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ABSTRACT

PRODUCTION PLANNING FOR FOUNDRY WORKSHOP
Dogramaci, Hatice
M.Sc. in Industrial Engineering
Graduate School of Natural and Applied Sciences
Supervisor: Asst. Prof. Dr. Mahmut Ali Gokge

December 2016, 81 pages

Foundries have a wide range of applications depending on the size
and type of products produced with selected technologies. Foundries must
work with efficiency because they support a fast-paced (serial) production.

In this thesis, a new mathematical modelling is proposed for the
foundries planning and scheduling. The scheduling model will increase the
efficiency and effectiveness, will decrease the total backlog, total setup cost,
total mold maintenance cost and total inventory cost without any order delay
through the usage of production constraints from necessary materials and
parameters.

Keywords: Foundry Planning and Scheduling, Optimization, Mathematical
Model, Backlog, Setup, Maintenance, Inventory and Minimization
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DOKUM ATOLYESI ICIN PLANLAMA
Dogramaci, Hatice
Enduistri Miihendisligi Yiiksek Lisans Programi
Fen Bilimleri Enstitusu

Tez Danigsmani: Asst. Prof. Dr. Mahmut Ali Gokge

Aralik 2016, 81 sayfa

Doékumhaneler, segili teknolojiler ile kullanarak seri Uretimle boyutu ve
turine gore genis bir yelpazede UrlUnler Uretir. DokiUmhaneler seri Uretimi
destekledikleri i¢in, verimli calismak zorundadirlar.

Bu projede, dokimhane planlama ve c¢izelgeleme igin yeni bir
matematiksel model O&nerilmisti. Bu modelle birlikte gelen sipariglerde
gecikme yasamadan gerekli malzemelerin Uretim kisitlari ve parametrelerle
olusturulacak cizelgeleme ile mevcut durumdaki etkinligi ve verimliligi
artirmakla birlikte, toplam gecikme, toplam kurulum, toplam envanter, toplam
kalip bakim ve toplam maliyeti en aza indirgenmigtir.

Anahtar Kelimeler: Dokumhane Cizelgelemesi, Optimizasyon, Matematiksel
Model, Gecikme, Kurulum, Envanter ve Kalip Bakim Minimizasyonu



ACKNOWLEDGEMENTS

| would like to thank my project supervisor Asst. Prof. Dr. Mahmut Ali
Gokge, whowas always there when | needed help throughout my project
study, whose invaluable ideas | benefited from and who always helped me to
shape my project.

| would like to thank you my sisters; ipek Stgit, Tugge Ustiiner who
have helped me during the master program.

Specially, | would like to thank you my family who has never stopped
supporting and encouraging me. They are very important for me. They are

the biggest chance of my life.



vi

CONTENTS

Y = S I O iii
72 iv
ACKNOWLEDGEMENTS ...ttt s s s s ssssss s ssssss s snnnes v
L0210 1 = 8 5 vi
LIST OF TABLES ... s s s s viii
LIST OF FIGURES ... s e ix
TERMS AND ABBREVIATIONS ... e X
CHAPTER 1. INTRODUCTION .......ooiiiiiiiimre e sses s ssms e s m s 1

1.1. SCOPE OF THE MASTER THESIS..........cccooiiirrrr e 4
CHAPTER 2. LITERATURE REWIEW............coiiireeme e 5
CHAPTER 3. PROBLEM DEFINITION .......ccooiiiire e ee e 15

3.1. INTRODUCTION........ceiiiimireemre s e se e e s e s 15

3.2. MATHEMATICAL MODELS: OBJECTIVES & FORMULATION ...16

3.2.1. MATHEMATICAL FORMULATION (MODEL-1).....ccccvvccuunennnn. 16

3.2.2. MATHEMATICAL FORMULATION (MODEL-2)........cccvscuurenne 23
CHAPTER 4. VOLT ELECTRIC CASE STUDY ......ccoociiiiimrmniinnennnnnenns 31
4.1. DATA COLLECTION .....ooiiiiirrirnnn s ssansenns 38
CHAPTER 5. RESULTS ...t s 44
CHAPTER 6. CONCLUSION........cccoiiiirnmrrrs s asnne e 48
REFERENCES ...t s asnnn e 49

APPENDICES..........o ot s 52



Vil

APPENDIX.A Initial Matrices for Optimal Solution........cccccccorrrirrnnnnnnneee. 53
APPENDIX.B The Results of Sensitivity Range and Reduced Cost ...... 63



viii

LIST OF TABLES
Table 1 Literature SUIVEY ...........uuueiiiiiiii e 10
Table 2 Injection maching park............coooiiiiiiiiiii e 34
Table 3 ProdUCt group .......ooo oo e 39
Table 4 Product group between setup times (h)......cooovvveeeiiiiiiiiiiiiiiiieeiieee, 40
Table 5 Demand and item ordered for period ............ccccvveiiiiiiiiiiiiieeieeeeeee 41
Table 6 Cycle time of item and setup time of mold ...................cer. 42
Table 7 Production-machine compatibility eligible matrix ..............ccccccceee. 43
Table 8 Product-mold compatibility matrix............cccooooeiiiiii e, 44
Table 9 Performances of developed models ............cccciiiiiiiiiiiiiiiis 47

Table 10 Initial matrix for when the demand does not affect the capacity ...53

Table 11 Initial matrix for when the incoming demand does not meet the

(07T o 7= o7 | NP 54

Table 12 Initial matrix for when the capacity of the same demand is reduced

and the regular maintenance interval is reduced ............cccccceiiiiiiiiiiiiiiinnnne. 55

Table 13 Initial matrix for demand is the same, capacity is reduced ,regular

maintenance interval, number of mold production is reduced ...................... 56

Table 14 Initial matrix for the same demand was reduced and the regular

maintenance interval, the number of mold production was reduced ............ 57

Table 15 Initial matrix for setup capacity can be minimized and when

capacity times are reducCed ...........cooe oo 58



Table 16 Initial matrix for when the incoming demand is increased and the

setup capacity is reduced and the capacity times are decreased ................ 59

Table 17 Initial matrix for when the setup capacity is reduced and the regular

maintenance interval iS reduCed ........ooiiii e 60

Table 18 Initial matrix for demand increased and setup capacity minimize

and when the regular maintenance interval value is increased .................... 61

Table 19 Initial matrix for demand increase and setup capacity minimize and

when the number of mold production is reduced to a fixed value ................ 62
Table 20 Mold-period compatibility ..............cccoiiiiiiiii e, 63
Table 21 Item-period compatibility for initial backlog ... 63
Table 22 Iltem-period compatibility for initial inventory ..............ccccciiiiiees 64
Table 23 Machine-mold compatibility ...........ccccomiiiiiie 65
Table 25 Mold-item compatibility ............coooriiiiiiii e, 67
Table 26 Mold-product for machine manufacturability ...................ccccceiiies 67

Table 27 Alloy-period compatibility ............ouuueiiiiiie e 68



LIST OF FIGURE

Figure 1 Diagram of general foundry process (European Commission, 2005)

........................................................................................................................ 3
Figure 2 Production foundry study ...........ccccooiiiiiiiiiiiiiiee e 32
Figure 3 Horizontal injection machine mechanisim ..............cc.cooviiiieennnnn. 34

Figure 4 Flow chart of the foundry production process ..........cccccceeevveiieeenn... 35



Xi

TERMS AND ABBREVIATIONS

LP : Linear Programming

IP : Integer Programming
MIP : Mix Integer Programming
DP : Dynamic Programming
Non-LP : Non-Linear Programming

ILP : Integer Linear Programming



CHAPTER 1: INTRODUCTION

Foundries melt ferrous and non-ferrous metals and alloys; these plants
reshape alloys that are finished or close to finished by means of foundry
metals or alloys into a mold or through hardening. Foundry industry is a
differentiated and diverse industry. Foundries consist of various sizes of
plants ranging from small facilities to large-scale installations that have a
combination of various sizes and types of products in a given facility with
suitable technology and unit operations to suit each input. Organization within
the industry is based on the type of metal input together with the main

distinction of ferrous and non-ferrous foundries.

European foundry industry is the world’s third-largest industry in ferrous
foundry and the second largest industry for non-ferrous foundry. Germany,
France and ltaly are the three biggest producing countries in Europe each of
which has a total annual production of over two million tonnes of foundries.
Spain, in recent years, has moved to the fourth place taking the place of UK
with a production over one million tons. In addition, these top five countries
produce more than 80% of the total European production. Despite some
fluctuations for individual countries, the total tonnage of ferrous foundry
production in Europe has shown stability for the last five years (European
Commission, 2005). For instance, while the trend is towards growth in Spain,
figures for England suggest the existence of a general downward trend in
manufacturing output. A steady growth has occurred in the non-ferrous
foundry industry since 1998. The total figure for 2001 was unclear due to lack
of data for UK. This applies to not only major producing countries but also

countries with lower levels of production.

