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Current business trends affecting inventory replenishment, such as Just-In-Time and
Efficient Consumer Response, often aim to reduce inventories to a minimum. On the other
hand, the commercial emphasis on good customer service may make it important to keep
inventories as high as possible. The tension between these two conflicting objectives
makes the decision of how much inventory to hold ambiguous. In practice, inventory
managers remove this ambiguity by stating clear assumptions upon which inventory
replenishment systems base their calculations. For example, managers may input the
desired level of customer service, measured as a simple percentage of out-of-stocks.
Therefore, the conventional, precise mathematics of current inventory systems does not
reflect the ambiguous nature of inventory replenishment, but rather manages around it.
This thesis develops a new type of inventory replenishment system that better reflects this

reality.

The thesis begins by identifying, through an historical analysis, the major conventional
approaches to inventory replenishment. These approaches are then evaluated and their
strengths and weaknesses identified. This evaluation concludes that a heuristic approach to
inventory replenishment that can cope with the competing objectives of cost and customer
service may prove beneficial. Such an approach may be based on fuzzy logic. Hence, a
simple fuzzy-based inventory replenishment system is developed and its performance
analysed through simulation against a simple, conventional system. The fuzzy-based
inventory replenishment system developed achieves higher customer service for the same
cost, as well as providing other practical benefits, such as more stable stock levels and

order sizes. This opens up a potentially rich area for inventory research and practice.
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An introduction

Chapter 1

AN INTRODUCTION
Taking stock of inventory

Inventory management
The word ‘inventory’ stems from the medieval Latin word ‘inventorium " meaning ‘a list

of what is found’ ! The word ‘management’ stems from the Latin word ‘manus ' meaning
‘hand’*. Thus, the average medieval Roman’s approach to inventory replenishment in any
business may well have been to maintain by hand, a list of what is found. This approach
may have been acceptable in Italian businesses of the Middle Ages but is unlikely to be

successful today. Just as the words have evolved so has inventory management.
Today, ‘inventory’ may be defined as:

‘the quantity of stock or goods etc. which are or may be made the subject of an inventory

[a detailed list of items ...with a statement giving the nature and value of each item]. .
‘Management’ may be defined as:

‘the application of skill or care in the manipulation, use, treatment, or control of things or

)1
persons.

Thus, inventory management may be defined as:

the application of skill or care in the manipulation, use, treatment, or control of a quantity

of stock or goods etc..

Inventory supply chains
All products are supplied through a chain of processes and organisations. For example, a

product may originate as raw materials. These may be sold by various suppliers to a
manufacturer who transforms them into finished goods. These finished products may then
be distributed via a number of retailers to consumers. Such supply chains are often
complex and involve a network of organisations. Within a complete supply chain there are
various points where product (or inventory) may be stored for many reasons (see Table 1).

The types of inventory stored at these various points may be classified as follows?:
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e Raw materials - materials supplied to an organisation prior to

e  Work-in-progress - goods transformed in some way from those raw materials

supplied yet not ready to be released as finished products to a customer.
e Finished goods - product available for the next customer in the supply chain.

Not all organisations hold inventory in all of these formats. For example, retailers generally

hold inventory only in the form of finished goods.

The need for inventory
Inventory is required at many points within supply chains due to differences between

supply and demand. These differences may relate primarily to supply or demand, or a
combination of both, and may be split between factors that are internal or external to the

organisation. Table 1 shows some examples of reasons to hold inventory.

Supply related issues Demand related issues

e Large batch sizes for economies of scale. | ® Demand stimulation.
d e Unreliable machinery. e Agreed contract for specific
§ ¢ Poor management/labour. customer.
S e Even batch sizes for ease of production. e Merchandising effect.
§ e Factory/distribution/retail locations. ¢ Promotional stocks.
= e Poor demand forecasting systems.
S ¢ Impulse purchases.
- e Variable supplier delivery. e Variable customer demand.
3 e Price discount on bulk order. e Available for customer to try out.
é ¢ Expected price increase. e Emergency inventory for immediate
] e Variable product availability. use.
§ e Seasonal demand.
5 e Change in economic conditions.

Table 1: Examples of reasons to hold inventory

Inventory trends
It is clear that inventory levels have generally reduced over the last 30 years or more. For

example, in the UK inventory levels have fallen from around 40% of Gross Domestic
Product (GDP) in the early 1960’s to around 20% of GDP in the early 1990°s>. At the same
time customer service expectations of supply have generally increased®. Perhaps a common

misconception of inventory is that it no longer exists in successful businesses. Although
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inventories have reduced, they still exist and are substantial, being estimated at £119 billion

in the UK alone in 1991°,

Inventory replenishment strategies adopted over the last 30 years may have helped reduce
inventories within supply chains but they have not eliminated them completely. Much of
this reduction in inventory is often attributed to the introduction of Just-In-Time® or JIT
principles, which focuses on the elimination of inventory throughout the supply chain. This
approach can provide both benefits and costs to organisations. For example, a Just-In-Time
approach may reduce warehousing and storage requirements, while increasing transport

and distribution requirements.

One of the major benefits often argued for employing Just-In-Time principles is that:

‘In the past, we have covered up our problems by means of a sea of inventory.’ !

Thus, the theory of Just-In-Time suggests that by eliminating inventory the previously
hidden problems of the business will come to the surface, such as late deliveries, work-in-

progress queues, unstable demand and so on (see Table 1).

However, it can be argued that while Just-In-Time practices have helped to improve many
areas of inventory replenishment, Just-In-Time is not a panacea for all the potential ills of
inventory replenishment. Indeed there may be a danger that the Just-In-Time gospel of the
elimination of inventory, having spread through supply chains and across industries,
becomes a dogmatic chant resulting in ever increasing and unsustainable distribution
requirements. Furthermore, inventory replenishment problems may be hidden elsewhere.
For example, delivery frequency may be increased to such an extent that if an error occurs
in one delivery it appears not to matter because the next delivery will arrive shortly
afterwards. Reducing ‘the sea of inventory’” may have helped see new areas for business

improvement, but as Archimedes found out, the water is only displaced elsewhere.

Scope of this thesis
The broad aim of this thesis is to consider the future development of inventory

replenishment in general, and to evaluate a new approach to inventory replenishment in
particular. The thesis begins by discussing inventory replenishment in the broadest
business context: both in terms of the supply chain, from raw material supplier to

consumer, and in terms of product range, from commodities to luxury goods. The thesis
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then focuses on developing a new inventory replenishment system that may be

benchmarked against an example of current theory and practice.

In summary, this thesis aims to answer the following research questions:
1. 'What are the major approaches to inventory replenishment?

2. What are the strengths and weaknesses of current approaches?

3. How might a new replenishment system build on the strengths and negate some of the

weaknesses of current approaches?

4. How does such an original replenishment system compare with a typical, current

system?
5. Isthere a future for such an inventory replenishment system?

Therefore, this research has the following aims and objectives.

Aim

This research aims:
1. To understand the major approaches to inventory replenishment

2. To propose, develop and evaluate a new inventory replenishment system

Objectives
This research has the following major objectives:

1. To identify, classify and critically evaluate the major approaches to inventory

replenishment (Chapters 2 and 3).
2. To develop an alternative approach to inventory replenishment systems (Chapter 4).

3. To compare and contrast the alternative approach developed with a typical, current

inventory replenishment system (Chapters 5 and 6).
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Overall Methodology
The methodology is primarily deductive: formulating a hypothesis and then testing it based

in the empirical world. This is appropriate and relevant to inventory management by
definition, though other approaches are employed as appropriate. The overall methodology

consists of six main stages:

1. Historical review of inventory replenishment literature to identify the major

philosophical approaches to inventory management.

2. Survey of current practitioners combined with a review of current trade and journal
articles to evaluate the theory and practice of the major approaches to inventory
replenishment, and to identify the approach most likely to yield successful

development in the future.

