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Abstract

This thesis describes the development and application of a decision support
system for logistics strategy modelling. The decision support system that is
developed enables the modelling of logistics systems at a strategic level for
any country or area in the world. The model runs on IBM PC or compatible
computers under DOS (disk operating system).

The decision support system uses colour graphics to represent the different
physical functions of a logistics system. The graphics of the system is machine
independent. The model displays on the screen the map of the area or country
which is being considered for logistic planning.

The decision support system is hybrid in term of algorithm. It employs
optimisation for allocation. The customers are allocated by building a network
path from customer to the source points taking into consideration all the
production and throughput constraints on factories, distribution depots and

transshipment points.

The system uses computer graphic visually interactive heuristics to find the
best possible location for distribution depots and transshipment points. In a
one depot system it gives the optimum solution but where more than one

depot is involved, the optimum solution is not guaranteed.

The developed model is a cost-driven model. It represents all the logistics
system costs in their proper form, Its solution very much depends on the
relationship between all the costs. The locations of depots and transshipment
points depend on the relationship between inbound and outbound
transportation costs.

The model has been validated on real world problems, some of which are
described here. The advantages of such a decision support system for the
formulation of a problem are discussed. Also discussed is the contribution of
such an approach at the validation and solution presentation stages.
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Glossary of Terms

Barrier A barrier is a line within the confines of the modelling
area such that a journey is unable to pass through that
line, but must go around it. A barrier might be a river,

some sea, mountains etc.

Customer A customer is the final delivery point for products and the
point at which no further distribution costs are taken into
consideration.

Depot A depot is any site from which products are distributed to

customers. There are two types of depot: distribution
depots and transshipment points.

Distribution Depot
A distribution depot is any depot that distributes products
to customers and receives products directly from factory
and has the ability to hold the Inventory stock. It is also

known as a warehouse in this dissertation.

Factory A factory is any site at which products are manufactured
and from where they are transported to depots for
distribution to customers. A factory may also be used to
represent a point of importation into an area such as a
sea port at which the goods arrive.

Hazard A hazard is an area within the confines of the modelling
area that, when a journey is caused to pass through that
area, the journey is caused to increase in distance
according to the penalty factor for that hazard.

Product A product is the subdivision of a product range or
product group for production and distribution purposes.



Product Group A product group is a number of similar products which
can be treated in the same way for the purposes of

distribution strategy modelling.

Transshipment Point:
A transshipment point is a point that enables the

distribution of products to customers and that receives
products directly from distribution depots. It has no

facility to hold inventory.
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Chapter One

Introduction

1.0 Introduction
In this chapter the background, objectives and outline of the dissertation will

be discussed.

1.1 Background

A recent survey of 380 manufacturing companies in the U.S.A established
that over 25 % of the respondents planned to increase their logistical
modelling applications, [Bowersox 1987]. As the number of companies are
increasingly using logistic models, the search for a prototype, user friendly
and reasonable cost model increases. User friendly because another survey on
the development and use of mathematical models by the National Science
Foundation [Fromm et al 1974] concluded that Seventy five percent of these
models could only be operated by the original development team. Furthermore,
despite strong efforts in model and program documentation, actual policy use

of these models other than by the original designer has been minimal.

1.2 Objectives of the Work

The main objective of this thesis is to develop a visually interactive prototype
decision support system for logistics system modelling. The system is
intended to be sufficiently flexible to model any part of the world, It should
be able to utilise high resolution computer graphics technology and
optimisation in screen display. The system should be able to run on a
personal computer (PC) under disk operating system (DOS) and when new

operating systems are available it should be able to run under these.

The personal computer is used to make the model available for small
companies which otherwise may not be able to benefit from the combined use
of operational research, computer graphics and information technology. In the

age of portable computers the model should also be portable and should be
useable in any part of the world.
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The system should be able to model real world problems. The model should
be able to handle realistic logistics and distribution networks and adequate

number of customers, depots and factories.

This decision support system should be used by managers who would like to
test various options for their distribution system. The model should optimise
for allocating the market area to the distribution depot taking into
consideration the network cost from factory to market area. For the

movement of depots it should use heuristics to find the best possible location,
therefore the model algorithm should classified as a hybrid.

1.3 Summary of the work completed

The Logistics Strategy Model (LSM) that has been developed is able to model
one thousand customers, fifty distribution depots or transhipment points ,ten
factories and ten different products. The system is based on visually
interactive graphics. It communicates with users through the screen by using
the arrow keyboard and mouse. The interactive procedure is used during all
processes such as drawing the boundary lines between the depot, showing the
intensity flow of the demand from factory to depot and between depot to
transhipment points. All " what if " strategy can be design by visual
interactive means. The modeller is able to modified the number of depot,
customer and source points on the screen by using arrow keys. The developed
model also visually displays the movement of depots during the search for the

best location place in the serving area.

1.4 Outline of Dissertation

This dissertation describes the development of a visual interactive graphics
decision support system to assist the logistician in strategic planning for
distribution systems. The model could also be used for other facilities location

problems such as post office, hospital, police station and fire station.

In chapter two logistics systems and their structure and logistics system
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elements and their functions are discussed. The decisions involved in the
design of a logistics system are described. The details of different logistics

channels are also given in this chapter. The different costs of a logistics
system and their interrelationship and their effect on total cost are fully

described.

Chapter three describes the state of the art in modelling techniques for
distribution and logistics. It covers physical interactive models, mathematical
models, visually interactive models and the application of models to solve

real world problems.

Chapter four reviews the state of the art in computer graphics, software,
hardware, and input and output devices. It also describes the state of the art
in cartography as it relates to computer map representation. The graphics
package HALO and programming language Fortran which are used to develop
the LSM are also described in this chapter.

Current developments in distribution modelling are discussed in chapter five.
The purpose built models and spreadsheet models which are being used at
present in the logistics industry and in the academic environment are

described.

In chapter six operations research techniques such as optimisation
simulation and heuristics are described, their advantages and disadvantages
are explored. The reason for adopting the hybrid modelling approach for LSM
are given. The results of a survey is provided, comparing the visual

interactive model with noninteractive models and gives a detailed account of

visual interactive model use.

Chapter seven describes the model that has been developed, covering the

major modelling aspects, the algorithms, allocation procedures , trunking cost,
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local delivery cost, warehouse cost, inventory cost, extra distance calculation
for hazards and barriers. It also describes the procedures for drawing the
maps and boundary between the depots. This chapter provides a detailed
account for best possible location search for a depot and different demands

forecasting options.

Chapter eight describes the basic files required to run the system. It gives
examples and particular formats for each file which is used to run the LSM.
It also provides a comprehensive detailed account for each subroutine, its flow

charts and how each subroutine works and its contribution in LSM.

In chapter nine the model validation is described. This includes the
application of the (LSM) to some real world case studies some problems are
highlighted and particular features of each case study are presented. The
LL.SM special features which helped to design the presented solutions in a

specific form are described.

