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SUMMARY

The objective of this study was to develop a design process in-
tegrating the decisions that establish the major characteristics of a
manufacturing plant. The problem of ianitiating a new branch plant was
attacked., It was assumed that only one plant was built. Decisions on
the following factors were studied:

1. Plant locatiom.

2, Capacity.

3. Distribution pattern.

4, Number of manufacturing equipment.

5. Number and type of materials handling equipment,

6. Floor area.

7., Plant layout.

This study was intended to provide the user of the process with
a set of optimal design parameters that inclide the above factors,
rather than sub-optimal solutions for individual factors which often
results if the factors are analyzed separately.

An operations research model including all interrelationships
and individual censtraints among the aforesaid factors was developed.
The method of scolutlon was based on the decomposition principle. The
model was decomposed into a master program and three subprograms. The
subprograms consisted of a plant location selection program, an equip-
ment selection program, and a plant layout program. The master pro-

gram integrated the subprograms recognizing cost interrelationships.
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Specific factors observed in the data collection process were
organized into a step-by-step application procedure. A computer pro-
gran was developed to solve the model and tested on sample problems,

It was concluded that if the capacity of the branch plant to be
established 1s predetermined, the process will guarantee near-optimal
solution., If the capacity of the branch plant is not predetermined,
the process can serve as a tool to investigate the influence of ca-
paclty on the cost structure. Once the capacity is determined, a
final run with the specified capacity will then give the set of near-

optimal solutiaons.



CHAPTER I

INTRODUCTION

Background

Many important decisions establish the structure of a manufactur-
ing plant, A few of these are plant location, capacity, size, Lype and
number of manufacturing machines and material handling equipment, and
facility layout.

A vast number of quantitative methods have been derived to help
the user to obtain an optimal or near optimal decision under a set of
specific assumptions, However, each of the above mentioned decisions
has been studied mostly on an individual basis. The decisions are gen-~
erally highly dependent on each other., A decision is cften made on the
basis of other decisions while the resulting decisions also serve as an
information input for the other decisions. Under these circumstances,

a set of optimal decisions obtained from individual optimization methods
does not necessarily represent an optimal solution to the system. (The
system is defined as the set of plants, markets, manufacturing equipment,
handling equipment, the layout and interrelationships among them,)

The purpose of this study is to build a2 quantitative model inte-
grating the decisions on plant location, capacity, size, type and number
of manufacturing equipment and materials handling equipment, and layout.
The model should include all cost functions as well as interrelational

and individual constraints among the factors affecting the aforesaid



decisions. It should allow the user to obtain a set of optimal solutions
referring to the entire system rather than sub-optimal solutions for in-

dividual components of the system.

The Problem

Assume a firm has several plants operating in different locations.
For simplicity, assume it to be a single-product manufacturing firm with
markets distributed over a large area and a total demand exceeding the
total output of existing plants. A forecast of the demand over a long-
term planning period, e.g., 10 years, is obtained. A new plant is to be
built in order to have the supply meet the forecast demand. Decisions
to be made include the following:

1, Plant location.

2. Capacity.

3. Distribution pattern.

4, Number of manufacturing equipment.

5., Number and type of materials handling equipment.

6. Floor area.

7. Plant layout.

The trzditional way of solving the above problem is to isolate
each sub-problem and try to get an optimal solution for each using mathe-
matical equations or operations research models together with available
data., A typical approach would be solve problems 1, 2, and 3 with a
mixed integer programming model, 4 and 5 with mathematical functions de-
pending on the capacity of the new plant, 6 with an equipment selection

model, and 7 with a computerized plant .ayout program. Unfortunately,



optimizing items separately does not necessarily give an optimal solu-
tion to the system problem. To illustrate this, consider this simpli-
fied example. Suppose the operating costs per month of three types of
equipment at three different locations are represented by the matrix

below:

location

1 2 3
A 70 80 90

equipment B 88 78 98

C 94 84 74

When the location with the minimum operating cost is to be selected,
the type of equipment used has to be predetermined. However, different
predetermined equipment yields different results. Locations 1, 2, 3
will be selected if equipments A, B, C are used respectively. A similar
situation occurs when equipment selection is performed with predetermin-
ed locations. The ideal method is to compare the costs under every
combination of equipment and location. This is possible for very small-~
scale simple problems. As the number of locations and equipment types
to be considered becomes larger, this becomes impractical. Furthermore,
in obtaining a solution for the entire system, the process of comparing
results under combinations of all the factors is highly impractical even
for small-scale problems.

The above mentioned problem suggests the need for a medel from
which an optimal set of solutions to the system can be obtained with

minimal effort. The model developed for this purpose in this study will



be referred to as Integrated Optimal Design Process (IODP).

Approach to the Problem

The seven factors, which establish the structure of a manufactur-

ing plant, are the basic subjects of this study.

When the factors are

considered individually, the sclution procedures include solving a lo-

cation selection problem, an equipment seleccion problem, and a layout

problem, Table 1 shows how the factors are classified,

Table 1. Classification of the Factors
Name of Factors Considered Factors Considered
Problem Directly Indirectly
Location Selection (1) Plant Location (2) Capacity

(3)

(5)

Equipment Selection

Distribution Pattern

(4) Number of Manufac-
turing Equipment
(6) Floor Area

Number and Types of

Materials Handling

Equipment

Plant Layout (N

Plant Layout

Consideration of the factors indirectly means that the factors are

obtained from mathematical equations
of the problem.

Since there have been so many
solving these problems, constructing
using the available solution methods

this in mind, the procedure followed

associated with the direct solution

powerful methods developed for
a completely new model without
With

would be far from practical.

in this study has been:



1. To select the appropriate location selection, equipment

selection and plant layout methods.

2., To identify all the interrelationships among the factors

considered,

3. To put all the above together into a single model and to

develop the solution procedure.

Step 1 was accomplished as a result of a literature survey.
Available models, with the greatest compatibility with other models in
the system, were selected. Step 2 was accomplished through an analysis
of the input and output structure of the selected models. The inter-
relationships identified are basically transfer functicns, by which out-
put from one model is transferred to input to the other models,

The decomposition principle developed by Dantzig and Wolfe (8)%*
provided the insight teo develop the solution procedure for Step 3, The
decompogition principle solves the problem by iterating through an
alternate sequence of master program and subprograms. By solving a
master program, a set of prices are generated which are fed into the
subprograms. The subprograms which optimize their relative objective
functions over specific sets of constraints are solved, generating new
points. These points are fed into the master program to update the
price vectors, which are in turn fed into the subprograms.

Utilizing the decomposition principle, the location selection

medel, the equipment selection model, and the layout model were treated

* All literature references are listed in the bibliography.



as subprograms while the interrelationships among them made up the
master program. Figure 1 illustrates the general structure of the

I0DP.
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Figure 1. General Structure of the TODP



CHAPTER II

LITERATURE SURVEY

Location Selection Model

Problems in location analysis can be categorized into (1) loca~
tion on a plane, and (2) location on a network, Location on a plane is
characterized by an infinite solution space while location on a network
has a solution space consisting of points on the network,

Revelle, Marks and Liebman (27) further classified location models
into private sector models and public sector models. Private sector
models are those in which the total cost of transportation and operating
facilities is isolated as the objective to be minimized. Public sector
models are problems with the dilimma that goals, objectives and con-
straints are no longer easily quantifiable, nor are they even necessar-
ily commensurate nor easily defined.

The location model in this study selects a plant site from among
a finite number of feasible locations based on obtainable cost data om
transportation and operating the facilities, and is thus a private
sector model on a network. A survey was made of research devoted to
solve problems in this specific category.

Revelle, Marks and Liebman (27) defined the general mathematical
formulation of the plant location problem as follows:

n

m
minimize 2 = ) )

m
R Z F.(y;)

x..) +
ij 1

c.,(
1 +J i



n
subject to: 2 xij =¥ i=1,2,...,m
j=1
)
X. = D j=12,...,n
i=1 ] ]
x,, > D0 = 1,2,,..,m
l —
’ j=1,2,...,n
Y; > 0 i=1,2,...,m
where
Xij = amount shipped from location i to market j ,
y; = total amount shipped from location 1 ,
Cij(xij) = cost of shipping the quantity Xij from i te j ,
Dj = the demand at market j ,
n = the number of markets,
m = the number of proposed locations.

Except for the objective function, this formulation is identified
as that of the classical Hitchcock transportation problem. However,
since the facility function Fi(yi) is frequently nonlinear, the prob-
lem cannot be solved by linear programming. Generally, Fi(yi) in-
cludes a large fixed investment for land, equipment, utilities, etc.

A sizeable amount of research has been done to develop either an
exact solution procedure or a heuristic solution procedure for the above
problem. Two of the best known heuristic procedures are that of Kuehn
and Hamburger (21), and Feldman, Lehrer, and Ray (14).

The Kuehn-Hamburger heuristic procedure assumes that the trans-
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portation costs are linear and that the facility cost function is in

the form:

Fi(yi) a; + biyi , if Facility exists

= 0 , if it does not

The procedure locates facilities one at a time until no additional
faciliries can be added without increasing total cost. Then the solu-
tions are modified by evaluating the profit Implications of dropping
facilities or of shifting them from one location to another.

Feldman, Lehrer, and Ray (l4) assume transport costs are linear
and the facility cost function is a continuous concave function. The
solution procedure starts by assuming all plants are assigned. Plants
are then dropped one at a time until no plant can be dropped with saving
achieved.

Efroymson and Ray (11} formulate the plant location problem as a

mixed integer programming problem. The formulation is:

m n m
minimize Z = .Z .I Cijxij + .z fiyi
i=1 j=1 i=1
subject to: zieN_xij = 1, i=l,2,...,n
J
0 < Z. Xx,, <ny,6 , i=1,2,,..,m
j Pi ij i'i i=1.2,....n

v, = (0,1) for all i
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where

c,, = t, D, ,
1] 13 1]

ti. = the unit transportation cost from location i to
J markek 3 ,

Dj = the demand at market J ,

Xij = the fraction of Dj supplied from leocation 1

fi_z 0 = the fixed cost associated with location 1
y; = 1 if the plant at location i is used,
0 if not,

m = number of possible plant locatioms,
n = total number of markets,

Pi = the set of markets that can be supplied by the

plant at location 1 ,
n = the number of markets in Pi )

Nj = the set of plants that can supply market j ,

The solution method employed is an implicit enumeration known as branch
and bound; and an exact solution is obtained,

A plant location problem frequently includes coanstraints on the
configuration of plants, It may require that only a certain number of
plants out of a given set be allcwed open or closed, or that the open-
ing or closing of one plant imply a similar or opposite action for a
different plant. These side constraints are included in the Spielberg
(31) formulation of the plant location problem. The algorithm employed
by Spielberg is also branch and bound.

Another type of constraint that requires attention is capacity
constraints. Sa” (28) included capacity constraint but not the con-

figuration constraint in his formulation of the problem. An exact
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solution method using the branch and bound treatment and an approximate
routine borrowing the 'add' approach of Kuehn and Hamburger (21) and
the 'drop' approach of Feldman, Lehrer and Ray (l14) were developed by
Sa”.

Capacity constraints were also studied by Marks (24), Marks'
model allows warehouses to be considered as intermediate points between
source and demand. The facility cost function is assumed to inveolve a
fixed charge plus a linear expansion cost. The main characteristic of
Marks' solution procedure is the use of Ford and Fulkerson's out-of-
kilter network algorithm (15).

Ellwein and Gray (12) developed a formulation of the plant loca-

tion problem including both the configuration and capacity constraints.

The formulaticon 1is:

I3 Do (D) |
mininize Z = d, ,x,, + - x,,| + f.v
121 321 A3 g2y M0 g T
m
. - > ] =
subject to: izlxij > bj j=1,2,..4,1
)
X,, < a.y. i=1,2,...,m
j=1 ij i’i
E v. <r t=1,2,...,p
ies_ + 7 T
t
x,, >0
ij =
y; = (0,1)
where
x,, = amount that location 1 supplies to market j ,

1]
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di' = transportation cost per unit of product
] shipped from location 1 to market j ,
n
= iabl
gi(-g xij] source variable costs,
j=1
fi = fixed cost at locatiomn i ,
y; = 1 if plant at location i 1is used,
0 if not,
b, = demand at market j ,
J
a; = capacity of plant at location i ,
S = a subset of the m source locations,

T < m , the configuration constraint,

When simplified, the objective function becomes:

m n m
minimize z z MTRTY + X fiyi
i=1 j=1 ¥ 321
where Vij = per unit variable cost.

The =scolution procedure utilizes an enumerative search scheme in
conjunction with feasibility-optimality tests to reduce the size of the
feasible set. Then for each of the small number of enumerated source
configurations passed through the tests, a transportation problem is
optimized to determine the minimum cost allocation,

The characteristics of the models included in this survey are

sumrarized in Table 2.
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Table 2. Characteristics of the Plant Location Models

Exact
Author Solution Configuration  Capacity
Procedure Constraints Constraints
Kuehn and Hamburger (21) no no no
Feldman, Lehrer and Ray (14) no no no
Efroymson and Ray (11) yes no no
Spielberg (31) ’ yes yes no
Sa” (28) ves no yes
Marks (24) yes no ves
Ellwein and Gray {(12) yes yes yes

Layout Models

Plant Layout, as defined by Apple (1), is planning and integrat-
ing the paths of the component parts of a product to obtain the most
effective and economical interrelationship between men; equipment; and
the movement of materials from receiving, through fabrication, to the
shipment of the finished product,

This definition of plant layout clearly indicates that plant lay-
out is directly associated with the flow of materials. Consequently,
quantitative layout methods developed mostly have the objective of
minimizing the material flow cost.

Early research on quantitative layout methods mainly devoted to

the development of the Travel Chart. Cameron (7) used the name of From-
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To Chart to replace the Travel Chart. The From-To Chart is basically a
matrix summarizing numerical measure of the materials flow from one
department to another.

A procedure utilizing the From-To Chart to solve process type
layout problems was developed by Smith (30). Other charts similar to
the From-To Chart are the Cross Chart of Farr (13) and Relationship
Chart of Muther (25).

A complete procedure to utilize the From—To Chart was developed
by Buffa (5). Buffa used a method called 'Sequence Analysis.' The
sequence of operations is analysed from route sheets or operation
sheets together with forecast data on the production of parts and data
on the unit handling lecads for parts. The results of the analysis are
represented by (1) a 'Sequence Summary' which includes the move se-
quence of every part and the departmental space requirements, and (2)

a summary of production and handling data including data on pieces per
month, pieces per load and lcads per month. Based on the above data, a
load summary, which is equivalent to a From-To Chart, is constructed.
This chart shows the frequency of material handling among all combina-
tions of departments. A network diagram is then constructed with nodes
representing departments and arcs representing the relative value ob-
tained frcom the chart. A trial and error procedure is then carried out
to rearrange the departments such that departments having material
handling relationships are arranged adjacent to each other. The major
disadvantage of using the above procedure is that in obtaining an ideal
schematic diagram, the differences in departmental area requirements are

disregarded.
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As the layout problem becomes large in scale, computerized lay-
out programs are often considered to be more efficient than traditional
methods. The Computerized Relative Allocation of Tacilities Technique
developed by Buffa and Armour and Vollman (3,6) is the first computer
model widely accepted. The program requires input of the following
data:

1, Interdepartmental flow per time unit,

2. Unit load material handling cost per unit distance,

3. An initial layout,

The objective 1s to minimize the total material handling cost
calculated from the distances, the volume flow, and the handling cost
between each pair of the departments. The algorithm tests possible
exchanges of departments and makes the exchange.

Seehof, Evans, Fredricks and Quigley (23) developed the Automated
Layout DEsign Program (ALDEP) which can generate initial layouts of up
to three floors. It requires the following input data:

1. Building description.

2. Departmental area requirements,

3. Departmental preference matrix.

4, Preassignment list of the departments to specific floors or

locations,

The program generates layouts independently for each floor by a
random selection technique. The objective 1s to generate layouts allow-
ing the departments with the highest priority relationships tc be placed

adjacent to each other,
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COmputerized RElationship LAyout Planning (CORELAP) developed by
Lee and Moore (23) generates an initial layout based on the following
input data:

1. A Relationship Chart of the Muther type (25).

2. Departmental area requirements,

3., Size of a unit block.

4, The maximal ratio of building length to width.

CORELA? uses a heuristic approach which maximizes the Total
Closeness Rating (TCR) for each department. The first department placed
in the layout is the one with the maximal TCR; then the rest of the
departments are placed one at a time such that the department with maxi-
mum closeness rating with the previous department is selected. The
placement procedure utilizes a 'sweep' routine which places the selected
department closest to the previous department.

A series of studies by Gani (16), Devis (10), Klein (20), Deisen-
roth (9), and Apple at Georgia Institute of Technology resulted in the
development of the Plant Layout Analysis aNd Evaluation Technique
{PLANET). The major contribution of PLANET is the introduction of
actual handling cost into the From-To Chart, which allows the generation
of an initial layocut that minimizes the total handling cost for the lay-
out arrangement, The program requires the feolleowing input data:

1. Departmental area requirements,

2., Size of a unit block.

3. Priority of placement (optional}.

4. Flow specification in three possible formats:

(a) A part list including the frequency of movements, cost
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per move and move sequence for every part making up a
unit of preduct;
(b) A From-To Chart representing the cost of flow between

the departments, Stating mathematically:

c,, = c,, for all i and
H al§ K 1k !
and Cijk = fkukdij for all i , j and k
where Ci’ = total flow cost from department 1 to
J department j per time unit,
Ciap = flow cost from department i to de-
J partment j for part k per time
unit,
fk = frequency of movement for part k per

time unit,
u, = cost per move per 100 ft for part k ,

di' = distance in 100 ft between department
] i and department j .

{(c) A penalty matrix which causes the program to locate the
departments with large penalty value close together.

The program utilizes two procedures: (1} the selection procedure,
and (2) the placement procedure. Before the selection procedure starts,
a Flow-Between Chart is constructed by adding the flow cost in one
directioan to that in the reverse direction. The program zllows the user
to compare results obtained from three selection methods of different
approaches:

1. Selection method A —- First the pair of departments having the
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highest flow-between cost is selected for placement. Then
the rest of the departments are selected by taking the pair
with the highest flow-between cost, where pairs are formed
by combining departments in the available list with theose in
the placed list. Thus the size of the placement list in-
creases while the avallable list reduces to zero when the
layout is accompiished.

2. Selection method B -- This is similar to method A; but the
department on the available list that has the highest total
relationship to those departments in the layout is selected.

3. GSelection method C —~ By adding elements across each row of
the Flow-Between Cost Chart, the 'Total Departmental Flow
Between Cost' is obtained. The departments are then ranked
in descending order based on these values. The order of
placement then follows the ranking order,

The placement procedure utilized by the program first approximates
the location of the center of the selected department along the perimeter
of the existing layout. When the center is fixed, the blocks are added
to the layout by a spiral or looping process in order to insure a rela-
tively square shape.

Besides the heuristic models discussed above, mathematical pro-
gramming approaches to the prcblem also exist in the works of Gilmore
(16), and Lawler (21). However, their models are not practical owing to

computational time requirements.
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Equipment Selection Models

A list of items to be used in studies for machinery selection

in manufacturing enterprises is suggested by Grant and Ireson (18) as

follows:

Investment

Expected econcmic life in years
Estimated salvage value at end of life
Annual cost of taxes

Arnmual cost of insurance

Anmual cost of materials

Annual cost of direct labor

Annual cost of indirect labor

Annual cost of maintenance and repairs
Annual cost of power

Annual cost of supplies and lubricants

Annual cost associated with space occupied

Reed {(26) developed a step~by-step procedure to obtain estimates

of labor costs, investment costs, and operating costs for movement,

loading and unlcading activities of a piece of materials handling equip-

ment. In
ed:
(a)
(b)
(c)

arriving at the costs, the following factors must be consider~

Labor cost rate in dollars per man-hour,
Operating cost rate in dollars per equipment-hour,
Annual investment cost of the equipment, which is taken as a

percentage of the initial cost.
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{d) Actual working hours per year,

(e) 1Investment rate in dollars per equipment-hcur; which is
obtained by dividing item (c) by item (d).

(f) Utilization factor applied to correct for downtime of man—
power and equipment.

(g) Loads per year derived from the quantity per year and the
quantity per loéd.

(h) Hours per load, which is the sum of hours for the loaded
trip, the unloaded return trip, and deadhead trips required
to bring back empty containers.

