 3600 42856 2,04% 1745* 44086 30,27% 3600 42594 1,64% 3600 42567 0,66%
g 12 3600 38131 0,43% 3600 38131 0,45% 1652* 40037 23,64% 3600 38131 0,22% 78 38131 0,00%
g 13 3600 42916 2,82% 1991* 42988 3,09% 3600 44066 30,17% 3600 42782 2,45% 3600 42818 1,08%
E 14 3600 40444 2,55% 3600 40444 2,43% 2074* 42638 26,48% 3600 40444 2,18% 3600 40444 1,59%
15 3600 41629 1,25% 3600 41629 1,18% 2555* 43326 29,45% 3600 41629 0,16% 658 41629 0,00%
[~ 16 * * * * * * 3238* 71535 2,46% 2903 71535 0,00% 660 71535 -
g 17 * * * * * * 3600 71912 2,94% 3600 70582 0,41% 3600 70288 0,44%
g 18 * * * * * * 3600 74022 7,83% 3600 73748 1,42% 3600 73748 1,37%
§ 19 * * * * * * 2172* 80144 15,02% 3600 70912 0,66% 3600 70912 0,67%
- 20 * * * * * * 3600 72203 1,86% 3600 72111 0,39% 3600 72111 0,43%

*Instances where the memory exceeded available 60 GB memory capacity and solution is
aborted.

s/oT
a

As it can be seen on above table the CLSD model performs better then

CLSDi/OT model in terms of the computation time, objective value and lower

s/oT
a

bound. However for the 10 machines 30 molds 7 periods problem the CLSD
model could not generate a solution since the solver exceeded the available RAM

storage limit. As it is expected the CLSI;/°" gives the best performance over all
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proposed models thanks to the reduced number of constraints and decision

variables.

Moreover, considering the optimality of the solutions provided by four
developed models, for data instances 13 and 14 none of the models could provide

optimal solution within 3600 seconds. The comparison of the models is shown in

below figures:

DATA INSTANCE 13 GAP DEVELOPMENT OF MODELS

100,00%

90,00%

80,00% 'I “\\

70,00% | \

60,00%
« 60
& 50,00% | \\ CLSDa
Y 40,00% - \ ——CLSDb

zg'gg: | \ ——ClSIb

10,00% N

O,m% T T T T T T T T T T T T T T T T T 1

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600
Solution Time (Seconds)

Figure 4- Optimality gap improvement chart for exact models on data instance 13

DATA INSTANCE 14 GAP DEVELOPMENT OF MODELS
100,00%
90,00%
80,00% | T~
70,00% \ \
 60,00% “ \\
& 50,00% CLSDa
S a0,00% “ \\____ ——CLSDb
30,00% —
10,00% ll
0,00% T T T T T T T
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Solution Time (Seconds)

Figure 5 - Optimality gap improvement chart for exact models on data instance 14
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As it is shown in above figures the computational performance of CLSDf;/ oT

model is worse than the CLSDf,/OT model. The CLSDﬁ/OT generates much better

gaps in a short time. The gap improvement data for CLSDg/OT model for the data

instances 13 and 14 can be found on below figure. The optimality gap reduces
below 4% in the first 400 seconds and it takes 3600 seconds to reach the gap just

below 3% in both instances.

CLSD]/°" GAP DEVELOPMENT

10,00%
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7,00%
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=—=DATA INSTANCE 13 ~ =——=DATA INSTANCE 14

Figure 6 - Optimality gap improvement chart for CLSDa model for Data Instances

13 and 14

101



DECOMPOSITION APPROACH FOR CLSD
FORMULATIONS

The production methods which require tool and machine interactions are
common in mass production industries. As explained earlier the examples of these
industries are the plastic injection and metal stamping factories. The presented
formulations for simultaneous lot sizing and scheduling are NP hard problems. The
complexity of the models increases exponentially by the increased number of tool.

Due to this fact two different decomposition approaches are studied in this section.