Chapter ten provides a critique of the model, describing some of its

drawbacks. An indication of area for future works and further development

are discussed.

Chapter eleven summarise the major features of the work undertaken and

draws the final conclusions. The original aspects of the work are also

discussed.
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Chapter Two

Logistics Systems and Structures

2.0 Introduction

In this chapter different factors related to logistics systems and functions are
discussed. These include, the different definitions of logistics system
structure, logistics system elements and their functions. Also described are
the decisions involved in designing a logistics system, different channels of
distribution and logistics systems. Finally the different costs of a logistics

system, the inter-relationship and effects on total system cost are described.

2.1 Logistics System and Structure
In this section the different definitions of a logistics system and its structure

are discussed.

2.1.1 Definition
A logistics system has been defined in different text books and academic

journals, some of the definitions are as follows:

" A logistics systems contains many interactive elements, and includes
activities whose performance is affected by time lags; its elements are affected

by randomness and unpredictability, employ information and data, embody

component and organisation. "
[Geisler et al 1963]

"The logistics system of a firm includes the total flow of materials, from the

acquisition of raw materials to the delivery of the finished product to the
ultimate user. "

[Magee 1967)

" A physical distribution system embraces all of the physical handling

required between the point of production and the point of consumption of a



given material or product.”
[Saunders 1969].

"A physical distribution system consists of several interactive activity centres
or subsystems among which trade-offs in cost, service, and flexibility exist.
These sub-systems are often referred to as components of the physical

distribution system.”
[Bowersox et al 1971]

" A logistics system is the logical conceptual arrangement of the functional
areas of an operation which moves goods, or information from one location to

another. The system includes all movement from the shipment of the raw

materials to the final resting points of the end products.”

[Mossman et al 1977]

"Logistics system may consist of trunk vehicles, warehouses, delivery vehicles,

maintenance workshop and human resources."

[Davis 1977]

" A physical distribution system could be characterised as the function which
relates to the efficient propulsion of goods flow between producers and
customer in a such a way that goods reach a customers in the right place and
at the right time with right cost."

[Pools van Amstel 1987]

These are some of the definitions which are described in the literature. The
interesting aspect to observe is how they have developed with time. The
different components of interaction have been recognised and important
factors such as cost efficiency is also included in later definitions. Therefore
the logistics system for this dissertation is defined as follows:
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" The function which moves goods efficiently and effectively from production

plants to market areas and customers location.”

2.1.2 Structure Of Logistics System.

Logistics system structures can and do differ quite dramatically between one
company and another, and one industry and another. The logistics system
structure usually consists of the structural design, planning, performance and
control of all transportation, handling, storing and packaging procedures and
these facilitate the flow of the product from suppliers to the customer,

including the related flow of information.

Rushton defines the structure of a physical logistics system as the:-

" Flow of material or product, interspersed at various points by stationary
intervals. This flow is usually indicated by some form of transportation of the
product. The stationary periods are usually for storage,or to allow some
change to the product to take place ,manufacture, assembly, packing, break

bulk,etc. Also the cost and flow of information related with above operations."
[Rushton et al 1989]

They also illustrated their defined structure graphically which is depicted in
Figure 2.1. Their structure considers the movement of material from

originator (supplier to raw material supplier) to the end user, this structure
has recently been known as a "total supply chain ".

Waller describing the DSS ( Distribution Strategy Simulator), defined the
distribution system structure which is shown in Figure 2.2 [Waller 1987].
This structure considers the movement of goods between the factory and from
factory direct to customer and also from factory through a network to the

customers.

Eilon defines the logistics system structure which is depicted in Figure 2.3
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[Eilon et al 1971]. This structure considers the distribution from factory to

depot to customers. It does not consider the raw materials or production

process at the factory.

The product flow network and the information network combines to form a
conceptualised logistics system structure, which is depicted in Figure 2.4

[Ballou 1970]. This structure also includes the information flow and interflow

between the facility system structure.

Davis considered the logistics system structure as a distribution chain which
is shown graphically in Figure 2.5 [Davis 1977]. In this structure it considers
the movement of material from the material suppliers warehouse to retail
branch outlet. It does not include the information flow and product inter flow
between the facility.

Pools van Amstel’s logistics system structure is depicted in Figure 2.6 [Pools
van Amstel 1987]. It considered physical distribution from finished stock at

manufacturing plants to the retail stores.

Bowersox [Bowersox 1978] divided the logistics structure into three possible

categories, (a) echelon system structure, (b) direct system structure (c) flexible

system structure. These are now explained;

2.1.2,1 Echelon System

The term echelon implies that the flow of products or material proceeds
through a series of consecutive locations as it moves from origin to final

destination. Such steps involve the accumulation of inventory in warehouses.
Thus the essential characteristic of an echelon system is that inventory is

stocked at one or more points prior to arrival at its final destination.

Two common echelon patterns are the establishment of break bulk and

consolidation warehouses in physical distribution systems. The break-bulk
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warehouse receives large volume shipments from a variety of suppliers for

sortation into combinations required for individual customers or retailers.

The consolidation distribution warehouse is normally operated by an
enterprise that produces product lines at different production plants.
Consolidation of all products at a central point makes it possible to ship large
volumes of the completed products together. Echelon system structure is

shown in figure 2.7 [Bowersox 1972].

2.1.2.2 Direct System:

Contrasting with the echelon pattern structure are systems structures
operating direct to final destination from one or a limited number of central
inventory accumulations. Direct-distribution enterprises find that their
particular marketing efforts can be best supported by a central inventory
from which customers orders are filled. Direct-product-distribution often
utilizes the high-speed transport and electronic order processing to overcome
geographical separation from customers. Direct system structure is depicted

in figure 2.7 Bowersox [1972].

2.1.2,3 Flexible System:

The most common logistical systems are those combining the principles of the
echelon and direct systems into a flexible operating pattern. Inventory
selectivity is encouraged in the design of such logistical systems. Some
products or materials may be held in warehouses, others may be distributed
directly. In many cases, the nature, composition, or order size may determine

the location from which a customer will be serviced.

For example, one enterprise supplies after-market replacement automobile
parts to support its new-car distribution, Its system is designed to hold
warehouse inventories at various distances from prime markets. The slower
the part turnover the more centralised the inventory. The slowest moving

parts are held at the central location, which directly supplies the entire world.
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A second enterprise, which supplies industrial replacement parts, follows a
completely opposite distribution policy. In order to rapidly meet unexpected
demands, this enterprise holds inventory of sufficient quantities of all slow

movers at each distribution warehouse.

From the above discussion the overall logistics structure may be defined as

" The movement of goods and information from production plants to the
distribution depots and to the customers and also from factory to distribution

depot to the transhipment points to the customers ."

2.2 Logistics System Elements and their Function.
The major logistics system elements include inventories, transportation,

warehousing, communications and control systems and human resources.

