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ABSTRACT

Flexible manufacturing systems have received conslderable attention in
the modern manufacturing environment. The concept of cell formation
emerged as a byproduct of flexible manufacturing systems to signiflcantly
reduce setup times and batch sizes. The objective of this research is to
deal with some specific production planning and design problems during
cell formation. Important manufacturing realities such as refixturing
and material handling during operation allocatlon and cell formation were
consldered. Model 1 and model 2 conslder the problem of assigning
operation(s) of part types to one or more machines in a cellular
manufacturing environment. Model 1 is developed for the case of a single
cell and model 2 extends the operation allocatlon problem ior multiple
cells. Model 3 and model 4 are developed to determine machine groups and
assignment of part operations to machines. Model 3 1is used to
simultaneously assign operatlons of parts to machlnes and form machine
groups. Model 4 is developed for the situation where new machines are
procured for the cellular manufacturing environment. Considerations of
physical limitations such as an upper hound on cell size, machine
capaclty, etc., were also incorporated into cell formatlon and presented.
These models bring forth the trade-offs between refixturing, inter cell
movement and investment costs. A few 1llustrative examples were solved

using the package LINDO (PC version) and the results were analyzed.
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CHAPTER 1
INTRODUCTICN

The recent trend 1in the manufacturing environment 1s towards
manufacturing a wlde varlety of parts in small batches. The alm of
such a manufacturing environment 1s to combine the flexlbllity of a job
shop and the productlvity of a transfer line. The concept of flexlble
manufacturing systems (FMS) has emerged as an answer to the problems of
low volume, high varlety production. Cellular manufacturing in FMS is
used to process clusters of simllar parts (part famllles) on clusters
of machines or manufacturing processes (machine groups). The focus of

this thesis Is on the design and production planning problems of

cellular manufacturing systems .

1.1 Flexible Manufacturing Systems (FMS)

A FMS 1s an Iintegrated computer controlled complex of automated
material handling devices and numerically controlled (NC) machine tools
that can simultaneously process medium sized volumes ofla variety of

part types with minimum manual intervention (Stecke 1983).

FMS evolved as the result of the integration of a number of independent
NC machine tools. It conslsts of equipment work stations with
automatlic topl interchange capabllity linked by a computer controlled

material handling systen. NC programs and (often) computer alded



process planning are used to generate a process plan for each part in a

FMS.

The function of the computer in a FMS enviromnment is to keep track of
the availability and location of cutting tools, the processing tlmes of
various parts, the operation of the materlal handling system, and the

sequencing and the scheduling of parts to be processed on the machlnes.

A typlcal FMS can process a variety of part types at the same time.

Usually there 1is a certain demand to manufacture a certaln number of

parts of each part type. The manufacture of a part requires a certaln

number ot processing steps to be performed on the part. These

processing steps are grouped together into operations which require one

or more cutting tools. The essential features that constitute a

workable part famlily in a FMS are:

(1) Common shape - Prismatlc and rotational surfaces cannot be produced
by the same set of machlines

(2) Size - The size of the parts cannot exceed a certain maximum size.

(3) Material - Certaln types of materials like plastlic and metal cannot
be mixed.

(4) Tolerance - The level of tolerance necessary for a set of parts

must be 1n a common range.

The main difference between FMS and a conventlonal manufacturing system
1s that in a Job or a flow shop each operation of each part type s

processed 1n a lot and this Jlot moves from machine to machine for



processing. The potentially large number of parts in each lot causes
large In-process-inventories., Since the FMS 1s considered to process

the required number of part types to demand, work-in-process

inventories are reduced greatly.

Some common benefits of FMS are: reduced throughput time, reduced set
up time and costs, high equipment (machine tool) utllization, better

quality, reduced scrap level and reduction in the economic order

quantity.

1.2 Problems in Flexible Manufacturing Systems

It is well known that the economic benefits of any manufactiuring system

depends on the efficlent deslign, planning, schedullng and control of

the system. These issues have been the focus of attentlon of several

researchers. The problems of FMS can be broadly classified into two

categorles: static and dynamic. FMS deslgn, planning and control
problems are classified as statlc as they deal with the one time
allocation of FMS resources while the scheduling problem are classified

as dynamic as they deal with the real time allocation of FMS resoaurces

(Stecke 1985),

1.2.1 FHMS design problems

The design of a FMS has a great impact on the operatlional run of the
system. Kusiak (1985) had discussed the followlng issues for the

design of an efficient FMS:

(1) Selection of part families and determination of how these parts



families are to be manufactured.
(2) Type of flexiblility desired in the FMS.
The types of flexibllitles can be broadly classifled into the
following categorles
Machine flexlbility: Ease of change to process a glven set of part
types.
Process flexibllity: Ability to produce a given set of part types.
Product flexibility: Ablility to change to process new part types.
Routing Flexibility: Ability to process a gliven set of parts on
alternate machines.
Volume Flexibility: Abllity to operate profitably at varyling overall
levels of production.
Expansion flexibility: Ability to add capabllity and capacity.
Operational flexibility: Abllity to interchange ordering of operations
on a part.
Material handling system flexibllity: Capabllity to handle a variety of
part types.
(3) Based on the desired flexibility the type of FMS is chosen to
handle the Increase in the number of parts or the increase 1Iin
productlon requirements.
(4) Selection of the material handling system and resources such
as fixtures and pallets.
(5) Control of computers and their hierarchy.

{6) Layout and integratlon of the above system.



1.2.2 FMS Planning Problems
These problems lnvolve the declsions to be taken before the parts are
loaded on the FMS. They are as follows:
(1) Operation allocation problenm
It 1s the problem of assigning each operatlon of each part type to
one or more specific machines before the actual production can

begln subject to the capacity and technological constraints of the

system.

(2) Part-mlx determination problem
This determines the relative proportion or number of parts that has
to be maintained in the system at all times such that the total
number of parts in the system remains fixed.

(3) Partitioning machines inio machine groups or cells,

(4) Allocation of rescurces as fixtures and pallets.

1.2.3 FMS scheduling problem

The scheduling problem 1s a multl-faceted issue involving scheduling of
parts, fixtures, pallets, tools and the material handling system. Some
of the common problems faced are read)ustment of the schedule subject
to fallure of machines, arrival of new parts and loading of high
priority work parts. Some examples of scheduling rules are simple
priority rules related to processing times, due dates, number of
operatlions, cost rules, setup rules and setup times; combination of

some slmple priority rules; and development of heurlstics to solve the

scheduling problem.



1.2.4 FMS control problems
These problems are associated with the contlinuvus monitoring of the
system keeping track of the production to be certaln that the
production requirements and the due dates are met as scheduled. The
most important of these are:
(1) Determination of periodic, preventive, predlictive or breakdown
malntenance policies.
(2) Determination of Inspectlon policy of In-process and flinished

goods.

1.3 Cell formation problems in FMS

Cells are formed in FMS to group processes, peoples and machines to
process clusters of similar parts (part families). This Iis an
applicatlon of Group Technology (GT). Group Technology is a philosophy
that explolts the proximity among the attributes of glven objects.
Cellular manufacturing is an application of group technology 1in
manufacturing. The cell formation problem in FMS is the decompositlion
of the manufacturing system into cells. These cells are formed to
capture the inherent advantages of group technology like reduced setup
times, reduced in-process Inventorles, smaller lot slzes, reductlon in
production equipment, improved productivity and better overall control
of operations. The common disadvantages are high lnvestment and lower

machline utllization.

The essentlal problem in cellular manufacturing is the formation of

part families and machine groups. There are essentially two solution



approaches to the above problem based on the way part famllies and

machlne groups are ldentifled (Wemmerlov and Hyer 1986). They are:

(1)

(2)

Sequential approsach
Thls approach ldentifies machine groups and assigns part operations

to machines or identifies part families and assigns machines to

these part families.
Slmultanecus approach

Slmultaneous approach forms machine groups and asslgns part

operations to these machine groups.

In cellular manufacturing, the followlng situations can be visuallzed

for the formation of cells:

(1) Rearranging the exlsting machines to form cells.

(11) New machines are procured to create cells.

Desirable design goals during cell formation include minimlzing of

investment, inter cell movement, refixturing and operating cost.

(1)

(2)

(3)

(4)

common problems faced durilng cellular manufacture are:
Productlion of parts with similar processing requirements in machine
groups.

Formatlon of part families under some criterion as shape,
dimension, range, geometry and simllar operational sequences.
Formation of machine groups to efficlently produce a family of
parts requiring almost similar machining sequences.

Allocation of machines to cells and part famllles to these machine

groups 1n order to meet the objectives of cell formation.



(5) Allocatlion of parts to machlne groups based on the capabllity of
the machine to process the part and handling the system changes as
new parts are belng Introduced Inteo the system and allowlng for

redesign and subcontracting of the parts.

1.4 EFFECT OF REFIXTURING AND MATERIAL HANDLING DURING CELL FORMATION
Refixturing and material handling play a crucial role during operation
allocation and cell formation in a cellular manufacturing system. In
any manufacturing activity, 1t 1s essential to fixture the parts, A
part may require a number of operations to be performed. Having
finished an operation(s) on a machine using a fixture, it may be
necessary to re-orient the part using the same fixture or require a
completely different type of flxture on the same or different machine to
perform subsequent operation(s). This process 1is referred to as
refixturing. The cost of reflixturing depends on the sequence of machine
visits selected for the manufacture of a part. We can have a number of
process routes (sequence of machlne vislts) to manufacture parts, If
operation(s) of parts are permitted to be performed on alternate
machines, For each sequence, the costs of refixturing can be attributed
to the level of fixture complexity. Few examples of fixtures include
milling, plate, assembly, weldlng, multistation, duplex, indexing, vice
Jaw flxtures, etc. Refixturing 1s necessitated by the following
reasons:

(1) The reference surface for the next operation may not be accessible

due to the current pattern of holding the part.

(2) The machine spindle may not be able to reach and/or move on the



work surface as required because of the current position of the
part.
(3) A specific type of fixture may be needed to perform the next

operation due to the nature of the machinling process lnvolved.

Similarly, the load on the material handling system ls directly related
to the layout of the manufacturing system, assignment of part
operations to machines and the proportion of each part type to be
manufactured. For, example assignment of operatlons of parts to
machines in alternate cells would result in more inter-cell movement

and thereby increase the load of the materlial handling device.

The practical considerations of refixturing and material handling as
well as the physical limitation on cell configuration may lead to a
trade-off between refixturing and material handling movement, and
thereby influence operatirn allocatlon and cell deslign. For example,
if the reflxturing costs are higher to manufacture a part within a
cell, then the part may have to move to ancther cell where the total
costs of reflixturing costs and material handling are lesser for its
subsequent operation(s). Also, the cell could be designed such that
the machines necessary to manufacture the part are located within the
same cell, Therefore, there is a need to consider refixturing and

material handling together during cell formation.

