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SYNOPSIS

Flexible manufacturing systems have been a bridge in linking
conventional manufacturing systems and transfer lines. Though, they offer very
good flexibility like choices in machine flexibility, tool flexibility and process plan
flexibility, Loading of FMS has been a big problem for process planners. Loading
when done in a random and unmethodological fashion may often result in non-
optimal utilization of resources, one of the most important of them, the machine

improper selection of process plan leads to more movement of material.

Since the movement of materials/material handling inside the
industry is one of the most money consuming activities, more movement means
more money. This leads to improper utilization of another important resource “the

money”. This will automatically reflect in the increase in “cost of manufacturing”.

Therefore, depending upon the tooling requirements of various
operations of the selected parts, the problem is to assign the part operations
belonging to only one of the alternate process plans to machines such that the part

handling is minimum.

(iii)



Hence, this thesis has been aimed to take a step in that direction of solving

the loading problem in F.M.S. environment. This thesis is a “MODEL FOR LOADING

IN F.M.S”
1. Modeling an FMS environment with constraint and flexibilities.
1. Deciding on the objective function to be optimized.

iii.  Applying a two-stage heuristic method for solving this optimization problem.

iv. Collecting the data from “C.K.P. Industries Ltd” on “Milling machine
attachment for drilling machine”.

v. Applying the algorithm on the data and find the results.

The results have been found and the best loading plan has been obtained.
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CHAPTER -1

Introduction



Intense competition in the global market for mechanical parts
manufactured on machine tools and other metal working equipment has
compelled manufacturers to reduce delivery times and quote competitive
prices even for relatively small orders. The batch size 1s ever-decreasing and the
need to meet specific customer requirements call for considerable flexibility in

the working of the manufacturing system.

In this situation, the requirements that a modern manufacturing facility

has to meet can be detailed as follows:

» High productivity for all batch sizes, large or small

» Shorter throughout times

~ Lower storage costs

~ Reduced labour if not altogether avoiding labour

~ Reduced handling

»~ Flexible production system to incorporate product changes at short notice to

meet customer's specific requirements.

Conventiona high volume production facilitties  such as automatic
cquipment and transfer lines  do not fulfil these requirements. This provided
sufficient reason for manufacturing engineers to turn attention to alternative
manuflacturing methods.  Flexible manufacturing cells and flexible

manufacturing systems have been evolved to meet the requirements listed above.



1.1 Definition of FMS:

FMS consists of a group of processing stations interconnected by means

of an automated material handling and storage system and controlled by an

integrated computer system.

An FMS can be defined as a "computer controlled configuration of semi
independent work stations and a material handling system designed to efficiently

manufactures more than one part at medium volumes”.

1.2 Types of F.M.S

Flexible manufacturing systems can be classified into
I Dedicated F.M.S
2. Random -order F.M.S

1.2.1 Dedicated F.M.S

It is used to produce a much more limited varety part
configurations. The geometry differences are minor and the product design 1s
considered stable.  Therefore the machine sequence 1s identical (or) nearly
identical for all parts processed on the system. This means that a flow line
configuration is generally more appropriate, and that the system can be designed
with a certain amount of process specialization  to make the operations more
efficient. Instead of using general purpose machines, the machines can be

designed for the specific processes required to make the limited part family.



1.2.2 The random order F.M.S
It is the most appropriate type under the following conditions
1) The part family is large
1) There are substantial variations in the part configurations

iii)  There will be new part designs produced on the system and

engineering changes in parts currently made on the system.

iv)  The production schedule is subject to change from day to day.

To accommodate these variations, the random order F.M.S must be
more flexible than the dedicated FE.M.S. It is equipped with general purpose
machines to deal with the variations in product and is capable of processing
parts in various sequences. A more sophisticated computer control system s

required for this F.M.S type.

1.3 Subsystems of FMS

There are three major subsystems in FMS

1) Computer - controlled manufacturing equipment (e.g.,

numerically controlled machine tools).

1) Automated materials storage, transport and transfer system.

iii)  Manufacturing control system (Including both tool and

logistics control).

Some FMS's may have additional subsystems. For example, in a
machining application there may also be systems for storing and retrieving tools,
disposing of chips and cutting fluids, washing and inspection workpieces. These
sybsystems must be linked together to achieve inegrated manufacturing

operation.




1.4 FMS Compared to Other Manufacturing Systems

One-off and flow volumes of production are normally carried out by
conventional general purpose machine tools. When the number of parts in a
production run is more it is called batch production. A batch production shop 1s
best suited for very small quantities of many different types of parts. The very
nature of production makes the operations of a job shop. less efficient than an

automated production line.

Since the job shop must be provided the greatest degree of flexibility,
most of its operations are manual. They are normally provided with general
purpose CNC machine tools. Hard automation with dedicated equipment is best

suited for the production of very large quantities of identical parts.

Production of automobile components in a transfer line fall under this
category. A large portion of the manufacturing industry involves the
‘intermediate level of batch operations that lend themselves to the FMS

approach. In this case volume is less but varieties are more.

FMS thus basically attempts to effictently automate batch manufacturing
operations. They are an alternative that fits in between the manual job shop and
hard automation. FMS 1s best suited for applications that 1involve an
intermediate level of flexibility and low (or) medium quantities. .Fig. 1.1 shows
the different types of production systems and 1t can be seen from the figure that

FMS in to the intermediate range of production.



Transfer
Line

SPM

FMS

FMC

VOLUME ——»

CNC

GPM

Y

VARIETY ——»

Fig. 1.1 TYPES OF PRODUCTION SYTEMS

1.5 FMS Layout Configurations

The types of layout configurations commonly found in today's FMS can
be divided into the following five categories.

1. In-line

2. Loop
3. Ladder
4. Open-field

Robot-centered cell
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1.5.1 In-line configuration

[t is most appropriate for systems in  which part progress from one
work station to the next in a well defined sequence with no back flow. The
operation of this system is similar to the transfer line. The work always {lows in
one direction as shown in Fig 1.2. Depending on the flexibility and storage

features of the handling system, it is possible to accommodate back flow of work

in the system.

Work - Work
Wtk [} >} [

mn

Fig.1.2. In — line Configuration Layout

1.5.2 Loop Configuration
In this, parts usually flow in one direction around the loop with the
capability to stop at any station. The load and unload stations are typically

located at end of the loop as shown in fig 1.3.

—

Load and Unload A 8
workflow
A A
__.’
| T l
<4—
A A
4 Y

Fig.1.3 Loop Configuration Layout
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1.5.3 Ladder Configuration

It is an adaption of the loop configuration. It contains rungs on which
workstations are located as shown in fig 1.4

The rungs increase the possible ways of getting from one machine to
next. This reduces the average travel distance, thereby reducing the transfer

time between work stations.

/ ~
Yl Y Yy

Load and K </
unload

Fig.1.4. Ladder Configuration Layout

1.5.4 Open Field Layout

It is also an adaption of the loop configuration. It consists of loops and
ladders requirements. This layout is generally appropriate for the processing of
a large family of parts. The number of different machine types may be limited,
and parts are routed to different workstations depending upon which one

becomes available first.

1.5.5 Robot - Centréd Cell

It 1s a relatively new form of flexible system in which one (or) more
robots are used as the material handling system. Industrial robots can be
equipped with grippers that make them well suited for the handling of rotational

parts.



1.6 Planning the FMS

The purchase and implementation of a FMS represents a major
investment and commitment by the user company. It is important that the
installation of the system be preceded by a through procedure of planning and

design. As outlined in this section, these following factors include:

1. Volume of work to be produced by the system
The amount of production planned for the FMS determines how many
machines will be required in the system and the type of material handling

equipment that would be used.

2. Variations in Process Routings

If the variations in process sequence are minimal, an in-line flow 1s most
appropriate, perhaps approaching the configuration of a transfer line. As product
variety increases, the loop and open-field layouts become candidates. If there is

significant variation in the processing, a ladder layout becomes attractive.

3. Physical Characteristics Of the Work Parts
The size and weight of the parts determine the size of the macliines used

at the workstation and the type of material handling system used.

4. FMS Manpower Requirements
To keep the FMS running smoothly, klahorst recommends the following

man power.
» One part loader/unloader for each five m/c's.



% One tool setup person for every 10 m/c's to exchange tools in the tool

» storage magazine.

> One utility worker for each
repairs and maitenance.

» One system manager per FMS

10 m/c's. The utility worker performs minor

5. Appropriate Production Volume Ranges

5000 to 75,000 parts per year. If annual prodcution volume lies below

this range, an FMS is likely to be an expensive alternative.

6. Minimum Normal Tolerance on Work in an FM.S

+ 0.002

1.7. Benefits of FMS

There are many benefits to be obtained through the use of FMS

technology.

» High Capital equipment Utilization
Typically, the throughput achieved fora set of machines in an FMS will

be upto 3 times that achieved by the same machines in a stand alone job shop

environment. The F.M.S achieves high efficiency by having the computer

schedule every part to a machine as soon as it 1s free.

» Reduced Equipment Cost

The high utilization of equipment results in the need for fewer machines

in the F.M.S to do the same work load.



» Reduced Direct Labour Costs
Since machines are operated completely under computer control, men are
not required to run them. The only direct labour involved is the less skilled
personnel for fixture and defixture the parts at the load station and a system
SUpervisor.
» Reduced Work in Process and Lead Time ”
The reduction work in process mm an F.M.S 1s quite dramatic when
compared to a jobshop environment, reductions of 80% have been --1‘épfo‘ftfé’(i';11

some installations.

~ Responsiveness to Changing Production Requirements

An F.M.S has the inherent flexibility to manufacture different products
as the demands of the market place changes or as engineering design changes
are itroduced. Also, required spare part production can be mixed in without

significantly disturbing the normal F.M.S production activities.

~ Ability to Maintain Production

Mainly F.M.S are designed to degrade gracefully when one or more
machines fail. This is accomplished by incorporating redundant machining
capability and a material handling system which allows failed machines to be

by passed. Thus, throughput F.M.S is maintained at a reduced rate.

10



> High Product Quality

Sometimes overlooked advantages of an FMS especially when compared
to N/C machines that have not been federated into a co-operative system, 1s
improved product quality. The high level automation, reduction in the number
of fixturings and the number of machines visited, better designed permanent
fixtures and greater attention in alignment of machine part, all results in good
individual part quality and excellent consistency from one work place to

another.

> Operational Flexibility

Operational flexibility offers another increment i the productivity. In
some systems, the F.M.S can run virtually untended during the second and third
shifts. This nearly "Unmanned" mode of operation is currently the exception
rather than the role. But it should become increasingly common as better
sensors. Computer controls are developed to detect and handle unanticipated
problems such as tool breakages, part flow jams etc.

In this operational mode, inspection, fixturing and maintenance can be

performed during the first shift.

» Capacity Flexibility
With correct planning for available floor space, a F.M.S can be designed
for low production volumes initially and as demand increases, new machines

can be added easily to provide the extra capacity required.



1.8 Problems in F.M.S

In a F.M.S two groups of problems are of particular importance:

(M
(2)

Design problems

Operational Problems

The first group is concerned with the optimal selection of all FMS

components and the second with their optimal utilization.

1.8.1 Design Problems

Many of the deficiencies in the design of FMSs could be avoided, if

sufficient research works were done in this area. To design a FMS, the

following problems should be solved.

(M

(2)
(3)
(4)
()
(6)

Organizational problem, that is selection of the part families to be
manufactured. Because current FMS technology restricts  the
shape of parts designed for flexible manufacturing.

Selection of an FMS production system.

Selection of'a Material - handling system

Selection of fixtures and pallets.

Selection of an appropriate computer system and

Layout and integration of all the above systems.

Each of these problems is very complex.

1.8.2 Operational Problems

Because FMSs have a high capital cost, a high rate of utilization is

necessary to ensure a short return on investment and such a rate can only be

assured if the following operational problems are effectively solved.

12



(1)  Planning problem

(2)  Grouping problem

(3)  Machine Loading problem and
(4)  Scheduling problem

1.8.2.1 Planning Problem

In FMSs forecasting, long and intermediate range planning are much
different from classical cases. Forecasting is losing its traditional significance
mainly because of the flexibility of these new systems. Long and intermediate
horizon planning will still be of great importance but the criteria and constraints

will change.

In the classical system, determination of the optimal values of the
production parameters [cutting speed and feed rate] was assumed to be
uninfluenced by a production planner, who would use some other parameters
such as overtime hours or number of workers. These last two parameters do not
work in the same way in an FMS, because of the high degree of automation.
To influence the production rate, the FMS planning model has to incorporate
production parameters as decision variables. This also influences the form of the

objective function in the planning model and changes the constraints.

1.8.2.2 Grouping Problem
In some classes of FMSs, grouping of parts and some of the production
system components is desirable to reduce the size of loading problems. By

analogy to group technology, these groups are called:



a group of machines a FMC,

a group of part a part family,

a group of fixtures a fixture family,

a group of grippers a gripper family, etc.

From this grouping of parts and production system components, it would
be desirable to  obtain a disjoint situation as shown in Fig. 1.5 where it is
obviously much easier to manage each of the subsystems 1 to N than the entire

FMS. In practice, there will always be some overlap amongst subsystems 1 to N.

Flexible Manufacturing System

2 FMC 1 Part Fixture | Gripper

< Family 1 Family 1 Family |
&

ol

é FMC 2 Part Fixture Gripper

« Family 2 Family 2 Family 2
Z

Z

é FMC N Part Fixture Gripper

< Family N Family N Family N
A

Fig:1.5.Disjoint structure of production system

components and parts in an F.M.S.



1.8.2.3 Machine Loading Problem

A short-horizon (one month) planning problem for any of the FMCs that
result from the grouping of parts and production system components might still
be difficult to solve because of its complexity.

Such a problem may be solved by applying the two-stage procedure.

(1) Machine loading and

(2)  scheduling.

Which decomposes the short-horizon planning problem to sub problems
which should be solved more easily. Unfortunately, the optimal solutions for
these two problems (machine loading and scheduling) are not necessarily
optimal for the short-horizon planning problem. That risk can be dimimnished,

if the machine loading problem is formulated correctly.

The machine loading problem in FMSs has been formulated and solved
by a relatively large qumber of authors. One of the most complex non-linear
integer programming formulations being presented by stecke (1983). A number
of linear integer programming formulations are discussed in Kusiak (1983).
Formulations of the FMS loading problem are machine and tool -design

dependent.

The non-linearity in the formulations of stecke was due to the design of
the tools and tool magazines. Currently, many different types of tool magazine

are available and in most of them, the sequence of tools does not influence



their capacity. This allows much simpler formulation of the FMS loading

problem.

1.8.2.4 Scheduling Problem

Considerable effort has been spent in traditional manufacturing systems
on solving the part-scheduling problem. In a FMS, because of the high cost of
components, the part-scheduling problem is only one of the scheduling issues.

The scheduling problem in FMSs is a multi-criteria problem involving :

(1) Scheduling of parts.

(i)  Scheduling of pallets and fixtures.

(iti)  Scheduling of tools and

(iv)  Scheduling of the material - handling system. (AGVS)

Such as multi-criteria problem is extremely difficult to solve: it is
therefore more convenient to consider each of the four sub problems separately,
even though each of them can be very difficult to solve in practice.

This thesis work is carried out with FMS loading as its main area of

concentration.