2.2.1 Product Inventories

Inventories are carried as a buffer between transportation, manufacturing,
and processing operations to permit economical and effective system
operations. Products may be stored where they are made and also at various
points in the field, that is, closer to the consumer. Products in storage are not
dead or inactive, but are critical to the effective operation of the system.
Products in storage permit the system to accommodate unexpected or chance
variations in demand or output at any point. Products in storage also permit
an individual manufacturing or transportation activity to operate on a time
cycle or with quantities of the product adapted to its particular
characteristics, with less need for the activity to accommodate its operations

to the requirements of proceeding or following activities.

2.2.2 Transportation and Local Delivery
Transportation includes from factory to distribution centre ,from distribution

centre to transhipment point, from transhipment point to customer and also
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from distribution depot to customers and from factory to customers. In most
cases goods are delivered from factory to distribution depot in bulk or trunked
and from distribution depot to customer is delivered in small orders. If this
perception is correct, the cost of local delivery is higher than trunking
delivery. The important aspect to consider is the trunking versus local

delivery and the type of vehicle which is used in each case.

2.2.3 Warehouse/Distribution Depot
Warehouses may be factory warehouses, regional warehouses, local

warehouses and field warehouses.

Warehouse Function:
Rushton defines the following function for a warehouse [Rushton et al 1989]:

Goods in
¢ Receipt - unload, temporary hold;

¢ Check - correct goods received, grade, package,
- quantity, quality, damage or shortages;

¢ Record receipts and discrepancies;

¢ Unpack, repack if necessary;

¢ Decide where goods are to be located.

Main store - reserve stock
¢ Locate goods in reserve storage area:

¢ Confirm goods location to control function;
¢ Issue goods to replenish order picking stock.

Order picking - forward stock

¢ Select goods from order picking stock to meet customer orders:
¢ Pack and check:

¢ Packaging material store.
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Marshalling
¢ Assemble goods by customer, or by vehicle load.

Goods out

¢ Load - loading facilities for vehicles;
¢ Despatch - vehicle schedules.

2.2.4 Communications and Control System

Any logistics system is managed by an intricate communications and control
subsystem. This subsystem processes orders from purchaser or user to
supplier as well as instructions to move or ship materials. It also maintains
the status record of materials either on hand or anticipated. The control
subsystem makes decisions based on these communications and records to
initiate the order or movement of material. Although the communications
and control subsystem is often most difficult to identify, its efficiency is most

critical to the effective operation of logistics system.

2.2.5 Human Resources

Not all of the logistics system is encompassed in physical facilities -
warehouses, transportation, telephone lines, and computers. The system also
includes and effects the people. People who are related with logistics system

such as drivers , salesman, warehouse operators and warehouse managers

ete.

The above is very brief description of the logistics system elements.

2.3 Logistics System Decision

Today, greater logistics system possibilities and changing cost structures have
forced a re-evaluation of past choices of system elements. Structural changes
in the transportation and storage industry, increases in costs and technical

advances have caused changes in the cost and availability of the

transportation services, Modern communication and information processing
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techniques have also introduced possibilities for much greater speed and
complexity of information transfer and handling and thereby, for new system

operating techniques design to achieve tighter and more sophisticated control.

Logistics systems differ from one to another in physical form, location of
factory sites and functions ,warehouses, modes of transportation and so forth
,and also in operational policies and techniques. The following is the
summary of the decisions in logistics systems. All of these decision in the end
affect the customer service or service policies (the customer service has a

different concept for each company).

Christopher identified six decision areas within the total logistics approach
[Christopher 1972]; Facility location or Warehouse or Depot location,
Inventory allocation, Transportation, Communications, Unitization and

Customer service levels.

Ballou’s definition of logistics system decisions include a transportation
system, a storage system, a material handling system, a packaging system,
a production control system, and physical location of each of these to the
other [Ballou 1973]. They may be described in more detail as follow:

A. Transportation
(1) Mode and service selection:
(2) Carrier routing.
B. Inventories
(1) Stocking policies;
(2) Record Keeping;
(3) Purchasing;
(4) Short-term sales forecasting.
C. Customer service
(1) Needs and wants:

(2) Response.
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D. Order Processing/Information Flows
(1) Order procedure;
(2) Information Processing;
(3) Data analysis.
E Warehousing
(1) Space determination;
(2) Stock layout and dock design;
(8) Stock placement;
(4) Warehouse Configuration;
F Material Handling
(1) Equipment Selection;
(2) Equipment Replacement;
(3) Order picking;
(4) Stock storage/retrieval.
G Protective Packaging For
(1) Handling;
(2) Storage;
(3) Protection.
H Production Scheduling
(1) Aggregate production quantities;
(2) Sequencing /timing or production.
I Facility Location
(1) Location,number,and size of facilities;
(2) Allocation of demand to facilities.

Magee considered in much more detail the decisions related to the design of
a logistics system [Magee et al 1985]. They were as follow:

2.3.1 Number and Location of Plants

A logistics system may have one plant, mill, or factory, or it may have
several, The location decision may be forced by material availability or may

be made to reduce the labour dependence. If there is more than one plant,
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these may serve geographical markets and may make complementary product
lines, or the product line may overlap only in part. Related variables are the
numbers and location’s of suppliers. Most companies have limited capability
to influence the supplier patterns and therefore must locate plants to
minimize inbound transportation cost in conjunction with operating, outbound

transportation and other costs.

2.3.2 Number and location] of Warehouses:

A warehouse may be maintained at each factory, or a few warehouses may
be set up as a central point or points to receive the products of suppliers or
the output of the plants. These warehouses consolidate and ship combined
lots of products. Field warehouses may be set up to improve the speed of the
service to markets and reduce the transportation cost. In addition, however
subsidiary warehousing cenfres, depending on the product and market
concentration, may be set up to serve special needs, such as requirements of
a major customer or local distribution in a major market., Changing the
number and location of the warehouses will change the number of customers
who are close to warehouses and thus the service provided to customers, and
also will change the total cost of warehouse and inventory and the total

system cost.

2.3.3 Modes of Transportation

The decision maker may chose among a variety of modes such as ship, truck,
air-freight, less than carload, less than truckload, express, parcel post, and
possibly other means. He or she may choose among common carriers, contract
carriage, or transport owned and operated by the firm (third party
distribution). These transportation modes have different cost, different time,
different reliabilities, and different handling and packing characteristics and
as a consequences the designer’s choice of transport mode influences other

parts of the logistics system and ultimately the cost and service level of

customers.
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2.3.4 Communications

The facilities in the system are linked by a communications and control
network as well as a transportation network. Choices for communications
service over links in the system include the mail, cable, telex, exchange
telephone and high-speed computer to computer links (electronic data
interchange), each with its own time, reliability, and cost characteristics. In
the past most communication links in the physical distribution system were
served by the mail and telephone. Some type of direct transmission is most
common today. The choice of transportation and communication services and
the choice of physical facilities, have a strong influence on one another and

on logistics system.

The above are major decisions of the logistics system but by no mean
complete. There are some operational decision such as product availability,
service reliability, product stocking location, product design and the nature

of product that also need to be taken in account.