1.5 Organization of the research

The research 1s organized as follows. A review of modeling approaches




to operation allocation and cell formation problems are given In
chapter 2. Motivation and objlectives of the proposed research ls also
included in chapter 2. Operation allocation problems In cellular
manufacturing systems are discussed in chapter 3. Deslgn of cellular
manufacturing systems are presented 1in chapter 4. Computatlional
results are presented in chapter 5. The concluslons are presented 1n

the chapter 6.
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CHAPTER 2
LITERATURE. SURVEY

Modelling of cell formation problems and operation allocation problems
have been discussed quite extensively in literature. A comprehensive
review of FMS modelling techniques was presented by Wilhem and Sarin
(1983} and Buzzacot and Shanthlkumar (1980). With regard to cell
formation a review of available literature was discussed by Wemmerlov
and Hyer (1986) while Chu and Pan (1988) provided a review on the use

of clustering techniques in cell formation.

2.1 Review of mathematical programming approaches

Mathematlical programming is applied to some statlc planning models to
provide optimal resource input to the simulation models in
manufacturing systems. As this research deals with the mathematical
programming formulations a review of the literature in this area is
presented. On this basis the available literature is classified into
one of the following.

1. Mathematical models for operation allocation.

2. Matheunatical models for cell formation problems,

2.1.1. Mathematical models for operation allocation
The problem of machine loading and the allocatlon of operations of each

part type to one or more machines have been solved by varlous authors.

Stecke (1981) discussed several integer programming formulations of the

loading problem. The principle to balance the work load was also

11



discussed. Though it is qulte adequate, it had been shown that In
certaln configurations of FMS this does not achieve better system

performance.

Stecke (1983) has discussed the computational behavior of the integer
programming formulation of the FMS loading problem. Kusiak (1983) has
reported some simple and computationally attractive lnteger programming

formulatlions in FMS.

Kimemia and Gershwin {1985) proposed a network flow optimization
approach to determine the optimal part routing policy for FMS after

part mix and operation allocation decisions have been taken.

Shanker and Tzen (1985) reported a analysis on the loading and
dispatching problem and attempted to verify the quality of the solution
by employing a simulation procedure using the solution from the

mathematical models as inputs.

Padhye (1986) used the outputs of the operation allocation problem and
Jeveloped a part mix determination problem as a general integer program
consldering important real life planning aspects as refixturing and

limited tool avallability.

Lashkari et al,(1987) extended the formulation of the operation

allocation problem to include the important aspects of refixturing and

limited tool avalilability.

12



Leung and Tanchoco (1987) also studled the part assignment model with
the objective of maximizing profit in a multi-machine, multi-product
environment and reported the economics of equipment replacement in such

an environment.

Singh et al. (1990) discussed a min—max approach with often conflicting
multl objectives for the allocatlon of parts processed on NC machines

with multi-tools and fixtures.

2.1.2 Mathematical models for cell formation problems

A review of the llterature indicates that a sequential or simultaneous
approach is usually adopted for the formation of manufacturing cells.
A sequential approach first forms part families or machine groups
followed by the machine asslignment or part allocation respectively.
The simultaneous approach determines the part families and machine

groups simultanecusly.

Dutta et al. (1986) suggested a heuristic procedure for determining
manufacturing families from design based grouping for FMS. Algorithms
are developed for clustering parts into famllies and relocates to

reflect identical processing and tools required.

Askin and Chiu (2988) proposed a mathematical model and solution
procedure for the group technology configuration problem. This is a
slmultaneous approach for the grouping of individual machines into
cells and routing of components to machines within cells. Various

costs as inventories, machine depreclation, machine setup and materlal

13



handling are first incorporated into a mathematical programming
formulatlon and a heuristic graph partitioning procedure is fabricated

and solved for each sub-problem.

Choobineh (1988) proposed a two stage sequential appreach to cell
deslgn. Clustering techniques are used for forming part families. An
integer programming model s then used to specify the type and number
of machines in each cell and the assignment of part families to

cells.

Co and Arrar (1988) suggested a three stage sequential approach
partitioning machines Into manufacturing cells and assigning cells to
process a specific set of parts. First there is a operatlon allocation
of assigning parts to machines. The resulting machine part matrix is
manipulated using some exlsting algorithms to form part-machine groups.
Then a search algorithm Is used to determine the number of cells and

composlition of each cell.

Kasllingam (1989) developed number of mathematical models and used both
sequential and simultaneous approach for the cell formation problem.
The sequential approach first identifies machine groups and then allots
parts to these machine groups while the simultaneous approach uses the
multiple objectives of compatibility maximization between the part and
the machine and the cost trade-offs between the inter cell movements
and the duplication of machines. The machine-part grouping problem was

extended to account for the presence of alternate process plans for

varlous part types,

14



Shtub (1989) consldered several process plans for each part type in the
cell formation problenm. Selfoddini (1989) considered the economlc
trade off between machine duplication in cells and inter cell movement

based on decomposing the part machine matrix.

Srinlvasan et al. (1990) presented an assignment model to solve the
grouping problem using a similarity coefficient matrix as an input to
the assignment model. The basls of grouping was the identification of

closed loops as sub tours after solving the assignment problem.

Rajamanl et al. (1990) developed mathematical models in the presence of
alternate process plans and analyzed how alternate process plans
influence the resource utillzation when part families and machine
groups are formed simultaneously. An efficient solution scheme using

the column generatlon procedure was also reported to solve large scale

Instances of the problem.

Formulatlions of cell formation often result in product terms of 0-1
Integer variables. Commercially available integer programming packages
often require the model to be in a completely linear form. Most
extensively used linearization strategies in literature are based on
reports by Watters (1967) and the modificatlions of these linearization
strategies by Glover and Woolsey (1974). Glover (1975) also discussed
computational efficiency of existing integer programming algorithms

with an increase in the number of integer variables.



2.2 Motivation for proposed research

A review of the programming approaches to the operatlion allocation and
the design of cells was discussed in the previous section. Most of the
earlier approaches do not take into account 1mportant production
planning aspects such as refixturing and part travel together durlng
operation allocation and cell formatlion. Also each operatlon of a part
1s restricted to one machine which 1s not realistic since in practice
the operatlon of a particular part may be performed on alternate
machines, Moreover even the simple models developed for the
simultaneous grouping of part famllies and machine groups were
non-linear and needed efficlent linearizatlion strateglies to effectively

solve them.

Thls Indicates the Importance of developing procedures to generate
optimal soclutions in the planning stage of the manufacturing system to

overcowe the operational difficulties during the production.

2.3 0Objectives of the proposed research

The major cbjectives of the research are:

1. Develop mathematical models for production planning and cell design
aspects of cellular manufacturing systems considering important
manufacturing realities as refixturing and inter-cell movement.

2, Develop mathematical models to simultaneously form machine groups
and assign part operations to these machine groups selected

considering the real life planning aspects such as processing

capacltles and production volumes.

3. Identiflcation of cost trade-offs between inter-cell movements,

16



refixturings, and the duplication of machines while taking into
consideratlion that operations on a particular part can be
performed on alternate machines.

Development of mixed integer linear models for these problems,

17



CHAPTER 3
PRODUCTION PLANNING MODELS WITH REFIXTURING CONSIDERATIONS

In this chapter we consider the problem of assigning operatlions of part
types to one or more machines in a cellular manufacturing system. e
develop mixed integer linear models consldering the trade-off between
refixturing and materlal handling movement. Accordlngly, the chapter
is organlzed as follows. In section 2 we discuss the possible
trade-off that may exist between refixturing and material handling and
in section 3 we develop two mathematical programming models to
explicitly consider refixturing, material handling and processing costs

during operation allecation.

3.1 THE PROBLEM SITUATION:

The practical conslderations of refixturing and material handling as
well as the physical limitation on the cell configuration may lead to a
trade-off between refixturing and material handling and, therefore,
influence operation allocation. For example, conslder a part having
two operations to be manufactured in a cellular manufacturing system
having two cells. Cell 1 contains machine M1 and machine M2 while cell
2 contains machine M3, Suppose the first operation 1s to be performed
on machine M1 and the second operation can be performed on either
machilne M2 or machlne M3. If refixturing costs on machine M2 and
machine M3 are RFC2 and RFCS, respectively, material handling cost

between machine M1 and machine M2 is MM01_2 , and the material handling
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cost between machine M1 and machlne M3 is MHCH3 then, the second
operation will be allocated to machine M2 in cell 1 if

RFC2 + MHC1_2 s RFC3 + MHCI_3
Otherwise, it will be allocated to machine M3 in cell 2. In the next

section we develop mathematical models to explicitly consilder this

trade-off for operation allocation.

3.2 MATHEMATICAL MODELS:
In thls section the mathematical models are presented. Model 1 ig

developed for the w=ase of a single cell and Model 2 extends the

operation allocation problem for multiple cells,

The models presented are formulated under the following assumptions:

1. Detalled process sheets are avallable for each part type glving
information about the sequence of operations to be performed on each
part.

2. Part types have been selected for production and demand for each
part type is known.

3. For each part type, the total number of units produced may be
divided intc few batches, each one fellowing a different process
plan. However within each process plan, the batch would be treated

as a single lot size.

4. The number of cells and the number of machine types are given.

3.2.1 MODEL 1
We assume that each part type 1 (1 = 1,2,..... 1) requires k (k =

1,2,..... Kl) operations to be performed on one or more of machines JQ
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=12,..... J) In a single cell. The objectlve 1s to assign operatlons
of parts to machines to minimize the cost of performing the operations,
the material handling cost and the cost assoclated with having a part
refixtured depending on which machine the next operation is performed

on.

Minimize 21 = z z E Clkyj Ylk]’j + z -Erlkj’j x:krl

161 keK 1), §*=J 153,123
k#*1
+ ): Clj’j xuq'f menf): Clkj xlkj’j (1)
15], §'sJ 15), §' =53

The constraints of the system are as follows:
1) ):xuJ =D, Vi (2)
jes

These constralnts ensure that the demands for the parts are met.

11) ): Kpipy = Xy v 1,5
jEs

): Xipry = ):x“k_mnj, v 1,3,k #1,2 (3)

JE€J 1es

Thls set of constraints ensures that the number of unlts of part 1
moving from machine }' to machine J to perform a gliven operation k is
equal to the number of units of part 1 that had moved from all machines

J" to machine j' to perform operation k-1.

