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ABSTRACT

Batch process plants are usually designed for the production of specialty and fine
chemicals such as paint, food and pharmaceutical to meet specific product requirements
as set by current market demand. Batch process plants can be operated as single product
in which only one product is produced and muitiple products which allow production of
more than one product using same batch facility. The economics of the batch process
heavily depends on efficient scheduling of the different tasks involved in manufacturing
the range of products. The main objective of scheduling is generally to minimize
completion time known as the makespan of the batch process. Product sequencing, which
is used to set order of products to be produced, has a direct impact on the makespan
particularly in the multiple products case. Another effect on makespan is observed for
different transfer policies used to transfer the product intermediates between process
stages. The generally adopted intermediate transfer policies are (1) zero wait (ZW), (i1} no
intermediate storage (NIS), (ii1) unlimited intermediate storage (UIS) and (iv) finite
intermediate storage (FIS). In the past, the determination of makespan for each transfer
policy has been done using a number of mathematical and heuristics approaches.
Although these approaches are very efficient and are currently being applied in many
chemical process industries but most of them end up with the solution in terms of
complex mathematical models that usually lack user interactions for having insights of
the scheduling procedure. This motivated the current work to develop relatively simple
and interactive alternate approaches to determine makespan. The proposed approach uses
matrix to represent the batch process recipe. The matrix is then solved to determine the
makespan of a selected production sequence. Rearrangement of the matrix rows
according to the vaned production sequences possible for the specified batch
process recipes enables the makespan to be determined for each sequence. Designer is
then provided with the production sequence options with its corresponding makespan

from which a selection could be made according to the process requirements.
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ABSTRAK

Loji pemprosesan berkelompok selalunya di rekabentuk bagi pembuatan produk kimia
khusus seperti cat, makanan dan ubatan untuk memenuhi permintaan pasaran semasa.
Ianya boleh dikendalikan bagi penghasilan hanya satu atau pelbagai produk
menggunakan kemudahan loji yang sama. Dari segi aspek ekonomi nya, ia sangat
bergantung kepada kecekapan di dalam penjadualan pelbagai proses yang terlibat bagi
menghasilkan pembuatan produk produk yang di kehendaki. Objektif utama penjadualan
pelbagai proses ini adalah untuk mengurangkan julat masa proses bagi operasi pembuatan
kesemua produk yang ditetapkan mengikut kuantiti permintaan. Urutan produk yang
menentukan susunan penghasilan produk mempunyai kesan terus kepada julat masa
proses terutama nya bagi pembuatan produk pelbagai. Suatu lagi aspek yang boleh
mempengaruhi julat masa proses adalah polisi pemindahan bahan yang di gunakan untuk
memindahkan bahan-bahan yang tehasil dan setiap satu proses ke proses selanjutnya.
Secara umumnya, polisi pemindahan bahan yang di gunakan terdiri daripada (i} penantian
sifar (ZW), (i1) tanpa simpanan sementara (NIS), (ii1) simpanan sementara tanpa had
(UIS) dan (iv) simpanan sementara berkongsi (FIS). Terdahulu, kaedah yang digunakan
bagi penentuan julat masa proses untuk setiap polisi pemindahan bahan yang digunakan
adalah berasaskan kepada pendekatan matematik dan heuristik. Walaupun kesemua
pendekatan ini sangat efisien and diguna pakai oleh pihak industri, kaedah yang di guna
pakal memerlukan kepada penggunaan model matematik yang kompleks dan selalunya
kurang kebolehan berinteraksi dengan pengguna terutamanya di dalam memben
penyelesaian menyeluruh bagi membolehkan pengguna memahami dengan lebih
mendalam pemasalahan yang di hadapi selain memberi pilihan di dalam penyelesaiannya.
Faktor ini telah menjadi dorongan bagi penyelidikan yang dijalankan dengan bertujuan
menghasilkan suatu kaedah yang lebih mudah dan berkebolehan untuk lebih berinterakst
dengan pengguna di dalam menentukan julat masa proses yang optima. Kaedah yang di
perkenalkan hanya memerlukan pengguna memberikan maklumat resipi proses bagi
penghasilan pelbagai produk yang ditetapkan didalam satu susunan matrik. Matrik ini
seterusnya diselesaikan bagi menentukan julat masa proses bagi urutan produk yang di

wakili oleh susunan matrik tersebut. Penyusunan semula barisan di dalam matrik megikut

vil



urutan produk seterusnya membolehkan penentuan julat masa proses di buat bagi urutan
produk yang lain. Pereka bentuk proses kemudiannya di berikan maklumat urutan produk
dan julat masa prosesnya bagi pemilithan di buat ke atas urutan produk yang sesuai

bergantung kepada ketetapan proses.
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Chapter 1: Introduction 1

CHAPTER 1

INTRODUCTION

1.1 General Background

The selection of processing technology for the production of chemicals is usually done
with the aim that it must be economical, safe and environmentally friendly. Continuous
processes have gained considerable popularity in the middle of twentieth century due to
economies of scale and the production of bulk chemicals. Batch processes are receiving
considerable attention due to their flexibility for the production of small-volume, high-
value added products, to cope with the current changes in market demand. They are
generally preferred in the industries producing pharmaceutical, polymer and food product
due to its flexibility to accommodate varying production requirements using the same
process facilities. The major drawback of batch process industries may be due to the
additional costs incurred in terms of labor and time taken for batch feeding, transferring
and emptying operations for every new batch of products. However, new control
techniques for batch operations have considerably reduced the labor and time

requirement by virtue of computer operated plant equipments (Orcun et al. 2001).

Batch processing often require multiple operations, such as mixing, blending, reaction,
separation and others. These types of processes are usually arranged in sequence of
process stages. The productivity of a batch plant can be increased by reducing the batch
process time known as makespan. This is done by minimizing the idle time of each
process stage through efficient scheduling. The scheduling for batch processes involves
parameters such as process sequencing, transfer policies applied and the use of
intermediate storage. The transfer policies adopted normally depends on the type of
material being produced and the availability of intermediate storage. Intermediate storage
is used to hold product intermediate to reduce the idle time and free the process stage to

process another batch thus improving equipment utilization.
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The concept of pipeless batch plant has been introduced where material processing takes
place in a number of fixed processing stations, and materials are transferred from one
processing stage to the other using moveable vessels. At times the same vessel is used to
transfer materials as well as to hold the processed materials. Pipeless batch plants have
been built and used to produce a number of products such as lubricant oils, paints and

inks (Vecchietti and Montagna 1998).

Batch processes are generally categorized as single product and multiple products. Single
product batch process refers to the production of only one type of product in repetition
while multiple products batch process offers production of different products using the
same batch plant facility. Multiple products batch process could be further classified as
either Multiproduct or Multipurpose. In multiproduct batch process, all the products
follow the same operation sequence. In the case of multipurpose batch process, the
products need not follow the same operation sequence and also not necessarily utilizing

all the processing stages (Birewar et al. 1997, Smith 2005).

The manufacturing of varying quantities of specialized products poses another
challenging task for batch process scheduling and operation. This changes the production
scale for the various products in a batch plant to meet the fluctuating market demand.
This necessitates an efficient production schedule that controls the sequence and timing
of different operations to produce different products. It has forced industry to make
effective utilization of available resources using proper scheduling. The scheduling can
be done either manually or using computer aided tools. Production scheduling manually
is time consuming especially for large range of products and cannot meet the requirement
of dynamic market changes. As a result, manual approach has been replaced in the

scheduling of many batch processes by computer-aided tools.

The general parameters for batch scheduling normally consists of product sequencing i.e.
the order of producing different products using the same batch facility, intermediate
transfer policies adopted, transfer and setup time between process stages and the overall

structure of processing network for the production of specific products. The efficiency of
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a batch process schedule is usually measured using the makespan which is the completion

time of the batch process to complete all the jobs. The best production schedule is usually

the one which offers the least makespan. The makespan may vary depending on the

intermediate transfer policies adopted to transfer product intermediates from one stage to

the next. These transfer policies are classified as zero wait (ZW), limited wait (LW),

unlimited wait (UW) and mixed wait (MW) (Pitty and Karimi, 2008).

Each of the stated transfer policy above is governed by certain rules as suggested in the

published literature;

ZW 1s strict in a sense that it forces the product intermediate to be transferred
immediately as soon as it is produced to the next stage. This transfer policy normally
results in the longest makespan. This is because the processing of the next product
intermediate in the respective stage is delayed until the processing of the previous
product has been completed (Jung et al. 1994, Kim et al.1996, Pitty and Karimi,
2008).

LW, contrary to ZW, offers some flexibility and allows the product intermediate to
reside within the same stage until the availability of the next process stage. However,
the nature of the product is such that it can only be held for a limited time period.
(Pitty and Karimi, 2008).

UW, in comparison to ZW and LW, offers more flexibility. This policy does not offer
any restriction on the time period for storing the product intermediate in case the next
stage is not available. UW is further categorized according to the storage
configuration used i.e. NIS, UIS, LIS and MIS (Pitty and Karimi, 2008).

¢ No intermediate storage (NIS) configuration allows the product intermediate
to stay within the same stage if the next stage is not available (Pitty and

Karimi, 2008).
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In unlimited intermediate storage (UIS) configuration, temporary storage
tanks are used between the process stages to hold the products intermediates
till the next stage becomes available. In UIS, temporary storage tanks are
always made available between any two stages to free the processing stage to
process as many products as possible without the need to worry about where

the product intermediate can be stored (Pitty and Karimi, 2008).

Contrary to UIS, the number of temporary storages is limited in limited
intermediate storage (LIS). In LIS, it may happen that temporary storage is not
available for the next product intermediate because at that point in time, it is
still holding the previous product intermediate. LIS is further classified as
LIS-D (dedicated) and LIS-S (shared). In LIS-D, the temporary storage
between process stages is dedicated 1.e. it can not be shared among process
stages whereas in LIS-S, the temporary storage can be shared among the
process stages. Most of the past literature uses the term FIS (finite
intermediate storage) instead of LIS to describe the limited storage
configuration. FIS means the numbers of temporary storages between process

stages 1s finite or fixed (Pitty and Karimi, 2008).

In mixed intermediate storage (MIS), mix of any of the above storage
configuration can be used between process stages e.g. there could exist NIS at

one stage and UIS at another stage (Kim et al. 1996, Pitty and Karimi, 2008).

* In mixed wait (MW), mix of any of the above transfer policies can be used between

process stages e.g. there could exist NIS/UW at one stage and ZW at another stage
(Pitty and Karimi, 2008).
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1.2 Objectives of Research

The main objective of this research work is to develop a batch process scheduling
approach which would determine makespan of a batch process using newly developed

algorithms. The research objectives in detail are presented as follows:

To develop simple algorithms which can be computed efficiently for determining the
makespan of a batch process using matrix representation for the various intermediate
transfer policies. The input to the algorithm consists of the batch process recipes

represented in the form of a matrix.

To develop a screening approach that allows process planner interaction for screening the
best solutions for the batch process. For this purpose, a partial enumeration technique
would be developed using a set of heuristics rules. The purpose of introducing the

heuristic rules is to reduce the amount of CPU time in searching for the optimal solution.

To develop a computer code combining the makespan calculation and the screening
approach for optimization purpose using a selected programming language which in this

case is Microsoft Visual C++ ™.

To verify and validate the results obtained from the developed method against some case

studies available in the literature related to batch process scheduling.

1.3 Scope of Research

The research work focuses towards developing a systematic and simple method for the
scheduling of multiproduct batch process. The method combines a set of newly
developed algorithms for makespan calculation taking into consideration of the various
transfer policies adopted, and a simple screening method which allows process planner’s
interaction while choosing the best solutions. The developed algorithm takes the batch

process recipes represented in the form of a matrix as its input. The input matrix is then
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solved to determine makespan using some simple mathematical equations developed
from careful observation made on the Gantt chart method for determining makespan. The
method is applied for determining optimal production sequence with minimum makespan
from all the possible production sequences of the given batch process using some
proposed heuristic guidelines. The heuristic guidelines are capable to reduce the solution
search space from which enumeration is then applied to find the optimal solution. The
amount of CPU time used to determine the optimal solution is reduced significantly. For
the sake of simplicity, the transfer and setup time are assumed initially to be negligible.
However, to incorporate real world industrial applications, some modifications in the
newly developed makespan calculation algorithm are proposed to consider the transfer
and setup time. The verification and validation of the developed method is done using
case studies available in batch scheduling literature with the aid of a computer code

developed for this purpose in Microsoft Visual C++ ™
1.4  Organization of Thesis

The major objective of Chapter 2 is to describe a general background of the various
scheduling techniques available in literature for batch processing. It also highlights the
importance of makespan being the most common parameter used as optimal criteria in
all the available techniques for determining optimum solution for different types of batch

ProCesses.

Chapter 3 describes in detail the types of batch processes available and their modes of
operation with respect to process requirement. Types of intermediate transfer policies

adopted in literature and their role in batch process scheduling are also discussed.

Chapter 4 elaborates the development of the proposed method for makespan calculation
in the case of various transfer policies. The development of the new method involves the
representation of the batch process recipe in the form of a matrix which is then subjected
to the formulated mathematical equations for makespan determination. In addition, this

chapter also highlights the importance of the proposed method for the determination of
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the idle time between stages for all transfer policies and more specifically the number

and location of temporary storages in UIS/UW and FIS/UW transfer policies.

The real world batch scheduling problems must consider the transfer and setup time for
the product intermediates between process stages. Chapter 5, thus, deals with such
problems and highlights the improvement made in the newly developed makespan

calculation algorithms to incorporate the transfer and setup time.

Chapter 6 explains the approach for screening the optimal solution using the newly
developed method for various transfer policies as discussed in Chapter 4. The screening
for optimal solution for a given batch process is based on the criteria of minimum
makespan. The screening approach locates the optimal production sequence with
minimum makespan from the list of possible production sequences for a given batch
process using a computer code developed for this purpose. Lastly, a heuristic approach is
proposed to use the partial enumeration technique instead of complete enumeration to
search for the optimal solution with significantly reduced computational time. To verify
the proposed matrix procedure, makespan for different batch process recipes taken from
case studies available in literature have also been determined. In addition, some more
problems of varying size have been solved to show the vanation of computational time

with problem size.

The significance of the newly developed method with respect to the existing available in
literature 1s discussed in Chapter 7 followed by some recommendations for the future

work.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The purpose of the chapter is to provide a brief overview and summary of important and
leading contributions in the field of batch process scheduling. The notable difference in
the solution strategies proposed by many researchers in this field of interest is the
application of various methodologies and algorithms to obtain optimum solution which is
the minimum time span for the batch process. Batch process is preferably used in
producing low-volume and high‘—value-added products. The products are produced based
on the various recipes and formulations but share the same process facility. This has led

to some complexity in terms of scheduling the various tasks involved.

Batch scheduling determines the order of products to be produced according to current
market demand with optimum production cost. The types of scheduling algorithms
available in literature include mathematical and search methods. Mathematical methods
such as mixed-integer linear programming (MILP) and non-linear programming
(MINLP) are capable of providing optimal solutions for small and medium size
problems. However, the time to reach the optimal solution increases as the problem size
grows. For large scale batch scheduling problems, literature recommends heuristics and
metaheuristics search methods such as genetic algorithm, simulated annealing and tabu

search.

Genetic algorithm works on the principle of producing new generations by mutation and
crossover of parent chromosomes. In batch scheduling new generations resembles to the

creation of new production sequences from the previous ones by changing the position of
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the products in a particular sequence. While, Simulated Annealing works on the principle
of annealing of metals to produce crystals. The atoms of the metal are dislocated from
their original position by heating. The process of slow cooling causes the atoms to
rearrange thus forming crystals. In a batch scheduling problem, simulated annealing starts
with the initial solution selected randomly or according to some predefined criteria. The
other solutions are compared with the initial solution to search for the optimal sclution.
On the other hand, Tabu search uses a “tabu list” to keep a record of all the possible
solutions of a batch scheduling problem that have been searched for the optimum to avoid

the method from revisiting these solutions. (Edgar et al. 2001).

In the multiproduct and multipurpose batch process, the scheduling process follows some
predefined criteria. The individual importance of each criterion varies with the production
requirement. Irrespective of the criterion chosen for scheduling, the final objective is the
allocation of total production time for each product in the production sequence. The two

generally observed criteria are the makespan and due date.

2.2 Makespan Criteria

The completion time or makespan is defined as the total time to process a batch of
products. Minimizing the makespan could allow the next batch of products to be started
earlier. The objective of makespan minimization can be achieved by different methods.
One of the possible methods is sequencing. Sequencing is defined as the order in which
products are manufactured in a batch process (Kuriyan et al. 1987; Kuriyan and Reklaitis,
1989). In any batch process, it 1s usual for every product to have different processing
times in every stage. Also, there are some stages which remain idle before processing the
next product in a particular sequence thereby increasing the makespan. The change in the
production sequence could result in relocating the position of the products in every stage
which results in changing the amount and location of these idle times. A newly generated

sequence could offer a lesser makespan than the previous one.
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Another method to minimize process makespan in a batch process is the addition of
process units in parallel to the existing ones. The strategy behind the use of parallel units
is to perform simultaneous unit operations thereby reducing the makespan. Again, the
objective is to reduce the idle time of process stages in a particular production sequence.
The additional process units could either be identical or non identical to the existing ones

(Voudouris and Grossmann, 1992, Smith, 2005).

The transfer of the product intermediates from one stage to the other follows a number of
transfer policies as specified in the literature. The makespan of any batch process also
depends significantly on the transfer policy specified for transferring the product

intermediates between stages (Kim et al. 1996, Bassett et al. 1997).

2.3 Due Date Criteria

The time period during which a production target has to be achieved is known as due
date. The due date for the production of any product is assigned as per customer
requirement (Cerda et al. 1997). The due date depends on two important parameters. The
first parameter, Earliness refers to the production goal which is achieved well before the
specified production time. In some cases, this could be costly. This is because the
customer refuses to accept the product before his specified due date. This could result in
increasing the inventory cost for storing the product till final delivery. The second
parameter, Tardiness refers to the production of products after the specified due date.
This could result in the cancellation of the next production order from the customer. The
due date criteria as per customer requirements can be achieved using the effective
scheduling techniques (Ryu et al. 2001). The scheduling techniques could be similar to

those stated earlier for meeting the objective of minimum makespan.
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The formulation of batch scheduling problems could be done using various methods
available in the literature. These methods have been applied for both general types of

batch processes i.e. Multiproduct and Multipurpose, and are discussed below.

2.4 Batch Scheduling Methods

The batch scheduling methods involve mathematical programming methods such as
mixed integer linear program (MILP) and mixed integer non linear program (MINLP) as
well as heuristics and metaheuristics such as genetic algorithm, simulated annealing and
tabu search. The applications of these methods to solve batch scheduling problems by a

number of researchers are presented below.

2.4.1 Mathematical Programming Methods

2.4.1.1 Multiproduct Batch Process

The work on developing various algorithms for the purpose of makespan determination
followed by its minimization in the case of multiproduct batch processes for various
intermediate transfer policies have been reported significantly using mathematical
programming methods in the past literature. Ku and Karimi (1988) proposed MILP
formulations for scheduling of multiproduct batch process with finite intermediate
storage (FIS). The use of temporary storage improved the process efficiency by reducing
the idle time between process stages. Their formulations considered ZW transfer policy
with FIS in cases where temporary storage is not available or when there is an immediate
need to transfer the product intermediate to the other stage. The number and location of
temporary storages are fixed according to FIS. Their proposed formulations considered
the processing times of products only with negligible transfer and setup time. The
optimization software used for solving MILP formulations was LINDO (linear interactive
discrete optimizer). Later, Rajagopalan and Karnimi (1989) developed completion time

algorithms for multiproduct batch processes with mixed intermediate storage (MIS) using
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ZW/NIS/FIS/UIS. They also included transfer and setup time in the proposed

formulations.

Ku and Karimi (1990) extended their work further on FIS by using i1t in combination with
ZW and NIS to work on the shared storage system. The shared storage was introduced to
optimize the number of temporary storages required. The proposed algorithms also
included the transfer and setup time with processing times for various products. However,
Ku and Karimi (1992) presented MILP formulations specifically to determine the
optimum production sequence with minimum makespan for the case of no intermediate
storage (NIS) in multiproduct batch process. The transfer and setup time were not
considered in the formulation. The formulations were solved using GAMS {General

Algebraic Modeling Software).

Birewar and Grossmann (1989a,b) incorporated scheduling of multiproduct batch plants
by considering one unit per processing stagé. They developed MILP formulations to
determine the production sequence with minimum makespan for the case of mixed
product campaign in ZW and UIS. In addition, they also incorporate the cleanup time in
the developed MILP formulations. The formulations were solved using GAMS. On the
other hand, Jung et al. (1994) presented MILP formulation to calculate completion time
of each product at each stage in a multiproduct batch process with zero wait (ZW)
transfer policy. The transfer and setup time in MILP formulations were assumed
negligible but were still incorporated in the MINLP formulations. The optimization
software used for this purpose was LINDO. Later, Jung et al. (1996) worked on shared
temporary storage and developed completion time algorithm in the case of multiproduct
baich processes. They worked on developing the common intermediate storage (CIS)
using FIS/ZW and NIS/ZW transfer policies. Their model also incorporated the transfer

and setup time.

Moon et al. (1996) introduced some new MILP formulations for muitiproduct batch
process scheduling with ZW transfer policy. Their MILP formulations also incorporate

the transfer and setup time and were able to determine the possible production sequence
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with minimum makespan. They developed various MILP models to solve batch
scheduli.ng problems for cases involving single product campaign as well as mixed
product campaign. Kim et al. (1996) proposed improved MILP formulations for
determining the completion time for ZW, NIS, UIS, FIS and MIS. For the incorporation

of transfer and setup time, MINLP formulations were also suggested.

For efficient scheduling operation with temporary storages, the location and storage time
of product intermediates in temporary storages must be given priority while making any
scheduling decision (Vecchietti and Montagna, 1998). Ha et al. (2000) proposed MILP
formulations to find the minimum makespan for multiproduct batch processes with
special consideration to storage time of product intermediates in storage tanks. The effect
of location and number of intermediate storage tank on scheduling was also considered.
Their MILP formulations considered mix of zero wait (ZW), no intermediate storage
(NIS) and unlimited intermediate storage (UIS) between process stages. A significant
work on the application of temporary storages in the design of batch processes has also
been reported (Takeichiro et al. 1982, 1984; Karimi and Reklaitis, 1983; Modi and
Karimi, 1989).

The parallel equipments could reduce the inter-stage idle time by simultaneous unit
operation thereby lowering the process makespan. The additional equipment is usually
installed in parallel to the existing equipment with longest processing time. The parallel
equipments could be identical or non identical based on the process requirements. A
number of MILP and MINLP formulations have been developed for scheduling batch
process with parallel equipments and with transfer and setup time (Birewar and
Grossmann, 1990; Hui and Gupta, 2001; Chen et al. 2002; Gupta and Karimi, 2003b; He
and Hui, 2006; Liu and Karimi, 2007a,b; 2008). The advantage of parallel equipment in
single product is more pronounced compared to multiproduct/multipurpose batch process.
This i1s because in single product batch process, same product is being produced
repeatedly and the stage with longest processing times would be the same in every

production cycle (Lee and Lee 1996; Ryu and Lee, 1997).
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Apart from scheduling, some of the work has been specifically reported for the design of
multiproduct batch plants using parallel equipments (Vaselenak et al. 1987). Voudouris
and Grossmann (1993) worked on the synthesis of multiproduct batch plants using
MINLP. Their work mostly covered the aspects of product sequencing, equipment sizing
and optimal allocation of intermediate storage tanks. Ravemark and Rippin (1998)
developed MINLP model for the preliminary design of multiproduct batch plants using
parallel equipments and also determined the optimal location and size of intermediate

storage installed between the process stages.

Batch process scheduling under various uncertainties poses a challenging task. The
uncertainties could either be short term or long term and due to many reasons such as
uncertainty in product demand, variations in customer requirement or raw material supply
(Wellons and Reklaitis, 1989). A number of algorithms have been developed for
scheduling multiproduct batch processes under such circumstances (Petkov and Maranas,
1997; 1998a,b; Vin and lerapetritou, 2000; 2001). In addition, vanation in the processing
times of different products during production period also sometimes results in uncertainty
and it is suggested to perform rescheduling to meet production requirements

(Balasubramanian and Grossmann, 2002; Ryu et al. 2007).

Scheduling in multiproduct batch processes with due date penalties has also been a wide
area of interest. The due date penalty could be reduced by incorporating the customer
satisfaction and with effective batch production sequence in production scheduling. Ku
and Karimi (1991a) proposed four different types of algorithms for scheduling serial
multiproduct process with a single batch unit in each stage with arbitrary intermediate
storage policies. The objective is to minimize the total penalty due to late deliveries to
meet customer satisfaction. On the other hand, Kudva et al. (1994) proposed new
algorithm considering finite intermediate storage between all stages to meet the order
deadlines. The priority assigned to each order was as per due date and product

importance.
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The MILP formulations were also suggested for other batch processing tasks. These
include flexible equipment allocation and vanable batch sizes in the case of mixed
intermediate storage (MIS) in multiproduct batch processes with the objective to
maximize the profit (Kondili et al. 1993, Blomer and Giinther, 1998). The controlling
parameters in these MILP formulations were the sequencing of products and scheduling
of various processing tasks such as equipment allocation for products, cleaning of
equipments and use of temporary storages. Gupta and Karimi (2003a) presented a two
step MILP method to address the issue of limited shelf-lives of intermediate products,
batch splitting at the storage, a batch filling multiple orders and general product
specifications in case of multiproduct batch processes. Chan and Hui (2003) introduced a
stepwise approach with MILP formulation to schedule single stage multiproduct batch
plants. The basic idea behind the stepwise approach was to add new production orders
sequentially into the existing schedule. More work on developing MILP models for short
term scheduling of multistage, multiproduct batch plants have been reported by Gupta
and Karimi (2003b), and, Castro and Grossmann (2005). The proposed MILP models
were shown to be efficient for many objective functions such as minimization of total

cost, total earliness and makespan.

2.4.1.2 Multipurpose Batch Process

The scheduling task for the case of multipurpose batch process is more complex
compared to multiproduct batch process. This is because for the case of multipurpose
batch process, the products need not to pass through each stage. Mostly, the scheduling
algorithms related to multipurpose batch process are developed using MINLP. This is
because of the presence of different processing paths for different products thus causing
non linearity among certain variables incorporated in the scheduling algorithms (Suhami
and Mah, 1982; Cerda et al. 1989; Henning et al. 1994; Grau et al. 1996). Some of the
earlier work on multipurpose batch process was specifically done for scheduling and
design in the case of single and mixed production campaigns with intermediate storage

(Wellons and Rekalitis 1989a,b; 1991a,b).
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The scheduling of multipurpose batch process can either be based on single route or
multiple routes. Single route scheduling means the production path for all the products
remain the same but all the products does not necessarily pass through each process
stage. On the other hand, in multiple route problems, different products follow different

production paths in a batch process (Faqir and Karimi, 1989, Kim et al. 2000).

The scheduling objectives for multipurpose batch process are mostly same to those
observed earlier in the case of multiproduct batch process. These include makespan
minimization and optimal allocation of temporary storages for different intermediate
transfer policies. Kiraly et al. (1989) proposed a two stage procedure for optimal design
of multipurpose batch plants. The procedure involved generating a set of alternative
campaigns for each product and selecting the campaign offering the minimum cost.
Patsidou and Kantor (1991) proposed MILP formulations to graphically solve scheduling
problems in multi-purpose batch plants, with special consideration given to the various
intermediate storage policies. Henning et al. (1994) proposed the scheduling of
multipurpose batch plants using proper allocation of intermediate storage. Their
procedure considered batch mixing and splitting, fixed processing times and production
of the same material using available processing tasks. Voudouns and Grossmann (1996)
developed MILP model to integrate designing and scheduling of multipurpose batch

plants while targeting the existence of intermediate storage tanks in the production path.

Similar to the case of multiproduct batch process, the use of parallel equipments in
multipurpose batch process could possibly reduce the makespan and increase the
production capacity (Papageorgaki and Reklaitis 1990a, b; 1993; Pinto and Grossmann
1995). Moon and Hrymak (1999} presented MILP model for scheduling of sequential
multipurpose batch plant to determine the optimum movement plan for maximum
equipment utiligation with various parallel tasks. The objective was to minimize process

makespan.
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Rodrigues et al. (2000a,b) proposed MILP models for short term scheduling in
multipurpose batch plants. Their approach was directed towards the scheduling problem
when product demands are as per customer orders. Heo et al. (2003) presented 3 MILP
models for scheduling and design of multipurpose batch plants under NIS and ZW
transfer policy. The first MILP model gave minimum number of equipment units
required to produce the products, the second MILP model determined the minimum cycle
time and third MILP model determined the equipment size and scheduling that
minimized the cost. Bonfill et al. (2005) addressed the short term scheduling problem in
chemical multipurpose multistage batch processes with variable processing times using
MILP formulations. The MILP model thus developed provided information on
production sequence, assignment of tasks to stages and expected waiting and idle time

between process stages.

2.4.2 Heuristics and Metaheuristics

The batch scheduling using heuristic and metaheuristics was proposed to reduce the
complexity and limitation of MILP and MINLP methods in large scale problems. Like
other scheduling methods, heuristics and metaheuristics were also developed to address
various issues in batch scheduling of multiproduct and multipurpose batch processes for

different transfer policies.

2.4.2.1 Multiproduct Batch Process

A computer code for short term scheduling for multiproduct batch plants was developed
by Mauderli and Rippin (1979}, and, Egli and Rippin (1986). They used simple heuristics
to consider various aspects such as available equipment, product delivery dates and

equipment requirement for each product.

Suhami and Mah (1981) modeled batch process scheduling problem with no intermediate

storage (NIS) using branch and bound procedure. The objective of the heuristic rule
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proposed in the work was to minimize makespan. Knopf (1985) worked on using branch
and bound technique to determine makespan of the given production sequence with

intermediate storage in multiproduct batch process.

Wiede et al. (1987), and, Wiede and Reklaitis (1987) proposed scheduling serial
multiproduct batch processes with mixed intermediate storage (MIS). They focused on
UIS, FIS, NIS and ZW between processing units. The objective function is to find
optimum production sequence which offered minimum makespan. Karimi and Ku (1988)
proposed a modified heuristic technique to generate the initial sequence for multiproduct

batch processes considering transfer and setup time in addition to processing times.

The application of search methods in batch scheduling with parallel units has also been
explored by many past researchers. Musier and Evans (1989) observed the importance of
product sequencing in production scheduling of industrial batch processes. The heuristics
proposed in the solution method is also able to propose optimal or near optimal solutions
for batch processes with parallel units. Lee and Lee (1996) developed a method of
combining heuristics with NLP formulation to address the preliminary synthesis of
multiproduct batch plant. The preliminary synthesis addressed the issues of equipment
volumes and mode of operations of non identical parallel units. Patel et al. (1991)
considered the design of multiproduct batch plants with different operating modes for non
identical parallel units in stage. They combined heuristics with simulated annealing for
handling intermediate storage during the design calculation. He and Hui (2006) proposed
a rule evolutionary approach for single stage multiproduct batch process with parallel
units. The approach is to combine genetic algorithm and tabu search with suitable
heuristic rules to obtain near optimal solutions for large size problems. The overall

objective is to find the sequence of production that offered minimum makespan.

Das et al. (1990) applied four different simulated annealing algorithms in scheduling
multiproduct batch plants under the assumption of permutation schedule with the
objective of finding minimum makespan for ZW, NIS, UIS, FIS and MIS. Ku and Karimi

(1991b) presented evaluations of a potential simulated annealing method for solving
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multi-product batch process scheduling problems to minimize the makespan of a serial
flow-shop with unlimited intermediate storage. Ryu et al. (2001) used simulated
annealing method for optimal scheduling of multiproduct batch process to handle flexible
due date and flexible customer requirements. They showed that more than one sequence
could meet the due date criteria with minimum earliness and tardiness penalty. The

production sequence with minimum makespan was taken as the optimal solution.

Very few researchers have worked on the application of genetic algorithm for
multiproduct batch process scheduling. Pozivil and Zdansky (2001) applied the genetic
algorithm to find the sequence of batches that minimized the makespan in senal
multiproduct batch processes. Caraffa et al. (2001) considered GA for the flowshop

problem where no intermediate storage was considered.

Lee et al. (2002) developed a novel list based on threshold accepting (LBTA) algorithm
to solve zero wait scheduling problems in multiproduct batch plants. The objective of
LBTA was to find the minimum makespan. The LBTA was claimed to give optimal

solution for small to moderate size ZW scheduling problems within a very short time.

2.4.2.2 Multipurpose Batch Process

The application of heuristics in the scheduling of multipurpose batch process has also
been suggested in the published literature. Janicke et al. (1984) described a simple
heuristics to solve scheduling problems in multipurpose batch plants. The heuristics were
based on exact algorithm which examined whether or not a batch with a given starting
time could be scheduled. Janicke (1987) used a graph based algorithm to address the
sharing of equipment in multipurpose batch plants. They determined the number of units,
their sizes and the time taken by each unit to complete the required task to meet the

production requirement.
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The applications of simulated annealing and branch and bound technique for the
determination of optimum solution in the scheduling of multipurpose batch plants were
suggested by Sanmarti et al. (1998) for NIS and UIS. Azzaro-Pantel et al. (1998) solved
the multipurpose batch scheduling problem with a two-stage methodology that involved
coupling discrete event simulation with a generic algorithm (GA). The application of GA
was also explored in the design of multipurpose batch plants (Bermal-Haro et al. 1998).

Graells et al. (1995; 1996) introduced a comprehensive method for scheduling multi-
purpose batch-chemical processes while considering intermediate storage and in-phase
and out-of-phase operation modes. Romero et al. (2004) proposed a graph theoretical
approach for the optimal scheduling of multipurpose batch plants considering
intermediate storage as shared storage i.e. common intermediate storage (CIS), to achieve
maximum plant flexibility. They applied branch and bound search algorithm to check the

accuracy of their proposed algorithms.

