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ABSTRACT

In this study, we consider a firm which offers two different products and a service which is
related to these products to its customers. One of the product is called “regular product” which
is assumed to have unlimited inventory, the other one is the “promotional product” which has a
limited inventory which should be sold in a limited time. The firm also sells a “service” which has
no inventory constraint. While regular product has only one sales-channel, promotional product
and service can be sold in two different channels. In the first channel, promotional product
(service) has its own demand and can be sold to customers at a fixed price which is announced
at the beginning of the planning horizon. However, in the second channel, promotional product
(service) is offered as an additional product to the customers who have just bought the regular
product, possibly with a discount on the announced price. In our study, each regular product
customer is offered a promotional product, a service or both in a bundle, at a dynamically
adjusted price. Our aim is to decide which item to offer and at which price in order to maximize
the total expected revenue over a finite horizon. This research will mostly focus on the stochastic

and dynamic aspects of the problem using tools from Markov Decision Processes.

iii



OZETCE

Bu ¢alismada miisterilerine iki farkl iirtin ve bu triinlerle iligkili bir hizmet sunan bir firma goz
ontine alimmigtir. “Diizenli iirtin” olarak adlandirilan iiriiniin envanter kisidinin olmadig: kabul
edilirken, diger iirtin “promosyon turini” diye adlandirdigimiz ve belirli bir zaman diliminde
satilmas1 gereken sinirli bir envantere sahip olan bir iirlindiir. Firma ayrica, envantere sahip
olmayan bir hizmeti de miisterilerine sunar. Diizenli iiriin sadece kendisine gelen talep kargiliunda
satilirken, hizmet ve promosyon trtini iki farkli kanaldan satilir: Birinci kanaldan, promosyon
urinii veya hizmeti dogrudan almaya gelen miisterilere daha 6nceden belirlenen fiyatlardan
satig yapilir. Diger kanaldan ise, promosyon iirtin ve hizmet, daha énceden duyurulan fiyatlar
iizerinden, kalan zamana ve promosyon iiriniintin envanterine gore dinamik olarak hesaplanan
bir indirim ile, diizenli iirtinii almaya gelen miisterilere ek iiriin olarak sunularak satig yapilir.
Caligmamizda her diizenli iirtin miigterisine bir promosyon iirtin, bir hizmet veya ikisi birden bir
paket olarak dinamik olarak belirlenen bir fiyata satilabilir. Amacimiz kazancimizi en iyileyecek
sekilde, hangi ek {iriinti hangi fiyata satacagimiza dinamik olarak karar vermektir. Bu problem
Markov Karar Siireci olarak ele alinip, zamana ve envantere gore en iyi fiyatin ve en iyi kararin

yapisal Ozellikleri incelenmistir.
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Chapter 1

INTRODUCTION

Profit maximization is the common objective of almost all retailers. There are different ways
of achieving profit maximization. One of the most useful strategies is price adjustments since
price is one of the most effective variables that managers can use to increase or decrease the de-
mand in the short run. The retailer can improve its revenues by using dynamic policies in which
the prices of the products are adjusted over time, rather than adopting a fixed price throughout
the selling season. With the ease of making price changes on the Internet, dynamic pricing
strategies are now frequently used in many industries such as airlines, hotels, and electric utili-
ties, where the capacity is fixed in the short-term and perishable (Elmaghraby and Keskinocak
[8]). In recent years, dynamic pricing polices are adopted in retail and other industries, where
the sellers have the ability to store inventory. Today, new technology allows retailers to collect
demand and sales data, to adjust prices, to use decision support tools for analyzing demand
data and for dynamic pricing. (Elmaghraby and Keskinocak [8]).

Another common strategy to improve profitability is to increase revenue generated per cus-
tomer visit. For this purpose, retailers make promotions by selling an additional product related
to the one the customer has bought or by selling two or more products (or services) together
as a bundle and giving some discounts. Besides increasing revenue per customer visit, these
strategies aim to develop and support long term relationship with customers. We refer to the
practice of offering an additional product as upselling and creating offerings with several prod-
ucts as bundling herein. Motivated by these trends, we focus on a dynamic pricing problem in
the context of bundling and upselling strategies.

More specifically, bundling is the practice of selling two or more different products (goods/services)



Chapter 1: Introduction 2

in a package at a special price. There are two forms of bundling: price bundling and product
bundling. Stremersch and Tellis [21] define price bundling as selling two or more separate prod-
ucts in a package, without any physical integration of the products. In this case, bundling itself
does not create added value to customers. Therefore, a discount must be offered to the customers
in order to encourage them to purchase the bundle. Price bundling is used in a wide range of
industries especially in banks, hotels, airlines and restaurants. For example, some health clubs
offers a package containing more than one activity with a discount or similarly some foreign
language courses offer discounts to the customers who register to more than one level. Similarly,
some airline companies offer a bundle which contains air travel together with car rentals and
lodging (Guiltinan [11]). On the other hand, product bundling is defined as the integration
and sale of two or more separate products or services at any price. A multimedia PC can be
given as an example for product bundling. Many individual parts which have different functions
are combined in a PC. This kind of bundling creates added value. Price bundling is easier to
implement compared with product bundling. In our study we only focus on price bundling.

Upselling is offering an additional product to a customer who has just made a purchase.
“Upselling can be considered as a special form of bundling, one in which the customer is given
the option to purchase the bundle only after she has committed to buying a product” (Aydin
and Ziya [2]). Upselling strategies are widely used by online retailers such as Amazon.com.
Customers are offered generally an additional product related to the one they have bought, for
example, a memory card or a carrying case can be offered with a discount to the customer who
has just ordered a digital camera.

In our study we consider a firm that uses both upselling and bundling strategies. We will
consider the case where the firm has two products and a service. The product definitions which
are given in Aydin and Ziya [2] are used: One of the products is called as regular product which
is assumed to be available whenever a demand comes, and the other one as promotional product
which is offered with the regular product and also has its own demand. The promotional product
has limited inventory. The firm also sells a service which has no inventory constraint and can be

considered as a product with unlimited supply. For example, a mobile phone operator company
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can offer a cell phone and a service that can be used with this cell phone to customers who have
purchased a service with the operator.

In this project, we assume as in Aydin and Ziya [2] that the firm has already chosen which
product is the regular product and which one is the promotional product. A regular product
customer who has just purchased a regular product is recommended an additional offering (pro-
motional product or service). This is the upselling part of our study. We consider seven models
corresponding to different upselling options, where the regular product customer is offered ei-
ther one of the individual products or the bundle. These seven different scenarios constitute the
bundling part of our work. Since upselling is used in all models, the models are named according
to the bundling strategy used in the models.

Guiltinan [11] has classified bundling strategies into three main topics: Unbundling, pure
bundling, mixed bundling. In the unbundling case, products are sold separately. Products are
sold only in a bundled form in the pure bundling strategy. However, in mixed bundling, all
products can be sold separately or in a bundle. There are two forms of mixed bundling strategy.
One of them is called mixed-leader bundling and the other one is mixed-joint bundling. In mixed-
leader bundling, one of the products is sold at its announced (regular) price and the additional
product is offered with a discount. In the mixed-joint form, the customer is offered a single price
for the bundle (Guiltinan [11]). As mentioned in Guiltinan [11], there are three main reasons
that firms use a bundling strategy: To encourage the customers who are the target customers
only for a product, to purchase the other product (upselling), encourage the new customers
who do not purchase any of the two products, to purchase both products (acquisition of new
customers), and encourage the customers who are in the target segment of both products, to
continue to purchase the products (retention). In addition, obtaining more profit per customer
visit and liquidation of excess inventories are also the main reasons for the use of a bundling
strategy. According to the main objective of the firm, one of the three bundling strategies could
be used.

In our problem, the regular product can be considered as the staple item which should be

sold over an extended period of time, or as a fast-moving product. Therefore, we assume that
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the regular product is always available and focus on clearing the inventory of the perishable
promotional product by a certain deadline.

The population of customers is characterized by a distribution of reservation prices, i.e, the
maximum price that customers are willing to pay for the product. Customers only purchase the
product if their reservation prices are greater than or equal to the price of the product.

The firm’s main target is to maximize its expected revenues by selecting the appropriate
dynamic controls. We characterize the optimal pricing strategy as a function of the inventory
level of the promotional product and the remaining time in the planning horizon.

The remainder of the thesis is organized as follows. In Chapter 2, an overview of the previous
studies about dynamic pricing and revenue management, bundling and upselling is provided.
The problem description and the mathematical models for the problem are presented in Chapter
3. Basic structural results and optimal policies are stated in Chapter 4. In Chapter 5, results
obtained under certain assumptions on reservation price distribution are provided. Then, in
Chapter 6, the effect of different parameters, such as reservation price distribution parameters,
arrival rates on the performances of the models, on the expected revenues and on the optimal
policies are evaluated numerically. The limited inventory effect and bundle effect on the expected
revenue and optimal polices are also analyzed in Chapter 6. Finally, Chapter 7 concludes the

thesis, summarizes the main results, and gives an outline of possible extensions of the study.
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Chapter 2

LITERATURE REVIEW

We discuss the relevant prior studies under three headings:

2.1 Dynamic Pricing and Revenue Management Literature

In this thesis, we will focus on the dynamic pricing of a perishable product and a service with
no inventory constraints, over a finite time horizon in order to maximize the expected revenue.

There is a rich literature about pricing of perishable products in the context of revenue
management. In this section we will review the most frequently cited studies related with the
pricing of perishable inventories.

One of the first studies related to dynamic pricing of perishable goods is by Gallego and van
Ryzin [9]. They consider the problem of dynamic pricing of a given stock of items over a finite
time horizon. The demand, which is modeled as a homogeneous Poisson process with intensity
A(p), is stochastic and price sensitive. In their model demand only depends on price and there is
a negative correlation between price and the demand rate. Their aim is to maximize the expected
revenues while the price is dynamically adjusted. They have shown structural properties of the
model by using intensity control and demonstrated that for a family of exponential demand
functions the solution can be found in closed form. By analyzing the deterministic version of
the main problem they find an upper bound on the expected revenue.

Similar to Gallego and van Ryzin [9], Zhao and Zheng [25], consider dynamic pricing of a
given inventory which must be sold by a certain deadline. Customers arrive according to a
nonhomogeneous Poisson process. They study the dynamic pricing model in which the intensity
of the customer arrival process and customer reservation price distribution may change over

time. They derive a sufficient condition under which the optimal price decreases over time for
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a given inventory level. They also show that at a given time the optimal price decreases in the
number of inventories left.

Monahan et al. [16] consider the problem of pricing a single product over multiple time
periods after choosing the stocking level at the beginning of the season. They develop structural
properties of the optimal pricing strategy over a finite horizon, and investigate the effects of the
pricing policy on the optimal procurement policy of a newsvendor and on the optimal expected
policy. In addition, an efficient algorithm for finding the optimal prices is given. Their numerical
studies show the effects of the market parameters on the optimal solution.

Bitran and Mondschein [5] study dynamic pricing for seasonal products. In their model
customers arrive according to a Poisson process. They first present a continuous time model
in which the price is updated continuously, then use this model as a benchmark for a periodic
pricing review model. They show that the price is decreasing in inventory level and increasing
in time. Furthermore, demand uncertainty leads to higher prices, larger discounts and more
unsold inventory.

Similarly, Chatwin [7] consider the dynamic pricing of perishable products. However, the
prices are chosen from a finite set of available prices. It is shown that the maximum expected
revenue function is nondecreasing and concave in the inventory level and in the remaining time.
In addition, at a given time the optimal price is nonincreasing in the remaining inventory and
nondecreasing in the time-to-go. These monotonicity results are shown to be satisfied when the
price and corresponding demand intensities are functions of the remaining time; however, these
results do not hold when the demand intensities are functions of the inventory level.

Gallego and van Ryzin [10] extended their single-product model to the multiple-product case.
Similarly, Zhang and Cooper [24] and Maglaras and Meissner [14] analyze the dynamic pricing
problem for multiple products in the revenue management context.

For extensive surveys of the areas of dynamic pricing and revenue management, see McGill
and van Ryzin [15], and the book by Talluri and van Ryzin [22]. Moreover, the papers by
Elmaghraby and Keskinocak [8] and Bitran and Caldentey [3] provide comprehensive overviews

of the dynamic pricing and revenue management literatures.
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2.2 Bundling Literature

There is a rich literature in marketing and economics about bundling. In this section, we will
review the most significant studies about bundling and bundle pricing.

Most of the bundling papers are built on the early study of Stigler [20] in which he shows that
bundling can increase the seller’s profits when consumer valuations for two goods are negatively
correlated.

In the economics literature, the cornerstone for many papers on product bundling was the
study of Adams and Yellen [1], who consider a two-product monopoly bundling model. They
assume that the consumer valuations are independent, additive and negatively correlated. Three
bundling strategies (unbundling, pure bundling, mixed bundling) are compared in terms of seller
profit. Using plausible cost structures and continuous distributions of reservation prices, they
illustrate that pure bundling and mixed bundling can be more profitable than unbunling.

Similar to Adams and Yellen [1], Schmalensee [19] develops a two-product monopoly bundling
model in which demands are independent. He keeps the reservation price additivity assumption
while relaxing the assumption that the reservation prices of the individual products are nega-
tively correlated. He compares three bundling strategies (mixed bundling, pure bundling and
unbundling) under the assumption that reservation prices for two products follow a bivariate
normal distribution.

Guiltinan [11] gives the basic concepts and economic principles of bundling strategies. He also
divides the potential main objective of the firm into three categories (crossselling, acquisition of
new customers, retention) and emphasizes the importance of determining the strategic objectives
of the firms. Moreover, Guiltinan [11] indicates under which demand conditions which bundling
form is more beneficial.

Different from the previous studies Hanson and Martin [12] focus on evaluating the optimal
pricing of bundles. They investigate how a single firm determines optimal bundle price and
provide a practical method for calculating optimal bundle prices. They use disjunctive pro-

gramming in order to formulate the model as a mixed integer linear problem. An algorithm for
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finding optimal solutions is given along with computational results.

For a conceptual review about bundling, see Stremersch and Tellis [21]. The article provides a
new synthesis of the field of bundling based on a critical review of the marketing, economics and
law literatures. Stremersch and Tellis [21] clearly and consistently define bundling terms, give the
difference between product bundling and price bundling and classify the bundle strategies. They
also discuss the legality of bundling and give clear rules to identify the legality of each strategy.
In addition, they explain under which conditions which strategy dominates the others. Prior
research generally states that mixed bundling at least weakly dominates pure bundling since they
assumes that pure bundling can never be optimal. However, Stremersch and Tellis [21] explain
that mixed bundling is superior to pure bundling only in highly competitive environments or
when consumer’s reservation prices vary a fair amount. They also argue that pure bundling
strategies tend to dominate mixed bundling strategies for new products.