Outside metal types (ferrous/non-ferrous), size of foundries depends largely
on dimensions of foundry products and series. A small series foundry is

called ‘subcontractor foundry’, and a large series foundry is called ‘series



foundry’. Foundries can also be classified according to the type of ferrous

produced, namely, the type of non-ferrous and ferrous foundry.

Foundry Process: A general flow chart of foundry process is provided below

in Figure 1.1.
A typical foundry process can be divided into following main activities:

e Melting and metal processing: melting area

e Preparation of molds and cores: molding area

e Pouring molten metal into the mold, cooling for solidification, extraction
of foundry from the mold: foundry space

e Crude foundry coating: coating area

Foundries produce coated foundry starting with foundry scrap (scraps
selected according to a specific chemical composition) or ingots. Typically,
these are compounds that require further treatment or assembly for final
product yield.

Chambers, cores and lost templates are produced as a part of the foundry
process. Diagram of General Foundry Process (European Commission,
20095) is presented in Figure 1.
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Figure 1 Diagram of general foundry process (European Commission, 2005)




1.1. Scope of the Master Thesis

In this thesis, we consider production planning and scheduling problem in a
foundry. First, a literature review on this topic is provided, and a new
mathematical model is presented for planning and scheduling problem in a

typical foundry.

In this problem, a factory supporting mass production is envisioned.
Therefore, cost of maintenance, setup cost, backlog cost, inventory cost in
modeling is also considered. In order to identify these; such as machine-mold
compatibility, product-period compatibility, alloy-period compatibility, mold-
item compatibility is provided. At this time, molds are unable periodically.
Difficulties due to the problems that emerge for use and maintenance of the
mold have been ignored. While satisfying demand, emerging problems were
studied due to the ignoring of mold and maintenance. Mold usage was
minimized and cost of maintenance were minimized with this solution
technique. A new mathematical (an improved model is) proposed and it was

solved with CPLEX considering specific constraints and parameters.

The objective of the problem is minimizing total cost. Total cost is composed
of backlog cost, inventory cost, maintenance cost and setup cost of furnace

during planning horizon.



CHAPTER 2 : LITERATURE REVIEW

Landmann et al. (2013) studied production scheduling optimization problem
in the foundry industry. There were two important production stage, which
were melting and molding. There was different capacity in molding lines.
More melting center was made for best use of melting line. Using the foundry
capacity in the best possible way, efficiency of the foundry operator is
increased, and consumption of energy decreased. Possible combinations
were created in order to produce product in optimal time. They presented a
genetic algorithm. They also compared other by (fuzzy logic) solution.

Sortrakul et al. (2005) studied genetic algorithms for integrated preventive
maintenance planning and production scheduling for a single machine. In this
paper an integrated production planning and optimization models for planning
preventative maintenance is studied. They have developed a solution based

on genetic algorithms. Their main algorithm was implemented which they
have shown to be efficient for optimizing.

Yulan et al. (2007) studied multi-objective integrated optimization research on
preventive maintenance planning and production scheduling for a single
machine. The article aimed at maintenance costs, completion time, total
weighted completion time jobs, while minimizing total weighted delays, and
maximize machine availability. Solution methods were proposed genetic
algorithms (MOGA) by visual basic, and they were made maintenance plan
with production planning.

Ugarte et al. (2009) studied development and integration of a reactive real-
time decision support system in the industry. This paper aimed to provide
real-time decision support in production environments. They showed (ERP)
enterprise resource planning delay in the process in a controlled
environment. They were in search of genetic algorithm and real-time solution

with discrete event simulation model and they showed availability.



Nonas et al. (2000) studied scheduling problem arising in a foundry industry.
The aim of the problem was to find an efficient production plan that minimizes
the total number of days orders are late. Constraints were measured by a
capacity matrix. They solved MIP and proposed heuristic strategies. They
obtained optimal solution by mathematical model. Strategy performance was

shown via numerical solution.

CherngWu et al. (2005) studied an operator staffing and assignment model
for foundry industry. The aim of the problem was to minimize operator
staffing costs because, there are frequent changes of product mix and
keeping high-quality was paramount. They developed LP (linear
programming) model. Their proposed LP model aims to minimize the
operator staffing cost. They solve staffing problem with 90% confidence that
the computed solution differs by no more than one operator from best

solution.

Arouje et al. (2012) explained a lot sizing and scheduling problem in small
foundries. There were decision variables which were metal alloy production
for furnace and molding machine planning. They presented a MIP model and
solved it via the RF (relax-and-fix) approach. The methods helped small
foundries to reduce delays considerably. Schedules were generated in a
small fraction of the time of those created manually in the foundry.

Aghezzaf et al. (2007) studied an integrated production and preventive
maintenance planning model. The aim of the problem; it is to find integrated
system that meets the demands and preventive maintenance strategy for all
items. Production and maintenance costs are minimized. Example model
was created for the solution method with mixed integer programming. An
example of the model is consistent with and optimal production and shows

preventive maintenance schedule is consistent. In addition to maintenance



the problems with the integration of operations planning models will also be
searched.

Stawawy et al. (2007) studied XML model of planning system in foundry. The
disadvantage of solution was differently production planning and scheduling
problem. They presented XML model of manufacturing and planning system
for a sample foundry. The model was formed of customer’s order model,
resources model and scheduling model. The XML model use to access the

data stored in an XML document.

Maticevic et al. (2006) studied production scheduling model in Aluminum
foundry. The aim was satisfying just in time customer demand with quality
products. They developed new mathematical model. The mathematical

model was successfully applied and tested in the foundry in Mostar.

Stawawy et al. (2012) studied model and algorithm for planning and
scheduling in foundry. They developed model and algorithm for foundry
planning. They accepted shop floor scheduling or lot sizing as scheduling
with batching. Also, scheduling model and optimization techniques were

solved for computing capacity.

Cassady et al. (2005) studied integrating preventive maintenance planning
and production scheduling for a single machine. The aim of the problem is
expected to minimize the total weighted completion time. They have
developed a mathematical model that includes a production planning and
scheduling preventive maintenance on a single machine. They are a simple
example, showed the PM decided to define an optimal schedule. Their future
work is to develop this model with more intuitive solution methods.

Cassady et al. (2003) studied minimizing job tardiness using integrated
preventive maintenance planning and production scheduling. The aim was to
minimize the total weighted tardiness production planning and work. Thus,

determining the preventive methods was a model of integrated care planning



decisions. This model an integrated solution for production planning and
scheduling preventive maintenance and independent problem solving
compared with the performance obtained in the solution. The resulting
numerical model results indicated 30% average reduction on expected total
weighted tardiness. Their future work includes multiple machines or
workshops constraints to be included and aims to further improve the
operational maintenance capacity.

Austgen et al. (2015) studied scheduling foundry production without an
inventory of sand molds. They assumed given weekly demand and sequence
products per hour. They solved MIP model and implemented a genetic
algorithm due to solving problems with MIP model. The molds must be used
in the order mold sequence are split among two pouring lines without need to
store molds.

Camargo et al. (2012) studied a knapsack problem as a tool solve the
production planning problem in small foundries. The purpose of this study
was to prepare plans for minimum production costs very sizing problem for
small foundries. In this study, an important problem was furnace setup
capacity. They prepared the solution with genetic algorithms and
mathematical methods. The recommended method was better than the
results in the literature. Furthermore, the proposed method is suitable for

small foundries.

Landmann et al. (2007) studied production scheduling optimization in the
foundry industry using genetic algorithm. In this report, they have submitted
applications with the results of genetic algorithms techniques to use in the
foundry industry and production planning. They have minimized energy
consumption and smelting capacity in the foundry. Their solution techniques
were genetic algorithms and mathematical methods. The results of
mathematical models (MIP) and the method by intuition (meta-heuristic

algorithm) compared the results were enough to solve this problem.



Ballestion et al. (2012) studied production scheduling in a market-driven
foundry a mathematical programming approach versus a project scheduling
mateheuristic algorithm. The aim of this paper is different processes required
for the manufacture of parts (molding, baking, cutting, molding, etc.) was to
find an efficient production plan. They made solution with integer linear
programming. They developed metaheuristic algorithm based on this model.
They reached the conclusion that compare both approaches with real
examples.

Duda et al. (2013) studied lot-sizing problem in an automated foundry. They
worked on a make-to-order foundry of medium size. They assumed the
furnace as bottleneck and solved a mix integer programming (MIP) problem.
They improved planning with using MIP model to find the needed alloy in
addition to products that will be produced.

Fernandes et al. (2010) studied binary integer programming formulations for
scheduling in market-driven foundries. This article described the
development of market-oriented foundry and binary integer formulations for
production scheduling problems in foundry. However, there were few studies
on the subject. They supplied solution with mathematical methods. This
model demonstrated the feasibility of computational tests the robustness of
the model and proposed a similar situation to the industrial sector as
production planning was analyzed.