111) Z tllj xlij +Z ): E tlk_j xlkj’_l +Z z Z tlkj'j Ylkj']

1€l 1€I k€K )'€J 1€l k€K, j*eJ
k#1 k#*1
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* X z E tlkj'j xlkj'j = t] vJ (4)
1€1 k€K J'EJ
k#1

These constraints guarantee that the capaclty of each machine is not

violated

iv) Xps S MY 0, vV i,k J,) (5)

This constraint forces the setup charge tv take a value of one if there
i1s any movement of part i1 from machine }' to machine J for performing

operation k and zero otherwise.

v} X , X

11) Y =0 or 1 v 1Ikl.j !J (6]

1k)* ) =0. k)’ y

Constralints (6) indicate the 0-1 integer and continuous variables.

3.2.2 MODEL 2
This model considers the situation with multiple cells., The problem is
to assign operations of parts to machlnes in various cells considering

the practical aspects of refixturing and inter-cell movement.

The objective function minimizes the setup and variable costs
assoclated wlth refixturing, cost of inter-cell movement, and the
operating cost.

The setup cost associated with refixturing is:

(B1) = E Z ): z Clkj'j Yu:yjc

1€1 k€K 15), J'=J ceC
k#1

The variable cost assoclated with refixturing is:
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(B2) = z z E E ‘E-;kj'J x;]"c’_]c

1€I k€K 15), )'=) 13§, )'=J
k#1

The cost of inter-cell movement is:

o =71 I T,

1€1 k€K 15), J’SJ 15¢,c’sSC
k#*1 c¥#c’

The operatling cost lis:

{B4) = E Z chjlx_il:; + [ [ [ Z Cljk X_lll"c’jc

L€l JEJ c£C 1€1 kK 13, J'SJ 1S¢,c'SC
k1

The objective functlon would be:

Minimize 22 = {B1) + (B2) + (B3) + (B4) (7)

The constraints of the system are as follows:
11_
1) ) zxjc- D, Vi (8)
1€eJ cEC
These constraints ensure the fact that a gliven part can be

manufactured by different machines and that the demandsfor the parts

are met,
i2 = 11 * )
11) P oY Xia,.= X v 1,3,c (9)
JEJ ceC
1k = 1(k-1) .
z Exj’c’jc [ z xj"c"j'c' v 1,J,c,k#1,2 (10)
JEJ cE&C J"€J c"ec

This set of continulty equations ensures that the number of units of
part 1 moving from machine j' in cell ¢’ to all machines ] in cell ¢ to
perform operation k ls equal to the number of units of part i moving

from all machines J" In cells c" to machine J' in cell ¢’ to perform

operation k-1,
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111) Z Y x}i + Z Z Z Z b x;?c'Jc

i€l 1€] kEKl J’€J ctec
k#1

* Z [ Z tlkyj' Y:krjc

1€1 keK. J'€)
k#1

* z E z ): Tu;yj x_lll::c’]c = tjc v J,c (11)

1€I k€K J’€J c’EC
k#1

In equation (11) the first and second term represent the processing
time, whereas the third and fourth terms represent the refixturing

time. These constraints ensure that the capaclty of each machine is

not violated.

1k ’
iv) ) Xperye 5 MY 0 vV i,k 3,3 (12)

cl

This constraint forces the setup charge associated with refixturing to
take a value whenever part I moves from machine J’ in any cell ¢ to

machine J in cell ¢ to perform operation k and no value otherwise.

1k

v) e’ je : Ylk]’jc

=0or1 Y J.c,J,e", 1,k (13)

These constraints indicate the 0-1 and continucus variables,

3.2.2.1 MODEL 2.1

In model 2 the cost of material handling movement within a cell was
assumed to be negligible compared to the cost of inter cell movement.
If, however, the factory layout warrants significant costs assoclated
with intra-cell movements then we can consider intra-cell material

handling costs by adding the followlng terms to the objective function.
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The cost of intra-cell movement:

(BS) = z z z Z -C-i_]’j x;l'tc'jc

1€1 k€K 1), I'SJT 15 ¢, c’SC
k#1 = c=¢’

The model could then be briefly stated as follows
Minimize 23 = (B1) + (B2) + (B3) + (B4) + (B5)

subject to the constraints (8}, through (13).

A few 1llustiratlive examples are solved and the results are reported in

chapter 5.

24



CHAPTER 4

MATHEMATICAL FORMULATIONS FOR CELL DESIGN

In this chapter, refixturing and material handling aspects of cellular
manufacturing rystems are modeled. For this purpose two mathematical
models are developed to determine machine groups and assignment of part
operations to machines. In model 3 the part families and machine
groups are formed simultaneously when parts and machines for
cellularization have been selected. Model 4 1is developed for the
situation where new machines are procured for a cellular manufacturing
environment. Accordingly, the chapter Is organized as follows. In
section 4.1 we discuss the problem situation and in section 4.2 we
develop two mixed 3*nteger 1linear models that explicitly consider

refixturing, material handling, processing capacities and production

volumes In the design of cells.

4.1. THE PROBLEM SITUATION

We consider a cell design problem where a part may have more than one
process plan and where each operation of the part may be performed on
more than one machine. The costs of refixturing and inter-cell
movement during the manufacture of the part depend on the sequence of

machine visits which, in turn, is related to the way the cells are

formed.

The situation may be illustrated by considering the following simple
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example. Suppose a part with two operations lis to be manufactured in a
cellular manufacturing system consisting of two cells. The first
operation has to be done on machine M1 while the second operation could
be done on elther machine M2 or machine M3. Let the refixturlng cost
on machine M2 and machine M3 be RFC2 and RFCS, respectively, material
handling cost between machine M1 and machine M2 be MHCl__2 , and the
material handling costs between machine-M: and machine-M3 be MMCFG.
Assuming only one unit of each machine is available, the three possible

deslgns are gliven below:

Cell-1 Cell-2
machine M1 machine M3
Design 1 machline M2
machine M1 machine M2
Design 2 machine M3
machine M2 machine M1
Design 3 machlne M3

Design-1 is an optimal design if

RFC2 + MHCl_2 = RFC3 + MHC1_3
and if the second operation is assigned to machine M2 in cell 1.
However, machine M2 may not have enough capaclity. In that case, the

second operation of some of the parts may have to be performed on

machine M3 in cell 2.

Deslign 2 may be an optimal design if

RFC, + MHC, , > RFC, + MHC _
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and if the second operation ls assigned to machine M3 in cell 1. The
capacity limlitatlon on machine M3 may force the second operation for

some of the parts to be performed in cell 2.

It may, however, be pointed out that the cholce of cell design also
depends on other cost elements such as the operating cost, discounted
investment cost as well as the constraints imposed on the system
operatlion. This might lead to a different cell design such that
machines M2 and M3 are in cell 1 and machlne M1 in cell 2 as in design
3. The models developed in the next section conslder all such
possibllities to optimally allocate the machines to cells and

operations of parts to these machine groups.

4.2 MATHEMATICAL MODELS

The models presented in this paper are formulated under the following

assumptions:

1. Parts and machines for cellularization are selected.

2. For each part type, detalled process sheets are available providing
Information about the sequence of operations to be performed on
each part, as well as refixturing requirements between operations.

3. For each part type, the total number of units produced may be
divided into few batches, each one following a different process
plan. However within each process plan, the batch would be treated
as a single lot size.

4, The number of cells, the number of machine types and the maximum

number of machines to be allotted to each cell are given.
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4.2.1 MODEL 3

In this sectlon we developed a model for the situation where the parts
and machines for cellularlzation have been selected. The objective lis
to simultaneously allocate machlnes to cells and operatlions of parts to
machines such that the costs of refixturing, inter cell movement and
the operating costs are minimized, considering demand and capaclty

constraints.

The setup cost assoclated wlth refixturing is:

(B1) = Z ): E X cu:yJYu:J'Jc

I€1 k€K 15, J’SJ  o€C
k¥*1

The varlable cost assoclated with refixturing is:

CZIE D M NS W

1€l kEK1 159, J'SJ 15), 1)
k#1

The cost of inter-cell movement 1s:

(B3) = [ z E z F1 X_lll:c’jc

§€EI kEK 1<), J'=<J 15c, c¢'=C
1
k#1 c#e?

The operating cost is:

(RA) ~ ): ): Xcmxli * [ E E }:C*Jk x;l"c'lc

1€1 JEJ cEC 1€1 k€K 15§, J'SJ 15¢, ' SC
k#1

The obJective function would he:

Minimize 21 = (B1) + (B2} + (B3) + (B4) (15)

The constraints of the system are as follows:
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1) ) ):xi: D, V1 (16)

JEJ c€EC

These constraints ensure the fact that a given part can be

manufactured by different machines and that the demandsfor the parts

are met,
_ 11 3 ]
1) R ere = X v 1,1, ¢ (17)
1€J c€&C
_ 1 (k-1)
Z ): Jc Je [ z xj"c"j'c’ vV o 1.Jicke1,2 (18)
JeJ c€C J"EJ c“&C

This set of continuity equatlions ensures that the number of units of
part 1 moving from machine J* in cell ¢’ to all machines J in cell ¢ to
perform operation k is equal to the number of units of part i moving

from all machines j" in cells c¢" to machine J' in cell ¢' to perform

operation k-1.

111) Y Y sz +1 L I 1 s X;I:C'Jc

1€l 1€I k€K J'€J c’€eC
k#1

* Z X ):t:kyj Ylkj'jc

1€l k€K j'€ed

k#1
X1k
* E Z Z Z 1k)’) j'c'jc s tjzjc v e (19)
1€I k€K J'€J c’€C
k#*1

In equation (19) the first and second terms represent the processing

time, whereas the third and fourth terms represent the ref ixturing

time.

These constraints ensure that the capacity of each machine 1s not
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violated.

iv) ): 2z, s G, V¢ (20)
jeJ

This constraint restricts the number of machines allotted to each cell,

21
v) z z =1 v J (21)
(11

This constraint ensures that a machine is not alloted to more than one

cell.

ik N ’
vi) Z xj'djc = M (lkj’jc v ik (8)

ctecC
This constralnt forces the setup charge assoclated with refixturing to
take on a value whenever part 1 moves from machine j' in any cell ¢’ to

machine J In cell c to perform operation k and no value otherwise.

1k

v) 0, Y
J'e? e 1kj’ jec

' zjc=0°r1 v J,c,3,c¢, 1,k (22)

These constralnts indicate the 0-1 and continucus variables.

4.2.2 MODEL 4

This model considers the situation where new machines are procured.
The problem 1s to simultaneocusly determine the number of units of each
machine types to be procured, allocate these machines to cells, and

assign operations of the parts to these machine groups.

The objective function minimizes the setup and varlable costs

assoclated with refixturing, the cost of inter-cell movement, operating
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cost and the investment cost.