2.5 Summary

The literature survey presented here is just an overview of applying different techniques
for solving batch scheduling problems and covers more on the subject of multiproduct
batch process. For detail knowledge in the area of batch scheduling and design, the
contributions from other authors should also be referred especially on the subject of
multipurpose batch process (Castro et al. 2001; 2005; Giannelos and Georgiadis, 2002a,b;
Zhu and Majozi, 2001; Majozi and Zhu 2001; Maravelias and Grossmann, 2003a,b). The
comprehensive reviews, presented by Rippin (1983a,b), Ku et al. (1987), Mendez et al.
(2006) and Barbosa-P’ovoa (2007), cover a wide range of scheduling aspects for batch
processes. Although, the available mathematical approaches have been successfully
applied in many batch process industries, there is still room for exploring altermate
approaches which can equally solve the batch scheduling problem but with reduced

computational and mathematical complexity.
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As presented and observed from the literature review, the makespan algorithms for
solving multiproduct batch process are the basis of any scheduling technique. Also, the
optimal value of the process makespan depends on the ways in which the intermediate
products are handled between the process stages. However, most of the available methods
formulate the batch scheduling problem using MILP and MINLP techniques. So far, most
of the scheduling methods apply makespan algorithms developed by Ku and Karimi
(1988), Rajagopalan and Karimi (1989), and, Ku and Kanm (1990). Later, these
algonthms were modified by Moon et al. (1996), Kim et al. (1996) and Jung et al. (1996)
to incorporate some additional variables for considering transfer and setup time in
makespan calculation. Lee et al. (2002) proposed a new makespan algorithm based on
meta-heuristic approach (LBTA) and applied on the batch scheduling problem taken from
Kim et al. (1996).

Generally it 1s observed that different mathematical methods could not always produce
the same optimal sequence for same batch process recipe though makespan calculated is
same (Pitty and Karimi, 2008). Further observation can be made from Kim et al. 1996
and Lee et al. 2002. For the same batch process recipe, both of the above papers showed
different optimal sequences for ZW and UIS though the makespan calculated is same.
Interestingly, again, for ZW and for the same batch process recipe, the optimal sequence
as well as makespan 1s different in Jung et al. 1994 from Kim et al. 1996 and Lee et al.
2002. In actual fact, there are a total of 10 production sequences producing the same
makespan as reported in Jung et al. 1994 for optimal sequence but only one was reported.
This can be validated by plotting the respective Gantt charts for each sequence. This
shows that mathematical methods produce only one optimal solution though more than
one solution with same makespan exists. Sometimes, the process planner may be
interested in other possible solutions that resulted in the same makespan. For example, if
any specific product can not be produced before or after any other specific product. So
other possible solution may help in deciding the best one. For this purpose, total
enumeration is preferred that searches through all possible solutions before the optimal

solution is determined. However, the CPU time increases exponentially with problem
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size. More products mean more possible solutions to be evaluated before getting the

optimal solution (Pitty and Karimi, 2008).

The proposed method in the present work aimed at broviding alternate procedure and
new makespan algorithms using simple mathematics. In addition, a set of heuristic
guidelines have been proposed to reduce the optimal solution search space. The reduction
in search space has been made possible using heuristic guidelines in combination with
partial enumeration. Contrary to complete enumeration, partial enumeration does not
require to search all the possible solutions for the determination of the optimal solution.
As a result, the CPU time would also reduce significantly compared with total

enumeration.
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3.1 Batch process

CHAPTER 3

THEORY OF BATCH PROCESS

Batch process is a process used to produce single or multiple products in batches. Batch

processing often require multiple operations, such as mixing, blending, reaction,

separation and others. This type of processing involves a number of units or stages

arranged 1n series. An example of a batch process with four stages is shown in Figure 3.1

for the production of C from raw materials A and B. The reaction between raw materials

A and B is carried out in a reactor to produce C. Next the mixture from the reactor is

mixed with solvent D in a mixer for the purpose of extracting the unreacted raw materials

A and B from product C. Product C then formed a solid which is separated from the

liquid containing A, B and D in a centrifuge. Finally, a tray drier is used to dry the solid

product C (Biegler et al. 1997).
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Figure 3.1: An example of a batch process (Biegler et al. 1997)
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From the example, it can be easily observed that the processing time for every stage
involved in the batch process depends on the type of unit operation and the processing
nature required. The sequence of processing time for each stage can be easily

represented on a Gantt chart.

3.2 Gantt chart

A Gantt chart is a horizontal bar chart developed by Henry Gantt (Lewis, 1991). The
Gantt chart is an effective tool for planning and scheduling operations involving
interrelationships between many activities. An initial step in developing a Gantt chart is
to specify the set of tasks or activities that make up the process. The amount of time
required for each activity is represented as a horizontal bar on the chart. Horizontal bars
of varying lengths represent the sequences, timing, and time span for each task. The
Gantt chart 1s easy to construct and understand, even though they may contain great

amount of information at times.

In a chemical batch process, Gantt charts are mostly used to work out the completion
time i.e. makespan of the batch process. Calculation of makespan requires data
particularly on the number of products to be produced and the corresponding batch
process recipes i.e. the number of process stages involved and the processing time for
each stage. The processing time for every stage is represented on a Gantt chart using the

horizontal bars as shown in Figure 3.2 for the same batch process example stated earlier.

Stage 1 —/———

Stage 2

Stage 3

|
Stage 4 —

Makespan = 8§ hours

Time

Figure 3.2: Gantt chart (Biegler et al. 1997)
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3.3 Modes of batch operation

A batch process can be operated either on a non-overlapping or overlapping mode. In the
case of non-overlapping mode, processing of the next batch of products will not
commence until the processing of the preceding batch is completed fully. While in
overlapping mode, processing of the next batch will begin as soon as the first stage
becomes available to process the next batch. The purpose of overlapping the batch
process is to reduce the idle time of each process stage. This can significantly reduce the
makespan thus increasing plant productivity and efficiency (Biegler et al. 1997). Figure
3.3 shows the two modes of operations using Gantt chart for the same batch process

example stated earlier.
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Non-overlapping Time
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Stage 1 C
1 1
Stage 2
2 2
Stage 3 l
! ¢!
Stage 4 — —
Makespan = 12 hours

—p

Overtapping Time

Figure 3.3: Modes of batch operation (Biegler et al. 1997)
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3.4 Types of Batch Processes

Batch processes are generally categorized as single product and multiple products. Single
product batch process refers to the production of only one type of product in repetition
while multiple products batch process produces multiple products using the same batch
plant facility. Multiple products batch processes could be further classified as
Multiproduct (Flowshop) or Multipurpose (Jobshop) (Biegler et al. 1997).

In multiproduct batch process, all products follow the same sequence of processing and
this 1s illustrated in Figure 3.4 (a). In the case of multipurpose batch process, production
of the various products does not have to follow the same processing sequence and also

not necessarily utilizing all the process stages, as illustrated in Figure 3.4 (b).

A | — A
(a) B —» 1 2 3 4 " 8
C ——p — —* C
A — ] > A
(b) B8 —a 1 2 e} 3 — 4 — B
CQ——‘ 4—-I l—o ¢

Figure 3.4: Types of batch processes (a) Multiproduct (b) Multipurpose (Biegler et al. 1997)

3.5 Types of production campaigns

A multiproduct batch process can be of single product campaign (SPC) or mixed product
campaign (MPC). In single product campaign, all batches of a selected product are
produced before the production of another product begins. While in mixed production
campaign, various batches of different products can be produced according to some

selected sequence (Biegler et al. 1997). The Gantt chart in Figure 3.5 shows the
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makespan calculation for both campaigns. The advantages of MPC over SPC could be
observed in the reduced idle time between stages. However, the situation may change

occasionally depending on products recipes (Birewar and Grossmann, 1989).
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A | A I A l B I B | B |
! i | | | |
2 2 2 4 4 4
L |
Stage 2 F— B = i | —
Makespan = 29 hours
Time
Single Product Campaign (SPC)
5 2 5 2 5 2
Staget | | —+F —— —
A ! B ! A | B | A | B I
| I | | | |
| 2 I 4 L2 4 L2 4
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Time
Mixed Product Campaign (MPC)

Figure 3.5: Types of production campaigns (Biegler et al. 1997)

3.6 Transfer policies for product intermediates

The transfer of product intermediates from one stage to another in a batch process follows
a number of transfer policies as categorized by past researchers. The choice of transfer
policy in a batch process depends on two important factors namely the physical and
chemical nature of the product being produced and the time frame within which the
production must be completed to meet the market demand. The generally adopted

transfer polices are discussed below.
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3.6.1 ZW transfer policy

In ZW transfer policy, the product intermediate is transferred immediately to the next
stage upon completing its respective process due to its nature that requires immediate
transfer (Biegler et al. 1997 ; Ryu and Pistikopoulos 2007). Such requirement could lead
to a situation where the production of the next batch could not be started immediately
upon the availability of the first process stage. This is due to the timing adjustment
required to ensure the zero wait transfer policy is observed in all stages and for all
products. Figure 3.6 shows the timing adjustment required for a batch process in order to
fulfill the zero wait transfer policy. Note that there are a number of discontinuities in
some of the production paths such as the delay in starting the process for product B after
the product A intermediate has been transferred out from the first stage. This
discontinuity refers to the time during which the stage remains idle. The ZW transfer
policy often results in the longest completion time or makespan compared to other
transfer policies. For instance, in Figure 3.6, it is observed that the processing of product
B in stage 3 would only start when the processing of product A has been completed. As a
result, the timing for processing of product B in stage 1 and stage 2 has to be delayed in

order to meet the requirement at stage 3 in accordance to the rules of zero wait transfer

policy.
6 3 6 3
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Figure 3.6: Gantt chart for ZW transfer policy (Biegler et al. 1997)
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3.6.2 NIS/UW transfer policy

In NIS/UW transfer policy, the nature of the intermediates 1s such that they could stay in
their current stage until the availability of the next processing stage (Ku and Karimi 1992;
Biegler et al. 1997). In this way, the completion time of a batch process can be reduced
compared to the ZW transfer policy as illustrated in Figure 3.7. The reason is because the
processing of the next product can commence immediately upon the availability of the
required processing stage. Figure 3.7 shows that the processing of product B in stage 1
could start immediately after the processing of product A and does not have to depend on
the timing availability of stage 2 since the product intermediate could reside temporarily

in stage 1 if required.
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Figure 3.7: Gantt chart for NIS/UW transfer policy (Biegler et al. 1997)

3.6.3 UIS/UW transfer policy

In UIS/UW transfer policy, intermediate storage tanks are used to store the product
intermediates temporarily until the availability of the next process stage. This situation is
adopted when the product intermediate is not allowed to reside temporarily in the same
process stage due to either process makespan restriction or product intermediate

undergoing further reaction if remains within the process stage (Biegler et al. 1997).
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Similar to NIS/UW, the processing on every stage in UIS/UW does not depend on the
timing availability of the next stage 1.e. the production of next product in any stage can be
started soon after the production of earlier product has been completed. However, in the
case of unavailability of the next stage, the product intermediate does not wait inside the
same stage as it does in NIS/UW rather it is transferred to the temporary storage as shown

in Figure 3.8.

Due to the unlimited number of storages made available, there is no restriction at all on
the temporary storage of product intermediates as shown in Figure 3.8 (Kim et al. 1996).
For instance, the temporary storages available in Figure 3.8 are for storing the product B
intermediate after stage 1 and stage 2. Due to the physical and chemical nature of the
product intermediates, the residence time in a temporary storage must be monitored

carefully to meet the quality standards of the final product (Ha et al. 2000).
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Figure 3.8: Gantt chart for UIS/UW transfer policy (Biegler et al. 1997)

3.6.4 FIS/UW transfer policy

In the case of FIS/UW, the process features are the same as the UIS/UW except that the
number of storages is limited. The storage system in FIS transfer policy results in better
economics compared to the UIS/UW as it tend to reduce the capital cost while optimizing

the storage utilization (Kim et al.1996).
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Kim et al. (1996) suggests the application of FIS/UW by combining the process features
of FIS/UW and NIS/UW. The combination works in such a way that whenever a storage
is available, the product intermediate is transferred into it else the product intermediate
will reside temporarily in its current prdcess stage (NIS/UW) until the availability of the
temporary storage. For example, in Figure 3.9, a temporary storage is used to store the
product B intermediate afier its processing in stage 1 has been completed. This is due to
the unavailability of stage 2 at that point of time which is still processing the product
intermediate of A. The need of temporary storage again anses after producing the second
batch of product A in stage 1. However, at that point in time, the temporary storage is
storing product intermediate of the first batch of product B. Therefore, the product
intermediate of the second batch of product A must be held inside stage 1 1.e. NIS/UW is

observed until the availability of temporary storage as shown in Figure 3.9.
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Figure 3.9: Gantt chart for FIS/UW transfer policy

3.6.5 MIS/UW Transfer Policy

In MIS/UW, any of the previously discussed transfer policies could be applied in
combination with other in between any of the two stages in a multiproduct batch process.
For instance, in a 3 stage batch process shown in Figure 3.10, nature of product B
intermediates is such that they can stay inside the stage 1 in case the next stage is not

available. However, the process conditions do not allow the product B intermediate to
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stay in stage 2 in case stage 3 is not available. Hence, there is a need of temporary storage
tank just after stage 2 as soon as processing of product B intermediates completes in stage
2. In other words, the intermediates follow NIS/UW in between stage 1 and 2 while
follow UIS/UW in between stages 2 and 3 as shown below in Figure 3.10.
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Figure 3.10: Gantt chart for MIS/UW transfer policy

3.7 Batch process scheduling

The selection of the right transfer policy plays a significant role when producing various
products in a multiproduct batch process. The production of various products may vary
in order to meet the frequent changes of market demand. This necessitates an efficient
production schedule that controls the sequence and timing of different operations to
produce the different products. It has forced industry to make effective utilization of

available resources using proper scheduling systems.

A typical batch process scheduling problem depends on the following specifications:

o Transfer polices for product intermediates between processing stages.
e Processing order of various products.

e Transfer and setup time between different processing stages.
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The quality of a batch process schedule can be measured by one or a combination of the

following criteria:

3.7.1

Meet production requirement within the specified time period
Meet customer’s requirements on quantity and quality standards
Minimum completion time i.e. makespan of the batch process
Minimum installation, production, handling and inventory costs
Maximum utilization of manpower and process equipments

Safe and environment friendly operation

Batch process scheduling benefits

The benefits of batch process scheduling may vary from product to product. However,

some of the benefits are common among the different products and these were explained

by Morrison (1996) as follows:

The number of equipments involved in the production process can be optimized to
minimize the cost and labor requirements. This can be achieved by adopting

proper sequence of the products being produced.

The excess of inventory could result in extra costs incurred in maintaining the
quality of the stored products. Effective scheduling can help in managing the
inventory level of products according to the raw material supply and to meet the

sudden changes in the product demand.

The production time should be able to meet the due date set by the customers. The
effective scheduling can decide the order of the products that can reduce the

overall production time.
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e The most important benefit of scheduling is its flexibility to manage the
unforeseen events such as equipment breakdown, rush orders, order changes and

raw material availability.

3.7.2 Batch process scheduling techniques

The benefits of batch process scheduling can be achieved by adopting effective
scheduling techniques. One of the important aspects in batch process scheduling is to
minimize the total completion time i.e. makespan of a batch process. The production
capacity of a batch plant can be maximized if all the production tasks would be
completed within a minimum span of time. A number of scheduling techniques have been
developed to meet the minimum makespan. These techniques mainly depend on the type

of batch processes such as single product, multiproduct and multipurpose batch process.

In single product batch process, only one type of product is produced. The task of
achieving minimum makespan for single product batch process is usually achieved by
installing additional process unit parallel to the existing one. The additional unit is
usually installed in parallel to the existing unit within the stage that has the longest
processing time. This technique is only suitable and recommended for single product
batch process. This is in view of the fact that the same process stage requires the longest
processing time for various batches of the single product. However, the technique is not
recommended for multiproduct or multipurpose batch processes in view of the changes in
the process stage that requires the longest processing time for various products (Ryu et al.

1997).

The task of achieving minimum makespan in multiproduct and multipurpose batch
processes could be achieved by proper product sequencing. The product sequencing is the
order in which the products are produced using the same batch facility. The makespan of
the batch process normally varies with the changes in the production sequence. The

optimum production sequence could be taken as the one that offers the least makespan.
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The product sequencing works on its best by making efficient use of the idle time that
exist in between process stages. The idle time is the time during which a process unit
remains idle and causes delay in the processing of the next product. The period of idle

time varies with products recipe (Kim et. al 1996, Moon et al. 1996).

Contrary to multiproduct and multipurpose batch processes, product sequencing is not
applicable for single product batch process. This is because in single product batch

process, multiple batches of only one product are produced using the same batch facility.

Product Sequencing

The optimal batch process schedule is often based on process planner’s choice for the
production sequence offering minimum makespan. The possible number of production

sequences could be determined using a simple permutation rule shown below:

P(n)= n! where P(n) = number of possible production sequences

n = number of products
For example, the number of possible production sequences for three products namely A,

Band Cis P(3)=3!'=61.e. ABC, ACB, BAC, BCA, CAB and CBA.

The determination of makespan for any production sequence can be done using the Gantt
chart method described earlier. However, this becomes tedious and not recommended for
large size problems. Due to this limitation, researchers have proposed many
computational techniques involving mathematical algorithms which determine the

production sequence that offers the least makespan.

Most of these mathematical algorithms apply mathematical equations based on linear and
non linear programming. For speedy computations, these mathematical equations are
solved using computational software specially designed for the purpose. An overview of

some of the popular methods for batch process scheduling is given below.
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3.7.2.1 Mathematical Methods

One method of solving batch scheduling problem is using mathematical programs. A
mathematical program is a way to define scheduling problem using variables, constraints
and objective functions. Variables can be continuous or discrete according to the problem
being addressed. These variables are used to define task assignment to various units, time
allocation, batch sizes and allocation of storages between process stages. The
mathematical programs can be extended using additional constraints and variables for
more detailed process description. These are further classified as mixed integer linear

program (MILP) and mixed integer non linear program (MINLP).

I. Mixed Integer Linear Program

A mixed integer linear program (MILP) is a linear program (LP) in which one or more
than one variable have to be integers. The most commonly used subset in MILP is binary
in which the integer variables can be either 1 or 0 meaning that something is either
present or not present (Edgar et al. 2001). As an example, in a batch scheduling problem,
the binary variable controls the presence of any product at a specific position in a

particular production sequence (Kim et al. 1996).

2. Mixed Integer Non Linear Program

A mixed integer non linear program (MINLP) is used to solve nonlinear optimization
problems with both continuous and discrete variables (Edgar et al. 2001). As such the
MINLP is more complex compared to MILP. In batch scheduling problem, the non
linearity is usually attributed to the addition of sequence dependent setup time for all

process stages and thus, has to be formulated as MINLP (Kim et al. 1996).
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3. Branch and Bound

The Branch and Bound (B&B) is a general search method which is used to solve many
batch scheduling problems which are usually represented by MILP and MINLP and
mostly subjected to some equality or non equality constraints. In B&B procedure, these
constraints are used to assign lower and upper bounds to set a criterion to find the optimal

solution in a feasible solution region.

The B&B method starts by considering the original problem with its complete feasible
solution region. The original problem is then analyzed according to the lower and upper
bounds. The procedure ends only if the optimal solution is found. Otherwise, the feasible
region is divided into two or more regions (subproblems) represented as nodes. The
algorithm is then applied to the subproblems to determine the optimal solution. However,
it is not necessary that the solution obtained is globally optimal. The node can be
removed from further analysis if it does not meet the criteria to find the optimal solution.
The search procedure continues until all the nodes have been analyzed for the global

optimal solution (Edgar et al. 2001).

3.7.2.2 Heuristics and Metaheuristics

A heuristic technique is a method which generates optimal or near optimal solutions
within a reasonable time frame. Despite the fact that it does not always guarantee optimal
solution, the present heuristics methods could produce reasonably optimal sclutions for
large size problems within shorter time period compared to the mathematical

programming. In addition, the method is also known to be more stable,

The basis of many heuristic methods is the neighbourhood search. It is a simple iterative
method for finding good solutions. The procedure starts from assigning the values to the
variables. The search process continues until no further improvement is possible. In

recent years, many improvements in the local based search methods have been made to
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overcome the local minimum phenomena and to look for other possible solution in the
effort to find the global optimum. The heuristics techniques with such improvements are

now known as metaheuristic techniques.

1. Simulated Annealing

Simulated Annealing (SA) is a class of metaheuristics algorithm for finding the global
optimum solution for a given objective function in a large search space. SA was
developed based on the analogy from the annealing process of metals in metallurgy, a
technique involving heating and controlled cooling of a maternial to produce perfectly
structured crystals. The heat causes the atoms to be dislocated from their initial positions
with low internal energy and move randomly in states of higher energy. The slow cooling
provides better chances for them to find configurations with lower internal energy than

the initial one (Edgar et al. 2001).

In a batch process scheduling problem, the objective function is to find the production
sequence with mimimum makespan. The simulated annealing starts with an initial
solution i.e. a production sequence with some makespan value, followed by comparison
with the makespan of the second possible production sequence. The comparison process

continues till the search space having all the possible solutions is analyzed.

2. Tabu Search

Tabu Search (TS) belongs to the class of local search techniques and widely used in
solving many planning and scheduling problems. Most heuristic methods fail to locate
global optima because they usually get trapped in local optima i.e. the search does not
continue for other near optimal solution as soon as the first solution was found. Tabu
search overcomes this limitation by maintaining a tabu list containing the solutions which
have already been searched for optimal solution. The term tabu means “forbidden”. This

procedure keeps the tabu search away from revisiting the previously visited solutions.



Chapter 3: Theory of Batch Process 39

The search continues until there is no more optimal solution within the solution search

space (Tra, 2000, Edgar et al. 2001).

3. Genetic Algorithm

The concept of Genetic Algorithms (GA) is taken from the evolution of new living
organisms. The new living organisms are generated by crossover and mutation of the
chromosomes from the parents during reproduction process. As a result of reproduction,
an initial population is created. Before beginning a new iteration, the population is
modified by replacing one or more individuals with new generations. The new
generations are usually created using two methods i.e. either by combining two
individuals known as crossover or by changing an individual known as mutation. In each
generation, the individuals meet the fitness level reproduce while the others do not take

part in the next reproduction. (Edgar et al. 2001).

In batch scheduling, the production sequences or schedules could be considered as
individuals or members of a population. The individuals are sometimes referred to as
chromosomes which carry the information on sequence of products on all stages. The
fitness or survival of each individual in the next generation is measured using the value of
the objective function i.e. the computation of the makespan in most cases. During
iteration, new generations i.e. production sequences are created. The new generations are
created by crossover or mutation of the previous generations. The mutation process on
the parent chromosomes is similar to the change of positions of two products with each
other in the corresponding production sequence. The population size i.e. number of
products in a particular production sequence usually remains constant in each generation

(Pozivil and Zdansky, 2001).

3.8 Summary

The transfer of product intermediates from one stage to the next in a batch process is

governed using various transfer policies. The selection of a transfer policy for a particular
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batch process depends on the production targets and the constraints set by the material
processed in order to achieve customer specification. Batch scheduling problems under
different transfer policies can be solved using various available methods. The
mathematical programming methods such as MILP and MINLP are the most popular
methods as they could incorporate most of the batch process requirement using various
variables and constraints. However, the computational time increases as the problem size
grows. As such, researchers have introduced other methods known as heuristics and
metaheuristics. These methods are faster and more stable in their computation but seldom
guarantee optimal solution. The present work is about proposing an alternative method
which offers reduced complexity in solving the batch scheduling for any batch process
recipe operated under different transfer policies. Other features of the proposed method
include development of some heunstic guidelines to reduce the computational time in

searching for the optimal solution.
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CHAPTER 4

MAKESPAN DETERMINATION USING MATRIX
REPRESENTATION

4.1 Gantt Chart Method

In chemical batch process scheduling, Gantt charts are used to represent the processing
times on various stages in a batch process which could help in determining the
completion time i.e., makespan of the process. Calculation of makespan requires data
particularly on the number of products to be produced and the corresponding batch
process recipes, containing the number of process stages and the processing time for each
stage. Based on a selected production sequence, the data could be used to draw a Gantt

chart before the makespan could be determined.

4.2 The Proposed Matrix Representation Method

While the Gantt chart method looks relatively simple and capable of determining
makespan of a batch process, it is actually tedious to perform particularly for large
number of products. On the other hand, most previous research conducted on batch
scheduling focused on the use of complex mathematical methods namely the mixed
integer linear or non-linear programming. Although these methods are highly efficient in
execution, formulation of the batch scheduling problem could pose a problem to most
planners as it requires considerable understanding in the use of high level mathematics.
The proposed method offers an alternative to batch scheduling efficiently by avoiding the
use of MILP and MINLP. Process planners are only required to input the data of batch

process problem and the required information regarding makespan could be determined.
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The development of the proposed procedure resulted from the observation made on the
paths used for calculating makespan using Gantt chart method. Suppose there are three
products to be produced namely A, B and C in the sequence of producing A first,
followed by B and lastly C using three stages S, S; and S; as shown by the Gantt chart in
Figure 4.1 below.

....... AS BS; CS;
$ | ————  {e—
> l AS, |332 | CS;
S o
o | &
z Common Path l AS; I BS; | CS;
S3 : * ;i
o Makespan R

Figure 4.1: Gantt chart of three products in three stages

The makespan for the batch process could be calculated based on several identified paths
connecting the starting point to the end point as shown in Figure 4.1. Each path contains
the respective processing times of the various products on the different process stages.
Summing all the processing times and the idle times that exist within the path will

produce the makespan. Some of the possible identified paths are listed below:

1. AS, AS;,AS;3,BS;3,CS;
2. AS), AS;, BS,, BS;3,CS;
3. AS|,AS;,BS,,CS,,CS;
4. AS,,BS,,CS,,CS,,CS;
5. AS,, BS|,BS;,BS;3,CS;

6. AS), BS|,BS,,CS,,CS;
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It i1s observed from Figure 4.1 that regardless of the path selected, the result of the
makespan calculation for a selected production sequence denved from a given batch
process recipe would remain the same. This is because the length of all the paths from
beginning (AS)) to the end (CSs3) of the process in a particular production sequence
remains the same. The length of any path is calculated by adding up the processing times
of each stage and the idle times present in the path. The idle times are reflected by the
discontinuity in the path located in between stages at one or more points within the path.
For example, there is a path discontinuity in between AS, and BS,, AS; and BS;, BS; and
CS,, and, BS; and CS; For determination of the makespan using such paths, the

calculation of idle time, if exists between process stages, is required.

For the purpose of developing a consistent procedure to calculate the makespan for any
batch process recipe, it can be concluded that only one common path is required. In the
present work, the first path i.e., AS,, AS,, AS3, BS3, CS;, from the aforementioned list of

possible identified paths, is selected as the common path and it is shown in Figure 4.1.

The batch process recipe from Figure 4.1 can be represented in the form of a matrix as

shown below.

1 2 3
1 AS; AS; AS;

2 BS; BS; BS;

3 CS; CS; CS;

For the purpose of systematic execution of the proposed method, the respective products
to be produced are arranged according to the rows represented by the letter “1” and the

respective stages are arranged according to the columns represented by the letter “j”.

Hence, for the case presented, the matrix used would be “M;;” where 1=1,2,3 and j=1,2,3.
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In this respect the scheduling is based on a sequence where product A is produced first,

followed by B, and lastly C.

The next step is to recognize the presence of idle time between stages by introducing
variables ‘V’ in between the rows of the matrix. In the matrix shown, there are possible
six variables that can be introduced namely V,, located in between AS; and BS;, V|
located in between AS; and BS; ,V,3 located in between AS; and BSs, V3, located in
between BS, and CS,, V,; located in between BS; and CS; and V;; located in between
BS; and CS;.
1 2 3
1 AS; AS; AS;

Vl.l VI.Z Vl,]

2 BS;, BS; BS:

Va1 Vaa V3

3 CS, CS; CS;

Determining the values of these variables is important as it contributes towards the
calculation of the makespan based on the selected path as shown in the earlier Gantt chart.
The manner, in which these variables are determined, depends on the transfer policies

adopted for the batch process operation.

4.2.1 Makespan determination for various intermediate transfer policies

The development of the proposed method using matrix representation is best explained
using examples of batch processes. For all the forthcoming examples, the batch process
recipes for all the products are limited initially to three process stages. The transfer time
of the product intermediates from one stage to the other and the setup time for each stage

are assumed negligible at this point.
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4.2.1.1 ZW transfer policy

Example 4.1 and 4.2 below demonstrates the application of the Gantt chart method to
determine the makespan of the batch process where each product follows the same

operation sequence for all the process stages.

Example 4.1

Table 4.1 shows the batch process recipes arranged accordingly for a production
sequence producing two products namely A followed by B. Using the Gantt chart as
shown in Figure 4.2, it 1s observed that there are two locations where idle time exist in
between the process i.e., at the end of stage 1 and stage 3 (shaded area), while there are
none for stage 2. Table 4.2 shows the summary of the calculated idle time obtained from

the Gantt chart.

Careful examination on the Gantt chart reveals that the calculation of makespan could be
done using four different paths. One path is to take the sum AS,, AS;, BS; and BS; which
does not require any calculation of the idle time. However, the other three paths i.e.,
either taking the sum of AS;, BS|,BS;,BS; or the sum of AS,, BS;, AS;, BS; or the sum
of AS, AS,, AS3, BS;, need to account for the idle time calculation prior to determining
the makespan. As expected, the makespan calculated by all four paths yielded the same

answer 1.e., 45 hours.

Table 4.1 Table 4.2
Processing time for production Idle time calculated for production
sequence AB for example 4.1 sequence AB for example 4.1
Products Processing time Products Idle time (hour)
{(hour) S, S, S5
S, S; Ss A&B 12 0 7
A 10 20 5

B 8 12 3
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Figure 4.2: Gantt chart for production sequence AB for example 4.1
Example 4.2

In this example, the makespan calculation is performed for batch process producing three
products namely A, B and C in the order of product A first, followed by B and lastly C.

The batch process recipes based on a 3-stage operation 1.e., S|, S; and S;, are shown in

Table 4.3.

From the constructed Gantt chart as shown in Figure 4.3, the idle time locations were
found to be at the end of stage 1 and stage 3 for both products. The detail of the result is

summarized in Table 4.4. The value of the makespan calculated from the Gantt chart

based on the identified paths is 50 hours.
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Table 4.3

Processing time for production sequence

ABC for example 4.2

No. of Stages

Products Processing time (hour)
3 s, Products Idle time (hour)
]
A 10 20 S S 5
B 8 12 A&B 12 0 7
A C
ORI PR )
S 10 {222 ////5 iz S
s, Y 20 V12 A ]
S5 5 A7) 3
Makespan = 50 hours
< >
>

Table 4.4
Idle time calculated for production

sequence ABC for example 4.2

Figure 4.3: Gantt chart for production sequence ABC for example 4.2

Careful examination of Figure 4.3 shows that there are more possible paths to determine

the makespan compared to the earlier example which has four. However, the makespan

calculation result remains the same irrespective of the path selected.

From the observations made in the two examples, it can be concluded that the makespan,

and the idle time period and locations, varies with different batch process recipes.

Although the procedure for determining both the makespan and the idle time using Gantt

chart method appears to be relatively simple, it is expected to become extremely tedious

as the problem size grows.
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It can also be concluded that the number of paths to calculate makespan increases with
increase in the number of products and also depend on the batch process recipes. But the
calculated makespan remains the same from all the possible paths identified. This is in
accordance with the observation made earlier that the length of all the paths from
beginning to the end points remains the same. This offers flexibility in choosing any of
the paths for calculating the makespan. Therefore, as suggested earlier, a common path is
selected i.e., AS;, AS,, AS3, BSs3, CS3, meaning to say that the path which caiculates the
makespan by taking the sum of the processing times of all stages of first product and last
stages of all other products. Of course, the makespan calculation would also include the
calculation of idle time, if exist in between process stages for the selected common path.
The proposed method is developed on the basis of this observation, to calculate the

makespan for “n” number of products to be processed in “m” number of stages.

Matrix Representation

As mentioned earlier, the determination of makespan using the proposed matrix

representation can be done by representing the batch process recipe with variables ‘V’ in

the form of a matrix as shown below.

1 AS, AS;, AS;
Vl‘l Vl.Z VI,3

2 BS, BS; BS;

V2.1 V2.2 VZ.3

3 CS, CS; CS;
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It is observed from Figure 4.1 that the idle time between stages BS, and CS; can be
determined by taking the difference of processing times for stages CS, and BS;.
Similarly, the idle time between stages BS; and CS; can be determined by taking the
difference of processing times for stages CS; and BS3;. However, it is obvious from
Figure 4.1 that the idle time calculated earlier between BS, and CS; has to be included
for the calculation of the idle time between BS; and CSs. This type of procedure, in
which the calculation of idle time for succeeding stage is done using the preceding stage,
is termed as forward calculation procedure in this work. This also implies that the
calculation of idle time in between the next stages must also incorporate the idle time, if

exists, in between the earlier stages.

It is important to note that the procedure for idle time calculation using the forward
calculation may not necessarily work for the arrangement of process stages other than
observed above for products B and C. For example, the arrangement of stages in between
products A and B results in producing the idle time in between AS; and BS,. This
situation is different from the case of products B and C observed earlier where there was
no idle time in between BS, and CS, Therefore, for the case of products A and B, the
determination of idle time is required between AS, and BS, before it could be used for
the determination of idle time in between the next stages. This is in view of the
observation made above i.e., the calculation of idle time in between the next stages

depends on the idle time, if exists, in between the earlier stages.

Further 1t 1s observed from Figure 4.1 that idle time is also present in between AS, and
BS;. Hence, its determination is also required similar to the case for its determination in
between AS; and BS,. However, the idle time is none in between AS; and BS;. This
implies that for the present case the calculation of idle time for earlier stages could be
done starting from the last stage i.e., the idle time between AS, and BS; can be
determined by simply taking the difference of processing times for AS; and BS; as shown
in Figure 4.1. This would be followed by determination of idle time in between AS, and
BS, by taking the difference of processing time for AS, and BS, while also including the
idle time calculated in between AS; and BS;. This type of procedure in which the



Chapter 4: Makespan Determination Using Matrix Representation 50

calculation of idle time for preceding stage is done using the succeeding stage is termed

as reverse calculation procedure in the present work.