3. Literature review of relevant theory and practice that may be newly applied to
inventory replenishment systems to provide the foundation knowledge on which to
develop an original inventory replenishment system within the philosophical approach

identified in 2.
4. Development of an original inventory replenishment system.

5. Development of a model to test the performance of an example of current inventory
replenishment systems against the original inventory replenishment system developed

in 4. The methodology employed here is discussed in more detail in Chapter 5.

6. Reflections on the results and research process to highlight the new understanding

gained and to identify future research potential.
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Chapter 2

CLASSIFYING APPROACHES TO INVENTORY REPLENISHMENT
Time to say farewell to EOQs and Just-In-Time

Inventory replenishment decisions may be considered to be as varied as the people,
products and businesses that utilise them. By identifying the underlying paradigms of
inventory replenishment over time and placing them into a common framework, it is
possible to understand the historical development of theory and practice, and to point the

way towards future profitable research and implementation.

Fundamental paradigms
Although current classifications of inventory replenishment systems exist, they do not

provide an integrating framework for further evaluation. Typical of such classifications are

those found in Inventory Management or Operations Management texts and journals, such
as Silver & Peterson®, Wild’, Buffa & Sarin'® or Chikan' ! These classifications are based

on the replenishment systems employed, rather than on conceptual or philosophical
grounds. Although precise definitions may vary, three categories of replenishment system

are usually discussed:

— Independent demand based replenishment systems. For example, optimising costs

by calculating Economic Order Quantities (EOQs).

— Dependent demand based replenishment systems. For example, satisfying demand

objectives by employing Materials Requirements Planning (MRP) techniques.

— Time based replenishment systems. For example, reacting to external supply and

demand by employing a Just-In-Time (JIT) approach.

Any classification that can contribute to a deeper understanding of inventory replenishment
should be seen to be durable (philosophically based) rather than transient (current process

or technique based) - as well as exhaustive.

A common framework
From a basic viewpoint, any management decision can be considered to consist of two key

questions.
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1. What is the business objective?
2. How can it be achieved?

For a retailing example, see Myers, Daugherty & Autry'z. For a production example, see Li
& O’Brien"’. A durable conceptual framework for identifying the fundamental paradigms
of inventory replenishment systems must therefore take account of both the objective and
the method employed for achieving the objective. The key business objectives of inventory
replenishment can be distilled to minimising cost and maximising customer service. The
methods for achieving these objectives may be divided between direct methods and
indirect methods. Direct methods focus solely on achieving the primary objective. Indirect
methods focus on a key driver related to the primary objective. For example, costs may be
minimised by focusing on costs directly or by focusing, indirectly, on cost drivers, such as
the amount of physical inventory. By combining these viewpoints, a simple framework for
identifying the fundamental paradigms of inventory replenishment can be proposed, as

follows.

Primary business objective

Minimise Maximise
costs customer service

Indirect

Inventory
management method
Direct

Figure 1: Inventory replenishment paradigms

It is important to note that all inventory replenishment systems will take account of both
cost and customer service issues. For example, a replenishment system may exist that aims
to minimise cost while maximising customer service. However, there is usually a primary
or dominant focus. For example, an inventory replenishment system may exist that aims to

minimise costs that include the cost of stockouts or poor customer service. Though such a
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system does take account of some customer service issues, the dominant objective is to

minimise costs and hence the primary business objective is to minimise costs.

Fundamental approaches
From this simple framework, the fundamental approaches to inventory replenishment can

be identified.

A direct method for minimising inventory costs can be described as an economic approach,
where the aim is to apply models that minimise the total costs of inventory management
subject to defined constraints. Similarly, a direct method for maximising probable
customer service levels can be described as a stochastic approach, where the aim is to
apply statistical models that maximise customer service criteria subject to defined

constraints.

Indirectly, lower inventories imply lower costs and higher inventories imply higher
customer service levels. Hence, an indirect method for minimising inventory costs can be
described as a minimal approach, where the primary aim is to minimise physical
inventories. Conversely, an indirect method for maximising inventory customer service
levels can be described as a maximal approach, where the primary aim is to maximise

physical inventories.

One final paradigm should be added, where tacit knowledge guides the decision making.
This is where there is no obvious primary business objective or method, as may be
common in many small enterprises. In this situation the inventory replenishment system
employed may be based on experience, trial and error or ‘rules of thumb’, where the
primary business objective or method is not easily categorised. Such an approach to

inventory replenishment can be considered to be a heuristic one.

These approaches can be incorporated into the previously developed framework, with the

heuristic approach potentially represented in all paradigms.
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Primary business objective

Minimise Maximise
costs customer service

Minimal Maximal

Indirect

Heuristic

Economic Stochastic

Inventory
management method
Direct

Figure 2: Major approaches to inventory replenishment

These proposed approaches are exhaustive but may not be exclusive. An inventory
replenishment system may be based on a single approach or a combination of approaches.
For example, a minimal approach to cost control may be used in conjunction with a

stochastic approach to customer service.

To validate these paradigms and their associated approaches to inventory management an
historical analysis of the relevant literature is carried out. This analysis also leads to
suggest the dominant paradigms over time and so indicates future areas for profitable

inventory research and implementation.

Historical analysis
It should be noted that the following historical analysis of the development of inventory

replenishment systems is particularly influenced by documentation originating from the
USA and the UK. This is especially true of the history portrayed prior to World War 1I,
when there was arguably much more focus on national rather than international
developments in business. Many developments in inventory replenishment systems may
have occurred in other parts of the world quite independently either before or after the

dates specified here.
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Pre-1800: Maximise your assets
People throughout the world have always managed inventory. Even pre-historic people

managed inventory. They would stock food at times of plentiful supply, such as berries and
nuts, to be available for demand when supply was difficult, if not impossible. This
constituted a maximal approach to inventory replenishment systems. For all of pre-history

and most of history large inventories were generally seen as advantageous.

Until the Industrial Revolution, inventory or stock was also generally considered to be a
measure of wealth and was therefore to be maximised as far as possible. This is illustrated

by Papillion'* writing in 1677:

... usually the measure of stock and riches is accounted by money; but that
is rather in imagination than reality ... The stock or riches of the kingdom
doth not only consist in our money, but also in our commodities and ships for
trade, and in our ships for war, and magazines furnished with all the

necessary materials.’

This view also implies a maximal approach to inventory replenishment systems (i.e. keep
stocks as high as possible). Further examples of this view of inventory are provided by
Viner". Higher inventory reduces the risks associated with inconsistent supply or

demand, as well as being associated with higher wealth.

The 19" Century: Sales forecasting
During the 1800’s, the supply and distribution of goods became more organised.

Merchants typically went to purchase product once or twice a year. These merchants aimed
to buy just enough product to satisfy their customers until the next trip.'® This represented a
move away from a maximal approach towards a more heuristic approach to inventory

replenishment systems, as evidenced by Hunt’s Merchant’s Magazine'” in 1843.

‘The dealer, aware that the only means in his power to meet the obligations
is by making cash sales to a corresponding amount, becomes careful not to

buy more than he thinks he can sell.’

This can be considered to be a heuristic approach to inventory replenishment systems since

experience through trial and error may result in ‘rules of thumb’ for good practice.

10
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The early 1900’s: Scientific management
During the early 20" Century, ‘rules of thumb’ began to be replaced by a more scientific
approach to management in general. (For a seminal example see Taylor’s ‘Principles of

Scientific Management’'®

). The earliest evidence of a more scientific approach to inventory
replenishment systems dates from 1904."° However, the first well documented scientific
approach appeared in 1912 when George Babcock,?? of the H.H. Franklin Manufacturing
Company in Syracuse, New York, attempted to balance the cost of changing a production
machine against the inventory costs incurred (which depended upon the size of the
production run). This could be considered to be the first documented economic approach to
inventory replenishment systems. This example concerns the management of inventory in a

production scenario, which is often referred to as the Economic Lot Size. In more general

terms, this became known as the Economic Order Quantity or EOQ.