The cost of investment is:

(B5) = ): ECJ W,

JEJ cec

The model could be briefly stated as follows
Minimize (22) = (B1) + (B2) + (B3) + (B4) + (B5) (23)

subject to the constraints (2), (3), (4), (8) and

1) Z tlji sz * E [ Z Z tljk x;?c’jc

1€1 1€l k€K J’€J c'€EC
k*1

* X E ):tu:yj Yikj’jc

1€I k€K j’ed

k#1
—_ ik
L ) ) Ztm,ij,c,Jc s tM V¥ e (24)
1€l k€K J'E€J c'€EC
1
k#1

In equation (24) the first and the second terms represent the
processing time, whereas the third and fourth terms represent the

refixturing time. These constraints ensure that the capaclty of each
machine is not violated.

11) X W = G V¢ (25)
Je [
JeJ

This constraint restricts the number of machines allotted to each cell.

ik _ _ ' +
1i1) Xyc,Jc =20, Yik]’jc =0or 1, ch = integer V¥ J,c,j',c',1,k
(26)

These constraints indicate the 0-1, integer and continuous variables.

Few illustrative examples are solved for the models developed and the

results are reported in Chapter 5.
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CHAPTER 5

COMPUTATIONAL RESULTS

The formulations presented in the prevlcus chapters are applied to a
few examples. These results are presented and then analyzed 1ln the

following section.

5.1 DISCUSSION OF RESULTS

To illustrate the influence of refixturing and material handling costs
on operation allocation and cell design, we conslder a few numerical
examples conslsting of two part types with known demands. Refixturing
Information for the two part types are given in Tables 1 and 2,
respectively. The time and costs required for processing the parts are
glven in Table 3 along with the material handling costs. Table 4 glves
the other necessary data required for solving model 1 and model 2 along
wlth the cases analyzed for solving meodel 2. The data required for
solving model 3 and model 4 are given in Table 5. The varlous cases

for the analysls of model 3 and model 4 are shown in Table 6.

The results of model 1 are given iln Table 7. It 1s observed that there
is one process plan for the production of part type 1 and four process
plans for the production of part type 2. All units of part type 1 are
manufactured by Machine Mi. This could be due to the following

reasons: Machine M1 has a large capacity, manufacture of part type 1
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Table 1: Refixturing information for part type 1
Setup cost for refixturing [ Clkj,j ] » From-To Matrix

Machine (jJ)

1 2 3
6 11 9
(a) Machine (j') 2|10 12 8
2] [+ ] [++]
Variable cost for refixturing [ 'E;kj,j ] , From-To Matrix

Machine (J)

1 2 3
.05 .09 .1
{(b) Machine (j') | 2 { .07 .12 .08
3 @ © w
,
Setup time for reflixturing ti”_j ] . From-To Matrix
.
Machine (j)
1 2 3
1 2 5 4
(c) Machine (J") | 2 5 4 3
3 ® @ m
Variable time for refixturing [ _Elkj,j ] » From-To Matrix

Machine (J)

1 2 3

.02 .1 .1
(d) Machine (J') | 2 } .07 .09 .05
3 © ® o

machine § or machine j' or both.

33
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Table 2: Refixturing information for part type 2

Setup cost for reflixturing [ CikJ,J ] , From-To Matrix

(a)

Machine (3')

Machine (]J)

1 2 3
1 o 0 10
2 0O o 9
3 11 7 12

Variable cost for reflxturing [ T:kJ'J ] . From-To Matrix

Machine (J)

1 2 3

o 0 1
(b) Machine (}') | 2 0O 0 .09
3 .1.05 .1

Setup time for refixturing [ t“”_j ] , From-To Matrix

Machine (J)

1 2 3

1 0 0 3

(c) Machine (j') | 2 0o 0 3
3 4 2 4

Variable time for refixturlng [ tlk]'] ] , From-To Matrix

Machine (j)

1 2 3
0 0 .09

(d) Machine (J') | 2 0 0 .08
.08 .04 .01

o Indicates that an operation cannot be performed on
machine j or machine j' or both.
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Table 3: Operation time [t

1k

J] and costs [Clkj] for various machines

PARTS 1 2
OPERATION TIME, min OPERATION TIME, min
COSsT ,$ COosT , %
OPERATIONS 1 2 1 2
MACHINE 1 6 (.7) 8 (.9) 9 (1.1) 10 (1.2)
MACHINE 2 4 (.9) 6 (1.0} 6 (1.0) 7 (1.0)
MACHINE 3 o (=) 9 (.9) 8 (.9) 11 (.8)

] indicates that an operation cannot be performed on mechine J.

Data on the costs of material handling for Model-1 [Tﬁj.J ]

From-to Matrices

Machine (]J)

Machine (J’)

Machine (J)

1 2 3 1 2 3
Q .02 .05 1 0 .04 .1
.02 0 .03 Machine (J') .04 0 .06
.05 .03 O 3].1 .06 0O
PART-1 FAPT-2
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Table 4: Other deta required for solution of Models 1 and 2

a) Model 1
D1 = 175 t1 = 2500
D2 = 200 tz = 1500
t_ = 1500
3
b) Model 2
D = 350 G =3 = 2000 = 4000
1 c 11 12
D2 = 450 t21 = 2000 t22 = 2000
t = 2000
31
Case 1: Tl = .01 'c‘z = .05
(Base Case)
Case 2: Material handling costs are increased by a factor
of ten,
Case 3: Material handling costs are decreased by a factor
of ten.
Case 4;: Refixturing costs are lncreased by a factor of ten.
Case 5: Refixturing costs are decreased by a factor of ten.

Table 5: Other data required for solving Models 3 and 4

a) Model 3
D1 = 350 t1 = 2000 G1 =2
D = 450 = 2000 G =2
2 2 2
t3 = 2000
. = .01 C2 = .05
b) Model 4
D1 = 500 tl = 2500 ' = 5500
D = 525 t = 2000 = 6500
2 2 2
t = 3000 C_ = 6Q00
3 3
C1 =.01 C2 =.05
G1 = 3 G2 =3
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Table 6:

a) Cases analyzed for Model 3

Case 1: Base Case
Case 2: Reflixturing costs were decreased by a factor of ten
Case 3:

Refixturing costs were increased by a factor of ten

b) Cases analyzed for Model 4

Case 1: Base Case
Case 2: Reflxturing costs were decreased by a factor of ten
Case 3:

Refixturing costs were increased by a factor of ten

c) Cases analyzed for restrictions on machine avallabilty in Model 4

Case 4: Machine Ml is restricted to a maximum of one unit
Case 5: Machine M1 Is not available
Case 6: Machine M2 is not available
Case T: Machine M3 1s restricted to a maximum of two units
Case 9: Machlne M3 is restricted to a maximum of one unit
Case 10: Machine M3 is not available

Table T: Solution for Model 1

a) Objective function value = $ 6644

b) Indicates the plan selected for each part, machine selected
for each operation and allocation of machines to cells

Operation
allocation PART #1 PART #2
FLAN #1( PLAN #1| PLAN #2| PLAN #3| PLAN #4
K=1 K=2| K=1 K=2( K=1 K=2| K=1 K=2| K=1 K=2
MACHINE 1] 175 175| 5
MACHINE 2 5| 58 58 101 36
MACHINE 3 101 36
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by Machine M1 has the minimum cost of refixturing, and there 1s no
material handling movement assoclated with the manufacture of part type
1 by Machine Ml. Plans 1,3 and 4 of part type 2 indicate that there is
considérable material handling movement during the manufacture of that
part. These materjal handllng movements could be dﬁe to the trade-off

between refixturing and material handling.

Five different cost combinations of refixturing and material handling
are considered for model 2 to analyze the impact on operation
allocation and to study the possible trade-off between refixturing and
material handling. Different types of material handling devices
include AGV's (automated guided vehicles), conveyors, fork lifts, ete.
Similarly, there could be varlous refixturing costs depending on the
type of machines, and the type of operations performed on those
machines, In case 1 (Base Case) the refixturing costs are given in
Tables 1 and 2 and the materlal handling cost is fixed as given in
Table 5. The optimal allocation of parts to machines are given in
Table 8. Here, part 1 is produced by two process plans while part type
2 is produced by four process plans. A falr amount of Iinter-cell

movement is permitted to manufacture part type one.

In case 2 only the cost assoclated with material handling ls increased
by a factor of ten above the base level. As expected there is no
inter-cell movement because the Increase in material handling cost
forces a part to undergo refixturing rather than inter-cell movement.

In case 3 the material handling cost 1s decreased by a factor of ten
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Table 8:

Case 1;

Solution for Model 2

a) ObJective function value =% 1486

b) Indicates the plan selected for each part, machine selected
for ecach operation and allocation of machlnes to cells

Operation
allocation PART #1 PART #2
PLAN #1| PLAN #2| PLAN #1| PLAN #2| PLAN #3| PLAN #4
K=1 K=2( K=1 K=2| K=1 K=2| K=1 K=2| K=1 K=2| k=1 k=2
CELL 1
MACHINE 217 35
MACHINE 35 250
MACHINE 250
CELL 2
MACHINE 2171133 133 23
MACHINE 23142 142
Case 2:
a) Objective function value = $ 1490

b) Indicates the plan selected for each part, machine selected
for each operation and allocation of machines to cells

Operation
allocation

PART #1

PART

#2

CELL 1

MACHINE
MACHINE
MACHINE

CELL 2

MACHINE
MACHINE

PLAN #1
K=1 K=2

136 136

PLAN #2
K=1 K=2

214 214

PLAN #1
K=1 K=2

59
59

PLAN #2
K=1 K=2

19 19

PLAN #3
K=1 K=2

122 122

PLAN #4
K=1 K=2

253 250
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Case 3:

a) ObJjective function value = $ 1485

b) Indicates the plan selected for each part, machine selected
for each operation and allocation of machlnes to cells

Operatlon

allocation ART #1 PART #2

PLAN #1| PLAN #2| PLAN #1| PLAN #2| PLAN #3| PLAN #4

K=1 K=2| K=1 K=2| K=1 K=2| K=1 K=2| K=1 K=2| K=1 K=2
CELL 1

MACHINE 1 |152 23 35
MACHINE 2 35 250
MACHINE 3 250

CELL 2

MACHINE 1 152198 198 23 142 142
MACHINE 2

Case 4:

a) Objective function value = § 1862

b) Indicates the plan selected for each part, machine selecied
for each operatlon and allocation of machlines to cells

Operation

allocation PART #1 PART #2

PLAN #1| PLAN #X| PLAN #1] PLAN #2| PLAN #3| PLAN #4

K=1 K=2( K=1 K=2| K=1 K=2| K=1 K=2| K=1 K=2| K=1 K=2
CELL 1

MACHINE 1 |152 109 6
MACHINE 2 109 6 181
MACHINE 3 181

CELL 2

MACHINE 1 152|198 198
MACHINE 2 154 154
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Cave 5;

a) Objective function value = § 1444

b) Indicates the plan selected for each part, machine selected
for each operation and allocation of machines to cells

Operatlion
allocation

PART #1

PART #2

CELL 1

MACHINE 1
MACHINE 2
MACHINE 3

CELL 2

MACHINE 1
MACHINE 2

PLAN #1
K=1 K=2

143 143

PLAN #2
K=1 K=2

207 207

PLAN #1
K=1 K=2

30 30

PLAN #2
K=1 K=2

71 T

PLAN #3
K=1 K=2

29
29

PLAN #4
K=1 K=2

140 140

PLAN #5
K=1 K=2

180
180
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below the bage level while the other costs remain the same. The
optimal solutlion allows for two process plans for part type one and
four process plans for part type two. Plan 1 of part type 1 and plan 1
of part type 2 show inter-cell movement. Although, the number of units
of part type 1 which move between cells movement has decreased compared
to the base case, the overall cost of optimally allocating the

operations has decrcased.