In this thesis the mathematical model was developed to minimize total
backlog cost, total setup cost, total maintenance cost and total inventory cost.
Significant constraints considered. These are; machine-mold compatibility,
mold-product compatibility, minimize and maximize product run, mold
maintenance compatibility. In these literatures; setup cost, inventory cost,
backlog and mold maintenance cost were never evaluated together. If the

mold maintenance ignores, problems may occur during the planning.
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Especially, the usage of mold and maintenance cost has been minimized
with this solution technique.



Table 1 Literature survey
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References

Topic

Aim

Mathematical
Model

Genetic

Algorithm

Landmann et
al.
(2013)

Production scheduling optimization

problem in the foundry industry.

Minimize the efficiency of the

operator.

Sortrakul et al.

Genetic algorithms for integrated

Minimize the integrated optimization

(2005) preventive maintenance planning model for production scheduling and
and production scheduling for a preventive maintenance planning.
single machine.

Yulan et al. Multi-objective integrated Minimize the maintenance cost,

(2007) optimization research makespan, total weighted completion

on preventive maintenance
planning and production

scheduling for a single machine.

time of jobs,
total weighted tardiness, and

maximizing machine availability.
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References Topic Aim Mathematical Genetic
Model Algorithm
Ugarte et al. Development and integration of a The aims at providing real-time
(2009) reactive real-time decision support decision support.
system in the industry .
Nonas et al. Scheduling problem arising in a Minimize the total number of
(2000) foundry industry . days orders

CherngWu et al.
(2005)

An Operator Staffing and

Assignment Model.

Minimize the operator cost

Arouje et al.

Lot sizing and scheduling problem in

Minimize the total inventory and

(2012) small foundries. total delay cost
Aghezzaf et al. | An integrated production and Minimize the maintenance cost
(2007) preventive maintenance planning

model.
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References

Topic

Aim

Mathematical
Model

Genetic

Algorithm

Stawawy et al.
(2012)

Model and algorithm for planning

and scheduling in foundry.

Minimize the cost and delivery

time

Maticevic et al.

(2006)

Production scheduling model in

Aluminum foundry.

Minimize the delivery time

Cassady et al.
(2005)

Integrating preventive maintenance
planning and
production scheduling for a single

machine.

Minimize the total expected
weighted completion time of

jobs.
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References

Topic

Aim

Mathematical
Model

Genetic

Algorithm

Cassady et al.
(2003)

Minimizing job tardiness using

integrated preventive maintenance

planning and production scheduling.

Minimize the total weighted

tardiness of jobs.

Duda et al.
(2013)

Lot-sizing problem in an automated

foundry.

Minimize the bottleneck and

delivery time

Austgen et al.
(2015)

Scheduling foundry production

without mold inventory.

Minimize the weekly demand

Landmann et al.
(2007)

Production scheduling optimization
in the casting industry using genetic

algorithm.

Minimize the efficiency of the
foundry operation and to reduce

energy consumption
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References
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Aim

Mathematical
Model

Genetic

Algorithm

Landmann et al.
(2007)

Production scheduling optimization
in the casting industry using genetic

algorithm.

Minimize the efficiency of the
foundry operation and to reduce

energy consumption

Ballestion et al.
(2012)

Production scheduling in a market-
driven foundry a mathematical
programming approach versus a
project scheduling mateheuristic
algorithm.

The aim is to make efficient

production plan.

Duda et al.
(2013)

Lot-sizing problem in an automated

foundry.

Minimize the bottleneck and

delivery time
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CHAPTER 3 : PROBLEM DEFINITION

3.1. INTRODUCTION

Manufacturing plants should implement necessary plans or tools to come up
with plans to meet incoming demand for their products. In this context,
determination of production quantities and workflows in the production
environment is critical for production planning. There are many factors that
make it difficult to implement plans in production environments. Machine
capacity, orders and work orders, routes, setups, product trees, raw
materials, semi-finished goods, labor, molds and production elements,
deadlines, delay penalties, quality problems and etc. can be considered as
the limiting factor in production in this context. The presence of a large
number of limiting factors makes it difficult to plan production effectively in the

organization.

The first important goal for all businesses is to optimize cost and maximize

profit, and to minimize operating cost with the incoming demand.

In this foundry plant, foundry planning and scheduling are provided over
Excel file with a program used in the company. The following problems are

encountered while analyzing the system.

e Mold and labor costs are not taken into consideration while it is aimed
to decrease stock cost based on mold-part compatibility.

e Since mold usage and maintenance limitations are not considered,
delay costs emerge.

e Machine is working as automatically. One person is assigned to each
machine, and thus unnecessary labor costs emerge.

These criteria are set out as pioneering ones.
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Under the light of decision variables and performance criteria described
above, a mathematical model will be developed to analyze the current
situation. The model will represent all the factors affecting the problem (gross
weight, demand, delay, cost, inventory cost) in a realistic way.

Purpose of this model is to minimize delay costs, inventory costs and furnace

installation costs and mold maintenance cost.

3.2. MATHEMATICAL MODELS: OBJECTIVES & FORMULATION

With the mathematical model, it will be possible to ensure timely delivery of
orders with less inventory levels by considering other constraints such as
usage of mold and maintenance, parts to produce, machine of production
and date of production. The model will represent all factors affecting the
problem such as Foundry and smelting machine park (availability,
maintenance compatibility), setup times (sometimes sequence dependent),
BOM structure, raw materials (availability, compatibility and preparing), mold
(maintenance, availability, compatibility) in a realistic way. These constraints
are given by considering all possible combinations.

In this model, two models were developed by considering machine-mold,
mold-part compatibilities, minimum and maximum production quantities, mold
usage/maintenance costs.

The mathematical model-1 was developed to minimize the total backlog cost,
the total cost and setup cost. The mathematical model-2 was developed to
minimize the total backlog cost, the total cost, setup cost and mold

maintenance costs.

3.2.1. MATHEMATICAL FORMULATION (MODEL-1)

The mathematical model-1 was developed to minimize the total backlog cost,

the total inventory cost and total setup cost.
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SETS & INDICES
A = Set of alloy

a = Index of set of alloy, a € A

| = Set of items

i = Index of set of items, production, i € /

T = set of periods

t = Index of set of periods (hours, days,weeks,months etc.) , t€ T
M = Set of machines

m = Index of set of machines

K = Set of molds

k = Index of set of molds

B = A big number
M = A big number
PARAMETERS

Cap; capacity (kg) of a single furnace loading. Same for all, different type of
furnaces

Li gross weight (kg) of item i

[@;+ demand of item i ordered in period ¢

Zl5 set of item j that use alloy a.

h;; penalty for delaying a unit of item j in period t
.+ Penalty for holding an unit of item i in period ¢

[l setup penalty for alloy a (money)



225 setup loss of capacity (kg) due to a setup for alloy a
EEigrEREEEIEEE binary variable,

1 if item i can be produced in mold k,
alaf el aldl vl el

0 otherwise
2, = 1 if mold k can be used in machine m,
ERigREEEE

0 otherwise
Em =

1 if mold k available,
Mg =
0 otherwise
IEEEEE; = Initial stock for item J
IEEEREEREE; = Initial backlog for item i
@; = Cycle time of mold k
E; = Cycle time of item i
P = Period length (1 hour)
FE[Fz = Setup time of mold k
@P; = Setup time of item /i on mold
1 if available mold k in period {,

Mgy = 0 otherwise
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DECISION VARIABLES
[Zi7¢ = Quantity of item j to be produced on mold k in period ¢
I; = Quantity of item / delayed at the end of period ¢
I'; = Quantity of item i inventory at the end of period ¢
@, Binary variable ,
1 if item j can be produced with mold k in period t,
Bee = 0 otherwise
EEEEsz, binary variable,
1 if machine m has mold k in period ,

FREEE, = 0 otherwise

FEEEGR, — EEEEER-q) binary variable,
1 means setup for machine m in period t
EEEChe: — BEEChn -1
Omeans no mold setup on machine to min period t
G2 binary variable,
1 indicates that the furnace is set up for producing alloy a in period t
0 otherwise
EZ binary variable,

1 if there is setup alloy a in period t

0 otherwise
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Thus B} = OifE}_, = 1 =} and B}, <[}.
¢ binary variable,

1 if mold k is used in period t

Phe =
0 otherwise
MIP model:
B @ A A
- i
MEEEEEE = =i + Felp + = = (@ %) (D)
f=1¢=1
L
i=1t=1

The objective function (1) minimizes total cost. Total cost includes order,
delay cost for each period. This part is setup cost alloy changeovers in each
period. Thus, the objective function seeks balance between conflicting goals:
inventory, backlog and setup.