Venkatesh and Kamakura [23] in their paper, decide which bundling strategy should be cho-
sen for a given pair of complements or substitutes and which prices should be set for the products.
They also examine the effect of complements and substitutes on the optimal bundling strategy
and pricing decision. They define a parameter which represents the degree of contingency (i.e.,
degree of complementarity or substitutability) and observe the effect of this parameter on the
optimal prices and on different strategies. They obtain the analytical results for the unbundling
and pure bundling cases and these results are compared to the simulation results for the mixed
bundling case since the closed form solution for mixed bundling strategy cannot be found ana-
lytically. They assume that the reservation prices are uniformly distributed.

Bulut, Gurler and Sen [6] consider the problem of selling two perishable products which have
fixed initial inventories, over a finite planning horizon. They consider a retailer who provides
three options to the customers: A customer either buys one of the individual products, buys
the bundle or leaves without a purchase. The aim is to maximize the expected revenue while
determining the optimal product and the bundle prices. They focus on the effect of different
conditions such as various reservation price distributions, demand arrival rates and initial inven-

tory on the performances of the three bundling strategies (mixed bundling, pure bundling, and



Chapter 2: Literature Review 9

unbundling). They also investigate the effect of the shape of the reservation price distribution
on the optimal policies by considering both the bivariate normal and bivariate gamma densi-
ties. Their numerical results indicate that bundling is profitable when the reservation prices are
positively correlated and the starting inventory levels are high. Moreover, they observe that the
mixed bundling strategy dominates the other two especially when the starting inventory levels
are not equal and the customer reservation prices are negatively correlated. In addition, in their
numerical study, they show that when products are less substitutable and more complementary
the bundling becomes more effective and the expected revenue increases.

In our study, we model different bundling strategies. We focus on the mixed bundling
strategy and demonstrate the structural properties and optimal policies of the model. The
prices of the individual products and the bundle is dynamically adjusted over the planning
horizon. In our numerical study, we investigate the effect of complements and substitutes on

the bundling strategies and pricing polices.

2.8 Upselling Literature

In this section, we continue with the survey of the upselling literature. We will present the works
which are particularly related to our study. Recent work that is closely related to ours is by
Netessine, Savin and Xiao [18] and Aydin and Ziya [2].

Netessine, Savin and Xiao [18] study the problem of dynamic pricing of product packages
under cross selling in e-commerce settings. They focus on the problem of offering a bundle which
includes the requested product and an additional product to the customer. The optimal package
selection problem is modeled as a dynamic program which maximizes the profit while deciding
which additional product to offer and how to price the bundle. In their study, they consider two
basic inventory replenishment models: Emergency Replenishment Model, Lost-Sales Model. In
Emergency Replenishment Model the company has an opportunity to procure additional product
inventory at an extra cost in the case of a product stockout; however, in Lost-Sales Model it is
not possible to procure an out-of-stock product when the product stocks out. They show that

for Emergency Replenishment Model the problem can be decomposed in the initial inventory of
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all products. By using the decomposition property, they derive the structural properties of the
dynamic pricing problem under any static packaging scheme for the emergency Replenishment
Model. They use combinatorial optimization to find the best packaging complements. They also
propose several packaging and pricing heuristics and compare the efficiency of these heuristics
numerically for both models. Their numerical results show that dynamic cross selling is most
beneficial for the case in which inventory is approximately equal to the expected demand.

In contrast, Aydin and Ziya [2] assume that the packaging complement has already been
decided by the firm so do not consider the packaging problem. Therefore, their model could be
considered as the two-product case of the problem considered by Netessine et al. [18]. Aydin and
Ziya [2] study the dynamic pricing and discounting problem for a single promotional product
under upselling settings. They evaluate the effects of inventory level, time, and the correlation
between the reservation prices of the promotional and the regular products on the discounting
decision. They also consider different scenarios based on the price-discount settings in which
the price and the discount of the promotional product is dynamically adjusted or statically set.
Under the always availability assumption of the regular product, when the reservation prices for
promotional product and the regular product are negatively correlated, the firm always offers a
discount, not considering the inventory level of the promotional product and the remaining time.
However, if the reservation prices are positively correlated, the discounting decision depends on
the inventory level and the remaining time. They also identify the conditions under which the
customer purchase information which is the information that the customer has just bought a
certain product with a certain price, is more beneficial. Their computational results indicate
that in “static price-dynamic discount” case in which the price of the promotional product is
set statically however, the given discount is determined dynamically in each state, the customer
purchase information is more valuable.

Our model can be considered as an extension of the model presented by Aydin and Ziya
[2]. Different from Aydin and Ziya [2], in our model, in addition to the promotional product,
the firm can also offer a service to the customer as an option. Our model can be considered

as the combination of the models which are studied by Netessine et al. [18] and Aydin and
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Ziya [2]. We consider the packaging problem like Netessine et al. [18]; however, we assume like
Aydin and Ziya [2] that the regular product is set in advance and our model finds only which
item (promotional product or service) to add to the package. This simplification allows us to

determine the structural properties of the value function.
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Chapter 3

PROBLEM DESCRIPTION AND MATHEMATICAL MODEL

In this study, we consider a system in which a firm sells two products and a service to
its customers. One of the products is called “Regular Product” which is assumed to have
unlimited inventory. The other product, called “Promotional Product”, has limited inventory
to be sold over a finite time horizon. The promotional product can be considered as a seasonal
or perishable product. Besides these products, the firm also sells a “service” which has no
inventory. The service can be interpreted as a product with no capacity constraint. The regular
product is sold only to customers who arrive to purchase the regular product directly. While
regular product has only one sales-channel, the promotional product and the service can be sold
in two different channels. In the first channel, the promotional product (service) has its own
demand and can be sold to customers at a fixed price which is announced at the beginning of
the planning horizon. However, in the second channel, promotional product (service) is offered
as an additional product to the customers who have just bought the regular product, possibly
with a discount on the announced price.

The main objective is to decide which product to upsell to the regular product customer if
there is more than one choice and dynamically set the price of the add-on product in each period
in order to maximize the revenue function over a finite time horizon. This problem is modeled
as a Markov Decision Process and structural properties of optimal price and optimal decision
with respect to time and the inventory level of the promotional product, are examined.

It is assumed that the planning horizon is divided into N periods, each of which is short
enough such that at most one customer arrives. (This assumption is common in dynamic pricing
models. See, for example, Bitran and Mondschein [5] and Aydin and Ziya [2].) The promotional

product has a fixed initial inventory and there is no replenishment during the planning horizon.
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In this study, no backlogging of demand is allowed, so the demands are considered as lost sales
when the firm runs out of stock. We assume that the salvage value of unsold promotional
products at the end of the planning horizon is zero and there is no holding cost.

In our model, n denotes the number of remaining periods in the planning horizon and I
is the inventory level of the promotional product. Both n and I; are system state parameters
and all policies depend on these two parameters. We assume that there are three types of
customers: Regular product customer, promotional product customer and service customer.
The probability that a customer demands the regular product, the promotional product and the
service in each period is denoted by Ag, A1 and Ao respectively. In each period, no customer
arrives with probability (1 — E?:o Ai). All probabilities are assumed to be greater than zero.
However, in some cases the promotional product and the service cannot have their own demands,
i.e., A1 = 0 and Ay = 0. All results are valid in these cases.

The promotional product customers (service customers) are not offered any discount and
purchase the product (service) at the fixed announced price. The announced price of the pro-
motional product and service are represented by r; and ro respectively. In upselling, products

I I
"1 and pyt de-

(or services) are generally offered with a discount on the announced prices. p}
notes the optimal discounted prices of the promotional product and of the service respectively,
if there are n periods to go and inventory level of the promotional product is I;. We will show in
the following section that the price of the service only depends on the reservation price distrib-
ution of the service, independent from the remaining time and the inventory of the promotional
product.

The firm has different upselling options, such as offering the promotional product or service
individually or offering both in a bundle or making different combinations of individual and
bundle scenarios. The optimal action is given by @™t which denotes the optimal choice (which
choice should be offered as an add-on item to the regular product customer) when the inventory
of the promotional product is I; and the remaining time is n. a™! takes values in the action set
of the scenario which is denoted by A. The value of a™/! is either 1, 2 or 12, depending on the

scenario of the model, where 1, 2, and 12 denote offering the promotional product, the service
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Table 3.1: Notation

n number of remaining periods

I inventory level of the promotional product

Ao probability of observing the regular product demand

Al probability of observing the promotional product demand

A2 probability of observing the service demand

p?’h discounted price of the promotional product, in period n when the inventory level is Iy
pg’h discounted price of the service, in period n when the inventory level is Iy
a™h optimal upsell item choice, in period n when the inventory level is Iy

r1 announced price of the promotional product

) announced price of the service

Fi(.) | reservation price distribution of promotional product

F5(.) | reservation price distribution of service

Fia(.) | reservation price distribution of the bundle

and the bundle respectively.

The reservation price distribution for the promotional product, service and bundle are de-
noted by Fi(.), F2(.) and Fia(.) respectively. We assume that all reservation price distributions
have a finite mean and are absolutely continuous with density f;(.), j € {1,2,12}.

In this study, our aim is to maximize the revenue function V,,(I;) which is the expected total
revenue over a time horizon of N periods when the initial inventory level is I.

Under this setting, there are seven possible upselling scenarios, which can be grouped into three
categories according to the number of choices (see Figure 3.1). In Figure 3.1, “S”, “P”, and “B”
denote the service, the promotional product and the bundle respectively. The subsections are
organized as follows: First, in Section 3.1, we consider the case when the firm has already chosen
which item to upsell with the regular product. In this section, the only decision is to find the
optimal price of the add-on product. Then, we model the case where the firm has two add-on
options. Hence, in Section 3.2, the problem of which item to upsell is also considered. In both
of these sections, we represent three scenarios. Finally, in section 3.3, the firm has three upsell
options: Promotional product, service and bundle. The optimal decisions are given dynamically

in each state.
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Figure 3.1: Combination of Offerings
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3.1 Upselling: Single Add-On Choice

In this section, the firm has already decided which item(s) to offer to the regular product
customer. Hence, the firm only focuses on the pricing decision. In the upselling part, the firm
offers only a promotional product, only a service or only a package which contains both the
promotional product and the service, to the regular product customers. The firm’s main target
is to set prices dynamically, with respect to the remaining time and the inventory level of the

promotional product, for the add-on item to maximize the revenue.

3.1.1 Upselling of a Service

This section considers the model in which only the service is offered to the regular product
customer for upselling. In this case, the promotional product can only be sold to the promotional
product customer at its announced price. Hence, the firm needs to decide only on the price of
the service. We will show that this price is constant for all n and I, so it is independent from
the remaining time period and inventory level of the promotional product. The problem that we
discuss here is a basic revenue management problem. There is no dynamic decision here since
the optimal price of the service is independent from the system state parameters. There is a rich
literature about this well-known revenue management problem such as Gallego and van Ryzin
[9], Zhao and Zheng [25].

The revenue function can be given as:

Va(I1) = Xo H;;%X{Vn—l(ll) + (1 = Fy(p2))p2} + A(r1 + Vo1 (11 — 1))

2
—i—)\Q(T’Q =+ Vn—l(Il)) + (1 — Z )\i)Vn—l<Il) VI >1 (3.1)
=0

with boundary conditions:

Va(0) = Va-1(0) + Ao max{(1 — Fz(p2))p2} + dora (3.2)
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and
Vo(f) =0 v . (3.3)

The first term of V,,(I1) is the expected revenue-to-go in the event that a regular product
customer is offered a service as an add-on product: The customer purchases the service at price
p2 with probability 1 — F5(p2). The promotional product customer arrives to purchase only the
promotional product with probability A\; and the service customer arrives to purchase only the
service with probability Ay in each state; the second and the third terms of the revenue function
denote the revenue-to-go for these cases respectively. Finally, the last term is the revenue-to-go
if no customer arrives in that period. There are two terminal conditions: Equation (3.2) denotes
the revenue-to-go if the firm runs out of stock. In that case the firm can offer the service to the
regular product customer which does not depend on the inventory of the promotional product
and also the service product customer can purchase the service at its announced price. Equation
(3.3) indicates that the salvage value of the promotional product is zero.

The optimal po value can be written in an explicit form. To do this, we define a function,

Ha(p2) = Vao1(1) + (1 — Fa(p2))p2

NE n

The optimal py’™ value should maximize the function Ha(ps). Here, p2’I1 denotes the optimal
price of the service when inventory level of the promotional product is I; and the remaining

time is n. Taking the first derivative with respect to ps and setting it to zero leads to:
1 — Fy(p2) — p2F5(p2) = 0 (3.4)

Therefore, the first order necessary condition for service price to be optimal is given by:

I
P 1V i) (3.5)
nh 2 ) .
Fy(py™)
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In Proposition 1 in Chapter 4, we will show that under a certain assumption this necessary
condition is sufficient for pg’h to be optimal. As seen in 3.4, the optimal price of the service
does not depend on the state of the system and is fixed for all states, although it seems to be
dynamically adjusted for each state. Hence, for notational simplicity, the optimal price of the

service can be given as:

P TE ) )

By using the optimal price definition, the revenue function can be written as the function of

the optimal price. The modified value function can be given as:

(1 - Fp(p5))?

+ )\1(7’1 + Vn,1(11 — 1) — anl(Il)) + Aorg . (37)

3.1.2  Upselling of a Promotional Product with limited Inventory

In this section, the firm offers a promotional product, which has a limited inventory, to a regular
product customer. The promotional product and the service are also sold to the customers who
demand them directly. The aim is to determine the price of the promotional product which is
offered as an add-on item in each state. As expected, the optimal price depends on the remaining
time and the inventory level of the promotional product. A similar model is considered by Aydin

and Ziya [2]. The revenue function is:

Va(l1) = Xo H;)?X{Fl(pl)vn—l(ll) + (1= Fi(p1))(p1 + Va1 (11 — 1))}

=+ )\1(7"1 + Vn,1(11 — 1)) + )\2(7‘2 + anl(Il)) (38)
2
+ (1= A Vaa(h) VI >1
=0

with boundary conditions:

Vn(O) = Vn_l(O) + Aorg Vn
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and

Vo(I1) =0 vl .

The first term of V,,([1) is the revenue-to-go in the event that a regular product customer is
offered a promotional product: The regular product customer does not purchase the offered pro-
motional product at price p; with probability Fj(p1) and the inventory level of the promotional
product does not change. On the other hand, the regular product customer buys the promo-
tional product on an upsell offer with probability 1 — Fj(p1), in that case both the remaining
time and the inventory level decreases by one unit. The second term is the revenue-to-go if a
promotional product customer arrives to purchase the promotional product and similarly the
third term denotes the revenue-to-go if a service customer arrives to purchase only the service
and the last term is the revenue-to-go if no customer arrives in that period. The first terminal
condition denotes the revenue-to-go if there is no inventory of the promotional product in stock;
in that case the firm only sells service to the service customer. The second boundary condition
indicates that the salvage value of the promotional product is zero.