(i) Annual cost of the containers used by the equipment.

Based on items (f), (g) and (h) stated above, the actual man-hours per
year and equipment-hours per year are calculated. Multiplying these
values by their relative cost rates represented by items (a), (b) and
(e) gives annual labor costs, annual investment costs of equipment, and
annual operating costs. The above mentioned observations and calcula-
tions are performed for each of the activities of movement, 1lcading and
unloading. The total of the annual costs obtained together with the
annual investment costs on the containers used in the activities repre-
sents the annual equivalent cost of utilizing the piece of equipment,
The equipment with the lowest annual equivalent cost is selected,

Most other work on egquipment selection utilized standard dis-
counted cash-flow procedures. The methods of transferring the cash
flows of the altermatives to values on a comparable basis as summarized
by Bazaraa (4), are:

1. Present worth method.
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2. Final worth method.

3. Equivalent annual cost method.

4, Rate of return method.

5. Rate of return on additional investment method.

6. Adjusted rate of return on additional investment method.
Methods 1, 2, 3 and 4 are mostly used to compare mutually exclusive
alternatives while method 5‘and 6 can handle mixed type alternatives
more effectively. Definition of the above methods can be found in most
standard texts on engineering economics.

Criteria on comparison of alternatives developed generally use
ene of the above listed methods as the means of making final comparison.
(In the case of equipment alternmatives, the rate of return method cannot
be applied because there is no direct return.) The main difference be-
tween criteria developed is the manner of treating the nonmonetary
factors, Apple (2) developed a criterion by which a piece of equipment
is selected on the basis of the value obtained from multiplying the
total of direct costs, indirect costs and indeterminate costs by a
weighted evaluation of intangible factors such as quality, availability,
complexity, flexibility, etc.

A nine-~step procedure developed by Bazaraa (4) takes the levels
of mechanization into account. The levels of mechanization which best
fit the given case are determined before the economic analysis is made.
The pieces of equipment which do not £it into the situation are then
eliminated. An economic analysis is made on the remaining pieces of
equipment. The adjusted rate of return on additional investment method

and/or the equivalent annual cost method is used for this purpose. The
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final step is to make the choice by one of the two procedures:
1. Consideration of the trade-off between economic and intangible
factors, subjectively, by the materials handling engineer.
2, Construction of an indifference curve based on many other
people's experience.
Since the latter method is expensive and time consuming, it is not
recommended unless the equipment is very expensive.
Jones (19) has emphasized equipment compatibility in his work.
Ten warehouse functions were identified. Numerical expressions for the
interactions among equipment alternatives filling the different ware-~
house furctions were developed in the framework of a queuing network
analysis., These interactions allowed the construction of sets of al-
ternatives which can satisfy all the warehouse activities. Equivalent
daily costs (similar to equivalent annual cost in nature) were calcu-

lated for each set, and the least-cost set was identified.
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CHAPTER III

THE INTEGRATED OPTIMAL DESIGN PROCESS

Formulation of Subprograms

Three subprograms were formulated to be utilized by the IODP,
They are:

1. Leocation Subprogram

2., Layout Subprogram

3. Equipment Subprogram

These subprograms utilize models reviewed in the literature
survey, which are able to give satisfactory solutions to the problem as
stated in Chapter I, and also are able to facilitate the formulation of
the master program. The formulation of the subprograms will be dis-
cussed below,

1. Location Subprogram

The location subprogram utilized in the IODP is designed to gen-
erate a distribution pattern while selecting the best location for the
branch plant froem a number of proposed locations. It is also assumed
that there are one or more plants already existing in the system.

The structure of the problem implies that a model which includes
configuration constraints on the number of plants used should be select-
ed. Furthermore, a location model without the capacity constraints may
generate a distribution pattern having the total supply from existing

plants exceed their maximum capacities; thus the location model should
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also include the capacity constraints as well as configuration con-
straints.

Needless to say, as observed from Table 2, the Ellwein and Gray
model is the only model that can handle both configuration and capacity
constraints; and it is selected as the basis of the location subprogram
in the IODP.

The objective function of the Ellwein and Gray model din its
simplified form is:

m 1 m

minimize Z Z vijxij + E fiyi

i=1 j=1 i=1
Since the IODP has to include decisions on the utilization of manufac-
turing machines and materials handling equipment, cost variables relat-
ing to such activities should be introduced inte the location model to
insure integrity of the system. For this purpose, the per unit variable
cost vij and the facility fixed cost fi have been broken down to
allow a clearer pregentation of the costs invelved. The formulation of

the location subprogram then appears as follows:

E J I J
minimize 2 = Z Z (C..+r.)x.. + E Z (C..+p.+h)x_ . (LO)
e R R B E=-TS B = e B
)
+ (F.+P_+H.)y,
ispel ¢t M
I
subject to: z X,, > D, for all j (L1)
=1 4 7
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for all i
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i=1
)
v, < 1
i=p+1 *
y; = (0,1 for all i
x,, > 0 for all 1 and j
ij —

Number of existing plants,

Number of plant locations including existing plants,

Number of markets,
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(L2)

(L3)

(L4)

(L5)

(L6)

Cost of shipping one unit from location i to market j,

Cost of producing one unit in existing plant 1 ,

Fixed cost per unit time of operating a plant at
location 1 ,

Cost of machining one unit at location 1 ,
Fixed cost per unit time of machinery at location
Cost per unit time of handling one unit,

Fixed cost per unit time of materials handling at
location 1 ,

Demand at market j per unit time,
Maximum capacity allowed at location 1 ,

Amount shipped from location 1 to market 1§ ,

i

b
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y. = 1 1if plant is used at location 1 ,
i .
0 1if not.

Location 1 to E are assumed to be the locations of existing plants,
Equations (L1) and (L2) are the demand and supply {(capacity) constraints
respectively. The configuration constraints are represented by equations
(L3) and (L4). These two equations insure that the existing plants are
included in the solution and only one location 1Is selected from the pro-
posed locations for the branch plant.

2. Layout Subprogram

As the IODP is complex in structure, a computerized layout pro-
gram is preferred to traditional layout methods,

Since the IODP is a quantitative model, a layout program utilizing
quantitative input is desirable. CRAFT program requires an initial lay-~
out as input. Preparation of this layout i1s too troublesome for a com—~
plex process. ALDEP program requires a preference matrix as input and
uses a random selection technique. Since the construction of a prefer-
ence matrix is often based on qualitative infcrmation rather than quan-
titative data, ALDEP program does not appear to be compatible with other
subprograms in the system, and is therefore rejected. CORELAP is also
rejected because the relationship chart which is used as input to the
program represents qualitative ratings,

PLANET program was developed especially for the purpose of gener~
ating an initial layout for production facilities., It utilizes gquanti-
tative input data and uses actual materials handling cost between the
departments as the scoring technique for the program. In every sense,

it appears to be more compatible with the IODP than any other computer-
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ized layout models; and thus it is selected as the layout subprogram of
the I0DP.

The model can be represented mathematically as:

k-1 k
minimize Zy = 321 EEQ(AQKYQE) (Yd)
subject to Yef = Function (Sk’Aeﬂ) (Y1)
where
Aeﬂ = ' Materials handling cost in dollars per ft. per unit
time from department ¢ to department £ ,
Yo = Distance in ft. between department ¢ and department £ ,
S Area requirement in sq ft. of department k ,
k = Number of departments.

PLANET program allows the user to compare results obtained from

three alternative selection metheds. However, only method C is used
here in order to reduce the burden of decision making by the users of
IODP. Since all of the selection methods use heuristic appreaches,
there is no guarantee that any of them is the best; method C is only
selected at random,

3. Equipment Subprogram

As already pointed cut in the literatur2 survey, the criteria
developed differ mostly only in their methods of utilizing the intangible
factors to modify the cost factors. An economic analysis is included in

any of the criteria developed. The equivalent annual cost method has
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been observed to be the most widely accepted method in equipment selec-
tion models. This method has also appeared to be the most appropriate
method to be used in the I0ODP, Actually, the equivalent annual cost
has already been applied in the development of the location subprogram
when the cost factors Fi R Pi , and Hi are expressed in dollars per
unit time,

Since only gquantitative factors are considered in this study, the
equipment subprogram will only utilize the costs associated with the
equipment. Generally speaking, there are only two types of costs
associlated with a piece of equipment. They are the fixed cost express-—
ed in dellars per unit time, and the operating cost expressed in dollars
per equipment-hour or in dollars per distance unit travelled by the
equipment. The cost factors suggested by Grant and Ireson (18) as list-~
ed in the literature survey are derived by breaking down these two types
of costs. However, if the total equipment-hours or total distance
traveled by a piece of equipment per unit time is known, the operating
cost per unit time can be calculated. Adding the operating cost per
unit time to the equivalent fixed cost per unit time gives the total
equivalent cost per unit time. (If the unit of time is one year, then
the value obtained is the equivalent annual cost.)

The equipment subprogram will use the equivalent cost per unit
time for selecting the appropriate equipment. All costs involved are
expected to be modified by intangible factors before they are input into
the subprogram.

The equipment selection procedure presumes that the same piece of
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materials handling equipment can move parts between several pairs of
manufacturing operations. Therefore, it is necessary to assure that

enly a single type of materials handling equipment is used to move a
part. Relaxation of this requirement may create many complicating con-
ditions which could make the IODP unmanageable. Based on this assumptiocn,
one type of equipment will be selected to move each part of a product
throughout the process. Furthermore, the number of pieces of equipment
required to move each part have also to be decided.

The above discussion has led to the formulation of the equipment
subprogram. Equipment alternatives are set up for each part of a pro-
duct; and the type with the least cost per unit time will be selected.
The integer programming formulation is the best way to present the
criteria. However, since only one alternative is chosen for each part,
and the decision made for each part is assumed to be independent, the
actual solution technique need not necessarily use integer programming
solution techniques. The computer program developed for this purpose
(see Appendix B) only uses a simple search technique to obtain the least-
cost equipment. Expressing the equipment subprogram in an integer pro-
gramming formulation is important only because it can generate a decision
variable which can be useful in the formulation of the master program.
The equipment subprogram is formulated as follows:

T

N
minimize z; = 1 lQr_+m=

Yz (EQ)
t=1 n=1 o

t tn
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N
subject to: ’ Z., = 1 for all ¢ (E1)
n=1
zZ. = {0,1) for all t and n (E2)
where
T = MNumber of parts per unit of product,
N = DNumber of materials handling equipment,

Qn = Fixed cost of using one piece of discrete type
handling equipment or one foot of continuous type
handling equipment n per it time,

Ttn = Number of discrete type handling equipment or length
in ft. of continuous type handling equipment =n re~
quired for part ¢t ,

ﬁtn = (perating cost per unit time of using handling
equipment n to move part t

2, = 1 if part t 1is moved by handling equipment =n ,

0 if not.

Equation (E1l) is the constraint to insure that only one type of equip-~
ment is chosen for each part. Detailed expressions to derive the param-—
eters used in this subprogram will be developed in the formulation of
the master program.

The parameters defined above possess different units of measure-
ment for different classes of materials handling equipment. Generally,
materials handling equipment can be classified into discrete and con-
tinuous types. Each type performs the handling activities in a distinct
fashion and carries a different cost structure. A brief description of
both types is presented:

(a) Discrete type ~- Typical examples are fork truck, walkie

pallet lift, and hand truck. This type of equipment moves
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items in discrete movements. A move is completed whenever
the piece of equipment has transported a batch of items from
a loading point to a discharge point. The capacity of every
move depends on the equipment, and purchase price is fixed
for a single piece of equipment.

(b) Continuous type —-— Typical examples include various types of
conveyors. This type of equipment transports items in a
path predetermined by the design of the device and having
fixed points of lecading and discharge. The movement is
continuous since items can be loaded onto or discharged from
the device at any time or place. The purchase prices gen-
erally depend on the capacity (often expressed in weight
units) that can be transported per unit time, and the length
of the devices to be installed. In other words,; the purchase
price of a piece (or system) of eciipment depends on its
capability as well as the distance to be covered by the
device,

The above definitions will be applied to materizls handling equip-

ment named as discrete type or continuous type hereafter,

Formulation of the Master Program

In this section, the interrelationships between all the factors
considered by the TODP will be identified. Mathematical expressions of
all the interrelationships will be the basic elements of the master
program. The function of the master program thus developed is to gen-

erate a set of updated prices which are then fed into the subprograms
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developed in the last sectiom,

The input te the master program includes (1) fixed parameters,
and (2) decision variables cutput from the subprograms. The master
program includes sixteen mathematical expressions and generates a set
of nine price factors. The expressions are arranged in such an orxder
that all variables included in an expression have been derived from
previous ones. A block diagram suwmmarizing all the input and output
of the expressions is presented in Figure 2,

The formulation of the expressions will be discussed separately
as follows:

1. Capacity

I J
G = ] ) x,, (M1)
i=E+l j=1 ™I
where
G = C(apacity of the branch plan: in units per unit time,
LI Amount shipped from location i to market j per
] unit time,
I = Number of locations (including existing plants),
J = Number of markets,
Xij is decided by the lecation subpregram. Since the location

subprogram will choose only one location, %Xij will equal to zero if

i 1is not chesen, for i=E+l,...,M . 'G' éill then represent the total
amount shipped from the selected location, and is thus the capacity of
the branch plant.

2. Number of Manufacturing Equipment .

(1argest]

integer (G/Om) +n, forall m, M2)
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where
bm = Number of manufacturing equipment m vrequired,
Um = Average number of units cf product that can be pro-
duced by equipment m per uanit time,
no= Allowance factor for the manufacturing equipment,

G/Um gives the number of machine m required, However, the
number thus obtained is often non~integer. For example, it may come up
in the solution that 2.4 machines are required. Management has to make
the decision whether two or three machines should be purchased. Such a
decision largely depends on past experience or knowledge of the charac-
teristics of the equipment such as the maximum capacity and probability
of breakdown. In order to introduce this decision into the mathematical
expression, an allowance factor n is utilized. The value bm then
becomes the largest integer smaller than or equal to [ (G/Gm)+nl J R
where 0 < Ny <1,

If a relative rather than absolute allowance is desired, n
may be replaced by ul(G/Om) » S0 that the expression in the brackets
becomes ( (G/Om)(1+ul)] . TFor example, 1if u1=0.06 , then any
roundoff will result in not more than a 6 percent undercapacity,

3. Departmental Area Requirement

Bk + Skbm , 1f dept. k uses manufacturing (M3)
equipment m ,
sk={
Bk + 6kG , otherwise
where

s = Departmental area requirement in sq. ft,
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B, = Fixed area in sq. ft. required by department k ,

$ = Area in sq. ft. required by a unit of manufacturing
equipment m 1if department k wuges machine m , or
area in sq. ft. required by a unit of product if
otherwise,

An assumption has to be made at this point that every department
includes only one type of manufacturing machines such as in a job shop.
Floor space requirement for a department will either depend on the
number of manufacturing equipment it includes, or on the capacity of
the plant if the department is not involved in direct manufacturing
process, such as the raw materials storage.

Also, there may be a fixed space requirement for auxilary equip-~

ment in every department.

4. Building Floor Area

(M4}

where

5 = Total floor space of building in sq. ft,

The summation of all departmental area requirements gives the
physical size of the building. In order to be accurate, ) should in~
clude space requirements for all kinds of activities including the ad~

ministrative offices, cafeteria, etc,

5. Total Building Cost

F. = @i + ?iS i=E+1,...,I (M5)
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where
Fi = Total cost per unit time of owning the branch plant
at location 1 ,
@i = Fixed cost per unit time of owning the branch plant
at location i ,
Wi = Cost per sq. ft. per unit time of owning the plant

at location 1 .

As already mentioned; the expression of Fi in cost per unit
time has implied the application of the equivalent cost method used in
economic analysis. @i represents all the costs required to initiate
the plant, which do not depend on the size of the plant. These costs
will be converted to cost per unit time through the appropriate in-
terest rate. ?i is a more complicated cost factor. It may include
the cost of land, cost of building, and all other costs which depend on
the size of the plant, Needless to say, these costs will also be con-

verted to dollars per unit time.

6. Fixed Machinery Cost

M
P, = JP.b i=F+1,...,1 (M6)
i £y imm

where

Pi = Fixed cost per unit time of machinery at location 1 ,

Pim = Fixed cost per unit time of a unit of manufacturing

equipment m used at location 1 ,
M = Number of manufacturing equipment.

Expression (M6) is self explanatory. Pi is just the total

fixed machinery cost at lecation i . Though the same machinery will be

used wherever the plant is located, the purchase prices or maintenance
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costs of the machines may be influenced by the location of the plant,
The purchase prices of some equipment may include a transportation cost;
and the maintenance costs for specific equipment may also depend on
where the plant is located. The parameter Pim is therefore set up
for such condictions,

7. TFixed Cost of One Piece of Materials Handling Equipment

I
= Z Q. v. for all =n M7)
Qn jope i
where

Qn = Fixed cost per unit time of using one piece of
discrete type materials handling equipment or
one foot of continuous type materials handling
equipment n ,

Qin = Qn at location 1 ,

y; = 1 if plant at location 1 is used,

0 4if not,.

Qin included in expression (M7) is expressed in units appropri-
ate to both type of materials handling equipment menticned,

Similar to the parameter P, = of expression (M6), fixed cost of
a piece of equipment may also depend on where the plant is located.
However, by utilizing the decision variable vy generated from the
location subprogram, only the cost vector at the selected location,
which is now represented by Qn , Will be fed into the equipment sub-
program,

8. Distance Traveled

o]
ot
|
T~
]
<
=
u’Y”.
rt
S

for all ¢t (M8)



39

where
a, = Total distance in units of 100 ft. traveled by
part t in the manufacturing process,
Ye£ = Distance in ft. between department ¢ and
department £ ,
= i art t 1is move rom department €& to
gteﬁ 1 difp i d £ dep
department £ ,
0 1if not,

In order to represent the move sequence mathematically, the three
dimensional vector space { £ } is set up. Each element in the vector
space has a value of either 1 or 0 , where 1 implies a move has
occurred. The introduction of Eteﬁ into expression (M8) has allowed
all distances covered by part t in the manufacturing process to be

a

summed up, giving o

9, Number of Continuous Handling Devices

largest
= <
CI)tn [integer] (G/elnptn)+n2 for all t and (M9)
continuous type
equipment n
where
¢tn = Number of continuous type materials handling equipment

n required to move part t ,
8 = DHNumber of working hours available per unit time,

A = Average moving speed in ft/hour of materials handling
equipment n ,

o} = Maximum number of part t that can be carried by one
foot of the continuous type materials handling
equipment n ,

n = Allowance factor for the materials handling equipment,

When the equipment to be considered is of continuous type, ©

rn
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is expressed in units per ft. Consequently, (elnptn) gives the number
of part t that can be transported by equipment n per unit time,

This unit of measurement is derived from multiplying the units of the
three parameters together: (hour/unit time) (ft/hour) (number/ft) =
number/unit time. Since 'G' units of product are produced per unit
time, there would also be 'G' number of part t to be moved through
the process per unit time. Dividing 'G' by (6% _p. ) would therefore
give the exact number of pieces of equipment to be used. As this exact
nunber will seldom be an integer, the allowance factor Ny is intro-
duced, where N, >0, and < 1 . The function of ﬂz is similar to

n which has been discussed in detail when expression (M2) was

1
developed,

It should be pointed out that O need not necessarily correspond
to the actual working hours. Allowance for recess and accidental delays
may be subtracted from © before it goes into the IODP. The expression
of Rn in average speed rather than maximum speed has also increased

the flexibility in decision making.

10. Frequency of Move

G/Dtn , for n is discrete type, (M10)
th -
(¢tn8)/(at/Am) , for n 1is continuous type.
where
Vi T Number of unit loads moved by discrete type materials

handling equipment n or number of runs performed by
the continucus type materials handling equipment n
for part t per unit time,
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Pin = Maximum number of part t that can be combined to
form a unit load for discrete type materials han-
dling equipment n .

In order to develop materials handling costs, the frequency of
moves should be determined. If a discrete type equipment is used, the
frequency of moves can be represented implicitly by the number of unit
loads formed. However, if continuous type equipment is used, it would
be rather difficult to define a unit load since the device is transport-
ing items continuously. Furthermore, under normal manufacturing con-
ditions, the continuous type devices are usually kept running all the
time. Because of these special characteristics, it would be better to
develop a value based on the movement of the device itself rather than
on the mcvements of the loads, Vin is therefore expressed in 'runs’
per unit time for continuous type equipment. A 'run' is defined as the
movement from the starting point to the ending point of the device.

