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Chapter 1

Introduction

1.1. Inventory Management

Inventories play a crucial role in every economy. For example, in the United States total
value of business inventories is about 1.3 trillion dollars, representing 9% of the country’s
current GDP (U.S. Census Bureau, 2010). One of the main reasons for a company to
carry inventories is the mismatch between supply and demand due to uncertainty. For
a company selling products, it is often very difficult to predict the exact moment the
demand occurs. Thus, without inventories, the company would make all of its customers
wait until the product is manufactured or replenished from an outside supplier. Further-
more, the quantity and quality of the products manufactured or received from an outside
supplier might be variable due to the uncertainties involved in the in-house or the sup-
plier’s production process. Replenishment lead-times might be affected from disruptions
in the production process and add up to the uncertainty of the supply process. Thus,
inventories exist to bridge the gap between demand and supply due to the uncertainties
involved in a supply chain. Moreover, they are instrumental in exploiting the economies
of scale in production, transportation and purchasing.

In general, inventory management concerns two fundamental questions: when to order
and how much to order. Although in practice, an inventory manager might make different
decisions depending on the complexity of the inventory system, essentially most of the

decisions are centered around these two fundamental questions. The scientific inventory
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management literature is mainly focused on answering these two questions for various
inventory systems with different characteristics.

In this study, we focus on single item, single location inventory systems. Models
studying such systems can be seen as the building blocks of the inventory theory. The
earliest and probably the best known model on single item, single location inventory
system is the economic-order-quantity (EOQ) model by Harris (1913). The widely used
EOQ formula is a fundamental result in inventory theory and generally accepted as the
beginning of scientific inventory management. In a simple and elegant way the EOQ
formula reveals the relation between the order quantity and the costs of ordering and
carrying inventory.

Due to rapid developments in technology and information systems, the speed and
the nature of the flow of goods in supply chains have changed drastically compared to
the times when the EOQ formula was invented. Today, to meet increased customer
expectations, companies need to offer larger assortments, shorter delivery times and better
quality for lower prices. As more and newer products are developed and introduced to the
markets, the average product life cycles got shorter. Obsolescence risk as well as demand
uncertainty has increased significantly. The higher dynamism of markets made the costs
more volatile and difficult to predict. As a result of these changes in the surrounding
environment, inventory systems became more dynamic.

In this study, we develop and analyze models incorporating two dynamic aspects
affecting the inventory systems: nonstationarity in demand and unfixed purchasing prices.

In Part I, we consider an inventory system with a nonstationary demand rate. In
particular, we focus on an inventory system of a critical service part where the demand
rate drops to a lower level at a known future time. Inventory management of such items
is notoriously difficult due to their slow moving character, high downtime costs and high
obsolescence risk. In practice, there is a need for policies tailored for service parts taking
these aspects into account and easy to implement. We propose an obsolescence based
control policy and investigate its performance and impact on costs. We find that ignoring
obsolescence in the control policy increases costs significantly and early adaptation of base

stock levels can lead to important savings.
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In Part II, we consider an inventory system with unfixed purchasing prices. In partic-
ular, we focus on an inventory system where the supplier offers price discounts at random
points in time. We extend the literature by assuming a more general backordering struc-
ture while waiting for a deal. That is, when the system is out of stock, an arriving
customer either decides to be backlogged with a certain probability or leaves the system
and becomes a lost sale. Such behavior is more general compared to the full backorder-
ing or lost sales assumptions which are common in the literature. We derive expressions
of the operating characteristics and equations to calculate optimal policy parameters.
We demonstrate that allowing backorders in face of random deal offerings can result in
considerable savings.

In the following sections, we explain our motivation for the problems considered in

Part T and Part II in more detail and give brief outline of the chapters.

1.2. After Sales Services & Service Parts Inventories

Many companies hold service parts inventories either to keep their own products running
or to support their customers through after sales services. For example, in commercial
aviation industry about 60% of the inventories needed for maintenance, repair and over-
haul (MRO) operations are carried by the airlines themselves. Since a commercial aircraft
is a complex equipment composed of thousands of parts, on average, a legacy airline car-
ries inventory worth of 2 million dollars in book value per aircraft. The book value of
inventories might well exceed 100 million dollars for medium to large commercial MRO
service providers. Similarly high costs are observed in the defense industry for military
aircrafts or weapon systems.

The need for service parts to keep the critical and durable equipment in operating con-
dition creates a lucrative, robust and long-lasting after sales market. For many durables,
margins for after sales services are much higher than margins for sale of the original
equipment (Cohen and Whang, 1997) and the revenue streams generated by services are
less affected by economical downturns compared to original product sales. Moreover,
complexity and number of components and parts used in the final products are increased

due to the developments in technology. This makes MRO operations more complicated
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requiring specialized knowledge about the equipment and therefore, creates a natural de-
mand for after sales services. As a result, in many industries, more and more companies
prefer to outsource after sales services in order to avoid technical and logistical difficulties
associated with management of service parts.

Therefore, it is no surprise that original equipment manufacturers (OEM) steadily
invested in increasing their service capabilities to position themselves as service providers
rather than sole manufacturers (Oliva and Kallenberg, 2003). According to a benchmark-
ing study by Cohen et al. (1997), in computing, communication and electronic industries
30% of the product sales revenues are generated by after sales services.

As aresult of changes in demand for after sales services, the role of service parts became
more significant in service-centric supply chains. Service providers are competing for fast
and reliable service delivery due to the customers’ demand for prompt response. Simul-
taneously, maintaining high service levels has become more costly since service providers
have to manage a large assortment of complex and expensive service parts. Thus, efficient
management of service parts inventories becomes necessary to be competitive in the after
sales market.

The term service parts can refer to different types of parts or components depending
on their function, reparability, cost and demand rate. A service part is called critical if the
equipment cannot function properly or safely upon failure of the part or the component.
For example, a commercial aircraft can still operate safely if a passenger seat is not
properly working but the same is not true for a critical component of engine or landing
gear. In commercial aviation such critical items are called no-go items since the aircraft
can be grounded due to safety regulations until the parts are repaired or replaced. This is
a highly undesirable situation for an airline since the revenue loss over a grounded airplane
might be more than $150,000 per day.

In general, for equipments requiring regular maintenance and parts replacements
downtime costs are very high due to the equipments’ critical functionality. For instance,
one hour downtime of an electronic tester used in semiconductor production can cost as
much as $50,000 since availability of the tester is crucial for smooth production (Cohen
et al., 1999). Further examples of critical equipment are mainframe computers, medical

electronics, military radar systems. In all these examples, prompt replacement of critical
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service parts is vital in particular for the operation of the equipment and in general for
the whole system.

However, many critical parts and components used in a critical equipment are them-
selves expensive high-tech products. Due to the advanced technology used in their design
and production phases, the reliability of such critical parts and components is often very
high. Therefore, they have relatively low failure rates and the inventories of these parts
are often slow moving, i.e., the inventories remain on the shelf for long time periods before
being used. Thus, characterized as slow moving and expensive, critical service parts tend
to incur significant inventory holding costs. Moreover, due to their specific nature, the
procurement lead-times of critical parts are usually long. Consequently, in many cases,
companies have to stock critical service parts to maintain the availability of the system.
Therefore, for a company or service provider supporting broad installed base of critical
equipments, carrying a large and diverse portfolio of expensive and slow moving items
results in substantial inventory costs.

The main tradeoff in the management of critical service parts inventories should be
more clear now. On the one hand, high downtime costs of the critical equipment and
long procurement lead times require to stock critical parts to guarantee availability of the
system. On the other hand, maintaining high inventory levels of such slow moving and
expensive items results in high holding costs. Hence, striking the right balance between
the two ends of the tradeoff brings a significant competitive advantage for a company
conducting service-centric operations.

Most of the available models in the inventory control literature assume stationary
demand. This is mainly because the assumption of stationarity yields some nice math-
ematical properties making the analysis of the inventory system relatively easier. The
models developed under stationary demand assumption remain fairly practical for items
with nonstationary demand as long as the demand rate can be forecasted from historical
data and the life-cycle of the item is long enough. That is, the demand rate is re-estimated
in periodic intervals and policy parameters are updated accordingly.

However, lack of historical data and nonstationarity of demand is a fundamental prob-
lem in inventory management of service parts. Shortened product life-cycles, increased

product quality and diversity make service parts demand low and nonstationary (Fortuin
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and Martin, 1999; Cohen and Lee, 1990). Since demand is slow moving, the data points
to be used for forecast updates are scarce. When demand data is scarce and intermittent,
standard black-box forecasting methods usually lag behind the changes in demand rate
and yield biased estimates (Shale et al., 2006). Consequently, using stationary inventory
control models combined with standard forecasting methods based on historical data are
usually not very effective for service parts. The option to increase the safety stocks to
hedge against poor forecasts is either very costly or infeasible since most of the critical
parts are expensive.

In order to cope with these difficulties, companies keep track of their installed base to
collect more information about the changes in demand rate. In principle, the information
obtained from installed base tracking can be used to identify a certain pattern for the
demand rate of a particular service part. For example, the demand for a specific service
part is correlated with the number of equipment in the installed base. Similarly, age,
operating conditions, intensity of use and geographical location of the equipment in the
installed base affect the demand for the service part directly. The idea of installed base
tracking is therefore to exploit these dependencies and to identify the underlying demand
pattern for the service part.

The advantage of such approach is that the inventory control would become proactive
rather than reactive to the changes in demand rate. For example, when a demand rate
of a critical service part is expected to change at certain time points, one can device an
inventory control policy based on these expectations. Such a policy would build-up or
run-down inventories according to the nonstationarity in demand.

For critical service parts, there are not many models in the inventory literature with
nonstationary demand. The models incorporating nonstationarity are mostly periodic
review models and mainly suitable for items for which historical data is not scarce. More-
over, for critical service parts, in general, continuous review policies are more suitable
since they allow tighter monitoring than periodic review policies.

In this study, we try to fill this gap by proposing a continuous review inventory model
specifically for critical service parts and incorporating nonstationarity in demand. How-
ever, incorporating nonstationary demand in continuous review control models is math-

ematically challenging. Even the exact analysis of relatively simple models with linear
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changes in demand rate is very tedious or intractable. Therefore, in developing the model
we limit ourselves to a relatively simple form of nonstationarity. That is, we analyze a case
with single drop in demand rate which resembles an obsolescence situation in practice.

We define obsolescence as a single drop in demand rate that is not necessarily to
zero. In other words, even after obsolescence occurs the demand might not disappear
completely. As such, our definition of obsolescence is more general compared to the
conventional definition of obsolescence implying that the demand drops to zero and the
inventory is not salable anymore. Since service parts are slow moving items, a large drop
in demand rate increases the inventory holding costs significantly and virtually creates
an obsolescence situation. Hence, we prefer to use a broader definition of obsolescence.
In practice, many critical service parts are subject to this type of obsolescence due to
contract expirations, generation upgrades or relocations of installed base.

When there is such a large drop in demand rate it results in excess inventories. Since
most of the critical service parts are very specific products it is in general difficult to
salvage the excess stock of these specific products. Consequently, most of the excess in-
ventories end up as obsolete stocks increasing holding costs and waiting to be scrapped
at a great expense. These issues were first brought to our attention during the meet-
ings at a Netherlands based knowledge platform called Service Logistics Forum Research.
At those meetings, occasionally, the logistics managers dealing with critical service parts
were complaining about obsolescence problem and looking for methods that help to min-
imize obsolete stocks. Hence, with this research, we also aim to bring guidance to those
managers in their decision making.

In this study, we provide a practical policy for slow movers taking into account obsoles-
cence and give insights about the interplay between backordering costs and obsolescence
related holding costs. To this end, we incorporate obsolescence into the one-for-one policy
and propose a transition control policy allowing early adaptation of stock levels to reduce

obsolete stocks while balancing availability.
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1.3. Random Deal Offerings

Temporary price cuts offered by suppliers to retailers are prevalent in practice. Such form
of trade promotions often referred to as deals in marketing literature are characterized as
short-term price cuts which can occur with or without prior announcement. After a deal
is over the price goes back to its previous level.

Depending on market fluctuations, inventory holding costs, seasonal effects, shifts in
consumer taste and many other factors the degree and frequency of deals can change
significantly. Therefore, for suppliers, deals are instrumental in liquidating short term in-
ventory, increasing cashflow or market share, or influencing retailers’ promotion activities.
Blattberg et al. (1981) suggest that one of the main motivations behind price discounts is
to transfer inventory holding costs to consumers. Ailawadi et al. (1999) demonstrate that
well-designed trade promotions can influence the retailer’s selling activity and coordinate
the channel. As a result, a supplier might increase its profits to levels which are not
achievable by fixed prices.

On the retailers side, deal offerings necessitate reconsideration of their inventory con-
trol policy. One reason is the well known side effect of trade promotions called forward
buying, i.e., retailers stockpile by taking the advantage of discounted price (Blattberg and
Levin, 1987). By forward buying retailers basically trading off the inventory carrying costs
with savings obtained by purchasing at the reduced price. In order to exploit occasional
deal offerings, some retailers even invest in extra stocking space to stock excess inventory
bought during the deal periods (Moinzadeh, 1997).

For a retailer decided to practice forward buying, finding the right balance between the
extra inventory carrying costs and the savings by the reduced price is crucial. Otherwise,
excess inventories build up and that might be detrimental rather than beneficial. The
balance is especially more delicate for goods that are perishable, expensive or subject to
sudden obsolescence. Thus, a forward buying retailer shall find the right answers to the
questions of how much to order in a deal period to take advantage of the low price and
how the regular orders should be adjusted.

Deals do not always have to be initiated by the supplier. Silver et al. (1993) provides a

practical example where occasional peaks in otherwise stable demand for a certain product
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urge the company to place special orders to its supplier besides the regular orders. As a
result, large demands are usually met directly from the supplier via special orders and do
not affect the stock. In case, the supplier gives quantity discounts and special orders are
large enough to receive a discount then the special order occasions can be used to order
extra units from the discounted price. Consequently, how much extra should be ordered
and what should be the regular order size are two questions to be answered.

There is a substantial literature on inventory systems with fluctuating prices or occa-
sional deal offerings. The discussion in the studies with periodic review models mostly
centered around the optimal policy structure when the prices or in general the envi-
ronment is fluctuating (Golabi, 1985; Ozekici and Parlar, 1999). Whereas the focus in
continuous review models is mostly on the analysis of the operating characteristics and
the computation of the optimal policy parameters concerning stocking and replenishment
decisions (Hurter and Kaminsky, 1968; Silver et al., 1993; Moinzadeh, 1997).

Most of the continuous review models with random deal offerings assume that stock-
outs are not allowed. Since deal offerings already complicate the analysis considerably
one can argue that the assumption of no stockouts significantly decreases the mathemat-
ical tedium. However, occasional stockouts are prevalent in many real inventory systems.
Moreover, for a system with deal offerings it is intuitive to expect a tradeoff between
stockout penalties and the savings obtained by postponing the purchasing decision until
the next deal arrives.

In general, many inventory models assume two extreme scenarios when the system
is out of stock. Either all demand arriving during the stockout period is backordered
(full backordering) or all demand arriving during the stockout period is lost (lost sales).
However, in many practical situations backorders and lost sales are mixed. In the liter-
ature, this type of backordering structure commonly referred to as partial backordering,
i.e., during a stockout period a fraction of demand can be backordered and the rest is
lost.

Moinzadeh (1989) states that partial backorders can be observed in two situations: i)
some of the customers are highly loyal compared to others and they wait when the system
is out of stock ii) some customers have a higher priority compared to others and they are

replenished immediately at an expense (e.g., emergency replenishment) when the system
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is out of stock. Here the extra cost of replenishing the high priority customers during a
stockout can be interpreted as the lost sales cost.

Kim and Park (1985) show that for the systems where backorders and lost sales are
mixed, the assumptions of full backordering and lost sales significantly increase the in-
ventory costs. Thus, assuming partial backorders not only leads to a more general model
but also leads to significant cost savings in case the underlying system is not close to one
of the two extreme scenarios.

However, partial backorders complicates the analysis of the inventory policies. Even for
relatively simple policies like (S — 1, 5) the handling of partial backorders is not straight-
forward (Moinzadeh, 1989). The main difficulty in handling partial backorders emerges
from the lost sales. Under lost sales the simple relation between the inventory position,
the net inventory level and demand during lead time does no longer hold. Thus, espe-
cially for stochastic demand case, the analysis of the policies and operating characteristics
becomes much more difficult.

To our knowledge there is no study in the literature assuming partial backorders for
a system where supplier offers price discounts. Feng and Sun (2001) consider full back-
ordering in a continuous review inventory system facing stochastic demand and random
deal offerings. However, the focus of their study is on computation of the optimal policy
parameters rather than the tradeoff between backordering costs and savings by waiting
for deals by allowing backorders.

In this study, we incorporate partial backorders to a continuous review inventory
system with random deal offerings. A deal is a discount over the unit purchasing price
of the item. Our aim is to provide relatively simple formulas to calculate the optimal
policy parameters and give insights about the impact of partial backorders on policy
parameters and costs in a system facing random deal offerings. As we discussed above
the analysis of the partial backorders already complicates the analysis even for inventory
systems without deals offerings. Thus, in this study, we confined ourselves to a relatively
simple assumption of constant demand rate. Furthermore, we assume that the deals arrive
according to a Poisson process and they are instantaneous (i.e., deal duration is zero). As

such, we extend the model offered by Moinzadeh (1997) by allowing partial backorders.
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1.4. Outline

In Chapter 2, we analyze a single location inventory system of a service part with Poisson
demand where the demand rate drops to a lower level at a known future time. The
inventory system is controlled according to a one-for-one replenishment policy with fixed
lead time and full backordering. Adaptation to the lower demand rate is achieved by
reducing the base stock level in advance and letting the demand take away the excess
stocks.

Our aim in this chapter is to provide a first-cut, qualitative understanding of the
impact of the timing of the policy change on obsolescence costs. As such, we assume that
pre- and post-obsolescence base stock levels are fixed and the only decision parameter is
the time to reduce the base stock level from high to low.

We showed that the timing of the base stock level primarily determines the tradeoff
between backordering penalties and obsolescence costs. We propose an approximate so-
lution for the optimal time to shift to the lower base stock level minimizing the expected
total cost during the transient period. We found that an advance policy change results in
significant cost savings and our model yields near optimal expected total costs when the
decision parameter is only the timing of the shift.

In Chapter 3, we consider the same inventory system as in Chapter 2 and propose a
three parameter policy allowing not only to control the shift time but also the base stock
levels. We carried an exact analysis of the system under the three parameter policy. For
the special case of identical base stock levels, we show that the optimal base stock level
can be calculated from a critical ratio inequality. For different base stock levels, we derive
the exact expression for the expected total discounted cost function by partly relying on
the Fast Fourier Transform method and suggest a numerical optimization procedure to
find the optimal values of the policy parameters. Our results suggest that the policy
change option leads to pronounced cost savings especially when obsolescence requires a
relatively large adjustment in base stock level. We find that ignoring obsolescence in the
control policy increases costs significantly. Moreover, when obsolescence can be foreseen,

early adaptation of base stock levels can lead to important savings.
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We do not pursue a comparison between the policies considered in Chapter 2 and
Chapter 3. The main reason is that the policy discussed in Chapter 2 is a special case
of the policy proposed in Chapter 3. Moreover, in Chapter 3, we conduct an extensive
numerical experiment to understand the behavior of optimal policy parameters and bench-
mark the performance of the three parameter policy. In those experiments, we observe
that the interaction between the three policy parameters, i.e., base stock levels and the
policy change time, are quite complex. Therefore, we do not think that investigating the
performance of a single parameter policy vis-a-vis the three parameter policy would yield
interesting insights. Furthermore, such comparison is impractical and limited for the cost
criteria are different for both policies. In Chapter 2, we use expected total cost criterion
whereas in Chapter 3, we use expected total discounted cost criterion. The reason for the
difference is that in Chapter 2 we are dealing with a finite horizon problem where using
a total cost function provides better tractability. Moreover, in Chapter 2, assuming that
the total cost is not discounted throughout the finite horizon seems to be a reasonable
assumption for the length of the finite horizon is not too long as it is a transient period.

In Chapter 4, we consider a single item, single location continuous review inventory
system with random deal offerings. We extend the model by Moinzadeh (1997) by letting
the reorder point for regular list replenishment to be nonpositive. In other words, we allow
the net inventory level to drop below zero while waiting for a deal. Moreover, we assume
that when the system is out of stock a fraction of demand can be backordered and the
rest is lost, i.e., partial backordering. We derive the exact expressions for operating char-
acteristics of the model and the equations to calculate the optimal policy parameters. We
provide qualitative results about the relation between the optimal solution and the sys-
tem parameters, and demonstrate that allowing backorders in a random deal environment
might lead to important cost savings.

In Chapter 5, we summarize our findings and conclude.
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Chapter 2

An Inventory Model for Slow
Moving Items Subject to
Obsolescence®

Abstract

In this chapter, we consider a continuous review inventory system of a slow moving
item for which the demand rate drops to a lower level at a pre-determined time.
Inventory system is controlled according to one-for-one replenishment policy with
fixed lead time. Adaptation to the lower demand rate is achieved by changing the
control policy in advance and letting the demand take away the excess stocks. We
show that the timing of the control policy change primarily determines the tradeoff
between backordering penalties and obsolescence costs. We propose an approximate
solution for the optimal time to shift to the new control policy minimizing the
expected total cost during the transient period. We find that the advance policy
change results in significant cost savings and our model yields near optimal expected
total costs.

2.1. Introduction

In Chapter 1, we discussed about the challenges in managing the inventories of critical
service parts and the need for the control policies taking into account the changes in
demand rate. Moreover, we briefly introduced our motivation to study the inventory
management under obsolescence, a special form of nonstationarity in demand rate, for

critical service parts. In this chapter and the next one, we will elaborate on this problem.

*This chapter is based on Pinge and Dekker (2009)
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As we mentioned in Section 1.2, one of the main challenges in the inventory control of
critical service parts is to minimize obsolete stocks while balancing availability. Typically,
companies try to mitigate their downtime risk by outsourcing parts management, repair
and maintenance activities to a service provider. Since availability of the equipment is
crucial for companies’ operations, usually service contracts include high penalties for the
provider in case it fails to fulfill the specified service target. Moreover, in a competitive
service market, occasional stockouts can be detrimental to service provider’s business due
to loss of good will.

On the other hand, service parts are very specific, high-tech products. When there
is a sudden drop in demand rate due to the changes in customer’s operations or service
preferences, the resulting excess parts are difficult to dispose and likely to become obsolete.
Although service providers might try to dispose them via service promotions or secondary
markets, the inherent specificity of service parts usually results in low disposal rates and
high value loss.

Another example comes from a mainframe computer manufacturer providing after
sales services for its customers through different type of service contracts. A manager at
the company reports that the decision to relocate or remove the excess service parts often
comes too late after a service contract expires. Consequently, due to the drop in demand
rate, excess inventories increase holding costs, and usually end up as obsolete stocks to
be scrapped at a great value loss. One of the main reasons behind the excess parts is
disregarding the contract expiration dates in stocking decisions. In other words, the stock
control policy used by the company simply ignores the upcoming drop in demand rate due
to contract expirations, and therefore, results in delayed stock adjustments and higher
chance of obsolescence.

Companies realizing these facts start keeping track of the changes in their own or
customers’ base of installed products (installed base) to trace customers and operating
units more closely and to react to the changes in demand rate as early as possible. A
recent study by Jalil et al. (2009) revealed that at IBM, tracking of the installed base for
spare parts can lead to savings up to 58% in transportation and inventory holding costs.

When contextual information is combined with installed base tracking, the timing

and the size of the shift in demand rate are either known in advance or can be estimated
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within a reasonable accuracy. In practice, such shifts typically occur when the size of
the installed base at certain geographical location changes. For example, when a cus-
tomer announces that it is going to relocate its production equipments, after sales service
provider anticipates a change in demand for parts between the locations. Similarly, when
a customer decides to upgrade its machinery, the old generation equipments usually leave
the installed base of the service provider or manufacturer as a result of discarding or
salvaging.

When a sudden change in demand rate can be foreseen, timely adaptation of the base
stock levels is crucial for optimal stock control. In such cases, upward jumps in demand
rate can be handled relatively easily by giving advance or emergency replenishment orders
to be delivered before the jump occurs. However, adaptation to the drop in demand rate
is more difficult since running down of excess stocks depends on the demand process. For
example, when a certain proportion of the installed base is relocated, service providers
usually suffer from excess inventories remaining at the previous location. When relocation
of spare parts with the installed base is not feasible, it becomes much more difficult to
get rid of the excess stocks due to the diminished demand. Consequently, in many cases
these excess stocks end up as obsolete stocks.

Generation upgrades may result in a similar problem as well. For example, when
an airline announces the selling of their old generation aircrafts to the countries outside
Europe, service providers of this airline expect a sudden drop in demand for relevant parts
at their service locations in Europe. In such cases, if a prior action is not taken to adjust
the base stock levels then the excess stocks might become obsolete.

Motivated by these examples, in this chapter, our aim is to provide a practical policy
for slow movers incorporating obsolescence and allowing timely adaptation of stock levels
to reduce obsolete stocks while balancing availability.

We assume that the time and the size of obsolescence can be predicted with a high
accuracy. As discussed above, in practice, such accurate predictions are possible when
a customer announces that it will not extend the service contract for another period,
relocate its equipment outside the serviceable area or upgrade it to a newer generation.
In all of these scenarios, service provider anticipates a drop in demand rate of the service

parts at a predictable time point.
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Even when the timing and the size of the drop is known exactly, when to change the
inventory control policy to minimize obsolete stocks without staking availability remain
as a challenging question. If the adaptation is too early before the drop occurs then the
risk of backordering increases as a result of lower base stock level. Since availability is
crucial for many companies operations, stockouts can be detrimental to their businesses.
On the other hand, if the adaptation is too late or postponed after the drop then the
costs associated with obsolescence increase.

We address this issue by focusing on a continuous review inventory system of a slow
moving item for which the demand rate drops to a lower level at a known future time. We
assume that the inventory system is controlled according to a one-for-one replenishment
policy with fixed lead time. Adaptation to the lower demand rate is achieved by changing
the control policy in advance and letting the demand process take away the excess stocks.

Our goal is to find the optimal time for a policy change and to investigate its impacts on
the costs incurred during the transient period. We assume that pre- and post-obsolescence
base stock levels are fixed to their steady state levels and the only decision variable is
the time to shift the base stock level from high to low. Thus, in this chapter, our aim
is to provide a first-cut, qualitative understanding of the impact of policy change time
on transient period costs. We demonstrate the interplay between obsolescence costs and
stockout penalties during this period. In Chapter 3, we will relax this assumption and
consider a more general three parameter policy where not only the policy change time
but also pre- and post-obsolescence base stock levels are the decision variables.

Our work is related to the inventory management models considering obsolescence.
Hadley and Whitin (1962) were early contributors in this area. They analyzed a finite
horizon periodic review inventory system in which the mean demand rate may vary in
every period and there is a finite number of possible obsolescence dates. Pierskalla (1969)
studied a similar problem with independent and identically distributed demands and zero
lead times.

Brown et al. (1964) offered a more general model for obsolescence in which the demand
in each period is generated according to an underlying Markov chain and the state proba-
bilities are updated in Bayesian fashion. Song and Zipkin (1996) also employed a similar

Markovian submodel to reflect the processes leading to obsolescence by assuming that the
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current state of the process is completely observable. They found that the obsolescence
has substantial effects on inventory costs and these effects cannot be remedied by simple
parameter adjustments.

Masters (1991), Joglekar and Lee (1993), David and Mehrez (1995) considered the
EOQ model in which the time to obsolescence is exponentially distributed.

Relative to some of the models available in the obsolescence literature, our model
makes the simplifying assumption that the time of obsolescence is deterministic. Although
this seems to be a reasonable assumption in the context discussed above, nevertheless, it
might be violated if there is gradual obsolescence. However, different than those in the
obsolescence literature, we propose a simpler, more practical control policy incorporating
obsolescence into a one-for-one policy that is commonly used for slow moving inventories.

Another stream of literature that is related to our study consists of the so called excess
stock disposal models. In these models the problem is to determine the economic retention
quantity or the time period given the excess stock of an inventory item. Earlier works by
Simpson (1955), Mohan and Garg (1961) and Hart (1973) investigated the excess inven-
tory disposal problem for deterministic demand case with the possibility of obsolescence.
Stulman (1989) considered continuous review inventory system with stochastic demand
but without obsolescence. Rosenfield (1989) investigated the similar problem for slow
moving items by including perishability or obsolescence but without stockout penalties.
In all of these studies it is assumed that the excess stocks are a result of over purchasing
or a drop in demand rate in the past. Therefore, the inventory level is found higher than
the maximum level at time zero and the excess inventory is reduced by first disposing, and
then letting the demand take away the retained quantity. Although some of the models
mentioned above deal with natural attrition of stocks and obsolescence, our model funda-
mentally differs from these studies in its objective to minimize excess stocks before they
occur. As such, different than the excess stock disposal models, we let the demand to
take away the stocks before the excess occurs.

In another related study, Teunter and Haneveld (2002) consider the inventory control
of a service part in the final phase. After time zero, the price of the part increases since
its production ends and the Poisson demand rate drops to zero at a deterministic time

point. They propose an ordering policy consisting of initial order-up-to level to take the
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advantage of low price at time zero and a subsequent series of order-up-to levels gradually
decreasing as the obsolescence time approaches. Their objective is to minimize the total
undiscounted cost incurred during the final phase under the assumptions that all obsolete
stock can be disposed of and backorders occurring within one lead time before obsolescence
are lost. Our model mainly differs from theirs in that partial obsolescence is allowed, i.e.,
demand does not necessarily drop to zero, and all backorders are fulfilled regardless of
obsolescence time.

The remainder of this chapter is organized as follows: In Section 2.2, we introduce the
model and the transition control policy. In Section 2.3, we give the expressions for the
operating characteristics of the transient period and the objective function, and discuss
their general behaviors. In Section 2.4, we discuss the results of our numerical study. In
Section 2.5, we conclude and provide some future research paths. All proofs are provided

in the Appendix 2.6.

2.2. Model

We consider a single item, single location continuous review inventory system for slow
moving items with nonstationary demand process and fixed lead times. It is assumed
that the demand follows a Poisson process with rate Ay up to a pre-determined time point
T after which the demand rate drops to a lower state A; and stays there (i.e. A\g > A1 > 0).
The inventory control policy is based on the (S — 1,5) policy which is commonly used
for high cost low demand items (Hadley and Whitin, 1963). According to this policy
whenever a demand occurs a replenishment order is placed.

We denote the steady state optimal base stock levels for demand rates Ag and A;
with Sp and Sy, respectively. They are calculated with the standard formulas given in
Hadley and Whitin (1963). We assume that the shift in demand rate is downward (i.e.
So > S1 > 0). In order to adapt to the new base stock level, we employ the following
transition control policy based on the inventory position (the net inventory level plus the

quantity on order):
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Policy: Up to time T — X a replenishment order of size one is placed whenever the
inventory position drops to the reorder level Sy — 1. After time T'— X a replenishment
order of size one is placed whenever the inventory position drops to the reorder level S1—1.

In other words, we use (Sp — 1,.5p) policy until time 7" — X and (S; — 1, 51) policy
thereafter. Observe that according to this control policy adaptation to the new base stock
level is achieved by not giving N (= Sy — S1) consecutive orders starting at X > 0 time
units earlier from time 7. Hence, we let the demand take away N excess stocks starting
from T — X. Our goal is to find the optimal time to initiate the excess stock removal
process.

The rationale behind the proposed policy is that once the obsolescence date is known
with certainty, early adaptation of base stock level should tradeoff the risk of backordering
and obsolescence, and decrease the number of excess or obsolete stocks. We do not
claim that the transition control policy is optimal. However, as we will demonstrate in
our numerical experiments, it indeed leads to significant reduction on obsolescence costs
compared to policy without an early adaptation (X = 0).