We can also write the optimal price of the promotional product as an explicit form. Let us

define a function,

Hj(pj) = Fj(pj)Va—1(I1) + (1 = Fj(p;))(pj + Va—1(l1 — 1)) (3.9)

711

Our aim is to find the optimal price p? which maximizes the functions H;(p;).

Taking the first derivative with respect to p; and setting it equal to zero leads to:

Fi(pj)Va-1(I1) + 1 = Fj(p;) — Fi(p;)(pj + Va-1(l1 — 1)) = 0

711

By using the above equation the optimal price p;" can be found as:

1 Fj(pj")

(11
Fj(pj )

P = Vo () = Vaoa (I — 1) + (3.10)
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We refer to this price as the optimal price, since the first order necessary condition is also
sufficient for the price to be optimal (See Proposition 1 in Chapter 4). Different from the optimal
price of the service, the optimal price of the promotional product depends on the inventory level
I, and the remaining time n. This is an expected result since the promotional product has
limited inventory while the service has no inventory constraint. Substituting p?’h into H;(p;)

leads to,

n (1 - Fy(p;"))?
M= V) +——
Fj(pf )

For j = 1, we have the optimal price as

1-— Fl(P?’h)

n,l1
pyt=Vooa(l) = V(L = 1) + i
Fi(p"™)

(3.11)

and

(1- Fl(p?’h))Q

Hi(pP") = Voi(I) + i
F{(p"™)

Substituting Hy (p’f’h) into the revenue function (3.8), gives a new form of the revenue function:

(1 - Fi(p"))?

Vn(Il) :Vn—l(Il)+)\0 n
Fl(pP™)

+ /\1(7”1 + Vn—l(Il — 1) — Vn_l(fl)) + Aorg (3.12)

3.1.3 Upselling of a Bundle (Pure Bundling)

In this section, we consider a well-known case, pure bundling, in the bundling literature. In the
pure bundling case, the promotional product and the service are offered to the regular product
customer only in a package which contains both the promotional product and the service. Like

in the previous cases, the promotional product and the service have their own demands. The
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revenue function is given by:

Va(li) = Xo HI}?QX{FIQ(])IQ)anl(II) + (1 — Fia2(p12)) (12 + Va1 (I — 1))}
+ M(r1 4+ Vaoi(lh — 1)) + Xa(re + Vi1 (11)) (3.13)
2
+ (1- ZM)VnA(Il) VI >1
=0

with boundary conditions:

Vn(O) = anl(O) + )\2’/‘2 VTL,

and

Vo(I1) =0 VI .

The explanation of the revenue function terms are similar to the previous cases, the only
difference is that the bundle is offered to the regular product customer at a price which maximizes
the first term of the revenue function.

Similar to the optimal prices in previous sections, the optimal price of the bundle can be
found explicitly by using (3.9) for 7 = 12. Then the optimal price of the bundle is given by
(3.10) for j = 12:

1-— Flz(p?éh)

n,lq
P13 = Vao1(l1) = Vopa(lh — 1) + 7
Fy(pist)

(3.14)

Similar to the optimal price of the promotional product, the optimal price of the bundle

depends on the state parameters I; and n. Substituting p?éh into (3.13), we can rewrite the

revenue function in terms of the optimal price of the bundle:

(1- Flz(p?éh))Q

Vn(Il) ZVn_1(11)+>\0 -
Fly(pis™)

+ /\1(?“1 + Vn_l(fl — 1) — Vn_l(Il)) + Aarg . (3.15)
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3.2 Upselling: Two Add-On Choices

In this section, we model three different upselling scenarios each of which has two upselling
options. In these scenarios, the firm determines which upselling option to offer to the regular
product customer at which price dynamically, in order to maximize its profit. These models are

pairwise combinations of three possible choices.

3.2.1 Offering a Promotional Product or a Service (Unbundling)

Unbundling is selling all products separately (not in a bundle). Whenever the demand comes for
the regular product the firm offers either the promotional product or the service to the customer
possibly with a discount. Our aim is to determine which item to offer (promotional prod-
uct/service), at which price to the customer who just bought the regular product to maximize

the revenue function. The revenue function can be written as follows:

Va(l1) = Ao maX{H;?X{Fl(Pl)anl(h) + (1= Fi(p1))(p1 + Va-1(l1 — 1))},

I%%X{anl(h) + (1 — Fa(p2))p2}} (3.16)

2
+ M+ Vo (I = 1) 4+ da(ra + Vacr (1)) + (1= ) Vi (1) VI >1
=0

with boundary conditions,
Va(0) = Vao1(0) + Ao max{(1 = Fo(pa))p} + dars ¥

and

Vo(I1) =0 vl .

In the first term of the function, both the optimal prices for the service and the promotional
product, and the optimal action for that state is chosen. When the inventory level of the
promotional product is zero, the firm will offer the service to the regular product customer and

will sell the service to the service customers. It is assumed that at the end of the planning
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horizon the unsold items have no value, therefore at time zero the value of the revenue function
is zero.

In the unbundling strategy, we make an implicit assumption that the promotional product
and service are either independent of or substitutes of each other because both products are
offered individually to the customer who has just purchased the regular item. Offering the

bundle is not an option in this strategy, implying that the products are not complements.

3.2.2  Offering a Promotional Product or a Bundle

In this case, the regular product customer is offered either the promotional product or a package

that contains the promotional product and the service. The revenue function is:

Vo(l) = Ao max {max{Fj(p;)Va—1(l1) + (1 = Fj(p;))(pj + Va—1(l1 — 1))}}
je{1,12} " pj

2

+ M+ Vao1(Ii = 1) + Xa(re + Vo1 (1)) + (1 — Z)\i)vn—l(fl) VI >1,
i=0
(3.17)

Boundary conditions are given as:
Vo (0) = V5—1(0) + Aaro vn,

and

Vo(I) =0 VI .

The explanations of the terms of the revenue function are similar to that of cases given in

the previous section.
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3.2.8 Offering a Service or a Bundle

In this case, the firm offers to the regular product customer either the service or a bundle that

includes the service and the promotional product together. The revenue function is given by,

Va(l1) = Xo maX{HIngX{anl(fl) + (1 = F2(p2))p2},
Iggx{FH(plZ)anl(Il) + (1 = Fia(p12)) (p12 + Va—1(I1 — 1)) }} (3.18)
2
+ )\1(7‘1 + Vn_1(11 — 1)) + /\2(7’2 + Vn_l(Il)) + (1 — ZAi)Vn—l(Il) VI >1

=0

with boundary conditions:
Vi (0) = Vie1(0) + Ao HII?EQLX{(l — F5(p2))p2} + Aor2 Vn

and

Vo(I1) =0 VI .

The explanations of the terms of the revenue function are similar to that of cases given in

Section 3.1.

3.3 Upselling: Three Add-On Choices (Mixed Bundling)

In this scenario, a regular product customer is offered one of the three upselling options: Only
promotional product, only service or both in a bundle. This case is known as mixed bundling in
the literature. There are two forms of mixed bundling strategy: Mixed leader and mixed-joint.
In mixed-leader bundling, one of the products is sold at its announced price and the additional
product is offered with a discount. In the mixed-joint form, the customer is offered a single
price for the bundle (Guiltinan [11]). There are two different perspectives in our models. In the
upselling part, similar to the mixed leader bundling, the regular product is sold at its announced
price which does not be considered in our models, and the promotional product and/or service

is offered with a discount. In the bundling part, similar to the mixed joint bundling, the
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promotional product and the service are sold at a single price which is determined dynamically.

This problem includes both packaging and pricing decisions like the problem considered by
Netessine et al. [18]. In our model upselling is not offered to each customer but only to the
customer who has purchased the predetermined product (regular product). On the other hand,
Netessine et al. [18] consider an online retail company which sells a group of m products which
are complementary and can therefore potentially be cross sold with each other. In their analysis
they focus on dynamic pricing under static packaging in which the packaging complement for
each product is fixed and does not change with the state of the product inventory or with
time. Under the assumption of static packaging in the Emergency Replenishment Model, the
m-dimensional dynamic pricing problem can be decomposed into m one-dimensional dynamic
pricing problems which we consider in Section 3.1.

Like in the previous cases, choosing the best option and determining the optimum price
decisions are given in each state dynamically.

The expected revenue can be written as:

Va(l) = domax{max{Fy(p)Va-1(L1) + (L = Fi(p1))(p1 + Va1 (= 1))}
n}lja;x{vn_ﬂfl) + (1 = Fa(p2))p2},

T%?«QX{FH(Z?H)Vn—I(Il) + (1 = Fia(p12))(p12 + Va1 (I — 1)) }} (3.19)

2
+ (A Ve (I = D)+ Xa(re + Vaea (1) + (1= ) A)Voa(l)) VL >1,
i=0

with boundary conditions:
Vi(0) = Vi—1(0) + Ao I%?X{(l — Fy(p2))p2} + Aara 'V,

and

Vo(I) =0 VI .

The first term of the revenue function is the revenue-to-go which depends on the best action
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and the corresponding optimal price decisions.
We can modify and rewrite the revenue function in two different forms which are more useful

when proving the propositions. After some mathematical manipulations, the first form can be

given as:

V(1) = Vipoi(l1) + Ao maX{H;)?X{(l —Fi(p1))(p1 + Vi (i — 1) = Vi (1)) }
Hzljgx{(l — Fy(p2))p2}
112?2)({(1 — Fia(p12))(p12 + Vo1 (I — 1) = Vot (11)) }}

+ A1+ Va1l = 1) = Vio1(11)) + Aore (3.20)

The optimal prices p?’h, pg’h and p?’h

5" which are described in Section 3.1 are valid for all

cases. Therefore, the revenue function as a function of the optimal prices can be given as:

1— F. pT‘LJl 2
V(i) = Vao1(I1)+ Ao max ( J(JI )
je{1,2,12} ij(pT-L’ Y

}

+ )\1(1"1 + Vn,1(11 — 1) — anl(ll)) + Aarg . (3.21)
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Chapter 4

STRUCTURAL RESULTS

We provide all structural properties and analytical results for the mixed bundling model.
Since each model is a special form of the mixed bundling model, all propositions (except for
Proposition 5) and properties given below are satisfied for the remaining scenarios (for each
section, a representative example of proofs will be given in Appendix A ). Different from all
other propositions, Proposition 5 exists only in cases in which offering service separately is an
upselling option.

In the previous chapter, we presented certain necessary conditions for prices to be optimal:

L F)")

¥ '
p? b= Vn—l(II) - Vn—l(Il - 1) + F/-(pn’ll) ’ S {17 12}?
I
el _ LB
2 - 1
F3(py™")

Now, we will give a condition under which the above necessary conditions for the optimal prices
are also sufficient. This proposition is given by Bitran and Mondschein [4]. They study the
dynamic pricing of a single perishable product over a limited time horizon. In Section 3.1.2, we
consider the case in which the firm offers only a promotional product to the regular product
customer in upselling part. Therefore, we consider the dynamic pricing of a promotional product
which has a limited inventory that should be sold by a certain deadline. This problem is similar
to the problem considered by Bitran and Mondschein [4]. Therefore, the necessary condition

that we obtained is the same as that obtained by Bitran and Mondschein [4].

Proposition 1 A necessary condition for the price p to be optimal at time n given an inventory
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level equal to I corresponds to:

1— Fy(p™)
n,Iq 1\P1
py = Vo) = Vol = 1) + ———5—=

F @)
If the function

(L= F(pi)?
Fi(p")

1s decreasing in p, then the first order condition has a unique solution and it corresponds to the

optimal price.

Proof: See Bitran and Mondschein [4].
Similar conditions can also be given for optimal prices of the service and the bundle.
Bitran and Mondschein [4] also give a stronger condition for the price which satisfies the
necessary condition to be optimal: If the hazard rate function HR(p) = (II_N% is increasing,

then the necessary condition is also sufficient for this price to be optimal. If the hazard rate

function of the reservation price is an increasing function in p, then the term

(=B ")

TN
Fj(pj )

je{1,2,12}

is decreasing in p, so that Proposition 1 holds whenever the hazard rate function of Fj, j €

{1,2,12} is increasing in p.

The hazard function associated with the reservation price distribution, HR(p) = %,

can also be written as
p < R < p+dp)
P(R >p)

HR(p) = 2

where R denotes the reservation price of the customer. Then, the hazard function can be
interpreted as the probability that the price p is the maximal price that the customer is willing
to pay, given that she bought the product at price p.

The assumption of the increasing hazard rate can be interpreted as the probability that the
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price p is the maximal price that the customer is willing to pay, is increasing.
Throughout the study, we assume that the hazard rate functions associated with the reser-
vation price distributions are increasing. This assumption will be further analyzed in Chapter

5.

4.1 Value Function Results

In this section, we will give the monotonicity properties of the revenue function. We will use

the proof technique of Bitran and Mondschein [5].

Proposition 2 The revenue function V,(I1) is a non-decreasing function in inventory and time.

Vn(ll + 1) > Vn(Il) A n, Il,

Vn(Il) 2 anl(ll) \V/ n, Il .

Proof:
i) For n = 0 the inequality is satisfied trivially. We assume that the inequality holds for n and
we prove that it holds for n + 1.

When the remaining time is n 4+ 1 and the inventory level of the promotional product is

I; + 1, the revenue function is given by,

Vori(li+1) = Ao maX{I%?X{Fl(pl)Vn(Il +1) + (1 = Fi(p1))(p1 + Va(11))},
n;gx{Vn(h +1) + (1 = Fa(p2))p2},

IgiX{Fu(pm)Vn(h + 1) + (1 = Fia(p12)) (P12 + Viu(11)) }}

2

+ )\1(’[‘1 + Vn(Il)) + Aarg + (1 — Z)\l)Vn(Il + 1)
=0
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using that the inequality is true for n, we obtain:

Vo (li4+1) > X maX{H;?X{Fﬂm)Vn(h) + (1= Fi(p1))(p1 + Va(I — 1))},
HZISX{Vn(Il) + (1 = Fy(p2))p2}s

max{ Fia(p12)Va(1) + (1 = Fia(p12)) (12 + Vo (Il = 1))}

2

+ A+ V(I = 1) + darg + (1= > A)Va(l1)
1=0
= Vari(l1) VI,

which completes the proof.

ii) For n = 1 the inequality holds trivially, since V;(I;) = 0.
Vi(h) =2 VWo(li) V L.

Assume that it holds for n, and prove it for n + 1.