The difference in the arrangement of stages in between any two consecutive products is
due to the transfer policy adopted which is ZW in the present case. It is also noted that
there will always be at least one point in between the two consecutive products where the
idle time is none as shown in Figure 4.1 for the case of AS; and BS; and, BS, and CS;.
In view of the above, the procedure to calculate the idle time for different arrangements
of stages in between any two consecutive products, couples the features of forward and

reverse calculation and is shown below.

The idle times represented as variable V, ; and V), 5 in the above matrix are calculated by
performing the following procedures to the elements of the first two rows located above
and below these variables. For example, in Figure 4.3, the variable V, ; can be calculated
by subtracting the processing time of product A intermediate in stage S; from the
processing time of product B in stage S) and, the variable V,; can be calculated by
subtracting the processing time of product A intermediate in stage S; from the sum of the

processing time of product B intermediate in stage S, and the variable V5.

V1!2 = BS1—A82

Vi3 =(V2tBS;) - AS;3

For the calculation of variable V, |, and to meet the criteria of ZW, a reverse calculation
1s required to calculate the values of all previous vanables ‘V’ on the basis of the value of
the variable V| 3. As such, the value of the variable V) is recalculated. This is followed
by the calculation of variable V,,; which is based on the value of variable V,; as shown

below.
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Vl,z = (V1’3 - BSz) + AS3
Vii=MV12-BS))+AS,

The same procedure is repeated for the calculation of variables V,; and V3 between

second and third row as shown below:
Va,=CS§;-BS;
V2,3 =(V2+CS;) — BS;

Based on the value of variable V3, Vi, is recalculated. This is followed by the
calculation of variable V,; which is based on the value of V;; as shown by the equations

below:

Va2 =(V33-CS;) + BS;
Va1 =(V22 - CS;) + BS;

It must also be noted that for a negative value obtained for any variable ‘V’ above, a zero
value will be assigned instead. This actually means that there is no idle time in between

the particular stages of reference.

From the calculated values of these variables above, the makespan for the multi product
batch process can be calculated using the path selected as shown in example 4.2. The

makespan equation is as shown below.

Makespan = AS;+AS;+AS;+V, ;+BS;+V;;+CS;
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The generalized mathematical expression for the matrix representation

The mathematical expressions developed so far to calculate the variables ‘V’ and the
makespan are suited to three product batch processes with three process stages. To apply
the same procedure for more than three products and three stages, a certain generalization

is required. For this purpose, the variables ‘V’ in all the above mathematical expressions

Lo}

are rewritten with the subscripts “i” and “j”. This represents that the “n” number of

(1353

are produced in “m” number of stages ““j”. The calculation procedure begins

[T
1

products
with the first two rows of the matrix and then carried forward to the succeeding rows

using equations 4.1 and 4.2 respectively.

V=M, - M, i=l...n-1 (4.1)

I/J',j-i-l =(VI,J+M )—M

i, j+1

J=20 m-1, i=1..n-1 (4.2)

i+1,j

The variables ‘V’ between the row elements are recalculated based on the calculated

value of the last variable using equation (4.3).

V., =, J=m-1..... 1, i=1l...n-1 (4.3)

i,j+1 -

M., )+M,

i, j+1

For any negative value of V, zero value will be assigned instead. Using the calculated
values obtained for all the variables, the makespan is calculated using equation (4.4).

Makespan = ZM:M,_J. + iM,._m + 3 V.
1

j=1 i=2 i=

n=2 mx?2 (4.4)

m

The following example 4.3 illustrates the application of the proposed method to
determine the makespan using batch process recipes taken from Ryu and Pistikopoulos
(2007) for which he has applied MILP method from Jung et al. (1994). The process

recipes according to a selected production sequence are shown in the matrix below.
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Example 4.3
1 2 3
1 10 20 5
Vit 4¥; Vis

3 20 7 9

The variables V2 and V,, are calculated using equation (4.1), and, V;3 and V,; are

calculated using equation (4.2) as follows:

Ma=My -M,, =15-20=-5=0
Vyy=M, -M,,=20-8=12
V=W, +M,,)-M,,=(0+8)-5=3

Vs =V, +M3.2)-M2,3 =(12+7)-12=7

On the basis of the calculated values of V)3 and V3, the values of V,, and V;; are

recalculated using equation (4.3) to determine the values of V, ; and V; ) as follows:
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o=V —M)+ M, =(3-8)+5=0
I/l,l=(I/I‘:)._Afz_l)'*_j‘dl‘z=(O'—15)"‘20=5
VZ,Z=(V2‘3—M3_2)+M2‘3=(7—7)+12=12

Vii=(V,, =M, )+M,,=(12-20)+8=0

Using the values of the variables and the required elements from the batch process

recipes matrix, the makespan for the specified production sequence is calculated using

equation (4.4) as follows:

"=

1
V., = 66 hours

m

Makespan = iMu + iM,.'m +

j=1 =2 i=1
The makespan calculated above is for the production sequence specified by the matrix

where product A is produced first, followed by product B and C as shown by the Gantt

chart in Figure 4.4.

A B c

g si|| 10 [52 15 20

[=))

3]

»n o

sl Ym Vs w7

Z

S3 *5 5/3', 12 %7///? 9
< Makespan = 66 hours >

_ >
Time

Figure 4.4: Gantt chart for production sequence ABC for example 4.3
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4.2.1.2 NIS/UW transfer policy

The same batch scheduling problem used for the ZW which consists of three stages Sy, S,
and S;, with negligible transfer and setup time is used for the purpose of elaborating the
makespan calculation for no intermediate storage policy. However, the batch process

recipes have been changed to aid the illustrations better to reflect the NIS/UW.

Example 4.4

In this example, the makespan calculation is performed for three products i.e., A, B and
C. The respective processing times for the batch process recipes producing three products
in the sequence of product A, followed by B and lastly C, are shown in Table 4.5. It
appears from Figure 4.5 that the possible number of paths that could be used to calculate
the makespan is now increased compared to Example 4.4. The makespan calculated is 27

hours as shown in Figure 4.5 below.

Table 4.5
Processing time for production sequence ABC

for example 4.4

Products Processing time (hour)
S S; S;

A 8 6

B 3 2
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Figure 4.5: Gantt chart for production sequence ABC for example 4.4
Example 4.5

In this example, the makespan calculation is performed for a batch process producing
four products according to the sequence of product A, followed by B, then C and finally
D using three processing stages. The batch process recipes for the production of the four
products are shown in Table 4.6. The observations made on the Gantt chart in Figure 4.6
show that the number of possible paths to calculate the makespan increases further with
the increase in number of products. The makespan calculated is 31 hours as shown in

Figure 4.6 below.

Table 4.6
Processing time for production sequence ABCD

for example 4.5

Products Processing time (hour)

S[ Sz S3

o O w »

5 8 6
9 3 2
4 5 3
4 5 2




Chapter 4: Makespan Determination Using Matrix Representation 57

s 5 T 4 T
s: G \ 7, A A

= 6 2

Makespan = 31 hours >

No. of Stages

Time

Figure 4.6: Gantt chart for production sequence ABCD for example 4.5

From the above observations, a conclusion similar to ZW transfer policy can be drawn.
The number of paths used for calculating the makespan increases with the increased
number of products but the calculated makespan remains the same regardless of the path
selected. This is because the beginning and the end points for all the paths are located at
the same spot. Therefore, a common path could again be selected for calculating the

makespan for any batch process recipe similar to the case of ZW transfer policy.

Matrix Representation

The determination of makespan using matrix representation can be done by firstly
representing the batch process recipe in the form of a matrix and to also include the
variables as shown below. In this respect the scheduling would be based on a sequence

where product A is produced first, followed by B, then C and lastly D.
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1 2 3
1 AS, AS;, AS;

vl,l VI‘Z VI.3

2 BS, BS; BS;

Var Va2 Vi3

3 CS) CS; CS;

Vii Via Vi

4 DS, DS, DS;

From the observations on the Gantt chart, it also appears that another variable is required
In addition to the variable, V, to represent the holding time as indicated by the shaded
area in the Gantt chart shown in Figure 4.5 and 4.6. This is due to the transfer policy
adopted which allows product intermediate to remain within the same stage until the
availability of the next one. For calculation purpose, this variable is represented by the

letter ‘I’.

Also, from the Gantt charts, it could easily be realized that the variables ‘V’ in between
the first stage for all products i.e., Vy,, V2, and V3 would always take a zero value. This
is because, in the NIS/UW, the product intermediates are allowed to stay inside the same
stage when the next stage is not yet available and therefore, the idle time is zero in

between the first stages of all the products.

- Further, it is also important to note that there would not be any holding time in all the
process stages for the first product. This is because all the next stages would be available
to take the product intermediate of the first product from the earlier stages. Similarly,

there would not be any holding time in the last stages of all the products.
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As such, the above matrix with the introduction of the variable ‘I’ could be rewritten as

follows:

1 2 3

1 AS, AS, AS;
Vi Vi Vi

2 BS, 1, BS; 1, BS;
% A Vas

3 CS) 1, CS; 1, CS,
Vs, 2 Vis

4 DS I, DS; L, DS;

For ease of calculation, the subscripts used for variable ‘I’ to represent the respective
holding time will follow the similar arrangement made to represent the inter-stage idle
times using variable ‘V’ in rows and columns of the above matrix. It is worth noting that
the variable I, | represents the holding time within the process stage BS;, the variable I, »

represents the holding time within the stage BS; and so on.

The calculation of the variables ‘V’ can be done in a similar manner as in the case of ZW
transfer policy with exception that there is no need to perform the reverse calculation.
This is because, in NIS/UW, the product intermediate i1s allowed to remain within the
same stage whenever the next stage is unavailable. Also it does not depend on the
availability of succeeding stages as observed in the case of ZW transfer policy. For
example, in Figure 4.6, the stage CS, holds the product intermediate for one hour until

the stage CS; i1s made available but 1t does not depend on the availability of stage CS;.



Chapter 4: Makespan Determination Using Matrix Representation 60

The determination of the variables, V, in the above matrix starts from the second stage
between two consecutive products. This is because the variables ‘V’ located between the

first stages of all the products are zero as explained earlier.

Firstly, the variable V, ; is calculated. This is followed by the calculation of variable V3

which is based on the value of variable V) ; as shown below.

Vi2=BS§, - AS;

Vi3=(Vi2 + BS;) - AS;

The same procedure is repeated for calculating the other variables ‘V’ in the above
matrix. However, compared to ZW transfer policy, the formula to calculate the
succeeding variables ‘V’ in NIS/UW must also incorporate the additional variable ‘I’
which is used to represent the holding time inside the same stage, if required, as shown

by the equations below.

V2= CS = (BS; +1,,2)

Va3 =(V22+CS;) - BS;

V3:=DS5 - (CS: + L2)

V33=(V32+DS3) - CS;

It must be noted that if calculated value of the variable ‘V’ is negative, it would be
assigned a zero value instead. This is to show that there is no idle time between process
stages. Nevertheless, the calculated value represents the time duration for which the

product intermediate must be held inside the earlier process stage i.e., the holding time, 1.

For example, in the Figure 4.6, the calculation of variable V,; between AS; and BS;
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gives -2 hours. This shows that the idle time is zero but the product intermediate must be

held for 2 hours in stage BS, before it is transferred to stage BS;.

The makespan for the multi product batch process is calculated using the same path as

adopted earlier in ZW transfer policy as follows.

Makespan = AS;+AS;+AS;+V, 3+ BS;+ V3 3+CS5+V;3 3+ DS;

The generalized mathematical expression for the matrix representation

Similar to the ZW transfer policy, to apply the above procedure for more than four
products and three stages, following equations are developed. The calculation procedure

begins with the first two rows of the matrix and then carried forward to the succeeding

rows using equations 4.5 and 4.6 respectively.

¥, =0, I,, =0 i=l.n-1
Vi ja =W, + M, )= M, ., j=lom—1 (4.5)
Viju =WV, + Moy )= (M, + 1) j=lom=1, i=2....n-1 (4.6)

As explained above, if the calculated value of ¥, | is negative, a zero value is assigned

instead. Nevertheless, the calculated value sign will be changed to positive and assigned
to I, i.e., holding time in the earlier stage. Otherwise, the value of I,.,j will be zero.

The developed matrix formulation above is validated against an example problem taken
from Ku and Karimi (1992) for which, they have developed an MILP formulation to
solve for the optimum production sequence offering minimum makespan. Using the

proposed method, the makespan is calculated.
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Example 4.6
1 2 3
1 35 4.3 8.7
Vi Vi2 Vis
2 40 1,, 55 1, 3.5
VZ.l V2,2 VZ.]
3 35 Il,l 75 12_2 6.0
Vs, Vi Vi
4 1201, 3.5 I, 8.0

The variables ‘V’ and ‘I’ is determined using equations (4.5) and (4.6) as demonstrated

below:

V|,2=M2!1—M1,2= -0.3=0 s 11’1 =0.3

V|,3=(V1,2+M2'2)—M],3= 32 =0, 11,2=3.2

V212 = Mj,l - (Mz,z + I|,2) =-52=9 s Iz,| =52

Vii= (V22 + Ma2)—M,3=4.0 , =0

Via=My ) —(Mz2+ 1) =45 , I3y =0

Vi3=(V3z+Msy)-M;z3= 2.0 , I32=0

Subsequently, the makespan for the batch production sequence is calculated using the

equation (4.4).
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n—

o

Makespan = iMu + iMi.m +
i=2

=l

1
V., = 40 hours
3

[':

Again it should be noted that the makespan calculated is based on the production
sequence in the order of product A, followed by B, then C and lastly D as shown by the
Gantt chart in Figure 4.7.

A B C D
g S 135/4.0[35/8727 120 |
O
7 T,
2 S 431 55 3,2/; 7.5
o
< S Y 8.7 %.5\ 6.0 | 80 |
> Makespan = 40 hours > >
Time

Figure 4.7: Gantt chart for production sequence ABCD for example 4.6

4.2.1.3 UIS/UW transfer policy

Often in a batch process, intermediate storage is used for temporary storage of product
intermediate in between the process stages. This could be due to some process limitations
where product intermediate is not allowed to stay within the same process stage after its
processing and therefore, must be transferred to the temporary storage until the next stage
is available. The number and location of the temporary storage required have a significant

impact on the makespan during the batch process scheduling.
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The assumptions made earlier for developing the makespan algorithm in the case of ZW
and NIS/UW, are also applied for UIS/UW. However, additional assumptions are

required specifically for this transfer policy and are listed below:

- In the event when the succeeding process stage is not yet available, the product
intermediate will be transferred to the temporary storage immediately after the
process is completed. Nevertheless, if the next process stage is available, the
product intermediate is sent directly to the next stage.

- Storage time inside the temporary storage depends on the earliest availability of
the next stage.

- The number and location of temporary storages are treated separately for each

stage

Example 4.7

In this example, the makespan calculation is performed for three products i.e., A, Band C
using the same method as demonstrated earlier. The batch process recipes for the three
products based on three processing stages are shown in Table 4.7. As expected, the
number of possible paths identified to calculate the makespan increases with increase in
the number of products. The makespan calculated is 26 hours as illustrated in Figure 4.8

below.

Table 4.7
Processing time for production sequence ABC

for example 4.7

Products Processing time {(hour)
S S, Ss

A 5 8 6

B 6 5 2
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Figure 4.8: Gantt chart for production sequence ABC for example 4.7

It 15 also observed from Figure 4.8 that with increasing number of products and possible
paths, the number of temporary storages also increases. In the present case, there are

three locations identified where temporary storages are required.

The first location is after the processing of product B in stage S,. This is due to the

unavailability of stage S; where the processing of product A intermediate still takes place.

The second location is after the processing of product C in stage S;. This is due to the

unavailability of stage S; where the processing of product B intermediate still takes place.

The last location is after the processing of product B intermediate in stage S, This is due

to the unavailability of stage S; where the processing of product A intermediate still takes

place.

Finally, the makespan is determined using the path similar to the one used in example 4.8
1.e., by taking the sum of processing times of stages AS;, AS;, ASs3, BS; and CSs.
However, in this example, the makespan calculation must take into consideration the idie

time that exists between stage BS; and CS; which is 2 hours i.e., (BS;+CS;) — (AS;+BS;3).
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Example 4.8

In this example, the makespan calculation is performed for four products A, B, C and D.
The batch process recipes for the four products based on three processing stages are
shown in Table 4.8. It can be observed from Figure 4.9 that the number of possible paths
identified to calculate the makespan has now increased further compared to example 4.7.

The makespan calculated 1s 29 hours.

Table 4.8
Processing time for production sequence ABCD

for example 4.8

Products Processing time (hour)
S, S, Ss
A 5 8 6
B 6 5 2
C 3 5 3
D 3 4 2
A B C D
sl 5 6 3| 3

\ 4
S2 t 8 5 5 4 |
: T Yot
— >

Makespan = 29 hours
«
>

Time

No. of Stages

Figure 4.9: Gantt chart for production sequence ABCD for example 4.8
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It is also observed from Figure 4.9 that the number of locations for temporary storage has

also increased. There are four locations where temporary storages are needed.

The first location is after the processing of product B in stage S,. This is due to the

unavailability of stage S, which is still processing the product intermediate of A.

The second location is after processing of product C in stage S;. This 1s due to the
unavailability of stage S, which is still processing the product intermediate of B. The
third location is after processing of product D in stage S;. This is due to the unavailability
of stage S, which is still processing the product intermediate of B followed by the

processing of product intermediate of C.

The last location is after processing the product B intermediate in stage S; This is due to

the unavailability of stage S; which is still processing product intermediate of A.

Finally, the makespan is determined using the same path as selected in the previous
examples i.€., by taking the sum of AS,, AS;, ASs, BS;, CS; and DS;. However, similar
to example 4.7, the idle times that exist between stages BS; and CS;, and, CS;3 and DS;,
have to be included also in the makespan calculation. In the present case, the idle time
between stage BS; and CSs; is 2 hours i.e., (BS;+CS;) — (AS;+BS3) and between CS; and
DS;s,i1s 1 hours i.e., (DS;-CSs).

Matrix Representation

The following steps describe in detail the development of the proposed method using
matrix representation for the batch process recipe with unlimited intermediate storage
transfer policy. The production sequence describing the four products with respective
variables are arranged in the matrix as shown below. The production follows the
sequence in which product A is produced first, followed consecutively by product B, then

C and lastly D.
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1 2 3
1 AS, AS; AS;

Vie Via Vi3

2 BS, BS; BS;

vZ,l VZ,Z v2.3

3 CSy) CS; CS;

VJ.I V3,2 V3.3

4 DS, DS; DS3

From the observation on the Gantt chart, 1t is recognized that a new variable is required in
addition to the variable *V’. This new variable represents the waiting time of product
intermediate in the temporary storage indicated by the hanging arrows in the Gantt charts
shown in Figures 4.8 and 4.9. This is because the product intermediate could be stored
temporarily in a temporary storage until the availability of the next stage for this case. For

calculation purpose, this new variable is represented using the letter W.

Also from the Gantt chart, it appears that the variables ‘V’ located in between the first
stage for all the products i.e., Vi, V2, and V3, would have a value of zero. This is
because the product intermediates could be transferred immediately to the temporary
storage in case of the unavailability of the next stage. Therefore, there will not be any idle

time for the first stage for all the products as shown in Figure 4.9.

Also there is no requirement for temporary storage after the processing of the first

product on all the process stages. This is due to the fact that all the process stages will
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always be available for processing the first product. Similarly, there will not be any

temporary storage required after the last stage for all the products.

As such, the above matrix with the introduction of the variable ‘W’ could be rewritten as

follows:

1 2 3
1 AS, AS; AS;
Via Via Vis

2 BSI \XI]']I BSZ W|_2 BS3

VZ.] VZ.2 V2.3

3 CS; wy, CS;w,, CS;

Vi Vi Vi3

4 DS] W3'| D82 W],Z DS3

For ease of calculation, the subscripts used for the variables ‘W’ to represent the waiting
time, will follow the similar arrangement used to represent inter-stage idle times using
variables ‘V’ in the respective rows and columns of the above matrix. However, it must
be noted that the vanable W, represents the waiting time after stage BS,, the variable

W 2 represents the waiting time after stage BS, and so on.

The calculation of variables can be done in a similar manner as in the case of NIS transfer
policy. However, the only difference in the calculation procedure is that in the case of
unavailability of the next stage, a temporary storage is always available in UIS/UW

whereas for the NIS/UW, the product intermediate is held within the same stage.
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Firstly, the variable V, ; is calculated. This is followed by the calculation of variable V, 3

which is based on the value of variable V; ; as shown below.
Vl,z = BS] - ASz

Vig=(Vi2+BS,) - AS;

2

The same procedure is repeated for the calculation of all other variables ‘V’ in the above
matrix. Compared to the procedure adopted for calculating the variable for ZW and NIS
transfer policies, the formula for determining each of the succeeding variables ‘V’ in
UIS/UW is different. In this case, the formula must also incorporate the processing times
of all the previous products on respective stages in addition to all the previous variables
‘V’. For example, in Figure 4.9, the product C is sent to the temporary storage after stage
S| due to the unavailability of stage S, as it is still processing the product B intermediate.
The storage time for product C intermediate in the temporary storage depends on the
processing time of product B intermediate in stage S,;. The same applies to the case with
product D intermediate. Product D is sent to the temporary storage after stage S; due to
the unavailability of stage S, as it is still processing the product B intermediate followed
by the processing of product C intermediate, The storage time for product D intermediate
in the temporary storage now depends on the processing time of product B intermediate
as well as the processing time of product C intermediate in stage S;. In view of these

observations, the formulae developed to calculate all the succeeding variables ‘V’ are as

shown below.

V22= (BS1+CS) — (ASy+V 2 +BS3)

Vi3 = (V) +BS;+V,,+ CS3) — (AS3;+V, 5+BS;3)
V3,2= (BS|+CS+DS)) — (ASy+V 2 +BS+V,+CSy)

V3= (Vi 21BS;+V,,+CS:+ Vi, + DS;) — (AS3+V) 3+BS;3+V, 3+CS3)
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It must be noted that if the calculated values of the variable ‘V’ is negative, a zero value
will be assigned instead. The negative value indicates that the idle time is zero between
the respective process stages. However, the calculated value represents the time duration
for which the product intermediate must be stored in a temporary storage until the
availability of the next process stage. For example, in Figure 4.9, the calculation of
variable V) ; between AS; and BS; gives -2 hours. This indicates that there is no idle time
between the two process stages. However, the product intermediate has to be stored for 2
hours in a temporary storage made available after stage BS; as indicated by the hanging

arrow in Figure 4.9,

The makespan for the multi product batch process is calculated using the same path as

adopted earlier in ZW and NIS transfer policies as follows:
Makespan = AS;+AS;+AS;+V, 3+ BS;+ V,;+CS3+ V5 3+DS;

The generalized mathematical expression for the matrix representation

Likewise ZW and NIS transfer policies, the following equations have been developed for
“n” number of products to be processed in “m” number of stages. The calculation
procedure begins between the first two rows of the matrix and then carried forward to the

succeeding rows using equations 4.7 and 4.8 respectively.

v, =0 i=l..n-1

V=W +V ) -M, J=2....m (4.7)

i+l i

i i1
Vi =QO M+ Ve, )-Q M Y V) j=2u.m, i=2...n-1 (48)
k=2 k=| k=1 k=1

If the calculated valuesof ¥, and ¥, are negative, a zero value is assigned instead.
However, the calculated values will represent the time needed to store the product
intermediate in a temporary storage.Therefore, the calculated value signs will be changed
to positive and assigned to W, ;| and W, respectively i.e., waitingtime inside the

temporary storage.Otherwise, the values of W, . and W, . will be zero.

1,j-1 i1
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The method is verified by applying it on the same process recipe from Table 4.8 as

shown below:

1
1 5
Vl.l
2 6 W,
Vai
3 3w,
Vi
4 3 W,

VI.2

5 Wy,

V2,2

5 Wz.z

V},Z

4 Wg.z

Vis

The matrix above shows the arrangement of the batch process recipes according to the

selected production sequence of A, B, C and D. The calculations for the vanables using

equation (4.7) and (4.8) are shown below.

Vig=Mz21 —-M;p)= -2=0 , W =2
Vig={Mz2+Vi2)-M3 =-1=0 , Wiz=1
Voo = (M1t M3,1) - (M1 2+ M2+ )= -4 =0 , Wy =4
Va3 = (Ma M3tV 2+ V3a5) — (M 3t M2 3tV 53) = 2 , Wy=0

Vio= (M3 1+ M3+ My 1) — (M| 2t M3+ M3 2+V) 2V, 5) = -6=0 , W3,=6
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Via= (Mt MjptMaa+V 2+ V 1+ Vi) — M 3+ M3+ M3 3+ V 3+ V) =1, Wi,=0

Using the results obtained above, the makespan is calculated using equation (4.4).

m " n-|
Makespan=" M, .+ M, +>V, =29 hours
J=1 =2 i=l
Note that the result obtained is equal to the result obtained from the Gantt chart method

as demonstrated in Example 4.8.

Number of Temporary Storages

Next, the number of temporary storages required is determined. From the calculation of
variables above, it is recognized that the calculated values of variables W, , W;, W;;
and W, ; are greater than 0. This indicates that there is requirement of four temporary
storages in total i.e., three after first stage and one after second stage as shown in Figure
4.10. The calculated values of these variables represent the duration of product
intermediate inside these temporary storages. This is also in accordance with the Gantt

chart shown in Figure 4.9 for the same batch process recipe.

—A»] A > A l— A
—E», : TANKA B——p] |- TANK- 4 B | B>
STAGE-1 STAGE-2 STAGE-3
—C» ——-=C TANK-2 C—» I S —C—»
—0-» D D—» D— —D-»

Figure 4.10: Temporary storage arrangement for production sequence ABCD for example

4.8
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4.2.1.4 FIS/UW transfer policy

From the UIS/UW, it can be deduced that the temporary storages are used as transfer
media between process stages to reduce the idle time and finally the process makespan.
However, the provision of unlimited temporary storages in UIS/UW would increase the
overall production cost. For economic production requirement, the concept of limited
temporary storages in a batch process is introduced and is known as finite intermediate
storage (FIS) or limited intermediate storage (LIS) (Pitty and Karimi, 2008). The FIS/UW
1s usually applied with NIS/UW (Kim et al. 1996).

In FIS/UW, the number of temporary storages is limited. In the case of unavailability of
the next process stage or temporary storage for product intermediate of succeeding

product, NIS/UW allows the product to remain in the same stage.

The FIS/UW offers the flexibility of using the limited storage for all products in a batch
process. The number of storages is limited and predefined for any product recipe in a
batch process. For demonstration purpose, the following assumptions for FIS/UW are
made with few exceptions to the assumptions made earlier in the cases of ZW, NIS/UW
and UIS/UW transfer policies.

1. If the downstream processing stage or temporary storage is not available, the
product intermediate of the succeeding product has to remain in the same

processing stage. In this context the NIS/UW is adopted.

2. It is assumed that there is a dedicated temporary storage available between every

two stages i.e. it would not be shared among process stages.
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Example 4.9

This example performs the makespan calculation for three products i.e., A, B and C using
the same method as discussed earlier. The processing times for the three products based

on three processing stages are shown in Table 4.9. The makespan calculated is 24 hours

as 1llustrated in Figure 4.11.

Table 4.9
Processing time for production sequence ABC

for example 4.9

Products Processing time (hour)
S] Sz S3
A 4 10 5
B 3 2 3
C 5 2 2
A B C
. 9|4 (3] 5 77
&
8
w =
5 Sz + 10 2 [2 &
2 v
Ss Y 5 3 | 2]
Makespan = 24 hours
< >
|

Time

Figure 4.11: Gantt chart for production sequence ABC for example 4.9

It is also observed from Figure 4.11 that the number of locations, where temporary
storage is required, increases with increasing number of products. As such, in Figure

4.11, there are four locations where temporary storages are required.



Chanpter 4: Makespan Determination Using Matrix Representation 76

The first location is after the processing of product B in stage S,. This is due to the
unavailability of stage S, as it is still processing the product A intermediate. The time for

storage of product B intermediate after stage S; is 7 hours i.e., AS,-BS;.

The second location is after the processing of product C in stage S;. This is due to the
unavailability of stage S, as it is still processing the product A intermediate which is
followed by the processing of product B intermediate. Also, at this point of time, the
temporary storage available after stage S, is storing the product B intermediate.
Therefore, the product C intermediate must remain in the stage S; until the temporary
storage is available i.e., NIS/UW is adopted after the processing of product C in stage S,
as shown by the shaded area in Figure 4.11. The holding time of product C intermediate
in the stage S; is 2 hours and is calculated by subtracting the processing time of the
product C intermediate in the first stage S; from the storage time of the product B
intermediate in the temporary storage. From Figure 4.11, the time of storage of product C
intermediate after stage S; in the temporary storage on its availability is calculated as 2

hours.

The third location is after the processing of product B intermediate in stage S;. This is
due to the unavailability of stage S; as it is still processing the product A intermediate.
The storage time calculated for the temporary storage of product B intermediate from

Figure 4.11 is 3 hours i.e., AS3;-BS,.

The last location is after the processing of product C intermediate in stage S,. This is due
to the unavailability of stage S; as it is still processing the product A intermediate which
is followed by the processing of product B intermediate. Similar to the case of
availability of temporary storage after stage 1, at this point of time, the temporary storage
available after stage S, is still storing the product B intermediate. Therefore, the product
C intermediate must remain in the stage S, until the temporary storage is available i.e.,
NIS/UW is adopted after the processing of product C intermediate in stage S; as shown
by the shaded area in Figure 4.11. The holding time of product C intermediate in stage S,

is 1 hour and is calculated by subtracting the processing time of product C intermediate in
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stage S| from the storage time of product B intermediate in the temporary storage. From
Figure 4.11, the time of storage of product C intermediate after stage S; in the temporary

storage on its availability is calculated as 3 hours.

Finally, the makespan of the batch process is calculated using the same path selected
earlier as common path from all the possible identified paths 1.e., by taking the sum of

AS], ASz, AS}, BS3 and CS}

Example 4.10

This example performs the makespan calculation for four products A, B, C and D. The
processing times for the four products based on three processing stages are shown in

Table 4.10. The makespan calculated is 33 hours as illustrated in Figure 4.12.

Table 4.10
Processing time for production sequence ABCD

for example 4.10

Products Processing time (hour)
S, S; S;

A 4 10 5

B 12 4 7

C 3 3 4

D 2 2 2
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A B C D
o Sti_4 | 12 3 2]
g v
5 S * 10 | Y 4 | 3 |22
3 v
Ss 5 ]T 7 4 |2]
Makespan = 33 hours
< >
Time —>

Figure 4.12: Gantt chart for production sequence ABCD for example 4.10

The comparison of Figure 4.11 and 4.12 shows the same number of locations where
temporary storages are required i.e., four locations in both the cases. However, the
number of times for which the NIS/UW is adopted in Figure 4.12 is less compared to the
batch process shown in Figure 4.11 as shown by the shaded area in both the figures.

The first location is after the processing of product C in stage S;. This is due to the
unavailability of stage S; as it is still processing the product B intermediate. The time for

storage of product C intermediate after stage S, from Figure 4.12 is 1 hours i.e., BS;-CS,.

The second location is after the processing of product D in stage S,;. This is due to the
unavailability of stage S, as it is still processing the product C intermediate. From Figure
4.12, the time of storage of product D intermediate after stage S| in the temporary storage

1s calculated as 2 hours i.e., (BS;+CS;) — (CS;+DS)).

The third location is after the processing of product C intermediate in stage S;. This is
due to the unavailability of stage S; as 1t is still processing the product B intermediate.
The storage time calculated for the temporary storage of product C intermediate after

stage S; from Figure 4.12 is 4 hours i.e., BS;-CS..
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The last location is after the processing of product D intermediate in stage S;. This is due
to the unavailability of stage S; as it is still processing the product B intermediate which
is followed by the processing of product C intermediate. At this point of time, the
temporary storage available after stage S; is still storing the product C intermediate.
Therefore, the product D intermediate must remain in the stage S, till the temporary
storage is available i.e, NIS/UW is adopted after the processing of product D
intermediate in stage S, as shown by the shaded area in Figure 4.12. The holding time of
product D intermediate in stage S; is 2 hour and is calculated by subtracting the
processing time of product D intermediate in stage S, from the storage time of product C
intermediate in the temporary storage. From Figure 4.12, the time of storage of product
D intermediate after stage S, in the temporary storage on its availability is calculated as 4

hours.

Note that the makespan for the batch sequence can be calculated using the same path as
adopted in the above examples i.e., by taking the sum of AS,, AS,;, AS;, BS;, CS;3 and
DSs;. However, there exists idle time between stages AS; and BS;3 that must also be
included in makespan calculation. In this case the idle time between stages AS; and BS;

is 1 hour i.e., (BS;+BS;) — (AS;+AS;).

Matrix Representation

The developed matrix method for batch processes with finite intermediate storage is
explained in the following steps. Note that A, B, C and D represent the products while S,
S, and S; represent the stages with processing times according to the process sequence
for producing each product. In this respect the scheduling will be based on a sequence

where product A is produced first, followed by B, then C and lastly D.
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1 2 3
1 AS, AS;, AS;

VI,I VI.Z Vl.3

2 BS, BS; BS;

Var Va2 Vi

3 CS, CS; CS;

V3‘l V3,2 V].]

4 DS; DS; DS;

From the observation on the Gantt charts, it appears that two additional variables are
required in addition to the variable ‘V’. These additional variables are used to represent
the waiting time in a temporary storage illustrated by hanging arrows and the holding
time inside the same stage illustrated by shaded areas in the Gantt charts. For calculation
purpose, the letters, W and I, are used to represent these variables for the waiting and the

holding time respectively.

It is also observed from the Gantt charts that the variables ‘V’ for the first stage of all the
products would have zero value because there would not be any idle time for the first
stage of all the products. This is because the processing of the next product in the first
stage could be started immediately after the processing of the earlier product. This is in
accordance with the assumptions made earlier for FIS/UW i.e., the product intermediate
could immediately be transferred to the temporary storage or allowed to remain inside the

same stage in case of unavailability of the next stage.