The tool machine interaction in the metal stamping or injection molding
production methods brings the opportunity to introduce a decomposition method
based on the capability of the machines to use the molds. As explained in the
problem definition section the machines should be capable to use the tools in order
to make production. For instance, an injection mold that requires a 1000 MT
clamping force should be produced in a machine which has the required
specifications or a mold that requires a steam process should be produced on a

steam injection machine.

In the first decomposition model of the parallel sets of non-identical
machines is introduced. In this model the tools are assigned to the sets of different
machines. Later the introduced CLSD/CLSI models can be used to make the
production schedules for the decomposed problems as parallel identical machines.In
the second section the results of the parallel nonidentical decomposition will be

presented.
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In the third section a MIP based heuristic approach for the solution of the
real world problems is introduced. In the heuristic approach the decomposition
models and CLSD/CLSI models are used sequentially to reach a solution close to
the optimality. Final section is dedicated to the numerical study of the

decomposition methods presented.
7.1 Decomposition for Parallel Non-ldentical Machines

In a real world problem, the tools can be produced by a set of different
machines which has certain attributes. In below figure the tool machine type
capability is presented. The row and column indices indicate the tools and the

machine types respectively.

TOOL

/ MACHINE TYPE MTI1MT2(MT3|MT4 ;fﬁgIéHINE TvpE MTIMT2|MT3|MT4
TOOL 1 1 0 0 0 TOOL 1 1 0] 010
TOOL 2 1 0 0 0 TOOL 2 1 0] 0] 0
TOOL 3 1 1 0 0 TOOL 3 1 0] 010
TOOL 4 I I | 0 0 TOOL 4 0 1 00
TOOL 5 1 1 0 0 TOOL 5 0 1 0] 0
TOOL 6 0 1 0 0 TOOL 6 0 1 0] 0
TOOL 7 0 1 0 0 TOOL 7 0 1 0] 0
TOOL 8 0 0 TOOL 8 0 0 1 0
TOOL 9 0 0 TOOL 9 0 0 1 0
TOOL 10 010 1 0 TOOL 10 0 0 1 0
TOOL 11 0] 0 1 0 TOOL 11 0 0 1 0
TOOL 12 0] 0 1 0 TOOL 12 0 0 1 0
TOOL 13 0] 0 TOOL 13 0 0 1 0
TOOL 14 0] 0 TOOL 14 0 00 1
TOOL 15 0] 0 0 1 TOOL 15 0 00 1

Figure 7 — Tool and Machine Type Decomposition Based on Machine Capability
If the tools are only capable to be used on a single machine type it is easy to
decompose the model in to sets of simpler sub problems. However, in real world
problems the tools are capable to be used on different sets of machines. In this case
the whole problem should be considered at once to reach a global optimum.

However, the model can be decomposed by assigning the tools to a single type of
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set of machines. One way is to make the decomposition, considering the cost and

capacity requirements of the sets of the machines.

In the developed CLSD models the cost is generated by the production,
inventory holding, backlogging, setup, shift, labor and overtime decisions. The
machine tool decomposition effects on the costs related with the capacity and the

production cost of the selected machine types.

The total capacity of the decomposed machine types is interrelated by the
number of workers attached to the machines and the total shift quantities made.
Similarly, each machine type has a different operating cost so the production
quantities of the products which are assigned to different machine types play an
important role on the overall performance of the model. The machine related

decision variables affecting the total cost of the production plan is listed below

based on the objective function of the CLSI/°" model:

MAX MAX MAX

T T T
[MIN]Z=>" > HC;s,+> > > PC0n +>. > ST, NSCst, +
iel t=1 leL meMO t=1 leL t=1
T | T
LC(osd' +osd" +0sd")+> > LCCOT “ot, + > > BC; b,
leL t=1 i=1 t=1
TMAX
> > > PCLOm - Production Cost
leL meMO t=1
TMAX
D > ST MSCst, - Setup Cost
leL t=1
L T
> > LC(sdy +sd,' +sd," +COTot,) - Labor Cost
=1 t=1
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To wrap up the decomposition on the machine types should consider the
total number of workers, the shift decision made, the operating cost of the machines

and finally the estimated setups made. The model is presented below:

DATA

| MAX Maximum number of product types

MT M Maximum number of machine types.