1.9. Introduction to F.M.S loading

Loading problem in manufacturing involves the assignment of various
resources (such as machines, tools, material handling system, pallets and
fixtures) to the operations of different part types that are already planned to be
produced during a planning period. The loading decisions being in tactical level

planning period. The decision receive their inputs from the preceding decision

16



levels like aggregate planning, resource grouping and part mix sclection, and
provide the inputs (o the succeeding decisions of resource scheduling and
dynamic operations planning and control. Thus loading decisions constitute
important link between strategic and  operational level decisions in

manufacturing.

Part movement minimization is indeed one of the most widely attended to
objectives in manufacturing planning and control.  The problem finds an
important seat at the system design and strategic levels of decision making under
the garb of minimization of material handling costs. Facilities location and
layout, selection of material handling equipment, etc are some of the important

and well known decisions in this regard.

The context of part movement minimization at the stage of loading,
however, is to optimally allocate the resources to part operations in such a

manner that most of the operations of a part are carried out at the same location.

Such a problem has gained relevance in the context of FMS especially
because the machine tools in FMS are multifunctional and are provided with
magazines to hold several tools of different kinds, and an automatic tool changes

for changing a tool within a very short time.



CHAPTER - 2

Groblom Deftion and Chichies



Assuming that part type selection, machine grouping, production

ratio and resource allocation problems have been solved, the loading problem is

specified as selecting a subset of jobs from the job pool, and assigning their

operations to the appropriate machines in the ensuring planning period so as to

achieve certain specified objectives while meeting the system constraints.

Six objectives of loading are generally used in F.M.S.

I

(W4

0.

Balancing the machine processing times.

Minimizing the number of movements.

Balancing the workload per machine for a system of groups of pooled

machines of equal sizes.

Unbalancing the work load per machine for a system of groups of pooled

machines of unequal sizes.
Filling the tool magazines as densely as possible.

Maximizing the sum of operation priorities.

The loading objectives are mainly oriented towards some

production and time related measures with respect to parts, utilization related

measures with respect to machines and in some cases objectives are based on the

total operation costs.

18



Part movement minimization is indeed one of the most widely
attended to objectives in manufacturing planning and control. Such 2 problem
has gained relevance in the context of FMS especially because the machine tool
in FMS are multifunctional and are provided with magazines to hold several
tools of different kinds, and an automatic tool changer for changing a tool within

a very short time.

This thesis considers the loading problem in a wider
environment, where machines in the cells are machining centers capable of
performing several types of operations; an operation can be performed by
several tool types and a part type may have alternative process plans for its
processing. The emerging loading problem involves simultaneous selection of a
process plan for every part type and the assignment of machines and the requfred

tools to the operations in the selected process plan.

2.1. Literature survey

A number of papers have been published in thei area of FMS
problems. The various problems are analyzed by different authors. However,
there is a lot of scope available for analyzing FMS problems as they will differ

to the environment in which it is applied.



The nterrelationship of various decisions and their hierarchies
in FMS environment have been discussed by Singhal[8], Bitran and Iax {2],
Stecke [12] and several other authors. Formulation and solution methodologics
for various scenarios and combinations of parameters of loading problems have
been discussed by numerous authors in the recent past including Stecke and
solberg [9], Stecke and Tallbot [10], Sarin and Chen [6], just to name few.
Issues on the contents and scope of loading problems in FMS have also been

brought out from time to time by several researches.

The loading objectives are mainly oriented towards some
production and time related measures with respect to parts, utilization related
measures with respect to machines (Stecke [11]); and in some cases objectives
are based on the total operation costs (Sarin and Chen [6]). Stecke [11] has
discussed several such loading criteria like balancing the assigned machine
processing times, minimizing the number of movement of parts from machine to
machine, balancing the work load per machine for the system, filling the tool
magazines as densely as possible, and maximizing the sum of operation
priorities.  Subsequently, several authors have considered a spectrum of multi

objective loading problems by combining two or more of these criteria (Shanker

and Tzen [7], Kusiak [13], Chen and Askin [1], etc)

20



Stecke [11], and subsequently Shanker and Tzen [71 have
addressed to the operation assignment problem from the view point of part

movement minimization,

Several authors (Stecke [12], O Grady and Menon [5], Na et al.
[4], Sarin and Chen [6], Stecke [11], etc.), have considered the machine loading

problem in conjuction with tool allocation problem.

In their paper, Kripa Shanker and Ya-Juei Jeffrey Tzen [9] have
used heuristic methods for solving FMS loading and sequencing problems.
According to Merchant (1982), there is a trend of gradual shift from dedicated to
random type FMS. In a dedicated type, limited variety of processing
requirements would be there and special purpose machines will be used. On the
other hand, in random type FMS, the process requirements vary and hence

general purpose machine tools are employed.

At the beginning of planning an FMS, two issues; the part types
to be produced in the FMS and its configuration should be assumed. FMS
environment and the constraints have been explained by many papers by
Andrew Kusiak [14], S.K. Mukhopadhyay, M.K. Singh and R. Srivastava [15],

S.C. Sarin and C.S. Chen [6] and man& other authors.

21



FMS system selection and justification, part family selection
system components selection, system loading and part allocation, machime

loading and tool allocation have been treated by Buzaco and Yao (1980). A 0-1

non-linear mixed integer program was formulated by Stecke (1983)

2.2. Problem Environment

We consider an FMS consisting of a mixture of general purpose (or)
machining centres and special purpose machines, multi-operational tools,
material handling system and other facilities, where different types of parts
arrive with varying processing requirements. Out of the parts available, based
on certain organizational goals, some are selected for processing during a
loading period.The system possesses three types of flexibilities: machine, tool

and process plan lexibilities.

2.2.1. Machine flexibility

It is an essential feature of FMS consisting general purpose
machines. These machines are large machining centres capable of performing a
variety of operations and equipped with tool magazines and automatic tool

changers.



Machme Flexibility is the ease of making changes required to
produce a given set of part types. i.e., it gives us the optimum of using the same

machine for a number of operation.

2.2.2. Tool flexibility

It’s refers to the ability of a tool to perform several operations.
Such flexibility, although of limited interest in manufacturing systems with
conventional machines, is considered an important feature in FMS having CNC
machines with automatic tool changers. As a popular example of tool flexibility,
a turning tool can perform operations like rough and finish turning, threading,
facing, taper turning chamfering, etc. other examples include: a multicut drill can
perform step drilling, counter \boring and counter sinking; counterbores can be

used for boring as well as for spot facing.

2.2.3. Process plan flexibility

Where a part may have several possible process plans arises
because of the availability of alternative machining processes. I;or example,
several options are available for gear making like gear milling (using endmill
type cutter or disc type form cutter), gear hobbing, broaching, gear shaping

(using pinion or rack type tool) etc.

23



Another example is thread making which can be performed by

(hread cutting on a lathe using a single-point tool, (hread chasing, thread milling,

thread grinding, etc.

It is possible, in general, to have different number of operations in

various alternative process plans of a part.

Say if you are going according to process plan 1, it may include 6
operation. For the same job to be done while going according to process plan 2,
it may include 4 operation. For example a small nut may be done in a lathe
which may include more than one operation while it may be made by casting

which is a single operation (or) by using a die it is more simpler.

2.3. Case Study problem

A case study for the F.M.S. loading problem for the expansion of
“C K.P. Industries Ltd., Velandi palayam, C.B.E.” has been selected. The
company is involved in manufacturing “Drilling Machines”. The area where the
case study is applied, 1s the “Milling attachment of the drilling machine”. The

parts that are to be manufactured and its process plans are given in Appendix.
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The three types of “Milling attachments” are referred hereafter as
type 1, type 2, and type 3, respectively. The details about the cells and the
machines in the cells for cellular type of manufacturing for these parts, are also
known [17]. However, the machines are considered to be general purpose

machines on this work.

2.4 Assumptions

Following assumptions, 1in addition to summarizing the above, further

characterize the problem environment.

1. Part types have already been selected for production during a loading period
and their processing requirements are completely known. A part type may
have multiple process plans.

2. An operation may be performed by several types of tools, similarly, a tool

type may perform several operation

(%]

Machines have different technological capabilities (i.e., some operations may
not be possible on certain machines). The system may have multiple copies
of a machine type.

4. Tool magazines on different machines may have different number of slots

but of identical size and shape.



5. Slot requirements of a tool are independent of the part type, machine and tool

magazine. Thus, a tool type will occupy the same number of slots on each

machine.

6. The life of a tool is adequate for all the operations assigned in a loading

period, thus duplication of tools in a tool magazine is not needed. In case a
tool wears out during a loading period, it is assumed that the tool is replaced

with an identical type.

An operation is to be assigned to only one machine that is splitting of operations

is not permitted.
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CMethodology



3.1 Mathematical Model
The objective function and various constraints related to part movement

minimization are presented in this section.

3.1.1 Notations
The following notations are used for the formulation of the generated

loading problem.

Subscripts
i = Part type index.
S = Process plan index for a part type.
] = Operation index for a part type.
m = Machine index.
t = tool type index.

(t1,t2 = tool type indices corresponding to a pair of two

consecutive operations of a part type)
Parameters and sets
$(1,5,]) = a triplet indicating the operation type for
operation j of part type i in this process plan 's".

p = set of part types

S; = set of operations of part type i in process plan's".
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NS

1 (0.8

m

i

Set of all machines available.

U ) Mq)(l’s’.])

iep, seS,, j€O;, -

Set of types of tools available for operation type

¢ (i,s,)) on machine m.

Set of all the tool types.
U . Tm(b(l’S’J)
(i7s7j7m)

$(1,5.))

where iep, seS, jeO,, meM

Set of m/c’s on which either of the successive

operations.

set of m/c's on which both the successive operations.

tool magazine capacity of machine m.

tool copies available of tool type t.

number of slots required by tool type t.

28



Decision Variables

t . : .
X" is] = 1, if for part type 1, process plan s 1s selected
and operation j in this process plan is

performed on machine m using tool type t,

0, otherwise.
W, = 1, iftool type tis asigned to machine m.

0, otherwise

s = 1, if process plan s is selected for part type 1,
| O, otherwise.

3.1.2 Objective Function

The objective of part movement minization in the present context is the
minimization of the separation of the successive operations of all the part types.
This in turn, is equivalent to the maximization of the assignment of successive
operations of each part type together. If j and j+1 represent any two consecutive

operations belonging to the plan 's' of part type '’

mt] mt2 ) ) X ) )
isj - isG+1) = I, ifoperation jand j+1 are assigned

to the same machine m, using the same

or different tool, types.

= 0, otherwise,
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Hence, the objective of maximizing the assignment of successive

operations together can be expressed as

1 2
MaxLEESTY {th 5 X is(jﬂ)] . > (la)
is jmtle '

where, iep, s€S;, j€0is, meM?2 isi, tleTm¢(1,s,J) , tzequ)(l,S,_])

Since. the consecutive operations are paired, the number of such pairs in
the process plan's’ of part type T will be one less than the total number of
operations in that process plan . i.e., ( l Ois | -1

The objective function in Eq (1a) represents the successive operations of
each part type, which are assigned together on the same machine.

The objective function can also be expressed as the minimization of the
total number of successive operations of each parts type assigned on different
machines by taking the summation for machines (m) over the proper set. The
objective function in Eq (la) remains the same except that it changes to
minimization form and the summation for machine m is over the set

Mligi / M2ig))

i.e., successive operations assigned to different machines

The set (Mlj5j / M) represents the set of machines on which only one
of the operations, i.¢., either j or (j+1) can be performed. It is obvious that if the
number of machines on which both the operations (j and j+1) can be performed
is less than the number of machines on which only one of these operations can
be performed, i.e., if |M2isj | < ‘Mlisj / Mzisj | then, in order to reduce the
size of the problem, the maximization form should be used; otherwise the

minimization form.
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The objective function expressed above is modified to maximize the
negative of the total number of pairs of successive operations which are not
assigned together by subtracting from (1a) the total number of possible pairs of
successive operations for the selected process plan. The modified objective

function 1s

1 2
Max | T EE X™ i X e =T (105 |- 1)Zi |>0)

isjmt]t2 1S

where, i € p, s € Sj, je Oj5, me M2 isi, ile Tm<b(1,s,J) @ Ede)(l,s,J)

3.1.3 Constraints
3.1.3.1 Tool Slot Constraint

The tool slot constraint relates the total number of slots required by a
tool for an operation allocated to a machine with the tool magazine capacity of

that machine and can be expressed as

S h.W, £ by meM —(2)
teT

In this constraint, the total slot requirement is obtained by adding the
individual requirement of the tools. The savings due to tool overlapping etc. are

not considered.
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3.1.3.2 Tool Assignment Constraint

The number of tool copies assigned to all the machine combined should

not exceed the available tool copies . 1.e.,

> Wmt < ¢, teT = (3)
meM

3.1.3.3 Unique Process Plan Constraint

Only one process plan should be selected for each part type. This can be

stated as

> Z = 1, 1ep - (4)

s € 5

3.1.3.4 None Splitting of Operations

Each part operation belonging to the selected process plan should be

assigned to only one machine and only one tool type. i.e.,

mt
z Z X ISJ = ZiS: 1 ep’ SESi)jEOiS - (5)

m eM(b(l,s,J) ¢ ETm(b(l,s,])

3.1.3.5 Integrality Constraint

mt
X iSj, ZiSa Wn“ € {0’]}7 —_)(6)

7 8(is)

m

where i € p, s S;, jeO;s, meM?2 isj, L€




3.2 Solution Methodology
3.2.1 Heuristic Method
A two-stage heuristic is suggested as an solution methodology. The two
stage are
1. Allocation of Neighbouring Operation Types of each Operation type
and required tool type (s) to machines (ANOP).

2. Part Movement Minimization for each part type (PMM) ;

3.2.1.1 Allocation of Neighbouring Operation Types of each Operation type
and required tool type (s) to machines (ANOP)

At first, all the different types of operations over all the process
plans of all part types are identified. Then, for each operation type, its
neighbouring group is identified. The neighbouring group for an operation type
is the set of operation types which occur as immediate preceding or immediate
succeeding operation type to this operation type in any of the process plans of all

the part types combined.

At this stage, using LINDO computer package, a small 0-1 mixed
integer program is solved with the objective as the maximization of assignment
of all operation types and their neighbouring group members together on all the
machines subject to capacity (tool magazine capacity and tool copies available)
and capability (operation type- tool type- machine compatibility) constraints.
Once the operation and tool types are allocated to machines, the part movement
is minimized at the second stage by taking these assignments of operation types

$(i,5.))

to m/c's ie., the set M as input.
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3.2.1.2 Part Movement Minimization for each part type (PMM);
At this stage, the heuristic selects the process plan for each part type and
assigns the individual operations in the selected process plans of all part types to

machines such that the part movement 1s minimum.

Following notations and decision variables are further introduced in
addition to the ones mentioned earlier in section 3.1.1 to explain the various

steps of the heuristic;

e
I

Set of all operation types

U Q
teT

[l

Um = 1, if operation type 'q' is assigned to machine 'm'

0, otherwise.