The original Economic Order Quantity is generally credited to Ford Harris,”! who in 1915

defined the EOQ as follows:

where Q = the order quantity or lot size
P = the total cost of preparation for manufacture or order of a lot
S = the sales over the period
¢ = the cost of producing one unit of product

k = a constant factor including interest costs (assumed to be 10% originally)

Morse?” provides an early example of this formula in practice, at the General Electric

Company in 1917.

According to Raymond®, by 1918 it had become more common for the interest rate cost
(usually assumed to be around 6%) to be separated out from the constant factor. Thus, the

equation became as follows:

v
t

Q
I

where i = interest rate

11
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k = a constant factor excluding interest costs

However, like many of the early developments of the basic EOQ model, each development
was not necessarily published and many practitioners were developing their own EOQ

models independently and may have been unaware of other simultaneous developments.

It should be noted that financial considerations per se do not necessarily imply an
economic approach to inventory replenishment systems. All firms wish to consider the
financial implications of inventory management. An economic approach focuses on the
total cost of inventory replenishment, whereas a minimal (or maximal) approach focuses

on the cost of the physical stock.

While the theoretical foundations and some early practical applications of the EOQ were

being developed in manufacturing, the First World War was creating difficulties in product

supply.

After the war many supply difficulties remained, though the demand for products was high.
This combination of low supply and high demand meant that whenever product was
available it was bought in large quantities. Thus during and after the First World War, a
maximal approach to inventory replenishment systems returned in many industries. This
created pressures on suppliers to expand their own manufacturing or buying processes,
which eventually led to a glut of inventory within the supply chain at the beginning of the
1920s.

The 1920’s: Inventory depression
The overstock within supply chains eventually resulted in the ‘inventory depression’ of

1920-1921, particularly in the USA. At this time, all elements of the supply chain, from
retailers to raw materials suppliers, were generally heavy with inventory. Eventually, this
oversupply triggered a rapid reduction in prices with many inventories suddenly becoming
worth less than originally paid for, and many businesses went bust as a result. Leverett S.

Lyon describes the mood at the time:

‘Inventories which had made men rich in the preceding period bankrupted

. o o 24
them now. Forced sales, cut prices, liquidations were rife.

The ‘inventory depression’ provided a violent swing away from the maximal approach

towards a more minimal approach to inventory replenishment systems, while

12
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simultaneously encouraging research into more scientific (often economic based) inventory

replenishment.

In the early 1920’s, the EOQ was adjusted to include other variable costs such as insurance,
rent and taxes. In 1926, Benjamin Cooper”” added obsolescence and deterioration to this

list of costs and also considered different rates of production.

In the middle to late 1920’s, the economic approach to inventory replenishment systems
was being developed both in theory and practice within manufacturing. Meanwhile the
minimal approach was often being adopted further down the supply chain, by retailers,
wholesalers and distributors. This approach was often referred to as ‘hand-to-mouth
buying’, which was described by McGill® as “steady but more frequent buying’. As time
progressed, a system of low inventories and rapid turnover was increasingly affecting the

whole supply chain.? It became common practice to aim for high stock-turn.

During the late 1920’s, there were growing arguments about the move towards a minimal
approach in inventory replenishment systems. Arguments both for and against this
approach were often put in economic terms. For example, in favour of the minimal

approach McGill® argued in the following way:

‘If you have $100,000 invested in merchandise and do a business of only
$100,000 yearly, you do not make a profit that is legitimately yours because
the interest on the investment is 36,000 and that is an expense just the same
as your rent or clerk higher [sic]. What you should do is to carry only
$20,000 worth of merchandise but still sell $100,000 worth of merchandise
annually. You can accomplish this by ordering in small quantities and often.
True, your freight bills will be a little more, but you have a tremendous

saving in the interest on your investment.’

On the other hand, Stanley Goodman®’ argued that aiming purely for high stock-turn might
result in inefficient ordering, transport and manufacture due to diseconomies of scale.

Lyon24 also noted this fact when he wrote:

‘The conclusion is inescapable that the trend toward the transaction of trade

in smaller orders and small shipments has brought added costs.’

13
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Thus a need to balance the costs of inventory replenishment systems was still thought
useful, and so the development of an economic approach to inventory replenishment

continued.

A major development occurred in the latter half of the 1920’s, when Thornton Fry*®
researched into inventory systems where demand is unknown, and therefore uncertain. Fry
introduced probability into his inventory models to take account of this uncertainty and so
began the stochastic approach to inventory replenishment systems. This approach enabled
an inventory manager to take a scientific approach to customer service requirements when
demand was unknown, thus aiming to provide adequate safety stock. This stochastic

approach was not exclusive and could be combined with the other approaches.

Many other developments to the basic economic and stochastic approaches have been

created since this time, though the fundamental concepts remain.

The 1930°s: The seminal textbook
In 1931, Fairfield Raymond?’, while working at Massachusetts Institute of Technology,

wrote what may be considered to be the seminal textbook on an economic approach to

inventory replenishment systems.
Howard Lewis® argued against the scientific approach:

‘Dissertations on purchasing [and inventory| have appeared, particularly by
those who are perhaps unduly engineering minded or mathematically
inclined, which devote page after page to the statement, elaboration, and
proof of some formula, the value of which is ruined by a very necessary
Statement, at the end, to the effect that varying conditions alter the character
of the formula and that under no condition is it to be taken as a substitute for

human judgement.’

Indeed, throughout history, it can be assumed that ‘human judgement’ has often provided
for a heuristic approach to inventory replenishment systems that has not been fully

documented.

The theoreticians may have largely ignored Lewis’ arguments but the literature suggests
that practitioners were still generally following a minimal based approach to inventory

replenishment systems in the early half of the 1930’s. This was largely due to the often-

14
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documented failure of businesses due to surplus stocks. In America in particular, inventory
became associated with dead or dying businesses, as recorded in a paper by Trundle®'
entitled “Your inventory a graveyard?’ In the depression years of the late 1930’s,
iventories generally declined even further as business finances became increasingly

constrained.

The 1940°’s: War and commerce
The Second World War brought a more immediate challenge to the management of

inventory, namely scarcity of supplies, and so the maximal approach to inventory
replenishment systems reappeared. In Europe, in particular, governments rationed many
products in order to tightly control stocks of those products and materials that were
increasingly difficult to procure. This rationing process meant that many organisations in
Europe continued to follow a maximal approach to inventory replenishment systems both

during and after the war years.

The importance of good inventory replenishment systems was emphasised during the war
years of the early 1940’s, and not only in terms of the supply difficulties. For example,
within the American Navy alone, the number of stocked items multiplied twelve-fold from

a quarter of a million to 3 million.”

In a commercial context, developments in scientific inventory replenishment systems
focused on consolidation rather than new approaches, as reflected in publications of that
time, such as Wilson’s™ combined economic and stochastic approach to inventory
replenishment systems. Other examples include Alford and Banks™** Production Handbook
and Hannon’s>” case study of substantial inventory savings brought about by the

introduction of EOQ-based methods.

Towards the end of the 1940’s the bargaining power of different players within the supply
chain was beginning to be recognised. In the automotive industry, large manufacturers
began to apply pressure to suppliers to provide quick deliveries so that the manufacturer
did not have to hold large inventories. This allowed the manufacturer to follow a minimal
approach to inventory replenishment systems, while the supplier might take a heuristic
approach or a combined economic and stochastic approach. In other industries, such as
food, retailers were often making inventory savings at the expense of the manufacturers,

through adopting a minimal approach.

15
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The late 1940’s brought about the first major marketing of inventory replenishment
systems (initially paper-based and later computer-based). One early example in 1949 is the
‘Wilson Inventory Management Plan’*’ which was based on an economic and stochastic
approach to inventory replenishment systems. The Wilson Plan was implemented by major
companies, such as General Foods Corporation and Westinghouse Electric Corporation. It

became so well known that the EOQ formula used became known as the ‘Wilson formula’.