In case 4 the refixturing cost is Increased by a factor of ten while
the other costs remaln the same as in the base case. The results
Indicate that there are two process plans for part type 1 and five
process plans for part type 2. The results show that plan 1 for part
type one allows for a conslderable amount of inter-cell movement.
Since the refixturing cost 1is higher the part 1s manufactured in
different cells having 1less refixturing costs. In case 5 the
refixturing cost 1s decreased by a factor of ten. The optimal
allocation does not allow for any inter-cell movement since the parts
could be manufactured within the cells optimally because the assoclated
cost of refixturing is less. These results highlight the impact of
refixturing and material handling during operation allocatlon. The
process plan selectlon in all the above cases ls also dependant on
operating costs and the capacity avallable on the machines to process

the part types.

The results of model 3 are given in Table 9. In case 1 (Base Case) it

1s observed that there are two process plans for the manufacture of
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Table 9- Solution for Mcodel 3
Base Case:

a) ObJective function value = § 845

b) Indicates the plan selected for each part, machine selected
for each operation and allocation of marhines to cells

Operation
allocatlion PART #1 PART #2
PLAN #1| PLAN #2| PLAN #1| PLAN #2
K=1 K=2| K=1 K=2| K=1 K=2| K=1 K=2
CELL 1
MACHINE 2 22 25 25 225
MACHINE 3 22 225
CELL 2
MACHINE 1| 178 178

Case 2:

a) Objective function value =% 804

b) Indicates the plan selected for each part, machine selected
for each operation and allocation of machines to cells

Operation PART #1 PART #2
allocation
PLAN #1| PLAN #2| PLAN #1
K=1 XK=2| k=1 K=2| K=1 K=2
CELL 1
MACHINE 2 38 250
MACHINE 3 256
CELL 2
MACHINE 1| 162 162| 38
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Case 3:
a) ObjJective functlon value = § 984

b) Indicates the plan selected for each part, machine selected
for each operation and allocation of machines to cells

Operatlon PART #1 PART #2
allocation
PLAN #1| PLAN #2| PLAN #1| PLAN #2
K=1 K=2| K=1 K=2| K=1 K=2| K=1 K=2
CELL 1
MACHINE 3 22 223
CELL 2
MACHINE 1| 178 178
MACHINE 2 22 27 27 223
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part type 1 and two process plans for part type 2. Machines M2 and M3
are allocated to cell 1 and Machine M1 1s allocated to cell 2. The
results indlicate that there 1Is no Inter-cell movement for the
- manufacture of elther part type 1 or part type 2; however, there \is

considerable refixturing involved in the manufacture of both parts as

indicated in the process plans.

In case 2 the refixturing costs are decreased by a factor of ten. The
cell design remalns the same but the operation allocatlon differs fi.m
the base case. The results show that there are two process plans for
the manufacture of part type 1 and one process plan for the manufacture
of part type 2. The results also show some inter-cell movement 1n the
manufacture of part type 1. As the refixturing cost 1is now less
compared to the base case, the amount of refixturing Iinvolved |is

greater as compared to base case allocation.

In case 3 the costs of refixturing are increased by a factor of ten.
The cell design has now changed and Machine 3 is allocated to cell 1
while Machine M1 and Machine M2 are allocated to cell 2. There are two
process plans each for the manufacture of part type 1 and part type 2.
The results indicate that there 1s considerable inter-cell movement for
the manufacture of both these parts. Since the refixturing cost ls
higher the part 1s rerouted to different cells in order to avoid

reflxturing as much as possible.

The results of model 4 are given in Table 10. For the base case, the
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Table 10: Solution for Model 4

Base Cage:
a) Objective function value = $ 27453

b} Indicates the plan selected for each part, machine selected
for each operatlon and allocation of machines to cells

Operation
allocation PART #1 PART #2

PLAN #1; PLAN #2)| PLAN #1i PLAN #2] PLAN #3

K=1 K=2| K=1 K=2| K=1 K=2] X=1 K=2] K=1 K=2
CELL 1

MACHINE 3 432 432| 50 43
(3 units)

CEIL 2
MACHINE 1 76 76 424 50
(2 units)
MACHINE 2 424 43

(Case 2)
a) Objective function value = $ 37320

b) Indicates the plan selected for each part, machine selected
for each operation and allocatlon of machines %o cells

Operation

allocation PART #1 PART #2

PLAN #1| PLAN #2| PLAN #1| PLAN #2| PLAN #3

K=1 K=2| K=1 K=2| K=1 K=2| K=1 K=2| K=1 K=2
CELL 1

MACHINE 3 432 432| 50 43
(3 units)

CELL 2
MACHINE 1 76 76 424 50
(2 units)
MACHINE 2 424 43
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(Case 3)
a) OhJective function value = $ 38046

b) Indicates the plan selected for each part, machline selected
for each operation and allocation of machines to cells

Operation

allocatlon PART #1

PART #2

PLAN #1
K=1 K=2

PLAN #2
K=1 K=2

PLAN #1
K=1 K=2

PLAN #2
K=1 K=2

PLAN #3
K=1 K=2

PLAN #4
K=1 K=2

CELL 1

MACHINE 2
(2 units)
MACHINE 3

CELL 2
MACHINE 1
(2 unlts)
MACHINE 3

144 64 64 an

37N 4

356 356 144 4

86 86

* The quantities of parts processed in various machines were rounded off.
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optimal solutlon Indicates that there are three units of machine M3 in
cell 1, two unlts of machine M1 1n cell 2 and one unit of machine M2 in
cell 2. In case 2 the refixturing costs are decreased by a factor of
ten; however, the optimal design remains unchanged, although the
obJective functlon value decreases due to the dccrease in refixturing
costs, In case 3, where the cost of refixturing is increased by a
factor of ten, the optimal design changes such that two units of
machine M2 and onz unit of machine M3 are now s.located to cell 1 while
two unlits of machine M1 and one unit of machine M3 are allocated to
cell 2. Since the costs assoclated with refixturing are higher, more
parts are allowed to be manufactured in different cells in order to
avold refixturing as much as possible. It 1s also noted that, in this
case, the number of machines for which refixturing costs are high, are

reduced,.

5.2 Sensitivity analysis of machine cost.

In mode] 2 the purchase price of a machine may be an important deciding
factor. To investigate the effect of machline procurement cost on cell
design, sensitivity analyses were periorued - the base-case model,
consldering variations in the price of machine M1. The results are
reported in Table 11. For a unit price of up to $5427 for wachine M1,
the results indicate that two units of machine M1 are procured for cell
2. For a unit price range of $5428 to $6030, the machine allocaticn in
cell 2 changes: only one unit of machine M1 is now procured and machine
M3 replaces the previous allocation of machine Ml. For a unit price

greater than $6030 the machlne allocation in cell 2 agaln changes:
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TABLE 11: Sensitivity Analysis of machine cost for Model 4

COST RANGES OF MACHINE ALLOCATION
MACHINE M1 CELL 1 CELL 2
$5427 AND LESS M3, M3, M3 M1, Mi, M2
$5427 TO $6030 M3, M3, M3 M1, M2, M3
$6030 AND MORE M3, M3, M3 M2, M2, M3
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Machine M1 1is completely eliminated from cell design as the
requirements are met by additional wunits of machines M2 and M3.
Similar analyses could be performed on machines M2 and M3 to determine

thelr respective price ranges.

5.3 Sensitivity analysis of machine availability.

To investigate the effect of machine avallability on the cell design,
limits on the number of machines in the system were introduced in Model
2. The various cases analyzed are glven in Table 6(c) and the results
are glven in Table 12. For the base case, 3 units of machine M3 were
allocated tn cell 1, and 2 units of machine M1 and 1 unit of machine M2
were allocated to cell 2 (See Table 10(2)). The objectlve function
value is $37453. From Table 12 it is observed that if Machine Ml is
restricted to one unit (case 4), then the overall cost Iincreases by
$427, whereas if Machine M1 1is not avallable at all (case 5), then the
cost increases by $958. However, if machine M2 is not avallable (case
6), then the sclution becomes infeasible. If machine M3 Is restricted
to two, one and zero units (cases 7,8,and 9,respectively), then the
cost increases by $462, $1002 and $2591, respectively. These results
indicate that Machine M2 1Iis critical because 1ts non-avallablility
renders the solution Infeasible. However, either one of machines M1
and M3 are not critical; if machine M1 is not available, 1t could be
replaced by machine M2 or machine M3, and Iif machine M3 is not

avallable, it could be replaced by machines M1 and M2.
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TABLE 12: Sensitivity Analysis of Machine availability for Model 4

CASES MACHINE ALLOCATION OBJECTIVE FUNCTION VALUE
CELL 1 CELL 2

CASE 1 M3, M3, M3 M1, M1, M2 837453

CASE 4 M3, M3, M3 M1, M2, M3 $37880

CASE 5 M2, M3, M3 M3, M3, M3 $38411

CASE 6 infeasible

CASE 7 M2, M2, M3 M1, M1, M3 $37905

CASE 8 M2, M2, M3 M1, M1, M2 $38455

CASE 9 M2, M2, M2 M1, M2, M2 $40045
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CHAPTER 6

CONCLUSIONS

In this research mathemztical models were developed to address the
productlon planning and «cell riormation prcklems in celiular
manufacturing systems. The proposed formulatlons were applied to a
planning sltuation and the optimal soluilons were obtained using the
LINDO (PC version) package. The contribitions of the research are
given in the next section followed by a brlef discussion on the

directions of future research.