J = the neighbouring group for operation type 'q' i.e., the set
of operation types which appear as immediate preceding or
immediate succeeding operation type(s) to operation type 'q’

in any of the process plans for any part type.

m = machines available for operation type 'q' and any of its

neighbouring group members.
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3.2.1.3.The problmes (ANOP) and (PMM); are as follows:

(ANOP)
qe Q me ]\/Iq
subject to

Tool slot constraint
2 h.Wpe £ by meM
teT

Tool copies constraint

Max 2 > Ugm

z Wmt < Ct, teT
q
me M
q
qu <2 Wn, qeQ meM
tetl,
q
2 qu 2 1, qeQ, meM
q
meM
q
Ugm < 1, qeQ, meM
q
Wme € {0,1}, me M, teT,qeQ
q
Ugm > 0, meM ,teT, qe Q

d O

— (2)

— (3)

- ()

- (9)

— (10)

- (11)

- (12)
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It may be noted that the optimal value of Uy, will be in terms of 0 or 1.

| The constraint (8) implies that an operation can be performed on a machine

only 1f one of the required tools is assigned to that machine. The constraint (9)

and (10) express the conditions that an operation must be assigned at least to a

machine, and only once to a machine, respectively. The solution of ANOP

results into the operation type tool type-machine assignments.

- 3.2.2 Algorithm

3.2.2.1 Solution Procedure for (PMM);

- Step 0 : Select a process plan arbitrary, i.e., fix any one of the "Z;s"

as | and others as 0.

- Step 1: For each pair of successive operations j and (j+1) in the

selected process plan, identify the set of common machines.

~ Step 2: Count the frequency of occurrence of each machine for each

pair of successive operations. Let "f})," be the frequency for

machine 'm'

~ Step 3: Select the machine with the highest frequencies (fs). If there

1s a tie, break the tie arbitrarily.

- Step 4 If the list of process plans is not empty; select the next process

plan and go to step 1: otherwise go to step 5.
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Step 5: Select the process plan which has got the minimum value for
the expression ( | Ois | - 1-f5) which represents the number of
pairs of successive operations which can not be assigned

together .

Step 6: From the process plan, assign the operations (which can be
assigned) to the machine. If all the operations in the selected
process plan are assigned to this machine then stop.

(the optimal solution has been obtained);

otherwise go to step 7.

Step 7 : Select the machine with the next highest frequency and assign
the corresponding operations to this machine. Continue doing
this until all the operations are not assigned to any machine

stop . ( the optimal solution has been obtained)

The above procedure terminates with the selection of process plan and

assignment of its operation to machine (s).

3.2.2.2 The steps for the proposed two-stage heuristic are as follows
Step 1 : Let Z be the number of pairs of successive operations which
are not assigned together.

SetZ = -0
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Step 2 :

Step 3 :

Step 4 :

Solve the problem (ANOP) using LINDO Package. Use the
output of (ANOP). i.e., the information regarding operation

type- tool type- machine assignments for formulating (PMM);.

For each part type 'i' save the problem (PMM); using the

procedure suggested above. Let'Z}' be the sum of objective
values of all the (PMM);. If Z1>Z, save the current solution.

Set Z = Z1 and go to step 1V,

otherwise stop. ( the optimal solution has been obtained)

If Z= 0, stop (the best possible solution has been obtained);
otherwise from the final solution of ANOP, select the operation
type 'q' (assigned to machine) which causes maximum movement
of parts and can be assigned to a different machine. For an
operation type, the movement is counted as 1 when a part type is
brought from some other machine for performing this operation or
the part type is moves to some other machine for performing the

next operation.

Set the value of corresponding Ugy, as 0 in model (ANOP)
and go to step 1. If there is a tie, break the tie arbitrarily. 1f no
alternate machine is available for any of the operation type that

causes movement. Stop (the optimal solution has been obtained).
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Sroblem Solving



The above explained algorithm for the loading problems of FMS has
been adopted to a real data collected in “C.K.P. Industries Ltd., Velandipalayam,
C BE.” where the thesis has concentrated on the milling attachment of the

drilling machine.

The cells needed for cellular type of manufacturing of these parts are
also assumed to be readily available. Having obtained all these details, for the
purpose of the assumption of FMS manufacturing, the machines have been
assumed to be general purpose machines with more process capabilities shown

in Table:1, thus reducing the number of machines in each cells.

The problem has been solved using the before explained
algorithm and for solving ANOP (Allocation of Neighbouring operation), a
software called LINDO has been used. LINDO (Linear Interactive Discrete
Optimizer) was developed by LINUS SCHRAGE (1986). 1t is a user-friendly

computer package that can be used to solve linear, integer and quadratic

programming problems.
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4.1.SOLVING FOR FIRST CELL

Table 2: Part Type Details for First Cell

No.of No.of Operation sequence
Part Type | Process | Operations (Operation type)
plans
(i) (si) (Oi) =1 2 3 4 5 6
1 4! 1 3 5 1 2
2 18! 2 6 4 5 1 7 2 6
6 4 1 7 2 5 6
3 19! 2 6 4 5 1 7 2 6
2 6 4 1 7 2 5 ¢
4 20" 2 6 4 51 7 2 6
6 4 1 7 2 5 6
5 21" I 3 51 2
6 22! 1 3 51 2
7 51 1 3 5 1 2
8 | 19" 2 6 4 5 1 7 2 6
6 4 1 7 2 5 ¢
9 | 20" 2 6 4 51 7 2 6
6 4 1 7 2 5 ¢
10 | 21" 2 6 4 5 1 7 2 ¢
: 6 4 1 7 2 5 ¢
1| 22 ] 3 51 2
12 | 23" I 3 51 2
13 ] 3™ 2 5 4 5 1 7 2 6
- 5 4 1 7 2 5 ¢
14 | 6 1 3 4 5 1
15 | 10™ 1 3 5 1 2
16 | 15T 2 4 4 5 7 1
4 4 7 5 ]
17 | 19 2 6 4 5 1 7 2 ¢
6 4 1 7 2 5 ¢
18 | 20™ 2 6 4 5 1 7 2 6
6 4 1.7 25 6|

40



Operation Type for first cell:

Number of | Operation Type
Operations - (q)

1 Drilling

2 Tapping

3 Shaping

4 Facing

5 Turning

6 Slotting

7 Boring

Tool Type for first cell:

No. of | Tool Type
Tools (t)

Drilling bit (5Smm 10mm 20mm)

Tapping tool “M6”

Milling cutter (10mm)

Facing tool

Turning tool

Milling cutter (10mm 30mm)

NN AW —

Boring tool

Machine type for first cell:

No. of Machine Type
machines - (m)
1 Horizontal machining center
2 Vertical machining center
3 CNC Lathe
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Table 3: Tool types details for first cell

Tool Slots Tool copies | Set of operation
type required Available types for tool
type ‘t’

(t) (hy) (c) (Qy

1 4 2 (1)

2 4 2 (2)

3 2 2 (3)

4 2 2 (4)

5 ] 1 (5)

6 3 3 (3,6)

7 2 1 (7)

Table 4: Machine Details for first cell

Machine | Tool magazine Process capability
(m) capacity(b,) |1 (2|3 [ 4|56 | 7
1 32 x [ VIix |V x|V ]V
2 64 VIiVIVIix ] x [ V] x
3 12 Vix| x|V ]|Vv]x]|x

vV : Operation possible

x . Operation not possible

Stepwise solution for first cell :-

Stepl: Z=-c0

Iteration 1 of two-stage heuristic:

Step H: The list of neighboring operation types for all the operation types

for the 1" cell as obtained from Tables 2,3 and 4, is shown in Table 5.
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Table 5: Neighbouring operation types

Operation Set of Set of
Type Neighboring machines
(q) operation types (m?)
(9
1 2,4,5,6,7 (2)
2 1,5,6,7 (1,2)
3 5,6 (2)
4 1,5 (3)
5 1,3,4,7 (3)
6 1,2,3,5 (1,2)
7 1,2,5 (1)

I Objective of the model (ANOP) is

LINDO PACKAGE :

INPUT:
Max Z Z qu - (A)

q
qe Q meM
Max = ul2+0ul13+u2 1+u22+u32+0ud | +ud3+uS3+ub1+u62+u7l
HOW I [+0wWI12+0w13+0w 14+0w15+0w] 6+0w17
+Ow2 1+0w22+0w23 +0wW24+0w25+0w26+0w27
+0w3 1+0w32+0w33+0w34+0w3 S+0w3 6+0w37

subject to

Tool slot constraint

2 h. Wy < by me M = (1)
teT

AWTIHWI12+2wW13+2w14+w15+3w16+2w1 7<=32
4w2 1+4w22+2wW23+2w24+w25+3 W26+2w27<=64 ]
4w3 1+4w32+2w33+2w34+w35+3w36+2w3 7<= 12

43



Tool copies constraint
2 Wpy < G, teT - (2)

me Mq
wll+w2]+w31<=2
wi124+w22+w32<=2
wl13+w23+w33<=]
wl4+w24+w34<=2
wl5+w25+w35<=]
w16+w26+w36<=2
wl7+w27+w37<=]

q
Um < 2 Wpn, qeQ, meM - 3)
tet
m

ul2-w2 <=0
ul3-w31<=0
u2l-wi2<=0
u22-w22<=0
u32-w23-w26<=0
udl-wl4<=0
u43-w34<=0
u53-w35<=0
ub l-w16<=0
u62-w26<=0
u7l-wl7<=0

2 qu
meM a

v

. qeQmeM’ S

ul2+ul3>=]
u2 [+u22>=1
u32>=|
u4 1+u43>=|
ud3>=|
u6 1+u62>=1
u71>=1

q
Ugm < I, qeQ,meM — (5)

ul2<=|1
ul3<=1
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u2l<=l1
u22<=1
u32<=j
ud1<=1
ud3<=1
us3<=}
uo <=1
u62<=]
u71<=1

q
Wime € {0,1}, me M, teT, qe Q — (6)

w21>=0
w31>=0
w12>=0
w22>=0
w23>=0
wl4>=0
w34>=0
w35>=0
w16>=0
w26>=0
w1 7>=0
w2l<=1
w3l<=]
wi2<=1
w22<=1
w23<=]
wl4<=1
w34<=1
w35<=1
wlo<=]
w26<=1
wl7<=1

Ugm 2 0, me M ,teT,qe Q - (7)
ul2>=0

ul3>=0
u21>=0
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u22>=0
u32>=0
u4 1>=0
u43>=0
us3>=0
u61>=0
u62>=0
u71>=0
END
ginul2
ginul3
gin u21
gin u22
gin u32
gin ud|
gin u43
gin u53
gin u61
gin u62
ginu71
gin wll
gin wi2
gin w3
ginwl4
gin wis
gin wlo
ginwl7
gin w21
gin w22
gin w23
gin w24
gin w25
gin w26
gin w27
gin w3
gin w32
gin w33
gin w34
gim w35
gin w36
gin w37
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OUTPUT:

VARIABLE VALUE

uil2
ul3
U2l
U22
u32
U4
U43
Us3
uel
ue2
Uu71i
W1l
Wi2
W13
W14
W15
W16
W17
W21
W22
W23
W24
W25
W26
W27
W3l
W32
W33
W34
W35
W36
W37

1.000000
.000000
1.000000
1.000000
1.000000
.000000
1.000000
1.000000
1.000000
1.000000
1.000000
.000000
1.000000
.000000
.000000
.000000

.1.000000

1.000000
1.000000
1.000000
1.000000
.000000
.000000
1.000000
.000000
1.000000
.000000
.000000
1.000000
1.000000
.000000
.000000
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The Machine — tool type and Machine — operation type assignments are shown

in Table: 6 as Obtain through LINDO

Table 6: Solution for model ANOP

Operation Type Machines |
M P s
1 2
2 1,2
3 2
4 3
5 3
6 1,2
7 1
Machine 1 2 3
Tool Types | 2,6,7 1,2,6 1,4,5

Step I : The solution for (PMM); is presented below using the suggest

Procedure
Step 0: Set Z,, =Zs, =274 =7, =2 =231 =25 =1

Iteration 1 for (PMM);, (PMM)s, (PMM),, (PMM), (PMM),;, (PMM),,,

(PMM);s:-
Step I: Process Plan =( 5-1-2)

Each pair of Set of common m/c’s
Successive operation
5-1 )
1-2 2 ]

Step 2: Frequency of m/c 2, f,=|

Stel) 3: qux = fs = f2:l

Step 4: Since the list of process plan is empty, we proceed to next step
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Step 5: Objective value = (0;) - 1 - f, = 3 -1 -1 =1

> (PMM), = (PMM);s = (PMM), = (PMM),
= (PMM)“ = (PMM)]Z = (PMM)15: 1

Step 6:

» Since the operations (1,2) can be assigned to m/c ‘2’
> Operation (5) can not be assigned to m/c ‘2’

Step 7:

» Hence the next highest frequency is = 0

» le, of m/c’3” where operation(5) can be allocated.

Step 0:
Set Zoyy=Zn=Zu=Zsi=Zoyv=Zipn =Zin=Ziz1 = 1,
In=Iln=1ln=1l=Zn=lin=2112=212=0
Iteration 1 for (PMM),, (PMM),, (PMM);, (PMM),;, (PMM);, (PMM),,
(PMM)y0, (PMM),7, (PMM);5:-

Step 1: Process plan (1) = (4-5-1-7-2-6)

Each pair of successive | Set of common m/c’ s
operation

4-5

5-1

1-7

7-2
2-6 1

Step 2:
Frequency of occurrence of m/c ‘1’ f; =2

Frequency of occurrence of m/c ‘2’ f, = 1



Frequency of occurrence of m/c ‘3° f3 =1
Step 3: Fmax = fs = fl =2

Stepd: Set Zn=Zp=Zp=Zu=Zn=Zin= Zin=2Zipn =1,
ZQ| :Z31 :Z41 :le :ZQI :ZIOI = Z171 :Zlﬂl =0

and go to step 1

Iteration 2 for (PMM), (PMM); (PMM), (PMM)s (PMM),
(PMM)W’ (PMM)”’ (PMM)]g:-

Step 1:  Process plan (2) = (4-1-7-2-5-6)

Each pair of Set of common m/¢’ s
successive operation
4-1
1-7
7-2
2-5
5-6

SARSEEIEC RS

Step 2: Frequency of occurrence of m/c “1” f, = 1
Step 3: szlx = fs = fl =1
Step 4: Since the list of process plans is empty, we proceed to next step.

Step 5: Objective value of process plan 1 = (6-1-2 = 3)
Process plan 2 = (6-1-1=4)
We select process plan I which has got the minimum objective valve
r (PMM), = (PMM); = (PMM),; = (PMM); = (PMM),
= (PMM),o = (PMM)7 = (PMM),5 =3
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Step 6: Process plan ‘1’

» Operations (7, 2, 6) can assigned to m/c ‘1’

> Operations (4,5,1) can not assigned to m/c ‘1’

Step 7:

> Hence next highest frequency (f3=1)

> Since operations (4,5) can be assigned to m/c ‘3’

> Opération (1) can not assigned to m/c “ 1 & 37

» Hence next highest frequency (f=0)

> i.e., of m/c ‘2> where operation(1) can be allocated
Step 0: Set Zy3=1,7Z13=0

Iteration 1 for (PMM);;:-

Step 1: Process Plan (1) =(4-1-5-3-6 )

Each pair of Set of common m/c’ s
successive operation
4-1 o
1-5 )
5-3 )
3-6 2

Step 3: Fuux=fk == 1
Step 4: Set Z;3=1,Zy3 =0 and go to step |
Iteration 2 for (PMM);;

Step 1: Process plan(2) = (4-5-1-6-3)
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Each pair of Set of common m/c’ s
successive operation
4-5
5-1
1-6
6-3

NG (W

Step 2: Frequency of m/c 2’ f, =2

Frequency of m/c ‘3° f5=1
Step 3: Fh=0L=0L=2
Step 4: Since the list of process plan is empty, we process next step.
Step 5: Objective value for process plan 1 = (5-1-1=3)

Process plan 2 = (5-1-2=2)
We select process plan ‘2’ which has got the minimum objective value

> (PMM);3=2
Step 6:  Process plan ‘2’
» Operations (1,3,6) can assigned to m/c ‘2’

Step 7:

» Hence next highest frequency (f3=1)

» Operations (4,5) can be assigned to m/c ‘3.