Subject to:
K @

TR TR > SO —Lp+lp=Eei=1,.1
B {BERIEEEEIER + &

Bty
t=1..,T(Q)
@ BEEEE ,a=1,.. ,At=1,..T(3)
@ @
> > piltipe + B
¢
B=1 0@
Shii<s2@=1..T®)
fleA

S Bep=1k=1,.. Kt=1..T (5)
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Constraint set (2) assures inventory balance. In constraint is (3) limits furnace
usage by furnace capacity manages. Each alloy can use one furnace.
Therefore constraint 4 allows number of furnace different alloys being used
during each period. Constraint (5) makes sure that only 1 item can be

scheduled to be produced on a machine in a period.
[> merm (EEEERR: — BEEERme-1))] < EEEZR + [X iem — BERFppme-1)] <

(e g
B + [X i2 mh> Egl = P(6)

Constraint (6) t molds m which can be used in machines in the period, and if
the previous period (f-7) production to continue and period ¢ in the setup mold
needs to be done to mold change t can be produced in the short mold in
period i items and if in the previous period (f-7) in the period t continue
production j items should be included in the setup and period length must be

less than or equal.

Mx BEEEm xMpy =S @, B @ (7)

e

M < [FF g x Mpy = > 2 i (8)
Ziz¢

i
Constraint (7): The mold used in the machine of mold in ¢ period eligibility
must be greater than or equal to the t period /i items in manufacturability.
Constraint (8): The product manufacturability mold used in molding the period

must be greater than or equal to the period of production of each product.

> <1 0 @O

EEEEsp,
@



S BEFfse< 1 [ [@(10)

L
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Constraint (9): Production can be done only in a mold consistent for each
machine in the period. Constraint (10): Each mold compliant product

manufacturability of the period is less than or equal to 1.
> Epe=MxE B B (11
if

> Brp<1m=1. Mt=1.T (12)

@ (K Ry

Constraint (11): Mold that is available must be equal to or smaller than the
reproducibility for t period and k mold. Constraint (12): Production of mold in

period t must be smaller or equal to 1.
Cige =@ > Bpe  jme  (13)
=G -0, 0=1..008=1..08 @14

Constraint (13) produce only if properly ensures production on a machine
occurs only when properly setup. Constraint (14): If there is a setup carryover

to alloy a or to equal 0.

A
SE=108=1.,T (15

f=1

G2 {o1}EEEEh =0, M@=1,...0, @B=M@. @ (16)
H

0<sEl<1, @=1..0E=1.08 @17
P = 0 EEREEEGED , i=1,...1,B=1,..@ (18)

Constraint (15) and (16) furnace is setup only for 1 alloy at a period. Along
with constraint (17) and (18) there is a changeover to alloy a just 0 or 1

values, even if the variables are not integer optimal.

[LEEEG =0,i=1,... ], B=0,..0(109)



25

Constraint is (19) inventory and delay as non-negative variables, due to their
positive parameters in the objective function.

3.2.2. MATHEMATICAL FORMULATION (MODEL-2)

In the field literature, the cost of installation, inventory costs, delays cost and
maintenance costs are not reviewed and analyzed together. At this time,
molds are unable periodically. Difficulties due to the problems that emerge for
use and maintenance of the mold have been ignored. While satisfying
demand, emerging problems were studied due to the ignoring of mold and
maintenance. Mold usage was minimized and cost of maintenance were
minimized with this solution technique. Problems that may occur due mold
usage and ignoring maintenance while planning and estimating the demand
were analyzed, and a mathematical model was developed.

The mathematical model-2 was developed to minimize the total backlog cost,

the total cost, setup cost and total mold maintenance costs.
SETS & INDICES

A = Set of alloy

a = Index of set of alloy, a € A

| = Set of items

i = Index of set of items, production, i € /

T = set of periods

t = Index of set of periods (hours, days, weeks, months), t & T
M = Set of machines

m = Index of set of machines
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K = Set of molds
k = Index of set of molds

B = A big number

M = A big number

PARAMETERS

EEEE  capacity (kg) of a single furnace loading. Same for all, different type

of
furnaces

L gross weight (kg) of item /
;s demand of item / ordered in period ¢
[Z}5 set of item j that use alloy a.
hj; penalty for delaying a unit of item i in period ¢
hy; Penalty cost for holding an unit of item i in period ¢
i) setup penalty for alloy a (money)
=} setup loss of capacity (kg) due to a setup for alloy
a
FRigrPPREIER, binary
variable,
1 if item i can be produced in mold k,
alaf el aldl vl el
0 otherwise
12Em =
1 if mold k can be used in machine m,

ERgEREEE BE =



0 otherwise
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1 if mold k available,
Mg =

0 otherwise
IZpREE; = Initial stock for item i
IEEEEEEE; = Initial backlog for item i
@; = Cycle time of mold k
F; = Cycle time of item j
P = Period length (1 hour)
FE[F = Setup time of mold k

@P; = Setup time of item i on mold

1 if available mold k in period {,

Mgy = 0 otherwise

EEEH = cost of regular maintenance

@ = (EEER < cry) cost of carry out irregular maintenance
T= duration of planning period

Li = processing time for unit of product i

DECISION VARIABLES

[Zi7¢ = Quantity of item j to be produced on mold k in period ¢
I;; = Quantity of item j delayed at the end of period ¢

I; = Quantity of item /i inventory at the end of period ¢

= Preventive maintenance cycle

@@z = Total production of units for mold

28
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B¢ binary variable,
1 if item /i can be produced with mold k in period t,

B = 0 otherwise

FEEEsE; binary variable,
1 if machine m has mold k in period £,

FEEEEE; =) O otherwise

EEEEER, — EEEERe-q) binary variable,
1 means setup for machine m in period t
EEEChge — EEEChne-1)
0 means no mold setup on machine to min period t
G2 binary variable,
1 indicates that the furnace is set up for producing alloy a in period t
G =
0 otherwise
EEJ binary variable,
1 if there is setup alloy a in period t
B =
0 otherwise
Thus B} = 0ifE}_, = 1 =& and B, <E}.

B¢ binary variable,
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1 if mold k is used in period ¢

Rhy =
0 otherwise

MIP model:
B @ A B _

vizipenen = = e e+ Fpl) + = S (@ BP) +
i=1t=1 F=1¢f=1
(¢ 37 Ero) !

S ( Y Rl x Y+ ( J E(E) EE) x @Y
B K il il el A7 22

The objective function (1) minimizes total €ost. Total cost includes order,
backlog cost for each period. These part is maintenance cost in each period.
Thus, the objective function seeks balance between conflicting goals:
inventory, backlog, setup and maintenance.

Subject to:
K @

Beo—lipa + > S By —Li+Ip=Fgi=1,..1
i R Wl v [l L o

Eiyl

t=1..T()

> B =1k=1,..,Kt=1,.,T 3)
(Rl el el v

Constraint set (2) is inventory balance. Constraint (3) makes sure that only 1

item can be scheduled to be produced on a machine in a period.
[> merm (EEEERR: — BEEERRe-1))] < EEEZR + [X iem — BERFppme-1)] <

m(EE g
BF + [2 i ahBgd < P(4)

Constraint (4) t molds m which can be used in machines in the period, and if



the previous period (¢-7) production to continue and period t in the setup mold
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needs to be done to mold change t can be produced in the short mold in
period i items and if in the previous period (f-7) in the period t continue
production / items should be included in the setup and period length must be

less than or equal.

M x FAEEg; x Mgy = > @ @, (5)

e

M < [FF g x Mpy = > N (6)
Ziz¢

£
Constraint (5): The mold used in the machine of mold in t period eligibility,
must be greater than or equal to the t period i items in manufacturability.
Constraint (6): The product manufacturability mold used in molding the period

must be greater than or equal to the period of production of each product.

> <1 B &
il il il T
@

> DEF< 1 B [(8)

L

Constraint (7): Production can be done only in a mold consistent for each
machine in the period. Constraint (8) each mold compliant product

manufacturability of the period is less than or equal to 1.

> Bpe< MxBy B B (9)
if

> Brpp<1m=1. Mt=1..,T (10)
B K EEEEiEw

Cpe =@ * Bge jme  (11)

Constraint (9): Mold that is available must be equal to or smaller than the



reproducibility for t period and k mold. Constraint (10): Production of mold in
33



34

period t must be smaller or equal to 1. Constraint (11) produce only if

properly ensures production on a machine occurs only when properly setup.

S > rpi > Ty < 0(E) 12)
il0 @

=

Constraint (12): The production system has a known nominal capacity
denoted by Cnax and that each maintenance action consumes a certain
percentage of this capacity.