When the state parameters are n + 1 and I;, the revenue function is given as:

Vasa () = Ao max{max{F(p1)Vu(l1) + (1 = Fi(p1))(p1 + Va(ly — 1))},
H;)&;X{Vn(h) + (1 = Fa(p2))p2},

I%laQX{FIQ(plg)Vn(Il) + (1 = Fia(p12))(p12 + V(1 — 1)) }}

2
+ )\1(7’1 + Vn(Il — 1)) + )\27“2 + (1 — Z)\Z)Vn(ll)
=0
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using that the proposition is true for n, we obtain:

Vas1i(l1) = Ao maX{HIlj?X{Fl(pl)anl(Il) + (1 = Fi(p1))(p1 + Va1 (L1 = 1))},
rr}logx{vn_l(h) + (1 = Fa(p2))p2}s

I%iX{Flg(plg)Vn_l(Il) + (1 - F12(p12))(p12 + Vn—l(Il - 1))}}

2

+ M(r14+Vaoi(li — 1)) + Aore + (1 — Z Xi)Vn—1(1h)
i—0

- Vn(Il)a

which completes the proof.
These monotonicity results imply that for a fixed time period if there is one more unit of
inventory revenue increases and for a fixed inventory level, opportunity cost of holding I; units

of inventory for one more period is positive, i.e., Vj,11(I1) — V,(I1) >0

4.2 Optimal Pricing Policy

In this section, we will give our results of the optimal pricing policy and on the concavity of the

revenue function.

Proposition 3

i) The marginal value of one unit of promotional product is nondecreasing in n:
Vn(Il + 1) — Vn(Il) < Vn+1(Il + 1) — Vn+1(Il) Von,I.
ii ) The value function V(1) is a concave function of n:

Vat1(I1) — Vi (I1) = Viga($h) — Viga (1) Vo, I .
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iii) The function Vy,(I1) is a concave function of the inventory:

Vo) = Vol +1) < Vo (L +1) = V(i +2) Vo, Iy .

The marginal value of one unit of additional promotional product is decreasing in the remaining
number of periods, n, since the probability of selling the additional unit before the end of the
planning horizon is decreasing in n. This intuition is proven in Proposition 3-i. Monotonicity
property (proven in the Proposition (2)) ensures that the opportunity cost of holding I; units
of inventory for one more period is positive. Proposition 3-i¢ implies that the opportunity costs
are also non-increasing in the remaining time. Proposition 3-4ii shows that at a fixed time, at
high inventory levels of the promotional product, the marginal value of one unit of additional
promotional product decreases, since in a limited time, the probability of selling the additional
unit is decreasing in the inventory level of the promotional product.

Proof: We will prove the following three inequalities which correspond to the above claims,

simultaneously:

Vn+1<11) — Vn(Il) < Vn+1(11 + 1) — Vn(Il + 1) A n,[l, (4.1)
Var1(I1) = Vi(I1) = Voo (I1) = V() Von 04, (4.2)
Voly) = Vo (I +1) < V(I + 1) = V(L1 + 2) vV n,l, (4.3)

Following Bitran and Mondschein [4], we will use an inductive argument on k = n+1I;. For k =0
the inequalities are satisfied trivially since n = 0 and I; = 0. We assume that the inequalities

are satisfied for n 4+ I; < k and we will prove that they hold for n + I = k.

i) First, we will show that inequality (4.1) holds for n + I; = k.

Vn+1(11) — Vn(Il) < Vn+1(11 + 1) — Vn(Il + 1) Vn, I
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Let A be the optimal action and p4 be the optimal price for V,,1(I1): a®Th = A, A € {1,2,12},

n+1,I1
PA =Dy .

Case 1: A=j, je {1,12},
Since the optimal action for Vj,;1(I1) is not 2; as shown in Chapter 3.3, the revenue function

can be written as:

Vara(h) = Va(l) - = Aomax{(1 = Fj(p;))(p; + Va(l1 = 1) = Va(11))}

+ /\1(7’1 + Vn(ll — 1) — Vn(Il)) + )\21”2 . (4.4)
Since p4 is optimal for V,,41(11), equality (4.4) can be written as:

Vas1(l1) = Va(l1) = Ao(1 = Fj(pa))(pa + Va(li — 1) = Va())

+ A(r+ V(= 1) = Vi (Ih)) + Aara (4.5)
Similarly for given j, the value function V,,11(I; + 1) can be written as:

Varr(h+1) = V(1) 2 domax{(1 = F5(p)(p; + Va(1a) = Vil + 1)}

+ M(r1 4+ Va(l) = V(I + 1)) + Aare
If py is used for V,,11(1 + 1) instead of its optimal action, it can be written as:

V(i +1) = VoI + 1) = Ao((1 = Fj(pa))(pa + Va(l1) = Va(l1 4 1)))

+ A+ Va(ly) = Vel + 1)) + Aore (4.6)
We define:

A = Vo (I) = V(1) = Vot (It + 1) + Vi (I1 + 1).
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By using (4.5) and (4.6) we have:
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We know that the inequality (4.3) holds for I; — 1, so that,
Va(l) = Va(li +1) 2 Vi (I = 1) = Vi (L) . (4.8)
Using (4.8) in (4.7) leads to:
Vori(I) = Vo) = Vi (L + 1)+ V(i +1) < 0.

Case 2: A =2,

Since the optimal action for V,,1(I7) is 2, it can be written as:
Vor1(I1) = V(1) = Xo I%E;X{(l — Fy(p2))p2} + M(r1 + V(I — 1) = V(1)) + Aere . (4.9)
The following inequality holds for V;, (11 + 1):

Vari(li +1) = Vo(li +1) > Ao H;;;X{(l — Fa(p2))p2}

+ M1+ Vo(I) = V(I + 1) + Aors . (4.10)
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By using (4.9) and (4.10) we obtain:

Var1 () = Va(l) = V(L + 1) + Vol +1) < Adgmax{(1 — Fa(pa))p2}
+ M(ri+ Vol — 1) = Vi (Ih)) + Aaro
— Aomax{(l — Fy(p2))p2}
— AM(r1+ Vo(l) = V(I + 1)) — Ao

(4.11)
Inequality (4.3) holds for Iy — 1, so we have the following inequality:
Va(l) = Va(li +1) > V(I — 1) = Vi (1), (4.12)
which proves the statement along with (4.11):
Vori(I) = Vo) = Vi (L + 1)+ V(i +1) < 0.
1) Now, we will show that inequality (4.2) holds for n+ I; = k
Var1(l) = Va(lh) 2 Vago(lh) = Vi () V 1y

Let B be the optimal action and pp be the optimal price for V,,yo(I1) : ">t = B, B €
{17 27 12}7 bPB = p%+2711 .
Case 1: B=j,j€{1,12}

Since the optimal action for V,,42(I7) is not 2, it can be written as:

Vira(I1) = Va1 (I) = Ao II;;}X{(l — Fj(pj))(pj + Va1 (I = 1) = Voy1 (1))}

+ A(r+ Vi1 (In = 1) = Vi (In)) + Aare (4.13)
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Since pp is optimal for V,,12(I1), equality (4.13) can be written as:

Via(I1) = Var1(I1) = Xo(1 = Fj(p))(0B + Vag1(I1 — 1) = Vi1 (41))

+ M(r1+ Vi (D = 1) = Vi (1)) + Aorg (4.14)

Similarly for given j, the value function Vj,11([1) can be written as:

Vapr(l) = Va(l) = domax{(1 = Fj(p;))(pj + Vol = 1) = Va(l1))}

Dj

+ )\1(’/”1 + Vn(Il — 1) — Vn(Il)) + Aorg .

If pp is used for V,,41(I1) instead of its optimal action, it can be written as:

Var1(I1) = V(1) = Xo(1 = Fj(pB))(pB + Va(lh — 1) = Vi (1))

+ )\1(7“1 + Vn(Il — 1) — Vn(Il)) + Aorg . (4.15)

We define:

A =Voio(li) = Vos1 (1) = Vg1 (1) + V(1)

By using (4.14) and (4.15) we obtain:

A

IN

1= Fi(pB))(pB + Vas1(l1 — 1) = Vg1 (1))
+ M(r1+ Vi (Ly = 1) = Vi (1h)) + Aorg

Ao
(
(1 = Fj(pB))(pB + Vall1 — 1) = Va(h))
(
(
(

|
>

0
— M(r1+V, Il — 1) Vn(Il)) — ATy
= Xo(1 = Fj(pp))(Vit1(I1 = 1) = Va1 (11) = V(11 = 1) + Vi (11))

+ )\1 n+1(Il - 1) Vn+1(Il) - Vn(Il — 1) + Vn(Il)) (4.16)
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Using inequality (4.1) for Iy — 1 leads to:

Vol = 1) =V, (I1) > Vps1 (I — 1) — Vi (17) -
Using (4.17) in (4.16) leads to:

Vot2(In) = Vos1 (L) = Va1 (1) + Vi (1) <0 .

Case 2: B =2,

Since the optimal action for V;,11([1) is 2, it can be written as:

Vag2(I) = Va1 (1) = Ao H}gx{(l — Fy(p2))p2}

+ )\1(7“1 + Vn+1(11 — 1) — Vn+1(11)) + Aorg
The following inequality holds for V;,11([1):

Vs (1) = Va(l1) > Ao I%&;X{(l — Ia(p2))p2

+ Au(re 4 Vol = 1) = Va(lh)) + Aoz
By using (4.18) and (4.19) we have,

Vigo(I1) = Vag1(I1) = Vit (1) + V(1) < Ao n}gx{(l — F5(p2))p2

(4.17)

(4.18)

(4.19)

+ M1+ Vo (D — 1) = Vg (1)) + Ao

- o Hll?%X{(l — Fy(p2))p2

— AM(r1+ Vol = 1) = V(1)) — Aore

(4.20)
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Inequality (4.1) holds for Iy — 1. Therefore:
Voli = 1) = V() > Vg1 (I = 1) = Viya (1) (4.21)
Inequalities (4.20) and (4.21) lead to:
Vara(In) = Vag1 () = Vaga () + V() <0
ti1) Finally, we will show that inequality (4.3) holds for n + I = k
Va(li +2) = Va(li +1) < V(I +1) = Vo (1) Vo, Iy

Let C be the optimal action and pc be optimal price for V,,(I; +2): a™1+2 = C, C € {1,2,12},

pe =pEt?.
Case 1: C =3, j ={1,12},

Since the optimal action for V,,(I; + 2) is not 2, it can be written as:

Vi +2) = Vaoi(Ii+2)+ X I%aX{(l — Fj(p;))0j + Var(h +1) = Vi (11 + 2)) }

+ A1+ Vao1(li +1) = Vi1 (11 4+ 2)) + Aaro
Subtracting V,,—1(I1 + 1) from both sides yields,

Vn(Il+2) _Vn—l(Il+1) - Vn—1(11+2)_vn—1(-[1+1)

+ Aomax{(l — F(p;)(pj + Va1 (L +1) = Vaor (I +2))}

+ M1+ Vo1 (Ih+ 1) = Vo1 (1 + 2)) + Aarg (4.22)
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Since pc¢ is optimal for V(17 + 2), equality (4.22) can be written as:

Voli +2) = Voot (i +1) = Vooa(h+2) = Vot (L + 1)
+ Xo(1=Fi(pe))pc+ Va1 (I + 1) = Vi (11 + 2))

+ M+ Ve +1) = Vo (I +2) + Ao
The above equality can be written as:

Valli +2) = Vil +1) = (1= Xo(1 = Fj(pc)) — M) (Va-1(I1 +2) = Vir (11 + 1))

+ Ao(1 = Fj(pc))pc + Air1 + Aotz (4.23)
Similarly for given j, the value function V,,1(I; + 1) can be written as:

Vori(li+1) > V(I +1) + Ao Hzloax{(l — Fj(pj))(pj + Va(l1) = Vou(I1 + 1))}

+ )\1(7“1 + Vn(fl) — Vn(Il + 1)) + Aorg .
Subtracting V;,(I1) from both sides yields,

Vg1l +1) = Vo(l1) > Va(li +1) = V()
+ Ao H;?X{(l — Fj(pj))(pj + Va(l1) — V(I + 1))}

+ A(rr+ Vi) = Va(li + 1)) + Aarg
If pco is used for V;,11(I1 + 1) instead of its optimal action,it can be written as:

Var1(I1 + 1) = Vi (I1)

Vv

Vo(I1 + 1) = Vi (L)
+ Xo(1 = Fj(pc))(pc + Vally) — Va(I1 + 1))

+ )\1(7‘1 + Vn(fl) — Vn(Il + 1)) + Aorg .
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The above inequality can be written as:

Vor1(Ii +1) = V(1) > (1= Xo(1 = Fj(pc)) — M) (Va(lh + 1) = Vi (I1))

+ Ao(l = Fj(pc))pc + Airy + Aoz (4.24)

By using (4.1) and (4.3) for (n — 1) we have:

Vn(Il + 1) — Vn(Il) > Vn_1(11 + 1) — Vn—l(Il) (4.25)

Vn—l(Il + 1) — Vn—l(Il) > Vn_l(ll + 2) — Vn—l(Il + 1) (4.26)

(4.25) and (4.26) together lead to:

Vn(Il + 1) — Vn(Il) > Vn,1(11 + 2) — Vn,1(11 + 1) (427)

By using inequality (4.27) in (4.24), we have:

V(I +1) = Va(Ly) = (1= X1 = Fj(pc)) = A1) (Va-1(l1 +2) = Vaoi (L1 1))

+ Mol = Fj(pc))pc + Air1 + dars (4.28)

But the right hand side of this inequality is equal to V,,(I; +2) — V,,_1(I1 + 1) by equality (4.23),

so that it can be written as:

Vop1(Ii +1) = V(1) > V(I +2) = Voo (I + 1) (4.29)

Additionally, (4.2) is satisfied for (I3 + 1,7 — 1), so we have:

Vi +1) = Vot (Li 4+ 1) > Vot (L + 1) = Vi (I + 1)
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or equivalently,
V(L +1) > V(L + 1) + Vi (I + 1) (4.30)
(4.29) and (4.30) together lead to the desired inequality:
Vo(li +1) = Vo (1) > Vo (I1 +2) = Vi (I + 1)

Case 2: C' =2,

Since the optimal action for V,,(I1 +2) is 2, it can be written as:

Va(li+2) = Vaoa(li+2)+ Xo H})‘C;X{(l — Fy(p2))p2}

+ )\1(’/”1 + Vn_l(Il + 1) — Vn—l(Il + 2)) + Aorg
Subtracting V,,—1(I; + 1) from both sides yields,

Voli +2) = Vooi(Li4+1) = Vooa(h+2) = Vot (L+ 1) + Ao H;)E;X{(l — F5(p2))p2}

+ )\1(7“1 + Vn_l(Il + 1) — Vn—l(Il + 2)) + Aorg (4.31)
Since pc¢ is optimal for V,,(I1 + 2), this equality can be written as:

Vi +2) = Voot +1) = Vooi(h +2) = Voa(Lhi +1)
+  Ao(1 — Fa(pe))pc
+ M+ Voo (I +1) = Vo1 (1 + 2)) + Aerg
= (1=A)(Vaci(li +2) = Voot (L1 + 1))

+ Aol = F2(pc))pe + Airt + Aarg (4.32)
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Similarly, the following inequality holds for V;,11 (1 + 1):

Vori(i+1) > V(i +1)+ X I%‘X{(l — Fy(p2))p2} + Mi(r1 + Vi (1) — Vo (11 + 1))

+  Aorg .
Subtracting V,,(I;) from both sides yields,

Vipr(Ii +1) = V(1) = Vol +1) = Va(l) + Ao H}Dgx{(l — Fa(p2))p2}

+ AM(r+ Va(l) = Va(li + 1)) + doro (4.33)
If pc is used for V,,41(I1 + 1) instead of its optimal action, it can be written as:

Vn+1(11+1)_vn(11) > Vn(11+1) _Vn(Il)
+ (1= Fx(pc))pc
+ /\1(r1+Vn(I1)—Vn(11+1))+/\27°2 .