> Hence next highest frequency (f;=0)

» te., of m/c’2” where operation(1) can be allocated
Step:0 Set Zyg =1, Z14,=0

Iteration 1 for (PMM)4

Step 1:  Process plan = (4-5-1)



Each pair of Set of common m/c’ s
successive operation
4-5 . 3

5-1 9 l

Step 2: Frequency of m/c “3° 3 = |

Step3: Fou=fi=f3;=1

Step 4:  Since the list of process plan is empty, we proceed to next step.
Step S: ‘Objective value = (3-1-1 = 2)

> (PMM), =2

Step 6: Since operations (4,5) can be assigned to m/c ‘3’

Step 7: Hence next highest frequency (f,=0)

~ le., of m/c 2 where operation (1) can be allocated.

Step 0: Set Z;5, = I,Z55=0

Iteration 1 for (PMM),,:

Step 1: Process plan(1) =( 4-5-7-1)

Each pair of successive | Set of common m/c’ s
operation
4-5 3
5-7 )
7-1 ()

Step 2: Frequency of m/c ‘3° fi=1
StCP 3: qux = fs = f3 =1

Step 4: Set Zy5, = 1, Zyisy=0and go to step 1
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Iteration 2 for (PMM);s:

Step 1: Process plan (2) =( 4-7-5-1)

Each pair of successive | Set of common m/c’ s
operation '
4-7 ®
7-5 o
5-1 ®

Step 3: Frax = 0
Step 4: Since the list of process plan is empty, we process to next step.
Step S: Process plan 1 = (3-1-1=1)
Process plan 2 = (3-2-0=2)
We select process plan 1 (PMM)s= 1
Step 6: Operations (4,5) can assigns to m/c ‘3’
Step 7: Hence next highest frequency (fs=0)
» 1e., of m/c ‘1’ where Operation(7) can be allocated

and m/c ‘2° where Operation(1) can be allocated.

The machine operation assignment for the selected process plan is

Presented below in the form j/m (i.e.) Operation j assigned to machine m.
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Table 7: Solution for All (PMM);

Part Process | Operation (j) — Machine
Type plan (m) Assignment —(j/m)
@ sclected
1 | 5/3-1/2-2/2
2 1 4/3-5/3-1/2-7/1-2/1-6/1
3 1 4/3-5/3-1/2-7/1-2/1-6/1
4 | 4/3-5/3-1/2-7/1-2/1-6/1
5 | 5/3-1/2-2/2
6 1 5/3-1/2-2/2
7 | 5/3-1/2-2/2
8 ] 4/3-5/3-1/2-7/1-2/1-6/1
9 1 4/3-5/3-1/2-7/1-2/1-6/1
10 1 4/3-5/3-1/2-7/1-2/1-6/1
11 1 5/3-1/2-2/2
12 1 5/3-1/2-2/2
13 2 4/3-5/3-1/2-6/2-3/2
14 1 4/3-5/3-1/2
15 1 5/3-1/2-2/2
16 ] 4/3-5/3-7/1-1/2
17 1 4/3-5/3-1/2-7/1-2/1-6/1
18 1 4/3-5/3-1/2-7/1-2/1-6/1

Therefore
Zy=[-1-3-3-3-1-1-1-3-3-3-1-1-2-2-1-1-3-3] = -36

Since Z, > Z we save the current solution up date Z = Z, = -36,
Zi#0

Step IV:
» Operation types 1,7 each causes two movement
and operation type ‘5’ causes one movement.
> Operation type ‘7’ cannot be selected because it is already

assigned to m/c ‘I’ and no alternate machine is left.
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» Select operation type ‘1’ and set  U12=0 Go to Step II

Iteration 2 of two-stage heuristic:

Step Il The model (ANOP) remains the same as in the previous iteration

but with the additional constraint U12 =0
Il Objective of the model (ANOP) is

LINDO PACKAGE :

INPUT:
Max = ul2+0ul3+u21+u22+u32+0ud 1+ud3+us3+u61+u62+u7l
+Ow11+0w12+0w13+0w14+0w 15+ w16+0w17
+0w2 1+0w22+0w23+0w24+0w25+0w26+0w27
+0w3 1+0w32+0w33+0w34+0w35+0w36+ Ow37
subject to

Awl1+4Aw12+2w13+2w14+w15+3w16+2w17<=32
AwW2 1 +4w22+2wW23+2wW24+w25+3w26+2w27<=64
4w3 1+4w32+2w33+2wW34+w35+3w36+2w37<=12
will+w2l+w31<=2

wl12+w22+w32<=2

w13+w23+w33<=1

w14+w24+w34<=2

wi5+w25+w35<=1

wI16+W26+w36<=2

wl7+w27+w37<=1

ul2-w21<=0

ul3-w31<=0

u2l-wl2<=0

u22-w22<=0

u32-w23-w26<=0

u4l-wl4<=0

u43-w34<=0

us3-w35<=0

ubl-w16<=0

u62-w26<=0

u7l-wl7<=0
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ul2+ul3>=1
u2 l+u22>=1
ud [+u43>=]
u6 1+u62>=1
u32>=]
ud3>=|]
u71>=]
ul2<=1
ul3<=]
u2 <=1
u22<=1
u32<=|]
ud <=1
u43<=|
us3<=|]
ud 1<=1
u62<=1
u7l<=1
w21>=0
w31>=0,
w12>=0
w22>=(
w23>=(
wl14>=0
w34>=0
w35>=0
wl6>=0
w26>=0
wl17>=0
w2 <=1
w3 <=1
wl2<=]
w22<=1
w23<=]
wl4<=]
w34<=]
w35<=]
w16<=]
w26<=]
wl7<=]
ul2>=0
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ul3>=0
u21>=0
u22>=0
u32>=0
ud1>=0
u43>=0
u53>=0
u61>=0
u62>=0
u71>=0
ul2=0

END.

ginul?2
gin ul3
gin u21
gin u22
gin u32
gin u4 |
gin u43
gin uS53
gin u6l
gin u62
gin u71
ginwll
gin wl2
gin wi3
gin wl4
gin wl5
gin wl6
gin wl7
gin w21
gin w22
gin w23
gin w24
gin w25
gin w26
gin w27
gin w31
gin w32
gin w33
gin w34
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gin w35
gin w306
gin w37

OUTPUT:
VARIABLE

ul2
ul3
U2l
U22
uU32
U4l
U43
U53
U6l
ue2
U71
W11
Wi2
W13
W14
W15
W16
W17
W21
W22
W23
W24
W25
W26
W27
W31
W32
W33
W34
W35
W36
W37

VALUE

.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

.000000
1.000000

.000000
1.000000

.000000
1.000000
1.000000

.000000
1.000000

.000000

.000000

.000000
1.000000

.000000
1.000000

.000000

.000000
1.000000
1.000000

.000000

.000000



- The machine - tool type and Machine — operation type
assignments are shown in Table:8 as Obtain through LINDO

Table 8: Solution for model ANOP

Operation Machine’s
Type M PGS

1 3

2 1,2

3 2

4 1,3

5 3

6 1,2

7 1

Machine 1 2 3

Tool Types 2.4.6,7 2,6 1,4,5

Step 0: Set Zy=Z3=Zu=Zs1 =20 = Zin =Zin =Zyy = 1

2yn=73n=2p=2yp=20p=21p=L1n=21x=0

Step 1: Process plan (1) =( 4-5-1-7-2-6)

Each pair of Set of common m/c’ s
successive operation
4-5 3
5-1 3
1-7 )
7-2 |
2-6 1, 2

Step 2: Frequency of m/cl, f;, =2
Frequency of m/c2, f; = |

Frequency of m/c3,f5 = 2
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Step3: Fox=f3=f=f=2

Stepd: Set Zyn=Zyn=Zp=Zp=29=Z100=Z1n=Zip = |
2oy =2y =2y =7y =2y = Zin =Zin =Zy5 =0
and go to step |

Step 1: Process plan (2) = (4-1-7-2-5-6)

Each pair of Set of common m/c’ s
successive operation
4-1
1-7
7-2
2-5
5-6

8|8 ||

Step 2: Frequency of m/c1, f, =1
m/c3, f3=1
Step 3: Fmax =f, =1, =f; = |
Step 4: Since the list of process plan is empty, we proceed to next step

Step S: Objective value for process plan 1 (6-1-2=3)
Process plan 2 (6-1-1=4)

We select process plan 1 which has got the minimum objective value.
» (PMM), = (PMM); = (PMM), = (PMM)g = (PMM)y = (PMM),,
= (PMM)” = (PMM)lg =3

Step 6:
~ Operations (1,4,5) can assigned to m/c ‘3’

~ Operations (2,6,7) can assigned to m/c 1’
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Same procedure for the other part the objective value for
> (PMM), = (PMM);s = (PMM); = (PMM),; = (PMM);,
=(PMM);; = (PMM);5=1

\«,’

(PMM); = (PMM), = (PMM) = (PMM)y = (PMM ),p= (PMM),5
= ( PMM), = (PMM)3 = (PMM), =2
> (PMM); = 2
> (PMM)q = 0
> (PMM);s= 1

The machine operation assignment for the selected process plan is presented

below in the form j/m ie. Operation j assigned to machine m.

Table 9: Solution for all (PMM),

Part Process plan Operation (j) -
type selected machine(m) Assignment
() (j/m)
1 1 5/3-1/3-2/2
2 | 4/3-5/3-1/3-7/1-2/1-6/1
3 1 4/3-5/3-1/3-7/1-2/1-6/1
4 1 4/3-5/3-1/3-7/1-2/1-6/1
5 ] 5/3-1/3-2/2
6 I 5/3-1/3-2/2
7 1 5/3-1/3-2/2
8 1 4/3-5/3-1/3-7/1-2/1-6/1
9 1 4/3-5/3-1/3-7/1-2/1-6/1
10 1 4/3-5/3-1/3-7/1-2/1-6/1
11 I 5/3-1/3-2/2
12 1 5/3-1/3-2/2
13 2 4/3-5/3-1/3-6/2-3/2
14 1 4/3-5/3-1/3
15 1 5/3-1/3-2/2

62



16

4/3-5/3-7/1-1/3

17 4/3-5/3-1/3-7/1-2/1-6/1
18 4/3-5/3-1/3-7/1-2/1-6/1
Therefore
Zy=[-1-2-2-2-1-1-1-2-2-2-1-1-2-0-1- 1-2-2] =-26

Since Z, > Z, we save the current solution update Z,=7, = =26, 7Z,#0

Step 1V:

» Operation types 1,2,5 and 7, each causes one movement of

a part type.

» All the operation types can not be selected because no alternate machine is

left and This gives the final solution.
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4.2. SOLVING FOR SECOND CELL:

Table 10: Part Type Details For Second Cell

Part Type | Number of | Number of | Operation sequence
Process Operations (Operation type)
plans
(i) (s1) (Ois) =1 2 3 4 5 6
1 9! 2 4 32 6 1
3 2 1 6
2 10! 2 4 32 6 1
4 4 2 1 6
3 12 I 2 4 5
4 14! 1 2 4 5
5 | 10" 2 4 32 6 1
3 2 1 6
6 | 11 2 4 32 6 1
4 4 2 1 6
7 | 131 1 2 4 5
g | 15" 1 2 4 5
9 | s 1 2 4 5
10 | 7'M 1 3 3 4 2
11 | o' 1 3 4 1 5
12 | 13 2 4 32 6 1
3 2 1 6
13 | 14" 2 4 32 6 1
4 4 2 1 6
14 | 16 1 2 4 5
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Operation Type for second cell:

Number of Operation Type
Operations (q)

1 Drilling

2 Milling

3 Shaping

4 Facing

5 Turning

6 Slotting

Tool Type for second cell:

No. of Tools | Tool Type (t)

Drilling bit (Smm, 10mm, 20mm)

Milling cutter (10mm)

Milling cutter (10mm, 30mm)

Facing tool

Turning tool

AR WLIN|—

Milling cutter (10mm, 40mm)

Machine type for second cell:

No. of | Machine Type

machines (m)
] Horizontal machining center
2 Vertical machining center

3 CNC Lathe
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Table 11 : Tool types details for second cell

Tool Slots Tool copies | Set of operation
type required Available types for tool
type ‘t’
(t) (ho (c) (Q)
! 3 2 (H
2 2 2 2)
3 2 1 (2,3)
4 4 3 (4)
5 3 1 (5)
6 4 2 (2,6)

Table 12: Machine Details for second cell

Machine | Tool magazine Process capability
(m) capacity (b,,) 11213145617
1 32 X VIXI|IVIX|VI]Y
2 24 VIVIVIXIX][VI]X
3 8 VI I X X[ VIV]IXT]TX

V' : Operation possible

X : Operation not possible

Stepwise solution for second cell :-

Stepl: Z=-c0

Iteration I of two-stage heuristic:

Step I1: The list of neighboring operation types for all the operation types

for the 2™ cell as obtained from Tables 10,11 and 12 is shown in

Table 13.
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Table 13: Neighbouring operation types

Operation Set of Set of
Type Neighboring machines
(qQ) operation types (m")
)
1 2,4,5.6 2,3
2 1,4 1,2
3 4 1
5 1,5 3
6 1 2

[ Objective of the model (ANOP) is

LINDO PACKAGE:

INPUT:

Max= ul2+ul3+u21-+u22+u3 1+u4 1+ud2+0ud3+u53+u62+0us |
+0w11+0w12+0w13+0w14+0w15+0w16
+O0w2 1+0w22+0w23+0w24+0w25+0w26
+0w3 1+0w32+0w33+0w34-+0w35+0w36

subject to

3wll+2wli2+2w13+4w14+3w15+4w16<=32
3W21-+2w22+2wW23+4w24+3w25+4w26<=24
3w31+2w32+2w33+4w34+3w35+4w36<=8
wll+w2l+w3 <=2

wi2+w22+w32<=2

wi3+w23+w33<=]

wi4+w24+w34<=3

wi15+w25+w35<=1

w16+w26+w36<=2

ul2-w21<=0

ul3-w31<=0

u2l-wl2-wi3-wl6<=0
u22-w22-w23-w26<=0

u3l-wl3<=0

udl-wld<=0

u42-w24<=0

ud3-w34<=0

u53-w35<=0

u6l-wl16<=0
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u62-w26<=0
ul2+ul3>=]
u2I+u22>=1
u3|>=|]

ud I+ud42+ud3>=]
ud3>=|

u6 l+u62>=1
w21>=0
w31>=0
wl12>=0
w22>=0
w13>=0
w23>=0
wl4>=0
w24>=0
w34>=0
w35>=(0
wl16>=0
w26>=0
ul2<=1
ul3<=1
u2l<=]
u22<=]
u3dl<=]

ud <=1
ug2<=]
u43<=1
udi<=|
ugl<=|
u62<=1

w2 1<=]
wl2<=]
w22<=]
wl3<=]
w23<=]
wl4<=]
w24<=]
w34<=1
w35<=]
wl6<=]
w26<=]
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ul2>=0
ul3>=0
u21>=0
u22>=0
u3 1>=0
ud 1>=0
u42>=0
ud3>=0
us3>=0
u61>=0
u62>=0
END

gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin

ni2
ul3
uzl
u22
u3l
udl
ug?2
u43
us3
ué2
ut6l
wll
wl2
wli3
wl4
wl5
wl6
w21
w22
w23
w24
w25
w26
w3l
w32
w33
w34
w35
w36
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OUTPUT:
VARIABLE VALUE