Figure 2.1 shows a possible realization of the net inventory level process {IL(t) : t >
0} and the corresponding inventory position process {IP(t) : ¢ > 0}. Note that the
trajectories of these processes can be analyzed in three different periods. The first period
starts at time zero and ends at time 7' — X. Since a replenishment order is placed upon
each demand arrival the inventory position is fixed at Sy during the first period. We
assume that 7' — X is long enough such that IL(t) is in steady state. This is reasonable
since life cycles of many products requiring parts replacements and service support are
very long. For example, the average useful life time of a commercial aircraft may last
up to 30 years. Thus, the inventory system of a spare part supporting such product has
enough time to reach to steady state before the obsolescence occurs.

The second period begins at time T'— X and the excess stocks are removed by not
giving replenishment orders for N consecutive demands. Hence, the inventory position
decreases by one at every demand arrival until it hits the target base stock level S;. In
Figure 2.1, examples of stock removal instances are marked by circles on the inventory level
process. If the inventory position process hits S; before time 7' then the replenishment

orders are placed again whenever a demand occurs. Thus, the end of the second period
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Figure 2.1: Possible realization of IL(t) and I P(t) with stock removals
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is the random time point greater or equal to 7" at which the inventory position is equal
to S1 and all outstanding orders given before time 7" have arrived (see Figure 2.1).

Note that, the second period is the transient period in which the inventory system
adapts itself to the anticipated obsolescence. Since all orders given before time T are
replenished before the second period ends, the third period can be seen as a separate
inventory system with demand rate A\; > 0. If \; is positive then we assume that the net
inventory level process during the third period can be described by the stationary process.
In many practical situations relocation of installed base or generation upgrades might
result in such partial obsolescence situations where the demand is severely diminished
but not necessarily vanished. In that case, the third period is similar to the first one but
the system is controlled according to (S;—1, S1) policy. Clearly, in case of full obsolescence
(A1 = 0) there is no third period.

Our main goal is to find the optimal X minimizing the total expected cost incurred in
the second (transient) period. As we will demonstrate in the numerical section, the tran-
sient period costs are significant since they include the costs related with obsolescence.
Unless a prior action is taken, partial obsolescence (A; > 0) results in excess stock situ-
ations whereas full obsolescence (A = 0) results in obsolete stocks. As discussed earlier,

for many slow movers the costs due to obsolescence are very high under both scenarios.
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Hence, in the sequel, we only focus on the analysis of the transient period since savings
over obsolescence costs can be achieved only within this period.

Since fixed costs are irrelevant for optimization under one-for-one replenishment policy,
we only consider holding and backordering costs incurred per unit per time, denoted by h
and 7 respectively. In addition to that the unit obsolescence/relocation cost ¢, is incurred
per remaining on hand inventory after 7" if full obsolescence occurs (A; = 0).

In the next section, we explain the transient analysis of the net inventory level process,
give the expressions for the operating characteristics of the second period and state the

optimization problem.

2.3. Operating Characteristics of the Second Period

Our model differs from the standard inventory models due to removal of excess stocks
and nonhomogenous demand process. These differences necessitate the transient analysis
of the net inventory level process. Unfortunately, outstanding orders before time 7" — X
complicate the analysis considerably. Since the complication results from outstanding
orders, conditioning on the net inventory level at time T'— X or its expectation does not
yield closed form expressions for the operating characteristics. In order to overcome this
analytical difficulty and provide approximate formulas for operating characteristics that
can be calculated easily, we assume that the net inventory level is equal to Sy at time
T — X. We can justify this assumption by appealing to the characteristics of the problem.
For slow movers, the base stock levels are usually not very high due to low demand rates
and high opportunity costs. On the other hand, due to high backordering penalties the
net inventory level process mostly stays in the positive half-plane. Therefore, the average
net inventory level at any time is not very far from Sj. Indeed, for all the instances
used in our numerical experiments, which are generated to reflect real life scenarios,
the average Sy is found to be 3.24 with maximum of 10. For the same instances, the
average difference between Sy and E(IL(T — X)) is found to be 1.1 with maximum of
5. Consequently, we observed that our approximate model performs quite satisfactorily
compared to simulation. The effects of our assumptions will be discussed in more detail

under Section 2.3.4. Moreover, as we will demonstrate in the numerical section, the
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optimal X found by using our approximate formulas yields near optimal expected total
costs. Hence, we conclude that this assumption does not change the main implications of
our study:.

The analysis of the net inventory level process is independent of the time axis due to
Poisson demand arrivals. Therefore, in the sequel, we shift the beginning of the second
period from T — X to 0 for the sake of clarity. Let 7;, i = 1,..., N denote the interarrival
times between not replenished demand instances when the arrival rate is A\g. We refer to

Ap = Zf:l 7; as the arrival time of the kth demand before the drop occurs.
Figure 2.2: Possible realization of IL(t) and IP(t) during 2nd period (Ax > X)
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Figure 2.2 shows a realization in which the new base stock level S; (= Sp— N) is hit by
the net inventory level process after the drop in demand rate occurs at time X. Observe
that, as a result of our assumption about the outstanding orders (IL(T — X) = Sp),
the net inventory level process is tantamount to the inventory position process until the
N + 1st demand arrives. In the figure, p;, 7 = 3,..., N denote the interarrival times
between not replenished demands arriving after time X. Hence, ¢;s are exponentially
distributed with mean A;. Note that, in Figure 2.2, the second period ends immediately
after the arrival of the Nth demand since the inventory position is equal to .S; and there
are no outstanding orders before time X. On the other hand, if S} is reached before time

X then replenishment orders are placed again for every demand arriving thereafter. A
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realization of this scenario can be seen in Figure 2.3. Observe that, in Figure 2.3, the

second period ends at the moment the last order given between Ay and X is replenished.

Figure 2.3: Possible realization of IL(¢) and I P(t) during 2nd period (Ay < X)
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From Figure 2.2 and Figure 2.3, it is clear that the net inventory level process in the
second period can be analyzed in two different phases. The first one is the stock removal
phase. This is the time period in which the excess stocks are taken away by the demand.
Thus, the stock removal phase starts at the beginning of the second period and ends
when the Nth demand arrives. The second one is the regular operation phase. This is
the time period in which the replenishment orders are placed again upon every demand
arrival since all of the excess stocks are removed before the drop in demand rate occurs.
Hence, the regular operation phase starts at Ay and ends when the second period ends
(see Figure 2.3). Note that the regular operation phase of the second period exists if and
only if the Nth excess stock is removed before time X (i.e. Ay < X).

We begin our analysis with the calculation of the expected total inventory carried
during the second period denoted by E[OH]. Observe that the random variable OH
depends on the arrival time of the kth demand during the stock removal phase, and
therefore it can be calculated by conditioning on A, k = 1,..., N. If the arrival time
of the first demand A; is greater than X then the second period ends at the moment
Nth demand arrives. Thus, OH is equal to the inventory carried until time X (= SpX)
plus another random variable OH; (= Y2V, (Sy — i + 1)i;) representing the inventory
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carried from time X until the second period ends. Note that if the stock removal phase
extends after time X then the trajectory of IL(t) should be analyzed separately for the
periods before and after time X due to different demand rates. Hence, the need for an
additional random variable OH,. On the other hand, if A; is less than or equal to X then
OH is equal to the inventory carried until the first demand arrives (= Sp71) plus another
random variable O Hy. Essentially, OH; is similar to OH but it depends on A, and the

new inventory level Sy — 1. Put more formally,

S()X + OH’ if Al > X
OH = ! 2.1
{ 5071+OH2 if A1§X ( )
If we continue in this fashion for k = 2,3,..., N when N > 2 then we come up with the

following recursive equations to calculate the total inventory carried during the second

period:
(So—k+1)(X — A1) +0H, if Ay <X, Ay>X
OH, = { (So—k+ 1)1 +OHyy if A, <X (2.2)
0 0.W.
where
N
OH, = > (So—i+ ¢, k=1,...,N. (2.3)
i=k

represents the inventory carried from time X until the end of the stock removal phase
when N — k + 1 stocks are yet to be removed.

The recursive structure of equations (2.1) and (2.2) gives the positive area under the
net inventory level process depending on whether the kth excess stock is removed before
time X or not. For example, if all excess stock is not removed before time X (i.e. Ay > X
for some k) then equations (2.1) and (2.2) give the area under a similar scenario depicted
in Figure 2.2. Otherwise, they give the area similar to the one shown in Figure 2.3.

Note that the equations (2.1)-(2.3) mainly generate the expressions for the total in-
ventory carried during the stock removal phase. Since no orders are given in this phase,
the equations are independent of the lead time. The total inventory carried in the regu-
lar operation phase is represented implicitly in those equations with the random variable
OHp 1. The shaded region in Figure 2.3 shows a possible realization of OHy ;. We will

analyze the regular operation phase in detail in the sequel.



2.3 Operating Characteristics of the Second Period 27

Let p(n;A) = e *\*/n!, n = 0,1,2,... be the pdf of Poisson distribution with pa-
rameter A > 0 and denote its cdf with P(n; \) = Y7 _, p(k; A). Also, let 1(-) denote the
indicator function. Taking expectations of (2.1) and (2.2), and exploiting the recurrence

structure, we find F [OH] as follows:

E[OH] = F(X)+ E[0Hya1(Ax < X)] (2.4)
where
FX) = AN [ gy = X1 +A°_A1]§(s COPNX), M0 (25)
T 0 0 2 )\0)\1 pa 0 1 15 A0 ) 1 .

In equation (2.4), F(X) represents the expected inventory carried during the stock
removal phase whereas E[OHy:+11(Ay < X)] is the expected inventory carried during
the regular operation phase. Note that, OHy . exists only if the new base stock level is
reached before X (i.e. Ay < X).

So far we derived the closed form expressions only for the expected inventory carried
during the stock removal phase. In the sequel, we provide an exact transient analysis of
the inventory level process during the regular operation phase and derive the expressions

for the operating characteristics of this phase.

2.3.1 Analysis of the Regular Operation Phase

We want to compute the expected on hand carried and the expected time weighted back-
orders incurred in the regular phase which starts at time Ay(< X) and lasts until the
end of the second period. To compute these operating characteristics we represent the
inventory level process in terms of the demand process. Since we are only interested in
the time period after Ay, in the sequel, we shift the time axis from Ay to 0 for clarity.
Hence, the drop in demand rate occurs at X — Ay time units after the regular operation
phase begins (see Figure 2.3). Thus, for ¢ > 0 the inventory level IL(t) conditional on
Apn can be given as:

Sy — D(t) if t<L

Si— (D)= D(t—L)) if t>1L (2.6)

1) Ay = {
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where {D(t) : t > 0} is a nonhomogenous Poisson process with intensity function A(%) :
[0,00) — [0, 00) given by
t
Alt) = / A2)dz 2.7)
0

with arrival rate

A if 2< X — Ay
AR) { A if 2> X — Ay (28)
Substituting (2.8) in (2.7) yields
Aot if t<X—Ay
A = 2.
®) { Do = M)(X — Ay) + Mt if £> X — Ay (29)

Equation (2.6) is the representation of the net inventory level at any time point based
on the demand up to time ¢, the lead time demand and inventory position. Recall that
the inventory position remains constant at the level S during the regular operation phase
since an order is placed each time there is a demand. Therefore, if ¢ < L then IL(¢) is
equal to the inventory position minus the total demand up to time t. Whereas, if t > L
then IL(t) is equal to the inventory position minus the lead time demand.

The end of the regular operation phase is a random time point depending on the
inventory level at time X. For example, if the net inventory level at time X is equal
to Sp — N then there are no outstanding orders and the regular operation phase ends.
Otherwise, it ends when all outstanding orders given between X — L and X are replenished
up to time X + L. However, dealing with the random end time complicates the analysis
beyond tractability. Hence, we assume that the regular operation phase always ends at
time X + L. This approximation simply results in the overestimation of the expected total
cost due to extended calculation period but does not change the optimal X drastically
since the shift in the expected total cost is mainly upwards.

We start with the computation of E[OHy111(Ay < X)] by conditioning on Ay such
that,

E[OHy1(Ax < X)] = / Y BIOH (A < XAy = slfan(s) ds (2.10)
0

where

)\06_)\05 ()\Os)N_l

fax(s) = ——m =y
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is the pdf of the Erlang distribution with parameters N and Aq.

We are interested in expected on hand carried from time Ay until X + L. Since the
time axis is shifted, the expected inventory carried during this period is the positive area
under the expected trajectory of the net inventory level process from 0 to X — Ay + L.

Thus, for a given Ay this area can be computed as follows:

E[OHy1(Ay < X)|Ay = 8] = /XHL E[(IL() Ay = s]dt  (2.11)

From (2.6),

S1—1
E[IL®) Ay =s] = Y (Si—n)P(D(t) =n)1(t < L)

+ S8 —n)P(D(t) - D(t— L) =n)1(t > L)  (2.12)

Substituting (2.12) in (2.11) yields

S1-1 Al N
E[OHNy 1 1(Ay < X)|Ay =5] = Z(Sl ) [/L e—A( )s\(t)) i@t
n=0 0 :

+ dt| (2.13)

X—s+L e—[A(t)—A(t— L)] (A(t) _ A(t _ L))n
/L n!

and using the result in (2.10) gives that,

Sl X1 el =AW (A()"
E[OHy1(Ay < X)] = nz_o(sl_m/o UO OO,

; /LXHL OMTIAG ZAC D) ] f (g s (219)

n!
We define the following functions,

r+n—1
n—1

bn(rin, p) = ( >p"(1 —p)

and
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wherer € {0,1,2,...},n € {1,2,...} and p € R. Moreover, we let P(n;\) := 1—P(n—1; \)
denote the complementary cdf of Poisson distribution.

The integrals in equation (2.14) can be calculated with respect to the relationship
between X and L. Thus, for A\; > 0, the expected on-hand inventory carried during the
regular operation phase is found as follows:

SO ST —n) [f(n) +gi(n)] if L<X

SIS, ) [f(n) - go(m)] i L>x 21D

E[OHy 1 1(Ay < X)] = {

where

fln) = HO + %} P(N; A X) + AOAO_AIM [P(N 4 n;20X) — P(N = 1; 20X)] (2.16)

gi(n) = p(n; L) [(X = L)P(N; (X = L)) = Ag'NP(N +1; A(X — L))]

200 — M1 _

—————P(n; ML) P(N; M(X — L))

)\0(/\0 — )\1) ( 0 ) ( 0( )\0)\1 Zof

)\—ii: Z—k)\LJr()\ —A)X )b k:'Nﬁ o(k) (2.17)
)\1(/\0_)\1 ngop 1 0 1 N| K5 Y .

with 0(k)=P(N+k—1, (X —=L))— P(N+k—1,MX).
)\ n i )\0 B
= — —k; ML+ (N — AM)X)bn| ks N, — | P(N + k; M X) (2.18
B = S 2o Sopli — kAL G0 = M hs(kN. 32 POV 4 AX) @15
The expected time weighted backorders incurred during the regular operation phase
can be calculated essentially the same way as described above. Hence, we skip the analysis

for brevity and directly give the result:

SRS )] i L<X
ElBol = { S5 = ) () — gu(n)] if L > X (2.19)

2.3.2 Objective Function

We can now obtain the expected total cost incurred in the second period by using the
operating characteristics derived above. The general structure of the expected total cost

incurred in the second period can be given as follows:

TC(X) = hE[OH] + 7E [BO] (2.20)
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Using equations (2.4), (2.15) and (2.19) in (2.20) and defining,

hx if x>0
= 2.21
(@) { —mz if <0 (2:21)

we obtain that,

_ Yoo c(S1=n) [f(n) +qu(n)] if L<X
Tow) = ”(X”{ S oSy~ m) [Fn) — go(m)] if L > X

Our goal is to find the optimal time for policy change that minimizes the expected

(2.22)

total cost incurred during the second period. That is, we want to minimize TC'(X) where
X >0.

Despite the complicated appearance of equation (2.22) the optimal solution of the
problem can be found easily. This is because the equations (2.16)-(2.18) are mainly
composed of elementary probability functions and some combinatorial expressions. For
the dimensions that we are interested in all of the functions can be calculated easily with
a general purpose programming language. Besides, as we will discuss in more detail in
Section 2.3.4, TC(X) is observed to be unimodal in X. Hence, X* can be searched very

efficiently with standard nonlinear optimization methods.

2.3.3 Full Obsolescence Case (\; = 0)

So far we have considered an inventory system facing obsolescence in which the demand
drops to a lower level but does not vanish (A; > 0). However, in some practical cases the
demand might disappear after a certain time point and the remaining stocks are either
sold in secondary markets or sent to locations where the demand is still healthy. Although
the analysis of the net inventory level process for full obsolescence case is essentially the
same as described in the previous section, the operating characteristics and the objective
function have to be slightly modified.

When A\; = 0 the number of excess stocks to be removed is equal to Sy, and there-
fore the inventory is carried only during the stock removal phase. Hence, the term
E[OHNn11(An < X)) drops from the equation (2.4). Similarly, in equation (2.5) the term
representing the expected inventory carried after the drop (=A;" Efgl(&) —1)P(i; A0X))

becomes irrelevant since under full obsolescence the stock removal can only be possible
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before time X. Thus, the expected total inventory carried during the second period can

be given as:
So—1
1
E[OH] = \;'! M — 37 (S0 — i)P(i; 2o X) (2.23)
=0

If full obsolescence occurs before all of the excess stocks are removed then the remaining
on hand inventory is usually salvaged (disposed) or relocated. In that case the obsolescence
cost ¢, is incurred per unit of remaining inventory at the end of the second period. In case
of salvaging ¢, can be interpreted as the overage cost of the well known newsboy problem.
Otherwise, it can be seen as the cost of transporting per unit of remaining inventory to
a location where the demand is healthier. Since Sy items should be removed before time
X the expected number of remaining stock at the end of the second period can be given

by the following expression:

So—1

E[RS] = (8o — i)p(i; Ao X) (2.24)

i=0
where p(i; Ao X) is the probability that ¢ items are demanded from the beginning of the
second period until the obsolescence occurs. Note that E[RS] is not affected by our
assumption that there are no outstanding orders at the beginning of the second period
since the number of stocks removed before time X only depends on the demand arrival
process but not the net inventory level process. Moreover, it can be easily shown that
E[RS] is convex in X.

The analysis of the regular operation phase is similar to the one with positive A;.
However, under full obsolescence there are no inventory carried during the regular oper-
ation phase since the base stock level is zero. Thus, the expression for the expected time
weighted backorders incurred during this phase is found as:

s - (o £ 1Y
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where

fn) = MN'[2P(N +n+1200X) + Np(N +n+1;00X)]

— (X = L)p(N +n; A X) (2.26)
g(n) = p(n;AoL) [(X — L)P(N; (X — L)) — A\g'NP(N +1; Mo(X — L))]

— 201 [ P(n; ML) P(N; \o(X — L)) — zn:g(z’, N)

+ (X = L)¢(n,N) = \'NE(m, N + 1) (2.27)

Therefore, the expected total cost incurred during the second period under full obso-

lescence can be given as,
TC(X) = hE[OH] + ¢,E[RS] + nE[BO] (2.28)

In our numerical experiments, we observed that equation (2.28) is unimodal in X . Hence,
the optimal solution of TC(X) can be found very easily for the full obsolescence case as

well.

2.3.4 General Behavior of Objective Function and Operating
Characteristics

In this section, we investigate the general behavior of the objective function and the
operating characteristics. For comparison purposes we conducted 5000 simulations of
the demand arrival process for given A\g and \; pair. Then for a given X value, the
operating characteristics and the objective function are found by averaging the values
calculated at each of the simulated trajectories. In the sequel, we use subscript ‘s’ to
denote the simulated values for clarity. Figures 2.4 - 2.5 illustrate the general behavior of
the objective function and the operating characteristics. In the figures simulated values

are given along with their 95% confidence intervals.
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Throughout our numerical study we observed that the expected total cost function
is unimodal in X (see Figure 2.4). The intuition behind this behavior can be explained
as follows: If X is too short then the inventory system does not have enough time to
remove all of the excess stocks (N) before the drop in demand rate occurs. Therefore,
the remaining excess stocks either increase the holding costs since the natural attrition of
these stocks takes longer due to diminished demand or they result in obsolescence cost -in
case of full obsolescence- due to disposal or relocation. In both cases the system incurs
extra holding cost or obsolescence cost for not removing all of the excess stocks before the
drop. Hence, we observe a decrease in expected total cost function as X diverges from
Z€ero.

On the other hand, if X is too long then all of the excess stocks are removed too
early and the inventory system returns to its regular operation mode before the drop in
demand rate occurs. Consequently, the system operates under a lower base stock level
S1 in order to satisfy the demand until the drop occurs and incurs more backordering
costs. Figure 2.5b shows how the expected backorders increase in X. Therefore, there
exists an optimal X value balancing the obsolescence related costs (extra holding cost,

obsolescence/relocation cost) with the cost of backordering.

Figure 2.4: Behavior of Objective Functions (Ag = 10, A\; =2, L = 0.15, # = 10, h =
1, N=2)

--TCs(X) -8-TC(X)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 2.5a presents an example of the rapid decrease in the expected on hand as

X diverges from zero when \; is positive. For the full obsolescence case, however, the
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Figure 2.5: Behavior of Operating Characteristics (Ag = 10, Ay = 2, L = 0.15, 7 =
10, h=1, N =2)
(a) Expected On-Hand Carried (b) Expected Backorder

0.6

—~E(OHs) -8 E(OH) «+E(BOs) -8-E(BO)

behavior of the expected on hand is different. The inventory is carried only in the stock
removal phase and for small X values it usually ends before all of the excess stocks are
removed. Therefore, when A\; = 0 the expected on hand is generally increasing in X
until it converges to a constant (the expected positive area under the net inventory level
process when the stock removal ends before the drop occurs). Although the inventory
system tends to carry less stock as X decreases, the expected total cost increases due to

the increase in the expected number of remaining stocks.

Comparison with Simulation

Our two assumptions about the initial inventory level and the end of the second period
result in different sample paths of the net inventory level process for our model and
simulation in periods [T'— X,T — X + L] and [T,T + L]. When )\ is positive E[OH]
always overestimates F [OH,] due to higher on hand inventory level between T'— X and
T — X + L, and the extended calculation period. This can be observed in Figure 2.5a.
On the other hand, when \; = 0, F[OH,] is larger for X values near zero since the
outstanding orders at time T — X are likely to arrive after time T and therefore, in
simulations the second period is likely to be longer compared to our model.

When A; is positive expected backorders are underestimated by E [BO] as long as the
initial inventory level Sy is high enough to cover the demand before time 7. However, as

X gets larger, the system returns to its regular operation mode earlier and E [BO)] begins
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to overestimate E [BO;] due to the extended calculation period. For example, in Figure
2.5b, we observe that E [BO] starts to overestimate £ [BO,] for the X values greater than
0.25. Furthermore, we found that the performance of F[BO] is much better for the full
obsolescence case. Because when the stock removal phase ends before T, the sample path
differences between simulation and our model are only from 7' — X until T'— X + L.
For positive A; and X values small enough we observe that the percent difference
between T'C(X) and T'Cs(X) is relatively low since the overestimation of E [OHj] is com-
pensated by the underestimation of E [BO;]. Moreover, TC(X) underestimates TC,(X)
as long as the real backordering cost is larger than the overestimated quantity in holding
cost (i.e. mE[BO,] > h[E [OH|— E[OH]]). Otherwise, TC(X) is larger than TC,(X) as
a result of overestimation in holding costs. Similar intuitive results are observed for the
full obsolescence case as well. Finally, for 256 experiment instances, we found that the
average absolute percent difference between TC(X) and TCs(X) is approximately 11%
for positive A\; while it is only 1.25% when A\; = 0 as a result of increased accuracy in

E [BO] and the exact calculation of E [RS].

2.4. Numerical Study

In this section, we first investigate the changes in optimal policy parameter and expected
total cost function under different parameter sets. Then, we identify the performance
of our model and its impact on expected total costs by comparing it with simulation
optimization. Finally, we close the section with a discussion about the value of advance
policy change. In the sequel, we use ‘*’ to indicate optimality and denote the optimal X
value found by simulation optimization with X

Throughout the numerical study we assume that simulation is representative of un-
derlying real world model. Thus, we compare T'Cs(X*) with T'C?(X[) to measure the
impact of operating under X*. As a simulation optimization technique, we employ re-
sponse surface methodology as described in Myers and Montgomery (1995).

The experiment instances used in our numerical study is generated with the following
parameter set: \g € {0.5,0.7,1,5,7,10} per year, \; € {0,0.2,2} per year, h = 1 per
unit per year, 7 € {5,15,25,50,75,150,300} per unit per year, ¢, € {5,10} per unit,
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L € {0.15,0.25,0.50,0.75,1} years. In total, we generate 281 instances for which the

average number of excess stocks to be removed is approximately 3 units. Some of the

results from the numerical study are tabulated in Table 2.1-2.2.

Table 2.1: Performance of X* and Value of Advance Policy Change When A\; > 0

h=1
XN M7 L So N X; X* A% TCr(XY) TO(XY) A% TC:(0) A%
05 0.2 50 0.50 2 1 1.80 1.64 -8.94 7.66 7.73 0.88 10.17 31.61
0.75 2 1 1.29 1.11 -13.77 8.35 8.51 1.89 10.19 19.73
1.00 2 1 096 0.80 -16.60 9.06 9.25 2.07 10.33 11.69
300 0.50 2 0 - - - - - - - -
0.75 3 1 1.65 1.45 -11.88 11.73 11.80 0.65 15.22 28.96
1.00 3 1 1.24 1.05 -15.43 12.52 12.62 0.81 15.28 21.10
1 0.2 50 0.50 2 1 1.02 0.87 -15.02 6.88 6.88 0.01 10.07 46.34
0.75 3 2 1.71  1.58 -7.24 14.47 14.53 0.40 24.88 71.21
1.00 3 2 1.40 1.31 -6.07 16.22 16.41 1.12 24.94 52.03
300 0.50 3 1 1.16  1.06 -8.32 9.20 9.24 0.42 15.08 63.23
0.75 4 2 1.74 1.65 -4.78 19.86 20.12 1.28 34.84 73.17
1.00 5 3 226 2.19 -2.98 32.32 32.77 1.40 59.46 81.45
5 2 5 0.05 1 1 0.18 0.15 -13.36 0.39 0.40 1.60 0.50 24.38
0.15 2 1 0.24 0.19 -20.66 0.70 0.71 0.74 0.96 35.62
0.25 2 1 0.16 0.12 -23.52 0.84 0.86 2.11 0.98 13.95
50 0.05 2 1 0.19 0.16 -13.33 0.78 0.78 1.25 0.99 26.33
0.15 3 1 0.18 0.14 -23.67 1.15 1.19 3.42 1.48 23.79
0.25 4 2 0.29 0.25 -14.17 2.51 2.55 1.75 3.39 32.75
10 2 5 0.05 1 1 0.12 0.09 -21.22 0.34 0.34 0.19 0.51 47.96
0.15 3 2 0.29 0.25 -14.01 1.02 1.04 1.30 2.42 133.47
0.25 4 3 035 030 -13.07 1.81 1.82 0.27 4.28 135.56
50 0.05 2 1 0.11  0.09 -20.35 0.68 0.69 1.69 1.02 46.98
0.15 4 2 0.21 0.18 -12.23 1.88 1.89 0.51 3.44 82.05
0.25 6 4 033 031 -6.55 4.27 4.33 1.22 8.79 103.16
2.4.1 General Behavior of Optimal Policy Parameters and Total

Cost Functions

As can be seen from Table 2.1, when A; is positive, we do not always observe a monotonic

behavior in optimal X values and expected total costs due to discrete jumps in Sy or

S1 as L or 7 increases. However, when all other parameters are constant if an increase

in L or w does not effect Sy and S; then the optimal X decreases to reduce the risk of

backordering.

For the full obsolescence case, we observe a similar non-monotonic behavior in the

optimal values with respect to the changes in L or . However, optimal X and T'Cs()
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Table 2.2: Performance of X* and Value of Advance Policy Change When A; =0

L=025 h=1

X 7 o N X; X' A% TCHXY) TCs(X*) A% TCs(0) A%
05 50 5 1 044 043 234 1.73 1474 0.16 5.03 6.17
10 1 1.00 099 -1.25 8.22 822  0.02 10.03  21.99

300 5 2 036 040  9.40 9.88 9.89  0.11 10.02 1.35
10 2 093 094 1.27 18.11 18.14  0.16 20.02  10.36

1 5 5 2 08 087 1.19 8.26 828  0.28 10.03  21.16
10 2 140 140 -051 13.31 1331 0.04 20.03  50.50

300 5 2 029 032 11.00 9.44 948  0.44 10.06 6.17
10 2 050 053 605 17.40 17.40  0.03 20.06  15.30

5 5 5 2 059 059 -0.78 3.37 3.38 045 10.14  199.65
10 2 075 075 -0.65 4.32 434 040 20.14  363.86

50 5 4 052 052 033 11.77 11.82 047 20.30  71.73
10 4 067 067 007 18.33 18.35  0.12 40.30  119.65

0 5 5 4 056 055 -1.99 4.74 474 0.15 20.38  329.45
10 4 066 065 -1.79 5.88 5.90  0.36 40.38  584.32

50 5 6 043 044  1.09 14.74 1476 0.12 30.68 107.88
10 6 053 053 -0.14 22.75 2279 0.19 60.68  166.20

are monotonically increasing in ¢, since N is independent of the obsolescence cost. Thus,
as ¢, increases optimal X values also increase to reduce the number of remaining stocks
and the expected total costs increase as a result of higher obsolescence penalty (see Table
2.2).

An important indicator for the behavior of the optimal X is the ratio N/)g, average
time needed to remove Nth excess stock before the drop occurs. In general, we observe
that optimal X values and corresponding expected total costs are increasing in N/\g
(Figure 2.6). This is to be expected since as the ratio increases more time is needed to
complete the stock removal process before the drop occurs. Hence, the system adjusts
itself accordingly. On the other hand, the increase in optimal values is not monotonic.
This is because the ratio is only a measure of the stock removal process but not the
regular operation phase. In other words, the inventory system might incur backordering
cost once the stock removal is completed. Hence, the optimal values are not monotonically

increasing in N/\g.
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Figure 2.6: Change in Optimal Values wrt N/Aq
(a) Optimal X Values (b) Optimal Expected Total Costs
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Note. In the figures above, A is varying from 5 to 10 and N is varying from 1 to 6
2.4.2 Overall Performance of X*

Next, we compare the performance of X* wis ¢ vis X}. For comparison purposes we

use percent error which gives the percentage deviation from the optimal values found by

simulation optimization. Hence, we define A, % = X);X < % 100 as the percent deviation
from X? whereas A% = TCS();*C)*_()T(?; (X3 % 100 is defined as the percent deviation from

the optimal expected total cost TC?(X?) as a result of using X* instead of X*. Figure

2.7 illustrates a comparison of optimal X values and corresponding expected total costs.

Figure 2.7: Performance of X* (A\g = 10, A\, =2, N = 4)
(a) X7 =0.40, [A;|% = 9.21% (b) TCT = 3.86, A% = 0.67%
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We observed that the expected total cost is quite robust to the changes in X}. For

example, for the instances considered in Figure 2.7 we found that X* underestimates X
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on average by 9.21%. For the same instances, however, the average deviation from the
optimal expected total cost is only 0.67%. The robust behavior of the expected total
cost function can also be observed in Figure 2.6b. Moreover, we found that X* might
underestimate or overestimate X depending on the interplay between the extra costs
resulting from our two main assumptions and the costs related with obsolescence. This
can be best observed in Table 2.2.

For all instances with positive A\; (89 instances out of 281), the mean absolute devi-
ation from X7 is found to be 11.87%. For the same instances we found that using X*
instead of X7 results in a deviation from the optimal expected total cost on average 1.03%
and maximum 4.42%. For the full obsolescence case, we found that the mean absolute
deviation from X7 is 5.42% and the average deviation from the optimal expected total
costs is 0.56% with a maximum of 3.44%. Thus, we conclude that X* performs satisfac-
torily and it gives near optimal results for expected total costs. For more detailed results

we refer the reader to Tables 2.1-2.2.