When the equipment n used is of the discrete type, the unit of
®in is number of parts per unit load. Dividing G by Pen thus gives
the number of unit loads moved through the manufacturing process per
unit time.

In order to obtain the number of runs per unit time for continu-
ous type equipment, a series of calculations is required. (at/ln) re-
presents the time required to complete a run. (¢tn8) represents the

total equipment-hours performed per unit time. Thus (¢tne)/(atlkn)

gives the number of runs performed per unit time,
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11, Number of Discrete Handling Equipment or Length of Continuous Device

largest .
[integerJ (vtnatleln)+n2 , for dlsc?ete (M11)
type equipment
Ttn T | o
qJtnat , for continuous
type equipment
n
where
Ttn = Number of discrete type or length of continuous type

materials handling equipment n required for part t

The number of continuous type handling equipment to be used has
been derived from expression (M9); but the information for purchase to
be made is incomplete as the lengths of the d.:vices are not specified.
Ten represents the total length of the continuous type device n to
be installed for part t . It is obtained by multiplying the total
distance covered by part t through the process by the number of devices
used.

In case discrete type equipment is used, Ttn represents the
number of pileces of equipment to be used and .s obtained by a series of
calculations, (at/An) gives the total time that part t spends in
movement through the manufacturing process. Assuming that time delays
occurred in the manufacturing process, .oading and unloading time, and
time for return trips have been included in the determination of the
moving speed, ef(atlkn) = (Bkn/at) would represent the number of

moves that a piece of discrete type equipment n can perform per unit

time. Since the number of moves required should be Vg dividing Vin
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by (Gln/at) , which becomes (vtnatlekn) , gives the exact number of
discrete type equipment n required. The allowance factor N, is then
introduced into the expression to allow Ttn to be an integer.

Ttn thus derived from expression (Ml1) will be fed into the
equipment subprogram. The total overhead costs referring to every
combination of part t and equipment n would then be obtained by

multiplying ﬂtn by the relative Qn derived from expression (M7).

12, Operating Cost of Materials Handling Equipment ($/100 ft)

u_ = u, ¥y for all n (M12)
i=FE+1
where
u = Operating cost of materiazls handling equipment n
($/100 ft)
u, = Operating cost per 100 ft. of materials handling

equipment n at location 1 .

Utilizing the decision wariable vy from the location subprogram,
the cost vector u which corresponds to the selected location is ex-
tracted,

13. Total Operating Cost of Materials Handling Equipment ($/unit time)

m = u v, O
tn ntn t

for 211 t and n (M13)
where
T, = Operating cost per unit time of using materials
handling equipment =n to move part <t

(that) gives the total distance covered by part t per unit

time if discrete type equipment is used. If continuous type equipment
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is used instead, the result will be the total distance covered by the
"runs'. Since in both cases, the unit of measurement is unchanged,
(that) can be mulriplied by u directly. As u is expressed in
dollars per 100 ft., the output from the expression T, 18 expressed
in dollars per unit time and will be fed into the equipment subprogram.

14. Distance Between Departments

T N
Aeﬂ - z Z ((QnTtn+ﬂtn)/at) ztngteﬂ (M14)
t=1 n=1
for all e and £
where
Aeﬂ = Materials handling cost per ft. per unit time from
department ¢ to department £ ,
2o, " 1 4if part. t 1is moved by equipment n ,

0 4if not,

Aeﬂ actually represents elements of the From-To Chart which
servesg as input data to the layout subprogram.

The function of z o in the expression is to assipn the handling
equipment to every part t , where Zen is the decision output from the
equipment subprogram,

Introduction of Eteﬂ into the expression informs the expression
which parts are moving between the departments and in what direction,
Handling costs of all the parts moved from one department to the other
are summed up to give Aeﬂ .

(QnTn+ﬁtn] is the total handling cost per unit time for the
relative part t and equipment 1n . Since the elements of the From-To

Chart are required to be expressed in dollars per unit time per ft., the
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total handling costs are divided by the relative total distance covered
in the manufacturing process.

It should be pointed out here that the handling costs used here
are somewhat different from that used in the original PLANET. PLANET
considers only variable costs as the handling cost; but here in ex-
pression (Ml4), the fixed cost per unit time is also included, This
difference is due to the basic assumptions of the two models. PLANET
assumes that the type of handling equipment selected for each part re-~
mains the same, However, IODP assumes no predetermined assignment of
handling equipment. Though the introduction of Zn assigns the han-
dling equipment to move the parts, this assignment is subject to change
in the next iteration. Since the fixed costs also depend heavily on the
distances the parts are moved, it would be reasonable to minimize the
distance between departments.

15. Total Fixed Materials Handling Costs

T (o, 0 )
Hi = Z Qin z (Ttnztn) for all i {(M15)
n=1 =1
where
Hi = Fixed materials handling cost per unit time at
location i ,
Q = Fixed cost per unit time of using one piece of

in . . . .
+ discrete type materials handling equipment or

one foot of continuous type handling equipment

n at location 1 .,

The fixed cost of materials handling at each location is one of

the elements making up the facility cost at that location. The function

of expression (M15) is to update the price vector Hi corresponding to
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the decision output Zin from the equipment subprogram. Hi is
actually the total of all the fixed costs of the selected equipment,

16. Variable Handling Cost

T N
h = [tzl nzlwtnzm]/c (M16)

where

h = Cost of handling one unit cf product.

The function of the expression (Ml6) is similar to that of ex-
pression (M15). The variable cost of the handling equipment per unit
time is updated., However, since h 1is to be fed into the location sub-
program as an element of variable cost, it should be expressed in
dollars per unit., The cost is therefore divided by G , the capacity
in units per unit time, to give h in terms of dollars per unit,

All the expressions in the master program have now been develop-
ed. Figure 2 is a block diagram summarizing all the input and output

flows of the master program,

Summary and Limitations of the Model

The mathematical model of IODP 1s summarized as follows:

E J I J
minimize z = izl jzl(cij+ri)xij + i£E+l jEl(Cij+pi+h)xij
I K-1 K
’ i£E+l(Fi+Pi+Hi)Yi * ezl E;Q(AeﬁYez)

N
+ ) Y QT _+m )z
t=1 n=1 © tn  tn” tn
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(M4)
i=E+l,...,I (M5)
U N (M6)
for all n (M7)
for all ¢t (M8)

(G/OA_p )+, (M9)

for continuous type n
for discrete type n (M10)

for continuous type n

(vtnatleln)+n2 (M11)

for discrete type n

for continuous type n

for all n (M12)

for all t and n (M13)
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T N
Bog = Z Z ((QnTtn+ﬁtn)/at] ztugteﬂ (ML4)
t=1 n=1
for all e and £
N T
Hi = E (Qin E (Ttnztn)] for all i (MI15)
n=1 t=1
T N
h = [tzl nzlwtnztn]/c (M16)

A1l variables involved in the model can be classified into (1)
parameters, (2) numerical variables, and (3) decision variables. Param-
eters refer to fixed input data to the IODP. Numerical variables are
all numerical representations, either final or intermittent, of the
factors processed by the IODP. These variables are actually the sixteen
factors processed by the master program. Decision variables refer fo
the variables directly output from the subprograms, from which the
solution set is derived.

Definitions of the symbols in the model are summarized by Tables

3, 4 and 5.
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Table 3, Parameters of the 10DP

Symbol Definition

E Number of existing plants

I Number of locations including existing plants

J Number of markets

M Number of manufacturing equipment

N Number of materials handling equipment

K Number of departments

T Number of parts per unit of product

8 Number of working hours available per unit time

1o Allowance factor for the manufacturing equipment

Ny Allowance factor for the materials handling equipment

Cij Cost of shipping a unit from location 1 to market j

Dj Demand of market j per unit time

8; Units produced in location 1 per unit time

r, Cost of producing a unit in existing plant i

®i Fixed cost per unit time of owning a plant at location i

Wi Cost per sq. ft. per unit time of owning a plant at location i

Pim Fixed cost per unit time of uising a unit of manufacturing
equipment m at location 1

Py Cost of machinery of a unit of product at location 1

Gm Ave?age number of un%ts ?f product produced by manufacturing
equipment m per unit time

Qin Fixed cost per unit time of using a piecg of discrete type
materials handling equipment n or one feoot of continuocus
type materials handling equipment n

Pen Maximum number of part t that can be combined to form a
unit load for discrete equipment n or maximum number of
part ¢t that can be carried by omne foot of continuous
equipment n

An Average moving speed in ft/hr of materials handling

equipment n



in

gte,ﬂ

Operating cost per 100 ft. of materials handling equipment
n at location 1

Fixed area in sq. ft. required by department k

Area in sq. ft. required by a unit of machine m if dept.
k wuses machine m , or area in sq. ft. required by a unit
of product otherwise

=1 if part t 1is moved from department & to department
=0 if not

Bl
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Table 4. Numerical Variables of the IODP

Symbol Definition

G Capacity of the branch plant in units per unit time

bm Number of manufacturing machines m required

Sy Departmental area requirement

S Building floor area

Fi Total cost per unit time of operating the branch plant
at location i

Pi Fixed cost per unit time of machinery at location i

Qn Fixed cost per unit time of using one piece of discrete type
handling equipment n or one foot of continuous type
handling equipment un

oL Total distance in 100 ft., traveled by part t in the manu-
facturing process

¢tn Number of continucus type equipment n required to move
part t

Vi Number of unit loads moved by discrete type equipment n or
number of runs performed by the continucus type equipment n
for part t per unit time

Tin Number of discrete type or length of continucus type equip-
ment n required for part ¢

u Operating cost per 100 ft. of materials handling equipment n

M Operating cost per unit time of using materials handling
equipment n to move part ¢t

Aeﬂ Materials handling cost per ft. per unit time from department
¢ to department £

Hi Fixed cost per unit time of using one piece of discrete type
handling equipment or one foot of continuous type handling
equipment n at location i

I Cost of handling one unit of product
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Table 5. Decision Variables o” the I0DP

Symbol Definition
xij Amount shipped frem location i to market j per unit time
V. =1 if plant at location i is used,
i
=0 if not
Yop Distance in ft. between department e and department £
z =] if materials handling equipment n is used to move

part t ,
=0 if not-

All the parameters listed in Table 3 are assumed to be known 1in

order to carry out the IODP. In the collection of the data, the

following conditions have to be observed:

1.

The lives of the machines and handling egquipment are esti-
mated and the interest rate for transferring the investment
costs to equivalent costs per unit time is decided.

The manufacturing process is assumed to be optimal, That is,
any possibility of improving the manufacturing process should
be investigated and adjustment made before the IODP is used.
The types of manufacturing equipment used are fixed. If
several types of manufacturing equipment can be used for the
same purpese, the right type should be decided first, because
the IODP only gives the number of machines to be purchased;

it does not make comparisons among alternative machines.



54

Fvery department contains only one type of manufacturing
equipment.

No repetition of move sequence is allowed for any of the
parts, For example, 1-2-4-6-2-4~5, where the numbers re-
present the names of departments, is not allowed since
sequence 2-~4 is repeated.

At a certain stage of the manufacturing process, if a few
parts are combined to form a sub-unit, the sequences of the
parts are terminated and the new sub—unit begins its se-
quence as a new part.

If more than one piece of a specific part is required to
produce a unit of product and all of them follow the same
sequence, these pieces can be combined as one part. The
total weight and size is used accordingly in the calcula-
tion of maximum number making up a unit load.

Table 6 and 7 show the general cost items included as fixed

and variable costs of the equipment and facilities.
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Table 6, Fixed and Variable Costs of Equipment

Fixed Costs ($/unit time) Variable Costs ($/unit of product)
(Pi » %) (rg s Py D)
Capital Recovery of Investment in Utility Costs (including fuel,
Equipment and Installation electricity, etc,)
Labeor Cost* Maintenance Cost#**

Maintenance Cost®¥

Insurance
Taxes
Table 7, Fizxed and Variable Costs of Building
Fixed Costs ($/unit time) Variable Costs ($/sq ft)
o, Y.
i i
Initiation Cost {(including costs Capital Recovery of Investment in
in making contracts, etc,) Land, Building and Improvements
Indirect Labor+ Insurance
Taxes

Maintenance Cost
Utility Cost

Indirect Lr:lbor-r

* Labor cost is included in the fixed cost based on the assumption
that the operator of a pilece of equipment is employed full time
. even though the equipment is not under full weork load,.

#% Maintenance cost is often semi-variable. It is a combination of
a fixed cost and a variable cost depending on the work load of the
equipment.

T Indirect labor is often semi-~variable, e.g., high level staff is
fixed and low level staff is always variable.
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Figure 3 shows the operation of the IODP. In testing for the
optimality of the solution set, the value of the objective function for
the location subprogram, i.e., equation (L0) is used as the score. The
other two objective functions relating to the layout and equipment sub-
programs are not included because the variables included in these two
functions have already been represented either directly or indirectly
by the variables included in equation (LO}. The solution set is said
to have arrived at optimal when the score comes to a constant value
after certain number of iterations. However, this does not necessarily
imply that the scores converge to the constant value. At times when
the location subprogram generates the decision variables Y and xij
different from the existing ones, delay in the updating process of the
system would occur and output from the following iteration would not be
feasible.

To illustrate what 'delay' means, let us first make an observa-
tion on the mathematical relationship between the factors in the master
program.

At the end of an iteration, a set of decisicn variables (yi 5
xij » e o Yeﬂ) is generated. This set then goes into the master pro-
gram. The first factor derived from Xij is the capacity G . This
factor is found to have influence on every other factor except (Q

n

at and u . The following factors will be increased in value as G

s, F. ,P.,¢

i i y» V s T s T )A

increases; b_ , s
m tn

k ? tn el , and
Hi . Also, oL is derived from Yeﬂ , and if Xat is increased,

ZT . Eﬂ_ , H, and h will be increased. The facter H, is found
tn tn i i
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to be used in the computation of the score of the IODP and is subject
to increase if either G cor oL increases.

Now, consider at the end of an iteration, the decision set is

1 1 1 1 1 1 .
(yv.” , Xij , 2 s Yop ) , and G and Zat are derived from this

1 tn
set. The optimal solution has not been reached and the updated price
vectors are then fed intc the Location subprogram, Layout subprogram,

and Equipment subprogram simultaneously., The Layout subprogram then

2 1 1 2 1
generates Yeﬂ based on i and Ae£ , where Yeﬂ = Yeﬂ and

2 1 , , 2 1
thus Zat = Xat . The Equipment subprogram also gives 2o T Zen o

. 2 1
However, the Location subprogram generates Yy # Y3 and thus

G2 > G1 , and also Sk2 > sk1 « Though hi2 > Hil , the score 22

would be smaller than Z1 since yiz is obtained from a minimization
program. However. 22 is noticed to be infeasible. The components
making up the score 22 are based on a different capacity. Fi2 and
Pi2 are based on G2 while Hi and h are based on Eutz which is
based eon Ye£2 and in turn based on G1 . As G1 # G2 , the updating
of Hy and h is sald to be 'delayed', If Yy o xij and 2, would
not change in the next iteratiom, then YQEB generated will be based
on G2 , but since G2 > Gl and thus Sk2 > sk1 R zatS > Zutz as a
result and 23 > 22 , where 23 is feasible now as Ets com;onents are
based on G3 , where G3 = G2 .

The above discussion illustrates how the variation of G during
the process affects the score. The following discussion shows how the
capacity will affect the decision set.

The original Ellwein-Gray locatien-allocation medel assumes the

facility costs are fixed, that is, they are independent of the supplies
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from the lecations. Observing the input and output flows of the ICQDP,
it can be noticed that the facility costs are not really 'fixed'., Their
values would actually increase with the capacity of the branch plant,

'G' , determined by the Location subprogram itself,

. . . . 1 1
Consider during an iteration, the price vectors Fi s Pi , and

Hil , which are updated according to G1 , are fed into the Location
. 2 1 . 2 1

subprogram, which then generates Yy # Yi and gives G > G~ .

2 . . . . .
Assume the Z~ obtained will remain constant for further iteratioms
and thus yiz and the related solution set is said to be optimal.
However, the above deduction would imply that yiz is optimal only
when the capacity is G2 . In other words, G2 does not necessarily
become the cptimal capacity. A location n , which implies Yn # yil 3
1 1

s P and

and # yi2 may exist such that for facility costs of F i

i
H.l , if ¥ is selected, then G_ , which is derived from the corres-
i n i

ponding supply, will be smaller than G2 ; but Y, is not selected
since the objective function obtained if it is used will be greater

than that obtained if yil is used. However, if Fi s Pi and Hi

are based on Gn , then the total of Fn > Pn and Hn thus derived

would be less than that derived from yil or yiz , and the difference
would be significant enough to have Y, chosen. Since Gi is used at
iteration 1 and G2 for iteration 2 as the base for deriving the
facility costs, there is no chance for Gn to be used. Therefore the
firal sclution set does mnot necessarily become the exact optimal solu-
tion set,

The final output of the IODP consists of information required to

make the decisions as specified, when the problem to be studied is
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defined as in Chapter I. Under some circumstances, the capacity of the
branch plant may be predetermined because of various economical or
political reasons outside the scope of this study. For such a case,
the capacity G would not be changed during the process and the final
solution set will guarantee a near—optimal solutiomn.

As discussed previously, an optimal sclution cannot be obtained
because the facility costs Fi , Pi and Hi vary with the value of
capacity G , and thus also Ixij , which is determined by the Location
subprogram itself. This condition actually invalidates the basic as-
sumption of the Ellwein-Gray location model, which is that the facility
costs are fixed. 1If the capacity is predetermined, the fixed facility
cost assumption of Ellwein-Gray location model is then wvalid, since the
capacity is not allowed to vary and the facility costs are thus inde-
pendent of Xxij , the distribution pattern.

When the capacity G 1is a fixed value, each of the three sub-
programs will tend to generate an optimal solution by a minimization
process. The behavior of the solution procedure of the IODP is similar
to the solution procedure of a large linear system by the decomposition
principle; therefore it is reasonable to believe that if capacity G is
fixed, the IODP will converge to an optimal solution after a certain
number of iterations. Experience in using the IODP on sample problems
has indicated this to be true.

On the other hand, even if the capacity is fixed, the solution
obtained may not be the exact optimal solution. The Layout subprogram
uses the PLANET layout program, which depends on a heuristic solution

procedure, which can not guarantee an exact optimal solution. The
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I0DP is therefore believed to obtain at least a near-optimal solution.

An experimental computer program in FORTRAN IV has been developed
for the I0DP. The Location and Layout subprograms are modified versions
of the programs for the original Ellwein-Gray model and PLANET.

Based on computation experience on some sample problems, cycling
may occur at runs where G 1is allowed to vary. This will happen when
Yo is selected if its corresponding price vectors depend on Gn ; but
Gm is derived from Yo and the relative price vectors will cause Ya
to be generated, from which Gn is derived. When cycling occurs, an
optimal solution set would not be obtained from the first run and the
user is advised to make runs based on fixed capacities and make the
comparison.

Furthermore, the IODP is based on deterministic forecasts of
market demands. Frequently, the forecasting of market demands is
stochastic and therefore it would be necessary to perform a sensitivity
analysis referring to the demand characteristics in order to get a
satisfactory solution set. Recommendations on performing this sen-
sitivity analysis will be included in the procedure of application

developed in the next section.

Procedure of Application

The fellowing step-by-step procedure 1s suggested for users of
the TODP:

Step 1. Establish the set of locations to be considered. All
intangible requirements such as climate, transportation facilities,

availability of building, etc., are assumed to be satisfied by every
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location.

Step 2. Decide the unit time on which all of the costs can be
based, Also establish a long term planning horizon and obtain the
forecast of the market demands at the end of the planning period,
Frequently, an upper limit and a lower limit of demand is estimated
for every market. The user must then decide the value on which the set
of market demands should be based, since either the upper limit, the
lower limit, or the mean can be used. Such a decision must make use of
past experience, technical knowledge and intuitive judgement, The
user may also prefer to make runs on different frames of reference for
the market demands; such as making three separate runs with each based
on either the lower limits, the means or the upper limits of the market
demands,

Step 3. Estimate the maximum capacity allowed at each location.
This will consider the availability of labor, resources and facilities,
If there 1Is no limitation on the capacity for a locatien, the respec-
~ tive parameter B, can be assigned a value larger than the total de-
mand.