6.1 Contributicns of the research
In this work, mathematical mcdels were developed for the following
problems in cellular manufacturing systes:

(a) Production planning probleins

{(b) Cell design problems
Most of the models currently avallable in literature do not consider
lmportant manufacturing realitlies such as refixturing and usaterial
handllng together durlng operation allocation and cell formation.
Also, the flexlibllity of a part to nave alternate process routes
(sequence of machine visits) and the abllity of a part to be
manufactured in alternate machlnes have not been considered. Fixing a
machine for an operatlon does not select the machines optimally,
thereby lncreasing capital cost. Authors who have addressed the issue

of cell formatlon often decompose a part machine matrix into clusters
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of cells. Here costs are not explicitly considered. Processing times
and production volumes are often ignored. Moreover no mathematlcal
formulations have been reportad 1n cell formation for identifying the
potentlial trade-offs between the important aspects of refixturing and
inter-cell movement. Similarly the trade~offs between the duplication
of machines with these operational 1issues have also not been

consldered.

In this research, an attempt was made to conslder these realitles. All
the models developed allow the operations of parts to be manufactured
in alternate machines and allow the flexibility of a part to be
manufactured through alternate process routes, Model 1 is for the case
of a single cell and model 2 extends the production planning problem
for the case of multiple cells. Both these models explicitly conslider
refixturiag and material handling during operation allocation. Model 3
simultaneously formed machine groups and assigned part operations to
these machine groups. Model 4 extended this approach for the situation
where new machires are procured for the cellular manufacturing
environment. A few 1llustrative examples were solved and the
trade-offs between refixturing and material handling were ideatlified

and the results were discussed in chapter 5.

6.2 Directions for future research

1. There is a need to develop heuristic or approximate procedures
for solving large scale instances of the present problem. This may
be achieved by relaxlng the assumption of having a setup charge

assoclated with refixturing. This assuwption would greatly
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decrease the number of integer variables, thereby, decreasing the

model complexity.

Inclusion of performance measures such as the utilization of
machines has to be looked into. Such modeling would most probably,
require the Iincorporation of the analytical results of queuing

networks. For the present model machine utilization may be

maximlized by minimizing the slack variable corresponding to the

machine capaclty constraint.

It may be an interesting nrea to investigate solution methodologies
required to solve planning problems where the demand is not
deterministic, where the parts do not arrive at the system in well

defined batches.

There is a need to consider other factors such as toel magazine
capaclty of machlines, tool life, number of tools avalla:le, etc.,

during cell formation.
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APPENDIX A.1

SPECIAL CASE:

Model Al

The model developed b~re is for the speclal case when it is assumed
that each part cannot have more than one process route (sequence of
machlne visits) towards its manufacture. For this purpose, a nonlinear
integer programming model is developed to form machine groups and
asslgn part operatlons to machines such that the total costs of
refixturing, inter-cell movement and operating costs are minimized

considering demand and capacity constraints. The model is as follows,

Minimize ml = Z ( le—ij’ le] Clkj’_l) + Zdl( L[k-lj' le] Clkj.j)

1337k 131'k
k =2 k = 2
. Z (L, 2,00, . 2,04, « Z (€ Lyeyd, (1)
11) " kee? 1)k
=)
c ®c’
k =2

Z Luq =1 v 1,k (2)
J
Z zjc =1 v (3)
c
Z Ly = M% v o (4)
1%
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Z Y, ch =G vV ¢ (5)
J

Zdl (tlk_l lej) * Z(tikj’j le—l_]’ L lkj)
ik 1kj’

+ Zdl(‘t'm,J Loy L) St v oJ (6)
1kj?

= 1
lej . ch R YJ Oor 1 v ilJrec (7)

The objective functlon minimizes the total cost of refixturing, Intercell
movement and operating costs. The constralnts of the optimization model
are given by {2) to (6). Constraint(2) ensures that each operation of
each part type is assigned to one machine. Constraint (3) guarantees
that each machine 1s allotted to a cell. Constraints (4) and (S)
restricts the number of machines In each cell where YJ 1s the blnary
indicator of potencial machine "j“. Constraint (6) ensures that the
capaclty of each machine is not violated. The demand for the parts is
also accounted for in these constraints. Constraint (6) indicates the

0-1 variables.

It can be seen that there are product terms of two or more 0-1 decision
variables and this makes the model nonllnear. The method suggested by
Glover and Woolsey {1974) can be used to linearize the constraints and

15 explalined below,

For each relevant 1, J, J', k define the varlable Y . replacing the

k)j

product terms le] and l..“b_n, such that
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Y =1 if L =1 and L
1k)’ ) ik

i
-

1k-1§"
=0 otherwise

Simllarly define the variable Ziiyjc replacing the product terms

1) ° le-lj" zjc ! zj'c’ such that

lk = 3 =4 3 =

yetie 1 if lej =1, le_lj, 1, ZJc 1, Zj.c, 1
=0 otherwlise

and the variable ch replacing the product terms

Y and 2 such that
J Je
Y = =1,2 =1
5 1 if Yj 1e
=0 otherwise

Now the model Al can be rewritten as:

Minimize ml = Z( Yoy Cieyry ! Z( Yigy Creyry 9
1]_"k lj.'
k =2 =2
Z @y )€+ Z €y Liy? 9 ®
13] k c* 1k
J '
c * c'
k=2

subject to the following constraints:

E: lej =1 Y 1,k (9)
|

szc =1 v o (10)
c

ZLm = My, v oJ (11)
1k
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ZYJ" = Gc v ¢ . (12)
3

Zdl(tlkj lej) ¥ Z(tlkj'j Ylkj’j )

1k 1k
f 3
+ Zdtﬁ-tkm Yipy ) 5t v J (13)
1k §*
le-lj' * Likj -1ls Ylk]’j vinLik (14)
ik . R
Lm * zjc * Lik-u' ¥ _Fc’ 3= chj'c’ v ik (15)
Y +2 -1s5Y vV J.c (16)
] Je Je
Y,L ,2Z2 =0o0rl1 v ilJjkec {(17)
J k) Je
Y L Y ’ = = 0 V 1.J.J’|Cpc’ (18}
i)'} Je Jeci'ct

The objective function (%) minimizes the operating cost, cost of
refixturing and the cost of inter-cell movement. The constraints are
given (9) to (16). Constraints (9) to (13) correspond to (2) to (6) of

model Al. Constraints (17) and (18) indicate 0-1 and continuous

varlables. As the varliables Y Y , zik are associated with

U3 L I T 1S
minimizing the cost there 18 no need for the inclusion of the

corresponding family of inequalities of the form

=
ik=1]"' Ylkj'j ’ xikj = Ylkj'j

Y =Yy ,2 =
J Je Je YJc

ik ik ik 1k
= = 7 =
1k) Jeyrer ! ch Jeyier ? xuz-u' je)'et ’ z.l’c’ Jeire?

in the constralnt set.
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APPENDIX A.2

LINEARIZATION STRATEGY
The objective function and constralints of model Al contalnes product terms
of 0-1 variables. Commercially avallable integer programming packages
requlre the model to be In a completely 1linear form. Therefore a
llnearlization strategy based on Watters (1967) and modified by Glover
and Woolsey (1974) was proposed. The procedure is as follows.
1. Replace each product term (Xj)k. (kz0) by XJ.
2. Replace each product term "g" by a continuous linearlzation variable

Zq with the addition of the following set of constraints for each

product term "g".

E: Xj - ng (ng—l) for all g ¢ PI
e S’
. q

for all J € &’
X=2 9
J [+

for all g € P,

'

Zg = 0: xj = 0,1 for all for all j € S; , forall gec P
where PI = Index set of all linearlization variables in the formulation

and S; = Index set of 0-1 integer variables occurring in a given

product term g, (g € PI).

Example:
To 1linearlze the term X1.X2.X3, replace b by a continuous

linearization variable 21 and add the following constraints,
X1 +X2+X3~-21s(3-1)
X1 =21 ; =271

X3 =721 ; 21 = 0y X1,X2,X3 =0,1
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APPENDIX A.3

EQUATIONS OF FORMULATIONS

Mcdel 1 (Base Case):

MIN 6 Y1211 + 11 Y1212 + 9 Y1213 + 10 Y1221 + 12 Y1222 + 8 Y1223

10 Y2213 + 9 Y2223 + 11 Y2231 + 7 Y2232 + 12 Y2233 + 9.05 X1211
10.11 X1212 + 9.15 X1213 + 9.12 X1221 + 10.12 X1222 + 9.11 X1223
8.2 X2213 + 8.96 X2223 + 12.2 X2231 + 10.11 X2232 + 8,1 X2233
10.04 X2212 + 12.04 X2221 + 7 X111 + 9 X121 + 11 X211 + 10 X221
+ 9 X231 + 12 X2211 + 10 X2222

-+

+

+

+

8) X2231 + ¥2232 + X2233 - X231 =
9) 2 Y1211 + 5 Yi221 + 4 Y2231 + 8.02 X1211 + £.07 X1221
+ 10.08 X2231 + 10 X2221 + 6 X111 + 9 X211 + 10 X2211 <= 2500
10) 5 Y1212 + 4 Y1222 + 2 Y2232 + 6.1 X1212 + 6.09 X1222
+ 7.04 %2232 + 7 X2212 + 4 X121 + 6 X221 + 7 X2222 <= 1500
11) 4 Y1213 + 3 Y1223 + 3 Y2213 + 3 Y2223 + 4 Y2233 + 9.1 ¥1213
+ 9,05 X1223 + 11.09 X2213 + 11.08 X2223 + 11.01 X2233 + 8 X231

SUBJECT TO

2) X111 + X121 = 175

3) X211 + X221 + X231 = 200

4)  X1211 + X1212 + X1213 - X111 = 0

5) X1221 + X1222 + X1223 - X121 = o

6) X2213 + X2212 - X211 + X2211 = 0

7)  X2223 + X2221 -~ X221 + X2222 = 0
0

<= 1500
12) - 100000 Y1211 + X1211 <= O
13) - 100000 Y1212 + X1212 <= O
14) - 100000 Y1213 + X1213 <= O
15) - 100000 Y1221 + X1221 <= O
16) ~ 100000 Y1222 + X1222 <= Q
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17)
18)
19)
20)
21)

22)
23)
24)
25)
26)

100Q00
100000
100000
100000
100000

100000
100000
100000
1000c0
100000

Y1223
¥2211
Y2212
Y2213
Y2221

Y2222
Y2223
Y2231
Y2232
Y2233

o+ o+ o+ O+

+ + + +

A1223
$2211
A2212
x2213
x2221

X2222
X2223
X2231
X2232
X2233

where Xilj , Xikj'J = 0, Yikj}')

A
1}
o O O o o

A
1
o O o O O

=0or 1t ViaksJ'lJ
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Model 2

MIN

+

{Base Case)

6 Y12111 + 11 Y12121 + 9 Y12131 + 10 Y12211 + 12 Y12221
+ 8 Y12231 + 10 Y22131 + 9 Y22231 + 11 Y22311 + 7 Y22321 + 12 Y22331
+ 6 Y12112 + 11 Y12122 + 9 Y12132 + 10 Y12212 + 12 Y12222 + 8 Y12232
10 Y22132 + 9 Y22232 + 11 Y22312 + 7 Y22322 + 12 Y22332