2.4.3 Value of Advance Policy Change

Next, we discuss the value of changing the control policy to initiate the stock removal
process before the drop in demand rate occurs. To this end, we compare the expected
total cost incurred by changing the policy X* time units earlier before the drop occurs
with the expected total cost incurred by changing it immediately after the drop occurs
(X = 0). We use the benchmark case where it is possible to change the policy in advance,
that is, the decision maker uses X* and incurs the cost TC,(X*). Alternatively, she can
postpone the policy change to obsolescence time. As such, the increase in total cost by
postponing the policy change reflects the value that the decision maker gets by changing
the policy in advance. For comparison purposes we use percent deviation in expected

TCO-TCXT) 5 100. Figure 2.8 illustrates the

total cost functions defined as A, % = TCL(X")

changes in A,% for different Ay and A; values.

We found that the impact of advance policy change on costs is significant. For example,
in Figure 2.8a when A\ = 5 the average T'Cs(X*) is found to be 2.11. For these instances,
waiting until the drop occurs increases the expected total costs on average by 30%. The

increase in total cost is due to the increase in holding costs since the natural attrition of
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Figure 2.8: Value of Advance Policy Change (A, %)
(d) )\0 = 57107 )\1 =2

(b) Ao =5, Ay =0
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the remaining excess stocks takes longer once the drop occurs. Moreover, we found that

when all other parameters are constant, the cost of postponing the policy change increases

very rapidly in Ag (see Table 2.1). This can be seen clearly from Figure 2.8a; when Ag

increases from 5 to 10 the average percent deviation due to postponement increases from
30% to 136%.

Our observations for the full obsolescence case are similar. However, when A; = 0

the increase in total cost is mainly due to the obsolescence/relocation cost charged per

remaining excess stock. For the instances given in Figure 2.8b, we found that when

Ao = 5, the average A,% increases from 129.07% to 228.12% as ¢, doubles. Moreover,

we observed that A,% is decreasing in m. This is because as 7 increases the cost of

obsolescence becomes relatively cheaper compared to backordering and the system tends

to postpone the policy change towards the obsolescence time. These behaviors can be

seen in more detail in Table 2.2.

We close our discussion about the value of advance policy change by giving the sum-

maries about A,%. Over all the numerical experiments conducted, we found that for

positive A\q, changing the control policy after the drop occurs increases the expected to-

tal costs on average by 60%. In case of full obsolescence, we found that the expected

total costs are on average more than doubled as a result of not taking an early action

(A, % = 133.04%). These findings show us that employing an advance policy change

when obsolescence is expected, results in important savings.
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2.5. Conclusion

In this chapter, we considered a continuous review inventory system of a slow moving
item in which the demand rate drops to a lower level at a known time in the future.
Adaptation to the new demand rate is achieved by changing the control policy before the
drop occurs, and therefore letting the demand process to take away the excess stocks.
We focused on the behavior of the net inventory level process during the transient period
and proposed an approximate solution for the optimal time to shift to the new control
policy minimizing the expected total cost incurred during this period. We found that
the advance policy change results in significant cost savings and our model yields near
optimal solutions for the expected total costs.

The key contribution of this chapter lies in the analysis of a continuous review in-
ventory system facing nonstationary stochastic demands in the context of obsolescence
problem for slow moving, expensive items. Earlier works on obsolescence were focused
mostly on periodic review models. The main insights from these works were that the
obsolescence has a substantial impact on optimal policies and it should be incorporated
into inventory control models explicitly. In our study, we extended these findings for a
continuous review system and show that advance policy change in case of known obso-
lescence time results in significant cost savings. Our numerical experiments revealed that
for slow movers the timing of the control policy change primarily determines the tradeoff
between backordering penalties and obsolescence costs.

The practical importance of our model comes from its consideration of expensive, slow
moving items with high downtime costs for which continuous review policies are preferred
over periodic review ones due to lower safety stock requirements. For this class of items,
efficient management of inventories is notoriously difficult. Not surprisingly, inventory
managers of many companies in after sales service industry are recurrently facing the
problem of obsolete or excess inventories of such items. Knowing when to change the
control policy is the key to reduce obsolete inventories while balancing the availability. If
the change is too early then the risk of backordering is too high and the stockouts can be
detrimental to companies’ operations. On the other hand, if the change is too late then the

risk of obsolescence is too high and obsolete stocks lay as dead weight on the books which
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in return reduces the competitiveness of companies. Our model can be used to study the
impact of the timing of policy change on operational costs and to identify the optimum
time that balances the tradeoff between the risk of obsolescence and backordering.

While developing our model, we employed a couple of assumptions to keep the analysis
in the boundaries of mathematical tractability. Although some of these assumptions limit
the generality of the model, the analysis offers an increased understanding of the transient
behavior of inventory systems and the impacts of advance policy change on operational
costs. Given the scarcity of research on continuous review systems facing obsolescence, we
consider that our model bears a reasonable balance between realism and tractability for
the insights obtained. Therefore, it can stand as a building block for more complicated
and realistic models.

There are a couple of directions for future research. It would be useful to extend
the model with demand rate decreasing by time. Such a model would be more suitable
for the products at the the end of their life cycles. Another possibility is to incorporate
the uncertainty into the timing of the obsolescence or into the size of the drop in de-
mand rate. These extensions would yield interesting insights about the timing of a policy
change. Extending the model for a general class of continuous review control policies
seems particularly worthwhile because for many products, the prospect of obsolescence
has increased drastically due to the rapid changes in consumer taste and technological

innovations.

2.6. Appendix

Proof of Equation (2.4). Taking the expectation of equation (2.2) yields that for
k=2,...,Nand N > 2,

E[OH;] = [(So—k+1)X + E[OH,]] P (A1 < X, A > X)

Jr

(So—k+ DIE M 1(Ax < X)] = E[Ap 1141 < X, A > X)]]

+ E[OHu1(Ax < X)) (2.29)
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Observe that the event {A;_1 < X, A, > X} implies that there are exactly k—1 demands
during the period of length X. Since the total demand during this period is Poisson
distributed with rate Ay we obtain that,

P(My <X, Ap>X) =plk—1:0X), k=2,3,... (2.30)

Denote,
6;9 :E[Tkl(AkSX)]7 k:2,3,

and observe that A, = Ay_1 + 7. Hence, by conditioning on A;_; and after some algebra

we get,

/ : / T ) fa () dtds = M1 — P—1:00X)] (231)

Denote,

é’ka[Ak 11(Ak1<X Ak>)()] 7273,...
Similarly, conditioning on A;_; yields,
b
ey = / sP(1e > X —5) fa,_,(s)ds = \g ' (k — 1)p(k; N X) (2.32)
0
Thus, the difference between ¢, and ¢} is found as follows:
eh—el = N1 =Plk—10X)] - Xplk—1;X), k=2,3,... (2.33)

Also, note that
N
E[OH) =AY (So—i+1), k=1,...,N. (2.34)
i=k

Therefore, substituting (2.30), (2.33) and (2.34) in (2.29), and making necessary simpli-
fications yields that for k =2,..., N and N > 2,

N
E[OH, = X'plk—12X)> (So—i+1)
i=k
+ MNUSo—k+1)[1 =Pk —1;X)]

+ E[OH;1(Ax < X)) (2.35)
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Observe that E[OH,] = E[OHy1(Ar_1 < X)] since E[OHy1(Ax_1 > X)] = 0. Thus,
by exploiting the recursive structure of (2.35) and after some algebra we obtain that for

N> 1,

Z

P - D Y X) + X5 - ) [0 T

BElOH1(A, < X)) = A :
1 j=1

=

i

— AN (So—i)P(i; 00X) + E[OHy 1 1(Ay < X)) (2.36)

1

=

i

with the convention that Zfik() =0 for N < k. Now, taking the expectation of equation
(2.1) gives,

E[OH] = [SoX + E[OH]] P(A > X) + SoE[A11(A; < X)] + E[OH,1(A; < X)] (2.37)

Thus, using (2.34) and (2.36) in (2.37), and rearranging the terms yield the expected
on-hand as given by equation (2.4). |
Before starting the analysis of E[OHy111(Ax < X)] we need the following lemma

which is important for our derivations.

Lemma 2.1. Let fg(t) be the pdf of Erlang distribution with parameters o € {1,2,...},
B >0 and define

b
- / (s X+ ) fi(£) . (2.38)
(i) If X\ # =0 then
I= Zp(r - k:;v)bN<k:; @5 f 5) o(k) (2.39)

where
5(k)=Pla+k—1;(A\+B)a) — Pla+k — 1; (A + B)b)
(ii) If N = —[3 then
B < (=B)* (b** — a*t*
I= (a—1)!zp(“k;7) k;(!(a+/<;) ) (240)

k=0
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Proof of Lemma 2.1.

(i) From (2.38) we have,

e—w[)}a b
I = —Z [ (& relem MR gt
r!(afl)!/a( )t

Using the binomial theorem and after some algebra,

I _ e ’Yﬂa / ’erk()\t)ktaflef()r%ﬂ)tdt
T' (=1 J,

- Z<—7k;<kza1 1) A <Aiﬁ>k/:p(a+k LA+ A (24)

k=0

It can be easily shown that for any A # 0 the following holds,

/bp(n; At +7)dt = ;[P(n;)\a—l-v) — P(n; \b+7)] (2.42)

Hence, applying (2.42) to the integral on the right-hand side of (2.41) yields,

re Sk (h0) (+55) (525) k100480

— Pla+k—1;(A+5)b)]

; p(r — v)bN(ka A%) (Pla+k—1:(A+B)a) — Pla+k — 1: (A + B)B)].

(ii) When A = —f (2.38) can be simplified as,

—y R b
;o= 8 ) /(—Bt+7)Tta_1dt

rl(a—1)!

and the result follows from the binomial theorem:

« . b
;oo k=1 g
7“' (—1) ' a

Ba T (_6)k ba+k _ aoH—k
N 1)!;7’(’"*’“”) k(!(a+k) )
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Proof of Equation (2.15).

Denote,
S1—1
E[OHN11(An < X)] = (S1 —n) [K1 + K5
n=0
with
L o=A@)(A
K = / / A" ¢ (s dtds (2.43)

X pX=stL —[AW)-AC—D] (A($) — A(t — L))"
Ky = / / ¢ (n'() C=D)y (ydds  (2.40)
0o JL :

(i) If L < X then using the definition of A(t) we can partition the integrals in (2.43) and
(2.44) as follows:

K = /XL/ (n: Aot) difa () ds

+ /X—L UOX | p(n: Aot) dt+/XLsp(n;m(t,S))dt} fay(s)ds (2.45)
Ky — /X_L [/LX_S (n: AL )dt+/XX:S+L (n;ng(t,s))dt} Fan(s)ds
4 /X L/X T (e ) di fa (s) ds (2.46)

where 71 (¢, 8) := Mt + (Ao — A1) (X — s) and m2(t, s) := (¢, 5) — Ao(t — L). From identity
(2.42) we obtain that,

K = /07 Aiou—P(n;AOL)]f;,N(s)ds+/ L[%OD—P(TL;AO(X—S))}

X—

+ /\i[P(n; M(X —35)) — P(n;v(s)]} fay(s)ds (2.47)

Ky, — /O ) [p(n;)\oL)(X—s—L)— [P(n: ML) — P(n: ML)]| Fa (s) ds

Ao— M

+ / Sy 1 s [P ML) = P v(s))] fay (s) ds (2.48)
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with v(s) := ML + (Ao — A\ )(X — s). Summing K; and Ks and rearranging the terms
yields,

1 20— A1

T mP(n; AoL) + p(n; Ao L)(X — L)

K+ K, = [

P(n; ML)
Ao — A\

1 P ML) [~ N
|:)\—0 +—)\0 — )\1 ] /X,L fAN(é) dé

}/OX_LfAN(S)dsp(n;AOL) /OX_LSfAN(s)ds

+

Ao /X—L P 20(X = 5)) fay(s) ds

Ao X .
oo P o0)

Note that,

[ P = shanrds = 30 [ plinalX = s)fay(s)ds (250

X—L — Jx-L
/ P(n;v(s)) fay(s)ds = / p(i;0(s)) fay (s) ds (2.51)
X-L o Jx-1L
and denote,
Lo /X_Lp(z';)\o(X—s))fAN(s)ds (2.52)
I, = /X_Lp(z';v(s))fAN(s)ds (2.53)

Using part (74) of Lemma 2.1 and after some algebraic manipulations we obtain that,

B )\ON i ' . (_)\O)k (XN+k _ (X _ L)N+k)
b= o P kA RV T )

oo [ 5 () (5]

(N + i3 20 X) — £(i, N) (2.54)
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Thus, substituting (2.54) in (2.50) yields,

X n
/ P(n; \o(X — s))fay(s)ds = P(N +n;0X) —P(N — 1; M X) — Zg(i,N) (2.55)
X-L =0
Similarly, from part (z) of Lemma 2.1 we found that
i o
> p(i =k ML+ (Ao — W)X )bN<k N, ) (k) (2.56)
k=0
with
0(k)=P(N+k—1M(X—-L)—-P(N+k—-1MX)

Substituting (2.56) in (2.51) gives,

X
Ao
/X P 0(5)) fan(s ;;:Op i— ks ML+ (Mo — M) X )bN(k:;M A—1> 3(k) (2.57)
Therefore, employing equations (2.55) and (2.57) in (2.49), and using the following iden-
tities
/ Fa(s)ds = P(N:ox) (2.58)
0
/ sfay(s)ds = A NP(N +1; \ox) (2.59)
0
yield that,
S1—1
ElOHy11(Ay < X)] = 2(51 —n)[f(n) + g1(n)].
n=0
with

Ao — M1
Ao

ro) = |5+ BB pvi) +

P(N i A0X) — P(N — 1; M X
)\0 )\O_Al [ ( JFTL,() ) ( s A0 )]

gi(n) = p(n; ML) [(X = L)P(N;A(X — L)) — A\g'NP(N + 1; \o(X — L))]

220 — A
INE P(n; A\oL)P(N; \o(X — L)) AoAl Zg

=0

)\07)\1 ZZ]? i =k AL+ (do = M)X )bzv(k:;N,i—?) 5(k)

=0 k=0
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(ii) If L > X then by the definition of A(t) the integrals in (2.43) and (2.44) can be

partitioned as follows:

K = / : [ / T ety dt 4 /X Lg (n: m(us))dt} fau(s)ds  (2.60)
Ky, = / /X " p(n;ma(t, s)) dtfay(s)ds (2.61)

Using the identity (2.42) in K and K3, and summing the results yield that,

1 P(nQ/\lL)] (N Ao X /\0)\1 Z/ Z )\0 *5))fAN( )

K Ky = —
P [)\0 o — M

) O I IR e

Denote,

X
L o= / plis Mo(X = 5)) fay (5) ds

X
L= [ bl o) fay(s) ds
0
By employing part (ii) of Lemma 2.1 in I3 we obtain that,

( /\O)kXN+k )
13 = )| Zp k‘ )\0X m :p(N+l; /\()X) (263)

Similarly, from part (i) of Lemma 2.1 we have,
i A\
> pli— kML A+ (Mo — Al)X)bN<k; N, A_O) P(N +k;\MX)  (2.64)
1

Therefore, employing (2.63) and (2.64) in (2.62) yields that,
S1—1
EOHy 1Ay < X)] = ) (S1=n) [f(n) = gs(n)]
n=0
with

n i

Ao

. Ao\ =
= —k: ML — X N, — | P(N s A X
92(77/) >\1(A0 — )\1) p(l k7/\1 + (>\0 )‘1) )bN(ka ) )\1> ( +k7)‘1 )

=0 k=0
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Proof of Equation (2.25).
Note that the integral expression for the expected time weighted backorders can be found
similar to the expected on hand carried during the regular operation phase as described

in section 2.3.1. Thus, for A; = 0 we found that,

[ S,

/X_S+L M=M= L] (A () — A(t — L))"
L

E[BO]

dt fAN (5) ds

n!

= in K1+KQ
n=0

(i) If L < X then from the definition of A(t) the integral expressions K; and K, can be
partitioned as in equations (2.45) and (2.46) with A, = 0. Using the identity (2.42) in K,

and K5 and summing the results yield that,

K+ K, = [20\5'[1 = P(n;AoL)] + p(n; A L)(X — L)] /OXL e)ds

~ p(n: ML) /  shan(s)ds + 23 / (1= P(: Mo(X — )] fan (5) ds

X-L
X X
- (X- L)/ p(n; Ao(X — 5)) fay(s)ds +/ p(n; Ao(X — s))sfay(s)ds (2.65)

X—-L X—-L

Using the identities (2.58) and (2.59) in (2.65), and simplifying gives that,

Ki+ Ky = 20" [P(N;AX) — P(n; AgL)P(N; \o(X — L))]
— p(n; ML) [(X = L)P(N; M(X — L)) = Ay ' NP(N + 1;00(X — L))]
5 [ P D Fa )~ (O 1) [ Ao ) s
| :pm; MX = )51, (5) ds (2.66)
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Observe that,

X X
/ p(n; Mo(X — 8))sfay(s)ds = A\g'N P(n; Ao(X — 5)) fan,.(s)ds (2.67)
X—-L X—L
where fa,,, is the pdf of Erlang distribution with parameters Ag and N + 1. Thus, by
applying part (i) of Lemma 2.1 to the right-hand side of (2.67) we obtain that,
X
/ p(n; Mo(X — 8))sfay(s)ds = A\g N [p(N + 1 +n; 00 X) —&(n, N +1)]  (2.68)
X—L
Therefore, employing the results (2.54), (2.55) and (2.68) in (2.66), and making necessary

simplifications yield the expected backorder as follows:

f(n) = A'[2P(N +n+10X) + Np(N +n+1;20X)] — (X = L)p(N + n; A X) (2.69)
g(n) = p;AL) [(X = L)P(N; Xo(X — L)) = \g"NP(N + 13 0(X — L))]
— 205 |P(n; ML)P(N; MAo(X — L)) Z@N

+ (X —L)é(n,N) — N\g'NE&(n, N +1)

(i) If L > X then from the definition of A(¢) the integral expressions K; and K5 can be
partitioned as in equations (2.47) and (2.48) with A\; = 0. Using the identity (2.42) in K,

and K, and summing the results yield that,

P(N: X Z/ (i Mo(X 8))fAN()}

K1+K2 = 2/\0

~ (X-1I) / p(m: Mo(X — 5)) fan () ds + / p(n: Mo(X — 8))sfay(s)ds (2.70)

Observe that

X X
/0 P(1: Mo(X = 5))sfay () ds = A IN / P (X = ) fay (8)ds  (271)
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Thus, using part (i) of Lemma 2.1 in (2.71) yields that,

X
/0 p(n; Mo(X — 8))sfay(s)ds = A\g"Np(N + 14 n; M X) (2.72)

Finally, using (2.63) and (2.72) in (2.70), and after some simplifications we obtain the
expected backorder as follows:

(e o]

B[BO] = Y nf(n)

n=0

with f(n) as given in (2.69). O






Chapter 3

Service Parts Inventory Control

under Obsolescence *

Abstract

In this chapter, we consider a single location inventory system of a slow moving
item with Poisson demand where the demand rate drops to a lower level at a known
future time. Under the assumptions of full backordering and fixed lead times, we
incorporate obsolescence into a one-for-one policy with the option to reduce the
base stock level in advance. We propose a three parameter policy to control the
timing of the shift from high base stock level to the low one. For the special
case of identical base stock levels, we show that the optimal base stock level can
be calculated from a critical ratio inequality. For different base stock levels, we
derive the exact expression for the expected total discounted cost function by partly
relying on Fast Fourier Transform method and suggest a numerical optimization
procedure to find the optimal values of the policy parameters. Our results suggest
that the policy change option leads to pronounced cost savings especially when
obsolescence requires a relatively large adjustment in base stock level. We find
that ignoring obsolescence in control policy increases costs significantly. Moreover,
when obsolescence can be foreseen, early adaptation of base stock levels can lead to
important savings.

3.1. Introduction

In this chapter, we analyze the inventory system introduced in Chapter 2 under a more

general policy. In the previous chapter, the only decision variable was the policy change

*This chapter is based on Pinge, Frenk, and Dekker (2009)
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time. There, we analyzed the system in an approximate fashion to derive heuristic formu-
las for the operating characteristics and provide qualitative results about the impact of
policy change time on transient period costs. In this chapter, we propose a more general
three parameter policy including pre- and post-obsolescence base stock levels besides the
policy change time. Moreover, in this chapter, the analysis of the model is exact and the
optimization involves the infinite horizon discounted total cost rather than the transient
period total cost.

As in the previous chapter, we consider a continuous review inventory system of a
slow moving item for which the Poisson demand rate drops to a lower level at a known
future time. We assume a one-for-one replenishment policy with full backordering and
a fixed lead time. We propose a transition control policy with advance policy change
option. That is, adaptation to the lower demand rate is achieved by reducing the base
stock level before the obsolescence occurs and letting the demand process take away the
difference. The objective is to find the optimal base stock levels and the optimal policy
change time minimizing the expected total discounted cost over infinite horizon. We show
that when base stock levels are identical, the optimal base stock level can be calculated
from a critical ratio inequality. For different base stock levels, we compute the total
discounted cost function by partly relying on Fast Fourier Transform method and suggest
a numerical optimization procedure to find the optimal values of the policy parameters.

The rest of the chapter is organized as follows: Section 3.2 introduces the model and
states the three parameter transition control policy. Section 3.3 presents the analysis of
the three parameter policy and its special case. Section 3.4 presents the optimization
method. Section 3.5 presents the numerical study and discusses the results. Section 3.6

concludes and outlines future research directions.

3.2. The Model

We consider a single item, single location continuous review inventory system of a slow
moving item where demand rate drops to a lower level at a known future time 7. It is

assumed that demand follows a non-homogenous Poisson process N := {N,(¢) : ¢ > 0}
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with time transformation

and arrival rate function
N f0<s<T
A(s) =
)\1 ifs>T

where )¢ denotes the initial (healthy) demand rate and A; denotes the demand rate after
obsolescence, and \g > A; > 0.

The inventory control policy is based on one-for-one policy which is commonly used
for expensive, slow moving items (see Hadley and Whitin, 1963). According to the one-
for-one policy a replenishment order is placed whenever a demand occurs. We assume
that all unfilled demand is backordered and there is a fixed replenishment lead time L.

The objective is to minimize the expected total discounted cost over an infinite horizon.
The total cost function is composed of holding cost h and backordering penalty m both
incurred per unit per time. Since unit and fixed ordering costs are independent of the
order quantity under one-for-one policy, they are irrelevant for optimization. Therefore,
we exclude the ordering costs from total cost calculations.

Moreover, we assume that the inventory system starts to operate only after the base
stock quantity is installed. Thus, we ignore the replenishment lead time and the acquisi-
tion cost of the base stock quantity.

As we will show in section 3.3.2, by using Ny, it is possible to incorporate obsolescence
into the one-for-one policy and calculate the optimal base stock level such that the drop
in demand rate is taken into account. However, using a single base stock level for pre-
and post-obsolescence periods may not be efficient under many obsolescence scenarios.
For example, when the drop in demand rate is large and not expected to occur at a very
near future then balancing backordering cost with obsolescence cost by a single base stock
level might be very difficult.

Alternatively, two different base stock levels can be used to bridge the gap between the
demand rates. In that case, a transition rule is needed to control the shift from the high

base stock level Sy to the low base stock level S;. Thus, we propose the following con-
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tinuous review, three parameter transition control policy based on the inventory position
process:

Policy: Up to time x a replenishment order of size one is placed whenever the inventory
position drops to the reorder level So — 1. After time x a replenishment order of size one
is placed whenever the inventory position drops to the reorder level S; — 1.

In other words, we use (Sp—1, Sp) policy until time x and (S; —1, S;) policy thereafter.
We refer to this policy as the (z, Sp, S1) policy, where x is the decision variable for policy
change, and Sy and S; are the decision variables for stock control. According to the
(z, So, S1) policy adaptation to the lower base stock level is achieved by letting the demand
take away the removal quantity N(= Sy — S1) starting from time z. Our goal is to find
the optimal base stock levels Sy and S, and the optimal policy change time x minimizing
the expected total discounted cost.

It is intuitive that when Sy = Si, the parameter x becomes redundant and the
(z, So, S1) policy boils down to the aforementioned obsolescence based one-for-one policy
with single base stock level Sy. In section 3.3.1, we analyze this special case separately
and provide a critical ratio inequality to calculate the optimal base stock level.

We let 0 < & < T since postponing the policy change after T would be suboptimal
unless the base stock levels are identical.

The rationale behind the (z, Sy, S1) policy is intuitive: when the time and the size of
the drop in demand rate can be foreseen, early adaptation of base stock levels tradeoffs
backordering costs with holding costs due to obsolescence, and reduces the number of
obsolete stocks while balancing the availability. We do not claim that the (x, Sp, S1)
policy is optimal. Optimal policy structure would probably involve gradual decrease of
the base stock level rather than a single adjustment. However, a more sophisticated
policy puts the analysis of operating characteristics and the total cost function beyond
tractability. Moreover, a policy with multiple base stock adjustments may not be always
practical due to increased complexity of execution. Our numerical experiments indicate
that the (z,Sp,S1) policy is a significant improvement over one-for-one policy ignoring
obsolescence and a policy without early adaptation (z = T). Hence, we claim that the
proposed policy brings a good balance between marginal increase in improvement and

execution efforts.
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Figure 3.1: Possible Realization of IN(t) and I P(t) with Stock Removals

Ao | M

. .
X X+0A(N) T THL

We define the net inventory level process IN := {IN(¢) : ¢ > 0} and the inventory
position process IP := {IP(¢) : ¢ > 0}. To better understand the (z, Sy, S;) policy, we
first look at the sample paths of IN and IP depicted in Figure 3.1. At time zero, the
base stock level Sy is already installed and the inventory system is ready to serve the first
demand. Until time x, the system is governed according to (Sy — 1, Sp) policy, hence,
every demand generates a replenishment order. At time x, the ordering policy is changed
by reducing the base stock level from Sj to S;, and the removal quantity is taken away
by N consecutive demand instances. Thus, the inventory position decreases by one at
every demand arrival until it hits S;. In Figure 1, stock removal instances are marked by
circles on the sample path of the net inventory level process. In order to determine the

time point at which the stock removal process ends, we introduce the hitting time,
o%(N)=inf{t > 0: Nx(t +2) — Na(z) > N} (3.2)

The probability density function of 0% (N) can be given as,

dA(t + ) o~ (At+2)=A(2) (At + ) = Af)N!
ar N 1)

fa,’{(t) = (33)

Observe that « 4+ o%(N) is the random time point at which the inventory position

process hits S for the first time, that is, adaptation to the lower base stock level is
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completed. After z 4+ 0% (IN), the replenishment orders are placed again at every demand
arrival.

After T, the net inventory level tends to increase due to the drop in demand rate and
the arrival of orders given before T'. If the net inventory level coincides with the inventory
position and the adaptation to the lower base stock level S; is not completed yet then
both processes slowly decrease due to the diminished demand until they hit S;. The
increase followed by a slow decrease in the net inventory level observed after T is called
inventory hump (Song and Zipkin, 1996). Long lead times and large removal quantities
result in bigger inventory hump, and therefore, higher holding costs. Since the inventory
hump is the result of obsolescence, the holding costs incurred during the inventory hump
can be considered as a good proxy for obsolescence costs. With the option to change the
base stock level before T', the (x, Sp, S1) policy mainly reduces the inventory hump while

balancing backorders.

3.3. Operating Characteristics

3.3.1 Analysis of the (z, S5y, S;) Policy

To analyze the net inventory level process, we use the inventory position process which

provides an easier and more transparent sample path representation. By definition,
IP(t) =IN(t)+ O(t), t >0

where O(t) is the number of outstanding orders at time ¢ > 0. By the structure of the

considered policy we have,

IP(t) = So — (NaA(t) = Np(z)) if a<t<z+o%(N) (3.4)
So— N if t>x+0}(N)

By the definition of the net inventory level process, the inventory position process and
the complete backordering assumption, we obtain that,

SofNA(t) if 0<t<L

o= {IP(th)*(NA(t)*NA(t*L)) itoi=L Y
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Since we let IN(0) = IP(0) = Sp, from time zero to L, the net inventory level only
decreases from S as demand arrives. After time L, the net inventory level can be described
by the well known equation relating the net inventory level at time ¢ to the inventory
position at time ¢t— L and the lead time demand. Moreover, by the independent increments
of the nonstationary Poisson process, we know that IP(¢ — L) is independent of the lead
time demand Ny (t) — Nx(t — L) for any ¢ > L.

The expected total discounted cost of operating under the (z, Sy, S1) policy is calcu-

lated with the following function,

TC(z,80,51) :=F (/000 efmc(IN(t))dt> (3.6)

where v > 0 is the fixed discount rate and ¢ : R — R is the convex cost rate function

defined as

Cfhy i y>0
C(y)'{—wy if y<0

Then, the optimization problem can be stated as

min TC(z, Sy, S1) (3.7)
st. 0<z<T,

0< 51 <8,

So, 51 € Zy.

Let Y be an exponentially distributed random variable with parameter o > 0 and let
f(y; @) denote the probability density function of Y. Observe that Y is independent of

the process IN and we have

BN(Y)) = |7 BEINEYIY =1 flo)d

/O Y B (cIN() a et dt

oF ( /0 h e*atc(IN(t))dt> (3.8)

where the last step follows from the Fubini’s theorem.
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Thus, (3.6) can be written in an alternative way as follows
TC(x,Sy,51) = a 'E (c(IN(Y))) (3.9)
Observe that from the definition of ¢(y) and (3.8) we obtain,
E(c(IN(Y))) = (h+m)E(IN(Y))" — 7E (IN(Y)) (3.10)

Let F (y; a) and F (y; o) denote the cumulative distribution function and the tail function
of Y. Moreover, let p(n; \) = e *\*/n!, n = 0,1, ... with parameter A € C and P (n;\) =
> i—oP(k; A). Define the functions g(n;p) = p(1 —p)", n = 0,1,2,... with p € C,
b(T,h) = (X — )T+ Ah with T)h >0 and n, = a— (A — A\1)(1 — 2) with z € C.

It can easily be shown by (3.5) and E (N, (t)) = A(t) that

E(IN(Y)) = F (L:a)(So — E(A(Y))) + F (L) E (IP(Y)) (3.11)
where
E(ACY)) =a" (Ao — M)F (T;a) + \) (3.12)
and .
E(IP(Y)) = ( k(prer — ) + N(1 — uzv)) (3.13)
k=0
with gop =0 and for k =1,2,.... N
e = D03 b 00— MT — )y (6 5855 )P (6 Ou + 0)(T — )
n=0 (=0
k—1
+ Yy (n Am) [1— P (n; (o +a)(T — 2))] (3.14)

The proofs of (3.12) and (3.13) can be found in the Appendix 3.7.

Observe from (3.4) that when Sy = Si, IP(t) is equal to Sy for all ¢ > 0 since
0%(0) = 0. Under fixed inventory position, the analysis of the E (IN(Y))" becomes
relatively simple as we will show in Section 3.3.1. However, when Sy > Si, a closed form
expression of F (IN(Y))" is not available. The difficulty arises from the random hitting
time o% (N) which appears in (3.4). By definition, 6% (/N) depends on the nonhomogenous

Poisson process after time x. Therefore, the computation of E (IN(Y))" requires the
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calculation of integrals where the dependent random variables o5 (N) and N () for ¢t > z
are entangled through the maximum function. Unfortunately, analytical computation of
such integrals increases the mathematical tedium drastically. To overcome this difficulty,

we rely on numerical inversion of probability generating functions as explained below.

Computation of F (IN(Y))" for S, < S,

Introduce the integer valued nonnegative random variable
D := 5, — IN(Y) (3.15)

representing the deviation from the maximum value of the IN process. By relation (3.15)

it follows that

So—1
EAN(Y))" = E(So—D)" = (S — k)p (3.16)

k=0
where
p.=PD=k), k=0,1,..