The above inequality can be written as:

Vit +1) = Vo(h) = (1= A)(Valli + 1) = V(1))

+  Ao(1 = Fa(pc))pc + Mri + Aars (4.34)
By using (4.1) and (4.3) for n — 1 we have:

Vn(Il + 1) — Vn(Il) > Vn—l(Il + 1) — Vn—l(Il) (435)

Vn—1<Il + 1) — Vn—1<Il) > Vn—l(Il + 2) — Vn—l(Il + 1) (436)
(4.35) and (4.36) together lead to:

Vn(Il + 1) — Vn(Il) > Vn_l(Il + 2) — Vn—l(ll + 1) (437)
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By using inequality (4.37) in (4.34), we have:

Var1(Ii +1) = Vo(l1) > (1=XA)(Vae1(l1 +2) = Vi (1 + 1))

+ /\0(1 — Fg(pc))pc + Ar1 + Aarg . (4.38)

The right hand side of the inequality is equal to V,,(I1 +2) — V,—1(L1 + 1) by (4.32), so it can

be written as:

Vn+1(11 + 1) — Vn<Il) > Vn(Il + 2) — Vn—l(Il + 1) (439)

Additionally, (4.2) is satisfied for (I; +1,n — 1), so we have:

Vn(fl + 1) — Vn—l(Il + 1) > Vn+1(fl + 1) — Vn(Il + 1)

or equivalently,

2Vn(ll + 1) > Vn,1(11 + 1) + Vn+1(ll + 1) (440)

(4.39) and (4.40) together lead to the desired inequality:

Vn(Il + 1) — Vn<Il) > Vn(Il + 2) — Vn(Il -+ 1)

We have shown that all models satisfy the concavity properties with respect to time and
inventory. By using these results we have also shown that optimal prices of the promotional
product and the bundle are non-increasing in inventory, non-decreasing in time.

In the following proposition, we will give the optimal pricing policy: When the inventory
level of the promotional product is low, the firm sets a higher price for the promotional product
and the bundle in order to sell the products to those customers with high reservation prices. As
the supply increases, the firm sets lower prices in order to promote the sales of the promotional

product and to avoid the risk of having left over inventories on hand at the end of the planning
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horizon. Similarly at a fixed inventory level of the promotional product, if there is more time,
the price of the promotional product and the bundle increases. This also means that if there is
enough time, the firm may not offer any discount for the promotional product and the bundle.
As we mentioned in the previous sections, the optimal price of the service is independent from

the system state parameters and constant for all states.

Proposition 4

i)For a given period of time, the optimal price is a non-increasing function of the inventory.

n+1,11 n+1,11+1

D1 > Py vn,
n+1,11 n+1,11+1

D12 2 Pig vn.

ii) For a given inventory, the optimal price is a non-decreasing function of time:

n+2,[1 n+1,[1

pl 2 p1 VII7
n-+2,11 n+1,11

P12 Z P12 V.

Proof:
i)
The optimal prices for the promotional product at given states can be written as:

1

n+1,I1
py = Vully) = Vol — 1)+ S e
HRl(p1+1,Il)

1
n+1,1+1

P ’ = Vo,(I1+1)-V, (1) +

1 n( ) TL( ) HRl(p?+1,II+1)

where HR(p) is the hazard rate function associated with the corresponding reservation price

Fi(p)
1-F;(p)

distribution. The hazard rate function is defined as HR;(p) = and assumed to be

increasing.
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We prove this inequality by contradiction. Assume that p?’hﬂ > p’f’h

ppt It it — (L 1) = V(1) — V(1) + V(I — 1)
1 1
HRl(p;H-l,Il—i-l) HRl(prJrlyll)

We know that inequality (4.3) is satisfied for I; — 1:
Vo(li +1) = Vo (1) = Vi(I) + V(I = 1) <0

and also that m is decreasing in p, so

1 1
_ <0
HE(@™ ) HRn ()™

Hence,

nt+lli+1

p]_ p?+17[1 S O

This contradicts the assumption. Hence,

n+1,11 n+1,l1+1
Py > Py

Similarly, it can be proven that:

n+1,11 n+1,I1+1
P12 2 D1g vn

i1) Similarly, we will use the contradiction method to prove this inequality. Assume that

where

n+1,11 n+2,11
Py > Py

1

n+2,1
i = Vi (h) = Vo (- 1) + m’
1Py
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1
n+1,I1
p ’ = anl _VnII_l +—.
1 (1) = Vallh =)+ s
Taking the difference leads to:
P = = Vo) = Va(l = 1) = Ve (1) + Vaga (1 = 1)

1 1

HRl(piH_lJl) HRl(prlH_Q’h) ’

Inequality (4.1) holds for I; — 1, therefore,

Voli) = Vo(Ih = 1) = Vop1 (1) + Vs (1 — 1) <0,

1 . . . X
and also Ri(p) 1 @ decreasing function, so:

1 1
— <0.
HE(p™)  HRi(p7 ")

Hence,

n+1,11 n+2,11
1 1 S 0

p -p

This contradicts the assumption.

Hence,

n—+2,11 n+1,11
P > py

Similarly, it can be shown that

n+2,11 n+1,11
4P = Do VI
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4.3 Optimal Upselling Policy

In this section, we will give the optimal upselling policy of the mixed bundling model. In the
following proposition, we will show that in a state with parameters n and Iy, if a promotional
product or a bundle is offered to the customer, in all states with a higher inventory level than
that state, and in all states which is closer to the end of the planning horizon, the customer will

never be offered a service.

Proposition 5 i) If for some I; the promotional product (or the bundle) is offered instead of
the service, in all states with a higher inventory level than Iy, it is never optimal to offer the
service. Equivalently:

Vn, if 31} such that if a™ =1, (or 12) a™! #2, VI > I}

1) If for some n the promotional product (or the bundle) is offered instead of the service, in all
states which is closer to the end of the planning horizon, it is never optimal to offer the service.
FEquivalently:

VI, if In* such that if a1 =1 (or12), a™! #2, ¥n < n*

We will prove the proposition only for a™/i = 1, since the proof for ™1 = 12 is similar.

Proof: i)The revenue function of the mixed bundling case can be rewritten as:

1— F(pr™))?
Vo(I1) = Vu_1(I1)+ Ao max ( i)

je{1,2,12} Fj{(p;},h) }

+ M(r1+Vaoi(lh — 1) = Vo (L)) + A

where p?’h, pg’h and p?éh are optimal prices and given explicitly as:
1- Fi(pp")

n,ly
pl7 :Vn—l(Il)_Vn—l([l_1)+ ii
F(py™)

1= Fy(p2)
P2=—Fr
Fy(p2)
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1-— Flz(p?éh)

n,l1
P13 = Vao1(l1) = Vopa(lh — 1) + 7
Fy(pis 1)

In the previous section, we have shown in Proposition 4 that

n,l1—1 n,I; n,l1+1
Py >p 2Py

_ 2,
Since we assume that the hazard rate function is increasing in p, the function % is a
1

decreasing in p.

Therefore,

41 e -1

(1= ARG (1= RGP 1 FEE)Y
Titl = N = =1
F{(pp™™h Fl(pp™) F P

Since the price of the service is constant and independent from the inventory level of the promo-
tional product (I7) and the remaining time (n), if for some fixed time n the promotional product
is offered instead of the service for an inventory level Iy, at the states in which the inventory
levels are greater than Iy, the firm also offers promotional product. Therefore, if for some n and

some Iy

(L-FAE™)’ | (1= Fy(p2)
Flp™y = Fi(p2)

then,

(1= FEM)? (= FEE)” (1= F(p)?

= > VI>1
Fi(pPh) Fl(pp™) F3(p2)

ii) We know by proposition 4 that
T 1,1
p? 1 2 p? 1 .

- 2
Since we assume that the hazard rate function is increasing in p, the function % is a
1

decreasing in p.
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Therefore,

—1.7 I
(1—Fi(py”))? o (L=Fpy )2
—1,I — NS
Fl(py™ ™) F{(p?"™)

Since the price of the service is constant and independent from the inventory level of the promo-
tional product (I;) and time (n), if for a fixed inventory I;, the promotional product is offered
instead of the service at a time n, then the firm offers the promotional product whenever the

remaining time is less than or equal to n. If for any n any Iy

(1L=FE™)’ (1 Fy(p2))
Fprt)y o Be)

then,

(L=FAE)? (1= FREP™)? (L= Fp))?
n’,I — n, I = 7
F (™) F (") Fy(p2)
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Chapter 5

RESULTS BASED ON SPECIFIC CUSTOMER PREFERENCE
ASSUMPTIONS

In this chapter, we will make some assumptions on the reservation price distributions and
give the additional results obtained under these assumptions. First, we will give the definitions
of the hazard rate order, stochastic order and increasing concave order that we use throughout
the chapter.

Definition-1 (Miiller and Stoyan, [17]): Let ®; and ®2 be two cumulative distribution
functions with corresponding probability density functions ¢; and ¢9. ®; dominates ®o in
hazard (failure) rate ordering, denoted as &1 >, ®o, if

¢1(x)  _ $22)

(@) S 1= dy(a) %

Definition-2 (Miiller and Stoyan, [17]): The random variable X is said to be smaller than

the random variable Y with respect to stochastic order (written X >, Y), if

Fx(t) > Fy(t) vVt

Definition-3 (Miiller and Stoyan, [17]): The random variable X is less than the random

variable Y in increasing concave order (written X >;., Y), if

E[f(X)] < E[f(Y)]

for all increasing concave functions f such that the expectations exist.

These comparison methods are used to compare two random variables (or their distribution
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functions).

The hazard rate order is the strongest order and implies the others. The relation between
the orders can be given as, the hazard rate order implies the stochastic order and the stochastic
order implies the increasing concave order ie., X <p, ¥ — X <4 Y — X <;ep Y. In the

following section, we will discuss the implication of these orders in the pricing context.

5.1 Reservation Price Distribution Assumptions

Up to this point, we did not specify any forms for the reservation price distributions. In this
section, we will make some assumptions on the reservation price distributions and compare them
to the assumptions that appear frequently in the pricing/revenue management literature.

Both optimal action decision (which option to choose) and optimal pricing decision (which
price to offer) are mainly affected by the distribution of the reservation price. We make three as-
sumptions on the reservation price distributions of the products. Before giving our assumptions,
we will explain the work by Ziya et al. [26] in which they discuss three frequently used assump-
tions in pricing and revenue management literature. They explore the relationship between the
following three assumptions: (1) decreasing marginal revenue with respect to demand, (2) de-
creasing marginal revenue with respect to price, and (3) increasing price elasticity of demand.
These assumptions provide analytical tractability, and each ensures a well-behaved revenue func-
tion (revenue function is either unimodal or monotone under these assumptions). The first two
assumptions are required for the revenue function to be concave in demand and price respec-
tively. Moreover, the last assumption means F'(.) has an increasing generalized failure rate where
F(.) is the cumulative distribution function of the reservation price. Note that the generalized
failure rate is denoted by e(z), e(x) = xHR(x) where HR(x) is the hazard rate function for

We make the following assumptions on the reservation price distributions and compare them
with those of Ziya et al. [26].

We have made Assumption (i) in Chapter 4 and all structural result are provided under this

assumption. Now, we will make additional assumptions which will be used only in this chapter.
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i) The hazard rate function associated with the reservation price distribution is increasing
in p where the hazard function HR(p) is defined as HR(p) = f(p)/(1 — F(p)).
ii) F1 <p, Fi2 and Fy <p, Fi2
iii) The reservation price distribution of the promotional product stochastically dominates that

of the service with respect to the hazard rate order: Fy <p, F}

Increasing hazard rate assumption is stronger than the increasing failure rate assumption
that means if the hazard rate function is increasing in p, the corresponding generalized failure
rate function is also increasing in p. Therefore, Assumption (i) implies the increasing generalized
failure rate assumption. Increasing hazard rate assumption holds for most common distributions
such as the normal, exponential and Weibull (when shape parameter k& > 1) (Lariviere and
Porteus [13]). Assumption (ii) implies that the probability that an arbitrary price p is the
maximal price that the customer is willing to pay for the promotional product (or service) is
higher than that of for the bundle. Since the hazard rate order implies the stochastic order,
Assumption (ii) also means that purchasing the bundle at a given price p is more probable than
purchasing the promotional product (or service) at the same price p. This assumption would be
applicable in most cases since in a bundle an additional product is offered. Finally, Assumption
(iii) implies that at a given price, the purchase probability of the customers for the promotional
product is higher than that of for the service.

Before giving the additional results on optimal prices and on the bundling under the reser-
vation price assumptions given above, we will give a remark by using these assumptions. We
have mentioned in Section 5.1 that some common distributions satisfy the increasing hazard
rate property, such as the exponential, Weibull (when its shape parameter k£ > 1) and normal.

Under the assumption that reservation prices are normally distributed, we can give the
following remark:

Remark: (i) The expected reservation price of the customers for the service is lower than

that of the promotional product. (ii) Customers’ reservation price variability for the service is
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greater than or equal to that of the promotional product, i.e. Var(Rz) > Var(Ry).

This result seems consistent with the notion that a service is more difficult to evaluate for
customers due to the presence of experience qualities. Experience qualities means that the
customer must first purchase and use the service before evaluating it. Therefore, it is expected
that the service has more variable reservation price than the promotional product.

Proof: We will prove both (i) and (ii) together.

We assume that Fj stochastically dominates F, with respect to hazard rate order (Assump-
tion (iii)). Since hazard rate order (<p,) implies stochastic order (<) and stochastic order
implies increasing concave order (<;.,) (also known as second order stochastic order (<gsp)) ,
it can be written as:

F2 Sicv Fl (51)

or equivalently,

Fy <ssp F (5.2)

In their book, Muller and Stoyan [17] state that for some important families of distributions
mean-variance decision rules are consistent with second order stochastic dominance. They give
an example that, in the case of normal distributed random variables X and Y, X <ggp Y if
and only if E[X] < E[Y] and Var[X] > Var[Y]

By using this information and inequality (5.2), we can write: E(R2) < E(R;) and Var(Rz) >
Var(Ry) which is the end of the proof.