Step 4. Establish the materials handling equipment set to be
considered. All intangible factors should be considered in establish-
ing this set., If such metheods as multiplying the actual costs by in-
dexes derived from intangible factors are used, the relative costs are
adjusted before they are used for the IODP. TIf some types of equipment
cannot be used on some parts of the product because of technical

difficulties, the respective parameter 0 » the number of parts making

tn

up a unit load or carried by a foot of conveyor, can be assigned a zero
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value, the program will automatically reject the equipment n for the
i is zero.
part t if Pen
Step 5. Determine all parameters referring to the building,
machines and equipment characteristics based on past experience and

information from vendors and operating manuals. Such parameters in-

> AL, B

clude Gm s P n

and 6k .

tn k?

Step 6. Making use of the assembly charts, operation process
charts, etc.,, determine the move sequence of every part.

Step 7. Estimate the number of hours zvailable per unit time.
Allowances on down time and other delays are included.

Step 8. Decide the allowance factors nl and nz . Character-
istics of these two factors have been discussed in Chapter III,

Step 9. Estimate all data required to develop the cost param-
eters included in Table 3; C,

ij

This step involves a vast data collection effort. Detail labor and

,ri,(bi,li'

s Pa 5 P: s Q

u, .
im !

i i in in
power costs for all activities of purchase, operation and maintenance
have to be obtained for every proposed location and the existing
plants.

Step 10, Transfer all the costs obtained in Step 8 to equiva-
lent costs per unit time by a specific interest rate decided by the
financial policy of the firm. In general, if unit time is taken as

1 year, then equivalent annual cost is:®

% This formula is discussed in detail in Thuesen, Fabrycky and
Thuesen (31),
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L1
- 1 {0 ) 4 gy

c = o
(1+iy"-1
= (P -F)A/P,i,n) + FLi + M
where

P = 1Initial cosc of assert,
F = 3Salvage value at the end of life,
n = Life in years,
M = Constant yearly cost.

Step 11. Decide other parameters which are required for the

operation of the IODP computer program. These are shown in Table 8,

Table 8. Special Parameters for the Computer Program

Code Definition

BSIZE Size of a unit block in sg. ft. For layout

DISINT The initial distance assigned to every Y,,

IDEQ{N) =1 if n 1is discrete type equipment,
=2 1f 1 is continuous type equipment.

INDEX(K) =m if area of department k depends on machine m ,
= 0 1if area of department k depends on capacity.

NSQ(T) Number of departments included in the path of part ¢

MysSQ(T,L) Move sequeéence of part t expressed in (Ll’LZ""’LNSQ)

KPRIOR({K) Priority of department k in the layout process

Step 12, Calculate the lower limit of capacity of the branch
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plant. This is done by subtracting the total supply of the existing
plants from the total demand. There may be a few values of lower limit,
referring to the lower limits, the means and the upper limits of the
market demands.

Step 13. Provide an initial decision variables set to start the
program,

Step 14, Prepare the input.

Step 15. Run the program.

Step 16, At least four runs are suggested. These four runs have
the following input structure:

Run 1. Market demands at their mean values. Capacity
free to vary.

Run 2. Market demands at their upper limits. Capacity
free to vary.

Run 3. Market demands at their mean values. Capacity
fixed at respective lower limit,

Run 4. Market demands at their upper limits., Capacity
fixed at respective lower limit.

The market demands at their lower limits may be neglected since
it will give a tight plan, ncot allowing much room for expansion. Other
runs with combinations of means and upper limits of the market demands
may also be made if the user feels it necessary to get more information
on some particular markets,

It should be pointed out that if cyecling occurs in either Run 1
or Run 2 where the capacity is free to vary, a sequence of runs with the

capacity fixed at different values can be carried out for both cases of
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using means or upper limits of market demands.

Step 17, Collect all results from Step 15 and make the analysis
based on such indications as the change of solution set, the total vari-
able cost, and the facility cost. Here no specific rules are set up in
making the final decision., The final decision will depend on the exper-
ience and intuitive judgement of the analyst, and other economical and
political factors not considered in this study. For example, at the
selected location, there may be some large scale transportation projects
being carried out, which when completed will provide suitable transpor-
tation facilities to evoke a much lower cost for products shipped from
that location, Therefore it may be better te build a plant with very
large capacity even if it means closing one of the existing plants in
the future,

On the other hand, since the facility costs of existing plants
are assumed to be zero, and the facility cost of the branch plant
actually depends on its capacity, the value of the objective function
tends to be lowest when the capacity of the branch plant is allowed at
the lower limit; but it does not necessarily mean that the capacity is

best to be set at its lower limit.
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CHAPTER IV

A SAMPLE PROBLEM

Data SetuE

Step 1 through Step 11 of the procedure for application are actu-
ally devoted to the data collection process. Since the IODP attacks the
problem of initiating a new branch, it is difficult to have real world
data at hand, The sample problem presented here has been set up on an
imaginary basis; but an effort has been made to make it look reasonable,

The TODFP is applied to the determination of the decision set for
a branch plant producing air compressors (Apple, 33). The data setup
presented below will follow the procedure of application developed in
the last chapter. However, only the final data collected in every step
are shown; the treatment with intangible factors are not presented,

Step 1. The firm is assumed to have two existing plants. They
are located at:

1. Atlanta

2, Los Angeles
The set of proposed locations for the branch plant includes five loca-
tions which are numbered from 3 to 7 as follows:

3. Boston

4, Cleveland

5. Denver

6., Minneapolis



7. New York

Step 2.

years.,
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The unit time is one month and planning horizon is ten

A forecast of demand from 12 markets after 10 years is assumed,

expressed in units per month and shown in Table 9.

the locations of existing plants are markets themselves.

Table 9. Forecast of Market Demand

It can be seen that

Market Lower Upper
No. Market Location Limit Mean Limit
1 Arlanta 6400 7000 7600
2 Los Angeles 5600 5900 6200
3 Boston 6300 7050 7800
4 Cleveland 2800 3000 3200
5 Denver 60060 6250 6500
6 Minneapolis 5900 6300 6700
7 New York 5400 6000 6600
8 San Francisco 5500 6000 6500
9 Dallas 5200 5500 5800
10 Chicago 4800 5500 6200
11 Buffalo 5700 6000 6300
12 Miami 5250 5500 5750

Step 3.

The maximum capacity is shown in Table 10.



Table 10. Maximum Capacities of Plant Locations

Location Max,
No. Location Capacity
1 Atlanta 30000
2 Los Angeles 30000
3 Boston 40000
4 Cleveland 35000
5 Denver 35000
6 Minneapolis 35000
7 New York 50000

Step 4, 5 and 6. Data collected in Step 4 and 5 are shown in

Table 11, 12, 13 and 14,

Table 1l., Characteristics of Materials Handling Equipment

Equipment Average Moving
Nao. Materials Handling Equipment Type Speed in ft/hr

i Man with hand truck Discrete 800

2 Walkie Pallet Lift Discrete 1400

3 Fork Lift Truck Discrete 12000

4 Belt Conveyor Continuous 3600

3 Trolley Conveyor Continuous 1800

) (Overhead Towline Cart Continuous 1600

7 Underfloor Towline Cart Continuous 2400




Table 12.

Characteristics of Parts
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Units making up a load or carried by 1l ft

Part of egquipment
No. Part 1 2 3 4 5 6 7 Move Sequence
1 Crankcase 9 27 227 0 3 4 5 1-2-3-6-4-10-11
2 Cylinder 20 60 500 1 6 7 8 1-3-4-7-10-11
3  Cylinder Head 33 100 833 0 & 7 § 1-3-4-10-11
4 Crankshaft 67 200 1667 1 6 7 8 1-8-3-2-4-10-11
5 Connecting Rod 133 400 3333 1 7 8 9 1-5-4~9-4-2-6~4
6~10-11
6 Piston 200 600 5000 ¢ 8 10 1@ 1-3-4-10-11
7 Piston Pin 800 2400 20000 1 8 10 10 1-8-3-5-16-11
8 Outside Bearing 400 1200 10000 1 8 10 10 1-3-10-11
9 Inside Bearing 667 2000 16667 1 8 10 10 1-3-10-11
10 Breather 200 600 5000 1 8 19 10 1-2-4-10-11
11 Flywheel 6 17 139 0 O 3 4 1-3-6-10-11
12 Cover Plate ] 0 0O 1 8 10 10 1-6-10-11
13 Suction Fitting 400 1200 10000 1 & 10 10 1-3-10-11
14 Discharge Fitting 800 2400 20000 1 & 10 10 1-3-2-10-11
15 Valve 0 0 0 1 8 10 10 1-6-10-11
16 Cover Gasket 0 0 0 1t 8 10 10 1-6-10-11
17 Breather Plate 0 0 0 1 * 10 10 1-6-10-11
Table 13. Characteristics of Manufacturing Machines
Machine Machinery Time per Avg, Produc- Floor Space
" No. Machine unit (hr) tion Rate (u/mo) (ft*)
1 Mill 0.168 750 80
2 Lathe 0.677 188 100
3 Drill 0.205 614 40
4 Grinder 0.016 7875 30
5 Press 0.068 1853 40
6 Hone 0.009 14000 40
7 Saw 0.018 7000 60
8 Bore 0.072 1750 40




Table 14. Characteristics of Departments
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Dept. Fixed Area Variable Area
No. Depatrtment (££%) (Ft?/machine) (ft?/unit)
1 Receiving and Rough Stores 2500 0.10
2 Mill 50 80
3 Lathe 50 100
4 Dyill 20 40
5 Grinder 50 30
6 Press 50 40
7 Hone 50 40
8 Saw 50 60
9 Bore 50 40
10 Final Inspection 500 0.05
11 Assembly, Packing, Shipping 2000 0.20
12 Administration 5000 0.01

Step 7. WNumber of working hours available per month: 126 hr,

assuming 252 working days per year, 21 days per month, 8 hours per day,

and an allowance factor of 0.75,

Step 8. Allowance factor for manufacturing equipment: 0.,75;

allowance factor for materials handling equipment:

0.75.

Step 9 and 10. Transportation costs are assumed preoportional to

the distance between the plant locations and the markets.

The figures

shown in Table 15 are derived from the actual distances between the

locations and markets.
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Table 15, Transportation Costs

Plant Location

Market 1 2 3 4 5 6 7
1 0 1.60 0.77 0.50 1,01 0.77 0.62
2 1.60 0 2.17 1.72 0.84 1.41 2.01
3 0.77 2.17 0 0.45 1.42 0.99 0.15
4 0.50 1.72 0.45 0] 0.96 0.53 0.33
5 1.01 0.84 1.42 0.96 0 0.60 1.25
6 0.77 1.41 0.99 0.53 0.60 0 0.88

7 0.62 2.01 0.15 0.35 1.25 0,88 0
8 1.82 0.28 2.25 1.79 0.89 1.43 2.12
9 0.59 1.02 1.29 0.85 0.56 0.68 1.14
10 0.50 1.49 0.70 0.24 0.72 0.29 0.58
11 0.63 1.85 0.32 0.13 1.10 .67 0.26
12 0.47 1.30 1.10 0.96 1.51 1,24 D.94

The preoduction cost per unit (including handling and machinery
cost) at the existing plants are:

Existing plant at location 1: 0.380

Existing plant at location 2: 0.360
The machinery cost per unit of product at the preoposed locations

are:
Location No.: 3 4 5 b 7

Product unit
Machinery Cost:

$0.368 0.346 0.352 0,360 0.368

In real practice, the above production and machinery costs have
to be based on time~study results for the manufacturing machines and
handling equipment.,

Table 16 shows the cost of building at each proposed location,
The annual interest rate i 1is assumed to be 15 per cent. Since the

life n of a building is wvery long, the factor for converting capital

to equivalent cost per unit time, i(i+l)n/[(l+i)nalJ , approaches
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i as wn approaches Infinity. Therefore if a piece of land costs $10
per square {oot, its cost will bhe equivalent to an annual cost of about
$1.50 per square foot, or about 50.125 per square foot per month, The
overhead cost per month and the variable cost per square foot per month
shown in Table 16 are set up in such a way as to have the figures look

close to real costs derived from the calculation mentioned above.

Table 16. Costs of Building

Location Number 3 4 5 6 7
Fixed Cost/mo 52000 1800 1800 1800 2200
Cost /£t /mo $0.15 0.12 0.12 0.10 0.15

For obtaining the costs associated with the manufacturing machines
and materials handling equipment, the annual cost formula presented in
Step 10 of the procedure for application is applied. The costs per
month are obtained by dividing the annual costs by 12. Table 17 znd 18

show the raw data assumed, and the calculation,

Table 17. Fixed Costs of Manufacturing Equipment

Annual La- Equivalent Cost
Purchase Salvage bor, Main- per month at 10
Location Machine Life Price Value tenance,tax, per cent interest
No. No. ! P F etc. M (incl. F, M)

1 8 900 100 8100 688.3
2 8 1000 110 8100 682.8
3 8 800 90 8100 688.1
3 4 8 300 55 81060 682.4
5 8 900 100 8100 688.3
) 8 700 80 8100 685.3
7 8 800 90 8100 686.8
8 8 800 90 8100 686.8



0O~ U~ o~ v BN

s BN e R I I B

R W R

00 Q2 00 GO Q0 00 OO 0 CO OO QO 00 Q0 00 00 OO0 O 00 00 00 00 OO CO OO

0o 00 0o OO0 CO Q0 Co OO

950
1000
850
550
900
650
750
800

920
1000
800
650
900
720
780
800

900
1000
820
520
a00
700
8G0
780

950
1060
850
550
900
720
780
860

100
110
90
55
100
80
90
90

100
110
90
55
100
80
90
90

100
110
90
55
100
80
90
90

100
110
90
55
100
80
90
90

7300
7300
7300
7300
7300
7300
7300
7300

7600
7600
7600
7600
7600
7600
7600
7600

7100
7100
7100
7100
7100
7100
7100
7100

8100
8100
8100
8100
8160
8100
8100
8100

622.4
623.2
621.0
616.5
621.7
617.9
619.4
620,2

647.0
648.2
645,2
641.5
646.7
644.0
644,8
645,2

605.0
606.5
603.8
599.4
605.0
602.0
603.5
603,2

689.1
689.8
687.7
683.2
688, 3
685.7
686.5
686.8

74




Table 18, Fixed Costs of Materials Handling Equipment

Annual La- Equivalent Cost
Equip- Purchase Salvage bor, Main- per month at 1®
Location ment Life Price Value tenance,tax, Interest
No. No. n P F etc. M (incl. F, M)
1 15 55 5 5555 463.5
2 8 2000 200 5595 499.2
3 8 2500 250 5600 503.9
3 4 8 200 15 40 6.3
5 8 250 25 42 7.7
6 8 275 25 45 7.9
7 8 300 30 45 8.3
1 15 55 5 4545 379.3
2 8 2080 200 4585 413.2
3 8 2500 250 4590 419.8
4 4 8 200 15 40 6.3
5 8 210 25 42 6.6
6 8 250 25 45 7.5
7 8 250 30 45 7.5
1 15 50 5 5050 421.4
2 8 2100 200 5390 455.5
3 8 2450 250 5095 461.1
5 4 8 180 15 40 6.0
5 8 200 25 40 6.3
6 8 225 25 43 6.9
7 8 250 30 43 7.3
1 15 50 5 4545 379.3
2 8 2050 200 4585 412.7
3 8 2450 250 4590 419.0
6 4 8 180 15 40 6,0
5 8 200 25 40 6.3
6 8 250 25 43 7.3
7 8 250 30 43 7.3
1 15 50 5 5555 463.5
2 8 2050 200 5595 496.8
3 8 2500 250 5600 503.9
2 4 8 180 15 42 6.2
5 8 200 25 42 6.5
6 8 250 25 45 7.5
7 8 250 30 45 7.5




76

Table 19 shows the operating cost per 100 ft, of the materials
handling equipment. These figures may be very unreal since in order to
make them loock close to real data, a number of operating characteristics,

including horsepower and efficiency, have not been considered.

Table 19. Operating Costs of Materials Handling Equipment

Location : Equipment Number
No. 1 C2 3 4 5 6 7
3 0 0.0015 0.0025 0.0009 0.0060 0,0080 0.0080
4 0 0.0015 0.0025 0,0009 0.0058 0.0088 0,0080
5 0] 0.0014 0.0024 0.0008 0.0050 0.0080 0.0080
) 0 0.0015 0.0025 0.0009 0.0035 0.0085 0.0085
7 0 0.0015 0.0025 0.0009 0.0060 0.0080 0.0080

Step 11, BSIZE = 25 sq. ft.
DISINT = 100 ft,
IDEQ(N) = (1,1.1,2,2,2.2)
INDEX(K) = (0,1,2,3,4,5,6,7,8,0,0,0)
NSQ(T) = (7,6,5,7,11,5,6,4,4,5,5,4,4,5,4,4,4)
MYSQ(T,L) Already defined in Table 9
KPRIOR{K) = (2,1,1,1,1,1,1,1,1,2,2,3)

Results and Analysis

The rest of the steps in the procedure of application are carried
out as follows:
Step 12. Lower limit of the branch plant is: 10,000 units/month

if means of market demands are used,
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Step 13, The initial set assumes location 5 is selected and a
distribution of Xij is input to make the capacity = 15,000 units/
month. Also equipment no. 1 is assumed to be used by all parts.

DISINT = 100 ft. as defined in Step 1l has assumed an initial value for
Yop

Step 14, Figure 4 shows the printout of information from the
data cards prepared for Run 1. Other runs have the same figures, ex-
cept for card number 16 and 17, which represent the market demands and
maximum capacities for the locations respectively.

Step 15 and 16, Table 20 is a summary of the results of the
runs carried out. Locatlon 6 is observed to be selected in every run,
As expected, the value of the objective function is lowest when the
capacity ef the branch plant is set at its lowest limit. However, a
further look at the cost structure indicates that the variable cost per
unit under such a capacity is very high. What has made the value of the
objective function increase when the capacity of the branch plant is
enlarged, i1s the facility cost,

Furthermore, if the capacity of the branch is set at its lower
limit, all three plants in the system have to be operated at full
capacity in order to meet the demand.

The above two facts, together with other factors outside this
study, may give the user reason to initiate a branch plant with a
capacity much larger than the lower limit. One such factor may be the
trend of the demand forecast., If the market demand is observed teo in-

crease at a rapid rate, it is highly likely that the user will prefer
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Table 20.

Summary of the Computer Runs

Input Characteristics Output
Facility
Total Cost of Objective Capacity of Capacity of
Run | Demand Total Capacity |Location Variable Branch Function  Existing Plants Branch Plant
No. | Pattern Demand ConstraintlSelected Cost V Plant A Value Z 1 P G
1 All at 70,000 Free to 6 53,515.37 221,898.50 275,413.87 30,000 11,900 28,100
Means Vary
2 | A1l at 75,150 Free to ] 57,639,62 250,243,29 307,882,91 30,000 12,700 32,450
Upper Vary
Limits
3 All at 70,000 Fixed at 6 62,736.26 105,474.10 168,210,.36 30,000 30,000 10,000
Means 10,000
4 All at 75,150 Fixed at 6 65,239.37 137,968.00 203,207.36 30,000 30,000 15,150
Upper 15,15GC
Limits
5 Dl Upper 70,600 Tree to 6 53,785.47 226,932.60 280,718.07 30,000 11,900 28,700
Limit Vary
All
Others
at Means
6 D3 Upper 70,750 Free to 6 54,430.52 227,530,50 281,961.02 30,000 11,900 28,850
Limit Vary
All
Others
at Means
7 D6 Upper 70,400 Free to 6 53,659.57 225,503.90 279,163.47 30,000 11,900 28,500
Limit Vary
A1l
Others
at Means

08
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D7 Upper 70,600
Limit

All

Others

at Means

D8 Upper 70,500
Limit

All

Others

at Means

D10 70,700
Upper

Limit

All

Others

at Means

Free to
Vary

Free to
Vary

Free to
Vary

6

6

6

54,157.47 226,932.60 281,090.07 30,000 11,900

53,835.37 221,898.50 275,733.87 30,000 12,400

53,970.50 226,912.20 280,882.70 30,000 11,900

28,700

28,100

28,800

I8
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a branch plant with higher capacity. Since having the branch plant
with a low capacity would imply that all three plants operated at almost
full capacity; this would not allow much room for further expansion be-
vond the planning horizon. If the market demand grows slowly, large
scale expansion is not likely to occur and a smaller capacity may be
enough.