Eipe = 0 EER EEEGER , £=1,.. [, B =1, .01

(13)

LpEmf =0,i=1,...1, @E=0.,3 (14)

Constraint (13): There is a changeover to mold k just O or 1 values, even if
the variables are not integer optimal. Constraint is (14) inventory and delay

as non-negative variables, due to their positive parameters in the objective

function.

u BEEER , a=1,..,At=1..,T (15)
] i

> > pilfpe+ B

2t

B=1 )

Shki<2@=1.,T (16)

7eA

=G -0, 8=1..8 (@7

Constraint set (15) is inventory balance. In constraint is (16) limits furnace
usage by furnace capacity manages. Each alloy can use one furnace.
Therefore constraint 4 allows number of furnace different alloys being used
during each period. Constraint (17): If there is a setup carryover to alloy a or

to equal 0.
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A
SB=1@0=1. A (18)

=1

G2 {o1}EEEEhK =0, @=1,..B, @=0.. 019
fﬂ
0<sEl<1, @=1..0E=1..08 (20)

Constraint (18) and (19) furnace is setup only for 1 alloy at a period. Along
with constraint (20): There is a changeover to alloy a just 0 or 1 values, even

if the variables are not integer optimal.
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CHAPTER 4: VOLT ELECTRIC CASE STUDY

There is a planning and scheduling problem at the foundry workshop at Volt
Electric Motor (a Saya Group company). Volt Engine has become one of the
leading electric motor producers in Turkey with its technology, product

quality, product range and a capacity of 45,000 m2 production space.

3 shifts per day and 6 days a week operations are conducted in this plant.
Production consists of 5 sections including lamination, foundry, machining,

winding and assembly.

Production process first starts in the lamination section. In laminating section,
two types of package production are carried out ranging from 63 type body to
315 type body. Rotor packages are poured in the foundry section
respectively and sent to the machining section for shaft connection. Shaft is
installed in machining production and it is left to be mounted to the body after
balancing process. Stator packages is processed in the winding section to
coil up. After coiling, cable connections are made and they are varnished.
After varnishing process is completed, the part will be mounted on the body
and sent to assembly department. Other ready spare parts are also mounted,
packed and sent to the storehouse. General business flow chart of the plant

is below in Figure 2.
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Figure 2 Production foundry study

In this thesis, foundry section was discussed that is one of the production
departments. Foundry operates with an integrated system in itself. Drawings
created by the R&D department are designed. Emerging designs are
modelled in CNC processing machines in machining production model.
Horizontal injection molding machines have automated foundry line. All
processes ranging from mold preparation to removing of part from the mold
are carried out on computer controlled automated foundry line.



38

Depending on requested production quantities coming from production
planning, purchasing department provides necessary resources. Foundry
department prepares monthly or weekly production plan and distributes over
current machines. There are seven horizontal and four vertical injection
molding machines. Existing machine park is shown in the table below in
Table 2.

Table 2 Injection machine park

Horizontal Injection Machine

Horizontal Inj. Rbt. 560 tons
Horizontal Inj. Rbt. 730 tons
Horizontal Inj. Rbt. 400 tons
Horizontal Inj. Rbt. 730 tons
Horizontal Inj. Rbt. 730 tons
Horizontal Inj. Rbt. 430 tons
Horizontal Inj. Rbt. 430 tons

Horizontal injection machine mechanism is shown in the below Figure 3.
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Figure 3 Horizontal injection machine mechanism

According to the given plan, machine assignment is done based on mold
tonnages. By considering mold tonnages, suitable mold is attached to the
machine. In the meantime, main melting machines are loaded with aluminum

and it is melted.

There are two units of main melting machines, Etial-7 Aluminum and Etial-
160 Aluminum are melted in these machines. Etial-160 is used in Feet,
Cover, Body foundry. Etial-7 is used for rotor foundries. Aluminum found in
the main melting is fed from furnaces located next to each foundry machine,
feeding operation is carried out by the operating using a forklift. Each furnace
is maintained at a constant temperature using natural gas, this temperature

ranges from 700 to 750 degrees.

Horizontal injection molding machines work fully automatically. Robot arm of

the injection machine takes the aluminum with predetermined grams into the
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furnace. The arm drops aluminum into injection chamber of the machine that
is also called shell. This process is repeated after the completion of a product

cycle. The first process modelling with regard to the subject is as follows:

Figure 4 Flow chart of the foundry production process

Process flow of the overall foundry production in the model was established
on an analytical order. This flow illustrates a conventional linear flow of
production. Classical linear process flow is similar for almost all factories for

foundry large parts throughout the world.
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After pouring the product into the injection machine, again product that is
poured with the robot arm is taken and left to the stacking area. Vertical
injection machines are operated semi-automatically. In these machines,
operator carries out the work of robotic arm in horizontal injection. During
injection, operator takes aluminum in predetermined gram and its monitoring
is provided over Excel with a program used in injection chamber planning
and scheduling. With the developed model, analysis of current situation will
be made. With the developed model, it will be possible to ensure timely
delivery of orders with less inventory levels by considering other constraints
such as usage of mold and maintenance, parts to produce, machine of
production and date of production. Consideration shall be given to the

following matters while analyzing the system;

e A single product is mass-produced in a certain period of time.

e Production occurs at a fixed cycle.

e Processes are assigned to workstations based on priority
relationships.

e There are series production lines consisting of N units of workstations.

¢ In workstations, equal number of labor and machine equipment is
provided as much as possible.

e Production stop is not allowed.

e |tis not possible to carry out a work in more than one station.

e Due to technological priorities, it is not possible to carry out processes
in an arbitrary order.

e Output weight of the alloy is equal to the gross weight of products
used. Processed alloys cannot be processed in the furnace.

e Only one alloy is processed on the furnace in a given period.

These criteria are set out as pioneering ones. Under the light of decision
variables and performance criteria described above, a mathematical model
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will be developed to analyze the current situation. The model will represent
all the factors affecting the problem (gross weight, demand, delay, cost,

inventory cost) in a realistic way. Answers to be sought on the model:

e Based on priority order, when, under what conditions and with what
results constraints and crisis emerge in the production plan for
production plan,

¢ Results of alternative machines grouping policies,

e For defined different situation, to minimize mold maintenance and
mold change positions,

e To minimize delay cost and total cost

e To minimize stock cost by producing at minimum stock level

e To prevent cluttering in current capacities

Success of an optimization study is determined at which level the prepared
mathematical model reflects the real system. Therefore, while preparing the
mathematical model, order related to processes must be followed. This
process starts with the purpose of preparation of the model and correct
identification of existing problems in current situation. Required data is
collected and analyzed to achieve the specified objective, and a
mathematical model indicating the current status is prepared. It must be
investigated whether the prepared model represents the real system and, if
necessary, corrections should be made. Then the model is run, and obtained
results are recorded. In accordance with the determined objective, alternative
models are prepared, run and their results are compared with the results of

the current situation.
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4.1.DATA COLLECTION

There are two hundred product groups, seven machines, two hundred molds,
two alloy types. Data were collected from foundry workshop of Volt Electric.
Product code, product description, product group, product weight, alloy type
for ten products data tables are shown below Table 3. There are two hundred
product group, seven machine, two hundred mold, two alloy type. The table
below shows only 10 items as an example, because listing all items and
molds would take too much space.

Table 3 Product group for item

Product Code Product Product Weight | Alloy Type
Description (kg)

AYAK60000000 | 80 GOVDE 0,100 Etial-160
AYAGI

GOV100710001 | Y.M. 71'LIK A.SZ | 0,607 Etial-160
ALUM.GOVDE

KP215T136205 | 6205 Y.M. 90 0,537 Etial-160
ST.SGKAPAK

GOV1132S000 | Y.M 132S'LIK 3,546 Etial-160
A.SZ
ALUM.DOK.

KLKT01022000 | UG FAZLI 132 0,480 Etial-160
ALUMINYUM
K.KUTUSU

GOV190L00000 | Y.M. 90L'LIK 1,658 Etial-160
ALUM. GOVDE

KP204T016204 | 6204 Y.M. 80 0,317 Etial-160
KAPAK

KP215T036205 | 6205 Y.M. 90 0,766 Etial-160
B14 FLANS
KAPAK

KP216T036206 | 6206 Y.M.100 0,880 Etial-160
B14 FLANS
KAPAK

GOV190S0000 | Y.M. 90S'LiK 1,250 Etial-160
ALUM. GOVDE

Products transition between change mold need a preparation time necessary
in the machine. Normally there are two hundred items. Therefore, you need a
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matrix setup in size 200 x 200.Instead, the preparation time between product
groups in this case is simplified and shown in the following table.

AY: Foot product group

BO: The extension part of the product group
GO: Body product groups

KL: Terminal box product line

PE: Propeller product line

Table 4 Product groups between setup times (h)

AY |BO | GO | KL | KP | PE
AY 2525|130 (25|25|25
BO [25]25(3.0(25(25|25
GO [3.0(3.0(3.0(3.0[3.0(3.0
KL [25]25(30(25(25|25
KP 125]25(3.0 (252525
PE [25]25|3.0 (252525

The distribution of production for 20 periods is given below in Table 5. | have
shown ten item table as an example because of much more production
number.