5.2 Results on Optimal Prices under Specific Reservation Price Distribution As-

sumptions

In this section, we will discuss the results on the optimal prices obtained under the reservation

price distribution assumptions given in the previous section.

Proposition 6 The optimal price of the promotional product is greater than or equal to the

optimal price of the service in all states.
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Proof: Since F} dominates Fy with respect to the hazard rate order, Fo <p, Fi, by the definition

of the hazard rate order, it can be written as:

1-Fy(p) _ 1= F(p)

< Vp . 5.3
o - R >3
We will use contradiction to prove the proposition. Let us assume that p’f’h < pg’h where
1 Fi(pp™)
p? b= Vn_l(ll) — Vn—l(Il — 1) + 771 (54)
Fi(py™")

A1

N —P(py)
o = — 11 . (5.5)

Fy(py)

We define:

A=Vo1(l1) = Vaoi(Lh — 1)

The difference of (5.4) and (5.5) leads to:

n, [y n,y __ A 1- Fl(prlhh) 1 —F (pg Il)
D17 — Dy = A+ RN - i
Fi(py™) Fy(py™)

Since the hazard rate function is increasing, the function 1;?9 j € {1,2} is decreasing. By

n,I;

n,l1 <p2

using the assumption p; , it can be written as:

L= Bpy™) 1= Br")
Byt Berh)

)

and by equation 5.3:

1— Fy(pp™) _1-Fp ol
e I A I
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Hence,

1- Rt 1-Fpy™)
I I
F(py™) Fy(py™)

>0.

It is also known by Proposition 2 that, A > 0. Therefore,
ppt =t >0,

which contradicts to the assumption p?’h < pg’h, so if Fy <j, Fy, then the optimal prices are

also ordered in the same direction:
77/7[1 n,]l
Do < Y41 .

Proposition 7 If the same prices are set for the promotional product and the service, it is

optimal to offer the promotional product.

Proof: We have shown in Chapter 3.3 that the revenue function as a function of the optimal

prices can be given as:

1— Fj(p™))?
Va(l) = Va-i(l) + 2o max : /J(njh ) }
]G{ I} } F](p] )

=+ )\1(7‘1 + Vn—l(Il - 1) - Vn_l(ll)) + )\27‘2 . (56)

We assume that F; dominates Fb in hazard rate order. Hazard rate order implies the sto-
chastic order:

Fy <pp Fiy = Fy <y F1 .

By the definition of stochastic order (See Miiller and Stoyan [17] for extensive definitions.), we

have:

Fi(p) < Fa(p) vp . (5.7)
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By the definition of hazard rate order:

1—Fy(p) 1-Fi(p)

Br ~ H) " >
by 5.7 we know that:
1 - Fy(p) <1- Fi(p) vp . (5.9)
(5.8) and (5.9) together lead to:

F5(p) F(p)

If we consider the revenue function 5.6, this inequality implies, when the optimal prices are set
for the promotional product and the service, offering promotional product always yields more

profit.

Proposition 8 The optimal price of the bundle is always greater than or equal to the optimal

price of the promotional product and optimal price of the service.

n,l1 I

Proof: Let p?’h, py” ! and pi3y ' denote the optimal prices for the promotional product, service

and bundle for a given inventory I; and time n, respectively. We have shown in Chapter 3 that

the optimal prices can be written in closed form as:

1-F (P?’Il)
F(p™)

’ Fy(py™)

1—- Flz(p?éh)
Fiy(pis™)

PP =V (L) = Vet (I — 1) +

Pt =V (L) = Vit (I — 1) +
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Taking the difference of (5.11) and (5.11)leads to:

I 1
pn,h _pn,h o 1_F12(p711é1) - 1_F1(p711’ 1) (5 11)
12 1 - 1 1 ’ '
Fl,(r)3") Fp)

7

Assume that pl’l1 > p?éh. Since the hazard rate function is increasing, - is decreasing in p.

Hr(p)

Therefore,

1- F12(p?éh) S 1- Flz(p?’h)

5.12)
7I - 7‘[ (
Fiy(p15") Fo(p7™)
Since Fy <p, Fis, using the definition of the hazard rate order, it can be written as:
1— Fio(p™™) _1— R (™"
12(p1 ) > l(pl ) ) (513)

I - I
Fio(py™) Fi(p"™)

By using (5.12) and (5.13), we have:

1 - Fia(ply?) 1= Fi(pp™)
1 = 1 :
Flo(p15 ") Fl(py™)

Using the last inequality in (5.11) leads to:
I I
Pyt =Pt >0,

which contradicts the assumption p/"™* > pf™". Hence, pi*™* < p't.

In Proposition 6 we have proven that:

pgvll é p?yll v n,Il

Therefore, it can be written as:

n,I n,Il

V%) ' < P12 vV n,I
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5.3 Results on Bundling under Specific Reservation Price Distribution Assump-

tions

In this section, we will examine the relation between the models that we presented in Chapter
3. We will show under which assumptions which model dominates the other ones.
Assumption-1: The probability of not purchasing the promotional product at its optimal

price is greater than or equal to that of bundle, i.e.,

I I
Fi(p™) > Fia(pis ), (5.14)
where p?’h and p?éh are optimal prices of the promotional product and bundle respectively,

when the inventory level of promotional product is I; and the remaining time is n.

Proposition 9 Under Assumption-1, offering the bundle is always preferable to offering the

promotional product.

Proof: The revenue function in mixed bundling strategy can be given as:

Va(l1) = Vioi(I1) + domax{Fy (p)"™) (p}"" + Vioa (I — 1) — Vioi (1),
B(py™py™,
Fia(pis™) (05 + Vi (I = 1) = Ve (1)}

+ M(r14+Vaoi(li — 1) = Vo1 (1)) + Aara.

We define:
A=V, (1) = Vpo1(l1 = 1).

Assumption-1 and Proposition 8 together lead to:
= g N 5 ol N g N
Fro(pis ) (py3 ' — A) = Fi(py ) (i = A) VP pis

Hence, we can conclude that under Assumption-1, in mixed bundling revenue function, the third
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term in the max operator is always greater than the first one. This implies that offering the
bundle is always preferable to offering the promotional product, under this condition. This is an
expected result, since at a given state, customer’s purchase probability for promotional product
is less than or equal to the that for the bundle (Assumption-1). Therefore, the firm increases
the purchase probability by offering the bundle.

We can similarly show that under Assumption-1, Case SPB reduces to Case SB and Case
PB reduces to Case B.
Assumption-2: The probability of not to purchase the service at its optimal price is greater
than or equal to that of bundle, and the marginal price of the promotional product in a bundle
is greater than or equal to the marginal value of one unit of the promotional product, i.e.,
i) Fa(py™) > Fia(pis™)
and

ii) quéh —ng’h > A where A =V, _1(I1) = Vo1 (1 — 1).

Proposition 10 Under Assumption-2, offering the bundle is more profitable than offering only

service.

Proof: We have shown that in mixed bundling strategy the revenue function can be written as:

1— F: p{%h 2
Vi) = Vpoi(I1) + Ao max {( i j] ) }
j€{1,2,12} Fj((p;h 1)

+ M(ri+ Vool — 1) = Vo1 (11)) + Ao

Since
I 1- Fi(py)
p12 = A + / n711
F 12(1012 )
and

i _ 1= Fa(py™)
9 = Iy
Fy(py™)
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by (i),

1- F12(prféh) N 1- Fz(p?’h)
T = 1
F{Q(p;lQ ") FQI(P;Z Y)

Multiplying both sides by (1 — Flg(p’féh)) leads to:

(1 - Fa(pis™))? 1 - RB(py™)

> (1— Fa(p))

Fl(05) Fj(py™)
By (i)
w1 = Fa(™) (1= Fa(py™))?
(1= Fi2(ps ")) , n = 1 (o111 '
Hence:

g I
(1= Fuopi3")® (1= Fapy ™))
I = I ’
Fly(pis ") Fy(py™)

The last inequality shows that offering the bundle is more profitable than offering only service
under Assumption-2. It can be generalized that under Assumption-2 Case SPB reduces to Case
PB and Case SB reduces to Case B.

If both Assumption-1 and Assumption-2 are satisfied then mixed bundling reduces to pure

bundling.
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Chapter 6

NUMERICAL ANALYSIS

In this chapter, we present the results of our numerical study. The purpose of our numerical
study is to explain the impact of various factors such as reservation price distribution parameters,
initial inventory levels and the customer arrival rate on pricing decisions in the presence of
bundling. We particularly study the impact of these factors on expected revenues, optimal
upselling decisions, bundle prices and individual product prices. We used a value iteration
algorithm and wrote a MATLAB code to compute the expected revenues.

We assume that reservation price distributions of the promotional product, the service and
the bundle have Weibull distributions. The Weibull distribution has two parameters: a shape
parameter § and a scale parameter 7. The shape parameter § has significant effects on the
behavior of the distribution. For example, when 3 = 1 the pdf of the Weibull reduces to that
of the exponential distribution or when 2.6 < § < 3.7, the Weibull distribution appears similar
to a normal distribution. The Weibull distribution has an increasing hazard rate, only when
B > 1. In our study, the shape parameters are set to 3 for all distributions.

In prior studies, the reservation prices are generally assumed to have a normal distribution
or a Weibull distribution. For example Aydin and Ziya [2] and Bitran and Mondschein [4]
use a Weibull distribution in their numerical study; however, Bulut et al. [6] assume that the
reservation prices are normally distributed. We use the Weibull distribution in our numerical
study; however, we set the shape parameter to 3 and thus the pdf approximates the shape of a
normal pdf.

Higher 8 values imply customers can purchase the product at a given price with a higher
probability; however, the customers become more price sensitive.

Increasing the value of the scale parameter n while holding § constant stretches out the
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Weibull pdf
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Figure 6.1: Weibull pdf with 0 <3 <1,6=1,38>1

Weibull cdf

=

1 14 27 40 53 BE 79 92 105 118 131 144
Price ip}

Figure 6.2: Effect of 8 on the cdf on a Weibull probability plot with a fixed value of 7
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pdf of the distribution. As indicated in Figure 6.3, if i is increased while 3 is kept the same,
the distribution gets stretched out to the right and its peak decreases, while keeping its shape.
Higher n values implies customers can purchase the product at a given price with a higher

probability.

Weib ull cdf

0,5 )] \\/—\ — =0
= oo )

\ — 1] =20
e ——

0,003 /\ g —
1] m-nmm

1 23 43 67 89 111 133153177 1858 221 243

Price (p}

Figure 6.3: Effect of n on the Weibull pdf at a fixed value of 3

The impact of the scale parameters of a Weibull distribution on expected revenue and pricing
policies is explored in Section 6.1. In Section 6.2, we test the impact of adding a bundle option
on the expected revenue and pricing decisions. Then, the effects of inventory limitations of
the promotional product on expected revenues, optimal upselling decisions, bundle prices and
individual product prices are observed in Section 6.3.

All analyses given below are performed with different demand arrival probabilities; however,
the structure of the results did not change. Therefore, we restrict our analysis to the case with

demand arrival probabilities, A\g = 0.4, A1 = 0.3, and Ay = 0.2.

6.1 The Impact of Complementarity

Complementarity implies that the reservation price for one product or service is increased if the

other is purchased (Guiltinan [11]).
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If the sale of one product favorably affects the sale of another product, these are called
complementary products. When products are complements, a customer’s reservation price for
the bundle is superadditive (more than the sum of the reservation prices).

Alternatively, if the products are substitutable, the sale of one product adversely affects the
sale of another product. In this case, a customer’s reservation price for the bundle would be
subadditive (less than the sum of the reservation prices).

The scale parameter of the Weibull distribution of the bundle gives the degree of complemen-
tarity or substitutability of the promotional product and the service by changing the probability
of a bundle purchase at a given price. Let 771L2 and ng denote the scale parameters for low

correlation case and high correlation case respectively.
P(purchase the bundle at price p : nky) < P(purchase the bundle at price p : ni})

For complementary promotional product and service, the probability of purchasing the bun-
dle is higher than that for substitutable promotional product and service. Hence, by changing
parameter 712 we can obtain different levels of complementarity /substitutabilility.

We study two different values for 712, which are 130 and 170. All parameters are given in

Table 6.1.

Table 6.1: Parameters -1-

Parameter | Value Set

Al 0.4
Ao 0.3
A12 0.2
1 95
T9 85

(Br.m1) (3,95)

(B2,m2) (3,85)

(ﬁ127 7712) (3a 13O)a (37 170)
time (V) 20
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In this section, we test the performance of Case SBP for 712 = 130 and 72 = 170.

Expected Revenue
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Figure 6.4: The Effect of Complementarity on the Expected Revenue

As seen in Figure 6.4, when complementarity increases between the promotional product
and the service, the revenue also increases. The effect of the 119 is more significant for high
inventory levels of the promotional product because if there is more inventory, more bundle will
be sold. Figure 6.5 shows, when complementarity increases, the expected individual product sales
decrease. This result is expected since as the promotional product and the service complement
each other, the customers who are already willing to buy the promotional product (service) are
more willing to buy the service (promotional product) as well, and thus the bundle becomes an
option that is more attractive than offering only one of the individual products.

Despite the fact that the bundle price increases as the parameter 7,5 increases (See Figure
6.6), the expected sales amount of the bundle also increases as seen in Figure 6.5. Charging
high bundle price will not dissuade the customers from buying it.

When the firm has limited promotional product, it sets higher bundle prices in order to sell

the products to those customers with high reservation prices.
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Optimal Action
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Figure 6.6: Optimal Bundle Price
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As the supply increases, the firm sets lower prices in order to avoid the risk of having left
over inventories on hand at the end of the planning horizon.

As seen in Figure 6.7, when substitutability increases, the price of the promotional product
decreases. Since the products are substitutable, the purchase probability of the bundle decreases
and the firm wants to sell the promotional product individually. Therefore, the firm decreases the
individual price of the promotional product to encourage the customers to buy the promotional

product.

Price of the Promotional Product

' frreagEa,

m Mﬂ-ﬂ
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Figure 6.7: Optimal Price of the Promotional Product

6.2 Bundling Effect

In this section, we will examine the effects of considering the bundle as an upselling option on
different cases. To observe the bundle effect, we consider three couples: (Case S, Case SB),
(Case P, Case PB), (Case SP, Case SPB) and compare the effects of considering the bundle as
an upselling option, on the revenue function and optimal offering decisions for these couples.
First, to see the bundle effect on the revenue function for three couples, we compute the

percentage increase when the bundle is added to the upselling option list for each couple. The
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percentage increase for each couple is computed as:

V*B _ V*
V*

Comparisons of bundle effect (n,,=150)
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Figure 6.8: Comparison of the Relative Bundle Effect when 712 = 150, at a fixed time

Adding a bundle option always increases the revenue. However, as seen in Figure 6.8, the
bundling is least effective when there is limited supply. When the starting inventory level is
increased, bundling becomes more instrumental.