Also, 1t is obvious from the Gantt charts that there would not be any requirement of

temporary storage or holding the product intermediate inside the same stage after
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processing the product intermediate of first product in all stages. This i1s because all
stages will always be available for processing the product intermediate of the first
product. Similarly, there would not be any requirement of holding the product
intermediate of second product inside the same stage afler its processing in all the stages.
This is because a temporary storage will always be available for the product intermediate

of the second product in case it is required.

Further to note that there will not be any requirement of temporary storage and holding of
product intermediate inside the same stage for all the products after their processing in

the last stages.

As such, the above matrix with the introduction of new variables ‘W’ and ‘I’ could be

rewritten as follows:

1 2 3
1 AS, AS, AS;
Vi Viz Via
2 BS, w,., L, BS;, wi,, L BS;
Vai Vaa Vas
3 CSy wy, I CS; Wiy, I CS;
Vi Via Vi3
4 DS, w;,, 11, DS; Wi, I3, DS;

For ease of calculation, the subscripts used for the variables ‘W” and ‘I’ will follow

?

similar arrangement to represent variable ‘V’ in rows and columns of the above matrix.

However, as indicated in the above matrix, the variables W, and I, represent the
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waiting and holding time for product intermediate of second product respectively after
stage BS,. Likewise, the variables, W, ; and I, ,, represent the waiting and holding time
for product intermediate of second product respectively after stage BS,. For succeeding

products, the arrangement of variables, W and 1, is also shown in the above matrix.

The calculation of variables can be done in a similar manner to the UIS/UW case.
However, in FIS/UW, the formulae for calculating the variable ‘V’ must also incorporate
the variable ‘I’ to represent the holding time of product intermediates inside the same

stage. This is to show that NIS/UW will be adopted in the case where the next stage and

temporary storage are not available.

Firstly, the variable V), ; is calculated. This is followed by the calculation of V, 3 which is

based on the value of V> as shown below.

Vi2=BS; - AS;

Vi3=(Vi2 + BS;) - AS;

The same procedure is repeated for the calculation of all other variables ‘V’ mentioned in
the above matrix with the addition of variables ‘I’ to represent the holding time in the
same stage as shown below.

V22= (BS1+11,1+CS)) — (ASy+V 2+BSy+]) 1)

V23 =(V2+BS+] 7 +V2 ;5 + CS;) - (AS3+V, 3+BS;)

V32= (BS1+] 1+CS 1+ 1 #DSy) — (AS2+V p+BS,+ o1 V2 2 +CSp ] 2)

V33 = (Vi 27BSH] 5+ V3, +C85+; 5+ V3 ,+ DS;) — (AS3+V) 3+BS3+V, 3+CS;5)
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It must be noted that in case of any negative value obtained for variable ‘V’, a zero value
is assigned instead. The negative value shows that the idle time is zero between process
stages. However, the calculated value indicates the time duration for which the product
intermediate must be stored in a temporary storage until availability of the next stage.
Therefore, the calculated value will be assigned to the variable ‘“W’. For example, in the
Figure 4.12, the calculation of variable V;; between BS; and CS3 gives -4 hours. This
shows that the idle time is zero and the product intermediate has to be stored in a

temporary storage for 4 hours after stage CS,.

In case, the temporary storage as well as next stage is not available, the product
intermediate has to remain inside the same stage and that is shown by introducing the
variable ‘I’ in the above formulations. For example, in the Figure 4.12, the product D
intermediate after stage S, remains in the stage S; for 2 hours until the temporary storage

is made available.

The makespan for the multi product batch process is calculated using the same path as

earlier adopted in other transfer policies as follows:

Makespan = AS;+AS;+AS;+V, 3+BS;+ V;3+ CS3+V;3+DS;

The generalized mathematical expression for the matrix representation

Similar to other transfer policies, to apply the above procedure for “n” number of
products and “m” number of stages, following equations have been developed. The
calculation procedure begins between the first two rows of the matrix and then carried

forward to the succeeding rows using equations (4.9) and (4.10) respectively.
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V,=0, I, ;=0 i=lo, n-l, j=lo.. m
I, =0 i=2n-1
V= (M, +V,,.)-M,, j=2em (4.9)

[ Mo 4V D SWey o Ly =W (Mo, 4V,,) else ], =0 ]

—1,j~1% *0,-1 i j=1

i+ ) i/ i -1 i-1
v.=0. M 4> Ve + ZJ,‘J_])-(Z M+ Ve + 2.1 ) (4.10)
k=2 k=1 k=1 k=1 k=1 k=1

If the calculated value of ¥, and V,; are negative, a value of zero will be assigned

iJ
instead. Nevertheless, the calculated value signs will be changed to positive and assigned

to W, .

hJj-l

Otherwise, W,

and W, , respectively ie., waiting time inside the temporary storage.

o and W, will be zero.

The validation of the method is done by calculating the makespan for three stage multi
product batch process for the production sequence of A being the first, followed by B,

then C and finally D. For this purpose, the batch process is taken from Table 4.10 and is

shown below:

1 2 3
1 4 10 5
Vi Via Vis
2 12w, 1, 4w, ], 7
Vau Vs, Va3
3 3w, 1) 3 Wy, I 4
Vi, Vi Vi3

4 2 W3'|, 13‘] 2 WJ.Z: 13,2 2
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The matrix above shows the arrangement of the batch process recipes according to the
selected production sequence of A, B, C and D. The calculations for the variables using

equation (4.9) and (4.10) are shown below.

Vig=My; —M,,= 2 , Wi ,=0,
Vig=(Mz+Vi) —-M 3= 1 , Wi=0,
Iz,| = O
Vo= My, +Ms 1 +1 1 +]2,0) — (M 2t Mp+V 21 2) = -1 =0 , Wy =1
12,2 = 0

V3= (M2t M3+ V 2+ Vot o+ ) — (M) 3+ M3+ V 3+ 5) =-4 =0 , Wor=4

I, =0
V2= (M2, 1+ My 1+ Mo+ 5 ) = (M 0 Mo 0t M 2+ 04V ot a+ D o) = -2 = 0
s W3,=2
Lo=2
V335(M22+M; 2t Mo 2+ V) 24V 0tV o+t o+ [ 2 oM 3+ M 34 M5 3+ V) 34V 34 310 3)
=4=0
, Wi=4

Using the results obtained above, the makespan is calculated using equation (4.4).

n—

i
V.. =33 hours

n

Makespan = iMkj + iM,.‘m +

J=i i=2 i=|

Note that the result obtained is equal to the result obtained from the Gantt chart method

as demonstrated in Example 4.10.
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Figure 4.13 illustrates the configuration of the batch process with the production
sequence ABCD. The small shaded box inside stage-2 illustrates the holding time of
product D (i.e., I;; = 2hr) after completion due to unavailability of temporary storage

‘Tank-2’ which at that point of time is storing product C intermediate.

—as] A A s
—B» B > L5
Cea| STAGE ] STAGE2 | . staces | -
—0-| \—— D [TANK-1] C3—o D—* 0>

Figure 4.13: Temporary storage arrangement for production sequence ABCD for example

4.10

4.2.1.5 MIS/UW transfer policy

In MIS/UW, any of the transfer policies discussed earlier can be used in between the
process stages. For instance, in a 4 stage batch process, if the process conditions require
the product intermediate to wait in first stage until second stage becomes available and
then wait in second stage until third stage becomes available then NIS/UW is followed.
However, if the third stage requires the transfer of the product intermediate immediately
to the fourth stage and fourth stage is not available then there is a need of temporary
storage to keep the product intermediate till the fourth stage becomes available. In such
cases, UIS/UW or FIS/UW could be adopted. Both of these transfer policies provide the
temporary storages. However, UIS/UW is more flexible than FIS/UW. UIS/UW provides
unlimited storage while FIS/UW provides limited storage. For demonstration purpose in
this work, the application of MIS/UW has been discussed using NIS/UW and UIS/UW.
For the purpose of understanding, the Gantt chart in the forthcoming example shows the
way in which MIS/UW is operated.
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Example 4.11

In this example, the makespan calculation is performed for three products i.e., A, B and C
which are produced by following the sequence in which A is produced first, followed by
B and lastly C, as shown in Table 4.11. The makespan calculated is 30 hours as shown in

Figure 4.14 below.

Table 4.11
Processing time for production sequence ABC

for example 4.11

Products Processing time (hour)
S, S, S, S,
A 5 6 4
B 6 4 2
C 6 5 3 3
A B C
S, S 6 7% 6 |
g s 8 4+ ) s |
(=]
g Ss t 6 +72 3 I
\4
> < Makespan = 30 hours 4 2 \ 3»}

Time
Figure 4.14: Gantt chart for production sequence ABC for example 4.11

It can be observed from Figure 4.14 that product B intermediate waits inside the stage 1
for 2 hours until the stage 2 becomes available 1.e. NIS/UW 1is adopted. Same 1s the case
when processing of product B intermediate completes in stage 2 i.e. it 1s again held for 2

hours until the stage 3 becomes available. However, same situation is not observed after
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processing of product B in stage 3. Here, it is again required to wait because stage 4 is not
yet available but process conditions do not allow waiting inside the stage 3. Therefore, an
alternate way is adopted in terms of providing a temporary storage to store the product B
intermediate temporarily after stage 3 until the stage 4 becomes available. In other words,

UIS/UW is adopted after stage 3.

Example 4.12

In this example, the makespan calculation is performed for a batch process producing
four products according to the sequence of product A, followed by B, then C and finally
D using four processing stages. The batch process recipes for the production of the four
products are shown in Table 4.12. The makespan calculated is 33 hours as shown in

Figure 4.15 below.

Table 4.12
Processing time for production sequence ABCD

for example 4.12

Products Processing time (hour)
S S: Ss Sq
A 5 8 6 4
B 9 3 2 2
C 4 5 3 4
D 4 4 2 2
A B C D

w
©
&~

Y
N

=

hY

s

No. of Stages
&

o

N

w ‘

B

S SN
_’
>

Makespan = 33 hours
< .

Time

Figure 4.15: Gantt chart for production sequence ABCD for example 4.12



Chapter 4: Makespan Determination Using Matrix Representation 89

Figure 4.15 shows the observation similar to Figure 4.14 for the case of products C and D
intermediates. In the present case, the product C intermediate is firstly held inside the
stage 1 for 1 hour and then in stage 2 for 2 hours. However, as mentioned earlier, a
temporary storage is provided after stage 3 to store the product C intermediate till the
stage 4 becomes available. In case of product D, intermediate waits inside stage 1 for 1
hour and then the need of temporary storage arises after stage 3 to store the product D

intermediate temporarily till the stage 4 becomes available.

The observations from above examples conclude that demand of storage depends upon
the product recipe and based on that, the suitable transfer policy either NIS/UW or
UIS/UW is adopted according to the predefined process conditions.

Makespan Determination

As stated above, for demonstration purpose, application of MIS/UW has been shown in
line with NIS/UW and UIS/UW. Hence, the same matrix approach used earlier to
develop mathematical formulations for determination of makespan in case of NIS/UW
and UIS/UW could be employed for MIS/UW. As such the equations (4.5), (4.6), (4.7)
and (4.8) have been re-written to determine the inter-stage idle times, holding time within
same stage in case of NIS/UW and waiting time in temporary storages in case of
UIS/UW. The equations could be modified with regard to their application between
speciﬁd stages e.g. for example 4.12, equation 4.5 and 4.6 would be used for stages 1 and

2 while equation 4.7 and 4.8 for stage 3.

V:lzo, ]l',m=0 i=1..... n-1
V=W, +M, )-M, ., J=1l..... m—2 (4.5a)
Vi =W, + Mo, Y= (M, + 1 0) j=lim=2, i=2....n-1 (4.6a)
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V=M +V )M, j=m (4.7a)
i+l i i i-1

Vi, =O M 4DV, )-O M+ V) j=m, i=2...n-1 (4.8a)
k=2 k=] k=1 k=1

The batch process recipe from example 4.12 would be used to demonstrate the
application of above equations to determine makespan. The respective variables to
represent the idle time ‘V’, holding time ‘I’ and waiting time ‘W’ are also shown in the

below matrix.

NIS/UW UIS/UW

~ ' R

1 2 3 4
1 5 8 6 4

Vi Viz Vis Via
2 9 I, 31 2 W3 2

Vi Va2 Vas Vas
3 4 1, 5 Ly, 3 Wy 4

" Viz Vis Via
4 413, 4 1;, 2Wi33 2

The variables ‘V’ and ‘I’ for stages 1 and 2 are determined using equations (4.5a) and

(4.6a) as demonstrated below:
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Via=My, =M= 1 , Ii; =0
Vig=(Vig+ M) -Mi3=-2=0, I,=2
V=M -(May+112) =-1=0 , IL)=1
Vai= (Vzo + Map)—M,3=3 , Lp=0
Via=Mg - (Msa+Dhy) =-1=0 , L, =1
Viz=(Viz+Masp)-M;3=1 , Ly=0

The variables ‘V® and ‘W’ for stage 3 are determined using equations (4.7a) and (4.8a) as

demonstrated below:

Vig=My3+Vi3) —Mjg)=-2=0 , Wi3=2
Va4 =Mz3+ M3 3tV 3+V23) - M st MotV e) =2 , Wa3=0
V3,4=(M2,3t M3 3+ My 3+ V| 34V 34 V33) — (M) gt Mo g+ M3 4+ V1 4+ V3 4) = -1=0 , W33 =1

Using the results obtained above, the makespan is calculated using equation (4.4).

m n =1
Makespan = ZMU +ZM,'M + ZV,m =33 hours
j=1 i=2 i=)

Note that the result obtained is equal to the result obtained from the Gantt chart method

as demonstrated in Example 4.12.
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Number of Temporary Storages

Next, the number of temporary storages required i1s determined. From the calculation of
variables above, it is recognized that the calculated values of variables W, ; and W; jare
greater than 0. This indicates that there is requirement of two temporary storages in total
1.e., after third stage as shown in Figure 4.16. The calculated values of these variables
represent the duration of product intermediate inside these temporary storages. This is

also in accordance with the Gantt chart shown in Figure 4.15 for the same batch process

recipe.

—Ap A A A » —A-»
—B» B B — 8- TANK-T}— B —B-»
STAGE-1 STAGE-2 STAGE-3 STAGE-4
—C» Cr— - C—— R S—— —C—»
—D-» l——D—— — —D-»(TANK-Z}— |—-D—>

Figure 4.16: Temporary storage arrangement for production sequence ABCD for example

412

4.3 Summary

The makespan determination for specified production sequences of batch process does
not offer a very challenging task when the problem size is small. This can be done easily
by representing the batch process recipe on the Gantt chart. However, Gantt chart no
longer remains efficient for the case when the problem size is large and requires
extensive calculations especially for the batch process operated under different transfer
policies. For this purpose, past researchers have developed various mathematical
methods. These mathematical methods are built on a series of equations involving sets of

variables and constraints used to solve the batch scheduling problem.

The developed method using matrix representation offers an alternative for makespan
determination of a given batch process. The batch process recipes are represented in the
form of matrix where the products are arranged according to the process in rows and

stages are arranged in columns respectively. A procedure containing series of new
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mathematical equations derived from the understanding developed from Gantt chart
based on different batch process recipe, is applied to the matrix to determine the
corresponding makespan. Some other benefits of the developed method include the
determination of idle time between stages, holding time inside the same stage and waiting
time inside the temporary storage according to the transfer policy adopted. A summary of
the mathematical formulations developed for makespan determination for various transfer

policies is shown in Appendix B.
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CHAPTER 5

EFFECT OF TRANSFER AND SETUP TIME

For the purpose of developing the proposed method for makespan determination earlier,
the transfer and setup time were assumed negligible. However, for real world applications,
the transfer and setup time can not be neglected. The transfer time refers to the time taken
by product intermediate for its transfer from one stage to the other. The setup time refers to
the time taken to setup a stage prior to it accepting subsequent product intermediate from
the earlier stage. It is obvious that the makespan of a specific production sequence for a
given batch process will increase with the inclusion of transfer and setup time. Moreover,
many past studies recommended consideration to be given to sequence dependent transfer
and setup time for batch process scheduling. This is due to the fact that the transfer and
setup time would vary with different production sequence. Therefore, one could anticipate
that the optimal production sequence(s) obtained using the proposed method in Chapter 5
may not necessarily be the same when the sequence dependent transfer and setup time are

included.

An example of a batch process producing two products in three stages is used to illustrate
the effect of introducing the transfer and setup time. The Gantt charts in Figures 5.1 and
5.2 show that the transfer and setup time can be adjusted along the process makespan using
the information on the idle times between process stages. For example, in Figure 5.1, the
idle time exists between the two products at stage 2 and 3. Howeuver, it is none at stage 1.
The idle time, if exists and sufficient, can be used as transfer and setup time. The
additional time for transfer and setup will only be required if the idle time, provided by the
process itself, is not present or insufficient. The mathematical expressions developed for
makespan determination for all transfer policies in Chapter 4 can be modified to include

the time for transfer and setup between process stages.
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Figure 5.1: Gantt chart for a batch process without transfer and setup time
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Processing Time
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Makespan = 35 hours

Time

Figure 5.2: Gantt chart for a batch process with transfer and setup time

The preliminary information required are the transfer and setup time data for each product
in a multiproduct batch process. For the purpose of explanation, the proposed procedure to
include transfer and setup time with makespan calculation is discussed for each transfer
policy separately. For illustration purpose, the calculation procedures for transfer and setup

time are demonstrated using the production sequences from Chapter 4 for each transfer

policy.
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5.1 ZW transfer policy

The production sequence in example 4.3 i.e., ABC with process makespan of 66 hours, 1s
used to illustrate the recalculation of makespan with transfer and setup time. For ease of
calculation, the transfer and setup time data for the respective stages for all the products is
represented in rows and columns as shown in Tables 5.1 and 5.2 below. The variables, T

and U, are used to represent the transfer and setup time respectively in the forthcoming

calculations.
Table 5.1 Table 5.2
Stage transfer time for production Stage setup time for production
sequence ABC for example 4.3 sequence ABC for example 4.3
Products Transfer time (hour) Products Setup time (hour)
T 6)
columns () ) colummns (j )
rows (1) 0 1 2 3 rows (i) 12 3
A 1 302 2 1 A&B 1 1 3 2
B 2 2 3 2 2 B&C 2 4 1 2
C 3 2 3 2 2

Transfer Time

Earlier in Chapter 4, for the determination of makespan without transfer and setup time, the
variables ‘V’ between process stages are calculated using the procedure of forward and
reverse calculation. Here, the same procedure is repeated with the introduction of a
variable ‘T’ to represent the transfer time. As such, the equations (4.1), (4.2) and (4.3)

developed for the case of ZW transfer policy in Chapter 4 are re-formulated as follows:

Via=WM +T0)— (M, +T5) i=l..n-1 (4.1a)

i+1,)
Vi =WV, + M+ T )= (M +T,)  j=2.m-1, i=1...n-1 (4.2a)

Vi, =W =M+ T D+ (M0 +T,)  j=me-la], i=la.a- (4.3a)

2%
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Similar to the earlier procedure, for any negative value of ‘V’, zero value will be taken
instead. The process recipe of example 4.3 for the production sequence ABC from Chapter

4 will be used to illustrate the application of above equations as follows:

1 2 3
i 10 20 5
Vi Vi, Vi
2 15 8 12
Vi Vs, Vs
3 20 7 9

The variables V), and V,, are calculated using equation 4.la, and, V,3 and V,; are

calculated using equation (4.2a) as follows:

Va=W,, +T,,)-(M,,+T,)=-5=0
Vz‘z =(M3,1 +T3‘0)—(M2‘2 +T:7,_2) =12
VI.3 =(Vl,2 +M2.2 +T2,|)—(M1.3 +T|.3) =5

Vs =(V2.2 +M3.2 +Ts.|)_(M2,3 +T2,3) =8

Based on the calculated values of V)3 and V;;, the values of V,,; and V,, are
recalculated using equation (4.3a) to determine the values of V;; and V;, as

demonstrated below:
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Vl,z = (V13 _(Mz,z + TZ‘I N+ (M1,3 +T;.3) =0
V!,n = (Vlz - (MZ,I + Tz,o)) + (Ml,z +T;,2) =38
Vz,z = (Vz_3 "—(Mz,z +TJ,|))+(M2,3 +T2_3) =8

Vay =y = (M, + T, )+ (M, +T,,) =-4=0

The idle times calculated after addition of transfer times are shown in Table 5.3.

Table 5.3
Idle ime calculated for production sequence ABC for example 4.3
Products Idle time (hour) Products Idle time (hour)
Vi Viz Vis Vi Vaa Vo,
A&B 8 0 5 B&C 0 8 8

Setup Time

The setup time calculation for each stage in a batch process could be done using the
information on idle times between process stages. For example, from the information on
idle times presented in Table 5.3 for the production sequence BAC, the setup time for each
stage can be adjusted. The idle times given in Table 5.3 may or may not be sufficient to
meet the criteria of required setup times shown in Table 5.2. Therefore, the additional time
required over the idle times to meet the required setup times can be calculated by
subtracting the idle times given in Table 5.3 from required setup times given in Table 5.2.
The subtracted values are then analyzed for the maximum value. The maximum subtracted
value will be added to the existing idle times between all stages of the respective products.
For example, the idle times represented as variables, V, are subtracted from setup times, U,
for the production sequence BAC. The results of the subtraction are shown using another

variable, CT in Table 5.4.
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CT,;=U;,; =V, =7 CT;=U;;-V:,=3 CT);=U;3-V;3=-3
CTyi=Uy —Vy =4 CTy2=Up 2 -V22=-7 CT23=U;-V33=-6
Table 5.4
Subtracted 1dle time (Table 5.3 ) from stage setup time
(Table 5.2)
Products. CT (hour)
columns ( j )
rows (1) 1 2 3
A&B 1 -7 3 -3
B&C 2 4 -7 -6

The negative value indicates that the idle time is sufficient for that stage to be used as
required setup time while positive value indicates that additional time is required over the

idle time to fulfill the setup time requirement as per Table 5.2.

The maximum values obtained are 3 and 4 between products A and B, and, products B and
C respectively as shown in Table 5.4. These maximum values will be added to the

corresponding idle times calculated in Table 5.3 and are shown in Figure 5.3 using a Gantt

chart.
A B Cc
g S |B[ 10 2 2] 15 Jal#d2] 20 3.
5 s, 3 20 _ [2p33] 8 |2 3] 7 ]2
o
. 2152 (2] 12 22
< Makespan = 92 hours > >

Time

Processing TimeS Setup Time Transfer Time [%%7

Figure 5.3: Gantt chart for production sequence ABC with transfer and setup time for
example 4.3
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The mathematical equation developed for makespan determination without transfer and
setup time in Chapter 4 is reformulated to recalculate the makespan of the production

sequence ABC with transfer and setup time as shown below:

Makespan_ZMU+ZM,3+ZH,3+Z +Z( it 1) =92 (4.4a)
i=2 i=1 Jj=0
Where in.s :iV:~‘3+Zz:MAX Cr,,CT,,CT.;) =20

i=1 i=1 i=l

149 ’!

For number of products to be processed in “m” number of stages, the above equation

for makespan determination with transfer and setup time is re-written in the form below:

Makespan = iMu + ZH:MW + "Z-EH,.'M +i 4 Z( o+ (4.4b)
= i=2 P =0
Wher ZI: § L m +§MM(CII’CI2’ Ta",m)

i=1 i=| i=l

The result of equation (4.4a) reiterates the fact stated earlier that the makespan of a batch

process would increase with the inclusion of transfer and setup time.

Further test on the accuracy of the proposed method in determining the makespan value for
larger problem size has been demonstrated on a batch process recipe with 10 products and
5 stages (Appendix A). The results for makespan value and inter-stage idle times have also

been shown in agreement with a Gantt chart drawn for this purpose in Appendix A.

5.2 NIS/UW transfer policy

The production sequence in example 4.6 i.e., ABCD with process makespan of 40 hours, 1s
used to illustrate the recalculation of makespan with transfer and setup time for the given
batch process operated under NIS/UW. For ease of calculation, the transfer and setup time

data for the respective products is arranged in rows and columns as shown in Tables 5.5
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and 5.6 below. The variables, T and U, are used to represent the transfer and setup time

respectively in the forthcoming calculations.

Table 5.5 Table 5.6

Stage transfer time for production Stage setup time for production

sequence ABCD for example 4.6 sequence ABCD for example 4.6

Products Transfer time (hour)
T

Products Setup time (hour)
8]

columns ()

rows(iy 0 1 2 3

columns ()

rows(i) 1 2 3

2322 AXB 1 2

A 31
B 2 2 1 12 B&C 2 1 2 3
C 3 3.2 21 C&D 3 5 5 3
D 4 2 3 2 2

Transfer and Setup Time

For the determination of makespan in Chapter 4, the variables representing idle time, V,
between process stages and holding time, I, of product intermediate inside the same stages
were calculated without the inclusion of the transfer and setup time. Here, the same
procedure is repeated with the introduction of a vaniable, T, to represent the transfer time
from Table 5.5 above. As such, the equations (4.5) and (4.6) developed for the case of
NIS/UW in Chapter 4, are re-formulated as follows:

Vin =W, + My, +T, )= (M, +T, .0 j=l..m-1 (4.5b)

Vi =W+ Moy 4T ) =M+ T+ 0) f=lem =1, i=2....n-1 (4.6b)

As explained earlier in Chapter 4,if the calculated value of ¥ | is negative, a zero value is

assigned instead. However, the calculated value sign will be changed to positive and assigned

to/,; 1.e., holding time in the earlier stage. Otherwise, /, ; will be zero.
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For illustration purpose, the production sequence i.e., ABCD from example 4.7 is

arranged to form a matrix with the introduction of variables, V and I as shown below.

1
1 3.5
Vi
2 40 1,
Vai
3 35 I,
Vi
4 1201,

35 1y,

As concluded earlier in Chapter 4, the variables between the first stages for all products

1€, Vi1, V2,1 and V3, will be zero. This is in accordance with the transfer policy adopted

i1.e., NIS/UW.

Next, a comparison will be made between the variables, V, and required setup times, U,

given in Table 5.6 for the first stage of all the products i.e., V,, and U, ,, V3, and U,,,

Vi, and U;;. The highest value from the comparison made is selected. For calculation

purpose, this highest value is represented using another variable, H. As such, the above

procedure will produce values for H, , H,1 and Hj; respectively. In fact, the values of

H), , Ha, and Hj, represent the time that would meet the criteria of required setup time

given in Table 5.6 as shown below.

Vian=0 U= 2 H,,=2
Va1 =0 U= 1 Hy, =1
V31=0 Uz = 5 H; =5

The variable V,; for second stage between the first two products is determined using

equation (4.5b). However, the variable V;; in equation (4.5b) will be replaced with
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variable H, | due to the comparison made above. Next, the calculated value for variable
Vi, is compared with the required setup time U, given in Table 5.6. The highest from

the comparison made is selected and assigned as variable H, ; as shown below.
Vig = Hi i+ My +T20) - (M 24T 2) = 1.7, Ui 2=3, Hi=3

The calculation of holding time, I j, in the earlier stage could be done using the value of

H, ; calculated above. As such, the following equation (5.1) is formulated.

Ly =(H g+ M +T ) - (H + M, + T ) Jj=lue. m-1 (5.1

1,7+ 1,j+1
Ly =(Hi2+ M 2+T2) — (Hy1+Mz,1+T20) = 1.3

The same procedure could be repeated for calculating the variable for the third stage
between the first two products i.e., V3 using equation (4.5b). Again, this is done by
replacing V) 2 with H; ; in equation (4.5b). The calculated value of V3 is compared with
the required setup time U, 3 given in Table 5.6. Again, the highest value from the

comparison made is selected and assigned to variable H, s.
Vig=(Hiz+ M22+Ty) - (M 34T 5) = -1.2=0, Uis=1, Hi=1

The calculation of holding time, I, ;, using equation (5.1) , in the earlier stage could be

done using the value of H, ; calculated above.

Lp=Hi3+M3+T3) - (Hiz+ Mp+Ty) = 2.2

The variables between stages of the succeeding products are determined using equation
(4.6b). Similar to the comparison procedure adopted earlier, the variable, V, is replaced
with corresponding variable, H. The holding time, I, in the earlier stage is determined

using equation {5.2) below.

I, =(H o +M o, +T

i+ i, j+1 i j+1

+l ) (H + M+ T,

i+, j i+l‘j-l)

j=1... m-1, i=2... n-1 (5.2)
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Va2 =(Hy +M;,1+T30) — (Ma T+ 11 ) =-1.2=0

Uz2=2, H,; =2

Ly =(Ha2 + Map+Too+ 11 2) — (Hay + M3, 1+T30) = 3.2

Va3 =(Hzo + M;32+T5,) = (Ma,3 T 5+], 3)= 6

U,3=3, H;3=6

L= (Hy3 +Ma3+To5+ I13) — (Hao + M3 +T3,) =0

Vi =(Hs, + Mg 1+Ts0) — (M +T3,+ 1;5) =95

U, =5, H3,=9.5

In=(Hz2 + My +T;3,+ L 5) — (Hay + Ms 1 4+Ta0) =0

Viz=(Hszo + MaptTs ) — (M3 +T33+5) =9

U;3=3, Hy3=9

La=(H;3+ M3 +Ts3+ Ih3) — (Hyo + Map+Ts ) = 0

Finally, the mathematical equation (4.4) developed for makespan determination without
transfer and setup time in Chapter 4 is extended to recalculate the makespan of the
production sequence ABCD with transfer and setup time as shown below. Based on the

procedure used to include setup time earlier, all of the variables, V, in equation (4.4) will

be replaced by the vanable, H.

m n n-1 m n
Makespan= M, +> M, +> H, +> T +> (T, +T,) =69 hours (4.4¢)
J=1 =2 =1 J=0 (=2

The makespan obtained with the transfer and setup time for production sequence ABCD
of the given batch process recipe with no intermediate storage transfer policy is

illustrated using Gantt chart in Figure 5.4.
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Figure 5.4: Gantt chart for production sequence ABCD with transfer and setup time for
example 4.6

The result of equation (4.4c¢) validates the conclusion made earlier in the case of ZW

transfer policy i.e., the makespan of a batch process would increase with the inclusion of

transfer and setup time.

Similar to the ZW transfer policy, the application of proposed method for NIS/UW in
determining the makespan as well as inter-stage idle times and holding times for the same
problem size (10 products and 5 stages) has been demonstrated in Appendix A. The

corresponding Gantt chart is also exhibited to venfy the results.

5.3 UIS/UW transfer policy

The production sequence ABCD from example 4.8 with process makespan of 29 hours, is
used to illustrate the recalculation of makespan with transfer and setup time for the case of
batch process operated under UIS/UW. For ease of calculation, the transfer and setup time
data for the respective products are represented in rows and columns as shown in Tables
5.7 and 5.8 below. The vanables, T and U, are used to represent the transfer and setup time
respectively in the forthcoming calculations. The setup time for temporary storage is
assumed negligible because in UIS/UW, the temporary storage is always made available

(Kim et al. 1996).
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Table 5.7
Stage transfer time for production

sequence ABCD for example 4.8

Products Transfer time (hour)

T

columns (] )

rows (i) O 1 2 3
A 1 2 2 2 2
B 2 12 3 2
C 3 2 3 3 2
D 4 1 2 1 1

Transfer and Setup Time

Table 5.8
Stage setup time for production

sequence ABCD for example 4.8

Products Setup time (hour)
U
columns (j)
rows (i) 1 2 3
A&B 1 4 3 4
B&C 2 3 1 2
C&D 3 3 2 3

For the determination of makespan in Chapter 4, the variables representing idle time, V,

between process stages and waiting time, W, of product intermediate inside the temporary

storage were calculated without including the transfer and setup time. Here, the same

procedure is repeated with the introduction of a variable, T, to represent the transfer time

from Table 5.7 above. For this purpose, the production sequence ABCD from example 4.8

is arranged to form a matrix as shown below. Firstly, the transfer times are added to the

processing times for all the products in all stages as represented in the following matrix.

1
1 Ty ot5+T)
2 Ta,0t6
3 T30+3

4 Tyot3

2

T, +8

Ty +5

T 5

Ta,+4

3

Ty 5+6

Ty,+2

T;,+3

Typt2
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Next, the variables, V, used to represent idle times between process stages and waiting
time, W, of product intermediate inside the temporary storage, are introduced in the

resulting matrix after the addition of transfer times to the processing times above.

1 2 3
1 9 10 8
Vi, Viz Vis
2 7 Wi, 7 Wi 5
Va4 Vi, Vi3
3 5 W, 8 W, 6
Vi Viz Vis
4 4 W,, 6 Wi, 3

As concluded earlier in Chapter 4, the vanables between the first stages for all products
i.e., Vi1, Vo, and V3, will be zero. This is in accordance with the transfer policy adopted

i.e., UIS.

Next, similar to NIS/UW, a comparison will be made between the variables, V, and
required setup times, U, given in Table 5.8 for the first stage of all products. The highest

values from the comparison made are selected and assigned as variable, H. As such, the

comparison procedure will produce respective values of H;; , Hz) and Hs, as shown
below.

Vii=0 U,=4 Hy =4

Vo= 0 Uy = 3 H;=3

Vi =0 U= 3 H;, =3

The variable, V| », for second stage between the first two products is determined using
equation (4.7). However, in equation (4.7), the variable “V,,” will be replaced with

variable “H, ;" as shown above. The calculated value for variable, V, ; is compared with
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the required setup time, U, 2, given in Table 5.8. The highest value from the comparison

made is selected and assigned as variable, H; 5.
Vig=(Mp+Hy ) —-M= 1 , Ui=3 , Hy =3
The waiting time, W, |, in the temporary storage is calculated using equation (5.3) below.

if H >V W= M ) (H j+ M, + T, ) else W, ;=0

Lj+1 1, j+12 1 j+1

=H, ., +(W ) and W ;=0 (pass)

1,j+1 1

if (H ,,>W and W, ;<0), H

1,j+1 1,j+l

Win =M+ M 2) — (Hyit My +T5,1) = 0 (pass)

The same procedure could be repeated for calculating the variable for the third stage
between the first two products i.e., V) 3 using equation (4.7). Again, in equation (4.7), the
variable V;, is replaced with variable H,,. The calculated value of variable, V3, is

compared with the required setup time U, 3 given in Table 5.8. The highest value from

the comparison made is selected and assigned as variable, H, ;.