2.4 Channels of Distribution
"The distribution channel is the least understood area in the logistics".
[Bowersox 1973]. This is no longer true because a great deal of research has

been carried out since this statement. In this section the definition and

structure of distribution channels and their impact on logistics systems will
be described.

2.4.1 Definition of Channel

A number of definitions of channels of distribution have been made as follows:

The American Marketing Association defined the distribution channel as:-

" the structure of the intracompany organisation units and extra company

agents and dealers, wholesale and retail, through which a commodity,

product, or services is marketed ."
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[Alexander 1960]

Theodor et al defined the distribution channel as :-

"a grouping of intermediaries who take title to a product during the

marketing process, from first owner to last owner."
[Theodor et al 1962]

" A channel of distribution comprises all the institutions involved in moving

goods or services from producer to end user or consumer.”
[Wills et al 1972/73]

Bowersox defined the distribution channels-;

" The logistical channel consists of a number of independent enterprises

which combine to deliver product and material assortments to the right

location at the proper time."
[Bowersox 1978]

Magee et al stated-:

" The distribution channels serve as the link between manufacturers and the

ultimate consumers or users of a product, and these channels perform a
variety of functions as part of that link, including sales, marketing,

promotion, credit, order taking, customer service, customer relations, and

merchandising.”
[Magee et al 1985]

Rushton et al provided the following definition:-

"The physical distribution channel is the term used to describe the method
and means by which a product or a group of products are physically
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transferred, or distributed, from their point of production to the point at
which they are made available to the final customer. In general, this end
point is a retail outlet or shop or factory, but it may also be the customer

house because some channels by pass the shop and go direct to the

consumer.

[Rushton et al 1989]

Therefore the physical distribution channel may be define as:-

" The physical distribution channel is composed of terminal nodes, such as
factory and shops and intermediate nodes, such as distribution depots,

transhipment points and the links between them, represented by freight

movements"

2.4.2 Channel Types and Structure
The functions performed by distribution channels are divided amongst

manufacturers ,wholesalers, and retailers. The functions assigned to these
participants vary considerably among industries and even among companies
within an industry, usually dependent on the product, size and geographical

location of the company.

There are several alternative channels of distribution that can be used, and

a combination of these may be incorporated within a channel structure as
depicted by Rushton et al [Rushton et al 1989] and given in figure 2.8, Some

of these are described in detail as follow;

Manufacturer direct to retail shop:
In some case when full vehicle load is being sent, manufacturer use this

channel and deliver its direct to customers.

Manufacturer via manufacturer’s warehouse to retail shop:

This is the classical distribution channel and most widely employed in
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distribution industry. In this structure the manufacturer holds his products
in a central distribution depot or in a series of regional depots. The products
are moved in large vehicle to the depots where they are stored and then

broken down into individual orders which are deliver to the customers.

Manufacturer via retailer warehouse to retail shop or store:
This channel consists of the manufacturers supplying to central or regional
distribution centres. These distribution depots are run by retail organisation

and they deliver goods from these depots to their outlet in their own vehicles.
Manufacturer via distribution service to retail shop:

In this case, third party distribution company picks goods from manufactures

and by using its own distribution depots networks, deliversit to the required

destination.

2.4.3 Effects on Logistics Systems

Great emphasis is now placed on the need for developing a total systems
approach to logistics. The components of distribution channels are the
components of a logistics system. Changes in logistics technology and, in
many cases, increased emphasis in total quality by many firms (including
quality of customer service) have had a profound effect on the structure of
distribution channels and the roles performed by the various participants.

This has, in term, been of consequence to the design of logistics system as
whole,

2.4.4 Just-in-Time (JIT) and " Pull Systems"

For many years supply chain has been seen as an extra inventory, providing
a buffer for production or transport problems. Since the 1950’s Japanese
production philosophy of JIT or "Pull-System" have been gaining support and
popularity. In more recent years the advantages of JIT in the supply chain
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have been increasingly.

JIT is very simple in concept. Its goal is to produce, assemble or move exactly
the right quantity of goods at exactly the right time, in order to have zero
inventory throughout the entire supply chain [Saw 1990]. JIT 1s called a "pull
system" because the despatch of finished goods pulls parts through the
process by the vacuum left behind. Other methods are called "push system”
if they push raw materials or components into the process regardless of how
much finished product is being despatched. This leads.to high levels of

inventory.

JIT methods have been known to fresh food producers for many years, and
were chosen by the early mass production car makers. But 1t is since 1950
that Japanese have adopted the JIT philosophy and have perfected various
techniques for applying it. The best known is 'Kanban’ which was developed
at Toyota. 'Kanban’ uses cards to trigger action from an upstream
manufacturing or purchasing process when, and only when, the down-stream
supply is depleted. It demands high quality, low breakdowns, short lead times
and small batch sizes. The price for JIT is a low level of contingency, and

some excess capacity to meet peak demand.

Although it is easy to understand in principle, JIT is very difficult to
implement in practice. Throughout the supply chain, right back to the
supplier or sub-contractor, small quantities of high quality goods must be
available at the right time. This will usually only come from long term
contracts and detailed planning information. Production processes have to be
changed to balance lines, worker must be flexible, layouts changed and parts
delivered to the point of manufacture. Designs have to be changed to ensure
maximum flexibility; machining and assembly systems are required to change

from one model to the next with minimum set-up.
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2.5 Logistics System Cost

When planning or running a logistics operation it is important to be cognizant
of the key costs that are involved in the total logistics system and how these
cost interact with each other. The integral parts of the logistics system
necessarily interact with each other to form the system as a whole. Within
this system, it is possible to trade-off one element with another, so gain an
overall improvement in the cost of effectiveness of the total system. An
understanding of the make-up and relationship of these key costs is thus a
vital bond to successful distribution planning and operations. The following
cost of a logistics system will be considered; warehousing cost, transportation

cost, inventory cost and total system cost.

2.5.1 Warehousing cost

Warehouse costs depend primarily upon the volume and nature of
throughput, together with storage and handling methods employed. They may
also depend upon a number of other factors such as place of location and
percentage utility of the warehouse space, and technology employed. The total

warehousing cost is combination of above.

2.5.2 Transport cost

The cost of transport depends primarily upon the type and amount of goods
carried from location to location, the method or mode of transport, and the
distance between locations. Where more than one location is served on a
single vehicle trip, the separation of cost becomes more difficult. Clearly, the
positioning of the depots in the system will affect the source and destination
locations served by the transport function, and transport cost may therefore
vary significantly with the number and location of the depots. The transport

cost may be divided into two categories, local delivery cost and trunking cost.

2.5.2.1 Local delivery cost

Local delivery is concerned with the delivering orders from the depots to the
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customers. The cost of delivery is related to the distance that has been
travelled. The distance is divided into two types.

a) Zone distance; The distance travelled during the delivery zone.
b) Stem distance: The distance between depot and delivery zone.

If the zone area and the number of customers in the area are fixed, zone
distance remains the same whatever the distance from supplying depot.