One other advantage of setting a high capacity for the branch
plant is that in case the market demand declines in the future, one of
the presently existing plants which has the highest production cost may
be closed down and a huge overhead cost can be saved., Of course, this
is based on the assumption that the branch plant initiated under the
IODP will have a production cost lower than that of the existing plants.

As mentioned previcusly, the results shown in Table 20 serve ounly
as a means at helping the user. The capacity is left to the decision of
the user; and a final run may be required if the capacity determined 1is
different from that shown in Table 20,

Figures 5 and 6 show the results obtained from Run 1. The user
must adjust the layout shown in Figure 22 into the building configura-

tion desired.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The contribution of this study is the integration of the major
activities in facilities planning into a unique system. However, the
process does not pretend to provide a solution set with exact numerical
figures, Flexibility in decision making has been emphasized in the
form of applying various allowance factors throughout the process.
Accuracy of such factors will depend on the users experience and tech-
nical knowledge.

Seven factors have been included in the sclution set defined for
the problem studied. The major shortcoming of the IODP falls on the
capacity factor. It has been found that if the capacity of the branch
plant is predetermined, a near-optimal solution can be guaranteed; but
if the capacity is allowed to vary, there is no guarantee of an optimal
solution and it is pessible for cycling to occur. 3Based on the above
observation, the following conclusions are reached from this study:

1. Given the capacity of the branch plant to be established,
the I0DP can be used to obtain a near-optimal sclution set
including {a) plant site, (b} distribution pattern, {(c} floor
area, (d) number of manufacturing equipment, (e) number and
type of materials handling equipment and (f) plant layout.

2. 1If the capacity of the braanch plant is not predetermined,
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the IODP can help the user to make a decision on the capacity
by providing useful information on the optimal plant site and
costs under specific capacities. After the capacity has been
fixed, the final run using the determined capacity would then

give the near-optimal solution.

Recommendations for Further Study

following suggestions are outlined for extension of this work:
The IODP assumes that every part is wmoved by one type of
equipment throughout the manufacturing process. Enforcing
such a condition may not always be economical or even pos-
sible. It may be also reasonable to consider movements be~-
tween two departments done by a single type or combination
of materials handling equipment.

Treat the allowance factors more precisely such as assigning
a different allowance factor for every machine or piece of
equipment. Also when the exact number of a piece of mater-
ials handling equipment used is less than 0.5, the equipment
may be used to handle other parts in order not to permit the
equipment teo be idle too much.

Develop an efficient search procedure, which allows the user
to make use of the IODP to get an optimal capacity; or
develop a model which will guarantee optimal capacity.
Include the stochastic behavior of the market demands im-
plicitly in the model,

Modify the model to fit a multi-product plant,
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Consider the problem of initiating more than one branch plant
at the same time,

Consider a plant with a multi-storied building.

Application of the model to environments other than produc-

tion, such as in hospitals or urban planning.
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APPENDIX A

PREPARATTION OF INPUT

The input data consist of twelve single variables and twenty-
three dimensional variables. Table 21 shows the format for the first
card which includes all the twelve single variables. Table 22 shows
the format for the dimensional variables. The user is expected to
have a basic knowledge of the format statements of FORTRAN programming,

Definitions of the symbols have been shown in Table 2, 4 and 5.

Table 21, Format of the First Card

Computer
Column Symbol Code Format
1-3 E EXIS I3
4-6 I INO I3
7-9 J JNO 13
10-12 ol MNO I3
13-15 N NNO 13
16-18 X KNQ 13
19-21 T TNO I3
22-25 3] HOUR 14
26-29 ™ F1 F4.0
30-33 Mo F2 F4.0
34-38 - BSTZE F5.0
39-43 - DISINT F5.0




Table 22. Format of the Data Cards

Computer Format on
Symbol Code Each Card Arrangement on the Cards
cij CTRAN(I,J) 10F8.0 cl‘l;cl’z;...;cl,10
C £ 5 wudC
1,11° *71,J
C ;C HI ] b
2,1.2,2° *72,10
S g1 es 885 o
C ;C § i€
T151°% " L;2° *7L,10
C 32230
I,11° I,J
Dj DEM(J) 1316 D 3DyseeesDyg
Dy4oDy50 57400
&y CAP(I) 1018 81385+ 3810
gll’glz’ was !gI
X, OPINIT(I) 8F10.0 LIS SYRRRIN
@i PLB(I) 8F10.0 ®1,©2,...,®8
¢9’®10""’®I
¥ PLV(I) 8F10.0 Y a¥yueen, ¥y
wg,wlo,...,wl



Pim FMACH(I,M)
P; CPRO(I)

o MNUM (M)

- IDEQ(N)
Q. FEQP(I,N)

10F8.0

10¥8.0

1018

1018

10F8.0

Peer, 1%, 28 Ppa1 10

P A

E+1,11°° E+1,M

Per2, 13 FE+2,25 3 PE+2, 10

PEt2,11***3Fps2, M

°
.
.

Py g80y ofmeeby 4

Py aad---58 n

pl’pZ""’Plo

plls s & ’pI

015055044507

911°++%

IDEQ, , IDEQ,, ..., IDEQ,,

IDEQ, 5+« +»IDEQ

Q41,15 %+1,2% 7 3 %41, 10
Q1,113 3 %41, N
Cet2,13 %42, 253 %42, 10

Qee2,115 3 Qo N

Qp 158y pdwwailQy 44

Qp 113++3Q7 y

94



tn

im

UNIT(T,N)

RATE(N)

CMV(I,N)

INDEX(K)

SPA(K)

1615

1316

16F5.0

1615

1615

P1,13P1,25++3P1 16

Pr,173 "

P 1Ry, g e

Py 175+

Pip B g

Pr, 173"

A

UE+1, 1P YE+1, 250 3 VR4, 16
YEr1,17% 0

SERE, 1 Y o

1’A

L

P N

SPp N

A

2,0.0’ 13

Alé""’AN

P2 16

*3Pr 16

SUELLLN

YE+2,17% T VE+2,N

uI,l;uI,2;"'

b PR b

INDEX

l,

";uI,N

INDEX

23 e

U116

., INDEX

INDEX ., ..., TNDEX,

B

l’B

93"

8

716

"UE+2,16

16

95



SPB(K)

NSQ(T),
MVsQ(T,L)

KPRIOR(K)

14 XDIS(I,J)

tn

16F5.0

4012

4012

1316

4012

4012

96

NSQl’Mvsql,l;MVSQl,Z;";MVSQl,NSQl

NSQq,MVSQz,l;MVSQZ,z;..;MVSQZ,NSQZ
NSQT,MVSQT,l;MVSQT’Z;..;MVSQT’NSQT

KPRIOR, ,KPRIOR

15 55+ =+ sKPRIOR,

I L
X $aisdX

1,143 3% 7
X 2K ysse s X

2 1¥%g gie--a%g 13

g Qg esibhe g

Ry A, gheend®r 19

» X

Br qul 118y

Y1¥9s-r2¥1

%1,13%1, 28 3% y
z i .
2yl 2,8V LR

A

A, 1% gty
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APPENDIX B

LISTING OF FORTRAN PROGRAM

Crxpbpkhyhakdbprharxbbhd g Xapk

c *
C THE MASTER PROGRAM *
C *

CHRAIIFAR LR REN TR NI kAR RKE g R K
COMMUN/LOCL/EXIS» VAR INF
COMMON/LUGC2/CAPPDEM, INQ»JNO
COMMON/LOC3/XDIS
CoOMMON/LOCL/Y
COMMON/LAY/DIST(20020)

* /LAY1/KNOrBSIZE s ARER

* LAY/ TLYSTo NQILAY s NOPAYL, | ISTOR(99)
COMMON/BLKA/CLAY(20,20)

* /BLXE/KPRIOR(20)

* /3LKC/ LAYQUT(100r1U0) s MAXT»MAXJrMINI,MINY

* /3L4G/ KSYM{9g) ,BLANK

COMMON/EU/ZQUIP (201200 ,Zy TNOPNNO

INTEGZR UNIT(20r20),RATE(Z0}SPA(20)»MNUM(20) s
2020 ,N5G(20),M ¥5@t20,39),X%X(25),
wt20r200200 ,NMACHYZ20Y, VT (2U,20),
ARZA(20)sEeTedyMpNoK ToHQUR, CAPAC,SIZENEQ(20+20)
£(20+20) #KEQ{20920) ¢ TNO

INTEGER S EXIS'INF(ES),CAP(gb)nDE%(SO}rINOudNOOXDIS(ESOSO}

*»T#2(25)

BIMINSIOL CTRAN(25950),PLBI2D)+PLVI2S) s FMACH{25,20) »
FEGP(25020) rCMYL25r20),5P3(20) ¢ CPRO(25) tFPROL(2S)
TI(20YF3L0(25)FRL20),CYVv(20),CHD 20,20,
CFLOW(20920) ,FNN(2U) e INDEX(20) 2 IDERL20)

e FEF (253 v FROL(22) P URINIT L 25)

KA #4 VR (25+50)

1000 FURMAT (713+14,2F4.0¢tF5.0?F5e0)

1001 FORWAT (10F8,0)

1002 FURVAT (1318)

1005 FORMAT (1318)

100% FORYAT (BF10,0)

1009 FORMAT Llepld)

1008% FORWAT L1415)

1007 FORVAT L1aF5,0)

1008 FORMAT (zplu)

1009 FORVAT 4012y

101U FORDAT (LAle//7710% "wa®ve ITERATION NOatsI2,1 kxxxt//)

1011 FORVAT (////lGX"****** PROGHRAM TEH\‘INATED t*t*#*'/lDXDOPRUBLEM co

*NVERLES 700 SLoWe “AxIvyN NO., OF [TERATIONS REACHED®)

1500 FORMAT {140» *SRANCH PLANT IS S8UILT AT LOCATION: *+12)

1501 FORuAT (140, *CAPACITY OF BRANCH pPLANT Ig 1918}

1502 FORVAT (1-4pr*'STZZ OF 3RANLH FLANT lg 918, SB.FT"/)

1509 FORMAT (id »tND. OF MACHINE '412,v USED Ig v,16/)

1504 FORVAT (140, 'pPART *,12,* 1S HANDLEU Sy',Iger UNITS OF DISCRETE TY

*HPE EQUIPCINT NO, *r12)

* O H #

* AR x
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1505 FORMAT (1HQstPART ',12," 1S HANDLEU BY', I3+ SYSTEMS OF CONTINUOUS
¥ TYPE EQUIPMENT ND. 'e12,% TOTAL OF ', I7s1 FEETH)
2000 FCHRMAT (LADruX, 'VARTABLE L0571 MATRIXICOL~SNURCE sROW=MARKET?®)
2001 FORMAT (1HDrIX, "MARKET: " e l2r2Xr11(F8a2r2X 00 /12Xr11(F8,2¢2X)))
2003 FORMAT (/7/7/0XyvFIXED COST AT EACH LOCATIONT/3{/5Xe10(F1G,2+2%X1))
2004 FORMAT (///uxy YEQUIPMENT LOST MATRIXICOL-EGUIPMENTIROW=PARTY)
20006 FORWVAT (I4qDs1 X, "OEPTI, 122X 10{FA.1»2X)/10%,10(F8,1,2X))
2007 FORMAT (///4%X,1AREA REQUIRMENTS FOR EACH DEPARTMENT'//2X,17
*{15,2X)/2X217(15¢2%))
2008 FORMAT (///4X, *FROM-TO-CHART OF T10TaL CoST FLOW IN DQLLARS PER F0O
*Tt)
2009 FOHMAT (1HQOr1X,'DEPTIr,I1002Xr11(FB.0u,2X)/10%,11(F8,4,2X))
201U FURMAT (lHGr'$55533%% UHJECTIvE FUNCTION VALUE 1',Fi4,2)
2012 FORMAT (////710Xr " xknrhuhr®ha N akpgxEpbakpkpFarkan? /10Xy
'+ OPTIMAL SOLUTION 15 ARRIVED xt/71(0Xs "akxkarkkatdskaknkehrpbiats
*****']
2017 FORMAT (/774X 'DISTANCE IN FEET BETWEEN DEPARTMENTS')
2025 FORMAT (1HOr'TOTAL VARIABLE COST:it»Fl2e2//71%o ' FACILITY COST?,Fl2,.2
*)
2026 FORMAT (140r1X, "MARKET: Y, 12+2Xs 110 82X) e (/12%e2281842%)))
2027 FORMAT (1HDeuX,'DISTRIBUTION MATRIX:COL-SQURCE"')
c
C=-~READ IN ALL FIXED VARIABLES FOR THE MODEL o=
C
OLOTAL=999999959,0
LTER=0
1 READ (501000) EXISrIND,INDsMNOPNND?KNOr TNO»HOURFF14F2,BSIZE
xr JISINT
LL=EXIS+1
WO 3 I=1,INO
S READ (5r1001) (CTRAN({IL«J)J=1rJND)
KoAn {(Sr1pp2) (2EM{U) e Jd=1rJINU)
REARD (5el003) (CAP(TYeISirIND)
READ (Srlapd) (ORPINIT(I).IR1eEXIS)
RZAD (SelpQ4) (PLBII)»IZ1rINV)
RZAD (S5r1004) {(PLVIT)eI=1rINU)
YO 4 I=ZLLs IND
4 READ (501008 (FARCH(I M) »MZL1,MND)
R=A3 (5r31501) (CPRO(I),Iz1.IND)
HZAD (5¢1003) (MNUV(M),Mz1yMNO)
RIAD (5r1003) (IDEQ(N),Nz1sNNO)
JO B I=LL,IND
B ReAD (501001) (FEGP(I+NI»NZ1rNO)
Uu 10 TE1, THO
10 READ (S5r1006) (UNIT(TaNY pNZ1rNNO)
READE551202) (RATELINTPNT1PNND)
WO 12 I=LLyIND
12 HKIAD (501007) (CHMVITrNY e NT1eNNO)
HEAD (5¢1008) (INDEx(K)rK=1+KNO)
K245 (591006) (SPALK) PKZ1rKND)
READ (5r1007) (SPSIKIPKT1PKNY)
RO 14 T=isTND
1% RoAD (501009) NSQUT)» (MVSLR(TrL)»L=1,39)
READ {(5¢01i009) (KPRIQRIKY RZ1rKNOY
-
Cmm=REAJ IN THo INITIAL SOLUTIONS==a
C



uo 21 I=1,INQ
21 READ (501002) (XDIS(Led),J=1rJINOY
READ (591i009) (Y(I),I=191IN0)
UO 23 TZ1,TNO
23 READ (5¢1009) (Z(TrNJ)#rNZ12NNUD)
U0 27 E=L1sKNO
LD 26 LZ1+KND
LF(EJNEsL) GO TO 24
LIST{E,L)=0
OIST(LE)=0
0 10 26
2% DIST(E,L)=DISINT
DIST(L E}=DISINT
2b CONTINUE
27 CONTINUE
30 D0 29 I=1,EXIS
D0 28 J=1,JNO )
28 VAR(1»J)ZCTRAN(I»JY+OPINIV(I)
29 CONTINUE

1CN=0Q
o
Ce==THL MASTER PROGRAM BEGING===
¢

Cmae=FIRST TRANSFER THE FLOW SEQUENCE INTO Q0,1 VARIABLES=-=
C
wRITE (621010)ITER
U0 33 T=1,TND
U0 32 ES1,KNO
V0 31 L=1.KND
3l w(T,E.L}¥=p
32 LONTINUE
35 CONTINUE
U2 35 T=1,TNO
NSNS ST =)
Ud 34 MMZ1,NN
EEMYSEI(TruM)
LTMYSI(TruM+1)
A% alT,tel )=
35 CUNTLYUE

c
C‘--tGl ‘Ml ) ——
c
DO 4l I=1,INHD
XLIY=0
O gD =) e JND
40 xULy=Sx (1) +%DIg (1)
41 CONTINUE
LCAPAC=D
U0 y2 I=LLIND
Le CAPACSCAFAC+XIT)
C
C
Cmmmbls (Mo)man
o

DO 44 MZ1pMND
44 NVMACH{MIS(FLDATICAPAC) /MNUMIMY ) 4+F]



Commnb@y(M]2) amm

C
DO 47 NE1,NNO
CMOy NI =0
DO yb6 I=LLsINO
46 CMOVIN)SIMOV NI +CMV (Lo N) =Y LT
47 CONTINUE
C
Com=bQq(Mp) me=
C
DO £3 I=LL,IND
FPRo(I}=C
DO g2 M=1,MNO
62 FPRO(LISFPRO(I)+FMACH(T o+ M) ANMACH (M)
63 CONTINUE
c
CommbEQy (M)} mmm
C

DO 72 K=1,KNO
IF {INDEX(K},EQ,0) 60 TO 71
MMU=INDEA(K) .
AREA(K)SSPACK) +SPBIK ) «NMATH MM
60 1O 72

71 AREA(K)I=SPA{K) +SPRIK) *xCAPAL

72 CONTINUE

c
C'--LQQ‘MQ)--‘

C
SI1Zg=0
WO 74 K=1.,KNO
T SLZ2c=S1ZE+AREA (KD
Lo
C---LG.(M5)--‘
o
LC 76 I=ZLLsINO
76 F3Lo(i)Y=rLv (I )%xS5IZE
C
Commblis it 15) =m=
C
4ol a0 403 T=1,TND

T2{T)=0

JO ul2 E=1,KNO

U 401 L=1,KND
401 TUCTI=TOUT)I+DIST(Es L) #w(TrE,L)
402 CUNTINWUE
G009 CONTINUE

C
CoaatQ e {MgIMI0IVILl)wa=
C
DU g0 N=1,4NNO
IF{ILEQ(NY EQG,2) GO TO 83
C

C===FOR UISCREIE TYPE EGUIPMENT===
C
UL g2 T=1,THNO
NEG({TeNIZQ '
IFA(YUNIT{1+N) ,EQ.0) 60 TO B2

100



101

VT{T ) SFLOAT(CAPACY/UNIT TN)+0,5
NEQ(TrNIS((FLOAT(VT(T»N))I*TDULT) ) /(FLOAT(HOUR)} xRATE(N) ) }4F2
IF (NEGIT*N} 4EQ,0IMNEQEIT, N} =1

g2 CONTINUE

G0 70 90
c
C--~FOR CONTINUOUS TYPE EQUIPMENT==w
c
83 DO g6 T=1,TNO
KEG(TeN)=(Q
NEQ(TrNI =g

IF(UNITLTaNY LEQ.0) 60 TO 86
KEQ(TINIZFLOAT (CAPAC)/ (HOUR*(RATE (N)xUNIT(T,N)))+F2
IFIKEQ(TrN) LEQ,O)KEQI(T,N)=1
VI (TP SKZQUT MY *FLOAT (HOURY ZUTO(T) /RATE(N) } 40,5
NEQ(TINIZKEQ(T,N)*TpL{T)+0+5

g6 CONTINUE

90 CONTINUE

c
CoammbQy (M7 ) ma
C
U0 93 N=1,NNO
FGiN}=0
D0 92 I=LL.IND
g2 FRINISFQIN)+FEQP(TIrNIxy (Y]
935 CONTINUE
C
ComebQ@Qe(M]3)wemw
C
U0 109 T=1,TNO
VO 108 NIZ1¢NNG
CHO (Tt ZCMOVINI VT (T N =L TDITY 210U
108 CONTINUE
109 CONTIHUE
c
Commable M) ome
c
U0 123 T=31,TNOD
DO 122 NIZ1,NND
IF{zZ(TsN} ,EQ,0) GO TO 122
FNNITISSU0VINY /L0 *xVT{T N)+FOIN) *NEQITeN) /TDIT)
S0 TO 123
122 CONTIHNUE
123 CONTINUE
Ul 127 EZ1,KND
DO 120 L=Z1+KND
LFLOWIErL}=0
CLAY(E,L) =0
DO 125 T=1,TND
CFLOWIEsLY=CFLOWLE rL)I+FNNLTI*WiT ,ErL )
129 CLAY(E/LISCLAY(E»L)4FNNITI®W(TPE,L)
126 CONTINUE
127 CONTINUE
c
C mue=bEld (MlH)me=a
C
299 00 114 I=LL2IND



c

112
113
114

FHOL(I) =G

U0 113 NZ1,NNO

NZENIZD

DO 112 T=1{,TND
NZONYZNZINY+(NEQ(TeN) %Z(TPN))
FAU (T)SFHDL (T ) +FEQR{ L, N} *NZIN)
CONTINUE

C-—-— EG(MIB) Lokt

o

1301
1302

300

303

3c1

304

g8
309

162
163
1o

le¥

172
173

174

CHUL=n
UO 1302 T=1,TNO

U0 1301 N=1+NNO
CHUL=CHDL4CHD(TyN)22(T, N}
CONTINUE

CONTINUE

CHOL=CHDL /CAPAC

DO 300 I=LL+INO
lF (Y(I)+EQ.1) KBRANEZ1
CONTLNUE
WRITE (6r1500) KBRAN
WRITE (6+1501) CAPAC
wRITE (6r1502) SIZE
WRITE (6+2027)
0 JZ1,d
3R1?23(5.é62g? Jr (XDIS(Isd) el INUY
D0 301 M=1,MNO
WRITE (6+1503) MpyNMACH (M)
WO 303 TzZ1,TNO
DO 308 NZ{,NNO
1F(Zz(TeN},EQ,0) GO TO 308
LF{IDEQ(N) ,EG,1) BO TO 3o%
WRITE (691505) TIKEQUT,N)eNINEQITN)
60 TD 309
WRITE (601504) TsNEQIT,N)#N
60 TO 30v
CONTINUE
CONTINUE
WRITE (B+20300)
U0 163 I=(L,IND
DO 162 J=1,JNO )
VAR(L+JISCTRAN({ I J)4CPRO(1)+CHDL,
CONTINUE
UD 165 JZ1rJND
WRITE (6e2001) Je{VAR{I+JI+I=15INO)?
0O 169 I=1+INO
FFR{L)=UF3LDI)+FPRO{IY+FHDLLT) )
INF(LIZFFF(1)%10040,5
WRITE (6+2003) (FFF(I),Iz=1s1INO)
DO 173 T=1,TNO
UO 172 N=1,NNO _
EQUIRPITrNISIFQ(N)«NEQ{TINI I +LHDIT,N)
CONTINUE
WRITE (622017
UO 174 E=1,KND
WRITE (&e2006) E» (pIST(EeL}rLZ1,KND)