Viz=May tH)2) —M, 3= 2 U, 3=4, H, ;=4

The waiting time, W) 5, in the temporary storage is calculated using equation (5.3) above.
Wiz =(Hi3+ M 3) - (Hia+ MpptT25) = -1 = 0 (pass)

Hiz3=1+4=5

The variables between stages of the succeeding products are determined using equation

(4.8b). The variable, V, is replaced with variable, H. The waiting time, W, is determined

using equation (5.4) below.
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Vr‘.jz(ZMk;l k;1+ZHlul) (ZMkJ+Z ""'Z—:Hk,j)

k=
J=2em, i=2.... n—1 (4.8b)
F i i i+1 i+1 i
U[Hi,j>Vs,j= ”/i,j-lz( Mk,j+ j;( Z ZMkjl_*_Z k;I+ZHk,j-I)
k=1 k=2 k= k=1
else W, ._ =0

f{(H >V, and W, <0), H, =H +(-W, ) and W _,_ =0 (pass)

For any negative or zero value of, W, obtained from equations (5.3) and (5.4), it will be

added to the corresponding variable, H, as demonstrated below for the case of W;,. The

negative or zero value of, W, represents that instead of waiting, the product intermediate

will only pass through the temporary storage before it is transferred to the next stage.

This is because the time delay in the availability of the next stage becomes equal or less

than the transfer time of the product intermediate to and from the temporary storage as

shown in Figure 6.6 for the product intermediate of third product after second stage. For

the purpose of calculation in such cases, the, W, will be assigned a zero value and the

word “pass” will be used to demonstrate it.

Va2 = (My+M;,1+T2,1+H, 1 +H3 1) - (M) 3 +Mo2+Ta+H 5)= -2=0

Us=1, H2,2=1

Wy = (M 2t M3+ T2 +H, 3 tH;2) — (M, 1+M3 1+ T2, + T3 1 +H; 1+ Hz,1) = 0 (pass)

Vi3 = (M 2+ M3+ T2 2+H) >+Hy2) — (M) 3+M33+To3tH  3) = 2

U23=2, Hy3=2
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szz =0

V3= (Mg 1+M3,+Ma 1 +T5, +T3 ;+H; 1 +Hz ) +H3 1) — (M 2+ M3 2+ M3 57T 5+ T3 2+H 2+H3 5)
=.4=0
U3,2=2, H3’2=2

W3 1=(M 3+ M; 2+ M3 3+ T3 2+ T3 +H | 2t Hz 347 Ha )My 1+ M3 1+ M4 1 + T2+ T5 1+
T4 +H; ) +Hz 1 tH; ) = 4

V337 M2+ Ma 23 My 2 +T, 2+ T3 3+ H 2+H3 3 HH; 2) — (M 3+ My 3+ M3 3+ T2 3+ T3 3+H) 3+H; 3)
=3

U3,3=3, H3,3=3 s W3,2 =0

Finally, the mathematical equation (4.4) developed for makespan determination without
transfer and setup time in Chapter 4 is reformulated to calculate the makespan of the
production sequence ABCD with transfer and setup time as shown below. Based on the
procedure used to include setup time earlier, all of the variables, V, in equation (4.4) will

be replaced by the variable, H.

n

m n n=1
Makespan = ZM,J + ZM‘,‘M + Z H,,+) T, = 56hours (4.4d)
Jj= i=2

i=l i=2

The 1llustration of transfer and setup time location between the stages for all the products
for the production sequence ABCD of the given batch process recipe with UIS/UW

transfer policy is done using Gantt chart in Figure 5.5.
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Figure 5.5: Gantt chart for production sequence ABCD with transfer and setup time for

example 4.8

Number of Storage Tanks

Next, the number of temporary storage required is determined. Since the values of W
and W, are zero and W3, is greater than 0, they indicate the need for three temporary
storage after the first stage. The zero value obtained in case of W, and W;,; shows that
the product has only to pass through the storage tanks before transferring to the next
stage. Also, negative value of W), shows that there is a need of another temporary
storage after the second stage from which product has only to pass instead of waiting

inside it. The batch process arrangement in this scenario is illustrated in Figure 5.6.

— A A > A —A—»

—B» . F———B——{ TANK-1 B— stacez [ —° TANK-4 B—| taces B
TAGE-1 1 AGE- AGE-

—ca| STAC —cC TANK-2 c—m - o S | s

—D-» D TANK-3 D ————D— = —D-»

Figure 5.6.: Temporary storage arrangement for production sequence ABCD for example
4.8

The result of equation (4.4d) again validates the conclusion made earlier in the case of ZW

and NIS/UW transfer policies i.e., the makespan of a batch process would increase with the

inclusion of transfer and setup time.
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5.4 FIS/UW transfer policy

The production sequence ABCD from example 4.10 with process makespan of 33 hours, 1s
used to illustrate the recalculation of makespan with transfer and setup time for the case of
FIS/UW. For ease of calculation, the transfer and setup time data for respective stages of
all the products is represented in rows and columns as shown in Tables 5.9 and 5.10 below.
The variables, T and U, are used to represent the transfer and setup time respectively in the

forthcoming calculations.

In FIS/UW, the setup time for temporary storage will also be included because same
storages are used for the succeeding products (Jung et al. 1996). For this purpose, the

temporary storage setup time, G, for respective products are shown in Table 5.11.

Table 5.9 Table 5.10
Stage transfer time for production Stage setup time for production
sequence ABCD for example 4.10 sequence ABCD for example 4.10
Products Transfer time (hour) Products Setup time (hour)
T 8]
columns (j) columns (j)
rows(i) 0 1 2 3 rows(i) 1 2 3
A 1 2 3 2 1 A&B 1 1 2 3
B 2 2 3 2 2 B&C 2 32 2
C 3 32 2 2 cC&D 3 2 2 3
D 4 2 1 1 3
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Table 5.11
Storage setup time for production

sequence ABCD for example 4.10

Products Setup time (hour)
G
columns (j)
rows (i) 1 2 3
A 1 2 2 2
B 2 3 4 6
C 3 2 3 2
D 4 2 3 2

Transfer and Setup Time

For the determination of makespan in Chapter 4, the variables representing idle time *V’
waiting time ‘W’ and holding time ‘I’ were calculated without including the transfer and
setup time. Here, all these variables will be recalculated after inclusion of the transfer and
setup time in the given batch process recipe. For this purpose, the batch process recipe
from example 4.10 for production sequence ABCD is arranged to form a matrix as shown
below. Firstly, the transfer times are added to the processing times of all the products in all

stages as represented by variable, T, in the following matrix.

1 2 3
1 Tiot4+Ty T+10 Ti3+5
2 Trot+12 T, +4 Ty2+7
3 T30+3 T3, +3 T3,+4

4 T4,0+2 T4,| +2 T4!2+2
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Next, the variables, representing idle time, V, waiting time, W, and holding time, I, are
introduced in the matrix resulted after the addition of transfer times to the processing

times above,

1 2 3

1 9 12 6
Vi Vi Vis

2 14 w1, 7 Wil 9
Vi Va2 Vas

3 6 W, 1, S Wiali, 6
Vi, Via Vi3

4 4 Wi, 1y, 3 Wil 3

As stated earlier in Chapter 4, the variables between the first stages for all products 1.e.,
Vi1, Va3, and V3 will be zero. This is in accordance with the transfer policy adopted 1.e.,

FIS/UW.

Next, similar to NIS/UW and UIS/UW, a comparison will be made between the variables,
V, and required setup times,U, given in Table 5.10 for the first stage of all products. The
highest value is selected from the comparison made and its value is assigned to variable,
H. As such, the comparison procedure will produce respective values of H,; , H;, and

Hs,; as shown below.

Vl,l =0 U[yl =] H|,]= 1
Va1 =0 Uy = 3 H;, =3
Vi1 =0 U= 2 H;,=2
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The variable, V) ; 1s determined for the second stage between the first two products using
equation (4.9). However, in equation (4.9), the variable, V,, will be replaced with
variable, H; |, as shown above. A comparison 1s made between the calculated value of
variable, V| , and the required setup time, U ,, given in Table 5.10. The highest value is

selected from the comparison and assigned to variable, H, ».

Vip=My +H, 1)) -M, =3 U=2 , H;,=3

The waiting time, W, ), in the temporary storage is then calculated using equation (5.5)

below.

U(.H],jﬂ >J/l,j+l’ PI/[J =(Hl,j+l+Ml,j+1)_(H|,j+M2_j+T‘2_j) else WVI,J =0

if (H,;,,>V ., and W,

L+l LJ

'<0), H,, =H

I, j+] 1 j+l

+(-W, ;) and W, ;=0 (pass)

W]’l =O

The same procedure could be repeated for calculating the variable for the third stage
between the first two products i.e., Vi3 using equation (4.9). Again, in equation (4.9),
variable, V| ,, is replaced with variable H; ;. The calculated variable, V3 is compared
with the required setup time U, 3 given in Table 5.10. Again, the highest value from the

comparison made is selected and assigned as variable, H, ;.

V|,3=(M2,2 +H|,2)—M|,3= 4 U1,3=3 , H1’3=4
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Next, the waiting time, W) ,, in the temporary storage is determined using equation (5.5)

above.
W|’2 = 0

The variables between stages of the succeeding products are determined using equation
(4.10a). The vanable, V, is replaced with corresponding variable, H, according to the
comparison procedure explained earlier. The waiting time, W, is determined using

equation (5.6) below.

’f G.J S (M +Hu )= (W ,j—l)’ Gi,j—! =0

il j-1 |j]

lf (M,+111+H,,|) (W|_,| ,j—l+Gi,j—|)’ Ii_j (I’V: +T;1+G -I) (M;+111+Hr‘,j-1)
elsel, , =0

V._,=( Mx;a ZTMI Z k,j-1 Z]k;l) (ZMI:J"'Z +ZH“+Z],”)
k=2 k=2 i
J=2...m,i=2..n-1 (4.10a)
i i i -1 i+1 i+1 i
fH >V, W, =(Q M+ T+ Z )(ZMkj]+Z ket Z Hyju+ 2 150)
k= k=2 k= k=1 k=1
else W, .. =0

j=2...m,i=2...n-1 (5.6)
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It 1s important to note that the setup time for temporary storage, G, would be considered
into the above calculations after the processing of product intermediates of second
product as shown in equation (4.10a). This is because no temporary storage is required
after the processing of product intermediates of first product due to availability of all

process stages.

As explained earlier in the case of UIS/UW, a negative or zero value of W obtained from
equations (5.5) and (5.6) above will be added to H. The negative or zero value of W
represents that instead of waiting, the product intermediate will only pass through the
temporary storage before it is transferred to the next stage.

Li=0

Va2,2= (My,1+M;3 1+ T2 1 +H, 1 +Hy 1+ 1 +10,0) — (M 2+ Mo a4 T p+H o+ ) = 3

Uz=2, Hap= 3, Wy, =0

L2=0

V23= Mz 2+ M3 2+ T2 2 H ) p+Hp o+ 2412 2) — (M) 3+ My 34T 3+H, 3+ 3) = -1=0

U23=2, Haz=2, Wyp=1

W2 = (M 3+ M3+ Ta 3+H 3+Hy,3H] 3) = (M2t M3 o+ T o+ T3 o+ Hi o+ Ha o p 4o ) = ]

;=0

V3= (M 1+ Ma 1+ My 1 +T7 1+ T3, +H, +Hy +H3 4+ 1+ 1+ ,) —
(M 2+ M 2+ M3 5+ T 3+ T3 3+H o+ H, o+ ) = 1

U3,2 = 2, H3,2 =2



Chapter 5: Transfer and Setup Time 118

Wi = (M 2+ M3 2+M; 5+T; 54+ T; 2+H, o +H, o +Ha o+ ] o+ 0) —
(M2, ) +Mj3 )+ My + Ty +T; 1+ T4 + Hy  +H  +Ha L+ +30) = O (pass)

Lig = (W2 +T3,+G32) — (MatHz o) =1

Vi33= (M3 2+ M3+My p+ T2+ T3 p+H | o+ Hp 5 HH 3 o4 2+ o+ 2)—
(M 3+Mj 3+M; 34T, 3+ T3 3+H, 3+H; 341 3+ 3) = -3=0

Us3=3, Hyz=3

W32 = (M, 3+M; 3+M; 3+ T2 3+ T3 3+H; 3+H; 3 +H3 34 5+ 3) —

(M2t M3 5+ My 3+ T2+ T3 2+ TaptH 2+ Hz o H; 54 ] o+ a4+ 30) = S

Finally, the mathematical equation (4.4d) developed for makespan determination with
transfer and setup time for UIS/UW is used to calculate the makespan of the production

sequence ABCD with transfer and setup time for FIS/UW as shown below.

m n n-=1 n
Makespan = ZMIJ + ZM.‘.m + ZH,,‘M + ) T, =61 hours (4.4d)

J=1 i=2 i=1 i=2

The makespan obtained with the transfer and setup time between the stages of all the
products for the production sequence ABCD in the given batch process with FIS/UW is
illustrated using Gantt chart in Figure 5.7.
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Figure 5.7: Gantt chart for production sequence ABCD with transfer and setup time for

example 4.10

Figure 5.8 below illustrates the configuration of the batch process under study with the

transfer and setup time for the production sequence ABCD.

—A A » A A
—B-» B- B B+

STAGE-1 c . STAGEZ | o - C STAGE-3 [ .,
- —o e[l —o— -os

Figure 5.8: Temporary storage arrangement for production sequence ABCB for example
4.10

The result of equation (4.4e) are similar to the results obtained earlier in the case of ZW,
NIS/UW and UIS/UW transfer policies i.e., the makespan of a batch process would

increase with the inclusion of transfer and setup time.
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5.5 MIS/UW transfer policy

The production sequence in example 4.12 i.e., ABCD with process makespan of 33 hours,
15 used to illustrate the recalcuiation of makespan with transfer and setup time for the given
batch process under MIS/UW. For ease of calculation, the transfer and setup time data for
the respective products is arranged in rows and columns as shown in Tables 5.12 and 5.13
below. The variables, T and U, are used to represent the transfer and setup time

respectively in the forthcoming calculations.

Table 5.12 Table 5.13

Stage transfer time for production Stage setup time for production

sequence ABCD for example 4.12 sequence ABCD for example 4.12

Products Transfer time (hour) Products Setup time (hour)

T U
columns () )

columns (j )

rows(i) 0 t 2 3 4 rows(i) 1 2 3 4
A 1 2 3 2 2 2 A&B 1 2 3 1 2
B 2 2 1 1 2 3 B&C 2 1 2 3 2
C 3 302 2 1 2 C&D 3 s 5 3 2
D 4 2 3 2 2 1

Transfer and Setup Time

For the determination of makespan for MIS/UW in Chapter 4, it was assumed that batch
process observes NIS/UW for stages 1 and 2 whereas UIS/UW for stage 3. Hence, the
equations developed to incorporate transfer and setup time for NIS/UW and UIS/UW
earlier could be modified for MIS/UW as shown below:



Chapter 5: Transfer and Setup Time 121

For NIS/UW from stage ‘1’ to stage ‘m-2’:

v, =0, 1, =0 i=l...n-1

Vi =, + My +T, )= (M, +T, ) j=lom=2 (4.5¢)
(HUH M+ T )~ (H v My, +T, ) =l m-2 (5.1a)

Vipa =W+ M+ T ) =M AT+ ) j=lem =2, i=2..n-1 (4.6¢)

(Hfj+l+Mlj+l+]:_]+| llj+]) (H +MJ+1_/+T+I_,'!)
j=1l.... m-2, i=2.... n-1 (5.2a)
For UIS/UW at stage ‘m-1":
—(sz 1 .j-l)_Ml.j J=m (4.7a)

ile.jH)V I'Vl,jz(H

1,j+13

+M, ;) (H ;+M, +T, ) else W, , =0

1,j+!

if (H, >V, ., and W, <0), H,,=H

1,41 1 j+l

+(-W,;) and W, =0 (pass)
Jj=m-1 (5.3a)

i+l

—(ZM*J 1+Z]:U 1+2Hk1 l) (ZM':1+ZT +ZH'¢1)

J=m, i=2.... n-—1 (4.8¢)

i (H,; >V, and W, <0), H,  =H +(-W_ ) and W, _ =0 (pass)
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For illustration purpose, the production sequence i.e., ABCD from example 4.12 is

arranged to form a matrix with the introduction of variables, V, I and W as shown below.

NIS/UW UIS/UW
- ~ N\
1 2 3 4
1 5 8 6 4
Vi Via Via Vi
2 9 1, 31, 2 W3 2
Vi, Via Vas Vi
3 4 1, 51, 3 W3 4
Vi Via Vi3 Via
4 41, 4 I, 2 Wi 2

The variables, V and I, for stages 1 and 2 are determined using equations (4.5c), (5.1a),

(4.6¢) and (5.2a) as demonstrated below using the same procedure as earlier developed

for NIS/UW.

VI,l =0 U|,1 =2 HH=2
VZ,I =0 U2,1 =1 H2'1= 1
Vi1=0 Uz =5 H3,=35
Via=H)+My,i+T20) - (M 2T 2) = 3, U =3, H=3

I|,1 = (H1'2 + M1,2+T1,2) - (H1,1+M2,|+T2,O) =0

Vig=MH2+MpotTy ) - M 3+T 3)=-1=0 Us=1, Hz=1
Lip=MHi3+Mi3+T3) — (Hip+ Myp+Th,)) = 2
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Vo2 =(Hzy + M;,1+Ts0) — (M2 +Tp 0+ 1) =2 U22=2, H,,=2

Ly =(Hzz2 + My +Too+ 11 2) = (Hz, 1 + M3, 1#T30) =0

Va3 =(Haz + M3 5+T3 1) — Mp3 +Ta 3+ 3)= 5 Uz5=3, Hz3=5

La= (Hz3 + Mp3+To5+ 11 3) = (Hpo + M3p+T5,) =0

Via=(Hs)+ Ma+Ta0) — (M32 +T3,+ L) = 4 U3 2=5, Hj»=5

Iyi = (Hzp + My +T55+ 1) — (Hap + May+Te0) = 1

Vis=(Haz + Mg ptTe 1) — (M3 3+T33+3) =8 U3 3=3, H33=8

Lo =(Hs3+ M3 +T335+ h3) — (H32 + M2+ Tsy) =0

The variables, V and W, for stages 3 are determined using equations (4.7a), (5.3a), (4.8¢)
and (5.4a) as demonstrated below using the same procedure as earlier developed for

UIS/UW. For this purpose, the process recipe would be changed to include the transfer

time as follows:

1 2 3 4
1 Tiot5+T, &+T), T, 3+6 Tiat4
2 Ty 019 3+T2, Ty 2+2 Ty3+2
3 Tsot+4 5+T;5, T3,+3 T3 3+4
4 Tagtd 44T, Tas+2 Tay+2

Next, the variables, V, used to represent idle times between process stages and waiting
time, W, of product intermediate inside the temporary storage, are introduced in the

resulting matrix after the addition of transfer times to the processing times above.
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1 2 3 4

1 10 10 8 6
Vis Via

2 11 4 3W3 4
Vi, Vs

3 7 7 5Was 5
Vi, Viga

4 6 7 4 Wi 4

The calculation of variables, V and W, between stages 3 and 4 is as follows:

Via=(My3tH 3) —M4= -2=0 U 4=2 , H =2

Wiz =Hia+M2) - Hi+ My, +T;,) = 2

Va4 = (M,3+M3 3+ T2 3+H) 3tH; 3) - (M) 47 M4+ T2 4+H; 4)= 1 Uz4=2, H, =2

W23 = (M 4+M3,4+ Ty 4+H) 4+Hj 4) — (M23+M33+T3+T; 3+H, 3+ Ha3) = 0 (pass)

Vi4= (M3t M3 3+ My 3+T5 3+ T3 3+H1 3tH 37H3 3) — (M),a+Mp,4+ M3 4T3 4+ T3 4+ H) 4 +H )
=5

Usa=2, Hi34=5, W33=90

Finally, the mathematical equation (4.4d) developed for makespan determination for

UIS/UW with transfer and setup time is used to calculate the makespan of production

sequence ABCD with transfer and setup time for MIS/UW transfer policy as shown below.

Makespan = i M, + iMm + nz_ll H,  + i T, = 62hours (4.4d)
J=1 i=2 i=l i=2
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The illustration of transfer and setup time location between the stages of all the products
for the production sequence ABCD of the given batch process recipe with MIS/UW

transfer policy is done using Gantt chart in Figure 5.9.
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Figure 5.9: Gantt chart for production sequence ABCD with transfer and setup time for

example 4.12

Number of Storage Tanks

Next, the number of temporary storage required is determined. Since the values of W, 3 is
greater than zero and W3 is zero {pass), they indicate the need of two temporary storages
after the third stage. The zero value obtained in case of W, 3 shows that product has only
to pass through the temporary storage before transferring to the next stage. The batch

process arrangement in this scenario is illustrated in Figure 5.10.

—A-p] A-———] A » A > |—A—>
- B ——&— —B-{TARR-T}—B-» —
&+ STAGE-1 STAGE-2 STAGE-3 TANK.1} STAGE-4 &+
—C-» C— ——C——m —C-m{TANR-Z}—C- —C—»
—D-» ——D—— = ——D———»] D —D—»

Figure 5.10: Temporary storage arrangement for production sequence ABCD for

example 4.12

The makespan obtained above is more than obtained earlier for MIS/UW transfer policy

without transfer and setup time in chapter 4. It clearly indicates that it increases when

determined with transfer and setup time.
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5.5 Summary

For industrial applications, the time to transfer the product intermediate from one stage to
the next and the setup time for any stage prior to accepting the product intermediate from
earlier stage must be considered for scheduling of batch processes. It is obvious that the
makespan of the given batch process for a specific production sequence would increase
with the inclusion of transfer and setup time. Similar to the work done in the relevant
literature for the scheduling of batch processes, the present work has also considered the
sequence dependent transfer and setup time. This means that the available data for

transfer and setup time could vary with the variation in production sequence.

The transfer and setup time can be incorporated in the proposed procedure for the
determination of makespan using matrix representation. For the illustration purpose, the
developed procedure has been applied on example batch process recipes for each transfer
policy. The conclusion drawn from the makespan results with transfer and setup time
confirms the fact that prior to the determination of optimal production sequence,
calculation of makespan is important as it allows screening to be done. A summary of the
mathematical formulations developed for makespan determination with transfer and setup

times for various transfer policies is shown in Appendix C.
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CHAPTER 6

OPTIMAL SOLUTION SCREENING

The purpose of conducting the screening for optimal solution is to determine the desired
batch process sequence according to the sets of critenia specified by the process planner.
The criteria may either be minimum makespan, inter-stage idle time or number of
temporary storages required. The optimal solution for the same batch process recipe
could be different for different transfer policies. The choice of a transfer policy depends
on the type of products to be manufactured and the time period during which the

production targets have to be achieved.
6.1 Optimal solution screening procedure

The developed method for determining makespan using matrix representation could be
applied on all possible production sequences generated by rearranging the batch process
sequences. This enables the developed method to produce a range of possible solutions
from which a process planner could choose according to various criteria described above.
The developed method is also capable to produce data other than makespan determination
for each production sequence. This includes determination of inter-stage idle time,
holding time of product intermediates inside the same stages and waiting time of product

intermediates inside the temporary storages as per transfer policy adopted.

In order to speed up the calculation, the proposed method is programmed on an Intel
Pentium® IV CPU 2.40 GHz machine using Microsoft Visual C++ ™. A flowchart for
the screening of optimal solution on the basis of the production sequence with minimum
makespan is shown in Figure 6.1. The programming code is shown in Appendix E. A

sample screen output of developed programming code is also shown in Appendix F.
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The application of optimal solution screening for batch processes is shown below using a

batch process operated under ZW transfer policy.

ZW transfer policy

For the purpose of demonstrating the optimal solution screening procedure for a batch

process operated under ZW transfer policy, the example 4.3 is selected.

S S2 S3
A 10 20 5

Vie Ve Vis
B 15 8 12

Var  Vaz Vi

C 20 7 9
The data for sequence dependent transfer and setup time is given in Table 6.1 and 6.2

below for every possible sequence of the products in example 4.3.

Table 6.1. Stage transfer time for Table 6.2. Stage setup time

products in example 4.3 for products in example 4.3

Products T, T, T, T, Product U, U, U

A 3 2 2 1 Sequence

B 2 3 2 2 A-B 1 3 2

C 2 3 2 2 A-C 5 5 3
B-A 6 4 2
B-C 4 1 2
C-A 4 1 2
C-B 2 3 3

The advantage of the developed methed can be observed from the results shown in Table
6.3. Table 6.3 shows the calculated makespan and the corresponding variable “H”
representing the inter-stage idle time + stage setup time for all the possible production

sequences. Also, it is noticed that the inter-stage idle time + stage setup time varies for
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different production sequences. This is because of the change of position of products in

every production sequence.

Table 6.3

Makespan and inter-stage idle time with sequence dependent transfer and setup time for all

possible production sequences for example 4.3

Production Sequence Makespan Inter-Stage Idle Time + Stage Setup Time
(hour) (hour)

Hy, Hy, Hi; H,, H,, H,;
ABC 92 8 3 8 4 16 12
ACB 91 5 5 9 2 10 10
BAC 91 6 9 17 5 5 9
BCA g6 4 16 12 4 8 19
CAB 96 4 8 19 8 3 8
CBA 96 2 10 10 6 9 17

It can be observed from Table 6.3 that there are two production sequences that could be
chosen as optimal based on the criteria of minimum makespan i.e., ACB and BAC with

makespan of 91 hours.

However, if additional criteria be used for the selection, the production sequences can be
ranked accordingly for process planner to select from the generated solutions. The
additional criterion could either be the inter-stage idle time or the production sequence.
Supposed for the present example, a product can not be processed immediately before or
after a specific product due to some process requirements. For example, in Table 6.3,
assuming that product A could not be processed immediately after product B. The
optimal sequence BAC will no longer be the feasible solution. Hence, among the optimal
solutions, the only solution left that meets the critena is second optimal solution 1.e.

ACB.

The same procedure for optimal solution screening could be applied in case of the batch
processes operated under UW transfer policy with various intermediate storage

configurations discussed earlier. In addition to the determination of makespan and inter-
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stage idle times as in ZW transfer policy, the optimal solution screening procedure could
also determine the number and location of temporary storages in UIS/UW, FIS/UW,
MIS/UW and the holding time inside the same stage in the case of NIS/UW transfer

policies for every possible sequence of the given batch process recipe.

6.2 Comparison of proposed method with available mathematical methods

In scheduling practice, the efficiency of any scheduling technique is usually measured in
terms of CPU time consumed to determine the optimal solution. It has also been observed
that CPU time increases exponentially with problem size (Pitty and Karimi, 2008). To
demonstrate this, simulation studies using a computer code developed in Microsoft
Visual C++™ for matrix representation have been performed for each transfer policy
stated earlier. The results so obtained are shown in Appendix D. The simulation studies
have been performed using a CPU configuration similar to Pitty and Karimi, 2008 i.e.,
Intel Pentium® IV CPU 2.4 GHz. The problem sizes and batch process recipe data have
been generated randomly using the same distribution range adopted by Pitty and Karimi
(2008) for processing time (24, 240) and setup time (0, 24). However, the data
distribution range for transfer time is (1, 24). For comparison among various problem

sizes, the arithmetic mean of CPU time is also calculated.

The CPU time observed for various problem sizes is fairly similar to the observation of
Pitty and Karimi, 2008. It has been observed that for problem size (n=10, m=5), the CPU
time obtained is less than 2100 sec which is found better than two of the mathematical
models that were unable to produce the optimal solution within 5000 sec as reported in
Pitty and Karimi (2008). However for problem size (n=12, m=5) and larger, the
proposed method was not able to produce the optimal solution within 5000 sec. The
similar observation was made by Pitty and Karimi (2008) where none of the 18
mathematical models was able to produce optimal solution within 5000 sec for problem

size of (n=12, m=5).
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It is important to note that the CPU time used to solve each of the problem that varies in
size as shown in Appendix B is based on using total enumeration approach. For each
problem, the makespan for all the possible sequences are determined separately while
screening for the optimal solution. The simulation results also reiterate the fact that with
increase in problem size, CPU time also increases. A possible way to reduce the CPU
time in finding the optimal solution is to apply partial enumeration instead of total
enumeration. In partial enumeration, the number of sequences to be evaluated is less
compared to the total enumeration approach, therefore reducing the CPU time. However,
the selection of the sequences to evaluated should be such that the optimal or near
optimal sequence(s) be included in the selected sequences. For this purpose, a set of
heuristic rules are proposed. These rules are developed based on some critical
observations made on the matrix arrangement. It will be shown later that the application
of these rules has resulted in providing the optimal solution based on the minimum

makespan criteria for all the example problems tested.
6.3 Development of the heuristic rules

The development of the heuristic rules has been done based on two critical observations
made on the matrix representation of the batch process recipe over all the examples

presented earlier.

1. The optimal sequence can start with the product that has the least makespan in the

first stage.

2. The optimal sequence can start with the product that has the sum of its processing
recipe and processing time in the last stages of all other products with the least

value compared to the value when calculated for other products using the same

procedure
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Based on the observations, all the potential sequences that will result in the optimal

solution are identified. The application of the heuristic rules developed is demonstrated in

the example below after the inclusion of transfer time.

Example (example 4.3 - ZW transfer policy)

In this example, the batch process recipe from example 4.3 is analyzed after the inclusion

of respective transfer time of each product from Table 5.1.

1.

S S, S3

A 13 22 8

B 17 11 16

C 22 10 13
Product A has the least processing time for its first stage i.e. 13, compared to
other products. Therefore, it can be said that the optimal sequence with minimum

makespan could be the one that has product A as the first product in the sequence.

Determine the sum of processing recipe of the first product and processing time in
the last stages of all other products. Repeat the same procedure for second and

third product as shown below.

Consider product A is placed first in the common path.

AS|+AS;+AS,+BS;+CS; = 13+2248+16+13 = 72

Consider product B 1s placed first in the common path.

BS|+BS;+ AS3+BS3+CS3 = 17+11+8+16+13 =65

Consider product C is placed first in the common path.

CS+CSy+ AS;+BS;+CS; = 22+10+8+16+13 = 69
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It is observed from point 2 that the sequence giving the minimum value is the one
that 1s starting from product B. Hence, it can be said that the optimal solution with
minimum makespan could be the one that has product B as the first product in the

sequence.

From the observations made in point 1 and 2 above, it can be concluded that optimal
production sequence would be the one that has either product A or B as the first product
in the sequence. Therefore, the enumeration is carried out only for product A and B to
produce the production sequences that would also include the optimal sequence with least
makespan. Hence the total number of production sequences generated would be four i.e.
two with product A and two with product B as first product in the sequences. This can
also be conferred from the results of total enumeration in Table 6.3 which shows that

there are two optimal sequences ACB and BAC with least makespan value.

Heuristic Rules:

Step 1:  Min (P,) =3 n)

Find the product that has the least processing time in the first stage

Step 2: ES,J+ZSM
i=t k=1

Detemine the sum of processing recipe of the first product and the processing time in the

last stages of all other products. Repeat the same procedure with second and third product
Step 3:  Min (F)

Find the minimum value from the values calculated in step 2 and the corresponding product
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Condition 1. if 'I"inF and F, is same

If the same product is found in step 1 and 3, the partial enumeration would be carried out to

produce only those sequences that place this product as the first product in the sequence

!

, n!
Number of enumeration needed : —x1
n

Condition 2. if 'i'inP and P, is different

If the product(s) found in step 3 differs from step 1, the partial enumeration should have
all the sequences begining with all the products identified in step 1 and 3 as the potential

sequences to be screened.
. n! . vl
Number of enumeration needed : —x(no. of times,the'i'is different)
n

The following additional examples are presented to demonstrate further the application of
the developed heuristic rules. The examples have been solved for ZW transfer policy with
computer code developed for this purpose in Microsoft Visual C++™ for matrix
approach on an Intel Pentium® IV CPU 2.40 GHz.

1. n=4,m=4

S S; S; S4 SUM
P, 14 45 49 37 239
P, 36 11 37 44 215
Ps 29 35 50 30 245
P, 45 30 19 20 225

Minimum S, = 14, Minimum SUM = 215

Possible optimal production sequences = Starting with products P, or P,
Total enumeration possible = 24

Enumeration recommended by heuristics= 12 i.e. 6 with each of P, and P,
Reduction in solution search space = 50%

Optimal production sequence obtained = P,PP;P4 = 244 hours
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2. n=7,m=4

S S, S, S4 SUM
Py 46 16 21 44 340
P, 22 18 27 45 324
Ps 33 45 26 26 361
P4 30 40 24 43 351
Ps 44 30 18 15 349
Ps 10 31 42 35 340
P; 39 40 19 49 355

Minimum S; = 10, Minimum SUM = 324

Possible optimal production sequences = Starting with products P, or Pg

Total enumeration possible = 5040

Enumeration recommended by heuristics = 1440 i1.e. 720 with each of P; and Py
Reduction in solution search space = 71%

Optimal production sequence obtained = P,P|P¢P4P7P3Ps = 335 hours

3. n=8,m=6

Sy S, Ss S4 Ss Ss SUM

P 21 24 44 26 19 14 325
P, 18 11 32 31 11 17 294
Ps 38 18 20 25 26 25 318
P4 34 12 24 47 41 12 349
Ps 11 22 38 30 26 14 318
Ps 17 26 47 27 45 49 353
P 45 49 13 29 34 18 361

Pg 25 36 11 28 14 42 305
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Minimum S, =11, Minimum SUM = 294
Possible optimal production sequences = Starting with products Ps or P,
Total enumeration possible = 40320

Enumeration recommended by heunistics = 10080 i.e. 5040 with each of Ps and P,
Reduction in solution search space = 75%

Optimal production sequence obtained = PsPsP4P1P;PsP3P; =417 hours

4. n=9,m=6

Sl SZ S3 Sq S5 S6 SUM

P 26 23 39 27 28 34 362
P, 32 30 16 12 17 28 326
P, 20 32 34 17 25 16 347
P, 15 11 11 32 32 15 320
Ps 49 21 45 32 49 12 415
Ps 19 17 41 23 13 20 332
P, 26 45 38 28 20 40 376
Pg 42 38 41 29 33 12 402
Pg 43 12 21 25 35 42 355
Minimum S, =15 Minimum SUM = 320

Possible optimal production sequences = Starting with products Py
Total enumeration possible = 362880

Enumeration recommended by heuristics = 40320 with each P4
Reduction in solution search space = 88%

Optimal production sequences obtained:

P4P3PoPPsPP3PsPy, P4P3PoPP7PsPyPsPs,

P4P¢PyP PsP;PgP3P;, PsPsPoP PoPsPgP3P; =449 hours
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5. n=10,m="7

Sy S, S; S4

P, 22 45 11 17
P; 38 29 32 28
Ps3 20 49 13 50
Py 22 45 43 44
Ps 35 23 45 29
Pg 30 14 16 21
P, 20 15 15 47
Pg 32 49 33 21
Py 40 40 46 45
Pio 13 37 29 36

Minimum S; =13

Possible optimal production sequences = Starting with products P; or Pyg

Total enumeration possible = 3628800

Ss

46
17
35
50
10
44
39
34
39
46

Minimum SUM =417

Se

27
37
33
43
33
49
15
12
36
13

S;

35
25
20
25
24
19
14
38
46
20

SUM

434
447
466
513
441
440
417
447
512
440

Enumeration recommended by heuristics = 725760 i.e. 362880 with each of P;and Py

Reduction in solution search space = 80%

Optimal production sequence obtained = PP oPsP4PoP;PsP,PP; = 568 hours

Table 6.4. CPU time for total and partial enumeration for various problem sizes

Problem Size No. of total CPU time No. of partial CPU time
enumeration (sec) enumeration

4x4 24 0.01

x4 5040 1.642 1440

8x6 40320 21.017 10080

9x6 362880 211.989 40320

10x7 3628800 2090.657 725760
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The optimal production sequence obtained in each of the above problem size has also
been verified using total enumeration. Significant reduction in computational time could
be observed from Table 6.4 for various problem sizes. Similar observation with regards
to reduction in computational time has been observed for same problem sizes and batch
process recipes in case of NIS/UW, UIS/UW, FIS/UW and MIS/UW transfer policies.
This shows the benefit of using heuristic procedure in combination with partial

enumeration that can limit the search space for optimal production sequence search.