'Stem’ distance varies according to the number of depots in the system.

2.5.2.2 Trunking cost

The trunking or primary transport element is concern the supply of products
in bulk (ie in full pallet loads) to the depots from the central warehouse
/production point. The overall cost of this type of transport is affected by the
number of the depots in the distribution system. This cost normally increase

as the number of depot increase in the system.

2.0.3 Inventory cost

The formulation of inventory policy is fundamental to determing the stock
hierarchy on which a warehouse structure might be based, and indeed the
distribution study should ideally be carried out hand in hand with an

inventory study. Costs clearly vary with the depot structure, and are

sometimes represented implicitly as part of the warehousing costs and

sometimes separately.

2.5.4 Total Distribution cost

By its very nature, a logistics system operates in a dynamic and ever-
changing environment. This makes the planning of a logistics system a
difficult process. By the same token it is not easy to appreciates how any

changes to one of the major elements within in a distribution structure will
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affect the system as a whole. One way of overcoming this problem is to

understand the total system as well as their internal relationship to each
other. Rushton et al [Rushton et al 1989] states that;

" Total distribution cost analysis allows this approach to be developed on a
practical basis. The various costs of the different elements with in the system
can be built together to provide a fair representation, not just of the total
distribution cost itself, but also of the ways in which any change in the
system will affect both the total system as well as other elements within the

system."

Total cost against the number of depots in the system is plotted by Rushton
et al [Rushton et al 1989] and depicted in figure 2.9.

2.6 Conclusion

In this chapter, definition of logistics system structure and how these evolved
with space of time are discussed and different definitions are recorded from
the literature. The distribution structure and its components and logistics
systems elements and their functions are described in details. The decisions
involves to design a logistics systems such as location of depots, selection of
mode of transport and type of vehicles and means of communication are
given. Different definitions of distribution channels from the literature are
stated and explained. Also their impacts on a logistics systems are discussed.
The different cost of a logistics system are described. In each case a detail
account 1s provided for each cost. The total cost has been plotted against the

number of depots in literature and has given here.
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Chapter Three

Literature Review

3.0 Introduction

The warehouse location problem with its associated distribution management
issues is not new to the science of the operational research and management.
The literature spans well over four decades. As with many classes of problems
in management science, the distribution/location problem is very diverse.
Models in this class range from a very simple single commodity linear
deterministic formulation to multi-commodity nonlinear stochastic versions.
It is the purpose of this chapter to review some of the more significant work
which has contributed to the present state of knowledge. This chapter has
been organized in order to progress from physical models through to
mathematical models, visually interactive models and concludes by describing

the application of these models in a practical environment.

3.1 Physical Interactive Models

Physical interactive models were the most important techniques for depot
location before the advent of digital computers. In this section centre of
gravity models, electric analogue models and models which were developed

by using mechanical analogue will be reviewed.

3.1.1 The Centre of Gravity Method

The centre of gravity method is also known as a grid method or centroid
method and has been employed for depot location for some time [Keffer
1934, E.C.D 1967]. This method has been extensively referenced in the
academic literature as an approximate method of locating a fixed facility
[Ballou 1973]. The centre of gravity method is essentially a single facility
location procedure. It involves determining the X and Y co-ordinates for a
facility that is to receive goods from and to distribute goods to a number of
points. A grid is placed over the supply and demand points and the
computations are keyed to the grid coordinate locations of the points. The
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location of the facility is then found by solving for the location in the
horizontal direction (X) by

L ViR, X,
T ViR,

and in the vertical direction (Y) by

I, V,RY,

Y w
TV,R,

Where
XY = the grid coordinate locations of the facility;
X,Y, = the grid coordinate locations of the supply
and demand points;
V; = the volume flowing from or to the
supply or demand point;
R, = the transportation rate to ship Vi from

or to the supply or demand point.

D

R
W1 Depot W2

Customer 1 Customer 2
Figure 3.1

Eilon et al considered two customer problems [Eilon et al 1971], where the

weight of the customers are W1, and W2 respectively and the two are
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distance D apart as shown in figure 3.1. If the depot is located at a variable
distance x measured from customer one , then the moment of the system

with respect to depot is given by:

MaWlx+ W2 (D-Xx)

OR

M= (W1-W2) X+W2D (3.1.1.1)

Differentiating with respect to x

M _ (w1-w2)

dx

Thus if W1 > W2 then x must be made as small as possible in order to
minimise the value of M; therefore

x=0
namely the depot should be located at the site customer one. Similarly, if
W1l< W2 ,then the depot should be located at customer two, while for W1 =

W2 any point between the two customers will yield the same result.

Consider now the centre of gravity for this system. The result for X is given
by

v o BWXy _ w2D
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Here the x values are measured from customer one and therefore X1= 0.
The moment of the system M,,6 at the centre of gravity is given by
substituting Xo for X in equation (3.1.1.1). Hence

v - _(W1-W2)W2D
X0 “(Wi+W2) +W2D

_ (2W1W2D) (3.1.1.2)
(W1+W2)

To show that centre of gravity is not necessarily the best place for the depot

they consider the three cases:

i) If customer one demand is greater then customer two
(W1 > W2) then , the depot location for minimum costs is at the site of the

customer one. The moment M, of the system at this location is given by

M, = W2D (3.1.1.3)

The moment at the centre of gravity is given by the equation (3.1.1.2); hence

the ratio of the moment at X, to the minimum is

Myo (2W1W2D)

M, (W1+W2)W2D
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2 Wl

> 1
Wi+We

i1) When both customers have equal demand ie (W1 = W2) and are equal to
W then any point x between the two customers will give the minimum value.
Therefore equations (3.1.1.1) for H_ is reduced to equation (3.1.1.3) so that

Yoo = 2W1

-1
M, Wl+We

Thus when W1 is equal to W2 then centre of gravity corresponds to the

minimum value of the objective function.

1ii) When customer number two’s demand is greater than customer number

one’s (ie W2 > W1) then as shown above, the result is given by :

Mo 2We

> 1
M, Wl+We

Vergin et al also proved that centre of gravity does not give an optimal
solution [Vergin et al 1967). They stated that when the tonnage at each
destination does not vary by a large amount the centre of gravity produces a
result quite close to the optimal locations but when there is considerable

disparity then error in this process increases rapidly.

The error in the centre of gravity model was investigated by Ballou and
results are shown in figure 3.2 and 8.3 [Ballou 1973).

Figure 3.2 was produced under the following conditions: unequal weights,

randomly selected points and linear transportation rates.
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Figure 3.3 was produced by using unequal weights, randomly selected points

and tapered transportation rates.

The following conclusion may be drawn from Ballou’s results [Ballou 19731,
The error in the centre of gravity model decreases as the number of supply
and demand points increased in the location problem. Supply and demand

points configuration greatly affects the accuracy of the centre of gravity

model.