The 1950’°s: Inventory management systems
The 1950’s could be considered to be the start of the modem era of inventory

replenishment systems. It is suggested by Whitin®® that until the 1950s new theoretical
developments in inventory replenishment systems had had little impact on business
behaviour in general. Ford Dickie’s seminal paper on ABC inventory analysis®® played a
major role in focusing inventory managers on their key product lines rather than all product
lines. The 1950°s also saw the proliferation of special cases of the EOQ to the point where
it sometimes becomes almost unrecognisable from Harris™*' original EOQ formula of

1915.

The economic and stochastic approaches to inventory replenishment systems were often
developed in combination. The economists Kenneth Arrow, Theodore Harris and Jacob
Marschak*® wrote the influential paper entitled ‘Optimal Inventory Policy’ in 1951, which
provided a rigorous mathematical analysis of a combined economic and stochastic
approach. Later, the mathematicians Dvoretzky, Kiefer and Wolfowitz*!*? also wrote
important, and often quoted papers, on the combined economic and stochastic approach.
Other techniques that were developed for managing inventory include linear
programming.*® This was generally based on an economic approach, and provided a useful
technique when planning production under certain constraints. In 1956, Lewis, Neeland
and Gourary* assembled a bibliographic summary of combined economic and stochastic

approaches.

Thomson Whitin,*> who wrote a major text on inventory replenishment systems published
in 1953, argued that there were three major reasons for the increasing transition to

scientific (economic and stochastic) inventory control:

‘First, the increasing size of business establishments....

16
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Second, during the past century there has been an enormous increase in the

amount of business training. ...

A third factor ... is the increased emphasis that has been placed on the

importance of engineers in business.’

It was suggested in the mid to late 1950°s that:

‘More operations research has been directed towards inventory control than

toward any other problem area in business and industry 46

Whitin* also noted that:

‘The formulas are, in general, applicable to merchandise of a staple, durable

nature, and not to style goods or ‘soft’ lines.’

This was an important point since the number of style goods had greatly increased during
the boom years following the Second World War. The high demand for style goods and the
impact of industrial relations problems interrupting supply caused some businesses to hold
higher safety stocks, and so move towards a more maximal approach to their inventory
replenishment systems. Indeed, wherever demand or supply can vary considerably then

safety stocks could represent the major part of inventory investment.

To counter high safety stocks and other related issues, Taiichi Ohno and Eiji Toyoda of the
Toyota Motor Corporation in Japan were developing the Just-In-Time approach to

manufacturing. As Ohno later explained*’,

‘The basis of the Toyota production system is the elimination of waste. ...

Costs really decrease when goods are produced singly or in small lots.’
‘... provide only what is needed in the needed amount at the needed time.’

This is clearly a minimal approach to inventory replenishment systems, allowing for

greater product differentiation and production flexibility.

Meanwhile in the USA, the status of the economic approach to inventory replenishment
systems was recognised in 1957 when the Government actually recommended its adoption
in an official publication“. It would be over two decades before the US automobile
industry fully adopted Just-In-Time techniques, by which time Japanese companies, such

as Toyota, would have substantially less inventory compared to their competitors®’.

17
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The 1960’s: Costs and computers
The 1960’s brought fresh impetus to the implementation of inventory replenishment

systems due to the combined effect of increased business opportunities, economic
pressures and the increasing use of computers, as described by Dennett™ at the beginning

of this decade:

‘Today the whole pattern of trading and manufacturing has changed and
quickened; locally, nationally and internationally, for in each of those

spheres competition has become more and more fierce.

In addition to facing this ever increasing pressure from without, both
manufacturer and retailer must grapple with overheads that are soaring at
an alarming pace, and to aggravate the position yet further, interest on

capital is higher than it has been for many years.’

‘In fully automatic methods...progress has been breathtaking. Electronic
computers in particular have come down from the mathematical clouds in
which they were born to the solid earth of commercial use by even medium

sized firms.’

In 1961, Eliezer Naddor’! reviewed the current status of research into the methods and
techniques of inventory control. The review concentrated on developments of Harris™*'

basic EOQ formula and made some important observations.
Naddor®! observed at this time that:

‘In most industrial applications costs are used as measures of effectiveness.’

This appears to suggest that primarily an economic approach to inventory replenishment
systems was taken during this period. This is further emphasised by Starr and Miller® who

state:

‘The analysis of inventory problems is fundamentally based on a very simple
common-sensical observation. This is that in any genuine inventory problem

whatsoever there must be opposing costs.’

Hadley and Whitin®® support the economic and stochastic approach, since their 1963 book

entitled ‘Analysis of Inventory Management Systems’ only really considers
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‘an operating doctrine which will minimize some cost expression for a

specified stochastic output.’

In his survey, Naddor®' also recognised the difficulties in taking an economic approach in

that determining the cost parameters, particularly shortage costs

‘turns out to be a difficult research problem.’

Naddor’! also lists a number of areas where there were problems with inventory
replenishment systems of the time. These include conceptual difficulties, such as defining
optimal rules and parameters; practical and operational difficulties, such as obtaining data
or dealing with shortages in delivery; as well as touching on some of the more strategic
difficulties, such as the relationship between supply and distribution. Naddor’' also noted

that:

‘When an inventory control system is put on a digital computor [sic],
...opportunities for human judgement decisions [sic] are reduced

considerably...’

Hadley and Whitin> support the practical difficulties of some of the inventory

replenishment systems of this era when they state:

‘Originally, the development of inventory models had practical application
as an immediate objective. To a large extent this is still true, but as the
subject becomes older, better developed, and more thoroughly explored, an
increasing number of individuals are working with inventory models because

they present interesting theoretical problems in mathematics.’

For example, in 1966 Feeney and Sherbrooke™* developed a multi-echelon stochastic
inventory model using compound Poisson distributions. This model was developed despite
the fact that buyers and suppliers within the existing supply chains could not realistically
share the required data (and would not be able to until the advent of Electronic Data
Interchange in the 1980’s and beyond). Thus, in practice, the heuristic approach was still
widespread. Of course, the individual (rather than generic) nature of such an approach

lends itself to a lack of formal documentation.

The 1960’s also saw the further development of Just-In-Time systems, primarily still

within Japan. In the USA and Europe, the focus was on developing Materials
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Requirements Planning™ (MRP). This is a dependent demand based inventory
replenishment system, which allows for parts or component orders by manufacturers to be
scheduled so that they arrive when required. In essence this was usually a minimal
approach but initially very different to Just-In-Time (though the two systems have
converged to some extent since that time). MRP was aimed at batch production methods,
was often computerised and accepted certain constraints, such as inventory build-up due to
order lead times. Just-In-Time was aimed at continuous production, tended to use low

levels of technology and did not readily accept constraints such as order lead times.

The 1970’s: Increasing information technology
The 1970’s was a very important decade in terms of inventory replenishment systems,

mainly due to the increasing influence of information technology allowing previous

theoretical concepts or prototypes for inventory replenishment systems to be implemented.

Major developments occurred in the 1970’s in terms of the computerisation of stock
control systems. Lines and Beart® 8 provide an example of lectures from an early 1970’s
management development programme explaining the new computer hardware for stock

control of the time, including:

‘a central processor, capable of between 5,000 and 50,000 multiplications

per second, ...magnetic tape units...or...magnetic disc units, ... a card

reader...or... a paper tape reader ... a teletypewriter...or... a visual display

unit’
This hardware was used to implement the ‘scientific approach’ to stock control: basically
Fry’s stochastic enhancement® of Harris’ original EOQ?". The use of computers allowed
for more frequent and potentially a more accurate calculation of the EOQ for many
different product lines. This increase in the number and complexity of mathematical
calculations enabled the widespread practical application of many previously developed

theories. Prior to this decade it was

‘often said of Inventory Control that the available theory leads the current

practice by up to a decade. 7

New heuristic enhancements to Harris’ original EOQ*' were also being developed, such as

Naddor’s Heuristic.*® Sani and Kingsman®® provide a recent discussion of such techniques.
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The 1970’s also saw somewhat divergent development in different parts of the world. In
the USA, the 1970’s saw the maturity of Materials Requirements Planning (MRP), while in
Japan the Just-In-Time approach to inventory replenishment systems in manufacturing

environments was continuing its development.