It is observed that the developed heuristic rules have been able to produce the optimal
solution for all the example problems studied above. However, the heuristic rules are not
based on analytical approach. Therefore, there may be chances where the solution
obtained using these heuristic rules for any specific batch process recipe could not be the
one that meets the criteria of minimum makespan. However, it guarantees to obtain near
optimal solution instead of optimal solution. For this purpose, an extension to the
heuristic rules has been suggested to consider more products for enumeration thereby
increasing the possibility of finding the optimal solution. The selection of more products
could be done by finding the products that correspond to the values next to the minimum
values determined earlier in step 1 and 3 of heuristic rules. The makespan calculated is
then compared with the previous makespan value. The same procedure could be repeated
till the new makespan value obtained is greater than the previous one. This has been

illustrated using a schematic diagram below:
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Figure 6.2: Flowchart for partial enumeration

It is obvious that the increase in number of products for enumeration would also increase
the CPU time for searching the optimal solution. However, the need of further iteration
would solely depend upon the process engineer’s decision to find the optimal or near

optimal solution. Some case studies from relevant literature have also been solved using
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matrix representation coupled with heuristics procedure proposed above to verify the

accuracy of the proposed approach for determining the optimal production sequence.

6.4 Case Studies

The proposed procedure developed for scheduling of multiproduct batch processes
appears to be relatively effecﬁve and gives promising results as demonstrated using the
various examples. To further verify the fact, extended tests using more case studies
particularly from the industry or published literature are conducted. For this purpose, the
batch process data taken from Kim et al. (1996) and Jung et al. (1996) for different
transfer policies are used. Moon et al. (1996), Pozivil and Zdansky (2001), and, Lee et al.
(2002) have also referred to similar case studies in their work for developing new

completion time algorithms for scheduling multiproduct batch processes.

In this work, the proposed procedure is applied on the case studies specified using the
same system configuration used earlier for various problem sizes. The effectiveness of
the proposed procedure is observed in two ways. The observation is firstly made on the
results generated in addition to the makespan such as amount and location of inter-stage
idle time for ZW, holding time of product intermediate within the same stage in NIS/UW
and FIS/UW and number and location of temporary storages in UIS/UW. Secondly, the
observation is on the CPU time for producing the optimal solution. The results obtained
from case studies are in agreement with those obtained in the literature and Gantt charts

drawn for each transfer policy.
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6.4.1 Case Study 1 (Kim et al., 1996)

The batch process recipe for producing four products using four stages is given in Table
6.5. The corresponding stage transfer time and stage setup time are also given in the same

table.

Table 6.5.Batch process recipe for four products and four stages for case study 1

Stage Processing Time Stage Transfer Time
Product S, S S, S4 To T, T, T; Tq
P 10 20 S 30 2 2 2 2 3
P, 15 8 12 10 3 3 3 3 1
P, 20 7 9 5 2 4 2 2 1
P, 13 7 17 10 2 2 1 4 2

Stage Setup Time
Product U U, U, Uy

Sequence

P,-P, 3 1 2 4
P,-P, 2 2 1 3
PP, 1 4 2 2
P,-P, 4 1 2 3
P-P; 1 1 4 3
P,-P, 3 2 3 2
P;-P, 21 4 3
P;-P, 1 2 3 2
P;-P, 2 2 2 2
P4-P, 4 3 4 3
P4-P, 1 4 3 3
P,-Ps 3 2 2 1

Table 6.6 shows a summary of results for ZW, NIS/UW and UIS/UW transfer policies.
The summary shows the optimal production sequence which meets the criteria of

minimum makespan.
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Table 6.6: Summary of results for optimal production sequence for case study 1

Transfer

Policy

Optimal
Production

Sequence

Makespan
(hour)

Slack Variables

(hour)

CPU Time

(sec)

Inter-Stage

Idle Time+

Stage Setup

Time

(H)

Holding
Time Time

M (W)

Waiting

W

P|P4P2P3

130

H,,=22
H,,=15
H, ;=17
H, =2
H,,=3
H,,=13
H, =3
H; =6
H;,=1
H, =12
H, =8
H;4=8

0.015

NIS/UW P P,P.P;

126

H, -1
H,,=4
H, =6
H, =2
H, =1
H; =11
H, =3
Hy4=6
H;,=1
H; =1
H; =4
H; =4

I,,=10
1,,=0
1,5=11
I,,=13
I, 3=0
I, ,=2
I,,=7
I, ,=0

0.031

UIS/UW P P,P;P;

120

H|.|=1
H,,=4
H, =6

W|_|=8
W,2=0
W]‘3=7

0.032
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H,,=2 W, =0
H,,=3 W,,=3
H, =7 Wy3=9
H; ;=2 W;,=0
H,,=1 W3 ,=0
Hj =1 W;,=0
H,;=10

H;3=5

H,,=3

The results obtained in Table 6.6 using the proposed method are similar to the results
obtained by Kim et al. (1996) using MILP and MINLP methods. Also, the proposed
method appears to give reasonable CPU time requirements to produce optimum solution.
In addition, the results also show other useful information such as idle time between
process stages, waiting time inside the temporary storage and holding time within the
same stage. The Gantt charts for optimal production sequence obtained above are shown

in Figure 6.3, 6.4 and 6.5 respectively.
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Figure 6.3 Gantt chart for production sequence P,P4P,P; for case study 1 (ZW transfer policy)
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Figure 6.5 Gantt chart for production sequence P,P4P3P,for case study 1 (UIS/UW transfer policy)
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6.4.2 Case Study 2 (Jung et al., 1996)

The batch process recipe for producing four products using six stages is given in Table

6.7. The corresponding stage transfer time, stage setup time and storage setup time are

also provided.

Table 6.7. Batch process recipe for four products and six stages for case study 2

Stage Processing Time

Stage Transfer Time

Product S, S; S; S Ss Se Ty, T, T, T, Ty, Ts Tg
P, 10 15 20 12 8 11 2 2 2 2 3 2 1
P, 15 8 12 10 9 13 3 3 3 3 1 1 2
P, 10 22 9 5 9 2 4 2 2 1 2 2
P, 20 12 7 10 10 4 2 2 1 4 2 2 1
Stage Setup Time Storage Setup Time

Product U U, U; Uy Us U Product G G Gy Gy Gs Gs

Sequence

P,-P; 3 1 2 4 2 3 P, 1 2 2 2 1 4

P,-P; 2 2 1 3 1 4 P, 2 2 1 4 I 2

P,-Py 1 4 2 2 3 2 P; 2 3 3 1 2 I

P,-P, 4 1 2 3 2 2 Py 1 3 2 3 2 2

P,-P, 1 1 4 3 1 1.

P,-P, i o2 3 2 2 1

P;-P, 2 1 4 3 3 1

P;-P, 1 2 3 2 2 2

P;-P, 4 2 2 2 2 1

P4-P, 4 3 4 3 1 2

P,-P, 1 4 3 3 4 2

P4-P; 3 2 2 1 2 3

The results of determining the optimal solution with minimum makespan for FIS/UW

transfer policy are shown in Table 6.8.
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Table 6.8: Summary of results for optimal production sequence for case study 2

Transfer Optimal Makespan Slack Variables CPU Time
Policy Production (hour) (hour) (sec)
Sequence

Inter-Stage  Holding Waiting

Idle Time + Time Time
Stage Setup (D w)
Time
(H)

FISSUW P,P,P,P, 136 Hi,=3 =0  W,;,=0 0.01
H, =4 I,=0 W) .=6
H, ;=2 I, ;=0 W =pass
H, =5 =0 W0
H, =8 I,s=0 W,s=0
H,¢=6 I,,=0 W,,=0
Hy,=1 La=0  W;,=0
Hp,=2 I,,=0 W3 s=pass
H,,=4 I,4=0 W, 4~pass
H, =3 Ls=0  Wis=6
H, =1 I;,=0 W,,=0
Hy6=1 I;2=0 W, =0
Hy =4 I;3=0 W, 3=0
H; =2 I34=0 W;,=0
Hjy3=5 I;5=0 W, 5=0
H, =5
H, =10
H; =2

The optimal production sequence shown in Table 6.8 concurs with Jung et al. (1996).
However, Jung et al. (1996) considered two temporary storages to be shared commonly
between stages and named it as common intermediate storage (CIS). Whereas in the
present study, it is assumed that there is a dedicated storage available between every two
stages. The results show the location and amount of inter-stage idle time, waiting time
inside the temporary storage and holding time within the same stage. A Gantt chart is

shown in Figure 6.6 to illustrate the optimal production sequence shown in Table 6.8.
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Figure 6.6 Gantt chart for production sequence PP,P3P4 for case study 2 (FIS/UW transfer policy)
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6.4.3 Case Study 3 (Kim et al., 1996)

The batch process recipe for producing eight products in four stages is given in Table 6.9.
The corresponding stage transfer time and stage setup time are also given in the same

table,

Table 6.9. Batch process recipe for eight products and four stages for case study 3

Stage Processing Time Stage Transfer Time
Product S S, S; Sa To T T, T; T,
P, 10 20 5 30 2 2 2 2 3
P, 15 8 12 10 3 3 3 3 1
Py 20 7 9 5 2 4 2 2 1
P, 13 7 17 10 2 2 1 4 2
Ps 8 3 16 7 1 1 1 3 2
P 6 ) 22 7 3 3 2 2 2
P; 7 5 15 12 1 2 1 2 1
Py 14 13 6 4 2 4 1 1 2

Stage Setup Time
Product U U, U; U,

Sequence

Py-P; 3 l 2 4
P,-P5 2 2 1 3
P,-P, i 4 2 2
P,-Ps 1 3 2 3
P\-Ps 3 2 1 1
P;-P; 3 1 2 1
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Stage Setup Time Stage Setup Time

Product U U, U U Product U U, U U,
Sequence Sequence
P,-P, 2 3 3 2 Ps-P, 1 t 3 4
P,-P, 4 1 2 3 P,-P, 4 3 3 1
P,-P; 1 1 4 3 Ps-P, 2 3 2 3
P,-P, 3 2 3 9 Ps-Py 4 3 2 2
P,-Ps 301 2 2 Ps-P, r 2 1 2
PP 1 1 2 4 PP 303 2 3
P,-P, 2 2 1 1 Ps-P,y 4 1 1 2
P, Py 3 2 1 3 Ps-P, 2 3 4 1
P,-P, s 1 4 3 Pg-Ps 2 1 1 4
P,-P, I 2 3 o Ps-P; 2 2 3 2

Ps-Pg 1 3 3 3
P;-P, 2 2 2 2

P--
P,-P; 2 1 2 1 i 2 3 2

P,-P, 11 1 1
P;-Ps 2 1 1 3

P;-P; 2 1 2 2
P;-P, 1 4 2 2

P,-P, 1 2 1 3
P;3-Pg 2 2 3 1

P;-Ps 3 2 2 2
Ps-P, 4 3 4 3

P;-Pg 1 2 4 1
P,-P; 1 4 3 3

P;-Pg 2 1 1 1
P4-Py 302 2 1
PP, i 3 3 ) P;-P, 1 1 2 1
PP, 3 1 2 o Py-P, 4 1 4 4
PP, 1 ) 3 1 Pg-Ps 2 1 3 2
PP, 5 3 1 3 P;s-P, 3 4 1 1
Ps-P, 2 2 1 4 Py-Ps 3132
Ps-P, 2 2 3 2 Py-Pe 33

Pg-P; 2 3 1 1
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A summary of results for optimal sequences obtained in case of ZW, NIS/UW and

UIS/UW transfer policies is shown in Table 6.10.

Table 6.10: Summary of results for optimal production sequence for case study 3

Transfer Optimal Makespan Slack Variables CPU Time
Policy Production (hour) (hour) (sec)
Sequence

Inter-Stage  Holding Waiting
Idle Time + Time Time
Stage Setup O (W)
Time
(H)

A" PsP,PsP;P, 195 H,; =2 4.396

P,P,Pg H,.=10
H,:=13
H, =11
H, =18
H,,=5
H, ;=10
H,4=1
H, =4
H;,=15
H; ;=2
H; =4
H, =7
H,4,=6
H, =2
H,,=12
Hs =1
H;,=10
H; =2
H; =7
He =3
He =13
He =3
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Hg4=6
H;,=3
H,,=8
H,,3=10
H;,4=6
NIS/UW PsP,P,P,P, 185 H, =2 I ,=0 4.366

PsP:P4 H, =6 [ ,=8
H,;=2 I,,=0
H, =9 I, =0
H, =1 I,,=2
H,,=5 I;,=0
H;;=1 I3,=0
Hz4=3 I;,=4
H; =3 L;3=0
H3,=5 14,1=0
Hs;3=3 L ,=0
H;~10 L45=3
H, =4 Is =12
H,,=4 Is,=0
H, ;=5 Is ;=6
Hy4=3 Ig =0
H;,=3 Is =10
Hs,=2 I 5=2
Hs ;=4 I;,,=1
H;s =1 I;,=0
Hsg,1=1 I;5=0
Hg =6
Hq =3
Hg4=3
H,,=2
H;,=1
H;3=3
H,,=8

UIS/UW P;P,P,P,P, 173 H,,=1 W,=0 4367
PsP;Pg H,,=12 W, ,=pass

H, ;=3 W s=0
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Hy =12 Wy, =0
H, =4 W, ,=0
H,,=8 W, 3=0
H,;=8 W, =10
H;4=3 W, ,=pass
H; =3 W;5=14
H; =1 Wy, =0

H; ;=2 Wy=4

H; =1 W,;=11
H, =1 W =pass
Hi =1 W5 =8
H,s=1 Wi =1

Hy =1 We,=0

Hs =1 We2=10
Hs =2 We.3=pass
H; =2 W, =0

Hs =4 W;2=0
Hg, =4 W;5,=0

Hg =12

Hg =1

He =2

H,,=2

H;,=9

H; 3=3

H; =2

It is observed from Table 6.10 that the proposed method appears to be efficient and
requires reasonable time to generate the optimal solution. In addition, the proposed
method provides similar result as that of Kim et al. (1996) with insights of batch process
by determining the amount of idle time between process stages and waiting time inside
the temporary storages. The Gantt charts for optimal production sequence(s) obtained in

case study 3 are shown in Figure 6.7, 6.8 and 6.9 respectively.
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Figure 6.7 Gantt chart for production sequence PsPPgP3P;P4P,Ps for case study 3 (ZW transfer policy)
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6.5 Summary

Among the purposes of the proposed method is to also provide process planner with a set
of options from which he/she could choose for the best solution. These options can be
generated by applying the proposed method on all possible production sequences of the
given batch process recipe. Different production sequences produce different results for
makespan and inter-stage idle time with respect to the transfer policy adopted. Based on
these results, the process planner can select the feasible solution according to some
predefined criteria. The criteria may either be minimum makespan, inter-stage idle time
or in particular the number of temporary storages required. The final decision on the
feasible solution could be made if such information is provided for different possible
production sequences of the given batch process recipe. However, the computational time
increases with problem size. This is because all possible solutions are searched before
ending up with the optimal solution. To reduce the solution search space, a set of
heuristic rules have been proposed and also shown to reduce the computational time
significantly for various problem sizes. Lastly, the application of the proposed procedure
has been shown using some case studies available from the relevant literature for the

determination of optimal solution.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

7.1 Conclusion

The smooth operation of a batch process can be carried out by scheduling the various
tasks involved in the production using any one or mix of the intermediate transfer
policies. Among others, the most common objective of scheduling is to minimize the
makespan of the batch process within a reasonable computational time. The makespan
can be minimized in a number of ways such as by proper sequencing i.e. the order of
producing the various products on the same batch facility and by using additional stages
in parallel to the existing ones for simultaneous unit operation. The batch scheduling
problems can be solved for minimum makespan using the available methods developed
for this purpose. These methods involve various linear and non linear programming
techniques such as MILP or MINLP as well as search techniques such as simulated
annealing, genetic algorithm and tabu search. The optimal solution for a batch process
could be the one that offers a production sequence with minimum makespan. The newly
developed method in this work using matrix representation is suggested as an alternate to
the available methods for determining the makespan of any batch process operated under
different intermediate transfer policies and also offers optimal solution with less
computational effort. The method is based on the study of a number of batch process

examples using the Gantt chart.

For the purpose of development of new method in the present work, firstly, the transfer
and setup times were assumed negligible for the sake of simplicity. The example batch
process recipes were analyzed using Gantt charts and afterwards represented in the form

of a matrix. The matrix was then solved using a step by step procedure to determine the
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makespan of a sequence of products arranged in the matrix for each of the transfer and
storage policies taken from the literature. It was observed from the results obtained that in
addition to the makespan determination, the developed method was also capable of
giving some insights that would be very useful for batch scheduling. The insights refer to
other information such as idle time between process stages, holding time of product
intermediates within the same stage and number of temporary storages required with
respect to the transfer policy adopted. Later, some modifications in the developed
methods were suggested to incorporate the sequence dependent transfer and setup time as
proposed in the literature. As expected, it was observed that with the inclusion of transfer
and setup time, the makespan of the respective production sequence increased. For the
determination of optimal production sequence, the repetitive application of the developed
method was done on all other possible sequences of the products to determine the
makespan of each. The results, so obtained, were analyzed to find the optimal production

sequence that yielded minimum makespan.

Lastly, a set of heuristic rules have been proposed to reduce the solution search space
using partial enumeration. It has been shown that CPU time is reduced significantly
compared with total enumeration used earlier for the determination of optimal solution.
For comparison purpose, various problem sizes have been solved using both complete
and partial enumeration. For verification purpose, case studies from the relevant literature
were used to demonstrate the effectiveness of the newly developed method. In addition,
the developed method was also found to give promising results within a reasonable
computational time as observed in the simulation studies conducted for various problem

sizes.

For speedy calculation, a computer code was developed using Microsoft Visual C++ ™
tool. The features of the developed computer code include its user friendly nature and its
ability to work with any batch process recipe. The user has only to input the batch
process recipe data and the choice of transfer policy on the basis of which the useful

information including makespan for the given batch process recipe are generated.
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7.2 Future Work

The scope of the present work is confined to the development of an alternate method to
determine the makespan for a multiproduct batch process for ZW and UW transfer
policies with various storage configurations and to find the optimal solution with less
computational effort compared with mathematical methods available in the past

literature.

Further extension of the proposed method could be done to develop the makespan
algorithms for other transfer policies stated earlier i.e. LW and MW, In addition, the
scheduling of multipurpose batch processes is also as important as multiproduct batch
processes. The proposed matrix approach could be explored for its application for
multipurpose batch processes. Batch scheduling under uncertainty caused due to
unforeseen events could also be the potential research areas identified in the literature.
The unforeseen events could be due to late raw material delivery and frequent changes in

the market demand.

Another possible extension of the proposed work is to develop the matrix approach to
account for the identical and non identical parallel stages. The parallel stages are usually
installed to improve the production capacity and solution performance especially with

respect to minimizing the makespan of a batch process.
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APPENDIX A

Sample Calculation for Matrix Approach using problem size of (10 x 5):

The product recipe (Products=10, Stages 5) for the sample calculation has been given
below with sequence dependent transfer and setup times. The sample calculation has been
performed on two of the important and most applied transfer policies in real world
applications (Pitty and Karimi, 2008) i.e. ZW and NIS/UW. The purpose of the sample
calculation is to show that the matrix approach could be applied on any problem size and
transfer policies discussed in this work to determine the makespan. In addition, for
illustration purpose, Gantt charts are also drawn at the end of these calculations to further

confer the results obtained using matrix approach.

Table. Batch process recipe for ten products and five stages

Stage Processing Time Stage Transfer Time Stage Setup Time
Product 51 Sz S] S4 Sj Ta T] Tz T] T4 Tj Product U] Uz U] U4 Uj
Sequence

P 84 36 164 70 79 1 1 1 3 2 2 Py-P, 2 2 1 4 4
P, t10 215 55 324 60 2 2 2 2 3 2 P,-P; 3 2 1 1 2
P, 68 96 220 61 56 3 3 2 2 2 2 P3-Py4 4 1 1 2 2
P, 218 72 98 52 60 2 4 2 2 1 2 Ps-Ps 1 4 22 2
P 71 53 155 129 36 12 1 2 1 2 Ps-Ps 1 2 1 3 2
Ps 134 77 172 111 68 2 2 1 4 2 2 Pg-P, 1 4 3 3 2
Py 153 85 127 113 40 3 3 3 3 1 2 PPy 3 2 1 3 3
Pg 144 131 62 4] 54 2 4 1 1 2 2 Ps-Pg 3 3 3 3 3
Py 157 135 58 45 50 2 4 1 1 2 3 Py-Pio 3 2 2 2 2
Pio 142 129 61 30 24 2 4 1 1 3 3
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ZW Transfer Policy

The batch process recipe is represented to form a matrix M;; to illustrate the arrangement

of variables “V’ that would determine the idle time between stages.

J
1 1 2 3 4 5
1 84 36 164 70 79
Vi Vi Vis Via Vis
2 110 215 55 324 60
Vai Va2 Va3 Vg Vas
3 68 96 220 61 56
Vi Vi, Vi3 Vi Vis
4 218 72 98 52 60
Vai Vaa Vaa Via Vas
5 71 53 155 129 36
Vs Vsa Vi3 Vsu Vss
6 134 77 172 1 68
Vs, Vea Vs Vea Vs
7 153 85 127 113 40
Vi Va2 Vis Vi Vs
8 144 131 62 41 54
Vs Vsa2 Va3 Vsa Vs
9 157 135 58 45 50
Vs Vs, Vo Vou Vs
0 |12 129 61 30 24

Following are the equation developed to determine inter-stage idle times with sequence

dependent transfer times.

=(M,, :+|0) (M,,+T,) i=1.... n-1. (4.1a)
l_[+| (V +Ml+| J :+1 j-]) (M, j+| .j+|) j =2, m-l, i=1.... n-1 (426’)
= W= (M + T D+ (M 0 4T 0)  j=mele], i=Tln-] (4.3a)
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Applying the above equations on the sample product recipe gives the following values of
the inter-stage idle times.

Va=WM,,+T,,)—(M,,+T,,) =75

Via =M, +T,0)=(M,, +T,,) =0
Viy=(M,, +T, ) —(M;, +T,,)=122
Viy=(Mg, +T, )= (M, ,+T,,)=0
Vio=(Mg, +T,0) - (M, +T;,)=82

Ve =M +T, ) - (M, +T,,) =78
Vii=Mg, +T30)—(M,,+T,,) =58

Ve =My +T, )= (M, , +T,,) =27
Voa=(Myg, +Ti00) = (My, +T;,) =8
V=W + My, +T, ) - (M, +T,,) =125
Ma=Ws+ My, +T,,) - (M, +T,,)=110
Vis=Wa+M,, +T,)~(M  +T ) =355
Vyy=(WVy, + My +T,) — (M, +T,,) =42
Via=(Vy + My +T,,) = (M, +T,,)=0

Vz,s - (Vz,4 +M3_4 +T3,3)‘(M2_5 +Tz,:») =1
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Vis=Wi+ M, +T,)-(M;;+7,;)=0
Vis=W s+ M, + T, ) - (M, +T,,)=37
Vis=(Woa + My +T,5) = (M +T,5) =33
Vo=, + M, +T,)—(M,,+T,,)=0
Ve =Wy + Mg+ T,y — (M, +T,,) =103
Vo= + M, +T, ) - (M, +T,5)=172
Viy =V, + My, +T, )~ (M, +T,,) =4
Via =Wy + M3 +T5,) - (M, +T,,) =47
V=V + M, +T, )~ (M, +T,,) =124
Vis = Ve + Mg, +T5,) - (Mg, +T,,) =0
Vea=WVey + M3 +T,) (M, +T ) =17
Vis=Vea+ Mg, +T, )~ (Mg, +T,)=63
Vo=, + M, +T, )~ (M, +T,,) =63
Vo=V + Mo+ T, )= (M, +T,,) =12
Vis=Wa+ M, +T3) - (M, + T, ) =12
Ves =aa + My, + T )= (M, +T7;,) =103

Vs,4 = (Vsa +Ms,3 +Ts,z)_(Ms,4 +7;,4) =119



Appendices 184

Vs_s = (Vs,4 +Ms,4 +];,3)_(Ms_5 +7;,5) =109
V;_z = (Vg,z +M10,2 +Tlo.1)_(M9,3 +T9,3) =82
V9,4 = (V93 + M10,3 '*’Tno,z)_(MM +T9,4)"_‘ 97

Mos =Voa v+ Mgy + T, ) — (Mo s +T5,) =75

Based on the calculated values of Vs ...... Vg5, the values of the previous variables ‘V’
are recalculated using equation (4.3a) to determine the values of V;,......... Vo, as

demonstrated below:

Na=Wis =My + T )+ (M +T5)=110
Na= W= (Mo + T, ) + (M, +T,,) =125
Va=Ws— My, +T, D+ (M;+T,,) =75
M= =My + T )+ (M, +T,)=0
Voa=Vos — (M, + T, )+ (M, 5+T,)=0
Vis =W = (M, +T,,) + (M, +T,,)=105
Vaa = (Vay = (M3, + T, )+ (M, +T,5) = 63
V=W, — (M5, + T D+ (M,, +T,,)=209

V3,4 :(Vs,s ‘(Mu +T;,3))+(M3,5 +Ts‘s):37

Vs =g~ M+ T+ (Mo +T,,)=0

3.3
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v

3.2

= (V33 _(M-LZ +T3.I)) +(M3_3 +T3,3) =146
V3,| = (sz _(M4,| +T3,o)) +(M3_2 +Ta_z) =24

14

44

= (V4_5 _(M4_4 +T4_3))+(M4,5 +T:l,5) =103
V4,3 =(Via _(Mu +E,2))+(M4,4 +'7:1,4) =0
Vo=V =M, +T, N+ (M, +T,,)=45

v,

4,1

= (Va2 = (M + T, )+ (M, +T,,) =47
Vg = Vs = (Mg + T30y + (M g + T, ) = 47
Vis =(Vsa = (M5 +T,, )+ (M, + T, )= 4
Via =Wy = (M5, + L)+ (M, +T5,) =82
Vi =Wy = (M + T )+ (M, +T5,) =0

Vea=Ves— (Mg + T )+ (Mg, +T ) =17

14

6.3

=(Voy — (Mg +T N+ (M, +T,,)=0
Via=(Vos =(My, + T, )+ (M, + T ;) = 88
Ver =Wy = (Mg, + T ) + (M, +T,,) =10
Vie=Wos (M, +T, N+ (M, +T,)=12

Vs =My = (M + T3, )+ (M, +T,,) = 63
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V.

7

2= (Vv,s "(Mm + T7_|))+(M7,3 +T7_3) =58
V7,| = (V'IZ - (MT.I +]-:1,0))+(M7.2 +Tr,2) =0

V.

8.4

=(Vss -(M,, +Tx,3))+(Ms_s +Ts,5)= 119
V;:J :(V;.d _(Ms.a +E,z))+(Ms,4 +T8,4) =103

v,

8

2= Ve = (Mg, + T N+ (M, + T4 ,) =27
Ve = — (Mg + T o))+ (Mg, +13,) =0

Vou=(Wos =My +T1,3)) +(My s +T,5) =97
Vey = (Vg = (Mo, + T, ,0) +(M,, +T, ) = 82

Vor =(Vos —(Mg, +T, ))+ (M, +T,;) =8

V9| = (V;_z _(M9,I +T;'0)) +(M9,z +T9,2) =0

The idle time calculated above are then compared to the required setup times to determine

the actual setup times to be used for the purpose of calculating the makespan.

CTy=Uy,; =Vy1=2 CT1,27U, -V ,=-73
CTy4=Us 4V 4=-106 CTys=Uy 5 -V, 5=-351
CT2,2=U2,2 -V =-61 CTo3=Uz3 -V, 3=-104
CTos=U;5-Vys=1 CT3,7U3 3 V5 =-20
CT33=U33-V3;5=1 CT34=Us4-V34=-35

CT¢’1=U4‘1 —Vqu =-46 CT4,2=U4’2 _V4‘2 ='41

CTy3=Uy s =V =-124
CTy1=Uy s V4 = -206
CT24=Uz4—Vz4=1
CT32=U;3,-V;3,=-145
CT35=U;5 —V35=-31

CT4’3:U4'3 —V4‘3 = 2
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CTaq=Ug4~V54=-101 CTys=Ug5—Vy5=-170 CT5,1=U5,1 Vs =1
CTs,;a:Us,z —Vs,z =-80 CT5,3=U5,3 —Vs,s =-3 CT5,4=U5,4 —Vs54=-44

CT5'5=U5,5 "‘Vs,s =-122 CTEIJ-:UQ] —V5’1 =-9 CT5’2=U5’2 _VS,Z =-84

CT5’3=U5'3 _Vs,_] =3 CT54=U5,4 —V5,4 =-14 CT515=U5’5 “Vs's =-61
CT7‘1=U7'1 —V7'1= 3 CT7,2=U7,2 _V7’2 =’56 CT7’3=U7’3 _V7‘3= '62
CT7,4=U7.4 -V74=-9 CT75=U75-Vys =-9 CT£,1=U8,J —Vgi= 3

CT&Z:U&Z —Vg'z =-24 CTg'g'—'Ug‘g —V3‘3 =-100 CTglq=U3‘4 —Vg‘4 =-116
CT8,5=UB,S —Vs,s =-106 CT9,1=U9,1 —V9,1 =3 CT9,2=U9,2 —Vs,z =-6

CT9‘3=U5‘3 —Vg‘g =-80 CTg,4=U9'4 —Vg“g =-95 CT9'5=U915 —Vg'5 =-73

The negative value indicates that the idle time is sufficient for the respective stage to be
used as the required setup time while positive value indicates that additional time is
required over the idle time to fulfill the setup time requirement. Finally, the makespan is

calculated using equation (4.4b) as follows:

5 10 9 5 10
Makespan=" M, . +> M, s+> H  +> T +> (T, +T,,)=1891 hours (4.4b)
i=2 i=1 Jj=0 =2

J=l

9 9 9
Where Z Hi,S = Z Vi_s + Z M(CT;,I’ Cﬂ,z’ CT;.J’ C];,a s Czs)

i=1 i=l i=1

The makespan value obtained above can be conferred by representing the batch process

recipe on a Gantt chart with arrangement shown below in agreement with the ZW transfer

policy.
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Figure: Gantt chart for production sequence P,P-P,P.P;PsP:PsPsPyy (ZW transfer policy)
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NIS/UW transfer policy

The batch process recipe is represented to form a matrix M;; to illustrate the arrangement

of variables, V and I, that would determine the idle time and holding time respectively.

j
1 1 2 3 4 5
1 84 36 164 70 79
Vi Via Vi Via Vis
2 101, 2151, 55L:  324L. 60
Vi, Via Vas Va4 Vas
3 681, 96 1;, 220 I35 61154 56
Vi, Via Via Via Vis
4 2181, 721,  98L,  S2L. 60
Vi Va2 Va3 Via Vs
5 71, 31, 1551 129L. 36
Vs Vsa Vss Vsa Vss
6 |1341,, 77, 1721, 1111, 68
Ve Vs2 Ves Vea Vs
7 1531, 851, 1271, 1131, 40
Vi Via Va3 Via Vas
8 (1441, 1311, 621, 41l 54
Vi Vs Vi Vs Vas
o |1571, 1351,  S581s 451, 50
Vo Vs Vg3 Vou Vs
0 142 129 61 30 2

Following are the equation developed to determine the inter-stage idle times with

sequence dependent transfer times.

Vi =W, + M, + T, )~ (M, 0+ T, J=lom—1 (4.5b)
Vijn =V, + Mo 4T, )~ (M 0+ T+ L) J=lem=1, i=2..n-1 (4.6b)

v, =0, 1, =0 i=ln-1

im
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Next, a comparison is made between the variables, V, and the required setup times, U.

The highest value from the comparison made is selected and represented using another

variable, H.