Table 5 Demand and item ordered for period

40

demand(d) 1 2 3 4 5 6 7 8 9 10 |11 |12 [13 |14 |15 |16 |17 |18 |19 |20
AYAK60000000 | 900 [ 900 | 900 | 900 | 900 | 900 | 900 | 900 | 900 | 900 | 900 | 900 | 900 | 900 | 900 | 900 | 900 | 900 | 900 | 900
GOV100710001 | 225 | 225 | 225 | 225 | 225 | 225 | 225 | 225 | 225 | 225 | 225 | 225 | 225 | 225 | 225 | 225 | 225 | 225 | 225 | 225
KP215T136205 | 568 | 568 | 568 | 568 | 568 | 568 | 568 | 433 | 0 568 | 568 | 568 | 568 | 568 | 568 | 0 0 568 | 568 | 568
GOV1132S0000 | 144 | 144 | 144 | 144 | 144 | 144 | 144|144 |23 | O 0 0 0 0 0 0 0 0 0 0
KLKT01022000 | 251 | 251 | 251 | 251 | 251 | 251 | 251 | 251|251 (43 | O 0 0 0 0 0 0 0 0 0
GOV190L00000 | 177 | 177 |77 [ A77 [ 177 |77 | 177 | 177 [ 177 | 177 |97 | O 0 0 0 0 0 0 0 0
KP204T016204 | 900 | 900 | 900 | 900 | 900 | 900 | O 0 0 0 0 0 0 0 0 0 0 0 0 0
KP215T036205 | 568 | 568 | 568 | 568 | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
KP216T036206 | 150 | 580 | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
GOV190S00000 | 207 | 207 | 207 | 207 | 207 | 207 | 207 | 207 | 207 | 207 | 207 | 207 | 207 | 207 | 207 | 207 | 207 | 207 | 207 | 207

Cycle time of item ten and setup time of ten mold is as follows for ten item below Table 6. | have shown ten
production

item table

as

an

example

because

of

much

more

number.




Table 6 Cycle time of item and setup time of mold

Product Code Product Description Cycle time | Setup time
of item / of mold k
(dk) (dk)
AYAKG0000000 | 80 GOVDE AYAGI 1,20 150
GOV100710001 | Y.M. 71'LIK A.SZ 1,50 180
ALUM.GOVDE
KP215T136205 | 6205 Y.M. 90 ST.SGKAPAK | 1,15 150
GOV1132S0000 | Y.M 132S'LIK A.SZ 1,50 180
ALUM.DOK.
KLKT01022000 | UC FAZLI 132 ALUMINYUM | 1,45 150
K.KUTUSU
GOV190L00000 | Y.M. 90L'LIK ALUM. GOVDE | 1,45 180
KP204T016204 | 6204 Y.M. 80 KAPAK 1,20 150
KP215T036205 | 6205 Y.M. 90 B14 FLANS 1,30 150
KAPAK
KP216T036206 | 6206 Y.M.100 B14 FLANS 1,00 150
KAPAK
GOV190S00000 | Y.M. 90S'LIK ALUM. GOVDE | 1,00 180

41
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There are 7 horizontal injection machines. Product-machine compatibility eligible matrix is shown in below Table 7 .1
have shown ten item table as an example because of much more production number.

Table 7 Production-machine compatibility eligible matrix

eligible HORIZONTAL | HORIZONTAL | HORIZONTAL | HORIZONTAL | HORIZONTAL | HORIZONTAL | HORIZONTAL
INJ.RBT_1 INJ.RBT 2 INJ.RBT 3 INJ.RBT 4 INJ.RBT_6 INJ.RBT 7 INJ.RBT_8
(430 TONS) | (430 TONS) | (730 TONS) | (730 TONS) | (400 TONS) | (730 TONS) | (560 TONS)
KP215T036205 0 0 1 0 0 0 0
KP216T036206 0 0 1 0 0 0 0
AYAK60000000 1 0 0 0 0 0 0
GOV100710001 0 1 0 0 0 0 0
GOV1132S0000 0 0 0 1 0 0 0
KLKT01022000 0 0 0 0 1 0 0
GOV190L00000 0 0 0 0 0 1 0
KP204T016204 0 0 0 0 0 0 1
GOV190S00000 0 0 0 0 0 0 1
KP215T 136205 0 1 1 0 0 0 0
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Product-mold compatibility is as follows for ten item. | have shown ten item table as an example because of much
more production number.

Table 8 Product-mold compatibility matrix

Mold AYAKG000 | GOV10071 | KP215T13 | GOV1132S | KLKT0102 | GOV190LO | KP204T01 | KP215T03 | KP216T03 | GOV190S0
0000 0001 6205 0000 2000 0000 6204 6205 6206 0000

GOV10071 1 0 0 0 0 0 0 0 0 0
0001

GOV10080 0 1 0 0 0 0 0 0 0 0
000

KP215T136 0 0 1 0 0 0 0 0 0 0
205

GOV1132S 0 0 0 1 0 0 0 0 0 0
0000

KLKT01022 0 0 0 0 1 0 0 0 0 0
000

GOV190L0 0 0 0 0 0 1 0 0 0 0
0000

KP204T016 0 0 0 0 0 0 1 0 0 0
204

KP215T036 0 0 0 0 0 0 0 1 0 0
205

KP216T036 0 0 0 0 0 0 0 0 1 0
206

GOV190S0 0 0 0 0 0 0 0 0 0 1

0000
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CHAPTER 5 : RESULTS

Model-1 and model-2 were tested with real data to measure the accuracy. In
both models, 1 time-period is equal to 3 hours. The purpose of the model is
to minimize setup cost, inventory cost, backlog cost , regular maintenance
cost and irregular maintenance cost by running according to 20 item, 20 mold
and 2 alloy for timeframes of 20 periods, 30 periods, 40 period, 50 period and

60 periods.

The best solution for 60 periods shown in the table above is to decrease
demand increase and installed capacity to a minimum and the number of
mold presses to a constant value (100,000 pieces to 50,000 pieces). For the
analysis, we used an optimization programming language, IBM ILOG
CEPLEX 12.6. Results of this integer programming model is shown in the
Appendix A.

e When demand does not exceed capacity, effect of backlog
costume is not seen below in Table 10.

e When incoming capacity does not meet the capacity, inventory cost
decreases in periods and a change in backlog is not observed.
There is no change in regular maintenance costs and irregular
costs below in Table 11 and Table 12.

¢ When the regular maintenance interval decreases without a
change in demand (regular maintenance interval = 160, capacity =
180), no changes were observed in constraints below in Table 13.

e When the demand was the same, capacity was reduced (Capacity

= 180 hour), regular maintenance interval was reduced (from T

160 to 60), fixed number of mold press was reduced (from mn

50,000 units to 100,000 units), reduction in regular maintenance
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cost and inventory cost are observed below in Table 14 and Table
15.

e With the same demand, capacity was reduced, regular
maintenance interval increased (from T=160 to 210), number of
mold pressure constant was reduced (from mn=100,000 units to
50,000 units). Regular maintenance cost and inventory cost
decreased below in Table 16.

e When setup capacity was minimized and capacity times were
reduced against incoming demand, inventory cost decreased and
backlog cost increased below in Table 17.

e When setup capacity was minimized and capacity times were
reduced against incoming demand, and regular maintenance
interval increased separately, while decrease in regular
maintenance cost and inventory cost was observed, setup cost

increased below in Table 18 and Table 19.

As capacity times decreased with setup capacity minimized against incoming
demand, regular maintenance interval increased and fixed value of mold
press decreased (mn=100,000k), it was observed that inventory cost,

backlog cost values, regular maintenance cost values were also minimized.

The model was run according to 20 item, 20 mold and 2 alloy for timeframes
of 60 periods. Besides, sensitivity range and low cost results are shown in

Appendix B.

e Reduced cost of machine-mold compatibility is in the best solution
set because its value is '0'. The value of reduced cost which is '0' is
basic variable. The value which is between (0,1) and (0, « ) shows
the best solution in sensitivity interval below in Table 20.

¢ Reduced cost of product-period compatibility is 15 in between (0,0)

and (0, ). Coefficient of objective function should be decreased 5
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units in order to do basic variable in range of (0,~ ) below in Table
21.

e Reduced cost is 0 in the range of (-<,108) and (108, «) for
product-period compatibility. It gives the best solution and values
which are in the range are basic variables below in Table 22.

e The value of reduced cost is 0 in the sensitivity range of initial
inventory for machine-mold compatibility, alloy-period compatibility
and mold-item compatibility and it is in optimal solution below in
Table 23 ,Table 24.

e The values which are in the range of (-~,1)(1, «) are basic
variables for item-mold compatibility and their reduced cost are 0.
They are in optimal solution below in Table 25, Table 26 and Table
27.

Changes in constraints and results are discussed below in Table 9.