Since direct computation of py is difficult due to the reasons discussed above, we derive
E (ZD), the probability generating function of D, analytically and use a numerical inver-
sion technique, e.g., Fast Fourier Transform, to recover the original p; sequence. We refer
the reader to Abate and Whitt (1992) for a detailed discussion on recovering the sequence
pr by using the probability generating function.

By relation (3.15), for every z € C satisfying |z| < 1, we have

E(2P) = 20E (=N (3.17)
and by (3.5), we obtain that
E(z"IN)) = a(z%V(a) + e W (a)) (3.18)
with .
V() = / e E (2Na®)dt (3.19)
and 0

W(a) — / ¢ (2~ TPO+NA+ D=NA0) gy (3.20)
0
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Observe by relation (3.1) that the time transformation of N can be written explicitly

as,

i <
A() = {/\Ot if 0<t<T (3.21)

Since N (t) is Poisson distributed with parameter A(t), using (3.21) in (3.19) yields,
V(a) = ¢t (1 — %0 min<T,L)) + (;51—16—(A0—A1)T(1—z) (€—¢1 min(T,L) _ e—¢1L) (3.22)

where ¢; .= a+ \;(1 —z) for 7 € {0,1}.
To analyze W («), first observe that IP(¢) and N, (¢t + L) — Na(¢) are independent.
Second, that N (¢ 4+ L) — N (t) is Poisson distributed with parameter A(t + L) — A(t).

Thus, we can rewrite (3.20) as
W(a) = / et Al + D-AO)1-2) (z7TP®)dt (3.23)
0

Using the definitions of IP(¢) and A(t), (3.23) can be divided into separate integrals
for which the analytical expressions can be derived. Thus, the explicit form of W (a) can

be given as follows,
W(a) = Wi (a) + W (a) + W (a) (3.24)

where

Wi(a) = 2% [aile”UL(lf‘z)F([min(T —L,z)|ha)

+ n;le—b(T,L)(l—z)(e—nz[min(T—L,z)]* _ e—nzz) (325)
N-1

Wa(a) = z7%e oy 2K —¢€) (3.26)
k=0
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with

& = ht+fatfs

fl = efb(Tfm,L)(lfz)

AP, = P(n;Mo+n)(T —2—L)")— P (n; (Mo +n.)(T —x))

Ap, = T Dpin 4+ 1;\(T — ) — T D p(n 4 1; \o(T — 2 — L))

f2 = a—lc—/\lL(lfz)

fs = aLe~toL(1-2)
and
with
3%
g1
92
93

The proofs of equations (3.24)—(3.27) can be found in the Appendix 3.7.

At Ap, if Ao = —1.

ol
[y

n

D Sy (TL; ,\—017) AP, if A # —n.

p(n =60 = M)(T = 2))g (6 555 ) P (6 O\ + a)(T — o)

3
Il
o
~

=0

ko
[u

g (n; A(fia) [1— P (n: (Mo +a)(T -z — L)*)]

o

n=|

Wi(a) = 27%e ¢y

= nteptg—§,

= a e MUAE (T — 1;0)

= pletT-aD)(-2) (e—nz(T—x—L)‘*' _ e’"Z(T””))

= @l IR (T2~ L)*a)

(3.27)



66 Service Parts Inventory Control under Obsolescence

Thus, pr sequence can be recovered by a standard inversion algorithm where the
probability generating function of D is calculated by using equations (3.18), (3.22) and
(3.24). Although equations (3.25)—(3.27) appear to be somewhat tedious, they can be
computed easily since they are composed of well-behaved elementary functions.

In our numerical experiments, we used the inversion algorithm proposed by Abate and
Whitt (1992) and found that T'C'(x, Sp, S1) can be computed accurately within a couple
of seconds for most of the parameter sets considered. Computation time is increasing in
Sp yet it remains feasible for optimization purposes since base stock levels are never too

high for expensive, slow moving items.

3.3.2 Analysis of the Special Case: S; = 5

When Sy = 51, no policy change takes place and the (z, Sy, S1) policy boils down to one-
for-one policy with fixed base stock level. We refer to this special case of the (x, Sp, S1)
policy shortly as the fized policy. Note that with the fixed policy, the obsolescence is still
taken into account via the nonstationary demand process N, although the base stock
level is not changed. In the sequel, we suppress the subscript in Sy and denote base stock
level of the fixed policy with S, for brevity.

When the inventory position process is equal to S for all ¢ > 0, the net inventory level

process given by relation (3.5) becomes,

. S*NA(t) if 0§t<L
ING) = { S— (Na(t) = Nu(t—1L) if t>L (3.28)
From (3.13), we have E (IP(Y)) = S since N = 0. Thus, (3.11) becomes,
E(IN(Y))=S-F(L;a)E (AY)) (3.29)

When there is no policy change, we can directly calculate the expression E (IN(Y))".

Therefore, using relation (3.28) and after some algebra we get

S—1
EAN(Y))" = (S —n) [Ai(n) + e " Ay(n)] (3.30)

n=0
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where
Ain) = 3 p(n — £ (% — A)T)g (z; ﬁ) [P (¢; (\ + @) min(T, L)) — P (6; (A + a)L)]
+ g (n; ﬁ) [1— P (n; (Mo + a)min(T, L))]

Az(n) = p(n; L) F (T = L)*;0) + p(n; ML) F (T ) + fa(n)

with
. Siop(n = 60(T, L)) g (/o) [P (&mo(T —L)T) = P (6m0T)] if 1o # 0
fa(n) = 41
Yi_op(n — Gb(T, L)) Golor [(T = L)F)*t = 7] if 7y =0
(3.31)

and ng := a — (Ag — Ap).

The proof of equation (3.30) can be found in the Appendix 3.7.

For notational convenience, we delete the unnecessary policy parameters in TC(x, Sp, S1)
and let T'C(S) denote the expected total discounted cost of the fixed policy for the base
stock level S. Thus, TC(S) can be calculated from (3.9) by using (3.29) and (3.30).

Observe that for Sy = S1, the optimization problem given by (3.7) simplifies to

min 7TC(S) (3.32)
st. S>>0 and SeZ,.

It can be easily shown that for any random variable K taking values in R, E(c(S—K))
is convex in S. Thus, from (3.28) it follows that E(c(IN(¢))) is convex in S for all
t > 0. Since e is positive for all £ > 0 and nonnegative weighted sum of convex
functions is also convex, it follows from (3.6) that TC(S) is convex in S. Therefore, the
optimal base stock level of the fixed policy S} is the minimum integer S (> 0) satisfying
TC(S+1)—TC(S) > 0. That is the smallest S satisfying

s
[Ai(n) + e " Ay(n)] >

™
T+ h

(3.33)

Therefore, the optimal solution for the original problem (3.7) can be obtained by

solving it only for S; < Sy and then choosing the optimal policy, i.e., (%, 55, S7) or S¥,



68 Service Parts Inventory Control under Obsolescence

yielding the minimum total cost. In the next section, we will explain this procedure in

detail.

3.4. Optimization of TC(z, Sy, S1)

In our numerical experiments, we observed that T'C(x, Sy, S1) is quasi-convex in z. The
intuition behind this observation can be explained as follows: For a given Sy and .S; such
that Sy > S, if the base stock policy is changed too late, i.e., if z is near T, then there is
not enough time for the demand to take away all of the removal quantity before the drop
occurs. Thus, the remaining stocks after T increase the holding costs due to obsolescence.
On the other hand, if the policy is changed too early then the system might adapt to the
lower base stock level too soon before the obsolescence occurs. Consequently, backordering
costs increase due to the suboptimal base stock level used from the time the adaptation
is completed until the drop in demand rate occurs. Therefore, there should be an optimal
x value that balances the holding costs due to obsolescence with the backordering costs.

Figure 3.2 illustrates the behavior of the total discounted cost function in x.

Figure 3.2 Behavior of TC(z|So, S1)

60 T T T

Backordering Cost

Holding Cost

! ! !
0 0.25 0.50 0.75 1

Policy Change Time (x)

Note. \o=5, p=1,T=1, 7=100, L =0.25, a =0.1, Sy =3, S; =0

Since optimal Sy is never too high for slow moving, expensive items, once a reasonably

high upper bound S is established for the optimal Sy, the minimizer of T'C(x, Sy, S;)



3.4 Optimization of TC(z, Sy, S1) 69

can be found by enumerating over the base stock levels and optimizing over the policy
change time. More precisely, if we let TC(x|Sy, S1) denote the total discounted cost as a
function of = given (Sp, S1) then T'C(z|Sp, S1) is minimized over the continuous variable
x € [0,7] for every (Sp,S1) in S = {(Sp,51) : 0 < S < Sy <S; Sy, 8 € Z,}. If we
let z* denote the optimal z given (Sg,S7) € S and TC(z*|S;, S;) denote the smallest
of the total discounted cost functions minimized over z then the tuple (z*, S§, S7) is the
optimal solution to (3.7) given that Sy < Sp. For Sy = S, the optimal solution is S} and
it can be calculated by (3.33). Therefore, if TC'(x*, S5, S7) is smaller than T'C(S}) then
the optimal solution to (3.7) is the three parameter policy with (z*, S5, S}). Otherwise,
the optimal solution to (3.7) is the fixed policy with base stock level S. We denote the
minimum total cost by 7C* := min {TC (", S5, S), TC(S})}.

For a given (S, S1), the optimal x can be searched very efficiently with standard
nonlinear optimization methods. Moreover, optimal base stock level of a slow moving item
being very large is rather unlikely in practice. Thus, we conclude that the computational
demands of the optimization procedure described above is reasonable for most of the
realistic problems.

Next, we derive the optimal base stock level of the one-for-one policy when there is
discounting but no obsolescence. In our numerical experiments, we use the optimal base

stock level of the no obsolescence scenario as an heuristic upper bound on optimal Sy.

3.4.1 Heuristic upper bound for S;

Let TCx(S) denote the expected total discounted cost of the one-for-one policy when
there is no obsolescence, i.e., demand rate is constant at A\g. By definition,
TCx(S) = lim TC(S) (3.34)
T—o0

Thus, letting 7' — oo in equation (3.29) yields
Tlim E(IN(Y)) =8 —a*N\F (L;a) (3.35)
—00

Similarly, as T goes to infinity (3.31) converges to zero and the equation (3.30) becomes,

5-1
lim E(IN(Y))" = Z(S —n) [g (n; ﬁ) [1— P (n;(No+a)L)] + e *“Lp(n; ML)

T—o0
n=0

(3.36)
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Therefore,

T
D)

TCwo(S)=a (h+7) Y (S—n)H(n)—a '7(S—a '"NF(L;a)) (3.37)

n

I
)

with
H(n)=g (n; ﬁ) [1— P (n;(No+a)L)] + e “Lp(n; ML)

As expected, as a goes to zero aT'Cy(S) converges to the well known average-cost
function of the one-for-one policy (Hadley and Whitin, 1963).

Since TC(S) is a convex function of S, TCx(S) is also convex by (3.34). Thus, the
optimal solution for (3.37), denoted by S,

TCwx(S+1) —TCs(S) > 0. That is the smallest S satistying,

is the minimum integer S (> 0) satisfying

S
S Hn) > (3.38)

T+ h

n=0

It makes intuitive sense that when there is obsolescence risk, the inventory system
would operate under a lower optimal base stock level than it would when there is no
obsolescence in order to hedge against obsolete stocks. Therefore, S§ should not be
greater than S¥. Song and Zipkin (1996) gave a similar upper bound on the optimal
base stock level of the world-dependent base stock policy when the obsolescence time is
exponentially distributed and the optimal base stock level is changed immediately after
the obsolescence occurs. Unfortunately, we were not able to prove our conjecture about
the upper bound due to analytical intractability. However, our numerical experiments
indicate that as T goes to infinity, Sj increases to S and T'C* converges to T'C% (see
Figure 3.3). Thus, in our numerical studies, we use S’ (> 0) as an heuristic upper bound

on S5.

3.5. Numerical Study

The structure of our numerical study can be summarized as follows: First, we analyze the
sensitivity of optimal parameters and optimal total cost of the (z, Sy, S1) policy due to
the changes in system parameters. Second, we investigate the value of the policy change

option of the (z, Sy, S1) policy by comparing the performance of the best (z, Sy, S1) policy
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Figure 3.3 Convergence of Sg and TC* in T

(a) Convergence of S§ to S,

(b) Convergence of TC* to TCY,

e
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Note. The following parameter set is used in both figures: \y =5, p=0.9, 7 =100, L =

0.5, a =0.1

and its special case, the fixed policy. Third, we assess the cost of ignoring obsolescence by

comparing the performance of the best (z, Sy, S1) policy and the best one-for-one policy

without obsolescence. Fourth, we identify the value of advance policy change option by

comparing the performance of the best (x, Sy, S1) policy when policy change is optimal

(i.e., S§ # S7) and the best (T, Sy, S1).

The instances used in our numerical experiments are generated from the following

input parameter set: Ay € {0.5,1,5,10} units per year and Ay = (1 — p)Ag where p €
{0.50,0.75,0.90, 1} is the percentage drop in Ag. T € {0.10,0.50,1,2.5,5} years, L €
{0.05,0.15,0.25,0.50} years. Holding cost of an item is normalized to 1 per year and

m = {10, 50, 100, 500} per unit per year. o = {0.05,0.10} per year. In total, we generated

2560 instances from all possible combinations of this parameter set.

In the sequel, we use the notation X and X to denote the mean and maximum of X ,

respectively. The summary of the results of our numerical study is tabulated in Table 3.1.

The meaning of A symbols in Table 3.1 will be explained throughout the Sections 3.5.2 —

3.5.4.
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Table 3.1: Summary of Numerical Experiments

S5 S N TCr Si A% A% Sn A% A%

T 0.1 0.02 139 1.13 0.25 196 1.21 2.5 56.6 3.16 585.7 12.8
. 0.23 222 1.14 1.08 223 1.54 14.3 1273 3.16 167.1 29.3

1 061 257 115 142 237 1.79 229 1775 3.16 113.1 31.4

25 1.8 288 1.17 1.71 258 220 31.6 260.6 3.16 72.6 28.4

5 4.16 3.03 1.18 1.85 28.1 250 31.0 234.2 3.16 49.9 24.0

XA 05 1.8 0.74 047 027 124 064 3.6 515 1.25 250.3 13.2
1 190 110 068 042 159 093 78 969 1.63 1939 19.0
5 180 3.03 143 160 29.0 224 272 166.1 3.88 177.7 27.1

10 167 4.81 205 27 383 359 433 2606 5.88 168.8 34.3

p 050 197 280 213 0.68 320 234 34 299 316 213 0.7
0.75 1.84 259 144 115 259 194 128 774 3.16 56.5 2.7

09 1.74 241 098 143 210 1.71 253 1371 3.16 111.6 9.4

1 163 188 009 1.79 16.7 141 403 260.6 3.16 601.3 80.9

m 10 1.83 146 0.60 0.86 12.6 0.84 19.0 260.6 2.06 3434 53.7
50 1.82 227 1.08 120 21.8 1.69 221 1775 3.00 2304 283

100 1.76 2.63 1.22 141 259 203 21.8 1552 3.44 146.0 20.8

500 1.70 332 1.73 159 354 283 19.0 123.7 413 709 129

L 005 191 1.11 0.58 053 135 0.82 142 1775 144 2247 41.7
0.15 1.80 1.98 094 1.04 209 146 188 2289 250 180.7 23.7
025 1.76 2.65 1.28 137 26.0 1.99 21.7 2439 344 2134 226

0.5 1.66 394 1.83 211 352 3.13 272 2606 525 1720 239

Overall 1.77 242 116 126 239 185 20.5 2606 3.16 197.7 26.8

3.5.1 Sensitivity Analysis

As T increases, the contribution of obsolete stocks to the total costs starts to decrease
compared to the contribution of backorders, and therefore, z* and S; both increase to
balance backordering costs. In general, S} is not significantly affected by the increase
in T since it is a policy parameter mainly related with the post-obsolescence period.
Furthermore, T'C* is increasing in 7" due to higher Sg.

As the drop in demand rate p increases, ST decreases due to lower ;. Although slower
than S5, we observed that Sj is also decreasing in p to balance the removal quantity.
Consequently, as p increases, N* either increases or stays the same. If N* increases with

p, ¥ decreases since the average time for the natural attrition of N* stocks before the
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obsolescence occurs (N*/)g) increases. On the other hand, if N* remains the same then
x* tends to increase in p to balance backorders. Moreover, TC* is decreasing in p due
to lower S§ and S}. This result indicates that under the (z, Sp, S1) policy the inventory
system is able to carry less stocks without significantly increasing backorders as a result
of the policy change option.

As )\ increases, Sj increases to satisfy demand. ST is slowly increasing in Ag to hedge
against backorders in case the adaptation to ST is completed before T'. The behavior of
z* is nonmonotic in A\g. It can decrease or increase depending on the changes in N* and
N*/Xo. Moreover, TC* is increasing in Ay as a result of higher base stock levels.

For a given )\, if the optimal removal quantity N* increases with L then 2* decreases to
initiate the stock removal process earlier to prevent high holding costs due to obsolescence.
If N* does not increase with L then z* increases to balance backorders by postponing the
policy change. Similarly, as 7 increases, the system adjusts itself by increasing x* until
the holding costs become significant again. Moreover, as m or L increases, S; and S} both
increase to balance the backordering costs, and T'C* increases due to higher base stock
levels.

We find that T'C* is decreasing in «. For some instances, x* is slightly increasing in
« since a higher discount rate mainly reduces the effect of obsolescence related costs. In

general, S; and S} remain unaffected as o increases.

3.5.2 Value of Policy Change Option

In this section, our aim is to investigate the value of policy change option of the (z, Sy, St)
policy and identify the parametric regions where the three parameter policy can be sub-
stituted with the simpler fixed policy. Although the fixed policy is the special case of
the (z,S0,51) policy, when three parameter policy (i.e., policy change) is optimal, the
deviation from the optimal cost by imposing a suboptimal fixed policy is not immediately
evident. Since in both policies obsolescence is taken into account in base stock calcula-
tions, if the deviation from the optimal cost is not too high then the fixed policy may be
preferred over the three parameter policy due to its simplicity. Therefore, by comparing
the two obsolescence based policies, we are able to measure the added value of policy

change option and distinguish the scenarios where policy change makes most sense.
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For comparison purposes, we use the percent difference between the total cost of the

best fixed policy 7C(S7) and the optimal cost T7C*, A% = TG 100, A positive

TC
A% value indicates the percent increase in total costs by imposing the fixed policy when
three parameter policy is optimal. Whereas, the fixed policy is optimal if A% is equal to
Z€ero.

Over all the experiment instances considered, we find that A% has an average of 20.5%
and a maximum of 260.6%. We conclude that the policy change option of the (x, Sp, S1)
policy on average leads to important savings. The savings are largest when the optimal
removal quantity N* is large. The savings are diminishing as obsolescence time 7', initial
demand rate A9 and drop in demand rate p decrease. When N* is low, the suboptimal
fixed policy might be used instead of the optimal three parameter policy depending on
the system parameters.

As N* gets larger, the impact of policy change option on costs tends to increase (Figure
3.4). This is because a larger N* indicates a bigger tradeoff between obsolescence and
backordering and it becomes more difficult to balance these costs with a single base stock
level. With the option to change the base stock level, the inventory system can operate
under a higher base stock level for the pre-obsolescence period to avoid backordering and
then reduce it to a lower level to minimize obsolete stocks. Since the fixed policy does not
have this flexibility, the performance of the fixed policy decreases in N*. For example,
A% increases from 17.2% to 70% as N* increases from 1 to 4.

This indicates that the optimal three parameter policy might be substituted with the
suboptimal fixed policy only if the optimal removal quantity is low. For the instances
with positive A% (1497 out of 2560 instances), we find that A% is less than or equal to
5% for 282 instances. Fixed policy substitution might be reasonable for those instances
due to low A%. In 261 out of 282 instances, N* is found to be one. The maximum N*
is found to be three (2 out of 282 instances). However, we shall emphasize that low N*
does not necessarily implies low A%. As can be seen from Figure 3.4, even for low N*
values, the deviation from the optimal costs can be very high depending on the system
parameters.

As T increases, A% first increases and then decreases until it converges to zero. Ex-

amples of this behavior for different drop rates can be seen in Figure 3.5. When T is
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Figure 3.4 Distribution of A% in Optimal Removal Quantity
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near zero, the inventory system does not have enough time for a policy change due to
the immediate risk of obsolescence. Therefore, for small T values, either the fixed pol-
icy is optimal or the improvement by policy change is usually low (e.g., A% = 2.5% for
T =0.1). As T diverges from zero, however, backordering cost increases and the impact of
policy change option on costs becomes more pronounced since it delivers a better balance
between holding costs and backordering costs. As T approaches to infinity, obsolescence
becomes less significant and the total costs of both policies converge to TC%,, and thus,

A% approaches zero.

Figure 3.5 Behavior of A% in Obsolescence Time for Different Drop Rates (p)
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Note. \g =5, m =100, L =0.5, a =0.1
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The average A% increases as the demand rate and the percentage drop increases due
to the increase in N (see Table 3.2). Especially for high A\ and p values, the policy change
option has pronounced effects on costs as a result of relatively large removal quantities.
For instance, in Table 3.2, when Ay = 10 and p = 1, the optimal removal quantity is 3.84
and A% is equal to 84.95%. On the other hand, for low Ay and p values, the average

contribution of the policy change option is small due to low removal quantities.

Table 3.2: Average Behavior of A% and N* in \g and p

A% N*
P °
X 050 0.75 090 1 050 0.75 0.90 1
05 058 219 425 7.34 0.16 026 027 0.39
1 072 490 997 1561 0.14 040 049 0.67
5 494 1672 33.72 53.29 093 142 1.79 2.26
10 745 2720 5343 84.95 148 253 3.19 3.84

As the unit backordering penalty 7 increases, A% first increases and then decreases
depending on the interplay between obsolete stocks and backorders (see Table 3.1). Ini-
tially, A% increases in 7 since it becomes more difficult to balance obsolescence and
backordering costs with a single base stock level. Essentially, the three parameter policy
reacts to the increase in m by postponing the policy change towards time T to reduce
backorders. Since average N* increases with 7, the postponement tends to increase the
number of obsolete stocks while trying to balance backorders. Therefore, after 7 gets
large enough, A% starts to decrease due to the relative increase in obsolescence costs as
a result of postponement.

A% is increasing in lead time since longer lead times require larger stocks and result

in higher removal quantities.

3.5.3 Cost of Ignoring Obsolescence

In this section, our aim is to assess the cost of ignoring obsolescence by using a one-for-
one policy which does not take into account the drop in demand rate. We assume that
if obsolescence is not taken into account then the system is governed with (S% — 1, 5%)
policy. That is the decision maker blindly assumes that the demand rate is constant

at level Ay and uses the “optimal” base stock level S¥ to satisfy demand where in fact
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obsolescence occurs at time T. Thus, the expected total discounted cost incurred under
this scenario is equal to T'C'(S%) since the system is effectively controlled by the fixed
policy with the base stock level S%.

In order to measure the cost of ignoring obsolescence, we compare TC(S%) to the
total cost of the best (z, Sy, S1) policy, i.e., the fixed policy or the three parameter policy.

The percentage deviation from the cost of best (z,Sp,S1) policy is given by A% =

TC(S%)—TC*
TC*

x 100. A positive value of A,% shows a percentage increase in total costs as
a result of ignoring obsolescence in policy choice or, equivalently, the savings obtained
by using the obsolescence based (z,Sy,S1) policy. The average A,%s with respect to
different parameters can be seen from Table 3.1.

We conclude that ignoring obsolescence might lead to substantial cost increases. For
all the experiment instances considered, we find that A,% has the mean 197.7%. The
savings obtained by (x, Sp, S1) policy are largest when obsolescence occurs at a near future
and the drop in demand rate is sharp. As the initial demand rate and unit backordering
penalty increases, average savings decrease due to the increase in backordering costs and
obsolete stocks.

As T decreases or p increases, S; and S decrease to balance obsolete stocks while
Sk stays the same (see Table 3.1). Thus, the holding costs of the (S — 1,5%) policy
increase as a result of the increase in obsolete stocks and, therefore, A% increases.

The (z, 50, S1) policy yields the largest savings when obsolescence is expected at a
near future since the increase in the holding costs is most pronounced when discounting
period is short (see Table 3.1). On the other hand, the average savings remain significant
even when the obsolescence is expected in the mid- or the long-term. For example, in
Table 3.1, when T = 5, A,% is 49.9%.

A% is increasing in p since it takes more time for the demand to take away the
obsolete stocks under lower A;. The average A,% increases nonlinearly in p and there is
a large jump in its value for p = 1 (see Table 3.1). For instance, A,% is 63% when p < 1
while it is almost ten times bigger when p = 1. This is because, in our model, the only
removal option is the natural attrition of removal quantity by demand. Thus, the holding
cost increases sharply if the natural attrition of stocks is not possible after obsolescence

occurs.
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Moreover, we observe that when a large drop is expected within a relatively short time
horizon, the cost of ignoring obsolescence increases steeply due to the compounding effect
of sharp drop in demand rate; e.g., when T'= 0.1 and p = 0.9, the average A,% is equal
to 165%, while the same figure drops to 26% if p = 0.5.

The relative importance of obsolescence decreases as the weight of backordering in-
creases in total costs. Therefore, as 7 increases, the average savings by taking obsolescence
into account tends to diminish. For example, in Table 3.1, A,% decreases from 343.4%

to 70.9% as 7 increases from 10 to 500.

3.5.4 Value of Advance Policy Change

Next, we investigate the impact of the timing of policy change on total costs and identify
the value of changing the control policy before the obsolescence occurs. In order to
measure the value of advance policy change, we compute the percentage cost difference
between the best (z, Sp, S1) policy where S§ is not equal to ST and the best (T, Sy, S1)
policy. We denote the expected total discounted cost of the best (T, Sy, S1) policy by T'Ci..

TCL-TC" Note that a positive A,%

The percent deviation from T'C* is defined as A % = —5=

value indicates the percent increase in total cost as a result of postponing the policy
change to T. Average A,%s for various system parameters are reported in Table 3.1.

We conclude that advance policy change leads to significant cost savings. Over all
the experiment instances where policy change is optimal (1497 out of 2560 instances), we
find that A,% has the mean 26.84%. The policy change takes place on average 6 months
before the obsolescence occurs and it can be as early as 4.5 years. Savings are most
pronounced for the instances with moderate demand rate and full obsolescence. Savings
are diminishing as A\¢ decreases, p decreases or 7 increases.

As T diverges from zero, N' increases due to the increase in Sy and the system starts
to carry more stocks. Therefore, early initiation of stock removal becomes necessary and
the average A,% increases in T. However, as obsolescence time goes to infinity, the impact
of obsolescence on costs decreases and the average A,% decreases. Hence, A% is first
increasing and then decreasing in 7" (see Table 3.1).

A% increases as the drop in demand rate gets larger. This is because the natural

attrition of removal quantity takes more time under a lower A\, and therefore, the obso-
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lescence becomes more costly as the policy change is postponed to time 7. A,% increases
sharply for the full obsolescence case since the removal of obsolete stocks is not possible
after T.

Postponing the policy change has significant effects on total costs for all Ay values.
Even for relatively low demand rates, the average A,% is found to be high due to the
simultaneous effect of large drops (e.g., when Ao = 0.5, A,% is equal to 13.2%). Moreover,
as \ increases, the average optimal removal quantity N increases and the system becomes
more susceptible to sharp drops in demand rate. As a result, advance policy change yields
the largest savings when both Ay and p are high. For instance, when A\ = 10, the average
A% is equal to 118% for p = 1 while the same figure drops to 2.5% for p = 0.75.

As unit backordering cost 7 increases, the (z*,S§, S7) policy tends to postpone the
policy change towards the obsolescence time to decrease backordering costs. Thus, the

average A,% is decreasing in 7 (see Table 3.1).

3.6. Conclusion

In this chapter, we consider a single location inventory system of a slow moving item with
Poisson demand where the demand rate drops to a lower level at a known future time.
We assume a one-for-one policy with a fixed lead time, full backordering and two base
stock levels. We propose a continuous review control policy to determine the optimal
base stock levels and the optimal time to reduce the base stock level, if necessary. That
is, if the base stock levels are different, adaptation to lower demand rate is achieved by
reducing the base stock level in advance and letting the demand take away the excess
stocks. We derive the exact expression for the expected total discounted cost function by
partly relying on the Fast Fourier Transform method and obtain the optimal values of the
policy parameters by numerical optimization. Moreover, for the special case of identical
base stock levels, we derive a critical ratio inequality to calculate the optimal base stock
level.

The key insight from our study is that when obsolescence can be foreseen, early adap-
tation of base stock level can lead to important savings. Our numerical study shows that

when obsolescence necessitates a reduction in base stock level, using the proposed three
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parameter policy decreases the post-obsolescence inventory build-up while balancing the
availability. Moreover, we find that ignoring obsolescence in control policy leads to signif-
icant cost increases. Important savings over the one-for-one policy without obsolescence
indicates that for slow movers, there is a great incentive to incorporate the obsolescence
information in stocking decisions.

Our work can be extended in a couple of directions. A model with multiple drops in
demand rate and multiple base stock adjustments would be more suitable to capture grad-
ual obsolescence. Incorporating fixed ordering cost into our model would be particularly

useful for more general class of products subject to obsolescence.

3.7. Appendix

Before going into the detailed derivations of the equations given in Section 3.3 first observe

that if we shift the time axis from z to 0 the shifted process N} := {N%(¢) : t > 0} with
N} (t) = Na(t + ) — Na(2) (3.39)

is independent of {NA(t) : ¢ < 2} and this shifted process is a nonstationary Poisson

process with time transformation A, : [0,00) — R given by
A (t) = At + z) — A(z) (3.40)
Therefore, from relation (3.39) we see that
N% LN, (3.41)
This implies by relation (3.2) that
TR(N) < o, (N) (3.42)

and o} (N) is independent of {IN(¢) : ¢ < x}.
These observations show that our analysis is independent of the time axis. Thus, in

the sequel we use the shifted process when necessary for the sake of clarity.

Lemma 3.1. Let f(t) = Be P, t > 0 with parameter 3 € C and for \,v € R define,

I- / " o M+ ) F()dt. (3.43)
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(i) If X # = then

f—zpr—k Ng (ki 525) [P (ks (A + Ba) = P (ks A+ AB)] (3.44)
(1) If \ = =0 then
r k1l gh+l _ ph+l
I=kz_%p(7’1<:;w)A ((k+1)!b ) (3.45)

Proof of Lemma 3.1. (i) Observe that (3.43) can be rewritten as follows,
—y b
=5 '5 / (M + 7) e~ O+t gy
rl Ja

From the binomial theorem and after some algebra we obtain that

I e "’B Z( ) o OBt gy

@ k=0

e (AN o 3.46
= ; t)dt .
kzo(r_k)!ﬁ(Hﬁ) /apu + A (3.46)
It can be easily shown that for any A # 0 and v € R the following holds,

/ p(n; At +y)dt = —[P(n Aa+7y) — P(n; b+ 7)) (3.47)

Since A # —f, using the relation (3.47) in (3.46) yields the result as follows,

= Sk (515) (325 1P+ 8)0) — PO 3+ )

Zp (r = k:7)g (ks 525 ) [Pki A+ B)a) = P(n; (A+ A)b)]

(ii) When A = —B, the integral equation (3.43) can be written as
e f6

r!

b
(At +)"dt

a

I =

Applying the binomial theorem and after some algebra, the result can be obtained as

B (T ok k/bk
I = —— TN thdt
()

T )\k+1 (ak+1 _ bk+1)
- — ke
p(r— ki) )

follows,



82 Service Parts Inventory Control under Obsolescence

Lemma 3.2. Let {N,(¢) : t > 0} be a non-homogeneous Poisson process with time

transformation

AQH) {)\Ot if 0<t<T

(Ao — /\1)T + /\1t Zf t>1T

and introduce the hitting time
oa(k) =min{t > 0: Ny (t) >k}, k=1,2,..