Ul2 1.000000
Ul3 1.000000
U2t 1.000000
u22 1.000000
U31 1.000000
. U4l 1.000000
u42 1.000000
U43 1.000000
US53 1.000000
U6l 1.000000
ue62 1.000000

W11 .000000
W12 .000000
W13 1.000000
W14 1.000000
W15 .000000

W16 1.000000
W21 1.000000

W22 .000000
W23 .000000
W24 1.000000
W25 .000000

W26 1.000000
W3l 1.000000

W32 1.000000
W33 .000000
W34 .000000
W35 1.000000
W36 .000000

The machine — tool type and Machine — operation type assignments are

shown in Table: 14 as Obtained through LINDO
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Table 14: Solution for model ANOP

Operation Type ~ Machines
(q) M @ 6D
1 2,3
2 1,2
3 ]
4 1,2
5 3
6 1,2
Machine ] 2 3
Tool Types | 3,46 | 1,4,6 1,2.5

Step 111 : The solution for (PMM); is presented below using the suggested
procedure.
Step 0: Set Z[] =Z51 =Zlgl = 1,

2u=Z5=21%=0
Iteration 1 for (PMM),, (PMM)s, (PMM), ,:-

Step 1:  Process Plan (1) =( 3-2-6-1 )

Each pair of Set of common
Successive operation m/c’s
3-2 1
2-6 1,2
6-1 2

Step 2: Frequency ofm/c ‘1’ f;=2
Frequency of m/c <2°, f, =2

Step 3: Fmax = fs = f2=2
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Sth 4: Set 212225222122: 1,

Zy=Zs1=Zin= 0 and go to step: 1

Iteration 2 for (PMM);, (PMM)s, (PMM),3, :-

Step 1: Process plan (2) = (2-1-6)

Each pair of Set of common
successive operation m/c’ s
2-1 2
1-6 2

Step 2: Frequency of m/c “2” f, =2
Step 3: Frx=f, =11 =2
Step 4:Since the list of process plans is empty, we proceed to next step.

Step 5: Objective value of process plan (H=@4-1-2=1)

Process plan (2) = (3-1-2= 0)
We select process plan (2) which has got the minimum objective valve

> (PMM), = (PMM)s = (PMM), =0
Step 6:

> Operations (1, 2, 6) can assigned to m/c ‘2

Step 0: Set Zy =Za=Zin =1,
Zn=Zo=2in=0

Iteration 1 for (PMM), (PMM)g, (PMM);3:-

Step 1: Process Plan (1) =(3-2-6-1)
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| Each pair of
successive operation

Set of common m/c’ s

- 3-2 1
26 12
6-1 2

Step 2: Frequency of m/c “1°, f1 =2

Frequency of m/c ‘2°, 2=2

Step 3: Fux =fk =1 =2

Step 4: Set Zzg 2262 = 2132 = 1

Zn=2Z¢=Z131=0

and go to step |

Iteration 2 for (PMM);, (PMM)g, (PMM);3:-

Step 1: Process plan(2) = (4-2-1-6)

Each pair of

successive operation

Set of common m/c’ s

4-2 1,2
2-1 2
1-6 2

Step 2: Frequency of m/c ‘1" f; =1
Frequency of m/c ‘2 ;=3
Step3: Fpux=f=1H=3
Step 4: Since the list of process plan is empty, we proceed to next step.
Step 5: Objective value for process plan (1) = (4-1-2=1)

Process plan (2) = (4-1-3=0)

> (PMM); = (PMM), = (PMM)3 =10
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Step 6: Since the operations (1,2,4,6) can be assigned to m/c 2’
Step 0: Set  Zyy =Zy =Zn =Zsy =Zo1 = Zim =1,

Zp=Zn=2n=Zy=Zyp=Zix2=0

lteration 1 for (PMM)s, (PMM),, (PMM);, (PMM)g, (PMM)y, (PMM),:-

Stepl: Process plan (1) = (4-5)

Each pair of Set of common m/c’ s
successive operation
4-5 )

Step3: Frx=£=0
Step 4: Since the list of process plan is empty, we proceed to next step.
Step 5: Objective value for process plan (1)=2-1-0=1)
> (PMM); = (PMM), = (PMM); = (PMM); = (PMM)y = (PMM)y4 =1
Step 6:
> Since operation (4) can be assigned to m/c ‘1’
and operation (5) can be assigned to m/c 3’
Same procedure for the other parts
> (PMM);p= 0
> (PMM); = 1
The machine — operation assignment for the selected process plan is

presented below in the form j/m.i.e. Operation ‘j’ assigned to machine ‘m’.
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Table 15: Solution for All (PMM);

Part | Process | Operation (j)— Machine
Type plan (m) Assignment —(j/m) J
(1) selected
1| 2 |2/2-1/2-6/2 ﬂ
2 | 2 | 42-2/2-1/2-6/2
3 | 1 |4/1-5/3 B
4 | 1 14/1-53 |
5 2 2/2-1/2-6/2 |
6 2 4/2-2/2-1/2-6/2 B
7 1 4/1-5/3
F 8 1 4/1-5/3
9 ] 4/1-5/3
| 10 1 3/1-4/1-2/1
F 11 | 4/1-1/3-5/3
2 | 2 2/2-1/2-6/2
T3 | 2 |4/2-202-1/2-62
T |1 [4n5B

Therefore
7 =0+0-1-l+0+0+0-1-1—1+0-1+0+0-1 =-7
Since Z, > Z we save the current solution up date Z =Z; = -7, Z#0
Step 1V:

» Operation types (1,4,5) each causes one movement.

» Operation type ‘1”7 cannot be selected because it is already
assigned to m/c ‘2’ and m/c *3” and no alternate machine is left.

» Select operation type ‘4’ andset U41=0 Goto Stepll

\
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Iteration 2 of two-stage heuristic:

Step I1 : The model (ANOP) remains the same as in the previous iteration

but with the additional constraint U41 =0

I Objective of the model (ANOP) is

LINDO PACKAGE :

INPUT:
Max=u12+ul13+u21+u22+u3 1+us 1+ud2+0ud3+ud3+ub62+ubl
+0w11+0w12+0w13+0w14+0w15+0w16
+0w2 1+0w22+0w23+0w24+0w25+0w26
+0w3 1+0w32+0w33+0w34+0w35+0w36

subject to

3wl l+2w12+2w13+4w 14+3w15+4w16<=32
3w214+2w22+2w23+4w24+3w25+4w26<=24
3w3 14+2w32+2w33+4w34+3w3 5+4w36<=8
wll+w2 +w3 <=2

w12+w22+w32<=2

w13+w23+w33<=]

wl4+w24+w34<=3

w15+w25+w35<=1

w16+wW26+w36<=2

ul2-w21<=0

ul3-w31<=0

u21-w12-w13-w16<=0
u22-w22-w23-w26<=0

u3l-wi3<=0

ud1-wl4<=0

ud2-w24<=0

u43-w34<=0

u53-w35<=0

ubl-w16<=0
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u62-w26<=0
ul2+ul3>=1
u2 1+u22>=1
u3d1>=l1

ud 1+ud2+ud3>=1
udS3>=1
u61+u62>=1
w21>=0

w3 1>=0
w12>=0
w22>=0
w13>=0
w23>=0
wl14>=0
w24>=0
w34>=0
w35>=0
w16>=0
w26>=0
ul2<=l1
ul3<=l
u21<=1
u22<=1
uldl<=i

Cud <=1
ud2<=1
u43<=l1
ud3<=l1

u6 <=1
u62<=1
w21<=1
wl2<=1
w22<=1
wl3<=1
w23<=1
wld4<=1
w24<=1
w34<=]
w35<=1
wio<=1
w26<=1
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ul2>=0
ul3>=0
u21>=0
u22>=0
u31>=0
ud 1>=0
u42>=0
ud3>=0
u53>=0
u61>=0
u62>=0
u41=0

END

gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin
gin

ul2
ul3
u2l
u22
u3l
ud 1
ud2
u43
us3
u62
u6l
wll
wli2
wl3
wl4d
wls
wl6
w2l
w22
w23
w24
w25
w26
w3l
w32
w33
w34
w35
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gin w36
OUTPUT:
VARIABL  VALUE

ui2 1.000000
ul3 1.000000

U2l 1.000000
u22 1.000000
U3l 1.000000
U4t . .000000

U42  1.000000
U43 1.000000
Us3  1.000000

uol 1.000000
ue2 1.000000
W1l .000000
Wi2 .000000
W13 1.000000
Wi4 1.000000
W15 .000000

W16 1.000000
W21 1.000000

W22 .000000
W23 .000000
w24 1.000000
W25 .000000

W26 1.000000
W3l 1.000000

W32 .000000
W33 .000000
W34 1.000000
W35 1.000000
W36 .000000

The machine — tool type and Machine — operation type assignments are

shown in Table: 16 as Obtain through LINDO
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Table 16: Solution for model ANOP
Operation " Machine’s
Type (q) MPesD
2,3
1,2

achme \ 1 | 2 \
| Tool Types | 3.4.6 | 146 | 1

LLLJ

Al lWiN—

-

o
HEEEEE
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Step 111: The solution for (PMM); is presented below using the suggested
procedure.

Step 0: Set Z31 = Z41 - Zﬂ = Zg] = Zg] = Z|41 =1
[teration 1 for (PMM)3, (PMM)4, (PMM)7, (PMM)8, (PMM)9,

(PMM)14:-

Step 1: Process plan (1) =(4-5)

Each pair of Set of common m/c’ s
successive operation
L 4-5 | 3 |

Step 2: Frequency of m/c (3), 3= 1

Step 3: Fma.\: = fs = f3 =1
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Step 4: Since the list of process plan is empty, we proceed next step.

Step 5: Objective value for process plan(l)\= (2-1-1=0)

> (PMM); = (PMM), = (PMM); = (PMM)g = (PMM)y = (PMM)14 = 0
Step 6: Since the operations (4,5) can be assigned to m/c ‘3"
Step 0: Set ZH] = 1,

Iteration for (PMM);y:-

Step 1: Process plan (1) = (4-1-5)

Each pair of Set of common
successive operation m/c’s
4-1 | 2,3

| 1-5 l 3 |

Step 2:  Frequency of m/c ‘2’, =1
Frequency of m/c ‘3 =2
Step 3: Fmax=1f;= f=2
Step 5: Objective value for process plan (1) = (3-1-2=0)
»  (PMM);; =0

Step 6: Since the operations (1,4,5) can be assigned to m/c ‘37
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Table 17: Solution for all (PMM);

Part Process plan Operation (j) —
type(i) selected machine(m) Assignment

(i/m)

2/2-1/2-6/2

4/2-2/2-1/2-6/2

4/3-5/3

4/3-5/3

2/2-1/2-6/2

4/2-2/2-1/2-6/2

4/3-5/3

4/3-5/3

4/3-5/3

3/1-4/1-21

4/3-1/3-5/3

2/2-1/2-6/2

4/2-2/2-1/2-6/2

N PCY O i Uiy Uiy Jiy pRS FOR T N3 ISR PR E SR S

N i e = N R N S R R ] e

4/3-5/3

Therefore
Z,= 0+0+0+0+0+0+0+0+0+0+0+0+0+0 = 0

Since Z; > Z update Z=7,=0

Step I'V: If Z =0, stop

(The best possible solution has been obtained)
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4.3. SOLVING FOR THIRD CELL :

Table 18: Part Type Details For 3" Cell

No.of No.of Operation sequence
Part Type | Process | Operations (Operation type)
plan
(i) (s) (0s) j=1 2 3 45 6 7 8 9
1 k 2 6 36 1 10 2 3
4 31 6 2
2 | 2 1 2 3]
3| 3 2 5 31 6 10 2
6 31 6 103 2
4 | 5 2 9 4 5 1 8 7101 2 3
9 4 1 5 118 7 1 2 10
51 6 2 8 4 1 5 11 71 2 10
8 4 1 5 1112 7 10
6 | 7 2 5 31 7 3 2
4 31 2 7
7 | § 2 5 31 7 3 2
4 31 2 7
8 | 11 2 4 4 5 6 1
5 4 6 5 1 5
9 | 13' 2 4 4 5 6 1
5 4 6 5 1 5 -
10| 15' 2 6 5 9 4 1 6 10
6 4 5 9 1 6 10
TREG 2 6 5 9 4 1 6 10
6 4 5 9 1 6 10
121 17 I 5 4 5 1 6 2
13 1" 2 6 36 1 10 2 3
4 31 6 2
14 | 2" 1 4 35 1 10
15| 3" | 4 5 3 10 1
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10

10
10

1

4 5 6

1

4 5 6
4 6 5

1
1

10
10
10
10

6
6
6
6

5 9 4
4 5 9

1
1
1

5 9 4
4 5 9

10 2

4 5

10

8 7 101 2 3
11 8 7

1

5

10

1 2

1

4

6 10
10
2

6
6

5 9 4 1
4 5 9
4 5 9

1
1

1

l2H

14"

]61]

1711

]Hl

TTT
2

TTT
8

UL

12111

171]1

18Hl

16

17

138
19

20

21

22

23

24

26

27

29

31

32

33
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Operation type for 3™ cell:

Number of | Operation
operation Type

(q)

Drilling

Tapping

Shaping

Facing

Turning

“Boring

Threading

Grooving

Knurling

Milling

—_— OV RN A WIN|—

Tapper
turning

Tool Type for 3™ cell:

Number of
Tools

Tool Type
(t)

Drilling bit (Smm, 10mm, 20mm)

Tapping Tool

Shaping Tool

Facing Tool

Turning Tool

Boring Tool

Threading Tool

Grooving Tool

Knurling Tool

Milling Cutter (10mm, 30mm)

—|alvleNiaunin]wo]—

ot |

Turning Tool
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Machine Type for 3™ cell:

Number of Machine Type
machine (m)
1 Vertical Machining center
2 Shaping machine
3 CNC Lathe

Table 19: Tool Types Details for 3" cell:-

| Tool Slots Tool copies Set of
Type | required | Available operation
‘ types for tool
© | () (co type ‘t’ (Q)
1 2 2 (1)
2 4 2 (2)
3 1 1 (3)
4 4 3 (4)
5 4 1 (5
6 2 2 (6)
7 2 1 (7
8 2 1 (8)
9 2 1 (9)
10 3 2 (10)
11 2 1 (5, 11)
Table 20: Machine Details for 3" cell:
Machine | Tool magaZine Process capability
(m) capacity (bw)
11213(4|5/6]7(8[9]10)11
I 64 VIVIXIVIXIVIXIXIX] VX
2 1 X | X|VIVIX| XXX X] XX
3 12 VIXIXVIVIXIVIVIVIX |V

.\/

. Operation possible

X : Operation not possible
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Stepwise Solution for 3™~ cell:

Stepl: Z=-00

Iteration 1 of two-stage heuristic:

Step 11:
The list of neighbouring operation types for all the operation types
for the 3" cell as obtained from Tables 18,19 and 20 is shown in

Table:21

Table 21: Neighbouring operation types

Operation Set of Set of
Type Neigbouring machines (m,)
(q) operation types
(io)

1 2,3,4,5,6,7,9,10 1,3
2 1,6,7,10 1

3 1,5,10 ()

4 1,5 1,3
5 1,3,4,6,9,10,11 3

6 1,2,5,10 1

7 1,2,8,11 3

8 7,11 3

9 1,5 3
10 1,2,3,5,6 1

1 578 3




I Objective of the model (ANOP) is

LINDO PACKAGE:

INPUT:

Max = ull+ul3+u21+0u32+ud 1+0u42+0ud3+usS3+u61+u73
+u83+u93+ul01+ul 1+0w311+0w12+0w13+0w14+0w15
+0w16+0w17+0w18+0w19+0w110+0w111+0w21+0w22
+0w23+0w24+0w25+0w26+0w27+0w28+0w29+0w210
+0w211+0w31+0w32+0w33+ Ow34+0w35+0w36+0w37+0w38

+0w39-+0w310+0w311
subject to

2wl l+4w1243wI13+4w4+4dwl5+2w16+2w17+2w18+2w19+3w110
+2wl11<=64
2w21+4w22+3wW23+4w24+4w25+2wW26-+2wW27+2w28+2w29+3w2 10
+2w211<=2
2w3 1+4w32+3w33+4w34+4w35+2w36+2w37+2w38+2w39+3w310
+F2w31<=12

wll+w2+w31<=2

w12+w22+w32<=2

w13+w23+w33<=1

wl4+w24+w34<=3

wl54+w25+w35<=1

w16+w26+w36<=2

wl7+w27+w37<=]

w1 8+w28+w38<=]

w19+w29+w39<=]

wl10+w210+w310<=2

wlll+w2l1+w3l1<=]

ull-wli<=0

ul3-w31<=0
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u21-w12<=0
u32-w23<=0
ud1-w14<=0
ud2-w24<=0
u43-w34<=0
u53-w35-w311<=0
u61-w16<=0
u73-w37<=0
u83-w38<=0
u93-w39<=0
ul0l-wi10<=0
ul13-w311<=0
ull+ul3>=1
u21>=]
u32>=l

ud 1+ud2+ud3>=1
us3>=1
ub1>=1
u73>=1
ug3>=l
u93>=1
uloi>=1
ul13>=1

ul 1<=1
ul3d<=1
u2l<=1
u32<=l1

ud <=1
ud2<=1
ud3<=1
us3<=l
ubl<=l
u73<=l1
ud3<=l1
u93<=1
ul0l<=1
ul13<=1
wl1>=0

w3 1>=0
w12>=0
w23>=0
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w14>=0
w24>=0
w34>=0
w35>=0
w16>=0
w37>=0
w38>=0
w39>=0
wl110>=0
w311>=0
wli<=l
w3 <=1
wi2<=]
w23<=1
wld<=1
w24<=1
w34<=]
w35<=1
wl6<=1
w37<=1
w38<=1
w39<=]
wl1l0<=1
w3l l<=]
ul1>=0
ul3>=0
u21>=0
u32>=0
ud 1>=0
u43>=0
u42>=0
us3>=0
u61>=0
u73>=0
u83>=0
u93>=0
ul01>=0
ul13>=0
END
ginull
gin ul3
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gin u21l
gin u32
gin u4l
gin ud2
gin u43
gin ud3
gin u6l
gin u73
gin ud3
gin u93
gin ulOl
ginull3
ginwll
gin wl2
gin wi3
gin wi4
gin wls
gin wl6
gin w17
gin wig
gin wl9
gin w110
ginwlll
gin w21l
gin w22
gin w23
gin w24
gin w25
gin w26
gin w27
gin w28
gin w29
gin w210
gin w21l
gin w31
gin w32
gin w33
gin w34
gin w35
gin w36
gin w37
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gin w38
gin w39
gin w310
gin w31l

OUTPUT:
VARIABLE

Ultl
ul3
U2l
U32
U4l
U42
U43
Us3
Uol
u73
U83
Uo93
U101
Ult13
Wil
W12
W13
W14
W15
W16
w17
W18
W19
W110
W11l
W21
W22
W23
W24
W25
W26

VALUE

1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

.000000
1.000000

.000000
1.000000

.000000

.000000

.000000
1.000000

.000000

.000000

.000000
1.000000
1.000000

.000000

.000000
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W27 .000000

W28 .000000
W29 .000000
w210 .000000
W21l .000000
W3l 1.000000
W32 .000000
W33 .000000
W34 .000000
W35 .000000
W36 .000000
W37 1.000000
W38 1.000000
W39 1.000000
W310 .000000

W31l 1.000000
The machine — too! type and machine — operation type assignments are

shown in Table:22 as obtained through LINDO

. Table 22: Solution for model ANOP

Operation Type Machines

r (q) w(ls,i) ]
I | 13 B
2 \ %
3 |
4 | 1.2
5 l\ 3 B
6 1
7 \ 3 ﬂ
8 \ 3
9 \ 3

‘\* 10 \ 1 %
11 \ 3

rMachlne \ 1 \ 2 3 J

r Tool \ 1,2,4,6,10\ 34 11,789,10
Types
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Step 111:
The solution for (PMM); is presented below using the suggested

procedure
Step 0: Set Z]] = Z]3| = 2261 = ],

2n=21=2y2=0

Iteration 1 for (PMM);, (PMM);3, (PMM),4:-

Step 1: Process plan (1) = (3-6-1-10-2-3)

Each pair of Set of common
Successive operation m/c’s
3-6 0)
6-1 1
1-10 1
10-2 1
2-3 ()

Step 2: Frequency of m/c ‘1’, f1 =3

Step 3: Fmax =fs=1f; =3

Step 4: Set 21232132=22(,2: 1,

Z]] = 2131 = Z2(,l =0 and £0 to Stepl

Iteration 2 for (PMM)” (PMM)13, (PMM)Z(,:-

Step 1: Process plan (2) = 3-1-6-2
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Each pair of Successive | Set of common m/c’s
operation
3-1 P
1-6 1
6-2 ]

Step 2: Frequency of m/c 17, [} = 1

Step 3: Fmax =fs =, =2

Step 4: Since the list of process plan is empty, we proceed to next step.

Step 5: Objective valve for process plan (1) = (6-1-3=2)
Process plan (2) = (4-1-2-1)
We select the process plan(2) which has got the minimum objective value

» (PMM)I = (PMM)13 = (PMM)26 = 1
Step 6: Operations (1,2,6) can assigned to m/c ‘1.

Operation (3) can not assigned to m/c ‘1°.
Step 7: Hence the next highes frequency 1s =0
»~ le. Of m/c 2’ where operation (3) can be allocated.

» Same procedure for the other parts

» Therefore the objective value for
> (PMM), =1
> (PI\’]M)_} = (PIVIM)I(, = (PMM)27 =1

» (PMM); = (PMM)7 = (PMM); =2
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(PMM)s = (PMM) g = 2

(PMM)6 = (PMM)7 = (PMM), = (PMM)yo = (PMM)s; = 2

(PMM)g = (PMM)y = (PMM),; = (PMM),; =2

(PMM)[O = (PMI\/I)“ = (PMM)Q} = (PMM)24 = (PMM)32 =3

(PMM); = (PMM)y5 =2

(PMM)4 =2
(PMM)]S =2
(PMM),5 =2
(PMM)zg =1
(PMM);3 =3
Table 23: Solution for all (PMM),
Part Process Operation (j) — machine(m)
type(i) plan Assignment (j/m)
selected
1 2 3/2-1/1-6/1-2/1
2 1 3/2-1/3
3 1 3/2-1/1-6/1-10/1-2/1
4 2 4/1-1/1-5/3-11/3-8/3-7/3-1/1-2/1-10/1
5 1 4/1-1/1-5/3-11/3-7/3-1/1-2/1-10/1
6 2 3/2-1/1-2/1-7/3
7 2 3/2-1/1-2/1-7/3
8 ] 4/2-5/3-6/1-1/1
9 1 4/2-5/3-6/1-1/1
10 2 4/2-5/3-9/3-1/3-6/1-10/1
11 2 4/2-5/3-9/3-1/3-6/1-10/1
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12

4/2-5/3-1/3-6/1-2/1 B

13

3/2-1/1-6/1-2/1

14

3/1-5/3-1/1-10/1

15

5/3-3/2-10/1-1/1

16

3/2-1/1-6/1-10/1-2/1

17

4/1-1/1-5/3-11/3-8/3-7/3-1/1-2/1-10/1

18

4/1-1/1-5/3-11/3-7/3-1/1-2/1-10/1

19

3/2-1/1-2/1-7/3

20

3/2-1/1-2/1-7/3

21

4/2-5/3-6/1-1/1

22

4/2-5/3-6/1-1/1

23

4/2-5/3-9/3-1/3-6/1-10/1

24

4/2-5-3-9/3-1/3-6/1-10/1

25

4/2-5/3-1/3-6/1-2/1

26

3/2-1/1-6/1-2/1

27

3/2-1/1-6/1-10/1-2/1

28

4/2-5/3-10/1-2/1

29

3/2-10/1-1/1-2/1

30

4/1-1/1-5/3-11/3-8/3-7/3-1/1-2/1-10/1

31

3/2-1/1-2/1-7/3

32

4/2-5/3-9/3-1/3-6/1-10/1

33

4/2-5/3-9/3-1/3-6/1-2/1

Therefore

= [-1-1-1-2-2-2-2-2-2-3-3-2-1-2-2- 1-2-2-2-2-2-2-3-3-2-1-1-2-1-2-2-3-3]

=.64

-Since Z, > Z we save the current solution update Z=Z,= - 64, Z, #0

Step I'V:

> Operation type (3,5) each causes two movement

and operation types (1,4,6,7,10) each causes one movement.

> Operation type (3,5 and 1) can not be selected because it is already
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assigned to m/c ‘1’ m/c ‘3’ and no alternate machine 1s left.
~

> Select operation type ‘4’ and set U42 = 0 Go to step 11

Iteration 2 of two — stage heuristic:

Step II: The model (ANOP) remains same as in the previous
iteration but with the additional constraint U42 =0
Il Objective of the model (ANOP) is

LINDO PACKAGE:

INPUT:

Max = ull+ul3+u21+0u32+ud41+0ud2+ud3+uS3+ub6 1+u73+u83+u93

*

+ul01+ul 13+0wl 1+0wl2+0w13+Ow14+0w15+0w116'+0w17+Owl8
+0w19+0w110+0w111+0w21+0w22+ w23+0w24+0w25+0w26

+0w27+0w28+0w29+0w210+0w211+0w3 1+0w32+0w33+ Ow34
+0w35+0w36+0w37+0w38+0w39+0w310+0w311

subject to

2wl l+4w12+3w13+4wlid+4w5+2wl6+2wl7+2w18+2w19+3wl 10
+2wl11<=64
2wW21+4w22+3w23+4w24+4wW25+2w26+2w27+2w28+2w29+3w210
+2w211<=2
2w3 1+4w32+3w33+4w34+4w35+2w36+2w37+2w38+2w39+3w3 10
+2w311<=12

wll+w21+w31<=2

wl12+w22+w32<=2

wl3+w23+w33<=1

wl14+w24+w34<=3

wl15+w25+w35<=1

w16+w26+w36<=2

wl7+w27+w37<=1

w18+w28+w38<=1]
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w19+w29+w39<=1
w110+w210+w310<=2
wlll+w211+w31 1<=1
ull-wi1<=0
ul3-w31<=0
u21-w12<=0
u32-w23<=0
ud1-w14<=0
ud2-w24<=0
u43-w34<=0
u53-w35-w311<=0
u61-w16<=0
u73-w37<=0
u83-w38<=0
u93-w39<=0
ul01-w110<=0
ul13-w311<=0
ull+ul3>=1
u21>=1

u32>=1

ud 1+ud2+ud3>=1
us3>=l1

ub1>=1

u73>=1

ug3>=l1

u93>=1

ulol>=1

ul13>=1

ull<=1

ul3<=1

u21<=1

u32<=1

udl<=1

ud2<=1

ud3<=l1

us3<=l

ub1<=1

u73<=1

u8l3<=l

u93<=1

ulol<=1
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ull3<=1
wl1>=0
w31>=0
w12>=0
w23>=0
w14>=0
w24>=0
w34>=0
w35>=0
w16>=0
w37>=0
w38>=0
w39>=0
w110>=0
w311>=0
wll<=1
w3 <=1
wl2<=1
w23<=1
wl4<=1
w24<=1
w34<=]
w35<=1
wl6<=1
w37<=1
w38<=1
w39<=]
wl10<=1
w3ll<=1
ul 1>=0
ul3>=0
u21>=0
u32>=0
u4 1>=0
u43>=0
u42>=0
us3>=0
u61>=0
u73>=0
ud3>=0
u93>=0
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ul01>=0
ul13>=0
u42=0
END
ginull
ginul3
gin u2l
gin u32
gin u4l
gin u42
gin u43
gin u53
gin u61
gin u73
gin ud3
gin u93
gin ulOl
ginull3
gin wll
gin wil2
gin w13
gin wl4
gin w15
gin wlé
gin w17
gin wl8
gin wl9
gin w110
ginwlll
gin w21
gin w22
gin w23
gin w24
gin w25
gin w20
gin w27
gin w28
gin w29
gin w210
gin w211
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gin w3l
gin w32
gin w33
gin w34
gin w35
gin w36
gin w37
gin w38
gin w39
gin w310
gin w31l

QUTPUT:

VARIABLE VALUE

Ull 1.000000
u13 1.000000
U21 1.000000
U32 1.000000
U41 1.000000
U42 .000000
U43 1.000000
Us3 1.000000
Uél 1.000000
u73 1.000000
U3 1.000000
Uo3 1.000000
U101l 1.000000
Uuli3 1.000000
W1l 1.000000
W12 1.000000
W13 .000000
W14 1.000000
W15 .000000
W16 1.000000
W17 .000000
W18 .000000

W19 .000000

103



W110 1.000000

WIll .000000
W21 .000000
W22 .000000
W23 1.000000
W24 .000000
W25 .000000
W26 .000000
W27 .000000
W28 .000000
W29 .000000
W210 .000000
W211 .000000
W3l 1.000000
W32 .000000
W33 .000000
W34 1.000000
W35 .000000
W36 .000000
W37 1.000000
W38 1.000000
W39 1.000000
W310 .000000
W31l 1.000000

The machine - tool type and machine — operation type
assignments are shown in Table:24 as obtained through

LINDO
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Table 24: Solution for model ANOP

Operation Type (q) Machines m®®)
1 1,3
2 1
3 2
4 1,3
5 3
6 1
7 3
8 3
9 3
10 1
11 3
Machine 1 2 3
Tool 124,610 3 |1,47809,1
Types 1

Step III: The solution for (PMM); is presented below using the suggested
procedure.