In high initial inventory level, adding a bundle option to only service case is more advan-
tageous, because in Case S, the promotional product can only be sold to promotional product
customers, directly. In this case adding the bundle option implies a new sales-channel for the
promotional product. Since in Case P and Case SP the promotional product is already an
upselling option, adding the bundle has more significant effect on Case S.

We also observe the bundle effect at 112 = 130 and 75 = 170. Similar effects are observed;
however, when products are more complementary, i.e. 912 = 170, adding a bundle option is more
beneficial for all couples because the bundle becomes a more attractive option than offering only

one of the products individually. On the other hand, the marginal revenue of adding a bundle
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Table 6.2: Bundle Sales Percentage

712 = 130 | m12 = 150 | n12 = 170
Case SB 0.8516 0.8716 0.89
Case PB | 0.93 1 1
Case SPB | 0.8516 0,8716 0,89

option decreases for substitute products, i.e. m12 = 130, because customers prefer individual
products more than the bundle in this case.

The sales percentage of the bundle for Case SB, Case PB and Case SPB, at different 7
values are given in Table 6.2.

As seen in Table 6.2, the percentage of the products sold in bundled form is smaller when
the products are substitutable (712 = 130).

We observe an increase in the percentage of the products sold in bundled form as the sup-
ply increases for all cases. The reason is that, for high inventory levels the firm tries to sell
more bundles to accomplish inventory depletion. We also observe that bundle sales percentage

increases when the end of the planning horizon is closer.

6.3 Service vs Promotional Product

The main difference between the promotional product and the service is that the promotional
product has a limited inventory while the service has an unlimited supply. We will observe the
effects of having limited inventory on the expected revenue, bundle prices, optimal individual
product prices and optimal actions. In this section, we study the case when the promotional
product and the service are identically distributed, i.e. the scale and shape parameters of the
Weibull distributions are the same. The initial inventory level is 30.

In this section, we compare Case S and Case P, and Case SB and Case PB to see the effect
of limited inventory.

All parameters are given in Table (6.3).

We fix the time at N = 20 and observe the optimal prices and the expected revenues of Case
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S and Case P.

Table 6.3: Parameters -2-

Parameter | Value Set

A1 0.4
A2 0.3
A12 0.2
T1 95
T9 95

(Br.m) (3,95)
(B2,m2) (3,95)
(P12, M12) (3,150)
time (V) 20

Figure 6.9 shows how the expected revenue changes with the inventory level for both cases.

The optimal expected revenue is a non-decreasing function of the initial inventory of the pro-

motional product for both cases.
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Figure 6.9: Revenue Function: Case S vs Case P

We also observe the percentage increase between the revenue function of Case S and Case P

at two different time values, n = 5 and n = 15. As seen in Figure 6.10, the impact of limited

inventory decreases as we come closer to the end of the planning horizon.
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Inventory Effect: Case S vs CaseP
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Figure 6.10: Percentage Difference between Revenue Function of Case S vs Case P at n = 5 and
n = 20

As seen in Figure 6.11, the optimal price of the service is independent from the inventory level
of the promotional product. However, the optimal price of the promotional product decreases
in the initial inventory level.

The lower bound for the optimal price of the promotional product (for the optimal price of
the limited inventory case) is the optimal price of the service (unlimited inventory case), as seen
in Figure 6.11.

The firm increases the price of the promotional product because there is limited number of
product and this limitation increases the price of the product. The firm sets an optimal price
for the unlimited supply. This is the minimum value that the firm can determine. When the
inventory level of the promotional product increases it behaves like the unlimited supply case,
therefore, the price of the promotional product coincides with the service price. In our study,
we fixed the upper bound of the price of the promotional product at the announced price of
the promotional product, since it is assumed that the firm never offers a higher price than the
announced price.

As the supply increases, the firm sets lower prices for the promotional product in order to

avoid the risk of having left over inventories at the end of the planning horizon.
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Price of the Promotional Productvs Price of the
Service
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Figure 6.11: Price of the Promotional Product vs Price of the Service

Although the optimal price of the service is lower than the optimal price of the promotional
product, Case S is always more profitable than Case P especially in low initial inventory levels,
because there is no inventory limitations so the firm can sell more service.

When Case SB and Case PB are compared, the effect of limited inventory on expected
revenues and optimal prices are the same.

In our analysis, we assume that the scale parameter of the Weibull distribution 72 = 150
for both cases.

When the firm has limited promotional product, it sets higher bundle prices in order to sell
the products to those customers with high reservation prices.

In Case SB, a lower price is set for the bundle since there is only one channel to sell the
promotional product as an upselling option. However, despite the high price, more bundle is
sold in Case PB.

As seen in Figure (6.12) and Figure (6.13), despite having higher optimal price of the bundle

higher revenues cannot be achieved in Case PB.
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Chapter 7

CONCLUSIONS

In our study we consider a firm that uses both upselling and bundling strategies. The
firm sells two different types of products and a service. The staple item which is called the
regular product has unlimited inventory so it is assumed to be always available when a customer
demands it. The firm also has a perishable product, called the promotional product, which is
available in limited quantities at the beginning of a fixed planning horizon and needs to be sold
by a certain deadline. There are no replenishment opportunities for the promotional product.
The firm also sells a service which has no inventory constraint and is always available like the
regular product, whenever a demand comes.

The firm aims to maximize revenues by using a dynamic pricing strategy in the context
of upselling and bundling. A customer who has just purchased a regular product is offered
either one of the individual add-on products (promotional product or service) or a bundle which
contains both the promotional product and the service. The price of the promotional product,
the service and the bundle are dynamically adjusted over a finite time horizon in order to
maximize the expected revenue. The customers can also purchase the promotional product /the
service directly, at a fixed announced price. We modeled seven different scenarios each of which
has different upselling options. The purchasing behavior of the customers is reflected by their
reservation prices in the models.

Our first contribution is in modeling. The combined study of the possibility to upsell and
to bundle while doing dynamic pricing has not been addressed in the literature. Each of these
strategies has been studied separately or in combinations of two in the literature. Since the
rapid evolution of information technologies and the corresponding growth of the internet provide

the retailers to change the prices dynamically, applying the dynamic pricing strategies into
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the upselling and bundling applications has become more valuable. These practises are now
frequently used by numerous companies.

The assumption that the service has no inventory constraint simplifies the problem and
allows us to investigate structural properties of the models. A worthy but complex extension of
our study could be considering multiple products with limited inventory in the upselling part.
We ignored the inventory related issues such as replenishment opportunities or holding and
backlogging cost. Another important research area for future studies may include replenishment
opportunity for the promotional product. This extension will have a significant effect on the
dynamic policies and it will be a complex task to implement. In addition, in a future research,
the holding and backlogging cost should be considered. However, considering the costs seems
not to change the structure of the problem significantly.

Our second contribution pertains to the structural properties of the models. We have shown
that all models satisfy the monotonicity and concavity properties: The revenue function is a non-
decreasing function of the initial inventory level of the promotional product and the remaining
time. The revenue function is a concave function of the remaining time and the initial inventory
level of the promotional product. Our first set of results are about the optimal pricing policy
of the promotional product and the bundle. For a given period of time, the optimal price
is a non-increasing function of the inventory and for a given inventory, the optimal price is
a non-decreasing function of time. We have shown that the optimal price of the service is
independent from the inventory level of the promotional product and the remaining time. We
also demonstrated that if a promotional product or a bundle is offered to the customer, in all
states with a higher inventory level than that state, and in all states which is closer to the end
of the planning horizon, the customer will never be offered a service.

We then make some specific customer preference assumptions, which allows us to show an
additional set of results. Assumptions on customer preferences allow us to compare results on
optimal actions and optimal prices in some specific settings.

In our numerical analysis, we observe the effects of various factors on the pricing and upselling

decisions. We analyze the effect of complementarity, having a bundle option, and product-service
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distinction on the optimal policies and on the expected revenue. The complementarity factor
is modeled by a parameter of the Weibull distribution that we use. It is observed that the
expected revenue increases with the increase of the complementarity between the promotional
product and the service. The effect of complementarity is more significant for high inventory
levels of the promotional product. The expected sales amount of the bundle increases with high
complementarity factor, while the expected individual product sales decrease. In addition, the
optimal price of the bundle and the promotional product increase when complementarity factor
increases. When we change the initial inventory levels, we see that the effect of having a bundle
option is more significant in higher starting inventory levels.

We have observed the effects of considering the bundle as an upselling option on different
cases. For this purpose we compare the results of three couples: (Case S, Case SB), (Case P,
Case PB), (Case SP, Case SPB). For all cases we observe that adding a bundle option always
increases the revenue. When the starting inventory level is increased, bundling becomes more
effective; especially, adding a bundle option to Case S has a significant effect on the revenue. We
changed the complementarity factor and observe that adding a bundle option is more beneficial
for all couples when products are more complementary.

As we mentioned before, the promotional product differs from the service with its limited
inventory. This difference affects the optimal policies. To the best of our knowledge, the effect
of the difference of limited supply and unlimited supply for the add-on products on the opti-
mal policies and the expected revenue has not been examined in the literature. We compare
Case S and Case P, and Case SB and Case PB to see the limited inventory effect. When the
promotional product and the service are identically distributed, we observe that the impact of
limited inventory decreases as we come closer to the end of the planning horizon. From the
numerical study performed, we observe that although the optimal price of the service is lower
than the optimal price of the promotional product, Case S (Case SB) is always more profitable
than Case P (Case PB) especially in low initial inventory levels. When Case SB and Case PB
are compared, it is observed that if the bundle is an option with a limited supply (Case PB), a

higher price is set for the bundle. However, despite the high price, more bundle is sold in Case
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Appendix A

PROOFS FOR SECTION 3

We will give a representative example of proofs for Section 3.

Proposition 11
i) Show that

Vir1(lh +1) = Vi1 (1) 2 V(L +1) = V() Von, It

ii) The value function Vi, (I1) is a concave function of n

Var1(In) = V() 2 Vogo(I1) = Vaa (1) Vo, Iy

iii) The function Vy,(I1) is a concave function of the inventory.

Va(l1 +2) = Vo (I1 +1) < V(I + 1) = V(1) Vo, I

We will prove the following five inequalities which correspond to the above claims, simulta-

neously:

Vn+1(11) — Vn(fl) < Vn+1(Il + 1) — Vn(Il + 1) A n,[l, (Al)
Vir1(lh) = Va(l1) 2 Vago(lh) = Vo (1) Vn,h, (A.2)

Vo)) = VoI + 1) < V(L + 1) = V(I +2) ¥ nI4, (A.3)
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The proofs are done by induction in k = n + I. For k = 0 the inequalities are satisfied trivially

since n > 0 and I; > 0. We assume that the inequalities I1(n, I1), I2(n, ;) and I3(n,I;) are

satisfied for n + I1 < k and we will prove that they hold for n + I = k.

A.1 Proofs for Section 3.1.2

i) First of all we will show that (A.1) holds for n + I; = k.
Vor1(In) = Vo(I) < Vi (i + 1) = Vo(Ii + 1) Vo, Ly

Let pg = p?“’h be the optimal price for V,,41(11).

Since the optimal price for V,,+1(I1) is pa, it can be written as:

Va1(I1) = Va(l) = Xo(1 = Fi(pa))(pa + Va(l1 — 1) = Vi (1))}

+ )\1(7‘1 + Vn(Il — 1) — Vn(h)) + Aorg .
If p4 is used for V,,11(I1 + 1) instead of its optimal action, it can be written as:

Vori(li +1) = Vol +1) > Ao((1 = Fi(pa))(pa + Vau(l1) — Vo (I1 + 1))

+ M1+ Vo) = V(I + 1)) + Aare
We define:

A= Vn+1(Il) — Vn(Il) — Vn+1<Il + 1) + Vn(II + 1)

(A.4)
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By using (A.4) and (A.5) we have:

A < Al = Fi(pa))(pa+ Valli = 1) = V(1)) + A(r1 + V(I = 1) = Va(Ih)) + Agra
— X = Fi(pa))(pa+ Va(lh) = Vi (I1 + 1)) — Mi(r1 + Vi (I1) — Vi (11 + 1)) — Aare
= Aol = Fi(pa))(Va(ly = 1) = V() = Va(l1) + Va(l1 + 1))
 MVall = 1) = Vi(L) = V(1) + Vi (I + 1)). (A.6)

We know that the inequality (A.3) holds for I; — 1, so that,
Va(l) = Va(li +1) 2 Vi (I = 1) = Vi (L) . (A7)
Using (A.7) in (A.6) leads to:
Vori(I) = Vo(l) = Vi (L + 1)+ V(I +1) < 0.
1) Now, we will show that (A.2) holds for n+ I, = k
Viri(l) = Va(lh) 2 Vago(l) = Var () V Iy

Let Py = prH’h be the optimal price for V;,11(I1).