Define,

§(Th)=F ( anA(k) e—a(t,h;A)dt) and &(T,h) :=FE ( f:f<k> e—alt,hi A) dt)

with
a(t,h; A) :=at+ (At +h) —A@®)(1—2), VE,h>0
Then,
&Ih) = fit ot fo
where

SLyRd (n e )AP if Ao # —
fi o= e MTM0=2) e Lo 9 (3 » hF
)‘61 ZZ;E Ap” Zf )‘0 =N

AP, = P(n;(Xo+n)(T —h)") = P(n; (X +n)T)

Ap, = Tp(n+1;\T) — e’\O(Tfhﬁp(n +1; 0(T - h))

k-1 n

foo= @l MR TN Tptn— £ (Ao — A)T)g (é’; Aﬁ)P (& (M +)T)
n=0 ¢=0

E

fi = e Y g (s pa )1 P s (o + @)(T — B

n

Il
o

and

(T h) = gi+g2+95—¢&,(T.h)
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where

g = a e MMITETE (T )

go = n;lefb(T,h)(lfz) (efnz(T—h)‘*' _ eﬂ,zT)

g3 = a teMMISA R (T — h)tia)

Proof of Lemma 3.2. Observe that ¢ k(T ,h) can be rewritten as follows
§(T.h) = E(J57 e @MY 1o, oy dt)

Using relation

oa(k) >t <= Ny(t) <k

we obtain

ék(T7 h) = E (fooo et LNy )<k} dt)

= / e BN P (N () < k)dt
0

-l oo
3 /O et ) e A (1))t (3.48)
n=0

Moreover let,
&(T, h) = / et N gt (3.49)
0

and observe that {(T',h) = &, (T, h) + &.(T, h) for any k € {1,2,...}. Therefore, & (T, h)

can be given as

§.(T,h) = &(T,h) = €, (T, h) (3.50)

(i) If T < h then by the definition of A(t) we obtain that

Mo— AT+ Mh—(Ng—A)t if 0<t<T

At +h) —A(t) = {Alh G oo (3.51)
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From the definition of A(¢) and (3.51) the integral in (3.48) can be written as follows

00 T
/ e_a(t‘h;A)p(n;A(t))dt _ e—(()\o—A1)T+)\1h)(1—z)/ e—(@=(ho=A1)(1-2) (TI )\Ot)
0 0

+

-Mh(1-2) / e=p(n; (Ao — AT + Ait)dt
T
T
U ) (1=2) / et (n; Aot dt
0

4N / e~ p(n: b(T, 1)) dt (3.52)
T

From Lemma 3.1, the first integral in (3.52) can be obtained as
If \g # —n, then

/0 pln M)t = 7Y p(n — £:0)g (6525 ) 1P (6:0) = P (& (3o +0)T)]

£=0

ntg (ms e ) 1= P (n (o +0:)T)] (3.53)

If A\y = —n, then

T
/ e "= p(n; Aot )dt
0

—n;t Zp(n —4;0)eMTp(0 + 1; 70T
=0

= Nt p(n 4+ 1;\7) (3.54)

Since o > 0, \; # —a always holds, and from Lemma 3.1, the second integral in (3.52) is

found as,

/ tp(n: (T, ))dt — IZp n— £ (0 = MIT)g (6555 ) P (6 +)T) (3.55)
T

Hence, using (3.52), (3.53),(3.54) and (3.55) in (3.48) yields {, (7', h) as follows:

( h) [(T})( ) z:n 9(7)\ n)[l_l(n()\o-‘rnz)l)} ‘[A();é_nz
5 1 = € e
2k ’

Aot SR M Tp(n + 1, A0T) i A = —

k-1 n

4 aleMh(-2) Zzp n—"0; (Mo — )Ty (g? ﬁ)P(f; (A1 +a)T) (3.56)

n=0 (=0
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Similarly, £(7, k) can be found by using the definition of A(¢) and (3.51) as follows:

T (o)
&T,h) = e%(T,h)(hz)/ efnztdtJrefAlh(pz)/ oot gt
0 T

nle M RA=2) (] _ o7l | g7l MR- (T ) (3.57)

Thus, &,(T, h) can be easily obtained by substituting (3.56) and (3.57) in (3.50).

(ii) If T > h then by the definition of A(t) we obtain that

Aoh if 0<t<T-—h
At+h) —Al) = { Co=A)T+Mh— A=)t if T—h<t<T  (3.58)
Ath it t>T

From the definition of A(t) and (3.58), the integral in (3.48) can be given as follows

00 T—h
/ efa(t’h"A)p(n;A(t))dt = efAUh(l*Z)/ e "p(n; Aogt)dt
0 0
T
+ eib(T’h)(lf”)/ e =tp(n; Aot )dt
T—h

4 6—)\1h(1—Z)/ e *'p(n; b(T,t))dt (3.59)
T

Note that the last integral in (3.59) is already given by equation (3.55). Then, from

Lemma 3.1, the first two integrals are found as:

/0 At = a7 (mi5is ) (1= P (m (o +0)(T - )] (360)

e !p(n; Aot )dt
T=h At Apy, if Ay = —

/ T ' (i ) AR i # <. (3.61)
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Using (3.55), (3.59), (3.60) and (3.61) in (3.48) yields &, (7', h) as follows:

ék(T7 h) = a~Lle—oh(1—z Zg ( ; )\(]+a> P(n;(Mo+ a)(T — h))]

n=0
; AP, if A —1,
+ e UTn(=2) s Og( o ) o7
)\0 Zk 1 A if )\0 = -
k—1 n
L grlehh(-: Zzp n— 1t (ho — \)T)g (g; ﬁ)p(& (M +a)T) (3.62)
n=0 ¢

&(T, h) can be found by using the definition of A(¢) and (3.58) as follows:

T—h T ~
&T,h) = €_A°h(1_z)/ e_atdt+e_b(T’h)(l_z)/ e_”ztdt+e_/\‘h(l_z)/ e dt
0 T—h T

— a*lef)\(]h,(lfz)F (T _ h;Oé) + 05 le —b(T, h)(1—=z) ( —nz(T—h) _ 6*"12T)

+ o teMPIATE (T ) (3.63)

Thus, £,(T, h) can be easily obtained by substituting (3.62) and (3.63) in (3.50). O

Proof of Equation (3.12). By conditioning on Y and from the definition of A(¢),

/ ae” A (t)dt
0

we obtain that

E(A(Y))

T oo
/ aefat)\otdt + / Oéeiat(()\o — )\1)T + Alt)dt
0 T

T
= Mo—N) (/ tae”dt + TF (T a)) +a ) (3.64)
0
Observe that,
T
/ tae dt = a 'F (T;a) — TF (T; ) (3.65)
0

Hence, using (3.65) in (3.64) yields the result. O
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Proof of Equation (3.13). By conditioning on Y and from (3.4), we obtain that

E(IP(Y)) = E(f;° ac™™IP(t)dt) = Uy (a) + Uz (a) + Us () (3.66)
with
Ur(a) = So / " aeotdl = Sp(1— =) (3.67)
0
Uala) = B (778 aeet(s) - (Na(t) ~ Na(@))dt) (3.68)
Us(a) == (So—N)E ( 2 ae*"tdt) (3.69)

By shifting the time axis from [z,z + 0% (N)] to [0,0% (V)] and using the relations
(3.39), (3.40) and (3.42) it follows that:

Uz(a) = B ([73 aemer(S, — (Na(t + ) — Na(a)))dt)
= B (f7 Y aemet(S, - Ny (1)dt)

= e [SoB (Jy O aeetat) — B ([ aee Ny, (0t)] - (3.70)
Let, for k=0,1,2, ...
= E ( Joae® ae*‘”dt) (3.71)

and observe that pg =0 and for k = 1,2, ...
p = o, (T'— x,0) (3.72)

Hence, from Lemma 3.2 it follows that for k£ = 1,2, ...

k-1 n

e = 0D pn— 6 (e = M)(T = 2))g (6 535 ) P (6 (O + a)(T - 2)

n=0 (=0

+ Zg( s (1= P (s (o + @)(T — )]

n=0
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Let,
Ui(a) = E ( 8 () ae’“tNAz(t)dt)

Observe that Uy (o) can be computed by dividing the interval [0,0,,(NN)) into non-
overlapping parts such that

O(TAr U[UAT UArk"F ))
with o, (0) = 0. Moreover, for any k =0,1,..., N — 1 it is clear that
NAw(t) =k for t € [O'Aw(k),O'Aw(k' + 1))

Hence, using these observations and

—

3.71), Uy (o) can be given as

=z

Uila) = Y kE (7" aear)

oa, (k)

I

7

= D ks — pw) (3.73)

x>
Il
o

Moreover, substituting (3.71) and (3.73) in (3.70) yields,
N-1
Uy(a) = Soe ®uy —e Z k(g — fn) (3.74)
k=0
Similarly, by shifting the time axis from [z,z + o%(N)| to [0,0%(N)] and using the
relations (3.42), (3.72) and the definition of £, (T, h), we can obtain Us (a) as follows:

Us(a) = (So— N)e *FE (f:i(m ae’atdt>
= (Sy— N)e *“aly(T — z,0)
(So — N)e **(1 — pw) (3.75)

Therefore, substituting (3.67), (3.74) and (3.75) in (3.66) and simplifying yields the re-
sult. a
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Proof of W(a). From (3.4) it follows that W(«a) can be written as a summation of

the three integrals such that

W((l) = W1 (OZ) + W2 ((1) + W3 ((1)

with
Wi (a) = zfso/ et L) gy (3.76)
0
Wy(a) = 2%F (f”UK(N)e*‘l(t’L?A)ZNA(t)*NA(I)dt) (3.77)
Wy(a) = =SB ([ e hVar) (3.78)

The analysis of W (a) depends on the relationship between 7" and L. Therefore, we
divide the analysis into two main cases:

(i) f T < L then from the definition of A(t), for 0 <t < T, we have
At+L)—A@t) = N — )T +ML— (Ao — M)t (3.79)
Thus, using (3.79) in (3.76) yields

xT
Wl (O[) — Z—Soe—(()\o—)q)T+)\1L)(1—Z) / e—(a—()\o—)q)(l—z))tdt
0

= ST leHTL(-2) (] _ gmnem) (3.80)

(ii) If T > L then the analysis depends on the relation between z + L and T'. Hence, we
have two subcases:

(a) If z + L < T then from the definition of A(t), for 0 < ¢ < T, we obtain that
A(t+L) — A(t) = AL (3.81)
Using (3.81) in (3.76) yields

W (a) = z=%a e ™M= B (1 ) (3.82)
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(b) If z + L > T then by the definition of A(t) we obtain that

AL if 0<t<T-1L

Moo= A)T+ML—(N—2M)t if T—L<t<z (3.83)

At+L)—Alt) = {
Using (3.83) in (3.76) yields

T—-L
W1 (O[) — Zfso |:€—/\0L(1—z)/ e—atdt
0

+ 6—((>\0—A1)T+)\1L)(1—Z) /w 6_(a_(>\0_)\1)(1_z))tdt
T—-L

=S50 [a—le—AOLl z)F(T L 0‘)"‘77_1 —b(T,L)(1— z)( —n:(T—L) _e—nzz)] (3.84)

Therefore, combining (3.80), (3.82) and (3.84) into a single equation yields W; («) as
given by (3.25).

By shifting the time axis from [z,z + 0% (N)] to [0,0% (V)] and using the relations
(3.39), (3.40) and (3.42), we can rewrite W5 () as follows:

Wi (O[) _ 7S¢]E (]“TA(N) —a(t+z, LA)ZNA(t+L NA(J/)dt)

_ *SU e T (IUAJE (N) —a(t L;As) NAJc dt) (385)

Let,
Wi(a) i= B (f 00 ottt Na. 0y

Observe that W, («) can be computed by dividing the interval [0,04,(N)) into non-

overlapping parts such that
0,00, (N U [oa, (k),on, (k+1))

with oa,(0) = 0. Moreover, Ny, (t) = kforany k = 0,1,..., N—1land t € [oa,(k),on,(k+ 1)).
Thus, it follows that

=

-1

Wila) = S B (f"A D et Lis >dt) (3.86)
0

B
Il
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Let, for k=1,2,...

€ =& (T =, L) i= B ([ mattkirgy) (3.87)

and note that §, can be computed from Lemma 3.2. Therefore, W, (a) can be written as

the summation of the differences of 3 .S as follows

Z

-1

Wi(a) = HE L, — &) (3.88)

0

=
Il

with £ = 0. Hence, substituting (3.88) in (3.89) yields W> («) as given in (3.26).
Similarly, by shifting the time axis from [z,x + 0% (N)] to [0,0%(N)] and using the
relations (3.39)-(3.42), W3 (a) can be obtained as follows:

W3 (a) = Z—So+N€—aacE (f;;(N) e—a(t+z,L;A)dt)

_ Z*Sl e R (foc 67(1,(15, L; A’”>dt)

oA, (N)

= 7 SeTE, (3.89)
where €y := &y (T — 2, L) can be computed by Lemma 3.2. |
Proof of Equation (3.30). By conditioning on Y and from the relation (3.28), we

obtain that

E(IN(Y))" = My(a) + e L My(a) (3.90)

with

Ml(Ot)

/L ae”B(S — Nu(t)Tdt

My(a) = /000 ae”B(S — (Na(t+ L) — Na (1)) Tdt
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Recall that N (¢) and N (t + L) — N (¢) are Poisson distributed with parameter A(¢)
and A(t + L) — A(t), resp. Hence,

M) = 5:201(5 _n) /0 ¥ et A(D)dt
My(a) = Sf(s —n) /0 " e tp(n; At + L) — A())dt
and o .
E(IN(Y))" = Zj (S —n) [Ai(n) + e Ay (n)] (3.91)
with

Ai(n) = /0 ac="tp(n: A(#))dt

Asy(n) = /00O ae”p(n; A(t+ L) — A(t))dt

The integral equations A;(n) and As(n) can be analyzed by conditioning on the relation
between T and L as follows:

(i) If T < L then by the definition of A(t) we have

T L
Ai(n) = / ae”p(n; Agt)dt +/ ae”p(n; Mt + (Mo — A)T)dt (3.92)
0 T

Applying Lemma 3.1 to the integrals in (3.92) gives,

M) = g (nixEs) (1= P (o +a)T))

+ Y= 600 = Mg (6553) [P (G O+ @)T) = P (6 (0 +a)L)]
=0
From (3.51), the integral equation As(n) can be written as,

Ay(n) = /OT ae p(n; —(Ng — At + b(T, L))dt + /OO ae p(n; M L)dt (3.93)

T
Let, 1o := o — (Ao — A1) and

faln) = / e p(n: — (Mo — M)t + b(T, L))dt
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Then,

Ay(n) = fa(n) +p(n; ML)F (T; )
and f4(n) is found by Lemma 3.1 as follows
{ 2o P(n = GU(T, L)) g (& /o) [L= P (6meT)] if o # 0
) =

n _a)t+t .
Sisop(n — Gb(T, L)) Golor (-1 if ny =0

faln

(ii) If T > L then from the definition of A(¢) and Lemma 1, we obtain that

L
Ai(n) = /ozefo‘tp(n;)\ot)dt
0

= g(nix3) - PO+ o)D)

From relation (3.58), the integral equation As(n) can be written as,

T-L T
Asy(n) = / ae™p(n; \oL)dt + / ae”p(n; —(Ag — M)t +b(T, L))dt
0 )
+ / e p(n; A\ L)dt (3.94)
T
Let,
T
fa(n) = / ae™p(n; —(Ng — M)t + b(T, L))dt
T-L
then

As(n) =p(n; M L)F (T — Lya) + fa(n) + p(n; ML)F (T; &)
and from Lemma 3.1, we obtain that

{ Yoo —60(T, L)) g (;a/no) [P (&m0(T — L)) — P (6;m0T)] if mo # 0
fa(n) =

—a)tt1

Yiop(n — Gb(T, L)) Soor (T — L) — 7] if gy =0

Therefore, combining the expressions of A;(n), Az(n) and fa(n) for the cases T < L
and T' > L yields the result as given in (3.30). O
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Chapter 4

An Inventory Model for Systems
with Random Deal Offerings and
Partial Backordering”

Abstract

In this chapter, we consider a single item, single location, continuous review inven-
tory system where the supplier offers price discounts at random points in time. The
demand is assumed to be deterministic and lead times are negligible. When the
system is out of stock a fraction of demand can be backordered and the rest is lost,
i.e., partial backordering. The replenishment and stocking decisions at deal and list
prices are controlled by a four parameter control policy. We derive exact expressions
for operating characteristics and equations to compute the optimal policy param-
eters. We provide qualitative results about the optimal solution and demonstrate
that allowing backorders in a random deal environment might lead to important
cost savings.

4.1. Introduction

In this chapter, our aim is to investigate the impact of price discounts given by a supplier
on replenishment and stocking decisions of a firm. We consider a single item, single
location, continuous review inventory system where a supplier offers deals (price discounts)
at random points in time. We assume that deals arrive according to the Poisson process

and the deal price is known and fixed. Moreover, we assume that demand is deterministic

*This chapter is based on Pinge and Berk (2006)
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and lead times are negligible. If an arriving customer finds the inventory system out of
stock then she may either choose to be backlogged or leave the system and become a lost
sale. In other words, when the system is out of stock, a certain fraction of demand can
be backordered and the rest is lost. We assume that the fraction is known and fixed.
In the literature, this type of backordering structure is generally referred to as partial
backordering.

There are two types of replenishments: at the deal price and at the regular list price.
We propose a four parameter control policy to decide the timing (in terms of inventory)
and the size for both types of replenishment. That is, the deals can be taken only if the
inventory level is below a can-order level and the regular list replenishments are given
whenever the inventory level hits the reorder point. Both types of replenishment are as-
sumed to be instantaneous. As such, we extend the policy offered by Moinzadeh (1997)
by including reorder point and allowing partial backordering. The objective is to deter-
mine the optimal reorder point, the deal threshold (can-order level) and the replenishment
quantities minimizing the expected total cost rate. We derive the exact expression for
the expected total cost rate function and use analytical optimization to determine the
optimal policy parameters. We find that allowing backorders while waiting for a deal can
lead to considerable savings. Especially, when the expected discount is deep, the benefit
of making a good deal replenishment offsets the stockout costs on average.

The literature of the inventory systems with price fluctuations can be categorized into
three different classes. The papers in the first class consider the systems with deterministic
demand rate where a single future price change is announced by supplier or known by
experience. Taylor and Bradley (1985) consider an inventory system where the supplier
announces a price increase that will occur in a future time and develop optimal ordering
strategies for the cases where the price increase does not coincide with the end of an EOQ
cycle. Ardalan (1988) investigates the effects of special orders when a supplier reduces the
price of a product temporarily and develops EOQ type optimal ordering policies according
to the relation between the duration of sale period, replenishment time and on-hand
inventory at the replenishment time. Lev et al. (1981) consider EOQ systems in which any
or all system parameters may change at some future time known by announcement or prior

experience. The demand rate is assumed to be affected by the changes in cost parameters.
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They develop myopic and optimal ordering policies depending on the inventory level at
the time of the cost change and present a simple method for computing the optimal
policy. Lev and Weiss (1990) consider the same model for finite and infinite horizon cases
and present more specific results on the structure of the optimal policy. For the infinite
horizon case, they show that the model offered is the generalization of the model proposed
by Taylor and Bradley (1985) and demonstrate that the results by Taylor and Bradley
(1985) are not optimal.

The studies in the second class are mostly periodic review models and their main focus
is the optimal policy structure. One of the earliest models in this class belongs to Kalymon
(1971). He studies a single item, periodic review inventory system where the prices of
future periods are governed by a Markov process and the distribution of period demand is
determined by the current price. For finite and infinite horizon cases the optimality of the
price dependent (s, S) policy is shown and bounds on the optimal policies are provided.
Ozekici and Parlar (1999) consider a similar Markov modulated model where the randomly
changing environment affects not only demand but also supply and cost parameters. They
show that the environment-dependent-basestock policy is optimal when there is no fixed
ordering cost and the environment-dependent (.5,s) policy is optimal when the fixed
ordering cost is positive.

Golabi (1985) examines a periodic review system where random unit prices are deter-
mined according to a known distribution function at the beginning of each period. Under
deterministic demand assumption, he shows that in any period, the optimal strategy is
to order up to a level that satisfies the demands of next n periods when the random unit
price is between the critical price levels. Gurnani (1996) presents an optimal ordering
policy for a periodic review inventory system with random demands and random deal
offerings. He considers two models according to the firm’s decision on sharing the cost
savings information with customers and presents the optimal policy structure. Recently,
Wang (2001) studies a periodic review inventory system where the purchasing prices of
successive periods decrease according to a stochastic process. It is assumed that random
demands and purchasing prices are independent and the fixed ordering cost is equal to
zero. The conditions for cost parameters are derived and the optimal myopic order-up-to

levels for each period are determined. Assungéo and Meyer (1993) extend the periodic
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review inventory control systems such as those proposed by Golabi (1985) and Kalymon
(1971) by modeling consumer’s rate of consumption as a decision variable and the future
prices as a first-order stochastic process.

The studies in the third class are composed of continuous review models. Hurter
and Kaminsky (1968) analyze a system where the demand arrival process is Poisson and
the unit price of an item fluctuates between low and high periods according to another,
independent Poisson process. All replenishments are instantaneous and stockouts are not
allowed. They propose a three parameter control policy consisting of a deal replenishment
threshold and order-up-to points for regular and deal replenishments. According to the
policy the regular order-up-to point is used when the price is high and the inventory level is
depleted. A deal is taken only if the inventory level is lower than the deal threshold. They
suggest 3-dimensional discrete search method to determine the optimal policy parameters.
Silver et al. (1993) offer a simple, analytical approximate solution procedure for the model
considered by Hurter and Kaminsky (1968). They showed that the procedure of graphical
lookup and a single one-dimensional search yields usually optimal values of the three
policy parameters. Moreover, they provide a closed form expression for the optimal policy
parameters when the deal order-up-to level is equal to the deal threshold.

Moinzadeh (1997) considers the same model with deterministic demand. Under the
same three parameter control policy, the exact expressions of the optimal policy parame-
ters are derived and the properties resembling EOQ based intuitions are stated. Further-
more, a heuristic solution is offered for the calculation of the optimal policy parameters
and a numerical analysis is provided to investigate the performance of this solution.

Feng and Sun (2001) extend the model considered by Hurter and Kaminsky (1968)
and Silver et al. (1993) to allow backorders. They propose a four parameter policy with
the three parameters being the same as before and the reorder point for regular replen-
ishments. They suggest a bisection algorithm to obtain the optimal policy parameters.

Abad (2003) considers a model where price discounts offered by supplier lasts a finite
time interval. The demand is deterministic and sensitive to reseller’s selling price. He
formulates the objective function of reseller as a profit maximizing problem and derives the
optimal selling price and optimal lotsize expressions for the cases with or without forward-

buying possibility. Arcelus et al. (2003) study a similar problem where the promotions
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offered by supplier lasts for a fixed minimum guaranteed duration but of uncertain total
discount period. Such trade promotions are commonly called as “while supplies last”
promotion.

The rest of the chapter is organized as follows. Section 4.2 states the assumptions of
the model and the control policy. Section 4.3 provides the preliminary results used for
the derivation of the operating characteristics. Section 4.4 presents the expressions for
the operating characteristics and the equations to calculate optimal policy parameters.

Section 4.7 presents the results of the numerical study. Section 4.8 concludes.

4.2. The Model

We consider a single item, single location, continuous review inventory system where
the supplier offers price discounts at random points in time. That is, the item can be
replenished at the list price ¢ at any time and at the discount price c¢p when a deal
opportunity occurs. Although the deal price can be random in general, in our analysis,
we assume that it is fixed. The demand is constant at rate D and the deals arrive according
to the Poisson process with rate p. We assume that the deal duration is negligible and
the delivery lead times for both types of replenishment are zero.

There are fixed ordering costs for list and deal replenishments denoted by Ay and Ap,
resp. Inventory carrying cost h is incurred per unit per time. When there is no inventory
on hand, a certain fraction of demand can be backordered. We denote the backordering
fraction with p € (0,1). Backordering cost is composed of a fixed component 7 incurred
per unit and 7 incurred per unit per unit of time. The fraction of demand not backordered
is lost against the lost sales cost € incurred per unit.

To control the timing and the size of the replenishment decisions, we use the following
four parameter policy based on the net inventory level (on-hand minus backorders):

Policy: If a deal is offered and the net inventory level is below the deal replenishment
threshold s then a replenishment order from the deal price is placed to increase the net
inventory level up to s+ Q. Otherwise, a replenishment order from the list price is placed
to increase the net inventory level up to R whenever the net inventory level hits the reorder

point —r.
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We refer to this policy as the (r, R, s, @) control policy. We let 7, R,s,Q > 0 and
R € R. That is, according to the particular policy choice, the sign of R can vary and
therefore, R is either equal to R or —R. In the sequel, we identify three different cases
according to the sign of R and the relation between s and R. Moreover, we only consider
the cases where the deal threshold s cannot be negative. This is because a negative
s implies somewhat exotic scenarios where the deals can be accepted only if there are
enough stockouts. Although those cases can be analyzed for the sake of completeness, in
the same line with the literature, in this study, we limit our attention to the more realistic
cases where s > 0.

Our objective is to find the optimal policy parameters minimizing the expected total
cost rate. Depending on the relation between R and s and the sign of R, we can analyze

the expected total cost rate function for three different cases:
Case l: —r<0<R<s

Case2: —r<0<s<R<s+Q

Case 3: - r<—-R<0<s

Note that for Case 1 and Case 2, R = R and for Case 3, R = —R. Figures 4.1-4.3 show

realizations of the net inventory level for the three cases.

Figure 4.1: Possible realization of the net inventory level for Case 1

Inventory Level

L : N
Tt Tox : Tisd

T T T
Cycle (i) Cycle (ii) Cycle (iii)

x: Deal instances
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As in Moinzadeh (1997), the cycle is defined as the duration between two consecutive
deal replenishments. Observe from Figures 4.1-4.3 that under the (r, R, s, @) policy, the
length of a cycle is a random variable depending not only the deal arrival process but
also the net inventory level. If a deal arrives when the inventory level is larger than the
threshold s then a deal is not taken. For example, in Figure 4.1, we see three different
cycle types according to their end points. Type (i) cycle ends when the net inventory
level is between 0 and R, type (i¢) cycle ends when the net inventory level is between
—r and 0 and type (i7i) cycle ends when the net inventory level is between s and R. In
the sequel, we will analyze different cycle types for each case to calculate the expected
number of list replenishments and the expected cycle length.

Moreover, observe from the figures that the slope of the net inventory level decreases
below zero due to partial backordering. In Figure 4.1 and Figure 4.2, list replenishments
raise the net inventory up to a nonnegative level R. While in Figure 4.3, the net inventory
level might remain nonpositive until a deal arrives since list replenishments do not increase
it to a positive level. Intuitively, such a policy might be optimal when the stockout costs
are relatively low and deals are very attractive compared to regular list replenishments.
Therefore, the system might be better off by incurring stockout costs while waiting for a

good deal.

Figure 4.2: Possible realization of the net inventory level for Case 2

Inventory Level

T - T
Cycle (i) Cycle (i)
x: Deal instances
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Figure 4.3: Possible realization of the net inventory level for Case 3

Inventory Level

s+Q

Tos : " H Tis
T T T

Cycle (i) Cycle (if) Cycele (iii)

x: Deal instances

In the next section, we provide some preliminary results to be used in the derivation

of operating characteristics.

4.3. Preliminaries

Let Y be an exponential random variable with parameter i representing the duration of
the time between two consecutive deal offers.
Preliminaries for Case 1 and Case 2:

Let x = min(s, R) and S, be the probability that a deal arrives when the net inventory
level is between s and . Example of this scenario can be seen in cycle (i) in Figure 4.1.
In order to calculate 3, we only need to consider the time interval for the net inventory
level to decrease from s to z, i.e., the interval of length (s —x)/D, due to the memoryless

property of the interarrival time Y. Thus, we have

B, =P <Y <? 5”5) = 1 — g Hle—e)/D (4.1)

Let o, be the probability that a deal arrives when the net inventory level is at or below

x (see cycles (i) and (4i) in Figure 4.1 and Figure 4.2). Similarly, by only considering the
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time interval for the net inventory level to decrease from = to —r, we obtain that
a, =P (Y < % - é) = 1 — ¢ Hlputn)/pD (42)
Next, we shall consider the two random time intervals 7., and 7., which are associated
with the events described above.
For z = R, given that a deal arrives when the net inventory level is between s and R,
Ti. 1S the time interval between the first time the net inventory level hits s until the deal
arrives (see cycle (7i¢) in Figure 4.1). Thus, 7., has an exponential distribution truncated

from the right at (s — R)/D and its pdf can be given as

MY pe M
G (t) = POy < =H) = /D for 0<t<

s—R

Similarly, given that a deal arrives when the net inventory level is at or below R, 7., is
the time interval between the last time the net inventory level hits R until a deal arrives
(see cycles (i) and (i7) in Figure 4.1). Therefore, 7., has an exponential distribution
truncated from the right at R/D + r/pD and its pdf is found as

fy(t) et R r
= _____ for 0<t<iig
PV <Erg) 1-ewmmm VSIS HER

I (1) =

For x = s, 71., is always zero and 7o, has an exponential distribution truncated from
right at s/D + r/pD (see Figure 4.2).
Observe that depending on the value of z, we can give a general expression for the

pdfs of 1., and 7., as follows:

pe s—x

gria(t) = 5 for 0<t<—5 (4.3)

pe px+ 1
() = for 0<t< 44
) = 2t 0<e< B2 (4.4

From (4.3) and (4.4), the first moments of 71., and 72, can be found as,
1 — 21—,

E[Tl:z] = - _ w (45)

JZ D3,

B = - P00 (1.6
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and the second moment of 7., is found as,

Elr.? = %, (S_IL))(/;; Ba) E* s]_)x]

(4.7)

Preliminaries for Case 3:
Let B3 denotes probability that a deal is offered when the net inventory level is between
s and —R. Moreover, let a3 denotes the probability that a deal is offered when the net

inventory level is at or below —R. Thus, from the memoryless property of Y, we have

R " X
Bs = P (Y < % + E) — 1 — ¢ HBs+R)/PD (4.8)
a; = P (Y < T];DR ) =1 — e Mr=R)/pD (4.9)

Given that a deal is offered when the net inventory level is between s and —R, 7.3 is
the time interval between the first time the inventory net level hits s until a deal is offered
(see cycles (#) and (4i7) in Figure 4.3). Thus, it has a truncated exponential distribution

such that

pe M

Grua(t) = for 0<t< 2N

B3 pD

Similarly, given that a deal is offered when the net inventory level is at or below —R,

(4.10)

To.3 1S the elapsed time from the last time the net inventory level hits —R until a deal is

offered (see cycle (i) in Figure 4.3). Thus, the pdf of 753 can be given as

e Ht r—R
() = for 0<t< — 411
) =2 o : 1)
From (4.10) and (4.11), the first moments of 7.3 and 793 are found as

L (ps+ R)(1—fs)
Elr) = -~ — PP V75 412
(s H pDBs ( )

1 (r—R)(1-as)
Elrsl=—— —-—+t 2 4.13
sl = - L2 (4.13)

and the second moment of 7.3 can be given as

9 2 (r—R)(1—a3)[2 r—R
E[Tz;g]zﬁf Do [/:+ oD } (4.14)
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4.4. Operating Characteristics

We want to determine the optimal policy parameters by using the average cost criterion.

Let CC(t) be the total cycle cost incurred by time ¢. Therefore, according to the

renewal reward theorem (Ross, 1983) we can write the expected total cost rate function
as follows:

cC(t) FE[CC]

TC(r,R,s,Q) = lim —— =

where E[CC] denotes the expected cycle cost and E[T] denotes the expected cycle length.

(4.15)

The expected cycle cost under the (r, R, s, Q) policy can be given as,
E[CC] = E[RC] + hE[OH] + 7 E[BO,| + nE[BOs] + 0E[LS] (4.16)

where E[OH] is the expected on-hand inventory carried per cycle, E[RC] is the expected
replenishment cost per cycle, E[N.] is the expected number of list replenishments given
in a cycle, E[BO;] is the expected time-weighted backorders per cycle, E[BOs] is the
expected number of units backordered per cycle, and F[LS] expected number of lost sales
per cycle.