Although MRP had been around for some time,™ it was not until the MRP concepts were
combined with significant computing power that MRP really ‘came of age’. This is
reflected in what is often considered to be the seminal book on MRP by Orlicky® (an IBM
employee) appearing in 1975 - over a decade after Orlicky first discussed the technique.

Fundamentally MRP is a deterministic technique to inventory replenishment systems but it
is easily combined with a stochastic approach to deal with uncertainty.*® Oliver Wight®'
stated in 1970 when comparing dependent demand inventory systems, such as MRP, with

independent demand inventory systems, such as those based on EOQ:

‘It is a sign of the adolescence of our field that the literature available is in

inverse proportion to the applicability of the techniques.’

Just-In-Time (or the Toyota Production System as it was sometimes called) also became
well-known in the 1970’s. Like MRP, Just-In-Time had been around for some time both in
concept and practice. In what might be considered to be the seminal book on Just-In-Time,
entitled ‘Toyota Production System ’62 Ohno describes one of the major goals as the

reduction of inventory to as near zero as possible, emphasising minimal approach.

The mid-1970’s saw the further development of MRP applied to independent demand
items for maintenance and service inventories, and later for finished goods inventories,®
usually known as Distribution Requirements Planning (DRP). Xerox is generally
attributed® as developing the first large scale DRP system. DRP uses the MRP
deterministic scheduling logic and ‘inverts it’ to break down inventory requirements from
different distribution outlets rather than build up the inventory requirements of components

to manufacture a product.

The 1980°s: Lean supply
The 1980’s saw a continuation of the developments from the 1970’s, including the US and

Europe adopting Just-In-Time based methods.® The Massachusetts Institute of Technology
in the USA was an important supplier of information about Just-In-Time through two

major research programs: the Future of the Automobile (1980-85) and the International
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Motor Vehicle Program (1986-1990). The International Motor Vehicle Program provided
around 160 research papers as well as many spin- off projects and culminated in the
influential text ‘The Machine That Changed The World’ by Womack, Jones and Roos.*®
The generic name used in this text to describe the overall best practice was ‘lean
production’ emphasising the minimal nature of the production and supply methods

involved.

The 1980°s also saw a general trend (associated with Just-In-Time and MRP) towards the
increased integration of supply chains, including further development of complex, multi-

echelon inventory models. For example, see Clark, Trempe and Trichlin.®’

The MRP/DRP approach was also developed further (usually under the name of
Manufacturing Resource Planning, MRP 11, or Distribution Resource Planningég), both in
terms of extensions to functionality and in terms of increasing computerisation®. An
example of this type of approach is that of the Lotus Development Corporation that
claimed to have reduced overall inventories by 10%’ through the adoption of a DRP

system in the mid-1980’s.

MRP was still essentially a minimal approach, though often with stochastic or heuristic
enhancements designed to take account of variations in supply or demand. For example,

see Brown’' (1986) or the later paper of Coleman & McKnew’” (1991).

The late 1980°s brought the further application of Just-In-Time down the supply chain, via
‘quick response’ (QR) logistics.” This is a minimal approach to inventory replenishment
systems (though often with stochastic enhancements) that first began in the clothing
industry. Early examples of the QR approach include Levi Strauss and JC Penney in the
USA.”* Quick response is heavily dependent on the quick exchange of sales information
between the retailer and supplier. This quick exchange of information became possible

during the 1980’s through the use of Electronic Data Interchange (EDI).

Some problems with a minimal approach to retail inventory replenishment systems were
also identified at this time. Retail inventory does not exist solely for demand servicing
(satisfying sales) but also for demand stimulating (creating sales), thus a minimal approach

must take account of this requirement for ‘psychic stock’. ">
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The 1990°s: Minimise stock; maximise service
In the 1990’s most of the effort into inventory replenishment systems continued to focus on

a minimal approach, though often combined with a stochastic approach to provide a

counterbalance in terms of customer service requirements.
As Donald Waters’® (1994) states:

‘The main objective of inventory managers now is to minimise stock levels,

while maintaining an acceptable level of service.’

Waters goes on to show that since the 1960’s stocks have declined - presumably as a result
of the dominant minimal approach. This is further reflected in the fact that techniques used
in inventory replenishment systems have largely converged. For example, the ‘time
buckets’ used in MRP or DRP calculations are now so small that they resemble (and are
often combined with) a Just-In-Time or QR method for inventory replenishment systems.
These reductions in lead times are mainly the result ofithe implementation of EDI and bar-
coding systems allowing information to be shared easily, accurately and quickly within a
supply chain. The latest ‘label’ for a range of inventory management techniques requiring

such technology is Efficient Consumer Response (ECR).

ECR was developed in the early 1990’s by Kurt Salmon Associates’’ in the USA for the
grocery industry, though many businesses, such as Sainsbury’s in the UK, claimed to have
already employed many of the techniques involved’®. ECR is a combination of many
processes that usually include: EDI, Continuous Replenishment, Computer-Assisted
Ordering, Flow-Through Distribution (cross-docking), Activity Based Costing and
Category Management.” ECR focuses on a minimal approach to inventory replenishment
systems, though with some stochastic elements and has laid claim to substantial reductions

in inventory.80

ECR also recognises the role of demand management®' in minimising inventory,
particularly in areas such as product promotion. Demand management is not a new
concept, with documented elements in both marketing (for example, Kotler™ in 1973) and
distribution (for example, Higgins® in 1980). However, this has become increasingly
possible to manage as information systems have developed. For example, see Landvater®.
This is likely to grow further as more customer-specific communication links and
information becomes available via emerging channels, such as the Internet and digital

television.
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Dominant paradigms and associated approaches
The historical analysis appears to validate the proposed framework and classification of the

major approaches employed in inventory management. Furthermore, it is clear that
fundamentally new approaches to inventory replenishment have not been developed since

the 1920s. However, the importance of any particular approach has varied over time.

Historical synthesis
Before mass distribution and mass production, the dominant inventory issue was the

relative scarcity of products, and so inventory replenishment focused on procurement.
Hence, during this time, the maximal approach to inventory replenishment was dominant.
As distribution channels began to evolve, the dominance of customer service issues
reduced. With scant information available, inventory replenishment often followed a

heuristic approach.

As a result of the development of mass production and the associated ‘scientific
management’ in the first half of the 20" Century, direct measurements of inventory
objectives were developed, and so the economic and stochastic approaches to
replenishment came to dominate inventory management thinking. However, in practice,
much of this thinking could only be implemented on a relatively small-scale, either due to
the lack of relevant information, such as consumer demand or accurate costings, or due to
the lack of processing power that was required for some of the more sophisticated
developments. Meanwhile, the development of mass production and distribution channels
had resulted in inventory surpluses, triggering a devaluation of inventory and a focus on
costs. Hence, the minimal approach to replenishment came to dominate, eventually leading

to the ‘Depression Years’.

World War I1, and to a lesser extent the First World War, interrupted the commercial
evolution of inventory management, by cutting existing supply lines. Thus, a temporary

return to a maximal approach dominated at these times.