Error in Gravity Method Vs Number of Points

70

Average % Error from Optimal

3 5 10 15 20 25 35 . BO
Figure 3.2 Number of Points

As shown the centre of gravity model does not give the optimum or least cost
location. The reason for this is that grid models treat horizontal and vertical
distances as independent of each other and also centre of gravity method
minimise the d* In fact the hypotenuse of the distance triangle is the relevant

distance on which to base the location analysis.



3-7

Error in Gravity Method Vs Number of Points

Average % Error from Optimal
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Figure 3_3 Number of Points

The major disadvantages may be summarised as follows:

It may give a near-optimum solution but it does not guarantee the optimum
solution [Ballou 1973). A certain amount of distance distortion results from
placing a rectangular grid over the spherical earth. This distortion increases
with the size of the geographical area being studied [Lewis 1870].
Transportation costs employed are assumed to be directly proportional to
distance and it is further assumed that the same proportionality constant
applies in all directions. In reality this relationship seldom exists in an exact
sense [Scott 1970]. It assumes that the solution includes only one
transshipment location or it assumes arbitrary boundaries to produce
multiple transshipment locations within each arbitrary zone. It assumes that
the straight line distance between two points is representative of actual
distance. It ignores processing cost differentials at different facilities. It
ignores capacity constraints, service requirements, multilevel service
requirements and multilevel logistical systems. It yields answers that are
often impractical locations: the middle of a lake or desert or a point far from

transportation services. It assumes given shipment volume out of each plant.
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It does not provide the means to estimate how far from the optimum is the
calculated cost. It does not provide the sensitivity analysis. It assumes one

product or a uniform mix of products throughout.

However such a method has some advantages in that it overcomes some of
the computational difficulties, and it is perhaps the easiest of all single
facility models to use [Bowersox 1962]. It gives good first approximations to
least cost solution. It will give the optimum solution for a single facility when
there is perfect symmetry in the arrangement of the market and supply
points. That is, the point from the pattern of a perfect square, equilateral
triangle, regular polygon, etc., and the mathematical product of demand
multiplied by the transportation rate is equal for all points. Vergin et al
estimate that on the average the grid method will give results that are 6.2
percent greater then the optimal location cost [Vergin et al 1967). A 6% error
may be worth accepting for the benefit of the simple and easy to use location

methodology.

3.1.2 Electrical Analogue

In Distribution System Modelling, all cost functions may be modelled by using
a physically visually interactive electric analogue. The first such system was
used by Brink et al which employed the vector function [Brink et al 1957].

The problem they considered was as follows;

= number of customers (i = 1,...,n)
customer locations = (x,,,%,,)
m = number of distribution depots (§ = 1,...,m)
Distribution centre locations = (y;,,y;s)
Demand of customer i = Di
crow-flight distance= | x -y |

Cost from Distribution centre j to customer i = Cij
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Cij'D.tf'x"-le (3.2.1.1)

They used an especially designed electric analogue which only treated certain
types of problem involving two-dimensional scalar fields. It was particularly
useful for problems in which total scalar.field ® (x,y) was due to given
distribution of N elementary field ¢, (x-x,,y-y,), where i=1,...,n and (x,,y,) is
the original location of those fields. In their analogy the coordinate (x,,y,)
represented customer locations, the elementary field ¢, represented the

delivery cost Cy; and the total field ® represented the total transportation cost
C.

On evaluating the total field @, they used an image scheme. First they
arranged N elementary fields ¢, at their proper relative positions. They
determined the total scalar field ® (x,y) at different point(x,y) with a single
detector which summed up the contributions of various elementary fields at
that point. The image scheme they employed utilized a single elementary field
together with N detectors positioned according to the distribution of the
elementary fields. The_;,r observed a complete symmetry between the two
schemes when the fields differed only by scalar factor and the scalar factor
was represented by the demand D,.

In their model the crow-flight distance between depot and customer was
represented by a single elementary field. They used high resistance
conducting paper on which they drew selected equipotential lines with silver
conducting paint. They imposed appropriate voltages by using a battery and
a simple voltage dividing network. They appreciated that it was not possible
to obtain a perfect analogue of the desired function, but interpolation
between the equipotential lines afforded by the conducting paper pattern
yieldled a good approximation to this function, using relatively few
equipotential lines. They stated that fidelity of the pattern is determined by

the complexity of the function, f, and the number and judicious selection of
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the conducting paint lines.

Their system consisted of N detectors, spring-loaded sliding brass pins. They
positioned the pins in a plastic detector sheet according to the specified
distribution of customer locations. They mounted a plastic detector sheet
parallel to the fixed horizontal plan of the pattern and maintained suitable
electric contact by the pressure of the springs. They moved the detector sheet
in both directions parallel to the pattern in order that the total transport cost
C may be determined at various points. They inserted N resistances, one for
each pin between the detector pins and a common terminal. The resistances
was made inversely proportional to the demands (D). They reported that
voltages sampled by the pins are on the same "scale" but the corresponding
detector current reflected the differences in demand at each of the customer

locations.

The essential features of their electric analogue are shown in figure 3.4. The
three detector pins represent the customer locations. The customer demands
are represented by appropriate resistances. They stated that by mechanical
means the detector sheet can be moved continuously in the plane parallel to
the pattern in such a way as to maintain the current meter at a constant
level. They also attached a tracing arm to the detector sheet. When they
moved the detector sheet, the tracing arm traced an irregular equi-field line

on a map or piece of graph paper. This equi-field line is an iso-cost line.

Brink’s model only deals with a single depot location and its optimisation
[Brink et al 1957]. It also calculates the cost for the depot to be located

anywhere in the market area. It assumes that transportation cost is linearly

relative to the distance.

Eilon et al described a general electric analogue model which uses the sine
wave function where Brink et al employed vector function [Eilon et al 1966].

Their model also uses the linear transportation cost and deals with a single
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distribution depot.

Hitchings developed an electric analogue based on slide wire principle
[Hitchings 1969]. In his model the distances were represented by resistors
which were made proportional to the length of the wire. The demand was
represented by resistivity of the material (dissimilar materials). In case of

similar material it was proportional to the cross sections area.

Hitching’s model’'s diagram is shown in figure 3.5. The nonlinear
transportation cost was accommodated by altering the resistors, i.e by
segmenting it into appropriate lengths, and specified the resistances of
particular lengths for stated conditions. He used the model to consider the

problem in planar and spatial states.

The major advantage of an analogue computer may be summarised as follows:

Solutions may be obtained rapidly so that detailed calculation is not
necessary. For results the electric circuit needs to be in a steady state: for all
intents and purposes this would appear instantaneously providing the model
was a static one and not a dynamic one. An electric analogue provides the
model with a certain utility which cannot easily be obtained with a digital
computer model. Change in the model’s parameters can be quickly evaluated
by adjusting a few potentiometers rather then having to rerun the model as
would be the case in the digital system. An electric analogue provides a better
representation of the network system because it can be represented
physically and does not rely on the numbers or the logic rules to constrain it.
A manager therefore finds it easier to visualise the distribution system for
this reason. An electric analogue does not rely on sophisticated hardware and
complex software. Because of its simplicity and modular nature of such a
system overheads caused by debugging and refining are not expensive
compared to the digital system. A small model can be produced with an
electric analogue and that can be subsequently integrated into a layout
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model. Thus it is possible to assess the independence of the system being
modelled. In contrast such interaction is most probably not feasible or
possible in a digital model without having to re-address the fundamental
aspects of the models. Complexity in the model such as hazards and barriers
are incorporated more easily in electric analogue models then into digital

models.