+ 1.1 X121122 + 1.1 X121221 + 1.01 X121132 + 1.01 X121231
+ 1.01 X122112 + 1.01 ¥X122211 + 0.99 X122132 + 0.99 X122231
+ 0.96 X121211 + 0.96 X121112 + 1.13 X122221 + 1.13 X122122
+ 1,25 X221211 + 1.25 X221112 + 1,05 X222221 + 1,05 X222122
+ 0.95 X223231 + 0.95 X223132 + 1.05 X221122 + 1.05 X221221
+ 0.95 X221132 + 0.95 X221231 + 1.25 X222112 + 1,25 X222211
+ 0.94 X222132 + 0.94 X222231 + 1.35 ¥223112 + 1.35 X223211
+ 1.1 X223122 + 1.1 X223221 + 0.7 X1111 + 0.7 X1112 + 0.9 X1121
+ 0.9 X1122 + 1.1 X2111 + 1.1 X2112 + X2121 + X2122 + 0.9 X2131
+ 0.9 X2132 + 0.95 X121111 + 0.95 X121212 + 1,09 X121121
+ 1,09 X121222 + X121131 + X121232 + X122111 + X122212 + 1.12 X122121
+ 1.12 X122222 + 0.98 X122131 + 0.98 X122232 + 1.2 X221111
+ 1.2 X221212 + X221121 + X221222 + 0.9 X221131 + 0.9 X221232
+ 1.2 X222111 + 1.2 X222212 + X222121 + X222222 + 0,89 X222131
+ 0.89 X222232 + 1.3 X223111 + 1.2 X223212 + 1,05 X223121
+ 1,05 X223222 + 0.9 X223131 + 0. > ¥223232
SUBJECT TO
2) X1111 + X1112 + X1121 + X1122 = 350
3)  X2111 + X2112 + X2121 + ¥2122 + X2131 + X2132 = 450
4) X121122 + X121132 + X121112 - X1112 + X121111 + X121121
+ X121131 = 0
5) X121221 + X121231 + X121211 - X1112 + X121212 + X121222
+ X121232 = 0
6) X122112 + X122132 + X122122 - X1121 + ¥122111 + X122121
+ X122131 = 0
7)  X122211 + X122231 + X122221 - X1122 + X122212 + X122222
+ X122232 = o
8) X221112 + X221122 + X221132 - X2111 + X221111 + X221121
+ X221131 = 0
9) X221211 + X221221 + X221231 - ¥2112 + X221212 + X221222
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+ X221232 = 0
10)  X222122 + X222112 + X222122

X2121 + 222111 + X222121

+ X222131 = 0

11)  X222221 + X222211 + X222231 - X2122 + X222212 + X222222
+ X222232 = 0

12)  X223132 + X223112 + X223122 - X2131 + X223111 + X223121
+ X223131 = 0

13)  X223231 + X223211 + X223221 - X2132 + X223212 + X223222
+ X223232 = 0

14} 2 Y12111 + 5 Y12211 + 4 Y22311 + 8.07 X122211 + 8.0Z X121211
+ 10 X221211 + 10 X222211 + 10.08 X223211 + 6 X1111 + 17 X2111
+ 8.02 X121111 + 8,07 X122111 + 10 X221111 + 10 X222111
+ 10.08 ¥223111 <= 2000
15) 2 ¥12112 + 5 Y12212 + 4 Y22312 + 8.07 X122112 + 8.02 X121112
+ 10 X221112 + 10 X222112 + 10.08 X223112 + 6 X1112 + 17 X2112
+ 8.02 X121212 + 8.07 X122212 + 10 X221212 + 10 X222212
+ 10.08 X223212 <= 4000
16) 5 Y12121 + 4 Y12221 + 2 Y22321 + 6.1 X121221 + 6.09 X122221
+ 7 X222221 + 7 X221221 + 7.04 X223221 + 4 X1121 + 6 ¥X2121
+ 6.14 X121121 + 6.09 X122121 + 7 X221121 + 7 X222121 + 7 X223121
<= 2000
17) 5 Y12122 + 4 Y12222 + 2 Y22322 + 6.14 X121122 + 6.09 X122122
+ 7 X222122 + 7 X221122 + 7 X223122 + 4 X1122 + 6 X2122 + 6.1 X121222
+ 6.09 X122222 + 7 X221222 + 7 X222222 + 7.04 X223222 <= 2000
18) 4 Y12131 + 3 Y12231 + 3 Y22131 + 3 Y22231 + 4 Y22331
+ 9.1 X121231 + 9,05 X122231 + 11.1 X223231 + 11 X221231
+ 11.08 X222231 + 8 X2131 + 9.1 X121131 + 9.05 X122131 + 11.18 X:21131
+ 11.08 X222131 + 11.1 X223131 <= 2000
19) 4 Y12132 + 3 Y12232 + 3 Y22132 + 3 Y22232 + 4 Y2233
+ 9.1 X121132 + 9.05 X122132 + 11.1 X223132 + 11.18 X221132
+

+ 11.08 X222132 + 8 X2132 + 9.1 X121232 + 9.05 X122232 + 11 X221232
+ 11.08% X222232 + 11.1 X223232 <= 0

20) - 1000000 Y12111 + X121211 + X121111 <= O

21) - 1000000 Y12121 + X121221 + X121121 <= O

22) - 1000000 Y12131 + X121231 + X121131 <= 0

23) - 1000000 Y12231 + X122231 + X122131 <= 0
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24) - 1000000
25) - 1000000
26) - 1000000
27) - 1000000
28) - 1C00000
29) - 1000000
30) - 1000000
31) - 1000000
32) -~ 1000000
33) - 1000000
34) - 1000000
35) - 1000000
36} - 1000000
37) - 1000000
38) - 1000000
39) - 1000000
40) - 1000000
41) - 1000000
42) - 1000000
43) - 1000000
44) - 1000000
45) - 1000000
46) ~ 1000000
47) - 1000000
48} - 1000000
49) - 1000000

where Xikj'e'jc = O,

¥12221
Yi12211
Y22111
Y22121
¥22131
¥22211
Y22221
Y¥22231
¥22311
¥22321
Y¥22331
Y12112
Y12122
¥12132
Y12232
Y12222
Y12212
Y22112
Y22122
¥22132
¥22212
Y22222
Yz22232
Y22312
Y22322
Y22332

Yikj' Je

X122221
122211
X221211
X221221
X221231
x222211
X222221
X222231
X223211
223221
X223231
X121112
X121122
X121132
X122132
X122122
X122112
X221112
221122
X221132
X222112
X222122
X222132
x223112
X223122
X223132

=ocor il
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X122121
X122111
X221111
X221121
%221131
X222111
X222121
X222131
X223111
X223121
X223131
X121212
X121222
X121232
X122232
X122222
X122212
x221212
X221222
X221232
X222212
222272
X222232
X223212
X223222
x223232

O 0000 O OO0 000 OO0 O0OO0OO0OOOo0OC O OO o o o

¥V j.c,j',c', 1,k



Model 3 (Base Case)

MIN 6 Y12111 + 11 Y12121 + 9 Y12131 + 10 Y12211 + 12 Y12221
+ 8 ¥12231 + 10 Y22131 + 9 Y22231 + 11 Y22311 + 7 Y22321 + 12 Y22331
+ 6 Y12112 + 11 Y12122 + 9 Y12132 + .0 Y12212 + 12 ¥Y12222 + 8 Y12232

+ 10 Y22132 + 9 Y22232 + 11 Y22312 + 7 Y22322 + 12 ¥22332
+ 1.1 X121122 + 1.1 X121221 + 1,01 X121132 + 1.01 X121231
+ 1,01 X122112 + 1.01 X122211 + 0.99 X122132 + 0.99 X122231
+ 0.96 X121211 + 0.96 X121112 + 1.13 X122221 + 1.13 X122122
+ 1.25 XZ21211 + 1.25 X221112 + 1.05 X222221 + 1.05 X222122
+ 0.93 X223231 + 0.95 X223132 + 1.05 X221122 + 1,05 X221221
+ 0.95 X221132 + 0,95 X221231 + 1.25 X222112 + 1.25 X222211
+ 0.94 X222132 + 0.94 X222231 + 1.35 X223112 + 1.35 X223211
+ 1.1 X223122 + 1.1 X223221 + 0.7 X1111 + 0.7 X1112 + 0.9 X1121
+ 0.9 X1122 + 1.1 X2111 + 1.1 X2112 + X2121 + X2122 + 0.9 X2131
+ 0.9 X2132 + 0.95 X121111 + 0.95 X121212 + 1.09 X121121
+ 1.09 X121222 + X121131 + X121232 + X122111 + X122212 + 1.12 X122121
+ 1,12 X122222 + 0.98 X122131 + 0.98 X122232 + 1.2 X221111
+ 1.2 X221212 + X221121 + X221222 + 0.9 X221131 + 0.9 X221232
+ 1.2 X222111 + 1 2 X222212 + X222121 + X222222 + 0.89 X222131
+ 0.89 X222232 + 1.3 X223111 + 1.3 X223212 + 1.05 X223121
+ 1.05 X223222 + 0.9 X223131 + 0.9 X223232
SUBJECT TO
2) X1111 + X1112 + X1121 + X1122 = 200
3) X2111 + X2112 + X2121 + X2122 + X2131 + X2132 = 250
4) X121122 + X121132 + X121112 - X1111 + X121111 + X121121
+ X121131 = 0
5) X121221 + X121231 + X121211 - X1112 + X121212 + X121222
+ X121232 = 0
6) X122112 + X122132 + X122122 - X1121 + X122111 + X122121
+ X122131 = o
7) X122211 + X122231 + X122221 - X1122 + X122212 + X122222
+ X122232 = 0
8) X221112 + X221122 + X221132 - X2111 + X221111 + X221121
+ 221131 = 0
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9)  X221211 + X221221 + X221231 - X2112 + X221212 + X221222
+ X221232 = 0

10) X222122 + X222112 + X222132 - X2121 + X222111 + X222121
+ X222131 = 0

11)  X222221 + X222211 + X222231 - X2122 + X222212 + X222222
+ X222232 = 0

12)  X?223132 + X223112 + X223122 X2131 + X223111 + ¥223121
+ X223131 = 0

13) X223231 + X223211 + X223221 - X2132 + X223212 + X223222
+ X223232 = 0

14) - 2500 211 + 2 Y12111 + 5 Y12211 + 4 Y22311 + 8.07 X122211

+ 8,02 X121211 + 10 X221211 + 10 X222211 + 10.08 X223211 + 6 X1111

+ 17 ¥2111 + 8.02 X121111 + 8,07 X122111 + 10 X221111 + 10 X222111
+ 10.08 X223111 <= O

15) - 2500 212 + 2 Y12112 + 5 Y12212 + 4 Y22312 + 8,07 X122112
+ 8,02 X121112 + 10 X221112 + 10 X222112 + 10.08 X223112 + 6 X1112
+ 17 X2112 + 8.02 Xi21212 + 8.07 X122212 + 10 X221212 + 10 X222212
+ 10.08 X223212 <= 0