TV Total number of periods

MO Set of product types

MT Set of machine types

T Set of periods

NM . Number of machines in the machine type m

DI, Total demand of product type i in the planning horizon

CT,, Cycle time for product type i on machine type m (Viel ;Vme MT)

DW, 1 iff there is a demand for product i at period t (Viel ;t =1..T™)

ST Setup time for product type i (Viel)

IM. 1 iff machine type m is capable to produce product type i
(Viel;VmeMT)

C Capacity of the production resource in one shift (time)

SC Set up cost per unit time

LC Daily salary of an operator without overtime

AO® Number of available operators for the shifts per day

PC,, Variable unit production cost of machine type m (Vme MT)
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BC, Variable unit backlogging cost of product type i (Viel)
BINARY VARIABLES
d,, € {0,1} 1 iff product i is assigned to machine type m, O otherwise
(Viel ;VmeMT)
INTEGER VARIABLES
w €N+ Number of required labor to work on machine type m (Vme MT)

g, €EN* Total production of product type i on machine type m

(Viel ;YmeMT)

b.e Nt Total backlog quantity of product type i on machine type m
(Viel)
MILP MODEL

The objective function is to minimize the production cost, labor cost and backlogging

cost at the end of planning horizon.

MIN]Z=3 S PC,CTg, + S LCT"w, + 3 BCh,
[ ] :Z: :E: m 1=im :E: m i

icl meMT meMT iel
Equation (1) states that the sum of backlogged and produced product quantity is equal

to the total demand.

b; + Zqim = DI (Viel) (D)

meMT
Equation (2) ensures that if product type i is not assigned to machine type m, machine
type m cannot produce product type i.
<Md,, (Viel;VmeMT) (2)

im —

Equation (3) states that total working hours on machine type m is not exceeded
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TMAX
> CTgy, + . > ST"DW,d,, <CT"™w, (vmeMT) (3)

m —
iel iel t=1

Equation (4) assigns each product type to a machine type.

>dn=1 (Viel) 4)

meMT

Equation (5) ensures that total number of operators is not exceeded

> w, = AO° (5)

meMT
Equation (6) ensures that total number of operators does not exceed the total number of
machines

w, <3NM (VmeMT) (6)
Equation (7) ensures that product types are assigned to capable machine types

d. <IM._ (Viel;VmeMT) (7)

Equation (8) makes sure that available mold capacity is not exceeded

> CT.q,, <3CMQ, T"* (Viel) (8)

meMT

7.2 Results of Decomposition

The decomposition results are shown in below table. It can be seen that the
problem sizes after the non-identical machine decomposition exceeds the capability
of the exact CLSD models. In order to be able to solve the CLSD models a
hierarchical solution may be used. The hierarchical solution procedure is explained

in the next section.

Table 13 — Decomposition results in Vestel Electronics
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Machine Type Number of Number of Number of

Machines Products product Types
1 13 28 8
2 9 27 7
3 13 49 29
4 9 20 14
5 9 93 71
6 1 3 2
7 1 4 2
8 10 16 10
9 6 37 15
10 2 15 7
11 9 85 60
12 1 14 6
13 1 20 6
Total 84 411 237

7.3 A Heuristic Approach for the Solution of Industry Size

Problems

In the numerical study section it has been shown that the CLSD models do
not give reasonable solutions if the maximum number of products exceeds 30. After
the decomposition of the Vestel Electronics problem the product quantities exceed

this value for the machine types 1, 3, 5 and 11.

However, the CLSI models are still capable to solve the decomposed
problems. The CLSI models are capable to solve the sequence independent major
setup problems. The solution of the CLSI models gives the mold allocations to the
machines. This data may be used to prune the sequence dependent setup decision
variables on the CLSD models. The mold allocation solution of the CLSI models is

used remove the unlikely setup decision variables on the CLSD models so that the
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decomposed problems can be solved considering the sequence dependent major and

minor setups. The solution procedure is shown in below figure.