There are also some major disadvantages which may be summarised as

follows:

Whereas an analogue model is limited in accuracy it can provide a solution
due to resolution of the measuring instrument and accuracy of the resolution
of the resistor. A digital model has a clearly defined accuracy that can easily
be increased using arithmetic and greater precision. An accurate analogue
model might be expanded to provide the results to one significant figure, by
comparison a digital module using single precision arithmetic is likely to be
accurate to seven decimal places and with double precision arithmetic it will
be accurate up to 15 significant figures. Furthermore there is no theoretical
limit on accuracy achievable using the digital model, providing that software
is able to undertake the calculation with the degree of accuracy required. A
digital model which does not necessarily require any purpose made hardware
and can be run using modular concepts is now becoming very common. A
digital model is not constrained by the physical attributes of its components
eg an electric analogue model that represented cost as voltage and for which
1 volt represented £1 could not easily be used in excess of £1,000. A digital
model provides in built facility for storage or results where an analogue model
cannot easily practically store more than a very small number of trials.
Digital models can be easily interfaced with commonly used peripherals such

as graphic screens and plotters.

3.1.3 Mechanical Analogue
The distribution system also can be modelled by using physically visually
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interactive, mechanical analogue [Haley 1963]. Haley considered the following

problems:

Move a, tons (i=1...n) from n factories through a single depot to m customers
each of whom requires amounts b; tons (=1 ... m). The factories are at the
points (x,, y;) (i=1...n) in cartesian co-ordinates and the customers are at the
points (x,,;, ¥..; ) (=1...m). The position of depot is denoted by the variable co-

ordinates (x,y).

The cost of transport from the factories i to the depot are A, times the
distance between the factory and depot, and from the depot to the customer
1S p; times the distance from the depot to the customer j, both per ton. The

problem is therefore, to minimise

£ aili\/ (X"‘Xi) + (.V"'Y;) +j§1 bj'-lv j\/ (X”xj+n) + (y_yn-j)

i-1

=T wy X I Ty

i-1

where

Wir-'-'a,li i=1...n

Wi =bn,
Xion = X; 1=n+1l...n+m

Yj+n=Yi j=1-um

Haley analogue consisted of a set of (m+n) pulleys fixed at the points (x,,y,)
(i=1,..n+m) on a vertical plan, where n is the number of factories and m is
the number of customers [Haley 1963]. Strings are passed over the pulleys.
The lengths of strings are 1,,1,,...1; and the distance of the pulleys from the
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join are r,,r,,...Ts. One end of each string supports a weight W, and the free
ends are joined together as shown in Figure 3.6. The system is released and
comes to rest at a position of minimal potential energy.

The potential energy of the system relative to the x-axas 1s:

i Wi [_Vi-l;-‘f (X-‘Xi)z"' (_V"‘_Vi)z]

i-1
5 5

- T w(y;-1,)+ 2 wyf/(x-x,)+(y-y,;)*
i-1 i-1

- X wyyf(x-x,)¢+(y-y,;)¢ + constant

Haley stated that if the depot is located at the minimum potential energy
position the cost would be minimal [Haley 1963].

Burstall et al modelled the location of one or more factories by using a
mechanical analogue, as shown in Figure 3.7 [Burstall et al 1962]. Their
analogue consisted of a map mounted on the table with holes bored at a each
source of raw material and each destination of finished product. They passed
thread over each hole and the ends of the threads above the table were joined
together in one knot. They attached the weight to the other end of each
thread which was proportional to the demand at each centre. For a raw
material Burstall et al used a different weight scale to take into account the
difference in freight rate per ton between the raw material and the finished
product. They overcame friction problem by shaking the knots slightly and

stated that factory was moved to the place where transport costs were least.

The main advantages in using a mechanical analogue is that it has a visual

impact, people can see and understand what is happening.

-
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Mechanical Analogue

Figure 8.7

(Source Burstall et al 1962)
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There are some major disadvantages in using mechanical analogues to model

logistics systems. It implies a linear relationship between straight line
distance on the map and transport cost. The analogue could not incorporate
the extra cost for hazards and barriers. If distribution modelling involved
more then one depot then sub-optimality may be derived. In modelling it does

not evaluate the cost function.

3.2 Mathematical Models

The father of modern location theory was probably Alfred Weber who
published his book Uber den Standort der Industrien in 1909 [Weber 1929].
However the major contribution to the development of logistics modelling was
the advent of the digital computer. Many techniques which were developed
prior to the digital computer era were unfeasible until the computer took over

the complications of calculations necessary for applications.

This section has been organized with the general intent of progressing from
the simplest through to the more complex in increasing order of solution
complexity. This will not always follow and the order presented may be
debated by some, since the more complex models have individual salient
characteristics that make solution processes challenging. This section is not
intended to prioritize these differences. Conversely, the objective is to
illustrate the evolution that has taken place and the ever-increasing role of

management science in the distribution planning field.

Models in the distribution/location class can be broadly classified according
to

i) Whether the distribution network is capacitated or uncapacitated (arcs
and/or nodes);
il) The number of echelons (zero,single,or multiple) of transshipment

points existing between supply nodes and demand nodes;
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1ii) The number of commodities (single or multiple);

iv)  Whether costs are linear or non-linear (arc and /or node cost); and

V) Whether the planning horizon is fixed (static) or permitted to vary
(dynamic).

3.2.1 Uncapacitated Simple Facility Location Model
The simplest location model, which for convenience will be called the
uncapacitated facility location model (UFL) and also known as simple plant

location problem (SPLP) has the following formulations.

X I CiyXyy+ .Er F,Z,

IeI JeJ
Subject to
DX, u=1 J
Pl Je (3.2.1.1)
Zi-XuZO J:BI, jBJ (3-2-1.2)
Xij 5 0 (3.2.1.2)
Z,e(0,1) (3.2.1.4)
where

Xy = the proportion of customer j’s demand is satisfied by facility i,
Z 1 if facility i is established 0 otherwise.

Cy = the total production and distribution costs for supplying all of

customer )’s demand from facility 1i.
F; = fixed cost of establishing facility i.
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I.J = the sets of candidate facility sites and customer zones respectively.

UFL is a single commodity, uncapacitated, zero-echelon, linear model.
Constraints (3.2.1.1) ensure that each customer’s demand is satisfied exactly,
and constraints (3.2.1.2) ensure that customers receive product only from
open facilities. The model is zero-echelon (see chapter two) as there are no
transshipment points. The facilities to be located are the supply points (either
plant or warehouses) and how the supply is transported to these facilities 1s

no concern of the model.