Following the Second World War, developments in inventory management diverged. The
reasons for this divergence are not fully explored here, though they are probably due to
cultural and technological differences. At this time, Western cultures and their associated
IT development may have been more aligned to reductionist inventory replenishment
systems, and hence the economic, stochastic and minimal (MRP-based) approaches were

important. On the other hand, Eastern cultures and their lack of funds may have been more
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aligned with holistic inventory replenishment, and hence the dominance of the minimal
(Just-In-Time) approach. In any case, these views eventually converged. Western
companies came to recognise the importance of a holistic view in improving product flow
within the supply chain, and Eastern firms began to develop leading-edge IT and thus
adopt successful reductionist practices. Thus a combined minimal and stochastic approach
appears to have become dominant in large organisations that actively manage product flow
through the supply chain and possess powerful information processing capability. This
combines an indirect method of minimising costs through improving product flow, with a
direct method of maximising customer service through employing information processing
power. This allows the often competing objectives of minimising costs and maximising
customer service to be pursued at the same time. However, the minimal approach may be
seen as more dominant than the stochastic approach because the indirect, minimal
approach may cover all aspects of inventory management, including structural aspects of
the supply chain, while the direct, stochastic approach is only focused on customer service

measurements.

This historic analysis is summarised in the following diagram:
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Dominant approaches
This historical analysis of commercial inventory management suggests that the dominance

of any particular paradigm and associated approach appears to depend primarily upon
product flow within the supply chain and information processing capability. Indirect
methods relate to product flow, while direct methods relate to information processing. In

particular:
e A minimal approach dominates inventory management where product flow is good.
e A maximal approach dominates inventory management where product flow is poor.

e An economic approach may dominate inventory management where powerful
information processing is available. However, where product flow is good, then a

minimal approach will take precedence.

e A stochastic approach may dominate inventory management where powerful
information processing is available. However, where product flow is poor, then a

maximal approach will take precedence.

e A heuristic approach may be so individual that no universal statement can be made.
However, where information processing is poor, then a heuristic approach may be

employed.

Product flow is more important than information processing because it may cover all
aspects of inventory management. However, the ease of product flow may partially depend
upon information processing power. Moreover, product flow and information processing
capability are dependent upon many external factors, such as economic development, wars

and so on.

In general, issues of both cost and customer service must be considered. Hence, the
relationship between the dominant approaches to inventory replenishment and product

flow and information processing can be generalised as follows.
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Figure 4: Dominant approaches to inventory replenishment

Inventory replenishment systems in the 21" Century
When contrasting inventory replenishment in the early and the late 20" Century, arguably

the most important developments have occurred in information technology. These
developments have enabled information to be shared throughout the supply chain, thus
improving product flow, and the realisation of many sophisticated techniques to be applied
to very large numbers of products, through increased information processing capability. In
the 21% Century, as technologies improve further allowing for learning and adaptation
rather than just calculation, this opens up the real possibility of generic systems finding
their own solutions to inventory replenishment problems. This may enable a heuristic
approach to be developed that is able to deal with the competing (though complementary)
business objectives of minimising costs and maximising customer service. Furthermore,
there is relatively little documented research on pure heuristic approaches to inventory
replenishment. Therefore, heuristic approaches to inventory replenishment represent both
an important and potentially rich area for future research. Before considering such an
approach, it is important to critically evaluate the strengths and weaknesses of all the

approaches identified.
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Chapter 3

EVALUATING THE MAJOR APPROACHES
The mismatch between theorists and practitioners

Five major approaches to inventory replenishment have been identified: maximal, minimal,
economic, stochastic and heuristic. By considering the relevant literature, this chapter
evaluates these major approaches in theory and practice. A survey of current inventory
practice helps to understand the reality of implementing the approaches. A survey of
current research papers then considers whether researchers are addressing this reality, and

hence are likely to produce some relevant, new inventory solutions in the near future.

Documented strengths and weaknesses
Based on published evidence, each of the defined approaches to inventory replenishment is

now evaluated with respect to both theoretical and practical considerations.

Economic approach
The economic approach aims to minimise the total costs of inventory replenishment. In

theory, this minimisation of overall inventory costs appears reasonable. Any business
wants to minimise total costs where possible in order to make best use of available
resources. The basic EOQ proposed by Harris** has been developed to cover a multitude of
situations, as any good text or journal on inventory replenishment will show, for example

Silver & Peterson® or the Journal of the Operational Research Society.

However, this approach is based on many impractical assumptions. Some of these
assumptions may be valid in theory but are difficult to apply in practice. Fundamentally
this approach assumes that all business issues can be accurately measured in financial
terms, including areas of cost shared with other business operations as well as ‘softer’

issues such as customer goodwill or business strategy.

The major criticism from practitioners of any economic approach is that cost estimations
are often debatable, difficult to calculate and imprecise as a result. It should be noted that
inventory managers always use a financial approach of some kind, though this is not

usually the rigorous application of economic theory.

29



Evaluating the major approaches

St. John® referring to economic lot sizing studies calculating order quantities or order

periods makes this strongly worded plea:

‘...authors, researchers, software companies and practitioners alike ...
[should] direct their attention to subjects that really need attention. There
are some significant payoffs to be achieved in other areas that are going
unexplored while some of the most brilliant minds in our profession continue

to pollute the literature with more and more lot sizings studies.’

It is worth noting that researchers have recognised these problems from the early
development of the economic approach. In 1931, Raymond®® noted many difficulties,

including the following:

‘A controversy rose among accountants...as to just what cost figures should

be employed for the evaluation of inventories.’

‘There arose a desire to eliminate, if possible, the necessity of employing the
rate of consumption or sales demand in the formula in order to avoid errors

in estimating future sales requirements.’

‘Objections were raised over the fact that economic lots often indicated as
economical an increase in inventory values when experience and financial
facts showed conclusively that an increase in capital turnover was

paramount.’

In summary, the following major criticisms can be made of the economic approach in

practice:

o The cost of ordering inventory is usually based on a relatively crude calculation, such as
the total cost of order processing staff and estimated relevant overheads divided by the
total number of orders placed. This calculation not only suffers from providing average
cost figures but also requires judgements as to which costs should be included and

which excluded.

o The relationship between the cost of ordering inventory and the numbers of orders
placed is usually assumed to be proportional and therefore continuously linear, though

in reality such costs are more likely to be incremental and discontinuous. For example,
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staff costs tend to change incrementally as one staff member is recruited or made

redundant.

¢ The cost of holding inventory is generally based on a crude calculation such as interest
rates plus an opportunity cost and perhaps an obsolescence charge. All of this
calculation relies on the judgement of the manager involved, and so completely different

figures could be equally defensible.

¢ The relationship between the cost of holding inventory and the value of inventory is
usually assumed to be proportional and therefore continuously linear, though in reality
such costs are more likely to be incremental and discontinuous. For example, warehouse

costs tend to change incrementally as extra warehouse space is employed.

e The cost of being out of stock is often based on an easily accountable short term cost
such as lost profit on the sale, perhaps with some extra cost representing the loss of
‘goodwill’. However, in reality the cost of being out of stock may range from the

complete loss of that customer and potential customers to no effect whatsoever.

It is clear that there are many practical difficulties in applying the economic theory of

minimising total inventory costs.

Stochastic approach
The stochastic approach to inventory replenishment aims for customer service criteria to be

met by modelling uncertain demand using probability distributions. In theory, these
probability distributions allow for the random process of demand to be described using

statistics of the long-run averages. However, this assumes that demand is random.

In practice, the uncertainty of demand may not be random due to marketing intervention,
which is designed to stimulate demand. For example, sales targets and marketing
promotions aim to influence demand®” and therefore alter demand in a non-random way.
Similarly merchandising factors, such as the amount or location of inventory displayed,
may alter demand® in a non-random way. In competitive environments, similar initiatives
by competing retailers may also influence demand. Even in parts supply, where there might
be expected to be random events, such as machine failures, there is still great scope to

influence demand. For example, the rate of machine failure may be influenced by some
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planned maintenance, the introduction of a new replacement part or a change in the

machine operator.

It can be argued therefore that since organisations generally want to try to influence
demand (usually in order to increase sales) they will often intervene and hence often alter
demand in a non-random way, thus making a stochastic approach to inventory
replenishment fundamentally flawed in theory. Evidence of this flaw might be recognised
by the large number of extensions to stochastic (and often economic) replenishment
systems (for example, see Feng & Xiao™). This suggests that the fundamental model is

weak and therefore requires frequent modification to cope with each individual situation.