Vii=0 Uy =2 H) =2
Voi=0 Uz =3 H; =3
Vi1 =0 Ui, =4 H; =4
Va1 =0 Ug =1 Hq =1
Vs =0 Us =1 Hs =1
Vi1 =0 Ug1 =1 He 1= 1
V1=0 Uz =3 H;,=3
Vg1 =0 Ugi =3 Hg =3
Vo1 =0 Ug; =3 Hg =3

The variable V), for second stage between the first two products is determined using
equation (4.5b). However, the variable V,; in equation (4.5b) will be replaced with
variable H,; due to the comparison made above. Next, the calculated value for variable
V1. is compared with the required setup time U,> The highest from the comparison

made is selected and assigned as variable H, ; as shown below.
Vi =M 1+ M21+T20) — (M 23T 2) = 77, Uip=2, H,=77

The calculation of holding time, I, ), in the earlier stage could be done using the value of
H, ; calculated above using the following equation.

L= (H, o+ M, T )= (H,  + M, +T, ) o m- (5.1)

J
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L) =(Hi2+M2+T)2) — (Hy1+#M2z 1 4+Ty0) = 1.3

Similarly Vys......... Vs are calculated with respective I, 5....... I).4 as follows:

Viz=(Hiz+MaztTo )= (M, 34T, 3) = 127, Uis=1, H3=127
Lip=(H3+M3+T 3) = (Hi 2+ My+T3)= 0

V|’4= (H|,3 + M2,3+T2_2) — (M|Y4+T|’4) =112, U|_4=4, H1‘4= 112
Lia=Hja+MigtTig) —(Hiz+Ma3t+T22)= 0

Vis=(Hia+ Myst+To3) = (M, s+T, 5) =357, U,s=4, H,s=357
Lia=(H s+ M;stTs) = (Hia+ MagtTr3)= 0

The variables between stages of the succeeding products are determined using equation
(4.6b). Similar to the comparison procedure adopted earlier, the variable, V, is replaced
with corresponding variable, H. The holding time, I, in the earlier stage is determined

using equation (5.2) below.

Ii,j = (Hi,j+l +Mi,j+| +T;,j+l +]i—1,j+t)"’(Hi,j +Ml’+],j '+'Ti+1,j—1)

Jj=1.... m-1, i=2... n-1 (5.2)
[, =0 i=l..... n-1
Va:=(Hz + Mj,+T30) — (M22 +Ty5+ 1;2) =0 Uz2=2, Hz2=2

I =(Hz2z2+ M2 +Tso+ 11 2) — (Hz + M3 1+Ta0) = 145

Va3 = (Haa + M3o2+Ta) — (Ma3 +To 311 5)= 44 Uz3=1, Hy3=44
[2o= (Hz3+Mz3+To3+ 11 3) —(Hz2 + M3 2+T3,) =0
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Vaa=(Ha3+M33+T;52) — (M4 +T24t1 4)= 0 Uz4=1, Hzs=1
3= (Has + M24+T24+ 1 4) — (Ha3 + M33+T32) = 62

Va5= (Ha4 + M3 4+T33) — (My5 +To 5t 5)=2 Us=2, Hys=
la= (Has+Mys+Ta 5+ [15) —(Haa + M34+T33) =0

Va2 = (Hs,)+ Mg 1+Ta0) — (M32 +T32+ [22) = 126 Uso=1, H32=126
I31=(H3z2 + M3 +T3,+122) = (Hz ) + Mg 1+T40) = 0

Vis=(Hzz + Mg+ Ta ) = (M33+T33+[3) =0 Us3=1, H33=1
I3o=(H33+ Ms33+T33+ [23) — (H32 + My 2+Ts ) = 83

Via=(H33 +Mq3+Ta2) — (M34+T34+124) = 38 Us34=2, H34=38
I33=(H34 +Msq +T34+ I24) — (H33 + My 3+Ts2) =0

Vis=(Higa + Mag+Ts3) — (M35 +T35t]25) =34 : Uss=2, H3s=34
I3a=(H3s +Mjs +T35+ Ips5) — (Haa + Mag+T43) =0

Viz=(Ha) +Ms+Ts0) = (Ms 2 +T42+132) =0 Uss=4, Hap=4
sy =(Haz + Mgz +Ta2t+ [32) — (Hay + Ms,+Ts o) = 88

Va3 = (Hao+ Ms+Ts ) — (Ma3+Ta3t133) =0 Ug3=2, Hy3=2
lap={(Ha3z+My3+Ta3+133) — (Ha2 + Ms2+Ts ;) =43

Via=(Haz+Ms3+Ts2) ~ (Mg +Ts4+154) = 105 Usa=2, Hqa=105
lg3=(Haqa+ Mg +Tast [34) — (Haz + Ms3+Ts52) =0

Vas = (Has +Msa+Ts3) = (Mas+Tyst+35) =174 Uss=2, Hys= 174
l4a=(Has +Mys+Tas+ I55) —(Hag + Ms4+T53) =0
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Vsa=(Hs) + Mg, 1+Tsg) —(Ms2+Ts2+42) = 40
Is) =(Hs2 + Msz +Tso+ la2) = (Hs) + Mg 1 +Tep) =0

Vs3=(Hsz +Mga+Ts1) — (Ms3+Ts3H43) =0
Is2=(Hs3+ Ms3 +Ts3+ la3) = (Hs2 + Mg 2+Ts,) = 39

V5,4 = (Hs_} + M6,3+T6’2) - (M5’4 +T5‘4+]4,4) =44
Is3=(Hss + Msg +Ts 4+ lag) — (Hs3 + Mg 3+Te2) = 0

Vss=(Hsa + MgatTs3) — (Mss+Tss+lss) =121
Iss=(Hss +Mss+Tsst 1as) — (Hsa + Mg at+Te3) =0

V2= (Hs1 + M7, +T70) — (Mg 2 +Ts 25 2) = 40
le = (Hea + Mgz +Tsa+ I52) — (Hey + My7,,+T70) =0

V3= (Heo + M72+T7,) — (Mg 3+Ts3+153) = 0
le2 = (He3 + Mg3 +Te 3+ I53) — (He2 + M7 2+T7 ) = 51

Vea = (He3 + M73+T72) — (Mg s +Teatls4) =20
le3=(Hga+Mga +Teat Is4) —(He3z + M;34T72) =0

Vs = (Hosa + M74+T73) — (Mg s +Testlss) = 66
ls4 =(Hes + Mg s +Tg st Is5) ~(Hea + M7 4+T73) =0

Vi2=(H71 + Mg +Tg0) — (M72+T72+1s2) = 10
Ir)=(H72+My2+T72+ l62) — (H7 + Mg 1 +Tg ) =0

U5,2=2,

Uss=1,

Usa=3,

U5,5=2a

Us =4,

Ug3=3,

U6,4=3a

U6,5=2,

U7,2=2,

Hs»= 40

H5’3= 1

H5_4= 44

H5,5= 121

H6,2= 40

H6,3= 3

H6,4= 20

H6_5= 66

H7,2= 10
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V73 =(H72+ Msg2+Tg ) = (M73+T73+H63) = 15 U7s=1, Hy3= 15
I70=(Hs3+My73+T73+ lg3) (H72 + M3 2+Tg1)= 0

Via=(Hz; +Mg3+Tg2) — (M74+T74+l6a) = 0 U74=3, Hy4=3
I73=(H74 +Mys +Tr4+ Is4) — (Hy3 + Mg 3+Ts2) = 39

V5= (Hya + Mg s+Tg3) — (My5+T75+l65) =0 U75=3, Hy5=3
[14=(Hys + My s +T7 s+ lss) — (Hya + MgatTs3) =0

Vg2 = (Hsg 1 + Mg, 1+Tgp) — (Mg +Tg2H5,) =30 Ug2=3, Hg,=30
sy = (Hgz + Mgz +Tg 2+ 172) — (Hg ) + Mg 1+Tg0) = 0

Vg3 = (Hg2 + Mg +Tg ) — (Mg3 +Tg3t+l73) = 67 Ug3=3, Hgs3= 67
lg2=(Hg3+ Msg3 +Tg3+ I33) — (Hg2 + Mo+Ts1} =0

Vg4 = (Hg 3+ Mg3+Tg2) — (Mg4+Tgat174) =83 Us4=3, Hzs= 83
Ig3=(Hgas + Mgg +Tgat I74) — (Hg3 + Mg3+To 2} =0

Vs = (Hga + Mg g+To3) — (Mg s+Tgst175) =73 Us,s=3, Hgs= 73
Ig4=(Hgs+Msgs+Tgs+175) — (Hga + Mg gtTo3) =0

Vo2 = (Hg1 + Mg 1+Ti100) — (Mg2+To+g2) = 11 Us2=2, Hop= 11
loy = (Hgz + Moz +Tgp+ Ig2) — (Hs ) + Mig 1+ T10,0)= 0

Vg3 =(Ho2 + Mig2+Tig,1) — (Mg3+Tg3+lg3) = 85 Ug3=2, Hg3= 85
lo2=(Ho3+ Mog3 +Tgs5+ Ig3) — (Hy2 + Mip2+T101) =0

Vos=(Ho3+Mio3+Ti02) — (Moa+Tga+lg4a) = 100 Us4=2, Hyq=100
Io3=(Hos+Mga +Toa+ Ig4) —(Hoz + Mig3+Ti102) =0
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Vgs={(Hoa +Mjoat+Tip3) — (Mgs+Tgst+lgs) =78 Ugs=2, Hgs=78
lo.g = (Hos + Mg s +Tgs+ [g5) —(Hga + Mig4+Ti03) =0

Finally, the makespan is calculated using equation (4.4c) as follows:

Makespan = i M, + Z": M, + nz-i H .+ Zm: T, + i (T, +T,)=1836 hours (4.4c)
J=0 i=2

J=1 i=2 i=1

Similar to the ZW transfer policy, a Gantt chart is shown below to confer the value of the
makespan obtained above. The arrangement of the batch process recipe on the Gantt chart

is in accordance with NIS/UW transfer policy.
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APPENDIX B

Summary of mathematical formulations developed for makespan determination

without transfer and setup time for batch processes operated under various transfer

policies
1. ZW Transfer Policy
V=M, M, i=l..n-1 4.n
V=W, +M, )-M, J=20 m-1, i=1l...n-1 (4.2)
V=V M, )+ M, j=m-l.... I, i=1l..n-1 (4.3)
m n n=1
Makespan =73 M, +> M, +> V. n=2,m22 (4.4)
j=l i=2 i=l
2. NIS/UW Transfer Policy
V,=0, 1,.=0 i=l...n-1
V=W, +M, )-M, J=la.. m—1 (4.5)
Vi =W+ M, )~(M, o+ 1 0) J=la... m—1, i=2....n-1 (4.6)

L n n=t
Makespan=" M, +> M, +> V,, nz2,m=2 (4.4)
i=2

J=1

i=1
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3. UIS/UW Transfer Policy
V,, =0 i=l...n-1
=M, +V,.)-M,; Jj=2...m 4.7

i+l

~(ZM,”,+ZV,U]) (ZM,U+Z D) j=2e.m,  i=2...n-1 (48)

m n n=|
Makespan=3 M, +> M, + V., n=2,mz22 (4.4)
J=I i=2 i=l
4, FIS/UW Transfer Policy
V=0, I,,=0 i=1l.. n-1, j=1..... m
I,.=0 i=2...... n-1
=M,  + _J._])—MU Jj=2...... m (4.9
I-f (Ml+|j— —)SVVIIJI’ I!jl (Ml+|j— l_’—l) else[ 0 ]
i+] i i i-1 i-1
_(ZM"]- k; a7t Ik,j—l)_(sz_j+ZV:k,j+Zlk_j) (4-]0)
kel k=1 k=1 k=1
i Jj=2c.m, i=2...n-1
m n n—1
Makespan=ZMl'j+ZMf_m+ZI/,_m nz2,mx2 (4.4)

=1 i=2 i=1
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s. MIS/UW Transfer Policy

V,,=0, 1, =0 i=1.... n-1

Vim=W,+M,)-M, ., j=lo.. m-~2 (4.5a)

Vi =W, +M, )-M, o+ 1 0) J=1lo.. m=2, i=2....n-1 (4.6a)

Ill‘j:(MZ,j—l+I/'l,j-l)—Ml,j j=m (4.7a)
i+1 i i i-1

V,=C. M, (+DV,, )-O. M, +>V,)) j=m, i=2...n-1 (4.8a)
k=2 k=1 k=1 k=1

Makespan=ZM1’j+ZM,.‘m+Z-V;_m nz2,m22 (4.4)



Appendices 200

APPENDIX C

Summary of mathematical formulations developed for makespan determination

with transfer and setup time for batch processes operated under various transfer

policies
1, ZW Transfer Policy
=M, +Ta00)— (M, +T,) i=l...n-1. (4.1a)
Vi =W M T, )=M,  +T ) J=2em-1, i=1...n-1 (4.2a)
_(V;+l (M:+lj +|-J-1))+(Mi,j+l+7;‘j+l) j=m-1 ........ I, i=1.... n-1 (430’)

Makespan = ZMU+ZM +ZH +Z +Z(rml (4.4b)

=] i=1 =0

n-1 n—=l n—1
Where > H, g +ZMAX(CT, »CT,,..CT, )

i= =l i=1

2. NIS/UW Transfer Policy

=N, + My, T, ) ~(M,, + T ) J=lo.. m—1 (4.5a)

1_;+|

=V, +M,, +T, )M, +T 410 =1 m—1, i=2.... n-1 (4.6a)

r WS+

Makespan—ZMU-kZM +ZH +Z +Z(,m_ (4.4¢)

i=! i=] j=0
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3. UIS/UW Transfer Policy
=0 i=l...n—1

= (M, +V ) - My, J=2m (4.7)
i H >V W, =(H, ,+M, )= (H, +M, +T, ) else W, =0

f H >V n and W,;<0),  H ,=H ,+(-W ;) and W, ;=0 (pass)

Jj=2. m, i=2.... n—1 (4.8b)
”. i+ i+l B
if Hyy>Vips Wi _(ZMk}+Z +ZHM) (ZMMWZY},ﬁZHuJ
else W, , =0
i (H,, >V, and W, <0), H, =H, +(W,.) ad W, =0 (pass)

Makespan = ZM +ZM +Z +iT,_m (4.4d)
i=2

i=2 i=1
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4. FIS/UW Transfer Policy
V.=0, {,,=0 i=la.. n-1, j=1..... m
1, =0 =2 n-l
=My V)M J=2m (4.9)

i H >V W =H M) -(H  + M, +T, ) else W, =0

if H, >V and W,;<0), H ,=H ,,+(-W ) and W =0 (pass)
J=la. m-1 (5.5)
!f-Gljl—(MH—ljl -]) (le-] jl) Gl}—lzo
Uf (Ml+lj|+Hljl) (le|+T;j| -l)’ N (VVr 1I+G:;I) (Ml+ljl+Hi,j—I)
elsel,, =0
i+l i i i § i i=1 i-l
V= QoM+ 2 T+ Dy + 2 L )= My  + 2 T+ > Hy 4 20 )
L k=2 k=2 k=l k=1 k=1 k=2 k=l k=1 J
J=2w.m, i=2...n-1 (4.10a)
r i i i+1 i+l
ifo’J >V;J’ Wi.j—l =(ZMk.j+Z +ZH*J+ZI*1) (ZMU 1+ZT’U 1+ZHM l+ZIM l)
k=1 k=2
else W, ;=0
i (H,,>V,, and W, <0), H, =H, +(-W,.) and W, =0 (pass)
j=2..m,i=2...n-1 (5.6)
fL,=0, 1,=0 i=lo... n-1,j=1.... m

n=1

Makespan = ZM,J+ZM +ZH +z": (4.4d)

i=2
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3. MIS/UW Transfer Policy

Vim=W,+M, +T, =M, +T, ) j=lom=2 (4.5¢)
L, =(H M, +T )—=(H  +M, +T, ) j=lo... m-2 (5.1a)
V=W, + My, +T, =M+ + 1,0 j=lem=2, i=2....n-1 (4.6c)
_(H:_Hl rj+l+Tr_;+| I|_}+|) (H +Ml+|j+T+]_l I)
J=li.m-2, r=2... n-1 (5.2a)
Vl.f = (Mz.j-l + Vl.j—l) _Ml.j Jj=m {(4.7a)
{le_/-H Vl,jﬂ’ PK,;:(HI,1+1+M|;+|) (H +M +T ) else le_[ 0

if(Hl,jH>Vl,j+I and I’VIJSO), H],j+l=Hl,j+l+(_PVl,j) and W]J=O(pass)
Jj=m-1 (5.3a)
i+l
.—(ZM“.+271,.+ZH&,.) (ZMk,+ZT +2Hk,)

J=m, I=2........ I’l—l (4'86)

i+1 i+1

'foJ> i ".' sz;+z +ZH’U) (ZM"I'1+ZT;J'+2H"J“|)

else W,

ij=1

=0

if (H,,>V,;, and W, <0), H,  =H +(-W _

Makespan = iM]J + Z":Mi.m + nz_l H, +Z”:T,.M (4.4d)

j=1 =2 i=l i=2
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APPENDIX D
n=7, m=5
Transfer CPU Time
Policy (sec)
1 2 3 4 5 Mean
W 1.723 1.734 1.743 1.723 1.736
1.7318
NIS 1.713 1.732 1.713 1.734 1.713
1.721
UIS 1.743 1.743 1.744 1.753 1.743
1.7452
FIS 1.743 1.745 1.743 1.745 1.743
1.7438
MIS 1.743 1.745 1.723 1.756 1.732
1.7398
n=7, m=7
Transfer CPU Time
Policy (sec)
1 2 3 4 5 Mean
YA 1.953 [ 1.953 | 1.952 | 1.963 { 1.953
1.9548
NIS 1.933 | 1.934 | 1.932 | 1.933 | 1.936
1.9336
uIS 1.985 | 1.976 | 1.989 | 1.988 | 1.989
1.9854
FIS 1.963 | 1.946 | 1.964 | 1.962 | 1.960
1.959
MIS 1.948 | 1.946 | 2.049 | 1.949 | 1.940
1.9664
n=7, m=9
Transfer CPU Time
Policy (sec)
| 2 3 4 5 Mean
Zw 2113 12,113 [ 2116 [ 2.112 | 2.113
2.1134
NIS 2.103 [ 2.103 | 2.104 | 2.108 | 2.103
2.1042
UIS 2.544 | 2.650 | 2.897 | 2.699 | 2.824
2.7228
FIS 2.143 | 2.143 | 2.145 | 2.142 | 2.143
2.1432
MIS 2.183 [ 2.193 | 2.193 | 2.188 | 2.183
2.188
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n=8 m=S$5
Transfer CPU Time
Policy (sec)
I 2 3 4 5 Mean
A 20.554 | 20.558 | 20.554 | 20.556 | 20.550 20.5544
NIS 20.724 | 20.745 | 20.734 | 20.749 | 20.753 20.741
UlIS 20.804 | 20.842 | 20.904 | 20.914 | 20.904 20.8736
FIS 20.844 | 20.845 | 20.842 | 20.846 | 20.848 20.845
MIS | 20.432 | 20.875 | 20.475 | 20.624 | 20.632 20.6076
n=8, m=
Transfer CPU Time
Policy (sec)
I 5 3 4 5 Mean
ZW 21.683)21.693 [21.783 ) 21.783 | 21.763 21.741
NIS 21.024 [ 21.054 | 21.024 | 21.024 | 21.124 21.05
UIS 21.693 [ 21.693 | 21.692 | 21.694 | 21.693 21.693
FIS 21.215(21.218 | 21.253 | 21.215 | 21.215 21.2232
MIS | 21.528 | 21.545 | 21.669 | 21.656 | 21.724 21.6244
n=8 m=9
Transfer CPU Time
Policy (sec)
1 3 3 4 5 Mean
ZW 22.924 (22,942 | 22.924 | 22.984 | 22.824 229196
NIS 22.794 [ 22.790 | 22.794 | 22.694 | 22.594 12 7332
uIs 24.435 [ 24,452 | 24.423 | 24,454 | 24.485 74.4498
FIS 22.645 | 22.652 | 22.658 | 22.645 | 22.652 22 6504
MIS 23.567 | 23.765 | 23.664 | 23.786 | 23.856 23.7276
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n=9 m=35
Transfer CPU Time
Policy (sec)
1 5 3 4 5 Mean
ZW 207.861 | 207.861 | 207.864 | 207.872 | 207.861 207.864
NIS 206.592 | 206.594 | 206.597 | 206.292 | 206.592 206.533
UIS 207.148 | 207.148 | 207.182 | 207.843 | 207.482 207.361
FIS 204.284 | 204.294 | 204.238 | 204.285 | 204.248 204.27
MIS | 207.206 | 207.226 | 207.268 | 207.222 | 207.206 207.226
n=9 m=7
Transfer CPU Time
Policy (sec)
I > 3 4 5 Mean
A 217.432 | 217.245 | 217.342 | 217.546 | 217.441 217.401
NIS 213.955 [ 213.985|213.950 | 213.955 [ 213.952 213.959
UIS 216314 | 216314 | 216.349 | 217.348 | 217.378 216.741
FIS 215.331 | 215442 | 215.745 | 215.586 | 215.745 215.57
MIS |[216.432)216.245(216.134 | 216.246 | 216.446 216.301
n=9 m=9
Transfer CPU Time
Policy (sec)
0 5 3 4 5 Mean
ZW 219308 | 219.358 | 219.348 | 220.386 { 219.358 219.552
NIS 218.16 | 21828 | 218.20 | 219.62 | 218.16 218.484
UIS 221.142 | 221.232 | 221.345 | 220.671 | 220.991 221076
FIS 220.206 | 220.266 | 220.218 | 220.206 | 220.345 220.248
MIS [220.101 | 221.123 | 220.345 | 220.171 | 221.191 220.586
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n=10, m=35
Transfer CPU Time
Policy (sec)
1 5 3 4 5 Mean
ZW 2077.851 | 2077.882 | 2077.872 | 2077.859 | 2077.851 2077.86
NIS 2077.782 | 2077.782 | 2077.789 | 2077.782 | 2077.782 2077.78
UIS _2080.540 2080.540 | 2080.540 | 2080.540 | 2080.540 2080.54
FIS 2078.542 | 2078.542 | 2078.788 | 2078.878 | 2078.542 2078.66
MIS [ 2080.423 [ 2080.546 | 2080.457 | 2080.422 | 2080.425 2080 45
n=10, m=7
Transfer CPU Time
Policy (sec)
0 5 3 4 5 Mean
W 2110.213 | 2110.235 1 2110.213 | 2110.286 | 2110.213 211023
NIS 2100.214 | 2100.888 | 2100.245 | 2100.214 | 2100.214 2100 36
UIS 2112.234 1 2112.234 | 2112.248 | 2112.247 | 2112.234 2112.24
FIS 2108.543 | 2108.547 | 2108.548 | 2108.586 | 2108.989 2108.64
MIS | 2110.542 { 2110.572 | 2110.522 { 2110.512 | 2110.989 2110.63
n=10, m=9
Transfer CPU Time
Policy (sec)
0 5 3 4 5 Mean
VA 2280.459 | 2280.659 | 2280.489 | 2280.444 | 2280.789 2280.57
NIS 2285.467 | 2285.476 | 2285.786 | 2285.123 | 2285.898 2285.55
UIS 2295456 | 2295.468 | 2295.689 | 2295.569 | 2295.456 229553
FIS 2278.234 | 2278.788 | 2278.234 | 2278.234 | 2278.989 2278.5
MIS 2283.324 | 2283.823 | 2283.347 | 2283.257 | 2283.823 2283.51
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APPENDIX E

// Program code developed in Microsoft Visual C++(R) 6.0 for the purpose

// of calculation of makespan for each production sequence resulted from

// the permutation of given product recipe. The results thus obtained

// are screened for the optimal solution to generate a list of produciton
// sequences with minimum makespan. The program code alsco displays

// inter-stage idle times, holding time inside stage and waiting time

// inside temporary storage for the respective transfer policy

#include <iostream> // allows use of input and output statements
#include<vector> // allows use of vectors
#include <fstream> // allows to create an output file
#include<algorithm> // allows use of permutation function
#include <ctime:> // allows use of clock to determine CPU time
using namespace std; // contains C++ standard names
#define zw 1 // assign number 1 to ZW
#define NI 2 // assign number 2 to NIS
#define UI 3 // assign number 3 to UIS
#define FI 4 // assign number 4 to FIS
#define MI 5 // assign number 5 to MIS
#define MAXX 100 // reserve memory location
int MergeIndexl(100][2], //array to merge two arrays
MergeIndex2{100][2], //array to merge two arrays
MergelIndex{100], . //array to merge two arrays
MergeK=0, //counter for merger
counter3=1, // counter for merged array
Minrowl=0, // number of minimum rows
Mincoll=0, // number of minimum column sums
rows = 1, // for rows sorting
cols = 1, // for column sorting
z1l, // display merged array
i=0, // number of rows

j=0, // number of columns
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p=0, // number of poducts
g=0, // number of stages
k=0, // a counter
kk=0, // a counter
counter2=0, // a counter
policy=0, // represents transfer policy
method=0; // selects enumeration method
double temp; // temporary variable
float M[100) (100}, // array for storing product recipe
MM[100] {100], // array to restore position of initial data
V [MAXX] [MAXX], // array for inter-stage idle times
W([MAXX] [MAXX], // array for waiting times for temporary stor
age
I [MAXX) [MAXX], // array for holding time inside stage
) CT [MAXX] [MAXX], // array for difference of idle time and setu
r time
Mt [MAXX] [MAXX], // array for stage setup time
WW [MAXX] [MAXX], // array for waiting times for temporary stor
age
MN [MAXX] {MAXX], // array for production sequence
MAKE=0 .0, // makespan variable
min=0.0; // variable for minimum value

typedef vector <float> stages;
vector <stages> ca;

vector <flcat> permt;

vector <stages> Q;

vector <stages> t;

ofstream myfile;

class Stopwatch ({

public:

Stopwatch( };

void reset({ );

// vector definition

// vector for processing time data
// vector to represent row number
// vector for stage setup time

// vector for stage setup time

// output to an external file

// function to calculate CPU time
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float elapsedTime( );
private:
clock_t initialObservedTime;
};
Stopwatch: :Stopwatch ( ) {
initialObservedTime = clock();
}
void Stopwatch::reset ( )} {
initialCObservedTime = clock();
}
float Stopwatch::elapsedTime { ) {

float time=0.0;

return {({float) (clock{ ) - initialObservedTime))/CLOCKS_PER_SEC;

}

// functions for sorting rows and column

int sortArray(int row)
{
int i, 3, temp;

for (i = (row); i »>= 1; i--)
{
for (j = 1; j <= 1i; J++)

1f (MergeIndexl[j-1][0] > MergelIndexl([j][0])

{
temp = MergeIndexl([ji-1)([0];
MergeIndexl{j-1)(0) = MergeIndexl[j][0];
MergeIndex1(j] [0] = temp;
temp = MergeIndexl([j-1][1];
MergeIndex1l[j-1][1] = MergeIndexl[j)([1];
MergeIndexl([J) (1) = temp;
) }
}
return 0;

}
int sortArray2(int row)

int i, j, temp;
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for (i = (row); 1 »=1; i--)
{
for (3 = 1; 3 <= 1i; J++)
{
if (MergeIndex2[j-1)(0]) > MergeIndex2([j] (0]}

{temp = MergelIndex2[j-1][0];
MergelIndex2([j-1]1(0] = MergelIndex2(j][(0];
MergeIndex2[j]{0] = temp;

temp = MergeIndex2([j-1]([11;
MergeIndex2([j-1][1] = MergeIndex2(3jlI(1l);

MergeIndex2([jl (1] = temp;

}

return 0;

}

// function to calculate the number of possible production sequences from giv
en number of products

double factor (int num)
if (num <= 1) return 1;
temp = num * factor(num - 1};

return temp;

// function to convert processing time data from array to vector

void ArrayToVector () {
for{int i=1l;i<=p;++i}{
vector<float> temp;
for{(int j =0;j<= ({g*3)+1);++3j) temp.push_back{M[i][j]):

ca.push_back (temp)};

// function to convert row number of processing time data from array to vecto
r

void ArrayToVectornew() {

permt.clear{);



Appendices 212

for(int i=1;i<=p;++i){

permt .push_back (M{1] [0]);

}

// function to convert processing time data from vector to array
void VectorToArray () {
int i=1;

for(vector<stages>::iterator stit= ca.begin() ;stit!= ca.end{);++stit)

{ int j=0;
for (vector <float>::iterator it = stit->begin();it != stit-»end(
}i++it)
M{i] {j++] = *it;
++1;
}
}

// function to convert stage setup time data from vector to array
void vVectorToArraynew{vector <stages> ttemp, float Mtemp [MAXX] [MAXX] ){
int i=1;

for(vector<stages>::iterator stit= ttemp.begin{();stit!= ttemp.end();++stit

{ int j=0;
for{vector <float>::iterator it = stit->begin();it !'= stit->end();++it)

Mtemp{i] [J++] = *it;

++1;
}
K
float zmycode(), // ZW algorithm
nmycode ()}, // NIS algorithm
umycode ()}, // UIS algorithm
cmycode (), // FIS algorithm
mmycode (), // MIS algorithm
data{}, // function to display idle times for ZW/NIS/UIS/FIS

ntank (), // function for NIS data display
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mntank (), // function for MIS data display

utank(}, // function for UIS data display

mutank (), // function for MIS data display

ctank{}, // function for FIS data display

uiscis{), // function to add processing time to transfer time i
n UIS/FIS

uiscis2(); // function to exclude transfer time from processing

time in UIS/FIS

int prog{float (*fp)());
float (*£p) ();
// function for permutation of stage setup time data in accordance with the p
ermutation of processing time data
vector <stages> displaypermuQ{vector <stages> g,vector<float> perm}
vector <float>::iterator itl,it2;
vector <stages> gTemp;
vector <float> temp;
for{vector <fleoat>::iterator it_ = perm.begin();it_ != perm.end()};++it_)
{ for{vector<stages>::iterator st = g.begin();st != g.end(};++st )

{ itl = st->begin();

if(*(it_ +1) '= *{(perm.end{}))
If( (*it_ == *itl) && (*{it_ +1}) == *(itl +1})}
{ temp.clear () ;

it2 = itl+2;

while(it2 != st-»end{))
{ ctemp.push_back(*it2};
++it2;
}

gTemp.push_back(temp) ;

}
return gTemp;

)
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// function to input the stage setup time data according tc the number of pro
ducts

void inputQ{vector <stages> & ¢q,int plLength, int length) {
float t;
vector<float> temp;
g.clear();
for({int i=1l;i<=pLlength;i++){
for{int j=1;j<= pLength;j++){

if (ir= J){

temp.clear();

temp.push_back (i) ;

temp.push_back(]j);

cout<<endl<<"Enter Stage Setup Time between the products *;

cout<<"P"<< 1 << "-P" << j <<endl;

COUEC G r e o e e - "<<endl<
<endl;
for{int k=1l;k<=length;k++){
{ cout<<"Stage("<<k<<")= ";
cin>>t;
// t={rand()%5)+1;
/7 cout<<t;
cout<<endl;
}
temp.push_back{t};
}
g.push_back(temp) ;
, }
}
}
void main{() // main Program
{

back:
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ndl;

ndl;

ndl;

ndl;

ndl;

ndl;

ndl;

ndl;

ndl;

ndl;

1;

dl;

srand{ (unsigned) time (0)};
Stopwatch s; // call stopwatch function

system("cls");

char ans; // character varaible to accept user input (v/n)

cout<<endl;

COut<<lv*t***********'A'*********t************t************************-k "o

*u<<e

oo

cout<<"* Scheduling Multiproduct Batch Process on Makespan Criteria *"<<e
cout<<"*

cout<<"* Compiler: Microsoft Visual C++ ver 6.0

cout<<"*

cout<<"* Platform: Pentium IV 2.80GHz, Windows XP

cout<<c"*

cout<<"* Programmer: Amir Shafeeq

cout<<"*

cout<<"* Date: March 2008

*II((e

*rega

*li<<e

*reoa

*|r<<e

*l'<<e

Cout((“************i—***************‘l’***************i******ii*********lv<<e

ndl<<endl<<endl<<endl;

cout<<"Enter number of Products (Minimum = 2 , Maximum

cin>>p; // input number of products in the
if {(p> 100 || p < 2)

goto back;
cout<<endl;
cout<<"Enter number of stages (Minimum = 2 , Maximum
cin»>g; // input number of stages in the given

if (g> 100 || g < 2}

= 100} "<<endl<<end

given batch proces

= 100) "<<endl<<en

batch process
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goto back;

for (i=1l;i<=p;i++)

_ t M{i)[0)=1i; // assign number 1,2,3..to rows of product re
cipe
cout<<endl<<endl;
cout<<"Enter Processing Time of Product P"<<i<<"'"<<endl;
coutge " — == mr e "<<endl<<endl;
for (J=1;Jj<=g;j++)
{ cout<<"Stage("<<j<<")= *;
cin>>M(1) () // input processing times of products
// MIi)1 (3] = {(rand()%50)+1;
// cout<<M[i][j]:
cout<<endl;
}
}
cout<<endl;

cout<< "Do you wish to input the transfer and setup time data 7?7 (y/n)"<<e
ndl<<endl;

cin >> ans;
getchar () ;
if {ans == 'n' || ans == 'N') goto loop;
system(“cls");
for (i=1l;i<=p;i++)
{ cout<<"Enter Transfer Time of Product P"<<i<<""<<endl;
Lo T R e i R P "<<endl«<endl;
for (j=g+1;j<={g*2)+1;j++)

{ cout<<"Stage ("<<j-g-l<<")= ";

cin>>M[i][]); // input transfer time of products
’/ M[i) (3] = (rand()%5)+1;
1/ cout<<M(i][j);

cout<<endl;
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cout<<endl<<endl;

}

inputQ{(Q,p.g): // call stored stage setup time data

loop:

// storing the initial data in an array to restore first production sequence
for (i=l;i<=p;i++)
{ for (j=0:j<= (g*3)+1;j++)