Since the optimal price for V,,42(I1) is pp, it can be written as:

Vato(I1) = Vag1(l) = Mo(1 = Fi(pe))(pB + Var1(I1 — 1) = Vaya (1))

+ )\1(7‘1 + Vit (Il — 1) — Vot (Il)) + Aorg (A.S)
If pp is used for V,,41(I1) instead of its optimal action, it can be written as:

Var1(I1) = Va(l1) > Xo(1 = Fi(pg))(ps + Va(l1 — 1) = Viu(11))

-+ )\1(?”1 + Vn(Il — 1) — Vn(Il)) + Aorg . (AQ)
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We define:

A =Viga(l1) = Vag1(l1) = Vaga () + V(1)

By using (A.8) and (A.9) we obtain:

A

IN

o(1 = Fi(pB))(pB + Va1 (It — 1) = Voya (1))

+ M1+ V(I = 1) = Vg1 (D)) + Aara

1= Fi(pp))(ps + Vol — 1) = Va(11))

— M(r1+ Vol = 1) = V(1)) — Aare

= 21 = Fi(pB))(Var1(Iy = 1) = Vo1 (1) = Va(Iy = 1) 4 V(1))

+ A\ Vn+1(11 — 1) — Vn+1(11) — Vn(Il — 1) + Vn(Il)) (A.l())

Using inequality (A.1) for I; — 1 leads to:

Voli = 1) = V(L) > Vg (L1 — 1) = Via (47) (A.11)

Using (A.11) in (A.10) leads to:

Vor2(I1) = Vg1 (1) — Vi1 (1) + Vi (11) <0 .

ti¢) Finally, we will show that (A.3) holds for n+ I; = k

Vn(Il—i-Q)—Vn(Il-i-l) SVn(Il—i—l)—Vn(Il) vV,

Let pc be the optimal price for V,,(I; + 2).
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Since the optimal price for V,,(I; + 2) is pc, it can be written as:

Villi +2) = Vooa(li +2) 4+ Xo(1 = Fi(pc))(pe + Vi1 (I + 1) = Vi1 (11 + 2))

+ )\1(7’1 + Vn—l(Il + 1) — Vn—l(Il + 2)) + Aorg
Subtracting V,(I; 4+ 1) from both sides yields,

Vn(Il + 2) - Vn(Il + ]-) - Vn—l(Il + 2) - Vn(Il + 1)
+ Xo(1 = Fi(pc))(pc + V11 +1) = Vo1 (41 +2))

+ )\1(7”1 + Vn,1(11 + 1) — Vn,1(11 + 2)) + Aorg (A12)
If pc is used for V,,(I; + 1) instead of its optimal action,it can be written as:

Vo1 +1) > V(i +1)
+ (1= Fi(pc))pc + Va—1(I1) = Va1 (11 + 1))

+ )\1(T1 + Vn_l(fl) — Vn_1(fl + 1)) + o1y .
Subtracting V;,(I1) from both sides yields,

Vn(Il + 1) — Vn(Il)

Y

Vo—1(I1 +1) = V(1)
+ Ao(1 = Fi(pe))(pc + Vao1(I1) — Vi1 (11 + 1))

+ )\1(7’1 + Vn_l(Il) — Vn_1(11 + 1)) + Aorg . (A.13)
We define:

A= Vn(I1 + 2) — Vn(h + 1) — Vn(Il + 1) + Vn(fl) .
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By using (A.12) and (A.13) we obtain:

A < Vn71(11+2)_vn(11+1)
+ Xo(1 = Fi(pc))pc + Va—1(Iy +1) = Vo1 (41 + 2))
+ M(ri 4+ Vaoi(Ii+1) = Vi (I + 2)) + Aarg

= Vaoi(lh +1) + Va(lh) = Xo(1 = Fi(pe))(po + Va—1(l1) = Va1 (1 + 1))
— M1+ Vo1 () = Va1 (I + 1)) — Aarg

= Voo +2) = Vo1 +1) = Vi (I + 1) + Vi (Ih)

+ Mo(l=Fi(pc)) (Va1 (I +1) = Vooa (I +2) = Vooa () + Viea (I + 1))

+ MVaor(Lh+1) = Voa(Ih +2) = Vo1 (I) + Vi1 (I + 1))

Since 1 — Fi(pc) < 1, the above inequality can be written as:

A < Vpa(h+2) = V(i +1) = Vooa (I + 1) + Vi (1)

+ Mo+ M)Voor(Li+1) = Vi (i +2) = Vi (L) + Vo1 (I + 1))

We can modify above inequality:

A = (1=X—AN)Vii(I1 +2) = V(I + 1) = Vi1 (I + 1) + Vo (I1))
+ Mo+ M)Voe1(i+1) = Vi (I +2) = Vo1 (L) + Vior (I + 1)

T Vuot(h +2) = Va(Ii 4+ 1) = Voot (I + 1) + Vi (1))
= (1=20-A)Var1(I1 +2) = V(I + 1) = Vo1 (I + 1) + Voo (1))

+ ()\() + Al)(Vn_l(Il +1)— Vn—l(Il) — V(1 + 1) + V(1)) (A.14)

Since inequality (A.1) holds for n — 1,

anl(Il + 1) — anl(Il) — Vn(Il + 1) + Vn(ll) <0 (A15)
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and
Vaci(li +2) = Vor(h +1) = V(I +2) + V(L + 1) <0
and by hypothesis
Vali +2) = Vo (I +1) = Vo (I + 1) + Vi (1) <0
Therefore,
Voe1(Ii +2) = Vi (i +1) = V(I + 1) + Vi (1) <0 (A.16)
By using the inequalities (A.15) and (A.16) in (A.14) yields:
A<O0
which completes the proof.

A.2 Proofs for Section 3.2.1

i) First of all we will show that (A.1) holds for n + I; = k.

Vipr(I) = Vo(I) S Vg1 (L +1) = V(i +1) Vo, I

Let A be the optimal action and p4 be the optimal price for V;,;1(11): a1t = A, A € {1,2},

n+1,11
ba=D; .

Case 1: A=1,

Since the optimal action for V,,41(/;1) is 1 and optimal price for V,,41(1;) is p4, it can be written
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as:

Var1(I1) = Vau(l) = Ao(1 = Fi(pa))(pa + Va(li — 1) = Va(I1))

+ )\1(7’1 + Vn(Il — 1) — Vn(Il)) + Aorg . (A.17)
Similarly the value function V;,11(I1 + 1) can be written as:

Ve (i +1) = Va(li +1) = domax{(l = F1(p1))(p; + Va(l1) = Va(l1 + 1))}

+ )\1(7“1 + Vn(Il) — Vn(Il + 1)) + Aorg
If py is used for V,,11(I1 + 1) instead of its optimal action, it can be written as:

Var1(Ii +1) = Vo(Ii + 1) = Ao((1 = F1(pa))(pa + Va(l1) — Va(l1 + 1))

+ MN(r1+ Vo) — V(L1 + 1)) + Aare (A.18)
We define:
A=Vo1(l) = Voll1) = Va1 (I + 1) + Vi (I + 1).

By using (A.17) and (A.18) we have:

A < M1 =Fi(pa)(pa+Vali —1) = Vo (1)) + Ai(r1 + Va(I1 = 1) — Vo (1)) + Aoro
= Aol = Fi(pa))(pa+ Vally) = Va(ly + 1)) = Ai(r1 + Va(I1) — Va(ly + 1)) — Ao
= Aol = Fi(pa))(Va(ly = 1) = V() = Va(l1) + Vol + 1))
+ MVl —1)=V,(I1) = V(1) + Vi (I + 1)). (A.19)

We know that the inequality (A.3) holds for I; — 1, so that,

Va(l1) = Va(li +1) 2 Vo(Ii = 1) = Vo (L) (A.20)
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Using (A.20) in (A.19) leads to:
Vat1(I1) = Va(li) = Vo (L + 1) + V(L +1) < 0.

Case 2: A =2,

Since the optimal action for V,,41(I7) is 2, it can be written as:
Vn+1(11) — Vn(Il) = )\0 H;EX{(l — F2(p2))p2} + )\1(?”1 + Vn(Il — 1) — Vn(ll)) + )\27'2 . (A.Ql)
The following inequality holds for V;,1(I; + 1):

Vari(hi +1) = V(I +1) > Xo H;E;X{(l — Fy(p2))p2}

+ )\1(7“1 + Vn(Il) — Vn(Il + 1)) + Aarg . (A.22)
By using (A.21) and (A.22) we obtain:

Vas1(l) = Va(l) = Ve (L + 1) + VoL +1) < Adgmax{(1 — Fa(pa))p2}
+ M+ Vol = 1) = V(L)) + Aare
— Aomax{(l — Fy(p))p2}
— M(r1+ Vo(l) = V(I + 1)) — Aare

(A.23)
Inequality (A.3) holds for I; — 1, so we have the following inequality:
Vi(l) = Va1 +1) 2 V(I — 1) = Vo (Lh),
which proves the statement along with (A.23):

Vos1(l) = Vo (L) = Van (L + 1)+ V(I +1) < 0.
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1) Now, we will show that inequality (A.2) holds for n+ I = k
Vig1(l) = Va(lh) 2 Vage(lh) = Vaa(h) VI

Let B be the optimal action and pg be the optimal price for V,,,2(11) : "2t = B, B € {1,2},

_ 2,01
PB =D, .

Case 1: B=1,
Since the optimal action for V,,42(I1) is 1 and optimal price for V;,12(I1) is pp , it can be written

as:

Vito(I1) = Vagr1(l) = Xo(1 = Fi(pe))(pB + Vasr1(I1 = 1) = Vaya (1))

=+ )\1(7‘1 + Vn+1 (11 — 1) — Vn+1 (Il)) + )\2’/“2 (A.24)
Similarly the value function V;,41 (1) can be written as:

Vorr(I1) = Va(l1) > Ao H;?X{(l = Fi(p1))(pj + Va(lh = 1) = V(1)) }

+ )\1(7‘1 + Vn(Il — 1) — Vn(h)) + Aorg .
If pp is used for V,,41(I1) instead of its optimal action, it can be written as:

Vit1(lh) = Vu(l) = Ao(1 = Fi(pe))(ps + Va(li — 1) = Vi (11))

+ AM(ri+ Vol — 1) = V(1)) + Aere . (A.25)
We define:

A= Vn-‘r?(Il) - Vn-i—l(Il) - Vn—i—l(Il) + Vn(Il)
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By using (A.24) and (A.25) we obtain:

A

IN

ol = Fi(pe))(pB + Va1 (Ii — 1) = Voya (1))

+ M1+ Va1 (I = 1) = Vora (1)) + Aare

1= Fi(pp))(ps + Va(l1 — 1) = Va(11))

— M(r1+ Vol — 1) = V(1)) — Aare

= (L= F1(pB))(Vat1(It = 1) = Voya () = Va(Iy — 1) + Vau(1h))

+ AM(Vapi(h = 1) = Vo (1) = V(I — 1) + V(1)) (A.26)
Using inequality (A.1) for I; — 1 leads to:
Vo(lh = 1) = V(1) > Vg (1 — 1) — Vi (17) (A.27)
Using (A.27) in (A.26) leads to:
Vor2(I1) = Vg1 (1) — Vi (1) + V(1) <0 .

Case 2: B =2,

Since the optimal action for V;,11([1) is 2, it can be written as:

Vag2(l) = Vapi(I) = )\oﬂgx{(l—FQ(m))pz}

+ )\1(7‘1 + Vit (Il — 1) — Vot (Il)) + Aorg (A.28)
The following inequality holds for V;,11([1):

Var1 () = Va(l1) > Ao I%%;X{(l — Ia(p2))p2

+ /\1(?”1 + Vn(Il — 1) — Vn(Il)) + Aorg (A.29)
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By using (A.28) and (A.29) we have,

Va2 (lh) = Va1 (In) = Vo () + Va(lh) - < Ao max{(1 — Fy(p2))p2
+ A(r+ Vagr (I — 1) = Vi (1)) + Aarg
— Aomax{(l — Fy(p2))p2
— M+ Vol — 1) = V(L)) — Aara
(A.30)

Inequality (A.1) holds for I; — 1. Therefore:
V(i = 1) = Vi (51) = Vo1 (I — 1) = Vo (1) - (A.31)
Inequalities (A.30) and (A.31) lead to,
Vara(I1) = Vag1 () = Vaga () + V() <0
t43) Finally, we will show that inequality (A.3) holds for n+ I} = k
Vo1 +2) = Vo (L + 1) < V(L1 + 1) — Vi (1h) Vn, I

Let C be the optimal action and pc be optimal price for V,,(I; + 2): a™'*2 = C, C € {1,2},
P = p?jz,h-i-Z.

Case 1: C' =1

Since the optimal action for V,,(I; 4+ 2) is 2 and optimal action for V,,(I; +2) is pc, it can be

written as:

Vn(ll + 2) = Vn,1(11 + 2) + )\0(1 — Fl(pc))(pc + anl(Il + 1) — anl(Il + 2))}

+ A+ V(I + 1) = Vi1 (11 +2)) + Aara
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Subtracting V,,(I; + 1) from both sides yields,

Villi +2) = VoL +1) = V(L +2) = V(L1 +1)
+ Xo(1 = Fi(pc))(pc + V—1(I1 +1) = Vi (11 + 2)) }

+ M\ (7"1 -+ Vn—l(Il + 1) — Vn—l(Il + 2)) + Aoro (A.32)
Similarly the value function V,,41(I1) can be written as:

Valli +1) > Vaa(li+1) + Ao H;)?X{(l = Fi(p1)(p1 + Va—1(I1) = Vai (I + 1)) }

+ A+ Vae1(l1) = Va1 (Jn + 1)) + Aarg
Subtracting V;,(I1) from both sides yields,

Valli + 1) = V(1) = Vpoa(l+1) = V()
+ o H},?X{(l = Fi(p1))(p1 + Va-1(l1) = Vi (11 + 1))}

+ )\1(7’1 + Vn_l(Il) — Vn—l([1 + 1)) + Aory .
If pc is used for V,,(I; + 1) instead of its optimal action,it can be written as:

Vn(Il + 1) — Vn(Il)

Y

Vo—1(I1 +1) = V(1)
+ Ao(1 = Fi(pc))(pc + Vao1(I1) — Vi1 (I1 + 1))

+ )\1(7’1 + Vn_l(Il) — Vn_1(11 + 1)) + Aorg . (A.33)
We define:

A= Vn(I1 + 2) — Vn(h + 1) — Vn(Il + 1) + Vn(fl) .
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By using (A.32) and (A.33) we obtain:

A < Vn71(11+2)_vn(11+1)
+ Xo(1 = Fi(pc))pc + Va—1(Iy +1) = Vo1 (41 + 2))
+ M(ri 4+ Vaoi(Ii+1) = Vi (I + 2)) + Aarg

= Vo + 1) + Vo) = Mo(1 = Fj(po)) (pe + Va-1(lh) = Vi (I + 1))
— M1+ Vao1(l) = Va1 (I + 1)) — Aarg

= Voo1(h+2) = Vo(li+1) = Vi (I + 1) + Vi (Ih)

+ Mol =Fi(pc)) (Va1 (I +1) = Vooa (I +2) = Voa () + Viea (I + 1))

+ MVapor(Li+1) =V (i +2) = Vo1 (L) + V1 (I + 1))

Since 1 — Fi(pc) < 1, the above inequality can be written as:

A < Vpa(h+2) = V(i +1) = Vooa (I + 1) + Vi (1)

+ Mo+ M)Voor(Li+1) = Vi (i +2) = Vi (L) + Vo1 (I + 1))

We can modify above inequality:

A = (1=X—AN)Vii(I1 +2) = V(I + 1) = Vi1 (I + 1) + Vo (I1))
+ Mo+ M)Voe1(i+1) = Vi (I +2) = Vo1 (L) + Vior (I + 1)

T Vuot(h +2) = Va(Ii 4+ 1) = Voot (I + 1) + Vi (1))
= (1=20-A)Var1(I1 +2) = V(I + 1) = Vo1 (I + 1) + Voo (1))

+ Mo+ M)V +1) = Voot (L) — V(I + 1) + Vi (1)) (A.34)

Since inequality (A.1) holds for n — 1,

anl(Il + 1) — anl(Il) — Vn(Il + 1) + Vn(ll) <0 (A35)
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and

anl(II + 2) — anl(II + 1) — Vn(Il + 2) + Vn(Il + 1) <0

and by hypothesis

ViIy +2) = Vi (It +1) = V(I + 1) + Vi (1) <0

Therefore,

Vn,1(11 + 2) — Vn,1(11 + 1) — Vn(Il + 1) + Vn(Il) <0 (A36)

By using the inequalities (A.35) and (A.36) in (A.34) yields:

A<O0

which completes the proof.
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