Our objective is to find the policy parameters minimizing (4.15). However, depending
on the relation between policy parameters given by three different cases above, both the
form of (4.15) and the constraint set of the optimization problem are changing. Therefore,
we calculate and optimize (4.15) for each case separately and then select the best policy
parameter values yielding the minimum average cost.

The operating characteristics for the three cases can be given with the following propo-

sition. We refer the reader to Appendix 4.9 for the proof.

Proposition 4.1. Under the (r, R, s, Q) policy the operating characteristics can be given

as follows,

1. For Case 1 and Case 2,

E[Ng]

(4.17)

E[T] = E[Ny) (4.18)
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E[RC] = Ap+cpDE[T]+ |:AL + (cL —cp)(r+ R) + M} E[Ng)
_ epD(L= B)(1 = perel” (1.19)
e '
CQQ+2) s D[, (1—ew/P)a-3,)
plor) = L2 2 Zla s e
; [32 N 2’%} B (4.20)
oy — PPU_P) [1 _ (e )} _ rBN] (4.21)
It o 1
E[BOQ] _ ﬁD(l - ﬁz) [1 _ (1 — e~Ha/D ):| (422)
1 a,
_ (A=pDA-B) [, (A—em/P)
E[LS] = p [1 - } (4.23)
2. For Case 3,
E[N;] = (=P~ as) (4.24)
o = 2.1
E[RC] = AD + CDDE[T] + [AL + (CL — CD)(T' - R)] E[NL}
B cpDe#s/D (1-1p)
. (4.25)
pom) ~ Q+2%) s Dl-ctP) (4.26)

2D 1 I

E[BO)] — ﬁDeu;ts/D B (r— R;E[NL] (4.27)
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hD —us/D
E[BO,] = % (4.28)

(1—p)De#/P

E[LS] ’

(4.29)

4.5. Optimization of TC(r, R, s, Q)

Next, we will state the optimal policy parameters that optimize (4.15) for the three
different cases. As can be seen from Proposition 4.1, the form of TC(r, R, s, Q) changes
according to different cases. Thus, in order to optimize TC(r, R, s,Q)), we need to solve
three different optimization problems for different cases.

Define the sets corresponding to the feasible region of the objective function for three

cases as follows,

Q) = {(rnRsQ) :0<R<s rQ>0}
Q = {(nRs5Q):0<s<R<s+Q;rQ>0}

Q3 = {(rn,R,s,Q):0<R<r;sQ>0}

Thus, the optimization problem for each case is to minimize T'C(r, R, s, Q)) subject to the
constraint set ; with i = 1,2, 3.

For each case, by using differential calculus, we identify a set of candidates for the
optimal solution. The candidates are found either at critical (stationary) points or at the
boundaries of the feasible region of the corresponding case. In the sequel, we state rules to
eliminate some of the candidates due to the relation between certain system parameters
and provide equation systems from which the candidates can be computed easily. Once
the candidates are identified for each case, the global optimal solution can be found by
picking the candidate yielding the smallest expected total cost rate.

We need the following structural results in order to analyze the objective function and

identify the candidates for different cases.
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4.5.1 Structural Results
We start with the following lemmas which are useful in the analysis of the derivatives of
the objective function with respect to the policy parameters.
Lemma 4.1. Define f : [0,00)—=R by
flx)=A(l—ae ™ —2)+B
with0 <a <1, Ae R\ {0} and B € R. Then,

1. If A >0 then f(x) is concave decreasing function and

(a) If A(1 —a)+ B =0 then f(z) <0 for x > 0 and has a unique root at xo =0
(b) If A(1 —a)+ B <0 then f(z) <0 forz >0

(¢) If A(1—a)+B > 0 then f(x) has a unique positive root xg € (1+ 5 —a,1+ £)
2. If A <0 then f(x) is convex increasing function and

(a) If A(1 —a)+ B =0 then f(x) >0 for x > 0 and has a unique root at xo =0
(b) If A(1 —a)+ B > 0 then f(z) >0 forxz >0

(c) If A(1—a)+B <0 then f(z) has a unique positive root zo € (1+2 —a,1+Z)

Proof of Lemma 4.1. If A > 0 then f'(z) = A(ae ™ —1) <0 and f"(z) = —Aae ™ <0
since 0 < ¢ < 1 and x > 0. Thus, f(z) is concave decreasing in z. Since f(0) =
A(l —a)+ B, if A(1 —a)+ B < 0 then f(z) < 0 for z > 0. On the other hand, if
A(l—a)+ B >0then 14+ B/A>a >0 and

B
! (1 + 1 a) = Aa (1 — 6_(“%_“)) >0

and

B

f (1 + —> — —Aae(+3) <0

A

Thus, f(x) has a unique root in the interval (1 + % —a,l+ %).
If A <0 then f'(z) > 0 and f”(z) > 0 and therefore, f(x) is convex increasing in

x. Moreover, if A(1 —a)+ B > 0 then f(z) > 0 for z > 0. On the other hand, if
A(l—a)+ B < 0then 14+ B/A >a >0 and f(l—l—% —a) <0and f(l—l—%) > 0. Thus,

f(2) has a unique root in the interval (1+ £ —a,14+ %) O
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Lemma 4.2. Define f: R, —R by
f(x)=a+br+d e ™
with b,d > 0 and a,c € R, and let z* denotes the minimizer of f(x). Therefore,
1. If b>cthenx* =0

2. If b<c then a* = —d " In (%)

Proof of Lemma 4.2. Taking the first and second derivatives of f yield,

df(‘r) o —dx
i b—ce (4.30)
and 2 1()
T? = dce_dz (431)

If ¢ < 0 then df(x)/dz > 0 and d?f(x)/dz* < 0. Thus, f(x) is increasing and convex
function and it has a minimum at z* = 0.
If ¢ > 0 then d?f(z)/dx?® > 0. Thus, f(z) is convex but the sign of (4.30) depends on the
relation between b and c such that:

if b > ¢ then df (z)/dz > 0 since 0 < e=% < 1 for > 0. Thus, f(z) is increasing and
convex function and z* = 0.

if b < ¢ then df(z)/dz has a unique positive root. Thus, setting (4.30) to zero yields
x* as given above. 0O

As it will be clear in the sequel, for some cases, optimal (r, R) can be determined
independently from (s,@Q). In other words, optimization problem can be decomposed.
Thus, once the optimal (r, R) is determined, the objective function becomes a function of
s and @ which can be represented in a special form. We use the following lemma to find

the optimal (s, Q) when decomposition is possible.

Lemma 4.3. Define f Ri—)RJr by

~ - cpD  hD  hQ@Q? Q 1
f(s,Q) = Ap+ . /ﬂ+2D +cpQ+h D+u s

D
+ = (ﬁ + U) e Hs/D (4.32)
o\ p
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with U € R and let
e 5,Q
TC(s,Q) = L9 (433)
btu
Then the optimal (s*,Q*) minimizing T\é(s, Q) can be given as
1. If Ap/D+U/u <0 then s* = Q* = 0.
2. If Ap/D+U/pu >0 then

(a) if V2ApDh > DU then s* =0 and

D 2w (Ap U
¢ -2 (e (22 )

(b) If JZApDh < DU then

s*=——1In
h
M ;-‘rU
and
. [2ApD
Q= h

Proof of Lemma 4.3. For any given @ > 0, f(s,Q) can be represented in the form of
. N Q 1 et .
f(s) given by Lemma 4.2 since h,u, D and (5 + ;) are all positive. Therefore, depending

on the relation between
1
h<9+—> and ﬁ+U
D p Iz

the optimal s minimizing f(s, Q) and i“\C’/(s7 @) can be found from Lemma 4.2 as follows:
(a) if hQ/D > U then s* =0
(b) if hQ/D < U then

h hQ

_ by 2

=P (’2 D) (4.34)
1 ;JFU

Next, we minimize ﬁ(s,@) in . We found that for any given @, ﬁ(s,@) is

minimized at either s* = 0 or s* given by (4.34). Therefore, we consider these cases

separately in order to minimize fé(s*, @) according to Q.
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Taking the first derivative of ﬁ(s, Q) with respect to @Q yields

9TC(5,Q)  F(Q

0 (% N l)Q (4.35)
wher B _
- _0f(,Q) (Q [ 1) _ [(50Q)
FQ): 0 \Dts 5 (4.36)

It is immediately evident from (4.35) and (4.36) that the behavior of ﬁ(& Q) in Q is
determined by the sign of F(Q). Thus, in the sequel, we analyze F(Q) for the two cases
of s* mentioned above.

If s* = 0 then from (4.32) we have that

cpD  hD  hQ? D (h
Q) =A M Z(tyv 4.37
f(s*,Q) p+ . u2+2D +cDQ+M u+ (4.37)

and
of(s, @) _ h@Q
= - 4.
8@ D +c¢p ( 38)
Substituting (4.37) and (4.38) in (4.36) and making necessary simplifications yields
_hQ? | hQ Ap U

FQ =5+ B Ty (4:39)

Observe from (4.39) that F'(Q) is a second-order convex polynomial since h, i, D > 0 and
it is increasing for @ > 0. Therefore,

(a) if Ap/D+U/p <0 then F(Q) > 0 for all @ > 0. Thus, from (4.35), ﬁ(s*@) is
nondecreasing in ) and minimized at Q* = 0.

Since s* = 0 holds only for Q > DU/h, optimal @Q shall satisfy
Q*>DU/h (4.40)

Since Ap/D + U/p < 0 this implies that U < 0 and the above condition is satisfied.
Thus, s* = Q* = 0.

(b) it Ap/D + U/ > 0 then F(Q) has a unique positive root Q* and TE(S*,Q) is
minimized at Q*. Moreover, it can be showed that 7’”\5(5*,@) is convex in ). Thus,

applying quadratic formula for (4.39) and simplifying yields @* as follows
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D 2 (Ap U
Q u( 1+\/1+ - (D +u>> (4.41)

Since s* = 0 is true only if the condition (4.40) is satisfied, substituting (4.41) in (4.40)

2u? (Ap U uwlU
il ke AT I [l
\/1+ - <D+u>_1+ -

Squaring both sides of inequality and making necessary simplifications yields the condition

V2ApDh > DU (4.42)

Note that when /2ApDh = DU, (4.41) simplifies to

gives,

2ApD
h

If s* is given by (4.34) then from (4.32) we have
~ cpD  hD  h@Q?

Q =

f(S*,Q) - AD+ _7+§+0DQ
ho, hQ
h@ hD Tt
— +— 1—In|4t—= 4.43
() (7)) "
and _ W ho
of(s", @) _ h@Q he (it D
SAASEL 7N LS N R 4.44
aQ D +c¢p L n % +U ( )
Substituting (4.43) and (4.44) in (4.36) and after some algebra we obtain that
h@Q*  Ap
F =— - — 44
(@)= (4.45)

Since h, D > 0 and Ap > 0, F(Q) is increasing convex function for @) > 0 and has a

Q" = ,/QATDD (4.46)

Thus, TC(s*,Q) is minimized at (4.46) and it can be shown that TC/(s*, Q) is convex
in Q). Substituting (4.46) in (4.34) yields

h 2Aph
-D_(utVT
e | VP (4.47)

h
M ;‘FU

unique nonnegative root at

S
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Since (4.34) holds only for @ < DU/h, (4.46) and (4.47) are valid if

2Ap,D
,/TD<DU/h

V2ApDh < DU (4.48)

Observe that if Ap/D + U/p <0 then U < 0. This violates the condition (4.48) and
therefore, (4.46) and (4.47) cannot be valid for this case.

On the other hand, when Ap/D + U/ > 0 the optimal (s, @) is uniquely determined
by the conditions (4.42) and (4.48). O

That is,

4.5.2 Candidate Points for the Optimal Solution

Define,
7
Y = ¢L—Cp ——
1
n = c¢L—Cp +—
. 01— 5
M= Z4+n4 ( Ap)
1 b
h . .
' = —+pll—(1—-pep
1
D(c, —cp)? D
K = ap— A= 2L Bt (1 )0 - )

The following theorems identify possible candidate points for the optimal solution.

Theorem 4.1. For Case 1, the optimal solution can be found at one of the following

candidate points,
1. If ¢, — ep > 7t/ then there are two candidates

(a) r* =0 and (R*,s*,Q*) are found as given by Moinzadeh (1997).
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(b) r*—00 and R becomes an irrelevant policy parameter. Let U = pIl — (1 —p)ep
then (s*,Q*) can be given as
i. If Ap/D+U/u <0 then s* =Q*=0.
. If Ap/D+U/u >0 then

A. if \/2Aph/D > U then s* =0 and
. 2,[1,2 AD U
o2 (2 (%))

B. if \/2Aph/D < U then

!

D ﬁ"" QADDh
s*=——1In LT
1% ;—I—
and
. 2ApD
@ = h

2. If ¢, — cp < 7t/p then there are two candidates
(a) ™ =0 and (R*,s*,Q*) are found as given by Moinzadeh (1997).

(b) R* is the solution of

D HD uR*/D _ T
Ap—=(py—n+T)+nR -2 Wln(ne - >_0 (4.49)
H 1 Py

and r* can be found from

5 uR*/D _
A (u) (4.50)
p Py

Let U = ¢, — cp then Ap/D +U/p > 0 and (s*,Q*) can be given as

i. If \/2Aph/D > U then s* = R* and

(o2 (224 D)) am

Q =

= |
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ii. If \/2Aph/D < U then

h [24ph
D TV TD
s=R'— =MLtV 2 (4.52)

and

Q= (4.53)

Proof of Theorem 4.1:
First, we shall rewrite the expected cycle cost function in a form more convenient for

optimization purposes:

Dr ur/pD 67HS/D
with
cpD  hD  hQ? Q 1
= A - +t55 h{=+- 4.55
f(s,Q) D+ M2+2D + cp@ + DJr# s ( )
and the total cost rate function can be given as
ElCC
TC(r,R,s,Q) = % (4.56)
ptau

Observe that as R, s or Q) goes to infinity both E[C'C] and TC(r, R, s, Q) go to infinity.
This implies that for a given r if the objective function has a minimum then the minimum
is found at a finite point (R*, s*, Q*). However, for a given (R, s, Q) the objective function
does not necessarily attains its minimum at a finite . Observe that as r goes to infinity,

lim " =0

7—00 eﬁ”'/ﬁD _ G*I‘R/ﬁD

ekr/PD _ 1
lim - — =1
roo0 ehr/PD _ o—pR/PD

and the expected cycle cost becomes
Dr
ElCC|r00 = f(5,Q) + —ens/D (4.57)
1

Thus, the objective function converges to a positive value as r—oo. In the sequel, we iden-

tify the parametric regions where the objective function attains its minimum as r—oo.
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Since E[T] is independent of r, we begin the analysis of the objective function by inves-
tigating the behavior of E[CC] in r.

First Derivative of E[CC] w.r.t. r:

Taking the derivative of (4.54) with respect to r yields,

aE[CC] ('Y + %éuﬂ/ﬁD ) 67;LS/D
or T o a— )

[AL +yr R+ 5 (err/PD — 1)} emhs/D Lo err/oD

(/D _ ¢ HR/D )2

efus/D eu'r/ﬁD f(l%)

= (eFr/BD _ g #R/D )2 (4.58)
with
ur —ur /8D ur o Dr _
2 ) .= 1 — e #/PD g—pR/D _ 27 ) B [ 4 — 22 (1 — e HR/D
1(&5) = (1= ) - (panr = 2= e
(4.59)

For any given 0 < s < 00, let 7* be a critical point satisfying the first order condition
OE[CC]/Or = 0. It is clear from (4.58) that the first order condition is satisfied when
f (ur* /D) = 0

Second Derivative of E[CC] w.r.t. r:

The second derivative of E[CC] with respect to r can be given as,

O*E[CC] e /D gur/pD

o 2 et /D
. I A N L (4.60)
or (eur/p — ¢~ HR/D )2 | pD or pD(eur/pD _ e~ HR/D )
Observe from (4.59) that
OF _ W (pefpD o—uit/D
— =— (e - -1 4.61
or ~ 5D ¢ ‘ ) (4.61)
Thus, evaluating (4.60) at » = r* and using the identity f (ur*/pD) = 0 and (4.61) yield
82E cC /—,us/D ur*/pD
grEcc] ]Ir_r* - __° v (4.62)
or? pD (et /PP — emnlt/D

Observe from (4.62) that for any 0 < s < o0,

e—Hs/D our/pD
K >0

pD(ew*/ﬁD — ¢~ HR/D )
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and therefore the sign of (4.62) depends only on the the sign of . Therefore, for any

given 0 < s < 00,

1. If v > 0 then T'C is quasiconcave in r since

Q*E[CC] |
oz "
Thus, T'C' is minimized either at » = 0 or as r—oo depending on the relation

between E[CC]|,—o and E[CC]|;e0-

2. If v < 0 then T'C' is strictly quasiconvex in r since

OE[CC)

or? fr=r+ >0

Thus, 7* is unique solution of (4.59) f (ur*/pD) = 0 and it is the global minimum
of TC. Therefore, if r* < 0 then T'C' is minimized at r = 0 otherwise r* is the

unique minimizer.

We established that for v < 0, TC' is minimized either at r = 0 or at the critical point
r* > 0 found by solving f (ur*/pD) = 0. Thus, in the sequel, we analyze the case where
~v < 0 by assuming that there exists a feasible point 0 < r* < oo satisfying the first order
condition f (ur*/pD) = 0.

First Derivative of E[CC| w.r.t. R:

Taking the derivative of (4.54) with respect to R yields,

OE[CC] ne~Hs/P

OR T emr/pD _ o—pR/D

A+ A7 + R+ LE (err/PD 1)] eH5/D Le—nR/D

(eur/ﬁD — ¢~ HR/D )2

l—us/D l—,uR/D h
= £ ¢ (R) (4.63)

(eH/PD _ g HRD )z

with

X Dr X
hR):=n (e“r/Z’D et/ — %) - (AL + yr 4+ —(er/PP — 1)) (4.64)
I

il
D
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For any given 0 < r, s < 00, let R* be a critical point satisfying the first order condition
OE[CC]/OR = 0. It is clear from (4.63) that the first order condition is satisfied when
h(R*) = 0.

Second Derivative of E[CC] w.r.t. R:

The second derivative of E[CC] with respect to R can be given as,

2E —ps/D ,—pR/D h 2 —pR/D h
FECC] e et My O pe (4.65)
OR2 (eu'r/pD —e nwR/D )2 D OR D(e;t'r/pD —e nR/D )
Observe from (4.64) that
Oh _ 1t /D (/oD _ puryD ) (4.66)

OR D
Thus, evaluating (4.65) at R = R* and using (4.66) and the identity h(R*) = 0 yield

I*E[CC) npe Hs/P

ngzm = D@D D) (4.67)

Note that for any given 0 < r, s < oo, if (4.64) has a feasible solution R* > 0 then
2
and R* is the local minimum of T'C'.
Computation of the Critical Point (r*, R*):
For any given (s,Q), let (r*, R*) be a critical point satisfying f (ur*/pD) = 0 and
h(R*) = 0. That is,

R * Dr
1 — e #"/PD o—uR* /D _ oy R A R* — Z— (1 — ¢ HR"/D =0 (4.68
g ( e e oD ) " pp \Art e ) (4.68)

/5 . uwR* I DU, .. p
n e“T/pDe“R/Dflf—)f—(A +yrt 4 ——(et /PP 1)) =0 (4.69
( ) (4 o~ )) =0 (4.69)

Reorganizing the terms in (4.68) yields

» <1 /D g hRY/D M*) -

DT .
— (AL +nR* — —> + De—#i/D (4.70)
pD v

fad
D

and reorganizing (4.69) gives

" Dr R Dr
pr* /D ouR* /D _ ) _ F s P8 urrp N ZE (4 R — = 4.71
n (e e ) D <7r + . e > o (AL +1n p (4.71)
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Substituting (4.71) in (4.70) and after some algebra, we obtain that

Py (1 — e~ kr7/PD o—pR*/D ) =7 (ew*/ﬁD MR /D _ 1) — T (etr"/PD _ g=nR*/D )

prye /D = perl/D (4.72)
Using (4.72) in (4.70) yields,
(18 T i
Py Py pD

making necessary simplification gives

R yur* 0 DT
—n— = £(a 22
pPy—n-—5 D( L+ ﬂ)

Sl=

DT .
(AL + R — —> + De~nf"/D
"

D .
;(p7—77+F) -t = AL +nR
and reorganizing the terms yields that
D ~ * *
AL*g(mﬂHT)JrnR +rt =0 (4.73)

Observe from (4.72) that r* can be given as a function of R* as follows

pD nB'/D _ T
=2 <776—> (4.74)
1 Py
Thus, substituting (4.74) in (4.73) yields
D pD nl/D T
Ap—=(py—n+T)+nR =L 71n<”6 , ):0 (4.75)
I 1 28l

Therefore, the critical point (r*, R*) satisfying (4.68) and (4.69) can be found by
solving (4.75) for R* and then calculating r* from (4.74).

Computation of (s*,Q*) Given (r*, R*):

Define the function

AL +yr+nR+ % (e/“"/’sD —-1)
g(r, ) := ohr/pD _ o—nR/D

(4.76)
and observe that (4.54) can be expressed as

E[CC] = f(5,Q) + g(r, R)e /P (4.77)
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For any given 0 < s,Q < oo, let (r*, R*) be a feasible critical point, that is, 0 < R* <
s < oo. Note that we only need to check R* since we assume that r* is always in the
feasible region. Then using (4.73) in (4.76), we obtain that

D (7 —n-+ e o7 )
(e D omiR D)

g(r*, R*) = (4.78)

Substituting ' from (4.72) in (4.78) and making necessary simplifications yields that

D (py —n+ (ne!™/P — pyetr' /B0 )err™ /oD )
(e TD — nE D)

g(r*, R¥)

Dn (euR*/Dew*/ﬁD _ 1)
u(e‘”*/ﬁD _ e~ HR*/D )

D .
= —perft/b (4.79)
w

Thus, from (4.77) and (4.79), the expected cycle cost can evaluated at (r*, R*) can be
given as

D .
r*,R* = f(sv Q) + /7 n eHR /DeiuS/D (480)

Next, we optimize (4.80) with respect to s and @ given (r*, R*). First, rewrite (4.80)

E[CC)

as follows,
D Q1 Q 1
E[CCl|y+ g = f(5,Q) + — et /Pems/D <—+—> R*+h (—+—) R* (481
(CCle = 1(5,Q)+ 2 243 e Lt
Define 5 := s — R* and reorganize (4.81) as follows
- Q 1
E[COrp = Q)+ 55+ ) (4.82)
with
~ coD  hD  hQ? Q 1\ _
f3.Q) = Ap+ p —7+ﬁ+cDQ+h 5+E 3
D (h .
+ — <— +c— CD> e Hs/D (4.83)
w\p

Note that, for clarity, we substituted n by its definition ¢, — ¢p + ﬁ in (4.83).
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Then, the total cost rate function becomes,

f3.Q)

TC(*, R*,5,Q) = + R (4.84)

Q
D
Observe that for a given R*, optimizing (4.84) according to (s, Q) is equivalent to opti-

mizing

TC(3,Q) =

(4.85)

according to (5,Q). Therefore, the optimal (35,Q) can be found from Lemma 4.3 by

substituting U = ¢, — ¢p, and the optimal s follows from s* = R* + 5 *. O

Theorem 4.2. For Case 2, the optimal solution can be found at one of the following

candidate points,
1. If ep, —ep > 7/p then

(a) ™ =0 and (R*,s*,Q*) are found as given by Moinzadeh (1997).

(b) r*—o0 and R becomes an irrelevant policy parameter. Let U = pIl— (1 —p)ep

then (s*,Q*) can be given as
i. If Ap/D+U/u <0 then s* = Q* =0.

. If Ap/D+U/p > 0 then
A. if\/W>U then s* =0 and

._D(_ 2 (Ap U
o= (e [ 2 (22D

B. if \/2Aph/D < U then

!

L 2Aph
D ([t /FR
s*=—In B
iz ut
and
2ApD
Q"=
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2. If e, —cp < @/p then

(a) ™ =0 and (R*,s*,Q*) are found as given by Moinzadeh (1997).

(b)

R — & i QADD _ D(CL — CD)
V & h

K —nR
Y

*

and define
U(s*) == p(I1+~re # /PPy — (1 — p)ep

then s* can be found by solving

D [ #+U()

§*=—1In
h 24ph
AN e
and
. [2ApD
ST
(c) s* =0 and

R*:Q*_D(CL_CD)

h

., K-—-nr

rr= —

Y
and Q* can be found by solving
hQ**  hQ* D . R ) . pDy
+ —Ap—— (I -(1-p)c L e
( 2D 1 P ( (1= B)eo) 1
(d) R* =s* and let
Dr ‘s
g(r*,s*) = Ap+yr*+ns*+ " (err™/pD —1)
—us*/D
u(r*, s*) c

T —
etr*/pD _ o—ps*/D

(4.86)

(4.87)

(4.88)

(4.89)

(4.90)

(4.91)

(4.92)

(4.93)
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then (1*,s*,Q*) can be found by solving the following equations simultaneously

Py + Terr /oD = %(1 Fu(rt, s*))g(r*, s%) (4.94)
R h(Qﬁ+l)eu8/D r
D
«_ DDy 2* “1 (4.95)
# h (3 + ;) —n+py

D 2u? (Ap  h g(r*, s*)u(r*, s*)
S Zo _ 0 LS JUT ) 4
Q . ( +4/1+ <D e + D (4.96)

(e) R* =s*, Q* =0 and (r*,s*) can be found by solving (4.94) and (4.95) simul-

taneously.

Proof of Theorem 4.2:

The expected cycle cost for Case 2 can be rewritten as follows,

ElCC] = [f(s,Q)+g(r,R,s)u(r,s) (4.97)
with
f(s,Q) = AD+CDD—}L—?+};—C§+cDQ+h<%+1>s (4.98)
g(r,R,s) == Ap+~yr+ns+c(R—s)+ 2}—;)(1%2 - 5%+ % (err/PP— 1) (4.99)
e—hs/D
u(rys) = — (4.100)

e;u‘/ﬁD _ e*[LS/D

and the total cost rate function can be given as

TC(r,R,s,Q) = EE[?T?] (4.101)
with
E[T] :%+i+ (R;S) u(r, ) (4.102)

For the sake of clarity, in the sequel, we suppress the arguments of the functions of

the variables r,R,s,Q.
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First Derivative of TC w.r.t. 7:

Taking the derivative of (4.101) with respect to r yields

orc 2 pr) - 2l pco)

= 4.103
or E[T)? ( )
The derivative of expected cycle cost with respect to r can be found as
JE[CC] @u n @
or - or ar?
= (’y + L eHr/PD ) u— iu(l +u)g (4.104)
p pD

By adding and subtracting the term (pu/pD)f on the right-hand side of (4.104), we
obtain that

OE[CC] hu
or pD

Dy D .
’% F T g f) - g—g(f +gu)  (4.105)

From (4.97) and after some algebra (4.105) boils down to

OE[CC] _ pu
or  pD

(v— E[CC)) (4.106)
with

v=uv(r,R,5,Q) = Ap— A, —yr+cp(Q+s)—c R — %(R2 —5%)

h@* h D
+ Gn T D e )+ (1= 7)) (4.107)

The derivative of (4.102) with respect to r can be found as

o8I _ Lt (RZ;S) (4.108)

By adding and subtracting the term (uu/pD)(Q/D + 1/u) on the right-hand side of
(4.108) and reorganizing the terms yield

OET] pu (Q+s—R 1
(025 o)

(4.109)
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Using (4.109) and (4.106) in (4.103) yield

5;0 _ ﬁD’;jET]Q [(v — E[CO) E[T] — (—Q +;_ i ,% - E[ﬂ) E[OC]}
= aoem | (F5 ) 7] o)

First Order Condition of TC w.r.t. r:

For any given (R, s, @), let r* be a critical point satisfying the first order condition
dTC/dr = 0. Since pu/pDE[T] > 0for 0 < Q < oo and 0 < s < R < s+ Q, it is clear
from (4.110) that the first order condition is satisfied when

Q+s—R

v(r*, R, 5,Q) = ( D

) TC0 RasQ) (4111)

Second Derivative of TC w.r.t. r:

Define the function

- 1
s R Q)= ol s, @) - (LT ) 106 R Q)
Thus, (4.110) becomes,
arCc  puz
or  pDEIT)
and the second derivative of T'C' with respect to r can be given as,
o*TC L ou 0z OFEI[T]
- - 2 (= ke — 1
or? pDEI[T]? [(arz * u8r> ElT] - uz or } (4112)
Observe that
0z Q+s—R 1\0TC
B 2 [ 4.11
or ( D * ,u) or (4.113)
and
0z
L= — 4.114
or |r=r v ( )

Moreover, from (4.111) it is clear that z(r*, R, s, Q) = 0. Therefore, evaluating (4.112) at

r=r* yields
o*TC oy
—— |y = —= 4.11
or? | pDE[T] (4.115)

Observe that for any 0 < s < R < o0 and 0 < Q < oo, pu/pDE[T] > 0 and

therefore the sign of (4.115) depends only on the the sign of . Therefore, for any given

0<s<R<ooand 0 <Q < o0,
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1. If v > 0 then T'C is quasiconcave in r since

>’’TC
gz = <0
Thus, T'C' is minimized either at r = 0 or as r—o0.

2. If v < 0 then T'C is strictly quasiconvex in r since

>’TC
g2 I >0
Thus, 7* is unique solution of (4.111) and it is the global minimum of T’C'. Therefore,

if r* < 0 then T'C' is minimized at r = 0 otherwise r* is the unique minimizer.

We established that for v > 0, there are two possibilities for the optimal r. It is either
equal to zero and the system boils down to the one analyzed by Moinzadeh (1997) or,
the optimal r goes to infinity, R becomes an irrelevant policy parameter and the optimal
(s,Q) follows from Lemma 4.3. Similarly, for v < 0 the optimal r is either at zero or at
the critical point 7* > 0.

Next, we analyze the case where v < 0 by assuming that there exists a critical point
r* > 0 satisfying the first order condition (4.111).

First Derivative of TC' w.r.t. R:

Taking the derivative of (4.101) with respect to R yields,

orc 2 p[r) - 2E E[CC)

= T (4.116)

From (4.97) and (4.102), the derivatives of E[CC] and E[T] with respect to R can be

given as )
or[CC dg u
and )
OE[T] wu
=5 (4.118)
Substituting (4.117) and (4.118) in (4.116) yields,
MC M 1D+ hR—TC] (4.119)

"OR ~ DEI[T]
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First Order Condition of 7C w.r.t. R:

For any given (r,s,Q), let R* be a critical point satisfying the first order condition
OTC/OR = 0. Since at any feasible point E[T] > 0 and u > 0 for 0 < r, s < 00, it follows
that u/pDE[T] > 0. Thus, from (4.119) it is evident that the first order condition is
satisfied when

cD+hR*=TC(r,R*,s,Q) (4.120)

Second Derivative of TC w.r.t. R:
From (4.119), the second derivative of T'C' with respect to R yields,

o*TC u orc OE[T)]
OR? DE[T]?

h— ﬁ> E[T] = [erD + hR = TC) == | (4.121)

Evaluating (4.121) at R = R* and using (4.120) gives,

(92TC| _uh
oRr? =% T DE[T

(4.122)

Thus, for any given 0 < r,s,Q < oo, if (4.120) has a feasible solution R* > s then

o*TC
B |rere >0
and R* is a local minimum of T'C'.

First Derivative of TC w.r.t. Q:

Taking the derivative of (4.101) with respect to @ yields,

orc BT - ZEE(CC)
0Q E[T)?