This problem was solved using IBM ILOG CPLEX Version 12.6 on a laptop
PC with HP 15-BA010ONT AMD A10-9600P CPU @ 2.4GHZ-8GB of RAM in
3:42:16 minutes. When the model was solved on the same PC with full scale

real data, an "Out-of-memory" error was received.



Table 9 Performances of developed models

setup capacity | inventory | backlog | setup | Regular irregular total optimal
capacity cost cost cost maintenance | maintenance | reduced | total cost
cost cost cost

1 2000 180 2.121.900 0 480 136.34 36038 363 2.259.083
2 500 90 2.121.900 0 480 13634 18800 352 2.258.878
3 500 60 2.121.900 0 180 13634 18800 363 2.258.896
4 500 120 2.121.900 0 180 13634 37600 352 2.259.084
5 500 90 4.714.600 0 480 13634 37600 336 4.851.819
6 500 90 4.754.700 | 727,31 | 534,8 0 37600 4.756.338
7 452 60 2.169.700 | 727,31 | 558,5 0 376.00 2.171.361
8 452 120 4.754.700 | 727.31 | 534.79 0 37600 4.891.040
9 452 90 4.754.900 | 727.31 | 534,8 0 37600 4.891.775
10 452 120 4.754.900 | 727,31 404 0 37600 4.756.407
11 452 60 4.754.900 | 885,45 | 484 0 37600 4.756.645
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CHAPTER 7: CONCLUSION

Consequently, the problem of foundry planning was explained in detail. The
research discussed mathematical models and intuitive applications with a
literature review. A mathematical model was developed, and all possible
combinations were developed to find the optimal solution for probing. This
model minimizes setup cost, inventory cost, maintenance cost and mold cost
and it is developed as a first in the literature. However, in this thesis,
additional mold maintenance costs were calculated for different die-foundry
workshops in the literature. Thus, demands were met and the cost for
production process was minimized. These studies were coded in CLPEX
optimization programming language. Since the model could not solve the
instance with full scale real data due to memory problems, a more efficient

model must be developed or alternatively, heuristic methods should be tried.



49

REFERENCES

[1] LADMANN, R. ERDMANN , R H.A. “Production Scheduling Optimization
in the Casting Industry using Genetic Algorithms” POMS 18th Annual
Conference .Dallas ,Texas ,USA ,2007.

[2] S.Nonas and K. Olsen. “Optimal and heuristic solutions for a scheduling
problem arising in a foundry” Computer & Operations Research,
32(9):2351-2382, 2005.

[3] A.Stawowy, J.Duda. “XML Model of Planning System in Foundry”
Archives of Foundry Engineering vol.7,3(2007) 147-152

[4] J.Duda , A. Stawowy. “Optimization Methods for Lot-Sizing Problem in
Automated Foundry” vol.58(2013)

[5] A. Stawowy , J.Duda. “Models and Algorithms for Production Planning
and Scheduling in Foundries-Current State and Development
Perspectives” vol.12, 2/2012 69-74

[6] G.Maticevic, N.Majdandzic ,T.Lovric. “Production Scheduling Model in
Aluminum Foundry” Journal of Mechanical Engineering 54(2008) 1, 37-48

[7] B.Austgen, D.Hofteins, A.Holder, P.Upadhyay "Scheduling Foundry
Production without Mold Inventory “ 14th INFORMS Computing Society
Conference Richmond, Virginia, January(2015) ,11-13

[8] V.C.B.Camargo, L.Mattiolli, F.M.B.Toled. “A knapsack Problem as a Tool
to Solve the Production Planning Problem in Small Foundries” Computer &
Operations Research 39(2012), 86-92



50

[9] M.Cherng Wu, K.Cheng Fu “An Operator Staffing and Assignment Model
for Foundry Fabs” Int. Journal of Advanced Manufacturing Technology
(2005) 26; 1429-1435

[10] B.S.de Ugarte, A.Hajji, R.Pellerin, A. Artiba “ Development and
Integration of a Reactive Real-Time Decision Support System in the
Aluminum Industry” Engineering Application of Artificial Intelligence 22
(2009) 897-905

[11] B.S.de Ugarte, A.Hajji, R.Pellerin, A. Artiba “Binary Integer Programming
Formulations for Scheduling in Market-Driven Foundries” Computers &
Industrial Engineering 59 (2010), 425-435

[12] E.H. Aghezzaf , M.A. Jamali, D. Ait-Kadi " An Integrated Production and
Preventive Maintenance Planning Model" European Journal of Operational
Research 181 (2007) , 679-685

[13] N. Sortrakul, H.L. Nachtmann, C.R. Cassady "Genetic Algorithms for
Integrated Preventive Maintenance Planning and Production Scheduling
for a Single Machine" Computers in Industry 56 (2005), 161-168

[14] C.R. Cassady and E. Kutanoglu "Integrating Preventive Maintenance
Planning and Production Scheduling for a Single Machine" IEEE
Transactions on Reliability ,VOL. 54, NO. 2, JUNE 2005

[158] C.R. Cassady and E. Kutanoglu "Minimizing Job Tardiness Using
Integrated Preventive Maintenance Planning and Production Scheduling"
IIE Transactions, 35:6, 503-513

[16] J.Yulan, J. Zuhua and H. Wenrui "Multi-objective Integrated Optimization
Research on Preventive Maintenance Planning and Production
Scheduling for a Single Machine" Int J Adv Manuf Technol (2008) 39
,954-964



51

[17] B.S.Ugarte, A. Haijji, R. Pellerin, A. Artiba "Development and Integration
of a Reactive real-time Decision Support System in the Aluminum
Industry" Artificial Intelligence Techniques for Supply Chain Management
Volume 22, Issue 6, September 2009, Pages 897-905

[18] R. Landmann , E. Bettencourt, A. J. Demétrio , A. L. Steuernagel "
Production Scheduling Optimization in the Casting Industry using Genetic
Algorithms " POMS 18th Annual Conference May 4 to May 7, 2007 , 007-
0222

[19] V.C.B. Camargo , L. Mattiolli, F.M.B. Toledo " A knapsack Problem as a
Tool to Solve the Production Planning Problem in Small Foundries"

Computers & Operations Research Volume 39, Issue 1, January 2012,
Pages 86-92

[20] R. F. Teixeira Jr., F.C.F. Fernandes, N.A. Pereira " Binary Integer
Programming Formulations for Scheduling in market-driven Foundries"
Computers & Industrial Engineering Volume 59, Issue 3, October 2010,
Pages 425-435

[21] F. Ballestin, F. Mallor, P.M. Mateo " Production Scheduling in a market-
driven Foundry: a Mathematical Programming Approach Versus a Project
Scheduling Metaheuristic Algorithm Optimization and Engineering
December 2012, Volume 13, Issue 4, pp 663—-687



52

APPENDICES



APPENDIX.A Initial Matrices for Optimal Solution

Table 10 Initial matrix for when the demand does not affect the capacity

53

setup capacity | inventory backlog | setup | Regular irregular total optimal
capacity cost cost cost | maintenance | maintenance | reduced | total cost
cost cost cost
for20 | 2000 180 1.292.300 0 60 13634 36.038 0 1.342.032
period
for 30 | 2000 180 2.880.500 0 90 13634 36.038 0 2.258.878
period
for40 | 2000 180 4.228.900 0 120 | 13634 36.038 0 2.258.896
period
for 50 | 2000 180 4.228.900 0 150 | 13634 36.038 0 2.259.084
period
for60 | 2000 180 2.121.900 0 480 | 13634 36.038 363 2.259.083
period