MM(i] (3] = M[1] (3]s

again:

system("cls"});
// myfile.open("example.txt"); // create file to store program output
cout<< "Select Transfer Policy"<<endl;
cout<< "=============z====z====="<<endl;
cout<< "1. Zero Wait (ZW) "<<endl<<endl;
cout<< "2, No Intermediate Storage (NIS) "<<endl<<endl;
cout<< "3. Unlimited Intermediate Storage (UIS) "<<endl<<endl;
cout<< "4. Finite Intermediate Storage (FIS) "<<endl<<endl;

cout<< "5. Mixed Intermediate Storage (MIS -> NIS='l->m-2'/UIS='m-1'"<<en

dl;

coukb<<s f==s========c==s===z=-==z=S=z====—=zs==S=S========S==========z=D==========="<<en
dl<<endl;

cin>>policy; // input transfer policy number (1/2/3/4/5)

cout<<endl;
if({policy > 5 || policy <= 0)
{ cout<<endl<<endl<<"Error Entering Policy"<<endl<<endl;
system ("pause"};

goto loop;
H

if (policy==4)
{ cout<<endl<<endl;

cout<< "Do you wish to input the Intermediate Storage setup time
data ? {(y/n)"<<endl<<endl;
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cin >> ans;

getchar();
if (ans == 'y' || ans == 'Y')
{ system ("cls");

for (i=1;i<=p;i++)

{
cout<<"Enter Intermediate Storage Setup time of Product P"<<i
<<endl;
Coub<e " —— e e - °
<<endl<<endl;
for (J=(g*2}+2;j<=(g*3)+1;j++)
{ cout<<"Stage("<<j-{{g*2)+1l)<<")= ";
cin>>M(1] [j]; // input setup time for temporary storage
// M[i) (J] = (rand()%5)+1;
/7 cout<<M(i] [§];
cout<<endl;
}
cout<<endl<<endl;
}
}
}

system("cls");

cout<< "Select Type Of Fnumeration"<<endl<<endl;
cout<<"=======================z===="<<endl<<endl;
cout<<" 1, Total Enumeration"<<endl<<endl;
cout<<" 2. Partial Enumeration®"<<endl<<endl;
cout<<"========s====z==============="<<endl<<endl;
cin >> method;

cout<<endl<<endl;

// Heuristic procedure for partial enumeration
// for (int r = 0; ¥ <MergeK; r++)

// MergelIndex(r] =0;MergeK=0;
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if (method == 2)

float sumlast=0.0;

for (i=1;i<=p;i++)

sumlast=M[i] [g)+M[i] [g*2]+M[i] ((g*2)+1]+sumlast;
int sumrow([100][2]=(0};

for (i=1;i<=p;i++)

{ for (i=1;j<g;j++)
{

sumrow([i] [0]+=M[i] (F]+M[i] [g+]];

: sumrow[i] [0] +=sumlast; // sum of rows
/7 cout<<sumrow{i] [0]<<" "
sumrow[i] [1]= i; // position of rows
/7 cout<<sumrow([i] [1)<<endl;

}
// assign values of sumrow to MergelIndex
// cout<<"Before Sorting"<<endl;
for (i=1;i<=p;i++)
for (j=0;3<2;3++){
MergeIndexl[i] (j] = sumrow(i) [j]:
Iy cout<<MergeIndexl([i] {j]<<endl;

// Calling sortArray function will sort MergelIndexl global array

sortArray(p);
//printing the values of mergeindex array
// cout<<"After sorting the array";

//  for (i=1l;i<=p;i++){

1/ cout<<endl<<Mergelndexl (i) [0]<<" "
// cout<<MergeIndexl (i) [1l]l<<endl;
/1)

// Minimum value of first column
int colvalues(100]([2];

for(i=1;i<=p;i++){
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colvalues (1] [0)= M[i]) [1]+M[i] [g+1l);//first column of 2 matfi
ces

colvalues([i] {1)= i;// Position of columns

}

// assign values of col to MergeIndex2
// cout<<"Before Sorting"<<endl;
for (i=1;i<=p;i++}
for (3=0;3<2;j++){
MergeIndex2[i] [j) = colvalues (i) [j]):
// cout<<MergeIndex2(i]} [Jj]<<endl;

}
// Calling sortArray function will sort MergeIndexl global array

sortArray2{p);
//printing the values of mergeindex array
// cout<<"After sorting the arravy";

//  for (i=1;i<=p;i++){

/7 cout<<endl<<MergeIndex2 [i] [0]<<" v
¥4 cout<<MergeIndex2[i] [1]<<endl;
/)

//cout<<"counter initial " <<counter<<endl;

Minrowl = Mergelndexl[1][0];

while (Minrowl == MergeIndexl[rows]{0]) {
MergelIndex[counter3)=MergeIndexl (rows] [1];

rows++; counter3++;

}

//cout<<"counter 1 t" <<counter<<endl;

Mincoll = MergeIndex2(1](0];

while (Mincoll == MergelIndex2[cols] [0]}({
MergeIndex[counter3]=MergeIndex2[cols] [1];
counter3++;cols++;
//cout<<"counter 2 t" <<counter<<endl;
MergeK = counter3;

//cout<<"After Merging the MI1 and MI2"<<endl;



Appendices

221

//for(int z=1; z<counter;z++}

// cout<<MergelIndexfz]<<" "

// select the transfer policy and execute its algorithm

switch (policy)
{
case ZW:

fp = zmycode;
break;
case NI:

fp = nmycode;
break;
case Ul:

fp = umycode;
break;
case FI:

fp = cmycode;
break;
case MI:

fp = mmycode;

break;
}
backhere:
s.reset(); // CPU timer starts
myfile.open("example.txt"); // create file to store program output
prog (fp) ; // get the output from the executed algorithm
myfile<<"No. of Possible Production Sequences = "<<temp<<endl<<endl;
if (method == 1) goto next;
myfile<<"No. of Partial Production Sequences = "<<counter2<<endl<<endl;

next:
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myfile<<"No. cf Production Seguences with Minimum Makespan = "<<kk<<endl<<e
ndl;

myfile<<"Optimum Production Sequences with Minimum Makespan"<<endl<<endl;

// display production sequences with minimum makespan only

for{int uu=1;uu<=kk;uu++)
{ for (int u=l;u<=p;u++)

myfile<<"P"<<MN[u] [uu];

myfile<<® = "<<min<<" hours"<<endl;
float t = s.elapsedTime(); // CPU timer stops
myfile<<endl;
myfile << "CPU Time = " << t << " seconds" << endl<<endl;
myfile.close(); // close the output file

system{"pause™) ;
cout<<endl<<endl<<endl;
if (method==2)

{

char nextmin;

cout<< "Do you wish to run the program again using next minimum value ? (
y/n) "<<endl<<endl;

cin >> nextmin;
getchar();

cout<<endl<<endl<<endl;

if (nextmin == 'y' || nextmin == 'Y')

{ if (counterZ==temp) goto nomore;
foxr (i=1;i<=p;i++) // restore the initial data
( for (j=0;j<= (g*3}+1;j++)

M{i][3) = MMIi]([]]:

if (rows <= p){

Minrowl = MergeIndexl[rows] (0]};
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while (Minrowl == MergeIndexl[rows]) [0]}{
MergeIndex [counter3]=MergeIndexl [rows] [1];
rows++; counter3++;

}
// cout<<"counter 1 t" <<counter<<endl;
}
if (cols <=g){

Mincoll = Mergelndex2[cols][0];

while (Mincoll == MergeIndex2[cols) [0]}{
MergelIndex[counterl)=MergeIndex2(cols] [1l];

counter3++;cols++;

}
/7 cout<<"counter 2 t" <<counter<<endl;
MergeK = counter3;
/7 cout<<"After Merging the MI1 and MI2"<<endl;

// for(zl=1l; zl<counter;zl++)
// cout<<MergelIndex([zl]<<" :

goto backhere;

nomore:

cout<<"No more minimum value possible, reached tec last product in the seq
uence"<<endl;

COoUut<<"==z=======c-=s==z--o-S==CSSSs=ZSSSsS=SSSSSSSSSSSS==TTSSss=sSSSSo==o=S
=====z"<<endl<«<<endl<<endl;

cout<<endl<<endl<<endl;

cout<< "Do you wish to run the program again using same data ? (y/n)"<<en
dl<<endl;

cin >»> ans;
getchar();
if {ans == 'y' || ans == 'y'}

{
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for (i=l1;i<=p;1++) // restore the initial data
{ for (j=0;j<= (g*3)+1;j++)

M{i) (3] = MM[i](]);
}

for(int delr = 0; delr<MergeK;delr++) // initilize all mergei
ndex arrays & variables

Mergelndexidelr] = 0;
for(int dr=0;dr<100;dr++)
for(int ds=0;ds<2;ds++){
MergeIndexl (dr] (ds] =0;

MergeIndex2 [dr] [ds] =0;
}

counter3=1,
rows = 1,
cols = 1,
MergeK = 0;

goto again;

cout<<endl<<endl<<endl;

cout<< "Do you wish to run the pregram again using new data ? (y/n)'"<
<endl<<endl;

cin >> ans;

getchar () ;
if (ans == 'y' || ans == 'Y"')
{ for{int delr = 0; delr<MergeK;delr++) // initilize all mergeind

ex arrays & variables
MergeIndex[delr] = 0;
for{int dr=0;dr<100;dr++)
for(int ds=0;ds<2;ds++){
MergeIndexl (dr] [ds]) =0;

MergeIndex?2 [dr] [ds] =0;

counter3=l,
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IOws

(]
[

cols = 1,
MergeK = 0;
goto back;
}

cout<<endl;
}

int prog{flecat (*fp) ())

(

ca.clear();

t.clear(}):

ArrayToVector();
ArrayToVectornew(};

t = displaypermuQ(Q, permt);

VectortoArraynew(t, Mt} ;

cout<<endl;
if (policy == 1)
myfile<<"Number of Products = "<<p<<" Number of Stages = "<<g<<"
Transfer Policy = ZW";
if (policy == 2)
myfile<<"Number of Products = "<<p<<" Number of Stages = "<<g<<"

Transfer Policy = NIS";

if (policy == 3)

myfile<<"Number of Products = "<<p<<" Number of Stages = "<<g<<"
Transfer Policy = UIS";
if (policy == 4)
myfile<<"Number of Products = "<<p<<" Number of Stages = "<<g<<"
Transfer Policy = FIS";
if (policy == 5)
myfile<<"Number of Products = "<<p<<" Number of Stages = "<<g<<"

Transfer Policy = MIS";

myfile<<endl<<"

"<<endl<<endl;

if (method == 2)
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int counter=0;
min=0, kk=1;
bool firstflag = false;
for {int ¥ = 0; r <MergeK; r++)
if (Mergelndex[zr] == M[1][0])
firstflag = true;
if(firstflag)
{
!/ for (int u=1;u<=p;u++)
¥4 myfile<<"P"<<M[u] [0];
counter++;
fp():
// myfile<<™ = "<<MAKE<<" hours"<<endl<<endl<<endl;
min=MAKE;
for (int u=1l;u<=p;u++)
MN [u] [1]=M[ul (0] ;

}

for(int i=1;i<=factor(p)-1;++1i)
{ next_permutation(ca.begin(),ca.end());
VectorToArray() ;
bool flag = false;
for {(int r = 0; r <MergeK; r++)
if (MergeIndex[r] == M[1](0])
flag = true;

if(flag)
{

counter++;
ArrayToVectornewl} ;
t = displaypermuQ(Q,permt);

VectorToArraynew(t K Mt);
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cout<<endl;
1/ for (int u=l;u<=p;u++)
/7 myfile<<"P"<<M[u] [0];
fp{();
/7 myfile<<" = “"<<MAKE<<" hours"<<endl<<endl<<endl;

if (min==0)
{ min=MAKE;
kk = 1;
for (int u=l;u<=p;u++)
MN{u) [kk]=M[u] [0];
}
// optimal sclution screening based on minimum makespan criteria by making co
mparison of makespan of each production sequence resulted from permutation of
the product recipe
else if (min>MAKE)
{ min=MAKE;
kk = 1;
for (int u=l;u<=p;u++)
MN [u] [(kk]=M[u] [0];
}
else if{(min==MAKE)
{ kk=kk+1;
for (int u=l;u<=p;u++)

MN[u] [(kk]=M[u] [0} ;

counter2=counter;

if (method == 1)
{ min=0, kk=1l;

/7 for (int u=l;u<s=p;u++)
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/7 myfile<<"P"<<M{u] [0];

fp();
// myfile<<" = "<<MAKE<<" hours"<<endl<<endl<<endl;
min=MAKE;
for {int u=sl;u<=p;u++)

MN([u] [1]=M[u] [0];

for(int i=1;i<=factor({p)-1;++1i)

{ next_permutation{ca.begin(),ca.end(});
VectorToArray{);
ArrayToVectornew() ;
t = displaypermuQ{(Q, permt);

VectorToArraynew{t,Mt) ;

cout<<endl;
/7 for (int u=l;u<=p;u++)
/7 myfile<<"P"<<M[u] [0];
fp();
// myfile<<" = "<<MAKE<<" hours"<<endl<<endl<<endl;

// optimal sclution screening based on minimum makespan criteria by making co
mparison of makespan of each production sequence resulted from permutation of
the preduct recipe
if {(min>MAKE)

{ min=MAKE;

for (int u=l;u<=p;u++)
MN[u] (kk]=M[u] [0];
}
else if (min==MAKE)
{ kk=kk+1;
for (int u=l;u<=p;u++)

MNfu] [kk]=M(u] [0];
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return 0;

//  Zero Wait (2ZW) Algorithm

float zmycode ()
{ float W=0.0,Y¥=0.0,%2=0.0,X=0.0,MAX=0.0,MAXIM=0.0;

for (i=l;i<p;i++) // equation (4.1la)
{ Vi1 (2}=(M[i+1)[11+M[i+1) (g+1]) -(M[1i] [2]1+M[i] [g+3]);
if (v[i}[2]<0.0}

V(i) [2)=0.0;
}

for (i=1;i<p;i++) // equation (4.2a)
{ for (3=2:;j<g;j++)
{ Vi) [3+1)=(V[i) () +(M[i+2) () +M{i+2] [F+g])) - (M[i]} [J+1]+M[

illi+g+21);
if (VIi][j+1]1<0.0)
VIi]{j+11=0.0;
}
}
for (i=1;i<p;i++) // equation (4.3a}
{ for (j=g-1;3j>=1;3--)
11 (Gege2)) {  VILI{G1=(VIL1 [3+2) - (M[i+2] () +M[i+21] [F+g]) )+ (M[i] [F+1])+MI

if (VI[i1][3]1<0.0)
V[i](3)1=0.0;
}
// setup time (required) comparison with existing inter-stage idle times
for (i=1l;i<p;i++)}
{ for (j=1;j<=g:j++}
{ CT[1) (§1=ME{i) (5-1) - VIi])[3);

MAXIM=CT(i] [§];
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if (MAXIM>MAX)

) MAX=MAXIM;

for (3=1;j<=g;j++)
VI1) [31=VI(i](3]+MAX;
MAX=0.0;

}

for (i=2;i<=p;i++)
{ W= W+MIi) [g)+M[L) [((2*g)+1} ],
}

for (i=2;i<=p;i++)
{ X= X+M([i)[(2*g)];
}

for {(j=1;j<=g;j++)
{  Y=Y+M[1] (F]+M[1]) [g+]+1];
}

for (i=1;i<p;i++)
{ z=2+V[i] fg):
}
MAKE=W+X+Y+2Z+M[1] (g+1]; // equation (4.4b)
datal();

) return 0;

// No Intermediate Storage (NIS) Algorithm

float nmycode ()

{ float W=0.0,¥=0.0,2=0.0,%X=0.0;

// addition of transfer times to the processing times in accordance with NIS

algorithm

for

for

(1i=2;i<=p;i++}
M{i] [1)=M{i] [1)+ME[i-1][0];

(i=1;i<p;i++)
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{ v[i)[1)=0.0;
I(i1(g)=0.0;
}
for (Jj=1;j<g;j++) // equation (4.5a)

( V[ll[j+1]=(V[1][j]+M[2][j]+M[2][g+j])—(M[1]fj+l]+M[1][g+j+2])

if (V1] [3+1)<Me(1](3])
{ VI1] (3+1]=Mt[1}[]]);

I01)031= (VILI[3+1]+M[1) (3+1]+M[1]) [g+3+2]) - (V1] ([3]+
M{21[3)+M[2] {g+3]);

else
{ V11 [3+1])=V[1] [j+1];

I(1]1(3) = 0.0;

}
for (i=2;i<p;i++) // equation (4.6a)
{

for (j=1;j<g;j++)

{
VL) {3+1)=(V(i) {3 +M[i+2) (J1+M[i+1] [g+3)}}-(M{1i) (J+1}+I[i-1] (3
+11+M[1i] (g+3+2]1);
if (V1) [+1)<Mt(i] (7))
{ VI{i}{3+1)=ME[i)(3];

I{i)[3)= (VIL)(3+1}+M[i] (J+2)+T{i-11[F+1]1+M[1i] [g+j+2]
) - (V[i][j]+M[i+1][j§+M[i+1][g+j]);

else
{ V1) [3+1]1=V[1] {j+1];

I[(i)[3] = 0.0;

}

for (i=2;i<=p;i++)
{ W= W+M[i] [g)+M[i] (((2*g)+1)];
}
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for (i=2;i<=p;i++)
{ X= X+M({i]) [(2*g)]);

}

for (j=1;j<=g;j++)
{ Y=Y+M[1] [J)+M[1] {g+j+1]);

}

for (i=1;i<p;i++)
{ Z2=2+V([i]) [g];

}

MAKE=W+Y+X+2+M (1] [g+1]; // equation (4.4c)

// exclusion of transfer times from the proessing times to displaythe process
ing times only

for (i=2;i<=p;i++)}

M{1] [1]1=M[i){2)-Mt[i-1][0);
for (i=1;i<p;i++)

Vi) [11=V[i]) [1]+ME[1] [0];
data{);
ntank{);

return 0;

// function to display holding time inside stage for NIS

float ntank()
{ for (i=1;i<p;i++)
{ for (j=1;j<g;j++)

/7 myfile<<"I™ << i << "," << j << "=" <<I[i]}[j]<<" .
i}
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// Unlimited Intermediate Storage (UIS) Algorithm

float umycode()
{ float R=0.0,¥Y=0.0,2=0.0,X=0.0;

// addition of transfer times to the proessing times in accordance with UIS a
lgorithm

uiscis{};

for (i=1;i<p;i++)

v[i)[1]1=0.0;

for (j=2;j<=g;j++) // equation (4.7) & equation (5.3)
{ WW(l)[j-11=0.0;

VI1)[3]1= (VI1] (J-11+M{2](3-1))-(M{1)(51);

if (V1) [31<MtE(1](F-11)
{ VI1) (J1=Mt([1])(ji-1];

WI1)(3-2)= (V{11 (3]1+M{1){3))-(VIL][F-21+M[2] [j-1])+M[2
Jlg+3l);

if (W[11{j-11<=0.0)

VI11{31=VI1) [F]1+(-WI1}[3-11);
WW(l}[j-1)= 1;

W[ll1(j-11=0.0;

{  VIL)I[3)=vI1I(3);

W(1]){3-11 = 0.0;

for (i=2;i<p;i++) // equation (4.8b) & ecuation (5.4)
{ for (j=2;j<=g;j++)

{
float A=0.0,B=0.0,C=0.0,D0=0.0,AA=0.0,CC=0.0;

for (k=2;k<i+2;k++)

A=A+M[k] [j-1);
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for (k=2;k<i+l;k++)
AA=RA+M(X] [g+3);
for (k=1;k<i+l;k++)
B=B+V[k] [j-11;
for {(k=1l;k<i+l;k++)
C=C+M{k} [3];
for (k=2;k<i+l;k++)
CC=CC+M[k] [g+3+1];
for (k=1;k<i;k++)
D=D+V (k] [i];
WW(i] [j-1)=0.0;
Vil [j] = (A+B+ARA)-(C+D+CC);
1f (VIi1(J}<Me(i) {5-1))
{ VIl (31=Me(i][3-1);
WIil [(3-11= (V[i] [J]1+C+D+CC) - (A+B+AR+M[i+1] [g+]]);
if (Wlil[j-1]<=0.0)
{ VI [31=VIil[3)+(-W[i)[3-1));
wwiil[3-11= 1;

W[i] (3-1])=0.0;

else
{ V{11 (3)=v(i) (3]s
WEil [j-1] = 0.0;

}
for (i=2;i<=p;i++)
{ R= R+M[i] [g];
}
for (j=1;3<=g;j++)
{ Y=Y+M([1] [j];

}
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for (i=2;i<=p;i++)
{ X= X+M[i] ({2*g+1)}];
}

for (i=1;i<p;i++)
{ z=2+v[i][g];

}

MAKE=R+Y+2+X; // equation (4.4d)

// exclusion of transfer times from the proessing times to display the proces
sing times only

uiscis2();
for (i=1;i<p,;i++)
VIi] [1)=V[i) [1]+ME{i](0];
datal(};
utank () ;

return 0;

// function to display waiting time inside temporary storage for UIS

float utank(}
{ for (i=l;i<p;i++)

{ for (j=1;3j<gij++)

{ if (Ww[i)[3] == 1)
1/ myfile<<"W" << i << "," << j << "= pass"<<" ",
;. else
/7 myfile<<"W" << i << "," << J << "=" <<W[i]l[j)l<<" "

}

return 0;

// Finite Intermediate Storage (FIS) Algorithm
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float cmycode()
{ float R=0.0,¥=0.0,2=0.0,X=0.0;

// addition of transfer times to the proessing times in accordance with FIS a
lgorithm

uiscis{);

for (i=1;i<p;i++)
V[i} [1]=0.0;

for (j=1;3<=g;:j++)
T[1)(j]1=0.0;

for {(i=2;i<p;i++)

I[(i](gl=0.0;

for (j=2;j<=g;j++) // equation (4.9) & equation (5.5)
{ WW[1l] (3-1]=0.0;
VI11[3]1=(VI[1) [-11+M([2) (3-1))-M(1](]];
if (VI1]) (§)<ME[1][3-11)

{  VI1)[j)=Mt(1]([]-1};

. WI1)[J-1)= (VILY[3]+M[L)(3))-{VI1)[J-1]+M[2]) [F-11+M[2] [g+
31}

if (W[1)1(j-1)<=0.0)}

VI11[(31=V(11 31+ (-WI1](3-11);
Wwll] [j-1)= 1;

Wlll1[(j-11=0.0;

else
{ V{11 (31=vIi11(31;
w(i][j-1]) = 0.0;
}
for (i=2;i<p;i++) // equation (4.10a) & equation (5.6)
{ for (j=2;j<=g;j++)
{ flecat A=0.0,B=0.0,C=0.0,D=0.0,E=0.0,F=0.0,AR=0.0,DD=0.0;

if (ML) [(g*2)+3)<={(M{i+2] [J-1)+VIi) [3-1])-(W[i-1]([5-1]+M[i]
(g+i) )
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M[i]1[{g*2)+3]1=0.0;
if (W(i-11[3j-1]>0}

{ if

(1) 0(g*2)+31))

(M{2+1] [J-2)+VIi] [J-2))<={(W[i-1] [J-1]+M[i] [g+]]+M

T(i1[3-1)=(Wli-2) [F-1}+MIi] (g+j)+M[1]) [ (g*2}+3]) -

M{i+1]) [3-1)+VIi]l[3-11);

for

for

for

for

for

for

for

for

else

I{i)[j-11=0.0;

else
I(i1[3-11=0.0;
(k=2;k<i+2;k++)
A=A+M[k]) [j-1};
(k=2;k<i+l;k++)
AR=AA+M(k] [g+3];
(k=1;k<i+l;k++)
B=B+V[k] [j-1];
(k=1;k<i+l;k++)
C=C+I(k][j-1);
{k=1;k<i+l;k++)
D=D+M[k] [3]:
(k=2;k<i+l;k++)
DD=DD+M[k] [g+J+1];
(k=1;k<i;k++)
E=E+V[k] [j]);
(k=1;k<i;k++)
F=F+I[k][]);
WW[il] [j-1]= 0.0;
Viil[j] = (A+B+C+AA)-{(D+E+F+DD);
if (V{11 (Jl<ME([i][F-1))
{ VL) (31=ME[i](3-1);

Wil [§-11= (V[i]1[3]+D+E+F+DD) -

((A+B+C+ARA) +M[i+1]) [g+3]]);
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if (WEi][3-11<=0.0)
{ VIAII3]1=VIiI ]+ (-WIi) [3-11);
WW(i)[j-11= 1,

wWiil[j-11=0.0;

else
{ VIi) [3)=VI[i1 [}:

W(il(j-1] = 0.0;

for (i=2;i<=p;i++)
{ R= R+M[i][g]):
}
for (3=1;j<=g;j++)
{ Y=Y+M[1] [j];
}
for (i=2;i<=p;i++)
{ X= X+M[i}[(2*g+1}]);
}
for (i=1;i<p;i++)
{ Z=2+V[i] [g]):
}
MAKE=R+Y+X+Z; // eguation {(4.4d)
// exclusion of transfer times from the proessing times to display the proces
sing times only
uiscis2{);
for (i=l;i<p;i++)
V{i][1]1=VIi](1)+ME([11(0];
data{);

ctank ()} ;
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return 0;

// function to display waiting time inside temporary storage and holding time
inside stage for FIS

float ctank()

{ for (i=1;i<p;i++)

{
for (Jj=1;7<g;j++)

{ if (WW[il [j] == 1}

/7 myfile<<"W" << i << "," << j << "= pass"<<" "
; else
/7 myfile<<"W" << i << "L << J <ce =" <<W[i] [j]<<" ",
H }
}
// myfile<<endl<gMe-emmm o m b e e e e
———————————————————————————————————————— "<<endl;

for {(i=1l;i<p;i++)

{
for (j=l;j<g;j++)

1/ myfile<<"I" << i << ", " << j << "=" <<I[i])[j]l<<" "

H }

// myfile<<endl<< ——— == oo m o e
———————————————————————————————————————— "<<endl ;

return 0;

// function to display inter-stage idle times

float datal(}

for (i=1;i<p;i++)

{
for (j=1;j<=g;j++)
/7 myfile<<"H" << i << ", " << j << "="<<V[i][j])<<" "
i }
17/ myfile<<endle€g---————— s m e e -
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return 0;

// function to add transfer times to the processing times in accordance with

algorithm of UIS and FIS for the purpose of calculation

float uiscis{()
{ for (i=2;i<=p;i++)
MIi)[11=M[i] [1)+ME[i-1] [01+M[i]{g+1];
M{1}[1]=M[1] [1]+M(1] [g+1]);
for (j=1;j<=g,j++)

M{1][31=M[1] [J1+M(1] [g+]+1];

for (j=2;j<g;j++)
{ for (i=2;i<=p;i++)

MIi] [J1=M[1] [F1+MIi]) [g+]j];
}

for (Jj=g;j<=g;Ji++)
{ for (i=2;i<=p,;i++)

M[i] (§)=M{i] [(J1+M[i] [g*2];
}

return 0;

// function to exclude transfer times from the processing times to display on

ly the processing times in UIS and FIS

float uiscis2()

{ for (i=2;i<=p;i++)
M{1)[1]=M[i}[X]-(ME{i-1][0)+M[i] [g+1]);
M[1](1]=M[1](1])-M(1])ig+1];

for (j=1;j<=g;j++)
MI1](31=M[1](3]-M[1][g+3+1];
for (j=2;3<g;j++)
{ for (i=2;i<=p;i++)

M[i) [F1=M[1i](T)-M[i] [g+]);
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}
for (j=g;j<=gij++)
{ for (i=2;i<=p;i++)

M{i] {§]=M{i] [F]-MI[i][g*2];
}

return 0;

// Mixed Intermediate Storage (MIS) Algorithm

float mmycode()
{ float R=0.0,¥=0.0,2=0.0,X=0.0;

// addition of transfer times to the processing times in accordance with NIS
algorithm

for (i=2;i<=p;i++)

M[i] [1)=M[4i]) [1]+ME([i-1][0];
for {i=1;i<p;i++)
{  VIil([1}=0.0;

I{i])[g-11=0.0;

for (Jj=1;j<g-1;j++) // equation {(4.5¢) & equation (5.
la}

{ VIL1] [J+1)=(V[1][3]+M[2] [3]+M[2] [g+3)) - (M[1] [3+2]+M[1) [g+]j+2])

if (VI1] [3+1)<Me{1][j}])
{ VI1) [§+1)=Mc[1](]]);

I(1103)= (VIL)[3+21+M[1] (J+1])+M[1]) [g+j+2])) - (V[1][3)+
M{2]{3]+M[2]) [g+]));

else
{ V{11 [j+11=V[1]1[3+1];

If1105) = 0.0;

}

for (i=2;i<p;i++) // equation (4.6c) & equation (5.
2a)
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for (j=1;j<g-1;j++)

VL) (3+1)=(VIL) [F)+M[i+1] (FI+M[i+1] [@+3]) - (ML} (J+1])+T(i-1] (]
+11+M[1i] [g+3+2]));

if (V[i](j+1)<ME[i][3])
{ Vi) [§+11=Mt[i] (j1:

I(i](3)= (VIL)OJ+1)+M{L] [J+11+T[i-1]{3+2]+M[1) [g+j+2]
)= (V{11 [31+M[1+1] [J)+M(i+1] (g+3)};
}

else
{ V(1] [3+11=Vv{1]) (F+1);

I{i} (3] = 0.0;

// exclusion of transfer times from the proessing times to displaythe process
ing times only

for (i=2;i<=p;i++)
M[i} [1]1=M{i) (1])-Mc(i-1][0};
for (i=1;i<p;i++)

VIi](1)=v([i) (1) +Mt(i] [0]);
// Unlimited Intermediate Storage (UIS) Algorithm

// addition of transfer times to the proessing times in accordance with UIS a
lgorithm

uiscis();
// equation (4.7a) & eq

uation (5.3a)
j=g;

WW{ll[j-11=0.0;
VI1](3)= (vI1][3-10+mM(2](3-1))-(M[1)(]));

if (V{11 (3)<Mt(1)([j-11}
{ V[1][3]1=Mt[1])[3-1];
WI11[3-11= (VIL][31+MI[1}(31)-(VIL1][3-11+M[2] [J-1])+M[2
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1ig+il);
if (W[1]1[3-1)<=0.0)

VILI(31=vI1) (J1+(-W[1][3-11);
WW[1l)}(j-1)= 1;

W(1l]1(3-1)=0.0;

else
{ VI[11[31=vIl)(5]):

Wwiil(3-11 = 0.0;

for (i=2;i<p;i++)} // ecquation (4.8c) & equation ({5.4a)
{ j=g;
flcat A=0.0,B=0.0,C=0.0,D=0.0,A2=0.0,CC=0.0;
for (k=2 ;k<i+2;k++)
A=A+M[k]{j-1]);
for (k=2;k<i+l;k++)
AA=AA+M(k] [g+]};
for (k=1l;k<i+l;k++)
B=B+V (k] [j-1]);
for (k=1;k<i+l;k++)
C=C+M[k] (3]
for (k=2;k<i+l;k++)
CC=CC+M(k] [g+j+1];
for (k=l:k<i;k++)
D=D+V (k] [j];
WW([i}{j-1)=0.0;
VIil([(j] = (A+B+AR)-(C+D+CC);
if (v{i) [F1<Mt[i)[7-1])
{ VL1 (31=Me (i1 (3-11;
Wil [3-1]1= (V[i) [J)+C+D+CC) - (A+B+AA+M[1i+1] [g+j});

if (W[i)(3-11<=0.0)
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{  VIi)[31=VIi][31+{-W[i)[3-1]);
WWiil [3-1)= 1;
Wlii]l{j-11=0.0;
}
}
else
{  VIiI[31=vIil (3]
W[i)[3-1) = 0.0;
}
}
for (i=2;i<=p;i++)
{ R= R+M[i][g];
}
for (j=1;j<=g;j++)
{  y=Y+M[1][]];:
}
for (i=2;i<=p;i++)
{ K= X+M[1i] [(2*g+1) ],
}
for (i=1;i<p;i++)
{ 2=Z+V[i) [gl;
}
MAKE=R+Y+Z+X; // equation (4.4d)

// exclusion of transfer times from the proessing times to display the proces
sing times only

uiscis2{);

datal(};

mntank () ;

mutank () ;

return 0;

// functien to display waiting time inside temporary storage for MIS
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float mutank()
{ for {i=1;i<p;i++)
{ j=g-1;

if (WW[il(j] == 1)

7/ myfile<<"W" << i << "," << j << "= pass"<<" "
; else
// myfile<<"W" << i << ", " << j << "=" <<W[i] [F]<<" "
; }
//myfile<<endl<d - m oo mmmm oo oo
__________________________ "<<endl;
return 0;

// function to display holding time inside stage for MIS

float mntank ()
{ for (i=1;i<p;i++)
{ for (j=1;j<g-1;3++)

//myfile<<"I" << i << "," << j << "=" <<I[i][j]<<" "

; }

return 0;
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APPENDIX F

C++ Programming Code Screen Output

Screen Output#l

% Scheduling Multiproduct Batch Process on Makespan Criteria
¥ Compiler: Microsoft Uisuwal C++ wver 6.8

ol

% Platform: Pentium 1V 2.88GH=, Windous HP

o

Programmer: Amir Shafeeq

Date: March 2008

nter nunber of Products (Minimum 2, Maximum

nter number of stages (Minimum . Maximum

nter Processing Time of Product P1

Ftage(1>= 2
Staye(2>= 4

Stage(3>=§5

Enter Processing Time of onduct P2

0 yow wish to input the transfer and setup time data ? (y/nd
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Screen Output#2

Enter Transfer Time of Product P1

tage(B@i= 2
Stage(1>= 3
Stage(2>= 2
Stage(3>= 1

nter Transfer Time of Product P2

Stage@d>="
Stage(1)>= 2
Stage<2>= 3
Stage(3>= 2

X

; tage(3)=.3

tage<2>= 4

Enter Stagye Setup Time hétueen the productg P2-P1

ftage(1)= 2
Stage(2>= 1

Ftage(3)= 2

Screen OQutput#3

Select Transfer Policy
Zero Wait <(ZU>
No Intermediate Storage (NIS)

Unlimited Intermediate Storage <UIS)

Finite Intermediate Storage (FIS)

>m—2' /01S=*m-1’
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Screen Output#d

Select Type Of Enumeration

1. Total Enumeration

| 2. Partial Enumeration

Press any key to continue . . .

Do you wish to run the program again using next minimum value ? <{y/n)

Do you wish to run the proyram again using same data 7 {y/n2>

n

-

Do you wish to run the program again using new data ? (y/nd>