102



103

WRITE (6r2007) (AREA{K)»K=1KNO)
WRITE (6,2008)
U0 175 ES]1+KNO
176 wRITE (6+2009) Er(CrLOwW(EsLY =1, KNO)
C
CrwnTEST FOR OPTIMALITY
C
vC=p
DO 204 1=1,INO
DO 2062 J=1sJNO
202 VO=YC+VAR({T ¢ J)xXDIS(I v
204% CONTINUE
FC=p
DO 211 I=|LLsINO
211 FCSFC+FFE(I) =Y (1)
224 CONTINUE
TOTAL=VC+FC
WRITE (6r2025) VC»FC
WRITE (6r2010) TOTAL
UDIFF=TOTAL~-OLDTAL
LF(pIFF) 273,280,273
275 1TERSITER+]
OLOTALZTOTAL
IFUITER.GT.7) GO TO 299
Uo 276 1=1,IND
JO 275 J31»JNO
275 VAR(IsJISVAR(I,J)*1g0
276 CONTINUE
CALL LOCHMIN
CALL EQMIN
CALL LAYMIN
SO 41l E=1,KNO
UC 410 L=1+KND
41U UEST(E.LI=DIST(EsL)&SART(BSILE)
411 CONTILUE
GO TO 30
28U CALp ouTPuT
WRITC(Bredl2)}
STOp
260 WRITE (691011
sTOp
END

XL RS ST 2 N T T T L LS FE L
*
EQUIPMENT SUBPROGRAM *
x
FETEEETE S T TN LIRS P T L
SUBRCUTINE EQVIN
COMUON/EW/EQUIP(20020),2, TND!NNQ
ANTEGER T, THO.2(20:20)
wRITE(6r300)
30U FORMAT{LX,'EQUIPMENT IS CALLED')

NOOOO® % % # %
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DO 3 T=1+TNO
UO 2 NZ1:NNO
2 Z(T,N)Y=0
3 CONTINUE
DO 50 T=1,TNO
iz}
h J=1
D IF(I.GTeNNDOLOR, (I+J).GT«NNO) GO TO 30
IF(EQUIP(T+I),LE.D) GO TO 25
IF (EQUIP(TeI+J}=EQUIP(T+L2) 20,2015
15 KS=71
18 J=Jdsl
GO TO 5
20 IF{eQUIP(T,I+J),LE.p) GO TO 18
KSS1+J
I1=Z14J
GO 10 4
25 1141
GO TO 4
30 Z(T,K5)=2
50 CONTINUE
RETyURN
END

EEERRREK Y KRN kR KKy Ry

*
LAYOUT SUBPROGRAM *
*

S Y e N P e e LT

SUBpOUTLivE LAYMIN
LNTEGER SLANK»AREA(20)
CUMMON /oLKAy CSTYAT 20r20)
/oLKB/ N3LXS(99)
/oLKEs KPRIOR(2Q)
/ALKF/ KLLASS(9)
/LKS/ KSYM(QS) ,BLANK
COMMON FLAY/ZDIST(20,208)
/LAY /NDPTSeRSIZE,ARREA
* FUAY2/TLYCST,NIILAY P NUPAYL,LISTOR(99)
UATA SLAGK/2H  /
DATA (KSYM{I}eI=1r20)/oH 128 292H 302H 4,24 5»2H 692H 792H gr2H 99
e 2H1092H11,2H1292H13e 2110 2H1S» 2H1E, 2H1T v 2H1ARP2H19 ¢ 2H20/
521 FORMAT (30X»354 NORMALIZEY FLOW=RETWEEN COST CHARTILSXsEL4.T./770
*DXr15(6XrA2Y, /)
22 FORUAT L/ e4X, A2r15F8.4)
225 FORMAT (0¥, 10H THERS ARE,13,»39H DEFARTMENTS AVAILABLE FOR ARRAMNGEM
*¥ENT »
903 EOHQA% L10(3H »x) s+ Ux1IHDEFARIMENT #A2,36H WILL NOT ApPPEAR IN THE F
®INAL LAYOUT#3X, 1003 x%x) o+ 7 r1U(3H x*),4X,51HSINEE THE AREA REQUIRED
* FOR IT 15 LE THAN A BLOCK 21X, 1U(3H %%x1¢/)
91U FUHaﬂf ‘/itﬁﬁ%gﬁ *)://,BQH EXROR 'NUMABER 010 == THE PROGRAM HAS FOU
*¥NU THE MAaxIMym COST VALUE TO BE NONPOSITIVE, »//:66(2H ¥))
WRITE (6+999)

LK IR B

»*
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999 FORMAT (//1XrLAYOUT IS CALLEU/)
KLINES = 11
READ AREA REQUIREMENTS FOR EACH DEPARTMENT,
NOPOMT=0
UG 31010 1 = 1+NDPTS
1008 NBLKS(I) = FLOAT(AREA(I}) / BSIZE + 0,5
IF (KPRICOR(I),ER.0) KPRIORI(I) = 1
KLINES = KLINES + 2
IF {(NBLKS{I},GT«0) GO TO 1009
KPRIOR(L) = =1
NOPOMT = NDPOMT + 1
WRITE (6»903) KSYMIT)
KLINES = KLINES + 2
1009 IF (KLINZS,LT,50) GO TO 1010
KLINES = §
1010 CONTINUE
NOPAVL = NDPTS = NDpOMT
00 1015 ITHD = 1,NDpTS
IF (KPRIDR{ITHD).EG,=1}) GV TU 1045
OO 1014 ATH = 129
IF (KPRIOR(ITHD).GT KTH) S0 T) 1o1%
KLASS{KTHY = KLASSIKTH) + 1
1014% CONTINUE
1015 CONTINUE
THIg SECTION wWILL TaAKE THE CUST CHART FROM THE PARTS L1ST
OR 7HE FROM=TO CHART DATA ANU NORMALIZE IT AND THEN PRINT
a CpPY,
1065 CUNTINUE
JO 1070 1THD = 1+:NDPTS
UG 10669 JUTHD = 1.,MDpPTS
IF {CSTMaT(ITHD JTHD) ,LE,CSTMAX) GO0 TO 1069
CSTMAX T CSTMATC(ITHDrJTHD)
1069 CONTINUE
1070 CONTIWUE
IF (CSTMux) 1071,1071.1072
1071 wRITE (6,910}
57T0p
1072 CONTINUE
JO 1075 1THD = 1.+NDPTS
YU 1075 oTHD = 1.MDPTS
1075 CSIMATLITHD» JTHO)Y = CSTMAT(ITHD, gTHD) 7/ CSTMAX
1140 CONTINUE
NOPTM1 = NDPTS = 1
U0 1150 LTHD = 1,NDpTY1
J2 1150 THD = ITHO,NDJPTS
CSTMAT(LTHD» JTHD) = CSTMAI(IIHD,UTHD) + CSTMAT{JTHD»ITHD)

1150 CSTMAT(JIHDPITHD) = CSTHMATITTHD,, JTHD)
U0 11607 u = 1+NOPTS,15
WJSTART = )

JSTOP = u + 14

IF (JSTOP,GT,NDPTS) JSTOP = NDPTS

U0 11606 1 = 1+.NDPTS5,25

1START = 1

ISToP = + + 24

IF (ISTOH,GT NDPTS) 1STOP

V0 1163 11 = ISTART,1sTOP
1160 CONTINUE

NOPTS

1



* ¥

00

900
90
i01u

1015
1020

1026

1030

1031

103>

1049
10ud
105U

LI 3 K 2

CALL SELZ (NDPTS})
RETURN
END

SUZROUTINE SEL3 (NOPTS)

THLS SUBRQUTINE SELECTS THE ENTERING DEPARTMENTS BASED ON
AN ORDERED LIST OF THEZIR RELATION To THE OTHER DEPARTMENTS,

DIMENSION LI5T(99)»TOPCSTI99)

COMMON /BLKA/CSTHMAT(2G,20)
/BLKD/KSTATE(99)
BLKE/KPRIOR(20}

/HLKF /K LASS(9)
/LAY/DIST(20,201}
ZLAY2/TLYCST ) NDILAY NUPAVLLISTOR(99)

NOLLAY =

DO 902 KE=1¢NDPTS

U0 900 KLz=1+NDPTS

DISTIKErAL)=0

CONTINUE

CAL|L CLEAR

DD 1020 ITHC=1,NDPTS

DO 10615 JTHD=1,NDPTS

TOPCST(ITHD) = TOPCST(ITHU) + CSTMAT{ITHD,JTHD}

LIST(ITHU) = ITHD

KSTATE(ITHDY = KPRIpRIITHS)

LASTK = NDPTS ¢ 1

LASTR 2 LASTK = 1

PD 1030 Kz2¢LASTK

1 = LIST{K-1)

J = LIST(K)

LF (TOPCST(J},LT.TORCST(I)) LO To 1030

LISTIKY = I

LISTiK=1) = J

CONTINUE

1F (LASTK ,NE.2) GO TO 1026

LASTK = WIPTS + 1

LASTK = LASTK = %

DO 1035 Kz2eLASTK

i = LIST(K=1)

J = LISTIK)

IFf (KSTATZ () ,GE.KSTATE(I}) ©CO To 1035

LIST(K=1) = J

LISTIK) = 1

LONTINUE

1F {LASTA ,NE,2) G2 10 1031

DO 1040 i=1+NDPTS

K = LISTII)

IF (KSTATE(K},NE.=1) GO TO 1045

CONTINUE

KIHD = 1=y

KIHD = KTHD + 1

INUEPT = LIST(KTHD)

CALL PLACE (NDILAY»INDEPT#NOFTS,TLYCST)

LISTOR{NOTLAY) = INDEPT

1F (NOILAY LT.N2PAVL?) 60O 10 1059
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#*

* %

N0

c
C

1100

* * w R

RETURN
ENO

SUBROUTINE CLEAR

THlg SUBROUTINE CLEARS THE LAYQUT MATRIYX

COMMON /ZolLKC/ LAYOUT(100,100) sMAXT P MAXJS)MINT,MINJ
LC 1160 I=1r10Q0

L0 1100 J=zlrlgo

LAYQUT(I»J) = 0O

HETURN

END

SUBRCUTINE PLACE (NpILAY. INUVEPT, NpPTS, TLYCST)
THIg SUBROUTINE PLACES THE DEPARTMENTS IN THE EXISTING
LAYQUT, INDEDPT IS THE INCUMING DEPARTMENT,
OLMENSION DEPTMD(99,2),I1JPERL300,2)
COMMON /BLKA/ CSTMAT(2Qr20)
/ELKB/ NBLKS5{99)
/BLKC/ LAYCUT(100,1007 cMAXTerMAXJ,MINT,MINJ
/2LKD/ KSTATE(S9)
SLAY/D1ST(20,20)
IF (NJILekY=1) 31010,1100,1200

1010 KTHD = INDEPT

1020

1030
1031

THlg SECTION PLACES THE FILRSI DEpARTMENT IN THE MIOOLE OF A

BLANK LATOUT,

IvIp = 50

JMIp = BY

NBLK = NuLKS(INDEPT)
N35p = SURTINBLK)

NaRM = N_oLK = NBSD »x 2
LFST = 19ID « N3SD 7 2
LT = IFST 4 N35D - 1
JFST = JMID = N3SD 4+ 1
JLST = JrST + N8SD - 1
K5UWl = &

KSUmd =

UG 1020 1 = IFgTeILST
UC 1020 o = JFsTJdlsT
KSUMI = AgpyvTl + 1
KsUwd = £sU4d + J
LAYOUT(IrJ) = INDEPT
MINT = IFST

MAX] = ILST

MING = JFGQT

MAX ) = J9Ip

15 (N3RM.EG.Q) GO To 1050
NJ - JFST - 1

CONTINUE

MINJ = Nuo

D0 1080 1 = IFST.ILGT

CKSUMI = RSUMI 4+

KSUMJ = AgUMY ¢ NJ
LAYQUT(1sNJ) = INDEPT
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NBRM = NopM =

1F (NARM,EQ.Q) GO To 1050
1040 CONTINUE

NJd = NJ = 1

60 1O 1031
105U CONTINUE

KSTATE(INDEPT) = 0O
AUX1 = KSUuMI

AUX2 = KSuMJ

AUX3 = NBLK

DEPTMD (INDEPT,»1) = AUXL / AUX3
DEPTMOUINDEPT»2) = AUX2 / AUR]
NDILAY = NDILAY + 1
RETURN
1100 CONTINUE
THIg SECTION PLACES THE SECOND DEPARTMENT IN THE LAYOUT.
ADJACENT 10 THE FIRST DEPARTMENT,

NBLK = NoLKS(INDEPT)
NBS5D = SGRTINBLK)

NBRM = ND|K = N350 »* 2
IFST = IMID = NBGD , 2
ILST = IFST + NBSD = 1
JEST = JMID + g

JLST = JFST 4+ N3SD = 1
KSUMI = ¢

KSUMJ = O

b0 1110 1 = IFST»ILST
U0 1110 J = JFsTedlsgT
KSUmI = ASUMI 4+ 1
ASUMJ = ASUMY ¢+ J
11310 LAYQUT(I»J) = INDEPT
IF (IF5T.LT.MINI} MINI = LFSI
1F (ILST,.5T.MAXI} MAXI = ILSH
MAXY = JLST
LF {(N4RM,EQ.D) GO To 1140
NJ = JLST + 1
1120 MaXy = No
DO 1130 1 = IFgT.ILST
KSUul = AgyMI 4+ I
KSUMJ = KSUMY + NJ
LAYQUT(IrnJ) = INDEPT
N3HKM = NoRM = 1
IF (N3RM.ZG.0) GO To 1140
113v CONTIMNUE
NJd = NJd + 1
6L 70 1lzo
1140 CONTINUE
KSTATZULINDIEPT) = 0
AUX1 Ksymi
AUX D KSuMd
AUXY = NOLK
UEPTMOLINDEPTr1) = AUX1 / AUXZ
VEPTMI(INDEPTy2) AUX2 /s AUX3
xl JEFTYDIKTHD 1)
XJ = QEPTYD(KTHD+2)
Y1l = DEPT4D(INDEPT»1)
YoJ = JEPIVDUINDEPT»2)

il



1200

1210

1213

1214
1215

1220
1225

1230

usT

= ABS(XI-~YI) + ABS(XJ-YJ)
TLYCST = CSTMAT(KTHDe INDEFT) % DST

DISTIKTHO, INDEPT)=DST
DISTUINDEPT 1 KTHD)I=OST

NDILAY

NDILAY + 1

RETURN
COSMIN = 2 *x 27

IFST
ILST
JFST
JLST

if
LF
v
Lo
1F

MINI = 6
MAXI + 6
MINS - 6
MAXJ + B
(IFST.LT.1) IFST
(JFSTLLT.1) JFST
1210 1 = IFSTeILST
1210 J = JFsT»JLsST

(TR TN T

wi
s

(LAYOUT(IrJ)«LTeg) LAYOUT(I Jy=0

CONTINUE

NBRM = NSLKS{INDEPT)
DG 1213 1=2:5

INUEX = 1 = 1

ITEST = (I % 2 = 1) #x 2

1F (NSRM,|LT,ITEST) 60O TO 1214
CONTINUE

INDEX = 5

INUYP = =1

NBLKIP = g

1 =

MIHI + INDXP

JFST = MINJ + INDXP

DO 1223 J = JFS5T#BD

IF (LAYOUT{I+1,J+1) ,NE, 0} GO TO 1225
CONTINUE

NSLKIP = NBLKIP + 1

LIJPERINBLKIP,1) = 1

LJPZRUHNBLKIP,2) = J

LAYoUT{I»J) = INDXP

K3
il =
J =
Iv1
IRl
Jvl
JP1

=1
1JPER(KPBy1)
IJRPER(KPB»2)
=1 -y

I +
J =1
Jd+
= =1

labmeg = 1

vo 1260 11
vl 12l JJ

IM1.1Py
JM1eJP1

1

1oum2 = 1ayMl % IDPUm2

iF
IF
1lM
L1P
JuUM
JJP

g0 q1240 1711
vo 1247 JJJ

{louMe ,EQ,~1) GO TD 1260
(LAYOUT(II,JgJd)NEDY 6O TOU 1260

1 =11 -1
1 =11 «

1 =

1] = JJ o+

TIMleIP}

1
JJDl
1
= JIM1e IRy
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1240

1250

1260

1270
1275

1280

1300
1310

1320

1400

IF (LAYOUT(III,JJJ),EQ,0) GO TO 124q
IF (LAYOUT(III,JdJJ),GT,INDXP) GO TO 1250

CONTINUE
G0 70 1260
NBLKIP = NBLKIP + 1

iF

(NBLKipP,GT,900) sSTOP

IJPER(NBLKIP,1) = It
IJPER(NBLKIP,2) = JJ

LAYQUT(I1,JJ)

CONTINUE
(KPB+£Q,NBLKIP) GO TO 1270

IF

KPB = KPB + 1

= INDxP

GO TO 1239

IF (INDEX + INDXP) 127501280r1275
INDyP = INDXP - 1

GO 710 1215

CONTINUE

DO 1320 K = 1'NBLKIP

CsST = ¢

X1 = IJPER(K,1)

XJ = IJPeR(K,2)

VO 1310 ATHD =1+NDPTS

1F
YI
YJd

CST = CSTMAT(KTHO»INDEPT) * UST 4 CsST

(KSTATE(KTHD) «NE,0) GO TO 1319
DEPTYD(KTHD»1)
= DEPTMD(KTHOI»2)
DST = ABS(XI-YI) + ABS(XJ=YJ)

CONTINUE
(C5Te6T,COSMIN) GO TO 132U
COSMIN = CST

IF

K3EgT = K
CONTINUE
AFLAG = §

I =
J =
JoT
107

GENERAL

HiuwuNuooor

IJPER(KBEST»1)

1JPER(KIEST2)

(= N I s B ot

1 =1 + 107

J =
lF
1F
IF
1F

1M1
IFPl
JM1
JP1

DO 1410 11
DO 1410 JJ

(I1.L,LE.9,0R.I.GT.90)
(JoLTe9,0R¢JsGT,90)

J

+ JOT

-1

PLACEMENT PROCEDURE,

60 TO 1440
GO TO 144

(LAYOUT(I,J)+GTsQ) 60 10 lutip

(KFLAL,EQ.0)
THIg SECTION TESTS FOR CONTIGUITY

[ ]

I -1

+ 1 +
(-

IMlIP1
JM1eJP

GO TO 1420
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141U
1420

1430

1440
1441

1450

1460

1474
1480

1490

1510

IF (LAYOUT(ITI,JJ)EQ.INDEPT) GO 1O 1420

CONTINUE

GO 7O 1449
LAYQUT(1sJ) = INDEPT
KFLAG = 0

CONTINUE

KSUML = KSUMI I
KSUMJ = KSUMJ + U
NBRM = NBRM =~ 1

IF (I.LT«MINI) MINI
IF (1I,67,vaXI) MAXI
IF (JJLTeMINJ) MINJ
IF {(J.GT.MAXJI)Y MAXJ
1F {N3RM,ZG.0) GO To 1490
GO TO 1441}

KFLaAG = 1

CONTINUE

{NIRTHT
[ S

THIg SECTION SELECTg THE NEXT BLOCK To BE TESTED.