16) - 2000 Z21 + 5 Y12121 + 4 Y12221 + 2 Y22321 + 6.1 X121221
+ 6,09 X122221 + 7 X222221 + 7 X221221 + 7.04 ¥223221 + 4 X1121
+ 6 X2121 + 6.14 X121121 + 6.!9 VA2217% + 7 X221121 + 7 X222121
+ T X223121 <= O

17) - 2000 222 + 5 Y12122 + 4 Y12222 + 2 Y22322 + 6.14 X121122
+ 6.09 X122122 + 7 X222122 + 7 X22i122 + 7 X223122 + 4 X1122 + 6 X2122
+ 6.1 X121222 + 6.09 X122222 + 7 X221222 + T X222222 + 7.04 X223222
<= 0

18) - 2000 231 + 4 Y12131 + 3 ¥12231 + 3 Y2213l + 3 Y22231 + 4 Y22331
+ 9,1 X121231 + 9.05 X122231 + 11.1 X223231 + 11 X221231
+ 11.08 X222231 + 8 X2131 + 9.1 X121131 + 9.035 X122131 + 11.18 X221131
+ 11,08 X222131 + 11.1 X223131 <= Q

19) - 2000 232 ~ 4 Y12132 + 3 Y12232 + 3 Y22132 ~ 3 Y22232 + 4 Y22332
+ 9.1 X121132 + 9.05 ¥X122132 + 11,1 X223132 + 11.18 X221132
+ 11,08 X222132 + 8 X2132 + 9.1 X121232 + 9.05 ¥X122232 + 11 X221232
+ 11.08 X222232 + 11.1 X223232 <= O

20) 211 + 221 + 231 <= 2

21) 212 + 222 + 232 <= 2
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22)
23)
24)
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
35)
36)
37)
38)
39)
40)
41)
42)
43)
44)
45)
46)
47)
48)
49)
50)
51)
52)
53)
54)

Z11 + 212 <=
221 + 222 <=
231 + 232 <=

1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1070000
1000000

- 1000000

1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000

Yiz111
Y12121
Y12131
¥12231
Y12221
Yiz2211
Y22111
Y¥22121
Y22131
Y222

Y22221
¥22231
Y22311
Y22321
¥22331
¥12112
Y12122
Y12132
Y12232
Y12222
Y12212
Y22112
Y22122
Y22132
Y22212
Y22222
Y22232
Y22312
Y22322
¥22332

T T . T T T S O R )

+

+

+ + 4+ + + o+ + o+

where Xikj'c’ Jc >=0 , Yikj’' jc

X121211
X121221
X121231
X122231
X122221
X122211
X221211
221221
X221231
X222211
X222221
X222231
X223211
X223221
X223231
X121112
¥121122
Xi21132
X122132
X122122
X122112
X221112
X221122
X221132
X222112
X222122
X222132
X223112
X223122
1223132

, 2Je =
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170 .11
X121121
X12113:
X122131
X122121
X122111
221111
X221121
X221131
X222111
222121
X222131
x223111
X223121
X223131
X121212
X121222
X121232
X122232
(122222
X122212
X221212
X221222
X221232
X222212
X222222
X222232
X223212
X223222
X223232

or 1l

A
il
O 0O OO O OO0 O0OOCOOOOO©ODOOOoOO®SOOOooOOoOOoOOoOOoOOoOOoOoO oo

vV J,c,j'.c' 1,k



Model 4 (Base Case)

MIN 5500 211 + 5500 212 + 6500 Z21 + 6500 222 + 6000 231 + 6000 Z32
+ 6 Y12111 + 11 Y12121 + 9 Y12131 + 10 Y12211 + 12 Y12221 + 8 Y12231

.01 X122211 +
.96 X121112
.25 X221112
.95 X223132
.95 X221231 .25 X222112
.94 X222231 .35 X223112 +
.1 X223221 + 0.7 X1111 + 0.7
.1 X2111 + 1.1 X2112 + X2121
.95 X121111 + 0.95 X121212 +
X121232 + X122111 + X122212 +
G.98 X122131 + 0,98 X122232 +

.99 X122132
.13 X122221
.05 X222221
.05 X221122

+ + + + + + + + + <+
S = = O O O = O = =
+ + + + +
= s s O
+ 4+ + + +

+

+ O+ + + o+ o+

10 Y22131 + 9 Y22231 + 11 ¥22311 + 7 Y22321 + 12 Y22331 + 6 Y12112
11 Y12122 + 9 Y12132 + 10 Y12212 + 12 Y12222 + 8 Y12232 + 10 Y22132
9 Y22232 + 11 Y223.2 + 7 ¥22322 + 12 Y22332 + 1.1 X121122

.1 X121221 + 1,01 X121132 + 1.01 X121231 + 1.01 X122112

0.99 X122231 + 0.96 X121211
1.13 X122122 + 1.25 X221211
1.05 X222122 + 0.95 ¥X223231
1.05 X221221 + 0.95 X221132
1,25 X222211 + 0,94 X222132
1.35 X223211 + 1.1 X223122

X1112 + 0.9 Xi121 + 0,9 X1122

+ X2122 + 0.9 X2131 + 0.9 X2132

1.09 X121121 + 1.09 X121222 + X121131
1.12 X122121 + 1.12 X122222

1.2 £221111 + 1.2 X221212 + X221121

X221222 + 0.9 X221131 + 0.9 X221232 + 1.2 X222111 + 1.2 X222212
X222121 + X222222 + 0.89 X222131 + 0.89 X222232 + 1.3 X223111

+ 1.3 X223212 + 1.05 X223121 + 1.05 X223222 + 0.9 X223131

+ 0.9 X223232

SUBJECT TO

2) X1111 = X1112 + X1121 + X1122 = 500

3} X2111 + X2112 + X2121 + X2122 + X2131 + X2132
X121132 + X121112

4) X121122
+ X121131 =

5) Xi21221
+ X121232 =

+ X122131 =

7)  Xiz22211
+ X122232 =

8) X221112
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X121231 + X121211

+
4]
+
0

6) X122112 + X122132 + X122122
0
+ X122231 + X122221
0
+

X221122 + X221132

525
X1111 + X121111 + ¥X121121

X1112 + X121212 + X121222

X1121 + 122111 + X122121

X1122 + X122212 + X122222

X2111 + X221111 + X221121



+ X221131 = 0

9)  X221211 + X221221 + X221231 - X2112 + X221212 + X221222
+ X221232 = 0

10) X222122 + X222112 + X222132 ~ X2121 + X222111 + X222121
+ X222131 = 0

11) X222221 + X222211 + X222231 - X2122 + X222212 + X222222
+ X222232 = 0

12) X223132 + X223112 + X223122 - X2131 + X223111 + X223121
+ X223131 = 0

13) X223231 + X223211 + X223221 - X2132 + X223212 + X223222
+ X223232 = 0

14} - 2500 W11 + 2 Y12111 + 5 Y12211 + 4 Y22311 + 8.07 X122211
+ B.02 X121211 + 10 X221211 + 10 X222211 + 10.08 X223211 + 6 X1111
+ 17 X2111 + 8.02 X12111% + 8.07 X122111 + 10 X221111 + 10 X222111
+ 10,08 X223111 <= 0

18) - 2500 W12 + 2 Y12112 + 5 Y12212 + 4 Y22312 + 2.07 X122112
+ 8.02 X121112 + 10 X221112 + 10 X222112 + 10.08 X223112 + 6 X1112
+ 17 X2112 + 8.02 X121212 + 8.07 X122212 + 10 X221212 + 10 X222212
+ 10.08 X223212 <= 0

16) - 2000 W21 + S Y12121 + 4 Y12221 + 2 Y22321 + 6.1 X121221
+ 6,09 X122221 + 7 X222221 + 7 X221221 + 7.04 X223221 + 4 X1121
+ 6 X2121 + 6.14 X121121 + 6.09 X122121 + 7 X221121 + 7 X222121
+ 7 X223121 <= O

17) - 2000 W22 + 5 Y12127 + 4 Y12222 + - Y22322 + 5.14 X121122
+ 6.09 X122122 + 7 X222122 + 7 ¥221122 + ¢ X223122 + 4 X1122 + 6 X2122
+ 6.1 X121222 + 6,09 X122222 + 7 X221222 + 7 X222222 + 7,04 X223222
<= Q0

18) - 2000 W31 + 4 Y12131 + 3 Y12231 + 3 Y22131 + 3 Y22231 + 4 Y22331
+ 9.1 X121231 + 9,05 X122231 + 11.1 X223231 + 11 X221231
+ 11.08 X222231 + 8 X2131 + 9.1 X121131 + 9,05 X122131 + 11.18 X221131
+ 11.08 X222131 + 11.1 X223131 <= O

19) - 2000 w32 +
+ 9.1 X121132 + 9

+
+

4 Y12132 + 3 Y12232 + 3 Y22132 + 3 Y22232 + 4 Y22332
.05 X122132 + 11.1 X223132 + 11.18 X221132

+ 11.08 X222132 + 8 X2132 + 9.1 X121232 + 9.05 X122232 + 11 X221232

+ 11,08 X222232 + 11.1 X223232 <= D

20) Wil + W21 + W31 <= 3
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21)
22)
23)
24}
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
35)
36)
37)
38)
39)
40)
41)
42)
43)
44)
45)
46)
A7)
4%)
49)
50)
51)

W12 + W22 + W32 <= 3
¥12111 + X121211

1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
100000V
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000
1000000

Y12121
Y12131
¥12231
Yiz2221
¥12211
Y22111
¥22121
¥22131
Y22211
Y227221
¥22231
Y22311
Y22321
¥22331
Y12112
Yiz2122
Y12132
Y12232
Y12222
Y12212
¥22112
¥22122
Y22132
Y22212
Y22222
Y22232
Y22312
Y22322
¥22332

Xikj'c’Jc 20, Yik]'Jc =0

+

+

+

+ + + +

+ + 4+ + + +

X121221
X121231
X122231
H122221
X122211
X221211
X221221
X221231
X222211
X222221
X222231
X223211
X223221
X223231
121112
K121122
X121132
X122132
X122122
X122112
X221112
X221122
X221132
X222112
X222122
X222132
X223112
X223122
X223132

+

+ + + +

+ O+ F + + + o+ o+ o+

or 1, Wic
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X121111
X121121
X121131
X122131
X122121
X122111
X2z1111
X221121
X221131
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