Furthermore, stochastic models rely on being able to agree measurement criteria for
customer service. However, customer service can be measured in a number of ways, not all
of them quantitative. Stochastic models therefore tend to focus on a few (and sometimes a
single) quantitative aspects of customer service, such as number of stockouts or percentage

of time stock is available.

On the other hand, the increased use of information technology makes it relatively easy to
employ stochastic inventory replenishment. Frequent calculations applying complex
probability distributions are made easy through the use of up-to-date software and
hardware. Though this does not override the theoretical flaw identified above, in practice it
may be that a stochastic approach sometimes provides a reasonable way of managing

inventory-based customer service.

Minimal approach
The minimal approach aims to minimise inventory levels. In theory, the minimal approach

encourages changes in supply to more closely (if not exactly) match changes in demand
thus reducing the need for inventory. In effect, this theory reduces the ‘gap’ between

supply and demand and so appears fundamentally sound.

However, this theoretical approach ignores the fact that holding stock may influence
demand®’. It might be argued that holding stock might not influence demand if supply lead
times were zero but this ignores the potential need to ‘try out’ a product before acquiring it.
For example, most clothes are bought in shops where they can be tried on for size, texture,
colour and so on before purchase. This reflects some of the different reasons for holding

stock.
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The minimal approach may also have a potentially detrimental impact on cost. In theory, it
may be argued that minimising inventory reduces rather than increases cost but this is not
necessarily the case. For example, transport frequency and associated costs may be

increased disproportionately to meet a reduction in inventory.

In practice the minimal approach is often an important element of a wider management
strategy such as Just-In-Time’ manufacturing or Quick Response™ retailing. There is
evidence that this approach has reduced costs and improved customer service
simultaneously’'. However there is some disagreement with this claim,’” especially over
how minimum stocks and costs should be measured. Furthermore, a minimal approach is
not useful in circumstances where the cost of holding inventory is seen as secondary in

importance to the prevailing conditions of supply or demand, such as:

e FEmergency demand, for example, holding drugs in stock to meet unscheduled demand

may be the difference between life and death.

e Convenient demand, for example, holding a bottle of lemonade in stock to meet

unscheduled demand may be the difference between a sale or no sale.

e Impulsive demand, for example, holding sweets in stock may be the difference between

attracting a customer to purchase and not.

e Economic supply, for example, holding stock as a result of efficient batch production at

a factory may be the difference between profit and loss.

It is clear that there are many reasons for not applying the minimal approach to inventory

replenishment.

Maximal approach
A maximal approach aims to maximise inventory levels. The maximal approach is justified

in theory where inventory costs are outweighed by the customer benefit. This is often the
case where a product may appreciate in value by stocking it, for example, historic works of
art. Of course, it is a poor theory where inventory costs outweigh the customer benefit, for
example, where products are likely to depreciate in value by holding them in stock, such as

Information Technology or dairy products.
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The main difficulty in employing a maximal approach lies in deciding upon which goods
will appreciate and by how much; in other words, risk management. In practice the
maximal approach may therefore be used in conjunction with a stochastic or heuristic

approach in order to take account of the risk involved.

Heuristic approach
It is difficult to generalise about the myriad of heuristic approaches developed. Each

individual heuristic approach may be difficult to justify in theory and practice, except in
terms of results, assuming it works successfully. Moreover, any heuristic approach might

only be applicable to the specific business situation for which it has been developed.

Summary
By summarising the main documented criticisms of the major approaches to inventory

replenishment, it can be argued that no one approach is fundamentally sound both in theory

and practice for all business situations.

In theory, the economic approach appears sound, while the maximal and minimal
approaches appear sound only in particular business circumstances. The stochastic
approach appears to be fundamentally weak, while the heuristic approach tends to lack

theoretical underpinning, by definition, and may not be generally applicable in any case.

In practice, the economic approach can be difficult if not impossible to employ effectively.
However, the stochastic approach is relatively easy to apply, and may be seen as successful
despite its theoretical flaw. The minimal, maximal and heuristic approaches all usually

require an element of compromise in practice, which may be difficult to justify objectively.

In summary, none of the current approaches appear strong both in theory and practice. The
economic and stochastic approaches appear to have fundamental flaws, while the minimal
and maximal approaches are theoretically sound only under certain conditions. The
heuristic approach may offer the potential to cope with the competing objectives of
minimising cost and maximising customer service, while being easy to implement, but it

may be considered difficult to justify or apply generically.

Current inventory replenishment systems in practice
To consider how inventory replenishment is currently practised in business, both the

practitioners of inventory replenjshment and the providers of inventory replenishment
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software were surveyed. The survey of practitioners aims to provide a general
understanding of inventory management issues and to show which approaches to inventory
replenishment are most likely to be applied. The survey of inventory replenishment
software providers aims to show which methods are commercially available and so may

suggest current potential practice.

Method of analysis
The survey of practitioners was carried out in a three-stage process:

1. Initial discussions were held with 6 inventory managers in order to develop a postal

survey.

2. A postal survey was then sent out to 186 inventory managers with whom the University
had current links and therefore who might be more responsive and frank in their
replies. This survey aimed to explore the major practical issues involved in inventory
management. Completed replies were obtained from 34 respondents (see Appendix A
for details). These respondents represent different levels of the supply chain:
manufacturers and suppliers (44%), wholesalers and distributors (12%), and retailers

(50%). A range of market sectors are also represented, as shown in Figure 5.

Qil, Chemicals & Automofive &
Drugs . .
18% Engineering
21%
Clothes & Shoes
12%
Home & DIY

12%

ooks & Stationery
6%

Food & Drink
31%

Figure 5: Major market sectors sampled
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All of the respondents represented significant businesses, having a minimum of £1
million annual turnover and many having an annual turnover of several £100 million.
Thus the survey considered businesses with major inventory replenishment

requirements and resources.

3. Follow-up telephone discussions were used to confirm information and (following the
classifications developed in the historical analysis) to classify the primary

approach(es) to inventory replenishment employed by the practitioner.

The survey of inventory replenishment software providers was also carried out in a three-

stage process:

1. Initial discussions took place with 12 inventory software providers, chosen at random
at the Logistics and Supply Chain Systems trade show, to understand the mechanics of
their particular software. The vendors chosen offered packages or major elements of

integrated packages focusing on inventory replenishment (see Appendix B for details).
2. A review of trade literature provided on the 14 packages covered was then undertaken.

3. Telephone discussions were used to confirm information and (following the
classifications developed in the historical analysis) to classify the primary approach(es)

to inventory replenishment potentially available using the specified software.

The size of the samples are limited primarily by practical constraints, though this is not
fundamental as the results are intended to be indicative rather than statistically significant.
The samples are also limited in range, in that only major businesses are represented in
order to deliberately bias the research towards businesses with major inventory

replenishment decisions or software and the resources to invest in them.

Current practice
The results of the survey of major practitioners showed that inventory replenishment

practice focused on the following areas:
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empbhasises the flexibility of software provision to cater for all types of practitioners,
regardless of approach to inventory replenishment. It also reflects the potential of EDI and

Extranets to enable a minimal approach.

It should be noted that some overlap between the software survey and the practitioners
survey may exist. However, practitioners may not use all of the software facilities available
to them. Hence this survey of software providers indicates potential rather than actual

practice.

Comparing the survey of practitioners with the evaluation, it appears that organisations

implement what is currently practical rather than what is theoretically rigorous.

Current theories on inventory replenishment
In order to consider current research issues, recent journal publications were analysed to

identify the current focus of inventory replenishment research.

Method of analysis
This analysis was carried out in three stages:

1. Keyword analysis — Keywords used in the ANBAR online indexes of abstracts of recent
journal articles (see Appendix C for details) were analysed to identify an appropriate
sample of recent research papers. The keyword analysis on the ANBAR system resulted
in 764 journal articles found which mentioned inventory. Of these articles, 91 had
‘inventory’ as their main subject area of which 5 were not related to product/material

inventory.