Table 11 Initial matrix for when the incoming demand does not meet the capacity
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setup capacity | inventory | backlog | setup | Regular irregular total optimal
capacity cost cost cost | maintenance | maintenance | reduced total cost
cost cost cost
for 20 | 500 90 1.388.700 | O 60 13634 18782 infeasibilities | 1.402.582
period
for 30 | 500 90 3.077.200 | O 90 13634 18782 0 3.091.112
period
for 40 | 500 90 4.295.000 | O 120 | 13634 18782 0 4.308.942
period
for 50 | 500 90 4.568.500 | O 150 | 13634 18782 0 4.582.472
period
for 60 | 500 90 2121900 | 0 480 | 13634 18782 352 2.258.878

period




Table 12 Initial matrix for when the capacity of the same demand is reduced and the regular maintenance interval is

reduced
setup capacity | inventory | backlog | setup | Regular irregular total optimal
capacity cost cost cost | maintenance | maintenance | reduced cost | total cost
cost cost
for 20 | 500 60 1.388.700 | O 60 13634 18782 infeasibilities | 1.525.288
period
for 30 | 500 60 3.077.200 | O 90 13634 18782 0 3.213.818
period
for 40 | 500 60 4.295.000 | 0O 120 | 13634 18782 0 4.431.648
period
for 50 | 500 60 4.568.500 |0 150 | 13634 18782 0 4.705.178
period
for 60 | 500 60 2121.900 |0 180 | 13634 18782 363 2.258.896
period
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Table 13 Initial matrix for demand is the same, capacity is reduced ,regular maintenance interval, and number of mold

production is reduced

setup capacity | inventory backlog | setup | Regular irregular total reduced | optimal
capacity cost cost cost | maintenance | maintenance | cost total cost
cost cost
for 20 | 500 120 1.466.200 |0 60 13634 18.782 infeasibilities | 1.602.788
period
for 30 | 500 120 2934700 |0 90 13634 18.782 0 3.071.318
period
for 40 | 500 120 4.295.000 |0 120 | 13634 18.782 0 4.431.648
period
for 50 | 500 120 4.540.000 |0 150 | 13634 18.782 0 4.676.678
period
for 60 | 500 120 2121900 |0 180 | 13634 18.782 363 2.258.896

period




Table 14 Initial matrix for the

production was reduced
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same demand was reduced and the regular maintenance interval, the number of mold

setup capacity | inventory backlog | setup | Regular irregular total reduced | optimal
capacity cost cost cost | maintenance | maintenance | cost total cost
cost cost
for20 | 500 90 1.461.600 |0 60 13634 37.564 0 1.598.376
period
for 30 | 500 90 2.934.700 |0 90 13634 37.564 infeasibilities | 3.071.506
period
for40 | 500 90 4.295.000 |0 120 13634 37.564 0 4.431.836
period
for 50 | 500 90 4.616.000 |0 150 13634 37.564 0 4.752.866
period
for60 | 500 90 4.714.600 |0 480 13634 37.564 336 4.851.819

period




Table 15 Initial matrix for setup capacity can be minimized and when capacity times are reduced

58

setup capacity | inventory | backlog | setup | Regular irregular total reduced | optimal total
capacity cost cost cost maintenance | maintenance | cost cost
cost cost
for 20 | 452 60 1.600.000 | 260 140 10.539 37.564 infeasibilities | 1.648.503
period
for 30 | 452 60 3.540.000 | 458 160.25 | 10.539 37.564 infeasibilities | 3.558.561
period
for 40 | 452 60 4.470.000 | 680 256.95 | 13.629 37.564 infeasibilities | 4.521.873
period
for 50 | 452 60 4.394.100 | 680 360 13.629 37.564 infeasibilities | 4.446.333
period
for 60 | 452 60 2.169.700 | 727,31 |558,5 |0 37.564 2.208.550

period
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Table 16 Initial matrix for when the incoming demand is increased and the setup capacity is reduced and the capacity
times are decreased

setup capacity | inventory | backlog | setup | Regular irregular total reduced | optimal
capacity cost cost cost maintenance | maintenance | cost total cost
cost cost
for 20 | 452 120 1.600.000 | 260 140 10.539 37.564 infeasibilities | 1.648.503
period
for 30 | 452 120 3.540.000 | 458 188.67 | 10.539 37.564 infeasibilities | 3.558.561
period
for 40 | 452 120 4.360.000 | 682 264.47 | 13.629 37.564 infeasibilities | 4.521.873
period
for 50 | 452 120 4.394.100 | 682 3114 | 13.629 37.564 infeasibilities | 4.445.975
period
for 60 | 452 120 4.754.700 | 727.31 | 534.79 |0 37.564 4.891.040
period




Table 17 Initial matrix for when the setup capacity is reduced and the regular maintenance interval is reduced

setup capacity | inventory | backlog | setup | Regular irregular total reduced | optimal
capacity cost cost cost maintenance | maintenance | cost total cost
cost cost
for 20 | 452 90 1.600.000 | 260 140 10.539 37.564 infeasibilities | 1.611.315
period
for 30 | 452 90 3.540.000 | 458 188.67 | 10.539 37.564 infeasibilities | 3.558.561
period
for 40 | 452 90 4.470.000 | 682 280 13.629 37.564 infeasibilities | 4.521.873
period
for 50 | 452 90 6.707.600 | 682 324.25 | 13.629 37.564 infeasibilities | 4.445.975
period
for 60 | 452 90 4.754.900 | 727.31 | 5348 |0 37.564 4.891.775

period

60
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Table 18 Initial matrix for demand increased and setup capacity minimize and when the regular maintenance interval
value is increased

setup capacity | inventory | backlog | setup | Regular irregular total reduced | optimal
capacity cost cost cost maintenance | maintenance | cost total cost
cost cost
for 20 | 452 120 1.600.000 | 260 140 10.539 37.564 infeasibilities | 1.611.315
period
for 30 | 452 120 3.540.000 | 458 188.67 | 10.539 37.564 infeasibilities | 3.558.561
period
for 40 | 452 120 4.470.000 | 682 280 13.629 37.564 infeasibilities | 4.521.873
period
for 50 | 452 120 6.707.600 | 682 324.25 | 13.629 37.564 infeasibilities | 4.445.975
period
for 60 | 452 120 4.754.900 | 727,31 | 404 0 37.564 4.756.407
period




Table 19 Initial matrix for demand increase and

reduced to a fixed value

setup capacity minimize and when the number of mold production is

setup capacity | inventory | backlog | setup | Regular irregular total reduced | optimal total
capacity cost cost cost maintenance | maintenance | cost cost
cost cost
for 20 | 452 60 1.600.000 | 260 140 10.539 37.564 infeasibilities | 1.648.503
period
for 30 | 452 60 3.540.000 | 458 188.67 | 10.539 37.564 infeasibilities | 3.558.561
period
for 40 | 452 60 4.470.000 | 682 280 13.629 37.564 infeasibilities | 4.521.873
period
for 50 | 452 60 6.707.600 | 682 324.25 | 13.629 37.564 infeasibilities | 4.445.975
period
for 60 | 452 60 4.754.900 | 727,31 | 404 0 37.564 4.793.595

period
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APPENDIX .B The Results of Sensitivity Range and Reduced Cost

Table 20 Mold-period compatibility
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Table 21 Item-period compatibility for initial backlog
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Table 22 Item-period compatibility for initial inventory
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Table 23 Machine-mold compatibility

[E] herire_haleies e |7 batice_hcdim.da- T A degeri (5 DSER drgee
| Deerizr 4
mackbu kA |t AE s allpe B s~ B L e el ] Lo bl
3 17 i5 L 1 A1 Tea]
3 17 kL] i I Ld] el
3 17 =T G l Laudl 2 ee]
1 17 W r 1 T 78]
I W q i i IS
3 1/ aw i i L] S
3 17 il L 1 T Tora]
3 17 12 i ? [0, 0270BTF] [Hhues
3 17 LE] D O03532604 20003028 1 [ oo C0333264] [0003532E4, 0]
3 17 4 DEE)E MBS0 28 1 [ e, D00Z5022] [OVIOSE062 =]
1 17 a5 R e e 1 [~z L.0OT306549] [1.007150R49..5
I L] I L) A AR i -2 0100 D585 ] 00 P BE.5
! 1] ar o D EEEE 30 1 12 DLLOSEAEL | [PUOSE0EL 2 |
2 17 12 L 1 A el
3 17 19 L ] .0 Doea]
3 17 n (K H] L § |
3 17 3k L 1 Laud] el
1 17 g 0 1 1] Tsa]
I W 3 i Tl =T HENE - i (-2 LU TEHAR] 0100 A3,
E (] - MV IRRES, SRR ) [EERINE R E T N 0
3 17 5 LS il T S ) [ B0 261 21 [EDA2GE 2,2
3 17 & D O0MIEI0I6IR653T ] [-c2. 00041 26231 0,001 2623, |
3 17 37 D O0442E220408 4 054 ] [ o= 00084262 3] [ 00842623, 20|
[E helice bakivpoe [5 Falice besinda [ 25M degen 05 [ 555 dete
| Dt (21 i
e o] ok 04 | el 1) [ i ] el ey ool ] Cprhl arelel
1 1 a 0 0 LA L) ee]
1 1 ! u U LA
1 1 3 b 0 EAM =]
[ | 1 T i 1] [sa]
1 1 a L i CAh |
{ 1 & L 0 T30 ]
| | 7 5 i T e
1 1 g L L] peann Y
1 1 7 Y, 0 i
| | in B fi T el
1 1 13 B U LA [en]
1 1 12 z 0 AT e
[ [ I n 0 ][00
1 i 14 i 0 LA
1 1 15 p 1] TR ]
1 1 16 z 0 ][]
1 1 1 b U LA e
1 1 12 H 0 TR =]
1 1 13 0 1 LT =]
1 1 “ i L[ sa]
1 1 = L 0 T AT ]
1 1 it o [\

LA ]



66

Table 24 Mold-item compatibility
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Table 25 Mold-item compatibility
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Table 26 Mold-product for machine manufacturability
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Table 27 Alloy-period compatibility
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