(4.123)

From (4.97) and (4.102), the derivatives of E[CC| and E[T] with respect to @ can be

given as oE[CC] o)
E fo
and SE[T]
E[T 1
0 "D (4.125)
Using (4.124) and (4.125) in (4.123) gives,
OC L D+hQ+s)—TC] (4.126)

0Q  DEI[T]
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First Order Condition of TC w.r.t. Q:

Forany 0 <r < oo and 0 < s < R < 00, let Q* be a critical point satisfying the first
order condition 9TC/0Q) = 0. It is clear from (4.126) that the first order condition is
satisfied when

cpD +h(Q*+5)=TC(r, R, s5,Q%) (4.127)

Second Derivative of TC' w.r.t. Q:
From (4.126), the second derivative of T'C' with respect to () can be given as,

0Q*>  DE[T)?

oQ
Substituting @ = Q* in (4.128) and using (4.127) gives,

PTC 1 Kh_aT_C> E[T]_[CDDM(QH)_TC]W;_QT} (4.128)

’TC h

0T lo—or = DET (4.129)

Therefore, for any 0 < r < oo and 0 < s < R < oo, if (4.127) has a feasible solution
Q* > 0 then
>TC
a—QHQ:Q* >0
and Q* is a local minimum of T'C.
A Relation Between R*, Q* and s:
For any given 0 < s,r < o0, if a critical point (R*,Q*) satisfies (4.120) and (4.127),

we have the relation

—cp)D
R =s+Q — % (4.130)
Moreover, from (4.130), it can be easily shown that
hQ (Q" +2s) _ h(R™ —s°) ., Dl —cp)®
5 = e )R+ = (4.131)

Therefore, for any given 0 < r, s < 0o, by using the relations (4.130) and (4.131), we can

express (4.127) as a function of Q* as follows,

hQ*?  hQ* hD
A —
2D Jz ot G

D [ hQ*
AL+77“+7]5——<CDQ

2
Dr X
— — = (emr/PD _ 1
ST (cr, cD)) + . (e )}u
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After substituting u, it can be rewritten as

*2 * . D hO* 2
(hQ + 22 _AD+£> (erm/pD ero/P — 1) = AL+W+775__< 5 _(CL_CD)>
e 2h \' D

2D o

+ E(ew/ﬁ” —1) (4.132)
o

First Derivative of TC w.r.t. s:

Taking the derivative of (4.101) yields,

orC _ #EAB(T] - 27 E(CC] (4.133)
Os E[T]? |

The derivative of expected cycle cost with respect to s can be found as

DE[CC) af 99 ou

Js - 08+85u Osg

h
= h (%-Fi) + (n—cL—ES) u—%u(1+u)g (4.134)

By adding and subtracting the term fu(1 + u)/D on the right hand side of (4.134), we
obtain that

OF[CC] w(l+w) hD Q 1 hs uD
os D (M(Hu) <5+ﬁ)+("‘c“5) u(1+U)+f>
~ _“(15 W (f + gu) (4.135)

Recall from (4.97) that F[CC] = f+gwu. Thus, after some simplifications (4.135) becomes

OEICC]  p(l+wu)
% - D (w— E[CCY) (4.136)

with

w=w(r-sQ) = AD+CDQ+@+@+M

4.1
2D D p(l+u) (4.137)

The derivative of (4.102) with respect to s can be found as

8?;] = f% - %u(l +u) (Rj; S) (4.138)
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By adding and subtracting the term (u(1 +u)/D)(Q/D + 1/11) on the right-hand side of

(4.138) and reorganizing the terms give

aEa[ST] _ u(1D+ w) (% N m _ E[T]> (4.139)
Using (4.139) and (4.136) in (4.133) yields
orc w(l+u) Q 1
5 — DEP [(w — E[CC)) E[T] - (B i E[T]) E[CC]}
(1 +u) Q 1

First Order Condition of 7C' w.r.t. s:

For any 0 < r, R, < o0, let s* be a critical point satisfying the first order condition
dTC/ds = 0. Since p(l+u)/DE[T] # 0 for any finite (r, R, s, @), it is clear from (4.140)
that the first order condition is satisfied when

w(r, 5%, Q) = (9 + ;> TC(r R, 5", Q) (4.141)
Dt T ulr )
@* as Economic Order Quantity:
Observe that for any Q* and s* satisfying (4.127) and (4.141), we have

o (@, 1
w(r,s*, Q) = (D * (1 + u(r, s*))

) (cpD + h(Q* + 5%)) (4.142)

Substituting (4.137) in (4.142) and making necessary simplifications yields

* h *2 h *S*
%(CDD+h(Q*+s*)) = Ap+cpQ + QQD + %
hQ*Q B hQ*Z
D = Ap+ %)

O = _QA;’D (4.143)

Second Derivative of TC' w.r.t. s:
Define the function

Q 1
D

y:=y(r, R,s,Q):=w(rs Q) — (— + m) TC(r,R,s,Q)
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Thus, (4.140) becomes,
arc  p(l+u)y

ds  DEIT]
and the second derivative of T'C' with respect to s can be given as,
>ITC I ou 0y OE[T]
= — 1 — | E[T] - (1 4.144
0s? DE[T)? [<8sy+( +u)8s) 7] = +uy 0s } ( )
Observe that
dy Ow Ou TC Q 1 orcC
=t —— ==t — ) — 4.14
Os  Os + 0s (1 + u)? <D+u(1+u)) 0s (4.145)
and
1 *
8y _ @ + <h + UM(CDD+ h(Q + 5 ))) _ D( u TC|5:5* (4.146)

$|5:5* D p(l+w) D 1+ u)
Moreover, from (4.141) it is clear that y(r, R, s*, Q) = 0. Therefore, evaluating (4.144) at
s = s* yields

@| _ 4w @‘
832 s=s* — DE[T] as s=s*

14 Q1 +u) h u .
DE[T) D" u + 55 (0D +(Q+ ) = TCloeyr) [4.147)

Recall that Q* satisfies (4.127). Thus, for Q = Q*, (4.147) becomes,

O*1C po [hQ*(L+u)  h
- 4.14

g e = DE[T][ D *M} (4.148)

Note that in (4.148), Q* = \/m since (4.127) and (4.141) are both satisfied. Thus,
for any 0 < r,R < oo, if (4.127) and (4.141) has a feasible solution (s*,Q*) such that
0 <s*<Rand @Q*> 0 then
>FTC
W‘s:a‘*,QZQ* >0
Computation of Critical Point Candidate:
For any given 0 < r < oo, if a critical point (R*,s*,Q*) satisfies (4.120), (4.127) and

(4.141) then Q* = \/2ApD/h and (4.132) becomes,

2
"

D W D

pr, .
+  ——(err/PP —1) (4.149)
n
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Here, we shall note that for r = 0, (4.149) boils down to the equation given by Moinzadeh
(1997) to find s*. Similarly, (4.130) becomes

[ /QA;;D _la *hCD)D (4.150)

For any given 0 < s < o0, let (r*,R*,Q*) be a critical point satisfying (4.111), (4.120)
and (4.127). Then, using (4.130) and (4.131) in (4.111), we obtain that

- _ 2
cL, —Cp n 1 TCH R 5,Q7) = Ap— Ay —r + D(c, —cp)ep N D(er, — ¢p)
h 1 h 2h
D A A~
A (Bler +m) + (1 —p)0) (4.151)

Substituting (4.120) in (4.151) and reorganizing the terms yield the following relation

between r* and R*,

nR* +yr* =K (4.152)
with )
D(cr —c¢ D
Note that by using (4.130), (4.152) can also be given as a relation between r* and Q*
as follows,
D(cr —
=k (s - Pz el) (115)

Moreover, if (s*,Q*) is a point satisfying (4.127) and (4.141) then Q* = \/2ApD/h
and (4.154) becomes,

2
D 2Aph D 2Aph
Ap+r* +ns* = 2_h< ; _(CL_CD)) —/7< 5 _(CL_CD)>

+

=T

(B(er +7) + (1 =)o) (4.155)

Thus, using (4.155) in (4.149) and making necessary simplifications yields

2Aph h < " /s
( 53 I ;> e [BD gns* /D — Tur*[BD 4y (4.156)
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Using the definition of I and rewriting (4.156) gives s* as follows

E N .y */ﬁD _ 5
D +p (Il 4 ~ve™#" 1—9p)c
sf=—In| L ( )~ Jeo (4.157)
n by [2Aph
" D

Therefore, if (r*,R*,s*,Q0*) is a critical point satisfying the first order conditions (4.111),
(4.120), (4.127) and (4.141) then Q* = m and r*, R* and s* can be found by
solving (4.157) by using (4.150) and (4.152).

Computation of Boundary Point Candidate at s=0 :

If the first order condition (4.141) does not yield a feasible critical point s* then we
need to check the boundary s = 0 for the optimal solution. We impose s = 0 and let
(r*, R*,Q*) be a critical point satisfying (4.111), (4.120) and (4.127). Observe that most
of the relations derived above for any given 0 < s < oo remains valid. Thus, (4.130)

becomes,
(CL — CD)D

R*:Q*_ Z

(4.158)

and (4.132) becomes

hQ*?  hQ* hD ) D [ hQ* 2
—Ap+ == ) (er /PP _ 1) = A - = —(c1 —
<2D + . D+M2>(€ ) L+ar Qh(D (¢, —cp)

pr, .
+  —(er/PP 1) (4.159)
W

Moreover, the relation between R* and r* given by (4.152) remains the same and the

relation between r* and Q* given by (4.154) becomes

yr*=K—n (Q* - D(CL}—L_CD)) (4.160)

Substituting (4.160) in (4.159) and after some algebra we obtain

hQ*Z hQ* D ~ ~ pur* /pD ﬁny
<2D = —AD—g(pH—(l—p)CD)>€ T

=0 (4.161)

Thus, (r*, R*,Q*) can be found by using (4.152) and (4.158) in (4.161) and solving for
Q"
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Computation of Boundary Point Candidate at R=s:
If R = s then the expected cycle cost given by (4.97) becomes,

ElCC] = f(s5,Q)+g(r,s)u(r,s) (4.162)
with f(s,@) and u(r, s) being the same and
g(r,s) == AL +yr+ns+ % (err/pP —1) (4.163)

and the total cost rate function can be given as

E[CC]

T S = 4.164
with the expected cycle time,
Q 1
ET)=—=+4- 4.165
1)=5+ (1165)

It is clear from (4.164) that the behavior of TC(r,s,Q) in (r,s) depends only on the
behavior of E[CC] in (r,s). Thus, taking the derivative of (4.162) with respect to r

yields,
or[ccl @u n Ou
or - or ar?
r pr/pD [
= u(r+5e —E(1+U)g (4.166)

For any given (s,Q), let 7* be a critical point satisfying the first order condition
OTC/0r = 0. Since u > 0 for 0 < s < oo, we observe from (4.166) that the first order

condition is satisfied when
r pr* /pD H * *
7+56 = E(1+U(T ,8))g(r, s) (4.167)

Similarly, the derivative of (4.162) with respect to s can be found as

oEICC] _ 9f by, on
Js Jds  0Os 8sg

_ u(ﬁ <%+i) +n_%(1+u)g) (4.168)

u
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For any given (r,Q), let s* be a critical point satisfying the first order condition
0TC/9s = 0. Since u > 0 for 0 < r < oo, it is evident from (4.168) that the first order

condition is satisfied when

u(:s*) <% + ;%) - %(1 +u(r,s%))g(r,s*) —n (4.169)

Thus, for any given @, if (r*, s*) is a critical point satisfying (4.167) and (4.169) then
using (4.167) in (4.169) gives

h Q 1 R
" (242 ) =% T enr™/PD _ 4.170
u(r*, s*) <D * u) e ! (4.170)

Using the definition of u(r, s) and reorganizing the terms in (4.170) yields
N
——1n

p h(%+;ﬁ)—n+ﬁ7

*

(4.171)

Therefore, for any given 0 < @ < oo, (r*,s*) can be found by solving any two of the
equations (4.167), (4.169) and (4.171).
Taking the derivative of (4.164) with respect to @ yields,
orC _ g ElT) - g ElCC]

50 T (4.172)

From (4.162) and (4.165), the derivatives of E[C'C] and E[T] with respect to @ can be

given as oE[CC] o)
E f o1
20 = 30D (cpD 4+ h(Q+ s)) (4.173)
and SE[T]
BT 1
50 ) (4.174)
Using (4.173) and (4.174) in (4.172) gives,
orc 1

For any 0 < r,5 < 00, let Q* be a critical point satisfying the first order condition

ITC/0Q = 0. 1t is clear from (4.175) that the first order condition is satisfied when

epD + h(Q*+ s) =TC(r,s,Q%) (4.176)
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Observe that (4.176) can be rewritten as

T 1) = @)+ alrs)ulr) (4.177)

(cpD + h(Q* + 3)) (
Using the definition of f(s, @) and after some algebra (4.177) becomes

hQ*2  hQ* hD B
202 u_D_AD+F_g(T’S)“(T’S) =0 (4.178)

Applying the quadratic formula to (4.178) yields

=2 (w12 (R L sll))

Therefore, a critical point (r*, s*, @*) of the function T'C(r, s, Q) can be found by solving
(4.167), (4.171) and (4.179).

For R = s, we shall also check the boundary ¢ = 0 for the optimal solution. Thus,

we impose ) = 0 and let (r*,s*) be a critical point satisfying the first order conditions

(4.167) and (4.169). Observe that for @ = 0, (4.171) becomes
A h ous/D _ T
e = _PD (’— (4.180)

Thus, (r*, s*) can be found by solving (4.167) and (4.180) simultaneously.

Boundary Point Candidate at R=s+4Q :

If an optimal solution exists at the boundary R = s+ @ then it means that the system
tries to exploit the economies of scale as much as possible in every list replenishment.
Since ¢, > c¢p, the optimal R being at its upper bound implies that the deals leads to a
marginal cost reduction compared to the reduction obtained by exploiting economies of
scale in list replenishments. Such scenario might occur when price discounts are relatively
small and the fixed cost of replenishing from the list price is very high compared to the
fixed cost of replenishing from the deal price (A, >> Ap). However, this scenario does
not seem to be realistic for systems with deal offerings. Although such parameter sets
can be constructed for the sake of completeness, we do not think that investigating such
sets would yield interesting insights. Thus, we ignore these exotic scenarios and neglect

the candidates at the boundary R =s+ Q. O
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Theorem 4.3. For Case 3, the optimal solution can be found at one of the following

candidate points,
1. If ¢, —cp = 7/u then
(a) if A, =0 then any r and R satisfying 0 < R < is optimal. Let
U=pll—(1-p)cp

then (s*,Q*) can be given as
i. If Ap/D+U/u <0 then s* = Q* = 0.

w. If Ap/D+U/p > 0 then
A. if \/2Aph/D > U then s* =0 and

*_D 2#2 AD U
o2 (an [ (5

B. if \/2Aph/D < U then

h 2Aph
Iz + D

h
;+U

*

s*=——In

and
. [24,D
=T

(b) if AL > 0 then r*—o00 and R becomes an irrelevant policy parameter. (s*, Q*)

can be given as in part 1(a).

2. Ifcp—cp > 7/ then r*—00 and R becomes an irrelevant policy parameter. (s*, Q%)

can be given as in part 1(a).
3. If e, —cp < 7/p then R* =0 and
(a) if A, =0 then r*=0. Let
U=pIl+7) =0 =plep (4.181)

then (s*,Q*) can be found by the formulas given in part 1(a) by substituting U
with (4.181).
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(b) if AL, >0 then —AL/y <r* < —Ap/v+pD/u and r* is the solution of

,W“*_AL/J_0

1— /o0 _ M LE
pD  ypD

(4.182)

Let
U=pIl+~ye /PPy — (1= pep (4.183)

then (s*,Q*) can be found by the formulas given in part 1(a) by substituting U
with (4.183).

Proof of Theorem 4.3:
For the optimization of the total cost function according to parameters r and R, we

shall first rewrite the expected cycle cost for Case 3 as follows:

e—us/D
EBlCC] = f(5,Q)+[AL+(r— R)] STD D (4.184)
with
o cpD  hD  hQ? Q 1 Dr —us/D
f(s,Q) = Ap+ F"i‘ﬁ-i-cDQ-‘rh 5+ﬁ 8-"—76 (4.185)

Taking the first derivative of (4.184) with respect to r yields

(9E[CC’} fye*/w/D (em/ﬁD — ehR/PD ) _ [AL + fy(r _ R)] e—ns/D I%eur/ﬁD

or (eur/ﬁD _ eMR/PD )2

ye~hs/D gur/pD f(w)

_ pD
o (el"/ﬁD — ehR/PD )2 (4.186)

with
! <N(TA_ R)) i=1— e HO=R/PD _ /‘(TA_—R) - —AALM
pD pD pD
Observe that we can analyze the behavior of E[C'C] according to the sign of v such

that,
1. If v = 0 we have to consider two different cases according to the sign of Ap:

(a) If Ay, = 0 then E[CC] = f(s,Q) and, therefore, any r and R satisfying the
relation 0 < R < r is optimal.
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(b) If A > 0 then .
BICC) = £(5,Q) + s
and it can be easily seen that for any given 0 < @ < o0, 0 < s < oo and
0 < R < r, E[CC] goes to infinity when r = R and E[CC] is decreasing
in 7. Hence, for any given 0 < @ < 00, 0 < s < o and 0 < R < r,
E[CC] attains its minimum as r—o00, and, therefore, R becomes an irrelevant
policy parameter. Moreover, observe from (4.184) that as r goes to infinity
(r — R)/(er/PP — erR/PD ) goes to zero, and E[CC] goes to f(s, Q). Thus,

E[CC]|;»—00 = f(5,Q) and the optimal (s, Q) follows from Lemma 4.3.

2. If v > 0 then f(u(r — R)/pD) < 0 and the numerator of (4.186) is less than or
equal to zero. Thus, OE[CC]/0r < 0 and for any given 0 < Q) < 00, 0 < 5 < 00,
0 < R <r, E[CC] attains its minimum value as r—o0o and R becomes irrelevant.
3. If v < 0 then we start by analysing the behavior of E[C'C] in R.

The first derivative of (4.184) with respect to R can be given as,

OE[CC)| —76_“5/13 (ew/ﬁD _ eMR/PD )+ [AL +7(r — R)] e—rs/D I%GMR/ISD
oOR (ew/ﬁD _ ehR/PD )2

,ye—us/D eHR/PD g(u((BR))

— D
- (ep,r/ﬁD _ G/J,R/ﬁD )2 (4187)

with

g (M) =1 _epe-nypp MR A
pD pD pD

It can be easily shown that the function g(z) := 1 —e” 4+ 2 + A is less than or equal
to zero for z > 0 and A < 0. Thus, if v < 0 then g(u(r — R)/pD) < 0 and the
numerator of (4.187) is greater than or equal to zero. Therefore, 9E[CC]/OR > 0
and for any given 0 < Q < 00, 0 < s < 00, r > R, E[CC] attains its minimum at
R*=0.
Substituting R* = 0 in (4.184) yields,

e—ps/D

R*=0 — f(87 Q) + [AL + ,YT] eur/ﬁD

E[CC] —

(4.188)
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Taking the first derivative of E[C'C]|g-—o with respect to r gives

OE[CO)|p—o e "/7 e f(LE) (4.189)
ar G E '
with
T ) pro App
e - 4.190
/ <pD> pD - ~pD 190

Observe that for any s > 0, the sign of (4.189) depends on the sign of the function
f (;%). Thus,

(a) If Ay =0 then from Lemma 1, we have f(L5) > 0 with a unique root at r = 0
since p/pD > 0. Thus, (4.189) is always non-negative and (4.188) attains its

minimum as r—0. That is lim,_,qr/(e#"/?? —1) = pD/u and (4.188) becomes

e=#4/D 5D
E[CC)ly—prmo = f(5,Q) + P2 p L (4.191)
Observe that (4.191) can be rewritten as a function of s and @) as follows,
~ CDD hD hQ2 Q 1
- A L [
f(s,Q) D+ . M2+2D+cDQ+ D+u s
D [}
+ m </—z +p(II4+v) - (1 —ﬁ)cD> e~Hs/P (4.192)

Thus, s* and Q* can be calculated from Lemma 4.3 by substituting U with
P +7) = (1 =pep.
(b) If Ay > 0 then from Lemma 1, f(£F) is a concave decreasing function with a
unique positive root ur*/pD such that — Ay /v < r* < —Ap /v + pD/u. Thus,
it is evident from (4.189) that for any 0 < @ < oo and 0 < s < oo, (4.188)
is first decreasing and then increasing in r and it reaches its minimum at r*.
Therefore, r* satisfies f(z%) =0 and (4.188) becomes
pD~e " /PD g=ps/D
i
For a given 7*, (4.193) can be rewritten as a function of s and @ as follows,
~ ecpD  hD  hQ?

f(5,Q) = Ap+ u2+ﬁ+0DQ+h<%+%>s

E[CC) gm0, = [f(5,Q)+ (4.193)

D (h
+ = <— + U) e Hs/D (4.194)
IUANT
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with
U=p(Il+ye /PPy — (1= p)ep

and (s*, Q*) follow from Lemma 4.3. O

4.6. Discussion

As can be seen from Theorems (4.1)—(4.3) when ¢ — ¢p > 7/p the optimal solution
can be characterized relatively easily. That is, either * = 0 and (R*, s*,Q*) is found as
given by Moinzadeh (1997) or r*—o0 and the optimal policy is characterized by the two
parameters (s*, Q*).

On the other hand, for ¢;, —cp < 7/p it becomes more difficult to identify the optimal
policy parameters. For Case 1 and Case 3, we can optimize (r*, R*) independent from
(s*,Q*) thanks to the relatively simple form of the objective function. As a result, for
Case 1 and Case 3, we are able to reduce the optimization problem to a limited number
of candidate points which can be found by solving simple nonlinear equations in a similar
fashion as presented by Moinzadeh (1997). For example, we show that for Case 3, r* is
non-negative and finite and R* = 0. This indicates that the optimal solution for Case 3
lies on the boundary of Case 2.

Unfortunately, for Case 2, the form of the objective function is more complicated than
the other cases and decomposition of the optimization problem is not possible. Moreover,
the objective function remains feasible at most of the boundaries of the constraint set.
These factors increase the number of candidates that can only be found by solving systems
of nonlinear equations, and this makes the analytical optimization more difficult.

However, for Case 2, we are able to analyze the first order conditions of the system
and give a relatively simple set of nonlinear equations given by (4.86)—(4.89) to find the
critical points of the objective function. Moreover, we provide a parametric condition
analogous to Moinzadeh (1997) to identify whether the interior of the constraint sets €24
and 2 contain the optimal solution or not.

In order to see this result observe from Theorem 4.1 that when ¢, — cp < 7/p, a
critical point in the interior of the constraint set can only be found by solving (4.49),

(4.50), (4.52) and (4.51). Since U := ¢, — ¢p in this case, it is clear from the theorem that
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if \/W > ¢p, — cp then the optimal solution for Case 1 cannot be in the interior of
the constraint set ;. Similarly, it is clear from (4.86) that if \/W < ¢r, — c¢p then
the optimal solution of Case 2 cannot be in the interior of the constraint set €25.

Since the policy analyzed by Moinzadeh (1997) is a special case of our policy, for
that problem, the optimization of the objective function is relatively easy and the above
condition is enough to locate the optimal solution, i.e., the optimal solution is at the
critical point in €24 or 5. However, due to the difficulties discussed above, in our problem,
the parametric condition is only helpful to narrow down the number of candidates for the

optimal solution.

4.7. Numerical Example

In this section, we provide two numerical examples to illustrate the behavior of the optimal
policy parameters and optimal total cost rate due to the changes in backordering costs,
and the potential benefits of allowing partial backorders. Table 4.1 shows the effects of

the changes in backordering costs on optimal policy parameters and optimal cost rate.

Table 4.1: Behavior of (r*, R*,s*,Q*) and TC* in 7 and 7

T T r* R* s* Q* TC*
6 02 12787 0.66 7.72 173.21 1980.92
0.4 12693 895 16.01 173.21 1989.21
0.8 121.26 22.70 29.75 173.21 2002.96

8 0.2 89.68 16.85 23.91 173.21 1997.12
04 8744 23.05 30.11 173.21 2003.31
0.8 81.49 33.62 40.68 173.21 2013.88

10 0.2 69.83 2695 34.01 173.21 2007.21
0.4 6752 3191 3897 173.21 2012.17
0.8 62.15 40.50 47.56 173.21 2020.77

Note. D = QOO,AL = AD = 75,CL = IO,CD = 9,9 = 04,]5 = Og,ﬂ =3

From Table 4.1, we observe that as 7 increases —r* increases to decrease the number
of backorders whereas R* increases to balance the list purchase quantity. We observe

that the optimal list order quantity »* + R* decreases as 7 increases. This is because the
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time weighted backordering cost has relatively more impact on the reorder level than the
order-up-to level. The increase in 7 pushes s* to higher values in order to take advantage
of deals earlier and incur less backorders.

Similar behaviors are observed in —r*, R* and s* as 7 increases. Also note that the
difference between R* and s* remains approximately constant as 7 increases since s* moves
upward to balance the number of deal orders. @* is not effected by the changes in the
stockout costs since for all parameter combinations considered the optimal solutions are
found in the interior of the constraint sets. Thus, the optimal order quantity is found by
the EOQ formula as given in Theorems 4.1-4.3. Moreover, we observe that T'C* increases
as the backordering costs increase.

In order to see the benefits of allowing backorders more clearly, we compared the
performance of the proposed four parameter policy with the three parameter (R, s, Q)
policy offered by Moinzadeh (1997). Figure 4.4 shows savings as the discount rate and
the average number of deal offerings (u) increase. Here, A% denotes the percentage

savings in total cost rate obtained by using the four parameter policy.

Figure 4.4: Comparison with (R, s, Q) policy

Discount rate (%)

Note: D =200, h =5, c;, = 25, A, =100, Ap =50, # =8, 7 =2, 0 =2, p = 0.95

As can be seen from Figure 4.4, savings range from 4% up to 25% and increase with the
discount rate. This result indicates that allowing backorders may result in considerable

savings especially for high discount rates. As the discount rate increases purchasing from
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the list price becomes relatively expensive compared to backordering. Therefore, waiting
for a good deal by allowing backorders becomes more advantageous and using a policy
allowing backorders yields cost savings.

We also observe that as the average number of deal offerings () increases, the savings
decreases. This is due to the fact that with more frequent deal offers, the number of list
replenishments and backorders both decrease and the two models converge to each other.
Also note that the decrease in savings is higher for high discount rates due to the bigger

tradeoff between backordering and purchasing from the list price.

4.8. Conclusion

In this chapter, we consider an inventory system where price discounts are offered by
the supplier at random points in time and a certain fraction of demand is lost during the
stockout period. Under the assumptions of deterministic demand, zero replenishment lead
time and Poisson deal arrivals, we propose a four parameter continuous review control
policy and derive exact expressions for the operating characteristics and the equations
to calculate the optimal policy parameters minimizing the expected total cost rate. We
provide qualitative results about the location of the optimal solution with respect to the
relation between certain system parameters. With an illustrative numerical example, we
demonstrate that allowing backorders in a random deal environment indeed leads to cost
savings for certain parameter settings. Our model might stand as a stepping stone for the
derivation of more complicated and general models with partial backorders which may

include random demand, random deal duration and nonzero lead times.
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4.9. Appendix

Proof of Proposition 4.1:
Proof of Expected Number of List Replenishments for All Cases:
For all cases, we can write the probability that there exist i list replenishments within
a cycle with the following equation:
P(N,=1)= (4.195)
Thus, taking the expectation of (4.195) yields:

[ee]

E[Ny] = > iP(N,=1)

=0

= (1-5;) a]Zzlfa]
i=1

_ -8 -a) 4

Proof of Expected Cycle Time for Cases 1 & 2 :
According to possible scenarios given by Figures 4.1 and 4.2 we can write the cycle

length as follows:

% + Tiw w.p. B
T = (4.196)
%+SBI +i [%+7)D:| + T2 W.P. (17ﬁz)ax(17ax)i7i:071727---
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Clearly, from (4.196) the expected cycle time can be written as:

E[T)

. [% + E[m]}

(1= Be)a io [Q 2T {% + pLD] + E[Tz;m}:| (1—ay)

Q (s—z) 1 (Pr+r)(1-—a)
(1—61)[ +F5 +u SDa.
R r (1_61)(1_O‘z)
B
Q. 1. (R—ua)
BJr;Jr D E(Ny) O
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Proof of Expected Replenishment Cost for Cases 1 & 2 :

Replenishment cost of Case 1 and Case 2 can be given with the following equation:

AD + CD(Q + DTl:a:) W.p. ﬁw and 0< Tz S %

AD+CD(S+Q7x+D7-2:w) W.p. (17ﬂ1)aw(170%)1 ’ i:0>1>2>'“
RC =S +ilAL+c(R+71)] and 0 <7y, <5 (4.197)

Ap+cp(s+Q —pr + pD7oy) wp. (1= Bo)ag(l —ay)t , i=0,1,2, ...
+i[AL + cL(R+7)] and & < T, < p;f—gr

In (4.197) let,

RCl = AD + CD(Q + DTLI)

RCy = Ap+cp(s+Q —x+ Dryy) +i[Ar + crn(R+ 7))

RC3 = AD+CD(S+Q—ﬁ.T-FﬁDTQ:z)+i[AL+CL(R+T)]

Therefore, expected replenishment cost can be written as,

E[RC] = B,E[RCi] + (1 — B,)a, i E[RCy) + E[RC3]] (1 — o) (4.198)
=0
Then
E[RCy] = Ap+cp(Q+ DE[m])
— Aptep|Qr 2zl Zf) (4.199)
1% Ba
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Due to limiting conditions on 7., we must derive E[RC3] as follows

E[RCy)

x/D
_ / E[RCy|ra0 = t]gn,., (1)dt
0

x/D
{Ap +epls +Q—x)+i[Ag + ep(R+ )]} / . ()

z/D
cDD/ tgr,., (t)dt
0
—ut/D x/D
f{ADJrcD(sqLQfx)+i[AL+cL(R+r)]}%
z/D
cpD —te‘”i/Dﬁ/D + / o—Hit/D
(6% 0
) (1 _ ef;w/D)
{Ap+cp(s+Q—2x)+i[AL +cn(R+71)]} —
DT —pa/D + coD (1 — era/D)
ap
) (1 — e~re/D)
{Ap+cp(s+Q)+i[Ar+c(R+71)]} —

cpx  cpD

1— —px/D
oy awu( e

(4.200)
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Similarly,

E[RCs)

(pz+r)/pD
/ E[RC3|T2:Z = t]gTZ:z (t)dt

z/D

(pz+7)/PD

{Ap+ epls +Q = o) + i Ay + (R + 1) [ o (1)1

z/D
(pa+r)/pD
chD/ tGr,,, (t)dt

e—ﬂt/D|(ﬁ/ﬂjj+T)/ﬁD

—{AD+CD(S+Q—]5.’I?)+i[AL+CL(R+T)]} o

CDﬁD

R . (px+r)/pD
7tefut/D|il;’;LT)/pD + / ept/D:|

Qg z/D

(ehe/D _ gmnlontn)/oD)

{Ap+cp(s+Q —px)+i[AL +c(R+7)]} "

DT HT) tgoinfop 4 PPT payp o P (D _ i) 5Dy
Qg Qg [e797)

(e=Ha/D — g=nlpetn)/pD)

{Ap +ep(s+ Q) +i[AL +er(R+1)]}

Ay

DT —ulpa+n)/pD

Q, Qg

cppD (emhalD _ gnpatr)/iD)

(e/” — (1~ a))

Ay

{Ap +ep(s+ Q) +i[AL + cr(R+71)]}

cpr cppD

(e7e/P — (1 — ay)) (4.201)

1- T
ocz( o) + Qg
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Hence, from (4.200) and (4.201) we can write,

E[RC5) + E[RCy]

Ap +ep(s+ Q) +i[AL +cp(R+7)]

cpx  cpD

(1—era/Py — L0 (1 g

Qg Qpt Ol
cppD —pzx/D
_— T — (1 — 4.202
P2 (el — (1= o) (4.202)
Let,
cpr  cpD —a/D cpr
U = Ap+ep(s+Q) — + == (1 —e /Py - — (1 - a,)
Qg QL o™
copD /D
-~ (e (1—ay)) (4.203)
Then,
E[RCy)+ E[RC3] = U+i[AL+c(R+7)] (4.204)

If we substitute (4.199) and (4.204) in (4.198) we obtain,

ﬂm{AD"‘CD [Q+§_(S_$)ﬁ(+ﬁr)}}

E[RC)

+

(1-5:) z{UZI% +[AL + cr(R+7)) Zzlaz)}
=0

ADﬁx + CDQﬁa: +

(A—0:){d —F:)

Qg

+ (1 —ﬂz)U-i‘ [AL-FCL(R—FT’)}
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Substituting (4.203) yields,

E[RC] = ApBz+cpQB + ——

cpx  c¢cpD

-8 {AD+cD<s+Q> -

Ay Qg Qg

+ 3%?Ufww—%1—%”}+L%+WﬂR+T”EMH
= Ap+epQ+ CZD {ﬁz 4 — ﬁz)] - CDDS; 12— cpa (i
_ CDTE[NL} + M e /D _ % E[NL]

Qg

+ [AL +CL(R+T‘)] E[NL]

Adding and subtracting the term c¢pD/p to the third term yields,

_ CDD(l - Bz)(l — ﬁ) e*/m/D
Qg b

D D
CpD 4 CpD

Ap +cpQ +

E[RC] E[NL} — CDIE[NL}

CDﬁl)(1 - ﬁz) e,“m/D o CDﬁD

+ (CL — CD)’I‘E[NL] +
Qaft

E[Ng]

+ [Ap + e R] E[Ng]

D
AD +CDQ + CDT - CDl'E[NL] + [AL + CLR] E[NL]

+ LPUZD) i)+ (o — iy - REAZEIAZD)
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Adding and subtracting the term ¢cp DRE[N}] yields the result,

E[RC] = Ap+cpD {% + /% + (R; z) E[NL]:| + [Ar + (cr — cp) R] E[N[]
¢p - D ¢p - e~He/D
+ [# + (e — CD)T} E[N] — b -5 /)L(ax )
— Ap+ epDE[T] + [AL +(eL— co)(r+ R) + w EN,]

cpD(1 — B,)(1 — p)e—+=/P
e

Proof of Expected On-Hand Inventory for Cases 1 & 2 :
According to the scenarios given by Figures 4.1 and 4.2 the on-hand inventory held in

a cycle can be given as follows:

w [ + 71 z] w.p. B and 0< 7, < 5

(s+%);—m2 i (217D;2:z>72:z W.p. (1 _ Bz)az(l _ am)l ,i=0,1,2, ...
P2
OH={ +i& and 0 <7, < 5 (4.205)

et wp. (1 —ﬁz)ozz((l —)az)i L i=0,1,2, ...
x pr+71
and § < 7o, < _p,sD

In (4.205) let,

254+ Q — D1y
OH, = —( ° QQ i) [% + 7'1:1}
s+ Q)P -2 (20— Dryy)men | IR?
O = 2D 2 2D
2
OH, — (s +Q)? iR

2D Jr2D



4.9 Appendix

155

Therefore, the expected inventory carried in a cycle can be written as follows:

E[OH] = B.E[OH]+ (1 f)as f: [E[OH,) + E[OH3]] (1 — a,)!