> Objective value for all parts type

(PMM),; = (PMM);3 = (PMM) = 1

(PMM), = |

(PMM); = (PMM) ;6 = (PMM)7 = 1

(PMM), = (PMM),7 = (PMM)s30 = 1

(PMM)s = (PMM)5 = 1

(PMM)g = (PMM); = (PMM);y = (PMM) = (PMM);; =2
(PMM); = (PMM)y = (PMM),, = (PMM), =1

(PMM)o = (PMM),, = (PMM)y3 = (PMM)p4 = (PMM)3, =2
(PMM);, = (PMM)zs =1

(PMM)14 =

(PMM);s = 2

(PMM)s = 1

(PMM)yy =2

(PMM);3 =2

VVVYYVYVYVYVYYYYY A4
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Table 25: Solute for all (PMM),

Part
type(i)

Process
plan
selected

Operation (j) — machine(m)
Assignment (j/m)

2

3/2-1/1-6/2-2/1

3/2-1/3

3/2-1/1-6/1-10/1-2/1

4/3-1/3-5/3-11/3-8/3-7/3-1/1-2/1-10/1

4/3-1/3-5/3-11/3-7/3-1/1-2/1-10/1

3/2-1/1-2/1-7/3

3/2-1/1-2/1-7/3

4/3-5/3-6/1-1/1

4/3-5/3-6/1-1/1

4/3-5/3-9/3-1/3-6/1-10/1

ot P RS RN T I Rl Rt el Al

4/3-5/3-9/3-1/3-6/1-10/1

4/3-5/3-1/3-6/1-2/1

3/2-1/1-6/1-2/1

3/2-5/3-1/1-10/1

5/3-3/2-10/1-1/1

3/2-1/1-6/1-10/1-2/1

4/3-1/3-5/3-11/3-8/3-7/3-1/1-2/1-10/1

4/3-1/3-5/3-11/3-7/3-1/1-2/1-10/1

3/2-1/1-2/1-7/3

3/2-1/1-2/1-7/3

4/3-5/3-6/1-1/1

4/3-5/3-6/1-1/1

L'JI\)—O\OOO\IG\LI\&L»JN

4/3-5/3-9/3-1/3-6/1-10/1

1
1
2
1
2
2
]
1
2
2
1
2
1
1
1
2
1
2
2
]
1
2
2
1
2
1
1
1
2
2
2
1

24 4/3-5/3-9/3-1/3-6/1-10/1

25 4/3-5/3-1/3-6/1-2/1

26 3/2-1/1-6/1-2/1

27 3/2-1/1-6/1-10/1

28 4/3-5/3-10/1-2/1

29 3/2-10/1-1/1-2/1

30 4/3-1/3-5/3-11/3-8/3-7/3-1/1-2/1-10/1
31 3/2-1/1-2/1-7/3

32 4/3-5/3-9/3-1/3-6/1-10/1

33

4/2-5/3-9/3-1/3-6/1-2/1
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Therefore
Z,= [-1-1-1-1-1-2-2-1-1-2-2-1-1-2-2-1-1-1-2-2-1-1-2-2-1-l-l-l-2-l
-2-2-2]
Z,=-47

> Since Z, > Z; we save the current solution update Z = Z, = -47,

> Z,#0

Step IV:

> Operation types (3,5) each causes two movement

and operation types (6,7,10) each causes one movement.

A

> All the operation can not be selected because no alternate

machine is left.

> This gives the final solution.
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CHAPTER -5

Yeswlls



The following results have been obtained after using the algorithm for the
| loading problem for FMS on the data obtained from the company. The same
| objective value and assignments were obtained by LINDO computer package.

5.1. Solution for first cell

Table 26: Optimal part type — process plan — operation — Tool type —
machine — Assignment

Part | Process Operation (j) — machine (m)-Tool type(t)
type plan Assignment
(i) | selected (j,m,t)
L 1 (13,9, 231 (3,2,6)
T (1,3,4) (23,5, (33,1, (4,1,7),(5,1,2), (6,1,6
1 (1,3,4), (23,5, 3.3.1), 4,1,7), (5,1,2), (6,1.6)
[ (1,3.4), (2.3.5), 3.3.1). (4.1.7), 5.1,2), (6,1,6
1 (1,3,5),(2.3,1), (3,2,0)
] 13,5), (2,3,1), (3.2,6)
1 (1,3,5), (2,3.1), (3,2.,6)
T 1(1,3,4),(23.5). (3,31, 4,17, (5,1,2), (6,1,6
T 1(1,3,4), (23,5, (3.3.1). (4, 1.7, (5,1,2), (6,1,6)
| (13,4), (2,3,5). 3.3.1). (4.1.7), 5.1,2), (6,1,6)
1 1(1,3,5).(23.1), 3.2.0)
1
2
1
1
1
|
1

[(1,3,5), (2,3.1), (3.2,6)
[(1,3,4), (2,3,5), (3.3.1), (4,2,6), (5,2,6)
[(1,3.4), (2,3,5), 3.3.1)
(1,3,5), 2,3,1), (3,2,6)
(13.,4), (2,3,5), 3,1,7).(4,3. 1)
1 (1,3,4), (2.3.5), (3.3,1),(4,1.7),(5,1.2
13.4), (2,3,5), (3,3.1,(4,1.71).5,1,2

2 s~/

,(6,1,6
(6.1,6

2 bl

The optimal objective function value for the first cell is = =22

i.e., 22 pair of successive operation is not assigned together.
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5.2. Solution for second cell

Table 27: Optimal part type — process plan — operation — Tool type —-
machine —Assignment for second cell:-

Process
plan
selected

Operation (j) — machine (m)-Tool
type(t)

Assignment

(j,m,t)

(1,2,6), (2,2,1), (3,2,6)
[(1,2,4) (2,2,6), (3,2.1), (4,2,6
| (1,3,4), (2,3,5) |
[(1,3.4),(2.3.5)

12,6), (2.2,1), (3,2,6)
t (1,2.4), (2,2,6), 3,2,1), (4.2,0)
| (1,3,4), (23,5
| (1,3,4), (2,3,5)
#,3,4), (2,3,5)
(1,1,3), (2,1,4), (3,1.6)
(1.3,4), 2,3,1), (3,3,5)
T2 [(1.2,6),(2.2.1).3.2.0)
T2 (124,220, 3.2.1), (4,2,6

——»—-—-»—a—d[\)[\.)—-d-—‘l\)l\)

» The optimal objective function value is =0

» i.e., All pair of successive operation is assigned together.
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| 5.3.

Solution for thread cell

Table 28: Optimal part type — process plan — operation — Tool type —

. . . -d
machine — assienment for 3'° cell

Part | Process Operation (j) — machine (m)-Tool type(t)
type plan Assignment
(i selected (j,m,t)
(1,2,3), (2,1,1), (3,1,6),(4,1,2)

(1,2,3) (2,3,1)

(1,2,3), (2,1,1), (3,1,6), (4,1,10), (5,1,2)

(1,3,4),(2,3,1),(3,3,11),(4,3,11),(5,3,8),(6,3,7),(7,1,1),(8,1,2),(5,1,10)

(13,4), (2,3.1), 3.3,11),(4,3,11),(5,3,7),(6,1,1),(7,1,2),(8,1,10)

(1,2,3), 2,1,1), (3,1,2), (4,3,7)

(1,2,3), (2,1,1),(3,1,2),(4,3,7)

(1,3,4), (2,3,11),(3,1,6),(4,1,1)

(1,3,4), (2,3,11),(3,1,6),(4,1,1)

(1,3,4), (2,3,11), (3,3,9),(4,3,1),(5,1,6),(6,1,10)

(1,3,4), (2,3,11), (3,3,9),(4,3,1).(5,1,6),(6,1,10)

et | b | —
Siziae|e| o v s v

(1,3,4), (2,3,11), (3,3,1),(4,1,6),(5,1,2)

.—A[\)-—-[\)(\)-—a—-[\)t\).—-[\)»—a——v—-N—‘(\)N-—‘-—‘NN"-‘N'—"—‘N

13 (1,2,3), (2,1,1), (3,1,6), (4,1,2)
14 (1,2,3), (2,3,11),(3,1,1),(4,1,10)
15 (1,3,11),(2,2,3),(3,1,10),(4,1,1)
16 (1,2,3),(2,1,1),(3,1,6),(4,1,10),(5,1,2)
17 (1,3,4),(2,3,1),(3,3,11),(4,3,11),(5,3,8),(6,3,7),(7,1,1)(8,1,2)(9,1,10)
18 (1,3,4),(2,3,1),3.3,11),(4,3,11),(5,3,7),(6,1,1),(7,1,2),(8,1,10)
19 (1,2,3),(2,1,1),(3,1,2),(4,3,7)
20 (1,23),(2,1,1),(3,1,2),(4,3,7)
2] (1,3,4),(2,3,11),(3,1,6),(4,1,1)
22 (1,3,4),(2,3,11),(3,1,6),(4,1,1)
23 (1,3,4),(2,3,11),(3,3,9),(4,3,1),(5,1,6),(6,1,10)
24 (1,3,4),(2,3,11),(3,3,9).(4,3,1),(5,1,6),(6.1,10)
25 (1.3,4),(2,3,11),(3,3,1),(4,1,6),(5.1,2)
26 (1,2.3),(2,1,1),(3,1,6),(4,1,2)
27 (1,2,3),(2,1,1),(3,1,6),(4,1,10)

110




28 [ (1,3,4),(2,3,11),(3,1,10),(4,1,2)

29 1 (1,2,3),(2,1,10),(3,1,1),(4,1,2)

30 2 (1,3,4),(2,1,1),(3,3,11),(4,3,11),(5.3,8),(6,3,7),(8,1,2).(9,1,10)
31 2 (1,2.3),2,1,1),(3,1,2),(4,3,70

32 2 (1,3,4),(2,3,11),(3,3,9),(4,3,1),(5,1,6),(6,1,10)

33 [ (1,3,4),(2,3,11),(3,3,9),(4,3,1).(5,1,6),(6,1,2)

> The optimal objective function value for the 3™ cell is = - 47

> 1.e., 47 pair of successive operation is not assigned together.
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CHAPTER -6

Conclusion and Segpe



6.1 Conclusion

The number of Flexible manufacturing systems in the manufacturing
world is increasing in order. The varieties of Problems are solved in the design
and use of such FMSs. An attempt has been m\ade in this thesis to study a
specific loading and part fnovement minimisation of an FMS [17].

The objective function for loading and part movement
minimisation problem for the FMS has been identified and formulated. The
constraints have been made after thoroughly analysing the problem environment.
The assumptions on which the formulations made, are clearly indicated. This
problem has been made as a case study problem for a company manufacturing
milling attachments to drilling machines.

A ﬁwo stage heuristic procedure is adopted to solve the problem. The
ANOP and PMM are used. The machines and machine tool types are assigned
against the operation type using ANOP model. The problem is solved with help
of LINDO computer package. The optimal process plan is selected with
reference to the solution obtained from ANOP. Using PMM the relsults are
tabulated in the Tables 26,27,28 for the three different cells.

Thus, the solutions would certainly minimize the resources utilized for

manufacturing the milling attachments as the parts movement is minimized.
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[®)

Future scope :
The results embodied in thesis is not the unique solution.

And, the sequencing problems could be combined with the loading in

future in order to avoid the complexities in sequencing.

Further, quest and promodel like software’s could be used

to study the performance of the FMSs with the results obtained.
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APPENDIX



Appendix: (A)

Components for milling attachment (Type 1)
of the drilling machine



PART-I

e e T T Y

CROSS FEED BE

SCALE 1:2.5

All dimension are in mm.

OPERATION SEQUENCE FOR

Process plan-|

Process plan-—il

1.1 Shoping 1. 1Shaping
2.|Boring 2. {Drilling
3. | Drilling 3. {Boring
4, | Milling 4, {Tapping
5. | Tapping
6. | Shaping
PART: 2
2521
155
- 115 |
ol w
S S
% ) 3
3 3

FIG 4.1.2 FIXING BRACKET

SCALE 1:2.5

All dimension are in_mmy

[ OPERATION SEQUENCE FOR|

Process plan—|

1.|Shaping
2.{Drilling
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SCALE : N.T.S
All_dimension are In mm.
OPERATION SEQUENCE FOR
FIG 4.1.3.TABLE Process plan-—I| Process plan-ll
1.} Shaping 1. [Shaplng
2.|Drllling 2. |Drllfing
1. | Borl 3. [Boring
.| Boring 4. [Milling
4,1 Milling 5. {Shaping
5.|Tapping 6. |Tapping
PART:4,21,22
777773
; 1
/////////%
o6 —_—t ——— - —]
/////////7
Al
5.5 1.8
FIG 4.1.4 SCREW ROD COLLAR
SCALE 1:1

All dimeansion ares in mm.

OPERATION SEQUENCE FOR

Process plan—!

1. Turning
2. Drilling
3. Tapping




PART:S

TP ISOLH
3
~
| 1
I [ 14 ‘1
A\
20
253 23
360
SCALE 121
All dimenslon are In_mm.
OPERATION SEQUENCE FOR
Process plan—| Process plan-ll
1.{Facing 1. |Faclng
FIG 4.1.5 CROSS FEED SCREW ROD 2.|Turning 2. |Driiting
3.| Drilling 3. [Turning
4.|Grooving 4. |Taper turning
5. Threading 5. {Grooving
6. Milling 6. {Threading
7.|Drilling 7. |Drilling
8.|Tapplng 8. |Tapplng
9. [Shaplng 9. |Mlliing
PART:6
22 5TP ISQLH £20.5
X
/4
] L
A
A
5 13.8 550 L 13.8 5
700
SCALE 11
All dimenslon _are In_mm.
OPERATION SEQUENCE FOR
Process plan—I Process plan-—I!
1.|Faclng 1. [Facing
FIG 4.1.6 TABLE MOVEMENT SCREW ROD 2. | Drilling 2. |Drliting
3.{Turning 3. [Turning
4.|Taper turning 4. |Taper turning
5.|Threading S. [Driliing
6. Dritling 6. |Tapplng
7.|Tapplng 7. |Threading
8. [Milling 8. |Tapping




10

21.5

21.5

SCALE 1:2

All dimensfon are In_mm.

OPERATION SEQUENCE FOR

FIG 4.1.7 CROSS FEED SCREW ROD NUT Prosess plon—| |Process plon—
1. |Shaping 1. |Shoping
2. |Drllling 2. {Drilling
3. |Threading 3. |Tapplng
4. |Shaplng 4. |Threading
5. {Tepplng
PART:8
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I
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SCALE 1:2

FIG 4.1.8 TABLE MOVEMENT SCREW ROD NUT

All dimension are in mm.

OPERATION SEQUENCE FOR

Process plan—|

Process plan-ll

Shaplng
Driliing
Threading
Shaping
Tapping

mamde

Shapling
Drilling

Tapplng
Threading

E b adiadiad




PART.9

23
N
57.5 20

FIG 4.1.9 TABLE MOVEMENT ZIP

SCALE 1:1

All dimensfon are In_mm.

OPERATION SEQUENCE FOR

Process plan—|

Process plan—Il

Shaping
Milling
Slotting
Drilling

EEs

1.

Milling

2, iDrilling
3. |Slotting

438

FIG 4.1.10 CROSS FEED MOVEMENT ZIP

SCALE 1:1

All dimension ore in _mm.

OPERATION SEQUENCE FOR

Process plan—|

Process plan~|l

1.1 Shaping
2. Milling

3. | Slotting
4. [Drilling

1. |Facing
2. |Milling
3. |Drilling
4. |Slotting




PART:11
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5
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i
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SCALE 1:1
All dimension are in mm.
FIG 4.1.11 CROSS FEED MOVEMENT OPERATION SEQUENCE FOR
DIAL READING COLLAR Process plan-| Process plan-—Il
1. Faclng 1. Faclng
2. Turning 2. Borlng
3. Boring 3. Turning
4. Drilling 4. Drliling
5. Turning
PART:12 & 14
42
FIG 4.1.12 STEADY PIN SCALE 1:4 :
All dimension are in mm.