The Kuehn pairwise interchange, or "bump and shift" routine, although
almost three decades old, is contemporary in the sense that the Kuehn
battery of twelve test problems has been adopted as a generic standard

against which algorithmic designers have been competing for computational
efficiencies [Kuehn et al 1963]. Kuehn et al utilize the following three

heuristic concepts:

i) The best candidate locations will be near demand concentrations.

ii)  Near optimum results can be achieved by opening those warehouses
one-at-a-time which produce the greatest cost savings for the entire
system.

iii)  Only a small subset of all candidate locations need to be investigated

in order to determine the next warehouse to open.

A main program locates warehouses one-at-a-time until no more warehouse
can be opened without increasing the total system costs. Then a " bump and
shift" routine investigates configuration modifications, specifically evaluating

the profit implications of closing or relocating open warehouses.

Efroymson et al utilized an implicit enumeration technique known as branch

and bound [Efroymson et al 1966]. The method involves a selective

enumeration which is guided at each stage by a bound on the value of the
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objective function obtained at that stage.

Let
F; = the set of plant indices that can supply customer j.

¢, = the set of customer indices that can be supplied from plant i.
n, = the cardinality of C;

K, = the set of variable set to zero.

K, = the set of binary variables set to one.

K, = the set of binary variables which are uncommitted.

The problem becomes;

Minimize Eiu Ejtc.i C'inij-l-an FiZi

Subject to

0s ¥ X;ysn;2Z2; el (3.2.1.5)
Jeecd

and (3.2.1.4).

If constraints (3.2.1.4) are relaxed, unconstrained facility location is a linear

programming problem which has an optimal solution given by

Xy =1, 1if

91y o M4 9k
Cij + ( ni ) Mlnktx_ux' [ij"' ( nk ) ]
0, otherwise
1 .
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g = Fywhen ke kK,
if g, =0then ke K

The efficiency of branch and bound in this formulation is due to the fact that
the non-integer results at each stage is an obvious solution to a simple linear
programming problem. The proof is by contradiction. Assume that an
optimum for a given stage has been achieved. Assume further that one or
more of the constraints of type (3.2.1.5) for which Z, has not been specified is
satisfied as an inequality. The value of Z; associated with such a constraint
can be decreased until the constraint is met as a strict equality. However this
decrease in Z; leads to a decrease in the term F, Z, in the objective function,
which contradicts the initial assumption of optimality. Thus at a given stage
those constraints of type (3.2.1.5) for which Z has not been specified will be
met at equalities. Substitution of these values in the objective function yields
a simple expression in X, the solution which is immediately evident. A
hidden advantage in the formulation, in addition to the fact that it terminates
optimally, is that the solution is independent of all non-linearities in the

transport cost function. Computational experience on problems with 50

warehouse locations and 200 demand area was reported.

Spielberg approached the problem from a different perspective [Spielberg
1969]. In Spielberg’s implicit enumeration scheme, all facilities are either
opened or closed. At each node, two solutionscan be generated which will
always be feasible. One solution (v’) is obtained by dropping the fixed charges
for any facility not used in the sub problem solution (flow of zero). A second
feasible solution (v") is obtained by solving a linear programming problem
with all free variables relaxed, then rounding up all fractional values on the
x's. If min(v’',v")< v*¥ where v* is the incumbent, set v* « min(v’,v"). Spielberg

reported computational results on a range of problem sizes.
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Khumawala has also been a notable contributor to optimisation models,
principally in the development of efficient branching rules for branch and
bound [Khumawala 1972]. Khumawala has proposed four criteria of a branch

selection, each embracing a pair of rules. These will be briefly described.

Delta rule:

In simplification, one delta i is computed for each free warehouse at every

node. If delta i 2 0, then the warehouse i is fixed open for all branches
emanating from the node. However, from the warehouses whose delta are
negative, those having large delta value are likely to be open in terminal
solution reached from this node. On the other hand, those warehouses having
small delta values are likely to be closed in the terminal solution reached

from this node. The two branching decision rules are based on delta are:

Largest Delta
Select the free warehouse which has the largest delta from the set of

warehouses having negative delta.

Smallest Delta Rule
Select the free warehouse which has the smallest delta from the set of free

warehouses having a negative delta.

Where using the notation defined previously,

Ai- E Aij-Fi

JeCy

and

A bt Min M X C - ?
* k'FJn(K:UK:)JkFi[ ax( k3 Cij 0)]
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Ay represents the difference in cost between opening free warehouse k and

some other free closed warehouse.

IfA 20,z =1 for all completions.

If Ay < 0, alarge delta implies that the warehouse is more likely to be open
at the terminal node. A small delta implies that the warehouse is less likely

to be open at the terminal node.

Omega Rules :
In simplification, three Omega i are computed for each free warehouse at
every node. As noted, if Omega i £ 0, then the warehouse i is fixed close for

all branches emanating from that node. However from the warehouse whose

Omega are positive, those having large Omega values are likely to be open in
the terminal solution reached from this node and vice versa. This therefore

suggests two more branching decision rules:

Largest Omega Rule
Select the free warehouse which has the largest omega from the set of free

warehouses having positive omega.

Smallest Omega Rule
Select the free warehouse which has the smallest omega from the set of free

warehouses having positive omega.

where

Q.= ¥ w,,-F
i jw,” 1

and

W,e= Min [Max(c,;=Ceq, 0
13 lejﬂK:.[ ( ki~ C4qe ) ]



3-25

wy; is similar to deltay, only the cost difference is computed just with respect

to those warehouses which are fixed open.

Y Rules:

The optimal LP solution at a node gives fractional values of Y for free
warehouse. A free warehouse whose Y is close to one will be more likely open
in terminal solution reached from the node, than a warehouse whose Y is less.
Conversely the warehouse whose Y is close to zero is likely to be closed in
terminal solution reached from the node. This leads to two branching decision

rules based on the Y’s.

Largest Y Rule
Select the free warehouse with the largest Y from the set of free warehouses
at the node having fractional Y.

Smallest Y Rule

Select the free warehouse with the smallest Y from the set of free warehouses

at the node having fractional Y.

Demand Rules:

The rationale here is that if a warehouse capable of supplying very large
demand (the sum of the demands of customers which the warehouse can
supply) is closed, this would possibly result in an unfeasible node along the
closed branch. If the closed branch does in fact generate an infeasible node
along the closed branch, no further branching is necessary from such a node.
Such a rule would therefore hopefully reduce the size of the branch and

bound tree. The two branching decision rules based on demand considerations

are.

Largest Demand Rule
Select the free warehouse which can supply the largest total demand from the
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free warehouses at the node.

Smallest Demand Rule
Select the free warehouse which can supply the smallest total demand from

the free warehouses at the node.

Khumawala tested the rule and found the largest Omega rule to perform the
best and the smallest Omega to be the poorest [Khumawala 1972]. The
Demand rules were generally po<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>