=0
Next, we will derive the components of (4.206). Thus,

Q(Q + 2s)
2D

Substituting (4.5) and (4.7) in (4.207) yields:

pom] = AL 5, Lol B)

E[OHl] = + SE[Tl:z} - gE[lezZ}

s+(sfx)+1 D
D 2D 1 12

x/D
E[OH,] = / E[OHs|7a0 = t]gr,,, (t)dt
0

_ [+Q)P -2 iR /I/D
S | [ et

x/D D z/D
b [t i- 3 [ e
0 0

+

(4.206)

(4.207)

(4.208)

(1 —ema/Dy  ge—na/D

1 [[(s+Q)?—2* iR? e
o [ e L

T

D[ a2emx/D xe ra/D (1 — e He/D )y
- = |-——+2 |- +
2 D? uD u?

p 2 .2 - D2 D 2
(s+QF —a® iR (I emiDy_ & 42
2D 2D u? 2D p

Similarly,

(pa+r) /D
EOH;] — / ElOH, |73 = gs,., (1)t
z/D

°D °D 9720 (t)dt

[(s+@)2 iRQ] /(f’z“)/ﬁD

/D

o

(4.209)

(4.210)
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Thence, from (4.209) and (4.210) we have:
EOm] + BOHy) — & ;DQ)Z + %
_ 1 {x_z _z DA-e?) )] (4.211)
o, (2D p 12

Substituting (4.208) and (4.211) in (4.206) gives:

QR+2s) s (s—xz)(1—p) s  (s—x)
E[OH] = B [TJF;JFT |:7B+T+/_j,

+ (1—Bz)az{[%—a%[x—2—f+

QQ+2s) s
_ﬁm[ o nl Ba D 2D pu] p
(s + Q)? 1 [22 o D —em/D)

2fgpmgy

+ 2Da,

_Q@Q+2s) s D (1—e /P )1 = 5,)

- 2D "/?[ﬁ ‘ . }
2Dz E[Ny)

+ {R2— 2 —] >p O
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Proof of Expected Backorder per Time for Cases 1 & 2 :
Time weighted backorder within a cycle for Case 1 and Case 2 can be stated as follows

due to the realizations given by Figures 4.1 and 4.2:

s w.p.  (1=B)a.(1—a,) , i=01,2,..
and 0 <71y < 5
BO, = . (4.212)
(D) PP 4o p (1= Baw(l—an) | i=0,1,2,...

x (pr—+r)
and D < T2 < D

In (4.212) let,

2

i
BO;;, = —
" 2pD
(roa — 2)*PD  ir?
B012 = =D/

2 + 2pD

Hence, the expected time weighted backorder in a cycle can be written as follows:
E[BOy] = (1-pB)az Y [E[BOu]+ E[BOy|| (1 - a,)’ (4.213)

=0

The expected BO1; and BO1ycan be found by conditioning on 7.,. Therefore,

x/D
E[BOy] = / E[BO1 T = t] gry., (t)dt
0

Z"I"Q /D

- L ()dt
5D ), Gr.r ()

ir?(1 — e~ra/D )
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Similarly,
(p+r)/pD

E[BOyy] = / E[BOw|r20 = t]gr,, (t)dt

z/D

D (px+r)/pD ) R (pa—+r)/PD
= 7/ t ng(t)dt—px/ tgr,., (t)dl
xz/D z/D

L 9 . o (pw+7)/pD
px ir
+ =+ — () dE
[QD 2IA’D} /x/D gra: (1)

1} pD

o, | 2

Y (px + r)e—1pztn/pD N zeHe/D
pDp Dp

~ 2
_ (p"{_;?") e ulpTn)/pD | (%)Zewz/D
Z

Loy —emP]\] (- al)
F e [

xe he/D (1= o) —ere/P]
D p

2

r?’(1-—a,) r(l1-—a,) pD—B,) (1 —eHa/D)
= ——= — + 1-—
2pDa, Ul G Qg

ir? (1 —era/Dy
l1l-—= 4.21
+ 2pD [ o j| ( 5)

Clearly, adding (4.214) and (4.215) yields:

21— a, 1-a,
ElBOw| + E[BOw| — o éﬁDaa ) r( Maa )

A _ ,—ux/D -2
pD [1 _ (-], (4.216)

Qg + 2pD
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Substituting (4.216) in (4.213) gives:

r?(1—a,) 7(1—ay,)

E[BO)] - (1—/31)%{[— L — ) _

2pDa, Oy,

+ ’;—12) [17 (12—:/]3)” iu *Oéx)i+r—ii(1 aw)l}

Proof of Expected Backorder per Unit for Cases 1 & 2 :

Similarly, the number of backordered units within a cycle can be given as:

ir wp.  (1—B)a.(l—a,) , i=0,1,2,..
and 0 <7y < 5
BO, = (4.217)
(T2w — &) pD +ir w.p. (1= Bos(1—ay) , i=0,1,2,...
and £ < T, < (”;—;T)

n (4.217) let,

BOgl = ar

BOy = (7'2;1 — %) pD +ir

Hence, the expectation of (4.217) can be written as follows:

E[BOy] = (1—B:)az Y [E[BOx] + E[BOxy]| (1 - a,)' (4.218)
i=0
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where,
x/D
E[BOy| — / E [BOn s = t] goy, (t)dlt
0

ir(1 — —px/D
_ i) (4.219)
s
and

(pa-+7) /5D

E[BOy| = / E[BOx|r20 = t]gnr,,, (t)dt
z/D

(px+r) /DD (pa—+r)/pD
_— / . (1) + (ir — i) / . (£)dt
z/D z/D

(pz +71)(1 — ay) N xe~He/D N [eme/D — (1 — a,)]
pD D 1%

+ (ir — px) [e’”l’/D —(1— az)]}

1-— pD
_ _rdzal) {p_ W}
Qy I

[e’”x/D —(1- ozz)]

Oy

(4.220)

Thus,

(1 —ay) N pD [e—uz/D -(1- az)]

Qy jie’™

E[BOQl] + E[BOZ2] = — +ir (4221)

Substituting (4.221) in (4.218) gives the result as follows:

r(l—a D [e /D — (1 — ay ad .
(1 _ﬁz)am { |:_ (law 17) + pD[ (1 )]:| Z(l —Oéx)l

(e
e —

E[BO»)

~

+ rZi(l - aw)l}

(1-5) [—’“‘1 —ay) | PO —(1- am>]} L= A)(1 - a)

Qg iy, Qg

oy LR e/ ) o

1t oy
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Proof of Expected Number of Lost Sales for Cases 1 & 2 :
From the scenarios depicted in Figures 4.1 and 4.2, the number of lost sales within a

cycle is as:

2l-p) wp.  (1—Ba.(l1—a,) |, i=0,1,2,..
and 0 <7y < 5
LS = (4.222)
(row — %) A =p)D+ 2 wp. (1 Bo)aa(l—ap) | i=0,1,2,..
and § < Ty, < %

In (4.222) let,

ir(1—p)

LS, = -
p

LS, = (m _ %) (1-p)D+ ir(lﬁ* p)

Similarly, we can write the expected number of lost sales as follows:

ELS] = (1-B)as Y [E[LS)]+ E[LS]] (1 - as)’ (4.223)
=0
where,
x/D
E[LS)] = / B[LS1|720 = ] g,y (t)dt
0

_ - )Sa_e ) (4.224)




162

Random Deal Offerings and Partial Backordering

and
(pr+7)/pD
pies) = [ LS. = dgn.
z/D
(pe-+r)/pD ir (-+7)/pD
= @mwﬁ+u—m{5—41% oo (1)
_ 1 X (pr+7r)(L—ay) xer/P e —(1-a,)]
= a—z{(l—p)D {— ) + D + p
b =) [E o] e 0 -an)}
_ @ —p)(l — Q) [2 Z] (1-p) [e—MZfD —(1—0ay)] (4.225)
bay 1 p Parg
Therefore,
BlLS) + BlLs) = —ri=pl=ad) (0=pD[eP - (1-a)]
pag ite’®
y iop) (4.226)

E[LS] =

T(l _ﬁ)(l A_ ﬁx)(l — le)

pag

u—mDu—m>P_u—fMW>

O

H Qg
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Proof of Expected Cycle Time for Case 3:
Due to the realizations depicted in Figure 4.3 the cycle time for Case 3 can be given

as follows,

% + T1:3 W.p. 53
T - (4.227)

Q58+ﬁ%+l(pD ) + T2:3 w.p. (1_63)a3(1_a3)L7 7::071727"'

taking the expectation of (4.227) yields
P = |+ Elral] + 0= as 3 | G5 o 2 i Bl 1y

- ﬂg[%ﬁ_w}

+ (1-PBs)as {(Q;S)+%+%—%]Z(l—aa)i
T G 53?;“ ) Za‘z‘(l — ay)’
_ BQ &_(155+R)( — Bs)
D D
b gy [GED L L o0 )
(r—R)(1 - f5)(1 — as)
i pDas
Q 1
= B+; Od
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Proof of Expected Replenishment Cost for Case 3:

Expected replenishment cost of Case 3 can be derived using the following equation,

Ap +cp(Q + Dm3) w.p. f3 and 0 <73 <5
) ~ ~ s ps+ R
RC — AD +cp [Q + 6(1 — p) —|—pD7'1;3] W.p. 63 and D < T1:3 S <p13D ) (4228)
AD+CD(Q+S+R+15D7—2:3) W.p. (1 _ﬁ3)Q3(1_Q3)i7 i:071727"'
+i[AL + e(r — R)] and 0 < 7y < 0

In (4.228) let,

RCy = Ap+cp(Q+ Dris)
RCy = Ap+cplQ+s(l—p)+pDrig)

RCy = Ap+cp(Q+s+ R+ pDrys) +i AL+ c(r — R)]

Thus, expected replenishment cost can be stated as:

E[RC] = pBs[E[RC)] + E[RC,)] + (1 — Bs)as i E[RC)(1 —a3)'  (4.229)

=0

Expected RC} and RCy can be found by conditioning on 7.3 as follows:

s/D
E[RCl] = / E[RCI‘TI:ZE = t]ng::; (t)dt
0

s/D s/D
(AD + CDQ) / Gri3 (t)dt + CDD/ t9r1.s (t)dt
0 0

= L { [AD +¢p (Q + 2)] (1 —em/P ) —cpsers/P } (4.230)
B3 %
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Similarly,
(ps+R)/pD
Blrcs) = [ E[RCalris = flgn(1)dt
s/D
(ps+R)/bD (ps+R)/pD
= [AD +c¢p [Q + (1 - ]A))SH / 9713 (t)dt =+ CDﬁD tg‘rl;s (t)dt
s/D s/D

B3 H

+ cp [~ (ps + R)eMOHRID | poe—us/D ]}

- 1 { [AD e [Q fsq %H [e#s/D — (1= )] — epR(1 — 63)}(4.231)

3

Thus,
_ p—Hs/
E[RC)] + E[RCy) = Ap+cp(Q+5)+ ;—D {D(l+wj) s~ R(1— )
3

Employing result (4.13), we can write the expected value of RCj as follows:

E[RCs] = Ap+cplQ+s+ R+ pDE[rs]] +i[AL + cp(r — R)]

pD —R)(1—
AD+CD Q+S+R+p__w:|
H as

+ i[AL+c(r— R)] (4.233)
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Therefore, substituting (4.232) and (4.233) in (4.229) and making necessary simplifications
yields the expected replenishment cost as follows:
cp [D(l —eHs/D

@ ) a-RO- )

E[RC] = B {AD +ep(Q+s) +

pD [P — (1= py)]
0

}Jr(lﬂs){ADJrcD [Q+5+R+%

b R oyt R BN

= AD + (ZDDE[T] + [AL + (CL - CD)(T’ - R)] E[NL]

B cpDe /P (1 — p) O
i

Proof of Expected On-Hand for Case 3:

For Case 3, the total inventory carried within a cycle is given with the following

equation,
Q(CZ%ZS) + 5T — E%ﬁf wp. fs and 0<73< 5
S 2 A &
on % w.p. B and <73 < (pﬁER) (4.234)
S 2 i ‘
(:-+Q) wp. (1=PB3)as(l—as), i=0,12,..
and 0 < T3 < %
In (4.234) let,
Q(Q +29) Dr”
OoH, = =" BT Ty
1 5D + 5Ti:3 9
(s+Q)*
OHy = ——+7
? 2D

Hence, the expected on-hand inventory carried within a cycle can be stated as:

FOH] = 5, [BIOH] + EOR] + (1 - 6)os0H > (1 — ) (4235)

=0
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where,
s/D
E[OHl] = / E[R01|le3 = t]gﬁ:.z (t)dt
0
Q Q+25 s/D s/D D s/D
7 sl BRCRURRY R ZSRURE / £ga(0)
T8 2D
D S\ 2 Se—ps/D 1 —e MS/D
_ (= —ns/D _
G e [ H}
1 Q(Q+25) D s/ D S e —us/D S
— ﬂ_ T*/ﬁ (I—e )*TJFE (4.236)
and
(ps+R)/PD
E[OHZ] = / E[RC2‘7—113 = t]ng:B (t)dt
s/D
s+Q 2 p(ps+R)/pD
- %/ gn:s(t)
s/D

(s +Q)? [ef;LS/D _ e—H(ps+R)/pD }
2Df33

QP [ =P ) — By
= >R, (4.237)

Therefore, from (4.236) and (4.237) we have:

E[OH] + E[OH,] = —~ {% - D(l+;wm) - % 4 53(52—3@2} (4.238)

Employing (4.238) in (4.235) and making necessary simplifications yields the expected

on-hand inventory carried in a cycle as follows:

s _DA-—e™P) & Bu(s+Q? (1=B)(s+Q)

E[OH = J_
OH] [ 112 2D 2D 2D

QQR+2s) s D- e~Hs/D )
oD Jz p?
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Proof of Expected Backorder per Time for Case 3:
According to the possible realizations depicted by Figure 4.3, the time weighted back-

orders within a cycle can be given as follows:

(7'1:3 - %)2 % w.p. B3 and §<T73< %
BO, = ; i(r2_R? e o 4.239
! ;;_ZDJF%‘FRTQ;S“FPLZZ}E w.p. (1—=03)as(l—a3),i=0,1,2, ( )
and 0 < To.g3 < (TZ;DR)
In (4.239) let,
s\2pD
BO,, = ( . _> i
11 T1:3 D B
R2 i(TQ — R2) ]A)DT2-32
BO —— 4+ ————~ + Ry, -
2T pp T T pp Tt T
Thus, we can state the expected backorder per time as follows:
E[BOy] = BE[BOu]+ (1 fs)as »_ E[BOp|(1 - as) (4.240)
i=0
where,
(ps+R)/pD
E[BOll} = / E[BOH|T1:3 = t}g.,—l:3 (t)dt
s/D
5 (bs+R)/pD (ps+R)/pD
pD 25
= T {/ thn:s (t)dt - 5 1Gr.s (t)dt
s/D s/D

§2  [s+R)/pD
+ ﬁ/s/D gT]:B(t)dt

_ pDs lzus/D_[(ﬁ”R) lr -
- 253{[D+/J6 o )

—ps/D _ . s
Ll Mz(l Bs)] _2_5{[%+H s

1 (pDe#s/P [ﬁD R? R} }
= —Jd&= =4 41 (1-5 4.241
B { p? pro2pD - p =) 2
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and the expected value of BOj, can be found by employing results (4.13) and (4.14) as

follows:
R2 i(’f’2 — RQ) ﬁDE[TQ;32]
E[Bolg] = 2]§_D QﬁD + RE[TQ;?J + T
B R? i(TQ—RQ)+E_R(T—R>(1—Ot3)+ﬁ_D
~ 2pD 2pD % pDag I
=R —ay) 2+(rfR)
203 K pD
B R? i(r?’—R*) R pD
2D 2pD wo p?
(1-—a3) [(r*—=R?) (r—R)
4.242
%D T g (4.242)

_ ”
Substituting the results (4.241) and (4.242) in (4.240), we obtain the expected backorder

per time as follows:
_a ;gas) [(7"22]—352) L ;R)” :(1 ~ oy
+ (r22;§2) g‘i(l - ag)z}
pDe /P (r — R)E[Ny] -
1
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Proof of Expected Backorder per Unit for Case 3:

Similarly, the number of units backordered within a cycle can be found as:

(T3 — %) PD w.p. B3 and 3 <73 < (ﬁ;;DR)
BO, = ) 4.243
2T\ Rtilr—R)+5Dma wp. (1-Aas(l—aa), i=0,1,2.. 7
and 0 < T3 < (TgDR)
In (4.243) let,
S\ .
BOsy = (7'1:3 - B) pD
BOQQ = R + Z(T - R) +]3D7'2:3
Similarly, we can write the expected backorder per unit as follows:
E[BOy] = B3E[BOxn]+ (1 fs)as ¥  E[BOxn|(1 - as)' (4.244)
i=0
where,
(ps+R)/pD
E[BOy] = / E[BOy|T1:3 = t]gr,,(t)dt
s/D
A (ps+R)/pD . (ps+R)/PD
- pD tgn;s(t)dt —ps/ ng;s(t)dt
s/D s/D
1 [ pDe /P [ﬁD ] }
- — — |—=+R|(1-5 4.245
Bs { Iz I ( 5 ( )
and
E[BOy»| = R+i(r— R)+pDE[r:]

R+i(r—R)+ % - (T'—+(1_a3) (4.246)
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Therefore, substituting (4.245) and (4.246) in (4.244) yields the expected backorder per

unit as follows:

A — S/ A
E[BO,| = % - [%H%] (1—5s)

+ (1= PBs)as { [R+% - W} Z(l —ay)'

=0

+ (r=R)>_ i1 —ag)i}

=0

ﬁDe—us/D
b

Proof of Expected Number of Lost Sales for Case 3:
For Case 3 the number of lost sales within a cycle can be given by the following

equation:
(71:3 — %) (1-p)D w.p. fBs and 3 <73 < (ﬁ;;DR)

LS = (4.247)

R(lﬁiﬁ) + i(ring(liﬁ) + (1 - ﬁ)DTQ:LS W.p. (1 - /63)055(1 - a3)i> i= 07 17 27

and 0 < 13 < (TgDR)

In (4.247) let,

LS, = (7113—_) (1—p)D

LSy, = + + (1 —=p)D7as (4.248)
Thus, expected number of lost sales within a cycle can be given as

E[LS] = BsE[LSi]+ (1 — B3)as i E[LS5](1 — o)’ (4.249)

=0
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where,
(ps+R)/pD
BlLS)] — / E(LS s = tlgo, (D)t
s/D
(ps+R)/pD (ps+R)/pD
— (1-pD mmmw—a—mg/ v (1)
s/D s/D
(1-p) {De“s/D {D R] }
— —=+=1- 4.250
7 m PR (1—8s) ( )
and
R(1—p i(lr— R)(1—9p R
BlLs,) = FU=P) Jir=RA=D) 5 g,
p p
(1-p)

o pD  (r—R)(1 —as)
- {R—H(r R)+ —} (4.251)

H as
Thus, plugging the results (4.250) and (4.251) in (4.249) gives the expected number of
lost sales within a cycle as follows:

-p {212 B - )

E[LS] .

(1—p)(1—Bs)ay pD  (r—R)(1—as)] &
+ f{[RJrT——}ZQ_%)

+ (r=R)> i1 ag)i}

=0

(1—p)De /P
Iz



Chapter 5

Summary & Conclusion

In this study, we focus on some of the dynamic aspects of single item, single location
inventory systems. In three different research projects, we develop models to investigate
the impacts of nonstationarity in demand rate and unfixed purchasing prices.

In Chapter 2, we consider a continuous review inventory system of a critical service part
in which the demand rate drops to a lower level at a known future time. We assume a one-
for-one replenishment policy with full backordering and a fixed lead time. Adaptation to
the lower demand rate is achieved by reducing the base stock level before the obsolescence
occurs and letting the demand process take away the difference. Under the assumption of
fixed base stock levels, we derive approximate expressions for the operating characteristics
and propose an approximate solution method for the optimal time to shift to the new
control policy by minimizing the expected total cost incurred during the transient period.

There are two main contributions of this chapter:

1. We analyze the obsolescence problem specifically for a slow moving, expensive item
in a continuous review setting with nonstationary stochastic demand. Our findings
are consistent with earlier works that the obsolescence has significant effects on
operating costs and should be taken into account explicitly. We extend these findings
by showing that for a continuous review inventory system advance policy change
results in significant cost savings. Our numerical experiments revealed that if the
control policy is not changed in advance then the transient period costs are on

average doubled. Furthermore, we found that the timing of the control policy change
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primarily determines the tradeoff between backordering penalties and obsolescence

costs.

2. We provide practical heuristic formulas to tradeoff the risk of obsolescence and

backordering specifically for expensive, slow moving items with high downtime costs.
For this class of items, it is well known that continuous review policies are preferred
over periodic review ones since they require lower safety stocks for the same level of
availability. Thus, our formulas can be used as a managerial guide in studying the

impacts of advance policy change on operational costs and obsolete inventories.

In Chapter 3, we conduct an exact analysis of the system considered in Chapter 2

under a more general policy. We propose a three parameter transition control policy with

advance policy change option. As such, the policy parameters consist of pre- and post-

obsolescence base stock levels and the time to reduce base stock level from high to low.

The objective is to find the optimal base stock levels and the optimal policy change time

minimizing the expected total discounted cost over an infinite horizon.

We show that when base stock levels are identical, the optimal base stock level can be

calculated from a critical ratio inequality. For different base stock levels, we compute the

total discounted cost function by partly relying on the Fast Fourier Transform method

and suggest a numerical optimization procedure to find the optimal values of the policy

parameters.

The main contributions of this chapter are the following:

1. We find that the policy change option leads to pronounced cost savings especially

when obsolescence requires a relatively large adjustment in base stock level. A large
adjustment in base stock level indicates a bigger tradeoff between obsolescence and
backordering costs. Thus, it becomes more difficult to balance these costs with a
fixed base stock level. When there is the option to change the base stock level, the
inventory system can operate under a higher base stock level to avoid backordering
when demand is healthy and then reduce it to a lower level to minimize obsolete

stocks.

2. We measure the cost of ignoring obsolescence and develop insights into the impact

of the time and the size of obsolescence on total costs. Our numerical experiments
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show that ignoring obsolescence in control policy increases the costs significantly.
This is because the inventory system carries more stock than necessary due to the
higher base stock level calculated by assuming stationary demand. The increase is
largest when obsolescence is expected at a near future and the drop in demand rate
is sharp since post-obsolescence holding costs increase steeply when the discounting

horizon is short and the post-obsolescence attrition rate is low.

3. We show that when obsolescence can be foreseen, an early adaptation of the base
stock level can lead to important savings. When obsolescence requires a reduction
in the base stock level, the proposed transition control policy can decrease the post-
obsolescence inventory build-up while balancing availability by early adjustment of
the base stock level. Savings are most pronounced when a large drop occurs and
the demand rate is relatively high since for those instances the potential inventory

build-up is highest.

4. Our results indicate that for slow movers, inventory costs can be cut drastically by

increasing the efforts to foresee the time and the size of obsolescence.

In Chapter 4, we investigate the impact of price discounts given by a supplier on
replenishment and stocking decisions of a firm. We consider a single item, single location,
continuous review inventory system where a supplier offers price discounts at random
points in time. We assume that deals arrive according to the Poisson process and the
deal price is known and fixed. Moreover, we assume that the demand is deterministic and
lead times are negligible. We propose a four parameter continuous review control policy
and derive exact expressions of the operating characteristics. We provide equations to
calculate the optimal policy parameters minimizing the total cost rate function.

The contributions of this chapter can be summarized as follows:

1. We model partial backorders in a system with random deal offerings and constant
demand. As such, we generalize the model proposed by Moinzadeh (1997) and

extend the available literature.

2. We show that allowing backorders may result in significant savings especially for

high discount rates. As supplier offers deeper price discounts, purchasing from the
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list price becomes relatively more expensive compared to stockout costs. Therefore,
allowing partial backorders while waiting for a good deal becomes more advanta-
geous than replenishing from the list price. Thus, a policy with the option of planned

backorders yields lower costs.

3. In case a supplier offers deals more frequently, savings by allowing partial backorders
diminishes. This is because with more frequent deal offers, the number of list re-
plenishments and stockouts both decrease. Thus, allowing backorders becomes less
beneficial and the (r, R, s, Q) policy converges to the (R, s, Q) policy. Moreover, the
decrease in savings is larger for deeper discounts due to the bigger tradeoff between

stockout costs and the cost of replenishing from the higher price.

Although the models discussed in Chapters 2 and 3 are concerned with a single loca-
tion inventory system, it is natural to ask their extension and applicability in a network
context. The immediate application of the proposed policies in a network context would
be to consider all stocking locations in a certain geographical area as a single, aggregated
inventory system supplied from a central warehouse. If the assumptions of the original
model about the ordering policy and the demand process remain valid for the aggregated
inventory system then one can estimate the average time and the average size of a drop
in the aggregated demand rate and use the proposed policies.

Indeed, the results found by aggregation will be approximate due to decoupling of the
stocking decisions in the central warehouse from the stocking locations. However, such
application might be useful to obtain insights about how the total stocking level of a
certain part in a particular geographical region should be adjusted if a drop in demand
rate is likely. Currently, we are collaborating with a mainframe computer manufacturer
for a similar implementation of the model.

The extension of the three parameter policy proposed in Chapter 3 to the multi-echelon
case without aggregation and decoupling would be an interesting and relevant research
direction. However, we expect that the exact computation of the optimal policies for this
problem would be involved. Yet, METRIC type approximations can be an option.

The models studied in Chapters 2 and 3 require the transient analysis of a stochastic

system which increases the complexity of the analysis drastically. Thus, we do not see
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direct and easy extensions towards a more general changes in demand rate or a general
policy including batch ordering. Nevertheless, these extensions might be possible with a
different approach such as discretizing the time domain and using dynamic programming.
On the other hand, a similar policy to the one proposed in Chapter 3 can be constructed
to build-up stocks to adapt to the increase in demand rate. Such policy might be useful,
in situations where the replenishment lead times are volatile or there is a limit to the
number of items ordered from the supplier at one order. We expect that the analysis
of the inventory build-up policy would be relatively easier compared to the inventory
run-down policy for the increase in the inventory position process is independent of the
demand arrival process. As such, the build-up policy might be extended to incorporate
multiple upward jumps in demand rate.

In Chapters 2 and 3, our focus was on managing inventories in face of the changes in
demand rate while in Chapter 4, our focus was on managing inventories when there is
price uncertainty on the supply side. It would be interesting to combine these two aspects
in a model. For example, in Chapters 2 and 3, we assumed that the purchasing price of
a part is fixed. Since most of the critical service parts are repairable, this is a reasonable
assumption as long as the repairing costs change relatively slowly by time. Moreover,
the equipment usually have long life cycles so that the parts are available via suppliers
or secondary markets for long time periods. However, when a producer stops producing
a certain part then this might create a scarcity in the market and lead to an increase in
the purchasing price of the part. Simultaneously, the demand for the part might go down
as a result of generation upgrades of the aging equipment. In such a scenario, the base
stock level would be affected not only by the drop in demand rate but also the increase
in price. Hence, it would be interesting to investigate the behavior of the optimal base

stock level and the underlying tradeoffs.






Nederlandse Samenvatting
(Summary in Dutch)

In deze studie ontwikkelen en analyzeren we modellen voor een aantal dynamische as-
pecten van voorraadsystemen. We concentreren ons op twee hoofdthema’s die apart
geanalyseerd worden: niet-stationariteit van de vraag en wisselende vraagprijzen.

In het eerste deel van de studie bekijken we een voorraadsysteem met een niet-
stationaire vraag. We focusseren op kritieke service onderdelen onderhevig aan weg-
vallende vraag. Voorraadbeheer van zulke onderdelen is moeilijk vanwege de lage om-
loopsnelheid en de mogelijke hoge kosten bij ontbreken ervan alsook wanneer ze overtollig
worden.

In de praktijk is er een behoefte aan strategien voor serviceonderdelen die deze aspecten
meenemen en toch makkelijk in te voeren zijn. We stellen een nieuwebesturingsstrategie
voor die vraaguitval beschouwt en bepalen de bijbehorende kosten. Het blijkt dat het
veronachtzamen van vraaguitval in de voorraadstrategie de kosten behoorlijk doet oplopen
en dat een vroege aanpassing van de voorraden de kosten aanzienlijk kan reduceren.

In het tweede deel van de studie bekijken we een voorraadsysteem waar de leverancier
prijskortingen aanbiedt op willekeurige tijdstippen. We breiden de wetenschappelijke
kennis uit door een meer algemene naleveringstructuur aan te nemen. Dit houdt in dat
wanneer er geen voorraad meer is, een klant met een bepaalde kans nageleverd wordt en
dat in het andere geval de vraag verloren gaat. We karakteriseren uitdrukkingen voor de
parameters van de optimale strategie door een analytische optimalisatie en laten zien dat
het toelaten van nalevering in een wisselende prijs omgeving kan leiden tot aanzienlijke

kostenbesparingen.
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