IF (KONTL,NE,K1I) Go TO 146D
KONTI = ©

IF {(IDT.Eg,0) 60 TO 1450

IDT = ¢

G0 TO 14690

IDT = (=1) *« (K1l &+ 2}

K1l = X1 + 1

KONTI = KONTI + 1

1F {KONTJ,NE,K31J) Go TO 1480
KUNTJ = O

IF (JOT.23,0) GO TO 1470

KiJd = K1lu + 1

JOT =

GO TO 1469

JOT 2 (=1) *x (K1J + 1)

KONTJ = KQNTJ + 1

GO TO 1400

CONTINUE

AUX1 Ksuml

AUX2 = KSumJ

AUXX N2LKS(INDEPT)
DEPTMI(LINIEPT1) = AUX1 s AUX3
DEPTMO(INDEPTs2) = AUX2 / AUX3
XI = DEPIWDIUINDERTr1)

Xd = JEPTVDUINDEPT»2)

U0 1510 ATHD = 1sMDpTS

AF (K3TATE(KTHD) JNE, U} GO TO 1519
Y1 = JEPTMDIKTHD1Y

YJ = DEPTUD(KTHD. 2}

DST = ABS(XI-YI) + ABS(XJ=YJ)

s u

UIST(KTHL, INDEPT)=ZDST
UISTUINDERPTPKTHD)SDST

TLYCST = TLYCST - CSTMAT(XTHU. IMNDEPT) * OsT

CONTINJUE
KSTATE(ANDEPT) = 0
NDILAY = NDILAY + 1
RETRN
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END

SUBROUTINKE OUTPUT

THls SUBROUTINE PRINTS THE LAYOUTS AS REQUESTED BY THE USER»

INTEGER BLANK

DIMENSION |INE(40)

COMMON /3LKC/ LAYOUT(L100,1007 sMAXTrMAXS MINT,MINJ
/ BLKG /7 KSYM(99) ,BLANK
FLAYZ2/TLYCST NOILAY I NUPAVY| »LISTOR{9D)

10U FORMAT (LHLe55Xs6HLAYQUT» 10X ELY Trs/)
101 FORMAT (5%.40(1XrA2)e/)
102 FORMAT (lHie40%s20H LEFT HALF OF LAYOUT,//)
105 FORMAT UiHiru0xe21H RIGHT HALF OF LAYOUT»10X,El4,7¢/77)
10% FORMAT (zgH THE ORDER OF PLAUEMENT WAS »30(A2,1X)e/2)3X035¢A2+1X)
*/213Xe35{A2¢1%))
DO 1010 L=1r40
1019 LINE(L) = BLANK
K = MAYXJ - MIND + 1
IF (K,6T,4Q) GO TD 1050
WRITE(6r100) TLYCST
LD 31040 1 = MINISMAXI
L = 20 = K/2
00 1030 J = MINJ»MAYJ
L=L +1
NUM = LAYQUT(I,Jd)
lF (NUM.LE,0) 6O TO 10290
LINEIL) = KSYM({NUW)
GG TO 1030

1020 CINE(L) = BLANK

163U CONTINUE

1040 WRITE (B 10l {LINE{K)K=2r540]

1F (NDIL«Y,EQ.NOPAVL) GO TO 2000
HZ TYRN
1050 wRITE (6+102)
U 1080 1 = MINIsMAXI
JO 1070 J = MINJBO
NUM = LAYQUT(I,J)
IF (NUVeLZ,0) 60 TO 1060
LINZ(JY = KSYM{NUM)
GO TO 107p

1060 LINE(J) = BLANK

1070 CONTINUE

1080 WRITE (6r101) (LINE{K),K=1,40)

wITE(6r103) TLYCST

WO 1110 1 = MINIMAyI

UO 1100 J = 531,MAXJ

L= J =5

NUM = LAYDUT(I,J}

IF (NU¥sLZ,0) GO TO 1090
LINZ(L) = KSYM(NUM}

GO 70 1109

1090 LINE(L) = BLANK

1100 CONTINUE

1110 WRITE (Br101) (LINE(K) ,Kz=1lrubD)

IF (NDILAY EG NDPAVL) GO TO 2000

*



QOO N oy

2000

2010

2020

RETURN

UG 2010 I1z1e+NDILAY
J = LISTUR(I)
LISTOR(I} = KgyM({J)
NUM = NDILAY + 1

DO 2020 lz=NUM»99
LISTOR(I) = BLANK
WRITE(Hs104) LISTOR
RETURN

END
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LOCATION SUBPROGRAM

*
*

*

LRI SRR E e S L 2 E TP TIT I T S 3T

K

400U

4001

SUBROUTINE LOCMIN

COMMUN/LCCI/ZEXIS P VARF
COMMON/ZLOCZ2/AeBrMIN

COMMON/LCCE/XDIS
COMMON/LOCL/YSTAR

COMMON/BLKLI/INSUFF»ILyFIXCSTPIFS,FOIFFORDER, IH
COMMON/BLKZ/NETVNETNsCMINs TRy REFNCD oG ISMJpCoe Xy DUAL s NS Yy

1 NT

UIMENSION VAR (25%+50)

LOGICAL FIXED.CAPAC,CAPEQLsINITAL fENUM
INTEGER®Y MaNsSPRIMEIS,F (251 A(25)rB{50)rC{1376 1 rY*2(25) »FIXCSTs

T U F N

AP XQI5(25950)

EXISrQRDER(25) v CMINPCAPYNFXENM/ 0/ AYLCAR/0/»T/0/ DELTAV(25)
NUAL(?TYePs0/,
NS#2(1376) ,NTx2{1376}1rSUMUBI(9V)»DCOEFF (25,90) + YSTAR®2({25) ¢
ISTAT#2(25) V(903 /9U%x0/, VMIN, VMINL FUAXL/0/ s SUMFKQ?
T#2(25r99) yNFREE/U/7CXOIrLKOTL6STAP /9999999997 ,NDL/0/ s
IN-AKO(25) s IC2{99) rLx2(25)/25%9/ 4 X (1376} +REFNDDIFDIFF(29)

LL/0/ e XSTAR(1376) 4 Ga5UM/O/ s IHx2(25) 1FKO,

READ 1M NUMBER OF SQURCES ANU DESTLINATIDNSG» CAPACITIESs DEMANDS,

LONGTRALNTSe AND COgTS,

ESET VARINBE5 FOR nEW PROBLEM

AVLCARP =
r=29
NFXENS
P =0
L =z ¢
SUv =
FMAYL
NFREE
NJC =

0

G
¢

no i Ho

©99999999
JO 400Y l=1v90
vily = 0

U0 4002 1=1+25



[g) oaOo

c

4002

SPRIME = L.3,

305

141

LiIy = 9
ON NO,
SPRIMEZEXIS+1

S=SPRIME
FORMAT (161I5)
FORMAT (1p18)
FORMAT (1015}
FORMAT (15I5)

NETM=MEN+2

NETN=YxN+M4N4)

UO 305 J=i,N

Cluy=p

CONTINUE

NPM=N+1

IZZNETN=N=]

WRITE (6r141)

FORMAT (///71x,'LOCATION IS CALLED*/)

C===TRANFER VAR({IsJ) INTOD Cld)m=

c

=4 1)
209

306

310

320

330

340

1Yy=1

Jaw=1

DO 208 J=NPM,172
CLI)SVARTIYY rJww)
lYYy=1vy+l1
IF(1YY.LE M)
Iyy=1
JaW=Jaua+l

IF (JiWacTLNY 50O
CONTINUE
NPM=-IZ41

Go TO 208

TO 209

DO 306 JEHPMNETN
ClIYy=§
CONTINUE

OF SOURLES TO BE yseD

114

AND & = U,8, ON NO« OF &,

INITIALLZE THE SOURCE AND SINK LIsPs FOR METWRK

NPA=N+M

LO 310 J=1,NPM
NS =
CONTINUE
1Zamxp=M

NP 1zonN+1

LD 330 J=MyIZeM
LU 320 I=MNPY,NPM
NSLI+J) =D
CONTINUE
CONTINUE
LZZEMe#N

DO a4y l=1.,M
NS{T1Z41)=MPMey
NT(1Z+I1)=N4+]
CONTLHUE



laNeXal

oo

350

360
370

NS{IZ+M+1)=NPM+2
NT{IZ+Y+1)=NPpI4sl
U0 350 J=1,N
NT({J)=NPN 42
CONTINUE

DO 370 J=1,N
1ZEN+HJxM=M

DO 360 IzZ1,M
NT(IZ+13=)
CONTINUE
CONTINUE

MAKING THIS ASSIGNMENT FOR REFNQOD WE wILL HAVE ALL DuUAL > o

REFNOD=M+N+1
IR=g

FIXEQ=, TRUE,
CAPAC=, TRUE.

CAPEGQL =,TRUE, ONLY WHEN ALL CAPACYTIES =,

o

10

CAPEQL:.FALSE'
INITAL=.FALSE,
ENUMZ, TRUE,

STEp 1& FEASIBILITY CHECK
NSTEPZ1

FIXCST=0

CMIN=C

JO 5 Jz=1lsN

CMIn = CMNIMN + BLJ?
CONTINUE

DO g I=ley

ORIERIIY=A(I)

14(1)=1

Yyi{ly=1

CONTINUE

IF (.07, CAPACY GO TO 10
IF (5,EQ.4,0R.CAPEQL) 60 TO 7
CallL S0RT (leM)

LAar = =CMIN

MAS=MaG+ ]

DO g I=Mug,M
LAP=CAP+LRDER(])

CONTINUE

1F (CAPLGEZ,0) 60 TO 10
Wl O
kgﬁlir(trzg.-A FEASIBLE SVLUITON DOES NOT ExISTr)
STOp

STep 2 INITIAL SOLUTIOM
NSTEP=2

CHLCULATE DELTAVLI)

Ul 11 1=31.M

yely=9

WwE ASSUME PROBLEM Ig FEASIBLE WITH ANY SINGRLE SQURCE NOT USED=«CH
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OO0

e el g

s Ralel

11

1111

l2

13

ly

12

152

16

CALL NETwRK

DELTAVII) =G

YiIly=l

CONTINUE

CALCULATE yMIN

CALL NETWRK

VMIN=G

DO 1111 I=1+M
DELTAV(I)=DELTAV(I)-VMIN
FOIFF(I)=F{I)~-DELTAY(I)
IF (FOIL} LT DELTAV(I)) FDIFFLII=F(L)
CONTINUE

ATTEMPT To FIX Y(I) TO ONE AT LEyEL ZERO

IF (S.LT.,M) GO TO 14

DO 13 I=1,M

MAXDVZDUAL (N+1)*A(I)

IF (DELTAV(I),GE,™AxDV) MAXDV=DELTAVI(I)
IF (MAXDV,GT,F(I1)) 6O TO 12
GO 71O 13

L{Iy=0

FIXCST=FIXCST+F (1)
AVLCAPZAVLCAP + ALL)
LECZLC+]

CONTINUE

1Z2=N+V &N

IF (INITAL) GO TO 241

IF («WNCT,FIXED) GO TO 21

FIND SOLUTION WITH y(I) FRACTIONAL

JO 15 JENPLeI2
ASTaR{IIZC (D)

I=Ng (J)Y =N

IF (LtI).26.0) GO To 1S
ClJ)=CHLJI+F(IY/ACL)
CONTINUE

CAaLl NETwRK
MINQPTZGE4+FIXCST

NOW WE MUST RESTORE ClIed? TU THE PROPER VALUES

ul 16 JEP1r1Z
ClUy=xsSTAR(J)}
CONTINUE

SECQND INITIAL SOLUTION PROCEJURE

1/=12+1

LZZ=NETN=1

O 17 J=1z,122
LIENT(J) =N

RXZ-X(J)

RXS (L, 0+RX/A(T))sF (1) 4,5
ORDER(I} ZINT(RX)

In(1) =1
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OO0

o0

17

16
19

20

241
21

23

24

25

255

258

26
265

27

117

CONTINUE

CALL SORT (1,M)

U0 18 I=1,M

IF ((AVLCAP ,GE, CMIN ) ANU.(LC ,GEs SPRIME))GO TO 19
LHH=IH(I)

LF (L(IHA),EQ.0) GO TO 18

LIIK{H) =1

AVLCAP=AVLCAP+A(IHH)

LC=LC+1

FIXCST=FIXCST+F(IHH) .
CONTINUE

G0 TO 25

DO 20 K=IM

IHA=IH(K)

IF (L(IHA),Eq, 0) Go TO 20

Y(IHA)=D

CONTINUE

GO TO 25

FIRGT INITIAL SOLUTION PROCEVURE OR PROCEDURE FOR READ IN SOLUTION

READ (5¢1) (XSTAR(I)rIz=1,M)

MINQPT=G

U0 24 I=1.M

IF (L(I).EQ., 0) GO TO 24

LF (INITAL,AND,XSTAR(I).EW.1) GO TO 23

IF («NOTWINITALWLAND X(1Z+1)40T.0) bp TO 23
Y{ly=0

GO 7O 24

LC= C+1

FLXCST=FIXCST+F(I)

AVLCAP=AVLCAP+A(])

CONTINUE ;

CHANGING INITIAL SOLUTION IF IT DOES NOT SATISFY Y < S CONSTRAINT

lF (LC .LE, S) 530 To 31
IF («0T.CAPEQL) GO TO 258
U0 255 I=1 .M
URDER(IJ=DELTAVY(I)

Ity =1

CONTINUE

G2 TO 26b

U0 26 I=1+M

ORDER(II=A(])

IH(1)=1

CONTINUE

CALL SORT (1,M)

ML=

MU=M

121

MU=MU=I+]

DO 28 I=NL,M

LrB=I~(I1)

IF (Y(IH>),EQ,0) GO TO 28
IF ((AvLCAP=A(IHB)) LT ,CMIN) GO TO 29
LC= C=1
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28
29

295

31

33

34

32

36

118

YUInB)z0
FIXCST=FIxCST~F(IHB)
AVLCAPZAVLCARP=A(IHB)
IF (LCL,LE,S) GO TO 31
CONTINUE

ML=1
DO 295 I=q MY
MMS=MU-T+)

IHCZIH (MMG)

IF(y(IHC) ,EQ,1) GO TO 295
LC=.C+)

IAD=I+4(I)

Y{lHD)=1
FLXCSTZFIXCST+F (IHC)
AVLCAP=AV| . CAP+A(IHC)
L0 70 27
CONTINUE

STEpP 3& INITIALIZATION STEP
1F EAPAC AND s¢M THEN wE WILL NEED THE SOURCES ORDERED ON CApACITI
I STEP 8 BUT wE SORT HERE SINCE STEP B Is AN ITERATIVE STEP,

IF ({ ,NOT,CAPAL) ., OR,(S5,EQeM}} GO TO 34
D0 33 I=1,M

ORUER(T)I=A(I}

IH{T)=1

CONTINUE

CALL SORT (1.,M)

DO 36 I=1,M

I ¢y(1) ,EQ@, 0) GO TO 32
IF (L{1).6T. 0) Lily=Le
ISTAT(I)=y

GO 1O 36

ISTAT(1)=ay

HFREE=NFREE+]

Lily=LC

CONTINUE

IF («MNOTL.ZNUMY GO To 39

NFXENM = Mix No, OF ENUMERATION CONSTRAINTS

37

3k

2200

34

NF XENY=50
T=2

FORMAT (4p12)

ELLL 1))
IC(1)=EXIg+l
KAKZEXIS+]

DO 2200 LL=KKK,M
E{Lr2)=1
IC(2)=1

NGTEP=3
VMINL=YMLYN
IF (5 LT, M) g0 TO 52
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51

52

53

54

45

55

51U

511

931

56

57
58

58

591

119

U0 51 I=1.M

IF (Y(I).Z2QeQ0) VMINLZVMINL+DELTAY(L)
CONTINUE

GG 1O 54

U0 53 I=1,M

IF (Y(I1).,EQ.1) GO Tgo 53

IF (CISTAT(I) ,EQ.=~1)+AND, (F(L)LT,UFLTAY(TI))}) GO TO S3
VMINLZVMINL+OELTAV(E)

CONTIHNUE

FMAXL=GSTAR=VMINL

KO=1

GO 1O 130

STEp 4& DUALITY CONSTRAINT CHECK
ALL DUALITY CONSTRAINTS ARE UPDATED IN STEPS 6#11¢ AND 13

IF (VIKO),LT,0) GO TO 70
STEp 5% UESCENDANT FEASIBILITY CHECK FOR DUALITY CONSTRAINT

IF (LC +E@.5) 6O TO 110

FMAYL IS UPDATED IN STEPS 60112AND 13
UO 55 I=1.M

INEGKO({I)=~DCOEFF(I,K0)

CONTINUE

NEGyKO=0

1STEPZ5

THE DETEXKMINATION OF FKO wWHICH Follows wILL ALSO UB USED AS A PART
OF THE STEPS 8 AND 10,

FKO=0

SUMFKO=0

U0 59 I=1,M

iF (ISTAT(1) ,3E., 0) 50 TO 59

IF (DCOEFF(L,KD)GE,NIGVKO,AND,ISTEP.NE,B) G0 TO 59
IF (FIXCST+FDIFF(I), GT,FMAXL) GO TV 59
AF (T LEG, 0) GO TO 58

LU0 57 LL=Z1,T

SUM=0

U0 5B 1Iz1.M

IF (Y(ID),E6,1) SUM=SUM+ELII L)
CONTINUE

SUMZSUA+E(TeLL)

IF (5U4 +6T. IciLL}) GO TU 5Y

CONTINUE

lr (FKD .20, 0y 11=7%

FROZFKD+1

IHIFKO)=)

SUMFKO=BUMFKO=-DCOEFF (T ,KO!}

IF (INEGAO(I),.GT.INEGKO(IL)) I1=]
CONTINUE

LF (FKO +EQ. 0) GO TO 110

IF (1ISTEP=8) 591,866+6(]

IF (SUMFRQ JLE, VI(KQ)) G0 TO 110

IF (FKOW£Q,1.,0R.IMEQKO(IL}.G1,VIKDO)) GO TO 60
CALL PRUSE({INEGKOrFROryiKY))
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60

63

70

80

B2
83

By
85

86

860

866

Be7

IF (IFS.GT,FMAXL,OR,INSUFF.ER,1)} GO TO 110

NOTE THAT AT THIS POINT Wk HAVE 11
STEP 6% FURWARD BRANCH

LC =LC+1

ISTAT(I1) =}

Yi{lyr=1

NFREE=NFREE=}

LiLlyl=LC
AVLCAP=AVICAP+ALIL)
FIXCST=FIXCST+F(ID)

IF (F(Il),GE,DELTAV(IL1)) FMAXLSFMAXL+DELTAV(I1)
KD=)3

00 3 K=1.NDC
VIK)ySV(K)+DCOEFF (I1,K)
IF (VIK).GT.Vv(KO)) KO=K
CONTINUE

GO 10 /5

STEp 78 CMIN AND Y>5' CONSTRARINT CHECK

CAP=AVLCAPCMIN

IF (CAP.LT,0) GO TO 80

IF (LC LT, SPRIME) GO TO 87
GO 70 90

STEp 84 OESCENDANT FEASIBILITY CHECK FOR COMIN AND Y>S' CONSTR

NSTEP=8
1F ((5=LC),GE,NFREEY GO TO 83
KECALL TrHAT SOURCES ARE STILL ORDZHRED BY CAPACITY FROM STEP 3.
SUM=0
J0 g2 I=1,M
MMS=MaT+]
IAE=I~4(Mv5)
IF (ISTAT(IHE),3E.0) GO TO 82
SUMZSU+]
lF (SUY%06T,(5«L2)) 60 TD BS
CAP = CAM + DRDERIMMS)
CONTINUE
DO g4 IZi,M
1fF (ISTAT(I) ,2Q. =1) CAP=CAF+A(L)
CONTINUE
LF (ChP .LT. 0) GO TO 110
RECALL THAT WE HAVE ALL ViK) FOR THE CURRENT NODE FORM STEP 4.
JO g6 I=1sM
INEOKO (L) = (DELTAVII)=F (1)1 /AL])
CUNTINUE
NEGVAUS=Y (KO)
15TgpP=8
GO 70 51¢
IF {DCOEFF(I1+KO) LT NEGYRKOAND, ACL1)+AYLCAP, GE.CMIN) GO TO &0
It (FKOwez7,1) 50 TO 667
CALL PROBE(A,FLDCMIN=AVLLAR)
1F (IFS«GT,FVMAXL.OR,INSUFF,EW,1) GO TO 110
L1=1H(1)

120

AINT
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868

a7

88

30

21

101

110

111

11

119

121

IJK=0

UC 868 1=1,FKO

IHFZIH(I)

If (UCQEFF(IHF,K0D),GE.NEGYKC] GO TO 848

1JK=1

IF {(INEGKO(IHF})«GT.INEQKOLIL)) I1=1H(T?