SOLVE CLSI
MODEL

REMOVE
UNLIKELY SETUP
DECISION

SOLVE CLSD
MODEL

Figure 8 — Hierarchical solution procedure for large problems

Wit represents the mold allocation decision variable of the CLSI models. The

setup decisions on the CLSD models are constrained if the specified molds are not

chosen to be used on the machines. Let the set of possible arcs from product i to product

j on machine | at period t be Z;, . Considering the Wy, values the set of Z,, can be

reduced to Z';,. The procedure is shown in below pseudocode:

for m=1to MO™ do
if w, =1 then

fori=1to I do

if MI; =land Ml ; =1 then

1.
2
3
4. for j=1to I do
5
6
7
8

Ly € Zlijlt
end if
end for
9. end for
10. end if
11.end for
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The setup decision variables are given in below table after the heuristics is

applied:

Table 14 — Setup decision variable comparison of exact models and developed

heuristics
NUMBER OF SETUP
MACHINE PROBLEM SIZE DECISION ARCS
TYPE EXACT  LEURISTICS
MODEL
1 128/M8/L13/T5 71344 8624
2 127/M7/L9/T7 45927 14670
3 149/M29/L13/T7 218491 2730
4 120/M14/L9/T7 25200 936
5 193/M71/L9/T7 544887 2508
6 I3/M2/L1/T7 63 54
7 14/M2/L1/T7 112 90
8 116/M10/L10/T7 17920 1824
9 137/M15/L6/T7 57498 3286
10 115/M7/L2/T7 3150 542
11 185/M60/L9/T7 455175 5122
12 114/M6/L1/T7 1372 318
13 120/M6/L1/T7 2800 296

7.4 Comparison of Exact vs Heuristic Solutions

The results of the heuristics and exact models are presented for each machine
type in below table. Exact model were not able to solve the problems 3, 5, 9 and 11 as

expected. The results will be discussed in next section.
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Table 15 — Solution of exact model and developed heuristic

L s HIERARCHICAL EXACT

Zuw '-_'IJ w SOLUTION SOLUTION

5> o N

él_ gw TIME ViEfJE GAP | TIME ngi:lE LB GAP | TIME Vgll?fJ.E LB GAP
1 128/M8/L13/T5 | 1500 1318601 1,3% | 1500 1434365 1297096 9,6% | 3600 1434365 1297096 9,6%
2 127/M7/L9/T7 | 1500 301901 7,8% | 1500 324096 241873 25,4% | 3600 307624 241885 21,4%
3 149/M29/L.13/T7 | 1500 1589137 4,4% * * * * * * * *
4 120/M14/L9/T7 | 1500 891302 0,0% | 1500 904328 779530 13,8% | 3600 895856 787368 12,1%
5 193/M71/L9/T7 | 1500 1438524 0,2% * * * * * * * *
6 13/M2/L1/T7 2 181519 - 3 181519 181519 - - - - -
7 14/M2/LL/T7 2 288110 - 1 288110 288110 - - - - -
8 116/M10/L10/T7 | 1500 935845 0,4% | 1500 950677 890784 6,3% |2070* 949668 893353 5,9%
9 137/M15/L6/T7 | 1500 522711 1,8% * * * * * * * *
10 115/M7/L2/T7 905 97147 0,4% | 1500 97714 88822 9,1% | 3117* 97714 89447 8,5%
11 185/M60/L9/T7 | 1500 899689 1,8% | * F * * o * * *
12 114/M6/L1/T7 11 279150 - 515 277385 277385 - - - - -
13 120/M6/L1/T7 3 764113 - 13 763335 763335 - - - - -

*Instances where the memory exceeded available memory capacity and solution is aborted.

In order to compare the accuracy of the heuristics below table is presented. The

optimality gap in the below table is calculated considering the best lower bound found

in the exact model.