2. Text analysis - The text for each of these remaining 86 papers was read in order to
identify the major approach(es) under investigation. This classification is based only on
the approach under investigation and not the context of the paper. For example, a paper
investigating an EOQ model that assumes a stochastic context would be identified as
research into the economic approach only. On the other hand, a paper investigating
stochastic customer service measures albeit in the context of an EOQ-based system
would be identified as research into the stochastic approach only. A paper would have to
investigate aspects of both a stochastic and an economic nature for it to be considered as

research into both of these approaches.

38









Evaluating the major approaches

frequently on the more universal concepts of the economic and stochastic approaches
rather than the more individually applied joint minimal and stochastic approaches to
inventory replenishment. Furthermore, the more clearly structured economically-based
approaches could be considered to be more straightforward to research when compared to

the potentially more open questions of minimally-based approaches.

Assuming that current theory is an indication of future practice, suggests a move towards a
joint economic and stochastic approach or a single-minded minimal approach. However,
from the previous evaluation, it is suggested that the economic approach is fundamentally
impractical, the stochastic approach fundamentally lacking in theory, and the minimal
approach requires compromises to be made in practice. Thus, rather than focusing on
developing new theories that may be put into practice in the future, researchers appear to
be focusing on developing old concepts that are fundamentally flawed, either in theory or

practice.

On the other hand, a dominant heuristic approach appears to have been largely ignored by
researchers. While there are issues of universal applicability, a heuristic approach may
offer the most potential to cope with the competing objectives of inventory replenishment
systems (minimise costs, maximise customer service) and practicality. This chapter
therefore concludes that future research into inventory replenishment systems should move
away from the current focus towards a more heuristic approach, which may better reflect

the reality of inventory management.
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Chapter 4

A HYPOTHESIS
Fuzzy notions

Successful inventory management requires a replenishment system that will cope with the
often-competing objectives of minimum cost, maximum customer service and practicality.
This requires the ability to integrate competing concepts. For example, an individual
product may be considered to be both overstocked and understocked simultaneously. A
product may be overstocked in terms of operations criteria, where the objective may be to
minimise costly inefficiencies.”® At the same time the product may be understocked in
terms of marketing criteria, where the objective may be to provide high levels of product

availability and hence good customer service. **

This apparent conflict is a reflection of the complexity of business and can be illustrated in
the following diagram, which provides a simple example of how a firm may have a

common objective at the strategic level but conflicting objectives at an operational level.

Level Objectives Consistency
Business The firm Consistent
Maximise profit

I
{ |

Eunction Marketing Operations Consistent
Maximise sales Minimise costs

Macro Customer choice Product lines held Inconsistent

inventory decision Maximise range Minimise range

Micro Customer service Product stockholding Inconsistent

inventory decision Maximise depth Minimise depth

Figure 9: Business objectives and contrasting inventory requirernents

Firms recognise these conflicting requirements, and often manage them by a series of

trade-offs, such as lower customer service for lower cost. These trade-offs may be
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conscious choices or the result of focussing on one or more criteria at the expense of other
factors. For example, by concentrating on reducing lead times, transport costs may rise as a
result. While such trade-offs may be modelled and new scenarios simulated, the chosen
level of trade-offs is based on a combination of market conditions, the firm’s business
strategy and ultimately management judgement and experience. This decision making
process is founded on imprecise reasoning rather than a wholly precise science, which
enables the decision making process to simultaneously cope with the competing objectives

of minimum cost and maximum customer service while remaining practical.

This thesis aims to explore whether inventory replenishment systems may be developed
that better reflect this fuzzy reality rather than current conventional inventory

replenishment systems which are based on bivalent logic.

The bivalent weaknesses of current approaches
Bivalent logic assumes that every statement is true or false. In the early part of this century,

Alfred North Whitehead and Betrand Russell”> showed that most mathematics reduces to
this form of logic. For example, the simple statement 5 + 6 = 11 is considered true whereas
9 + 3 =2 is considered false. The major approaches to inventory replenishment systems
used today are based on this bivalent logic. However, this bivalent logic can be seen to be a

consistent source of weakness within the major approaches to inventory management.

The economic approach to inventory replenishment assumes that costs can be measured
precisely. In reality, this fails when two different but equally valid costing systems suggest
different stock holding levels. This is a result of imposing a precise, bivalent ‘straitjacket’
on what is a much fuzzier problem. Similarly, the stochastic approach assumes that
customer service can be measured precisely. Furthermore, this approach assumes that
demand is randomly distributed over the long-term, when in reality the demand pattern is
much fuzzier because it is subject to a great deal of human intervention. The minimal
approach to inventory replenishment focuses on treating inventory as a cost to avoid
without necessarily recognising conflicting objectives, such as high levels of customer
service. At its purest, the minimal approach assumes a precise, bivalent environment rather
than imprecise, multivalent and fuzzy reality. Similarly, the maximal approach to inventory
replenishment focuses on treating inventory as an asset without necessarily recognising
conflicting objectives, such as other opportunities for investment. So, in its purest form, the

maximal approach also assumes a precise, bivalent environment rather than imprecise,
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multivalent and fuzzy reality. In contrast to the other approaches, the heuristic approach to
inventory replenishment includes such a wide variety of techniques that some may be
based on bivalent mathematics while others may be more fuzzy and less well-defined. It is

therefore impossible to make an all-inclusive statement regarding this approach.

In summary, conventional inventory replenishment systems that tend to rely upon bivalent
mathematics appear weak. The use of a heuristic approach based on fuzzy rather than

binary logic may prove to be more beneficial.

Bivalent and fuzzy models
In classical set theory, based on bivalent mathematics, an individual object is either a

member of a particular set or not. It cannot be both a member and a non-member of a
particular set at the same time. For example, the number 2 is a member of the set of all
integers. In bivalent logic it cannot be a member and a non-member of this set. Neither can

it be a partial member of a set. It is wholly a member or not at all.

On the other hand, a member of a fuzzy set may be a partial member rather than restricted
to being a whole member or a non-member. (In fact, bivalent sets are special cases of fuzzy
sets where membership is either 100%, a whole member, or 0%, a non-member.) This
multivalent mathematics allows for varying degrees of membership of the set on the real
continuous interval [0,1]. A fuzzy set is defined by its membership function. (See Ross”®
for a general discussion of fuzzy sets in theory and application). Zadeh’” developed the

notation that is commonly used to describe fuzzy membership functions as follows:
Hy (x ) € [0’1]

where A (the conventional set symbol A4 with a tilde underneath) represents the fuzzy set

~

and the symbol 4 , (x) represents the degree of membership of element x in fuzzy set 4.

~
~

Bivalent overstock and understock
In conventional inventory replenishment systems, which use bivalent mathematics, any

quantity of product can be classed as either overstocked, understocked or neither, but never
a combination, even though this may be a better reflection of different viewpoints and

circumstances of the business. The level at which product is considered overstocked or
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understocked may be defined by the acceptable maximum and minimum stock levels.
These levels are the result of the type of replenishment system employed, the level of
safety stock held, the target customer service level and the assumed distribution of demand
(for some simple examples see Waters”). For example, an order up-to level may define the
acceptable maximum stock level while the acceptable minimum level may be defined by
the lead time and safety stock required. This view of overstock and understock derived

from conventional inventory replenishment systems can be defined in mathematical terms.

Let V' be the set of all overstocked product and U be the set of all understocked product
within the universe of inventories held / where i is any element. The bivalent approach
employed in conventional inventory replenishment systems may view the membership of

inventory held 7 in the sets of overstock (7)) and understock (U ) as:

l,ieV
0,igV

l,ie U
0,i¢ U

mo:{ xu(i)={

For example, bivalent overstock may be defined as:

v (i) = 1> where v = maximum acceptable stock level
x 0,i < v

and bivalent understock may be defined as:
l,i < u ..
zu ()= { where u = minimum acceptable stock level

0,i 2 u

This example can be depicted as follows:
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