CONTINUE

iF (IJK+EQR,D) GO TO 1lip

GO 7O 60

THE FOLLOWING PERTAINS WHEN UMIN CUNSTRAINT IS NOT VIOLATED
IF {(NFREE+LC),LT.SPRIME) GO TO 110

RECALL THAT WE HAVE ALL VK) FOR THE CURRENT NODE FROM STEP 4.
DO g8 IT1M

INEQKO({1)=DELTAV(IISF(T)

CONTINUE

GO 70 865

STEp 9& CURRENT NODE FIXEW COST TEST

NSTgP=9

IF (5 .E@, M) GO YO 13p

SUM=VMIN

U0 gl I=1,M

IF (Y(I) ,EG, 0) SUMSSUM+DELTAVI])
CONTINUE

IF (FIXCST,LE,(GSTAR-SUM)!) GO TO 139

STEP 108 DJESCANDANT FEASIBILLTY cHECK FoR FMAXL CONSTRAINT

LF (LC W.t3, 3) GO To 110

NOTE THAT WE HAVE ALL v(K}) FUR THE CURRENT MNODE
UD 101 I=1,M

INEQKO{ L) ZDELTAV(I)-FI{I)

CONTINUE

NZGYKI==v {KO)

IS5TgP=10

2 TO 5145

STeEp 11& JIRANCH BACKWARD

NSTEP=11

IF (LC,Ew,0) GO TO 140

11P=0

D0 113 I=z1,M

LFocer eIy ,LT, 1),0R, (L(1)+EBs 0)) G0 TO 113
CROT=ICO0FF{TWKO)

1F (FOIFF(I),LE.CKDI} CKOLSFUIFF(I)
IF (ILP .ZGe 1) 5D TO 112

L11P=}

11=1

CKUOI1=CKOL

L0 710 113

IF (CKO11 ,GE, CKOI) GO TO 113

G0 10 11

CONTINUE

IF (11P +56a 0) GO TO 1490
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114
115

115%
1156

116

117

118

1180

11835

1185

119

122

DETERMINE WHETHER AN ENUMERATION CONSTRAINT wITL BE NEEDED

IF {LtI1),EQ, LC) GO TO 116

DO 115 I=1,M

IF (ISTAT(I},NE. O0) GO TO 115

IFC(LII) ,GE, LLC)eOR.(LIIVWLIL,L(EL?)) GO TO 115
T=T4+1

IF (T.6T.99) GO TO 115%

IC(T)I==1

DO 114 LL=1M

E{LLsT)=O

IF ({LLeEQ, 1), 0R, ((ISTAT(LL) ¢EG41) s ANDW (LILL) (LE,L{I)))) E(LL»T)=1
IC(TISICS(TI+E(LL, )

CONTINUE

IF (T.GT.P) P=T

CONTINUE

G0 710 116

WRITE (691156}

FORMAT (¢ WE HAVE EXCEEDED LIMIT ON ENUM CONSTe)
STOp

THE REASSIGNMENTS ARE NOw MAUE IN WHAT FOLLOWS

LC= C=1

VD 118 I=1,M

1F (ISTAT({I).NE. 0) GO TO 117
IF (LiD)WLT.L(I1}) 60 TO 118
1STAT(I) ==
IF(F(I) LT ,DELTAVII)) FMAXLZFVAX +UELTAVIT)
0 70 1lb

IF (ISTAT(I).,NE. 1) GO TO 118
IF (I .2y, I1) GO To 118

IF (LUIY.E0.tLC+1)) L{T)=LC
CONTINUE

I1SsTAT(Il) =0

Tily)=0

LiI1)=LE

FlXCcST=FlxCST-FUIY)
AVELAP=AV| CAP=A(TIL)
FYAxL=FMoLxL=DELTAV(IL1}

KG=)

20 1180 <z1eNDC

VIKYSV(K) =DCOEFF{I1,%)

IF (VU)W B8T.VI{KO)) KD=K
COoMTINYE

UETERJINLING wHETHER ANy ENUMERATION CONSTRAINT CAN BE DROPPED
LTL=NFXEU41

1TU=T

LFLITL,6T,ITUY GO To l20

LS 119 IT=ITL,ITU

LFCICUIT) LE.LCY 6O TO 119

LF (E(IL+IT) . EQe. ©) GO TO 119
UG 1185 1=1M

1IF (CISTAT(I)ES. 1), ANDL(E(IPITY NELL)) GO TO 119
CONTINUE

GO TQ 1195

CONTINUE
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1195

20

30

40

S0

IF (ITL.EQ,NFXENM+1) GO TO 120
G0 y0 12u

T=T-1

1TL=1T

IF{IT.GT.T) GO TO 1183

DO 1197 A=IT.T :
{C{KI=IC(K+1)

DO 1196 I=1M

E(L,K)=E{I,K+1)

SUBROUTINE SORT(ITIrJ)

SORTS ARRAY A INTO INCREASING ORDER, FROM A(II) TO A(JJ)
AN EIMI I G A
COMMON/BLK1/INSUFF» 11»FIXUSTHIFS, ooy

INTEGER*G Al25) 2 T»TTrIULE) +IL(6),IH£2(25),FDIFF(25) 1FIXCST

m=1
I=I1
b=JJ
IF(r .GE. J} GO TO 70
K=1
IJ={J+I) /2
T=A(1J)})
IT=1HITIJ)
IF(a(I) LLE. Ty GO TO 20
ALl p=all)
IH{II=IA(D)
AtLy=T
IAL1)=17
T=a(IM
IT=IH(IJ)
L=J
IF(a(J) «3E. Ty GO TO 40
ACLgr=at
iz )=l {J)
AlYZET
IH{ =TT
T=A(LY)
ITSIH(I
1Fta{I) .LE. T) GO TO 40
Atlglr=aty)
IH{T ) =In(Y)
ALLY=T
I4012=1T
T=A(1J)
IT=14(1Id)
&0 7O 40
A(LY=A(K)
IH(LY=IA(K)
A{KYIZTT
IH(KI=ITT
LTL~}
LFLALL) +5Ts T) GO TO ub
TT=a(L)
ITT=1IH(L)})
K=K+l

123



60

70

80

20

100

*

10

IF{a(K) +LT. T) GO TO 50
IF(g +LE.L} GO TO 3p
IF{L=I +LZ,J=-K) GO 710 0
ILim)=T

Lutm =g

I=K

M=M4 1

G0 1O 80

ILIm)=K

IuimMI=y

J=L

MZM41

GO 70 B0

M=M=l

IF{M +EQ, 0} RETURN

IZIL (M)

J=Ig (M)

IF(J=-I 6=, II) GO TO 10
IF{y .EQ. II) GO YO 5
I=fI.1

IZ14+1

IF(T LEQs J} GO TO 70
T=A(I+]1)

IT=1H(I+1)

iFCACL) JLEse T) GO TO 90
K=l

ALK4+1)=ALK)
IHIk+1)=IHEK)

K=Kl

LFOY JLT. ACK)Y GO TO 100
A{K41)=T

IH{k+1)=IT

0 10 30

END

SU3RDJTE .= PRORE (ADRF ¢ NUMeVAL)
COMMON/BLKI/INSUFF»I1oFIXLSTIFS,FUIFF+ORDER IH

REAL 4 RaTID{25)

124

INTEGER®4 AORF(25) e IH*2(25) s L5T(25) ,VAL,NUM,0RDER(25}) ,FDIFF(25),

FIXCST

IRAR=D

15UmM=0

IFS=F1XCsT

INSYFF=0

FORMAT (* NUM=v,IR)
wRLITE (6¢1) Num

JO 10 IZ1.NUM
L5T(L)=1

14G=IA(I)

RATIO(II=FLOAT(ADRF (IHG))/FDLFF {ITHY)

CONTINUE

LO 30 I=1.NUM
JO 20 J=1eNUM
LSTazLST(D)
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LSTR=LST(1)
IF (RATIO(LSTA)LE.RATIO(LSTS)) GO TO 2¢
[T=LSTCL}
LST(L)SLST(J)
LST(J)=IT
20 CONTINUE
IRR=IRR+}
IHHYZIH(LSTR)
LSUMSTISUM+AORF (IHHH)
IF {ISUM,GE.VAL) GO TO 40
30 CONTINUE
INSyYFF=1
RETURN
40 12=1RR=~1
IF (12,67,0) 6o TO 50
LSTCELST(L)
11STH{LSTC)
RETURN
50 DO 52 I=1,12
LSTE=LST(I)
IHZZIH([LSTF)
LFS=IFS+FIIFF(IHZ)
52 CONTINUE
LSTp=LST(IRR)
IHY=IH(LSTD)
IFS=IFS+FJIFF(IHY) * (VAL=(LSUM=ADRF{THY)) )/

OO0

1 AORF (IHY)
RETyYRN
END
*
*
*
SUBROUTINE NETWRK
THig 1S THE QUT=-OF=kILTER POUTINE HASED ON CLASEN'S ALGOL CODE
CHANGES wERE MADE To MAKE IT ADAPT TO THE REO'MNTS OF THE SEL~ALLO
CATION ALGORITHIM
COMMON/LOC2/ALGA ALGB s ALGMs ALGN
COMUON/BLK2/MeNe CMINe IReREFNOT» ISUM, ICM s Ce X »
1 PI+SeYsT
LCGICAL SRKTHR
INTEGZR*w My NyREFNODeQUTKIL S#2(1378) »Tx2{1376),C{1376) +CMIN,BJIJ,
1 X(1376)1PTU77)40%2013761 rHx2(1376)LUTT)RITT) s JJr AR
2 TERV,LAZDRGrORIVINIPrSSeRKP KU EPS,EPSL,ALGM ALGN,
3 De2{79) v+ Vx2({79) rALLAL(25) P ALGB(50) » Y%2(25) 1BJ»BKP
c
IR=IR+1
JUSN=AL Gh
OUTKIL=0
IF (IR.G1,1) GD TO sl
c COUNT ARCS BEGINNING AND ENDING AT NODES AND IMITIALIZE X AND PI
b T
DO 3 I=3+uM
Jilyzp
vily=0

3 CONTINYE
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81

10

15

20

DO 4 J=1lN

KS=g(J)

K55=5(J)

UIKG+2)SU(KSS+2) + 1

KT=T({J)

VIKTH#2)=v(KT+2) + 1

x{Jy=g

CONTINUE

00 5 I=1eM

PI(1)=0

CONTINUE

CUMMULATE COUNTS

ully=1

uiz2)=1

Vvily=1

vizyzl

MM=M+1

D0 g I=3suM

UILy=UlI) +U{(I=1}

VII)SV(I)aev(I~-1)

CONTINUE

S5ET UP ARC LOCATOR LISTS

LD g J=1iN

KAS=5())

MMUGZU(KASH]L)

G{MuUU) =J

RAT=T(J)

LLV=VI{KAT+1)

HILLV)=J
UIKAS+1)ITUKASHL)Y +

VIKAT+1)ZV(KAT+L) + 1

CONTINUE

NiN=v+2

LO g J=14N

K35=5(J)

K3T=T(J)

ClJy=C(J} +PI1(KBS)=PI(KBT}

CONTINUE

LDOK FOR AN QUT=OF~KILTER ARL

IF (IRWEG,1.0R,IR.GTWALGMANU IR LE ALGM+3) JJ=1
UNLESS TriIS IS THE FIRST PROBLEM THE FIRST N-ALGM=-1 ARCS ARE IN K]

AQ:O

UR’(THR:.1 RUE.

£EP5=99995999¢g

SJJ=CMIN

LJJ=0

1F (JU,LEZ ALGN)Y LJJ=ALGB(JJ)

LF (JJ G N=ALGM AND JJeNEWNT BUJSAL GA{UJ=NLALGM+L) %Y {JJ=N+A| GY41)}
IF (X{JJ) ,LTeLJJeOR,C{UJI oLTo0eANDX(UJ}oLT, BJJ
IF (X(JJ),6T, 8JJ LOR,C(JJ)eGT,0 AND, X(JJ),GT,LJJ) GO TO 30

) 60 To 25

126

IF (LJJei3,BJJ,AND.CEJU) (NELULAND BRETHRANDLEPS,NELO) GO To 25

JIS JJ+1
EP5>=9999%999g
LF (JJLE,NY BO TO 15
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25

30

35

40

42

45

So

DO 22 J=1sN
KCS=5(J)
KCT=T(J)
ClU)ZC{JI)PI(KCS)+PI(KCT)
CONTINUE

GO TO 200
TERMZS(JJ)
ORIGIN=T(JJ)
LABQRG=JJ
GO TO 35
TERM=T(JJ)
QRIGIN=S(JJ}
LABoRG==JJ
RU1y=ORIGIN

IF (+NOT.BRKTHR,AND JJ, EQ«ARIGO TO 45

ZERp QUT LABELS

00 42 I=1,M

L{IYy=0Q

CONTINUE

55=1

P=1

AAZ)J
BREKTHR=.FALSE,
LIORIGIN) = LABORG

TRY TO Lazgl, THE FDRWARD ARCS
L=R(P)

I1=ytly

INZp{l+lial

DO 51 A=il1,IN

JZ=G(A)

K=T({J)

IF (LI{K).NE.Q) B0 To 51
BJ=CMIN

LJd=gp

IF (JJLE.ALGN) LJZALGB ()

IF {J ,Go N=ALGM.ANDd oNEN) BJzALGA{Z =N+ALGV+1)xY (J «N+ALGM*L)

g eLTeLd,OR,CC) (LE«OeAND (X {) LT,
IF (L(K)._0.0.AND.(X(J) L * . L ] [ GO TO 52

6D 10 51
LiKky=Jd
552g5+1
R{56) =%
CONTINUE

TRY TO L~REL THE BACKWARD ARLS
1=y (1}

INSY(I+1)=)

D0 53 AZi1,IN

JZH(A)

K=S(J)

IF (L(K)WtEWD) 6O TD 53
gJICMIN

J=q

BJ }}
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54

53

55

60

65
70

75

80

85

87

B8

93

128

IF (JLLELALGN) LJ=ALGB(H
IF (J JBL N-ALGM.ANDedJ oNEGNI Bd = ALGA(J =N+ALGM+1)#Y(J=N+ALGM41)

IF (L(K) W EQ. 0, AND{x(U)eGTs BJ (OReCIJ) ,GEW0ANDLX(J) 6T, LJY)
1 GO TQ Sy
GO 10 53

LIKy==y

55=g5+1

R(5g)=K

CONTINUE

TEST FOR TERMINAL LABELED

IF (L({TERM).NE,0) GO To 55
P=P+l

IF SCAN LIST EXHAUSTED, NUN-BREAKTHRU
IF (P.GT.55! GO TO 90

GO 710 50

FIND FLOw INCREMENT IN CYCLE
EPSz999993599

BRETHR=« TRUE,

KT=TERM

J=1

KL (KT

KP=1A3S(KQ)

1F (K3,6T,0) G0 TO g5
KT=T{XP)

IF (C{KP),GE,0)GD Tp 75

O TO 70

KT=g{KP}

1F (C(XP),6T.0) GO TO 75
BEXP=CMIN
IFP(EPEGE_N-ALGM.AND.KD.NEoN’ BRKP=ALGA (KP-N4LALGM+1) Y (KP=N+A[LGM+ 1)
13214350 3KP =X (KP))

I¥ (EPS.sT,IB) EPS=IB

G0 TO 80

LKP=0

IF (KP,Lo ,ALGN) LKXP=ALGB(KP)
1377448 LLPm-X(KP))

Lk (2PS.0T,IB) EPS=iB
RUJ)y=KG

1F (KT.,t3,TERM}GO To 85
PR S |

G0 TO &0

INCREMENT FLOW

Up g 1=i,J

1F (R{IJ.LE.0) 50 To B7Y
NAR=zR{I}

AUNARY=X (AR} +EPS

GO 1O 88

N3aR=R(]}

X {(=N3R)Zx{=NBR)=EPS

CONTINUE

30 70 15

FIND JELTA FOR NOM=3REIAKTHRU
EP5 993499999

U0 92 JZI1,N

BJICMIN

LJdzp
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IF (JJLE.ALGN) LJ=2ALGB (I
IF (J 0L N~ALGMANDsJ o«NESNYT BUzALGALJ =N+ALGUM+L) %Y (J =N+ALGM+1)

KOS=S(J) :
KDT=T(L)
IF (L{KDS) NE.0«AND L{KDTI JEU, 0, AMD  X{J)} oL T, BJ +OR,LIKDS)+EQ«QD
1 0eANDLL(KDT) e NEageAND,, X{J! ,GT, L) GO TO 91
G0 70 92
91 LACzC(J)
I3=1A35(LAC)
92 CONTINUE

TEST FOR CASE 2
EPSZEPSL
1F (EPS+iiE,99999599g) 60 TO 9§
ILOR=L(ORIGIN)
1CJY=C (JJ)
IF (CtJJ),EQ,0) GO TO 100
IF (ILOR.GE.O.AND,ICJJ,GE.0) GO 7O 100
IF (ILORWLT40,AND.ICJJ,LT0) GO TO 100
EPS=IABS(C(JJ))
CHANGE REDUCED COSTs
95 U0 955 J=1.N
KES=S5(J)
KET=T{J)
IF (L(KES) ,EQ,0.AND,L(KET}.NE,O)Y C(N=C(J)+EPS
IF (LUKES) (NE,peAND L(KET},EY,0) ClJU}=C(J)~EPS
955 COMNTINUE
CHANGZ NULDJE PRICES
IF (L{REFNGD}).EQ.D) GO TOo 97
JO 98 IS1,M
IF (L(I).EG.Q) PI(I)=PI(I)+EPS
96 CONTINUE
50 TO 99
97 JD 9B IZi,M
LF (L(IY.nEaQ) PIMI)=PI(]I)=ENMS
9  CONTINUE
99 oJdJ=CTIN
LJJ=0 C19)
F o(JJd. Lz, AL J=aLGH
i; :qj,G;,N-gEé:fANS-JJ.:t.N) BUJ=ALGALUJaNGALGM+L) *Y (JUm 4+ ALBM41)

1F (EPS.Zy,EPSLLORX{JU) L0, LJJ,0ReX(JJILER, BJJ ) GO TO 315
160 OUTKILZOUTKIL+1

GO 10 20
200 1SUw=o

NNZN=alL b=y

UO 210 J=ALGN!NN

ISURSISUM+C (U1 %X ()
210 CONTINUE

1sM1=0
216 U0 214 I=1,ALGM

IF (Y1) eE0s1) ISMIZISHMI+PI(ALGN4TI) «ALGALT)
214 CONTINUE

ISMU=0

U0 219 J=1,ALGN
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ISMU=ISMU+PI (J)*ALGZ(J)
219 CONTINUE
IF (IS1J-ISMI NE.ISUM) GO TO 230
220 RETyYRN
230 WwRITE (6,231)
231 FORMAT (' PROBLEM SOLUTIUN HAS INCORRECT DyUALSY)
510p
END
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