Table 16 — Comparison of exact model and developed heuristic

PROBLEM IME OBJ. VALUE LOWER BOUND
SIZE HEURISTICS EXACT  GAP  HEURISTICS EXACT GAP
13/M2/L1/T7 181519 181519  0,0% 181519 181519  0,0%
14/M2/L1/T7 288110 288110  0,0% 288110 288110  0,0%
114/M6/LL/T7 11 279150 277385  -0,6% 279150 277385  0,6%
120/M6/LL/T7 3 764113 763335  -0,1% 764113 763335 0,1%
115/M7/L2/T7 905 97147 97714 0,6% 96720 88822  82%
120/M14/L9/T7 1500 891302 004328  1,4% 891124 779531  12,5%
116/M10/L10/T7 1500 935845 950677  1,6% 931727 890784  4,4%
127/M7/L9/T7 1500 301901 324096  6,8% 278504 241873 132%
128/M8/L13/T5 1500 1318601 1434365  8,1% 1301459 1297096  0,3%
137/M15/L6/T7 1500 522711 * * 513511 * *
149/M29/L13/T7 1500 1589137 * * 1518897 * *
I85/M60/L9/T7 1500 899689 * * 883585 * *
193/M71/L9/T7 1500 1438524 * * 1435935 * *

*Instances where the memory exceeded available memory capacity and solution is aborted.
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1.5 Results of the Vestel Electronics’s Problem

The capacity utilizations of the total 84 machines are presented in below figures.
The utilizations are around 100% where the demand is high and reduces to around 90%
in the last period. The demand vs production rates are also presented in below figure.
The overall utilizations are uniformly distributed during the planning horizon. The

reader can find the capacity utilizations of different machine types in the Appendix

section

PRODUCTION - SETUP- IDLE TIMES
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Figure 9 — Demand, production time, setup time and idle times of complete
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CONCLUSIONS AND MANAGERIAL INSIGHT

Simultaneous lot sizing and scheduling models has been investigated in a
multiple tool, multiple machine single stage production environment. Among the
existent simultaneous lot sizing and scheduling models, the CLSD model
formulations has been studied and the extensions of tool machine interaction,

workforce planning, shift and overtime decisions are added to the model.

It has been shown that the capacity constraints are closely related to the
available workforce and the tactical decisions like the shift planning and overtime
decisions. Due to the effects of workforce capacity and tactical decisions the
planning effort to decide the lot sizes and schedules the tactical decisions should be

considered.

Although the exact MIP method can be used for small sized instances other
techniques such as MIP based decomposition or heuristics should be used for large
problems. Decomposition techniques and heuristics have been implemented to
solve real world problems. The decomposition of the parallel sets of non-identical
machines is based on the capacity requirements and costs of different machine types
The heuristics can be used for the reduction of the quantity of the setup variables

and the large size problems become solvable.

The developed models and decomposition techniques can be used for
production environments where tools and machines should be used together to
produce the products, such as metal stamping or plastic injection factories. The
models can be used as a decision support system for the professional planners. The

developed heuristic algorithm can be used to make fast and agile production plans.
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The other area that the developed models can be used is the final assembly
factories where the parts are produced in separate production facilities. The overall
production plan of the final assembly factory can be modified according to the
results gained form the developed models. In this way the general efficiency of the

whole system including the sub factories producing the parts can be increased.
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FUTURE RESEARCH
The possible future research on the area can concentrate on the heuristics
that can give faster and better solutions. Some of the heuristics used so far for the
simultaneous lot sizing and scheduling in the literature are relax and fix, fix and
optimize, column generation and genetic algorithms. The developed decomposition
methods can be used as initial solutions for the heuristic methods or they can be

used as a part of the new heuristic approaches.

The other possible future research is to make the production plans which
consider the inventory balance during the macro periods. The inventories obtained
in the developed model should be hold at least for one period to meet the
requirements of the next macro periods production demand. The modelling
approach which considers the part flow during the macro period has the potential to

decrease the inventories and inventory holding costs.

Although the developed deterministic models can give answers to multiple
decisions such as shift plans, overtimes, schedules or lot sizes, the real world
problems may have deviations in the given sets of parameters to the model. The
setup time deviations, machine and tool breakdowns or labor absenteeism are some
of the deviations that can affect the efficiency of the deterministic models. Further
researches may concentrate on the stochastic, scenario based or robust optimization
technigques to minimize the effects of the parameter deviations to the overall

performance of the models developed.
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To summarize heuristic approaches for large problems, in period inventory
flow models and robust models to parameter deviations are the possible future

research opportunities in the area.
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APPENDIX
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CAPACITY UTILIZATION
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