OPERATION SEQUENCE FOR

Process plan—|

1.
2. | Turning

Facing




PART-13
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SCALE 1:2
All dlmensfon are In mm.
OPERATION SEQUENCE FOR
FIG 4.1.13TABLE SCREW ROD LOCKING COLLAR Process plan=l |Process plan-il
1.{Facing 1. |Facing
2. | Turni 2. |Boring
3 Bur;nng 3. |Turning
-|eering 4. [Drilling
4.|Drlliling 5. [Turning
PART:15
o435
’ #35+0.02
5
15 .
SCALE 2:1

FIG 4.1.14 TABLE MOVEMENT READING DIAL

All_dimenslon are In mm.

OPERATION SEQUENCE FOR

Process plan—|

Process plan—Il

1. Turning 1. Faclng
2. Knurling 2. Turning
3. Facing 3. Knurling
4. Drllling 4. Drilling
5. Boring 4. Borlng
6. Mllling 6. Mlilling




£72

N

SCALE 1:1
3.8 All dimension are in mm.

OPERATION SEQUENCE FOR
Process plan-1 Process plan-l|

FIG 4.1.15 CROSS FEED MOVEMENT READING DIAL . Turning . Focing
2. Knurling 2. Turning
3. Focing 3. Knurling
4. Drilllng 4. Drliling
S. Boring 5. Boring
6. Milling 6. Milling

PART:17
| #45
SCALE 1:1

All dimenslon are In mm.

OPERATION SEQUENCE FOR

FIG 4.1.16 DIAL GUAGE SPACER

Process plan-I

Facing
Turning
Driliing
Borlng

Tapping

NN —




PART:18

/

SCALE 1:1

""" )

All dimension are In mm.

FIG 4.1.17 FEEDING HANDLE FOR OPERATION SEQUENCE FOR
TABLE AND CROSS FEED Process plan—I| Process plan—Il
1.{Faclng 1. (Faclng
2.{Turning 2. |Dritling
3.1 0Drllling 3. |Boring
4.|Boring 4, |Tapplng
5.|Tapplng 5. |Turning
6. ] Slotting 6. |Slotting
PART:19 & 20
gasl— -1
p35-0:02 _/_/_/
42 é
8.4
SCALE 1:1

FIG 4.1.18 FEEDING HANDLE FOR TABLE

All dlmenslon are In mm.

OPERATION SEQUENCE FOR

Process plan—|

Process plaon-Il

1. Faclng 1. Facing
2. Turning 2. Drillin
FEED IN DIAL FIXING SIDE:- 3. Drliling 3. Bor[ngg
4. Boring 4. Tapping
5. Tapplng 5. Turnlng
6. Slotting 6. Slotting




Appendix: (B)

Components for milling attachment (Type 2)
of the drilling machine
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PART:3

123

|
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-

FIG 4.2.3 TOP FIXING BRACKET
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Lol

il

SCALE 1:2.5
All dlmenslon ara In mm

OPERATION SLCQUENCE FOR
Pracess plan—|

1. | Turning
2.|Shaplng
3. Milllng
4. | Driliing

PART 4

74 x

FIG 4.2.4.TABLE

SCALE : N.T.S
All_dlmenslon are In mm.

OPERATION SEQUENCE FOR

Process plan—i Process plan-|i

Shaping
Drilling
Boring
Milling
Tapping




PART:5,22,23

FIG 4.2.5 SCREW ROD COLLAR

(L2227

722

//////////

_

o

19

5.5 3.8

SCALE 1:1
All dimenslon ars In mm.

OPERATION SEQUENCE FOR

Process plan—i

1. Turning
2. Drilling
3. Topping

PART:6

15 2.5]1.8

253

Jég

SCALE 1:1

All dimension are In mm.

OPERATION SEQUENCE FOR

Process plan-!| Process plan-—ll

1.|Faclng 1. |Foclng

2.|Turning 2. {Driiling
FIG 4.2.6 CROSS FEED SCREW ROD 3.| Drilling 3. |Turning

4.|Grooving 4. i Taper turning

S.|Threading 5. |Greooving

6. Milling 6. |Threading

7.|Drllling 7. {Dritling

8.1 Tapping 8. |Tapping

9.1 Shaplng 3. [Milling




PART:7

22 STP ISOLH 20.5
/ Ve
@ ..Al-__\
¢ —\
At — ]
A
5 13.8 | 550 | 135 5
700 -

SCALE 1:1

All dimsnzion ara in mm.

OPERATICH SEQUENCE FOR
Process pian—| Frocess plan~il
FIG 4.2.7 TABLE MOVEMENT SCREW ROD 1.|Factng 1. |Facing
2.1 Dritling 2. |Driiiing
3. Turning 3. tTurning
4. Taper turning 4. |Tapar turning
5. Threading 3. jbrifilng
6.1 Drililng 6. iTapping
7. Topping 7. |Threadlng
8. [ Miiling 2, [Tepping
------------------------------------------ R
i
|
!
|
1
T T T T T T T T T T T T T T NG
Wi ’:;
39
SCALE 1:2
All dimenslon cre in mm,
CPERATION SE ] l
FIG 4.2.8 CROSS FEED SCREW ROD NUT CLENEE TOR
Process plan—! Process ploan=I!
1. iShapling 1. {Shaplng
2. |Drilling 2. {Drliling
3. {Threading 3 {Tappling
4. {Shoping 4. |Threading
S, |Tepping




15

7.5

20

20

25

FIG 4.2.9 TABLE MOVEMENT SCREW ROD NUT

SCALE 1:2
All_dimenslon are In mm.

8.‘5
1.3

OPERATION SEQUENCE FOR

FIG 4.2.10 TABLE MOVEMENT ZIP

Process plan—| Process pian-lil
1. |Shaping 1. |Shaping
2. |Drilling 2. |Driliing
3. |Threading 3. |Tapping
4. |Shaplng 4. |Threading
5. |[Tapplng
PART:10
23
l————‘
yi ; "‘:Q
57.5 L 20 I
SCALE 1:1

All dimension are in mm.

OPERATION SEQUENCE FOR

Process plan—|

Process plan—lIi

Shaping

.| Milling

Slotting

.| Drilling

1.
2.
3.

Miiling
Drilling
Slotting




23

43.8

SCALE 1:1

[’_‘“‘—'\
20

All dimenslon are In mm.

OPERATION SEQUENCE FOR

FIG 4.2.11 CROSS FEED MOVEMENTZIP Process plcn—l Procass plcn~”
1.|Shaping 1. |Focing
2. | Milling 2. [Milling
3. | Slotting . |Oriliing
4.1 Drilling 4. |Slotting
PART:12
3.
8 r
Z —
1.9
Z
%
. U .
7,
e
7R
3.8 5
SCALE 1:1

FIG 4.2.12 CROSS FEED MOVEMENT
DIAL READING COLLAR

All dimenslon ore In mm.

OPERATION SEQUENCE FOR

Process plan—I|

Process plan—1i

t{. Faclng
2. Turning
3. Borlng
4. Drilling

Facing
Borling
Turning
Dritling
Turning

U‘(-.“SAPJ—‘




PART:13 & 15

—
_— ~ - - - - - - - - - - S N I
42
SCALE 1:4
FIG 4.2.13 STEADY PIN All dimension are In mrm.
OPERATION SEQUENCE FQR
Procsss plan-|
1.|Faclng
2.{Turning
PART-14

| “

s ==

20

8.5

SCALE 1:2

All dimension ore in mm.

OPERATION SEQUENCE FOR

FIG 4.2 14TABLE SCREW ROD LOCKING COLIL.AR

Process plan—|

Process plan-—-1

1.|Facing 1. |Facing
2.|Turnlng 2. |Boring
3. | Bort 3. {Turning
-|Fering 4. |Drilling
{ 4.1 Drllling 5. |Turning




PART:16
2
2
B
#35+0.02
5
15
SCALE 2:1
All dimanslon «rs In mm. B
OPERATION SEQUENCE FOR
FIG 4.2.15 TABLE MOVEMENT READING DIAL Process plan—t  |Process plon-i
1. Turning 1. Faclng
2. Knurllng 2. Turning
3. Focing 3. Knurllng
4. Drliling 4. Driliing
S. Boring 4, Borlng !
€. Milling €. Milling !
1
PART:17
$£72
— 3 —ar =— |
1.3
J.8
SCALE 151
T, Ali dimsnsicn ars In mm,
FIG 4.2.16 CROSS FEED MOVEMENT READING DIAL  amenten gre i, |
Freaves plan—i Process plan=—if :
1. Turning 1. Foclng g
2. Knurilng 2. Turning i
3. Faciag 3. Knirling \
4. Driiling . Crililng
3. gorlng 3. foring
§. Milling £. Wliling




PART:18

| p45

SCALE 1:1
All dimenslon are In mm.

OPERATION SEQUENCE FOR

Process plan—I|

FIG 4.2.17 DIAL GUAGE SPACER

Faclng
Turning
Drliling
Borlng

Tapping

PART:19& 21

-

All dimenslon are In_ mm.

FIG 4.2.18 FEEDING HANDLE FOR OPERATION SEQUENCE FOR
TABLE AND CROSS FEED Process plan—| Process plan—i!
t.|Facing 1. {Faclng
2.iTurning 2. |Orllling
3. | Driliing 3. |Boring
4.18oring 4. |Tapping
S.|Tapping 5. {Turnlng
6. | Slotting 6. |Slotting
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Appendix: (C)

Components for milling attachment (Type 3)
of the drilling machine
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PART:3

O
!
—-t— o —-—-1+ R
o~
- 4
8.3

SCALE 1:1
All dimension are In mm.

FIG 4.3.3 GEAR WHEEL OPERATION SEQUENCE FOR
Process plan—| Process plon-ll
1.{Faclng 1. |Facing
2. Drllling 2. |Drililng
3.|Turning 3. {Turnlng
4. [Shaping 4. |Slotling
5. Slotting 5. {Shaping

PART:4
#1840.02 #2510.02 £2010.01 #15£0.02
15
A\
—
= —— e — 7
1 1
12.5 500 12.5 12.5
SCALE:NTS
FIG 4.3.4 SHAFT

All dimension are In mm.

OPERATION SEQUENCE FOR

Process plan—I|

Faclng
Turning
Milling
Drilling
Tapping




PART:S

10

40
FIG4.35KEY
SCALE 4:1
All dimension are In mm.
OPERATION SEQUENCE FOR
Process plan-—i
1. Facing
2. Turning
PART:6
»3
)
42
FIG 4.3.6 LOCKING FIN
SCALE 4:1

All dimension are In mm.

OPERATION SEQUENCE FOR

Process plan-I

1. Focing
2. Turning
3. Drilling




PART:7

L

30

500

FIG 4.3.7 RACK

SCALE:NTS
All dimenslon are In mm.

OPERATION SEQUENCE FOR

Process plan—|

1. Shaping
2. Faclng
3. Miiling

20

PART:8

55

L 560 ‘
FIG 4.3.8. TABLE

—
S ,3

SCALE : N.T.S
All dlmension are In mm.

OPERATION SEQUENCE FOR
Process plan—1 Process plan-Il
1.|Shaping 1. |Shaplng
2.|Dbritiing 2. |Britling

3. |Boring
3. | Boring 4. [Miliing
4.1 Milling 5. {Shaping
S.|Tapping 6. [Tapplng




100

FIG 4.3.9 STROKE ADJUSTING LEVER

r 20 1

SCALE:NTS
All dimension are In mm.

OPERATION SEQUENCE FOR

Process plan-—|

1. Faclng
2. Drilling

3. Turning

~

777

-

18

FIG 4.3.10 SCREW ROD COLLAR

55

SCALE 1:1

All dimension ore in mm.

OPERATION SEQUENCE FOR

Process plan-|

1. Turning
2. Drilling
3. Tapplng




FPART:11

TP ISOLH
| 4
] I ﬂ[_ —
% J
| =
=)
253 2.5
360
SCALE 1:1
Ali_dimenslon are In mm.
OPERATION SEQUENCE FOR
Process plan—| Process plan-li
1.} Faclng 1. {Faclng
2. | Turning 2. |Drilling
3. | Drilling 3. [Turning
4.|Grooving 4. [Taper turning
FIG 4.3.11 CROSS FEED SCREW ROD 5 | Thrending 5. loroaring
6. | Mllling 6. |Threading
7.|Drlliing 7. [Dritiing
8.|Tapping 8. [Tapping
9. | Shaplng 8. [Milling
PART:12
_"—‘-‘_'_ﬂ—"—‘“““““”";‘-z 2
_________________________________________ 1
30
SCALE 1:2

FIG 4.3.12 CROSS FEED SCREW ROD NUT

All dimension are in mm.

CPERATION SEQUENCE FOR

Process plan—~I

Process plan-li

Shapling
Drilling
Threading
Shaping
Tapping

.

hbid=

« |Shaping
Driliing
Yappling
Threading

o (D




PART:13

———

57.5

FIG 4.3.13 TABLE MOVEMENT ZIP

SCALE 1:1

All dlmension ore In mm.
QOPERATION SEQUENCE FOR
Process plan—| Process plan-—li
1. | Shaping 1. {Milling

2. [ Milling 2. |Drilling

3. Slotting 3. |Slotting
4.|Drilling

438

FIG 4.3.14 CROSS FEED MOVEMENT ZIP

SCALE 1:1
All dimension are in mm.

OPERATION SEQUENCE FOR

Process plan—| Process plan—lil
1.|Shaplng 1. {Facing

2. [Mllling 2. [Milling

3. | Slotting 3. :Drilling

4. [Drilling 4. [Slotting




PART:15

3.8
[
1.9
& */
7
74 7 %
smb-! L
78
///__J.
3.8 5
SCALE 1:1
All dimension are in mm.
OPERATION SEQUENCE FOR
FIG4.3.15 CROSSFEEDMOVEMENT Process plan-i| Process plan—Ii
DIAL READING COLLAR 1. Faocing 1. Focing
2. Turning 2. Borlng
3. Boring 3. Turning
4. Drilling 4. Drilling
5. Turning
PART:16
42
FIG 4.3.16 STEADY PIN
SCALE 1:4
All dlmension are In mm.

OPERATION SEQUENCE FOR

Process plan-|

1.
2.

Facing
Turning




PART:17

72

nEn

3.8

FIG 4.3.17 CROSS FEED MOVEMENT READING DIAL

SCALE 121

All_dirmenslon are In mm.

OPERATION SEQUENCE FOR
Process plan-—| Process plan—ii
1. Turning 1. Facing
2. Knurling 2, Turning
3. Facing 3. Knurling
4. Driiltng 4. Drilling
5. Boring 5, Boring
6. Mliltng 8. Mlling
| 945
[ —
]
£35
| SR t—
1 -
T
[ L_s__J
SCALE 1:1

FIG 4.3.18 DIAL GUAGE SPACER

All_dimenslon are In mm.

OPERATION SEQUENCE FOR

Process plan—I

Facing
Turning
Dritling
Borlng

Tapplng

U!#(ﬂf\’-‘




PART:19 & 20
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