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ABSTRACT

In this dissertation, we focus on revenue management practices in the settings where the

traditional assumptions are challenged because of the rise of social technologies in the
new age. We develop theoretically sound and practical policies (pricing, inventory, and
information signals) when the firm faces uncertainty, dependency and non-stationarity in
market demand. We also provide effective insights into the firm’s decision making.

The first part of the dissertation is motivated by the challenges of decision making
for a new product. We study the interplay between pricing and learning for a monopolist
whose objective is to maximize the expected revenue of a new product over a finite time
horizon. We consider a setting where a firm can learn by observing sales data at (different)
prices over time. Its customers are not forward-looking. To capture the adoption process
with demand learning, we develop a continuous-time Markovian Bass model where the
adoption rate depends on the selling price and on the past sales. We first show that the
revenue loss from a wrong initial demand estimation can grow proportionally in time and
can be significant. We then show that a firm can apply real-time demand data to update
the demand parameters and optimize the price accordingly. We formulate the problem
as a stochastic optimal control problem where the demand parameters are updated by
maximum likelihood estimators, then derive the optimal pricing policy and its properties.
Since the exact optimal policy is difficult to implement for problems in practical scale,
we propose two simple and computationally tractable pricing policies that are provably
near-optimal. Our framework is sufficiently flexible to be applied to real-time control
optimization and parameter learning with general network effect in demand process.

In the second part of the dissertation, we consider a setting when underlying demand
is uncertain and follows a complex stochastic process, which makes pricing problems dif-
ficult to solve. In such cases, certainty equivalent (CE) policies, based on solving the
deterministic relaxation of a stochastic pricing problem, can be used as practical alterna-
tives. CE policies have lighter computational and informational requirements compared
to solving the problem to optimality. This is particularly true when the firm does not

have complete information about the underlying demand distribution.
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While the effectiveness of CE pricing policies has been theoretically studied in some
settings (e.g, independent demand), the performance of CE policies are not known in
general settings. This paper analyzes the performance of CE policies in a pricing problem
(for a given inventory level) where future demand depends on sales and inventory and the
firm has limited opportunities to change price. We show that CE policies are asymptoti-
cally optimal: as the problem scale (denoted by m) becomes large, the percentage regret
decreases at the rate of ©(1/4/m). We also extend the result to the joint pricing and
(initial) inventory problem. Our numerical results are even more promising. Even in non-
asymptotic settings (small scaling factor and a few price changes), CE policies perform
well and often result in revenues that are only a few percentage points lower than optimal.

The third part of the dissertation is an on-going project which studies the cooperated
relationship between a seller and an social influencer where the influencer has a revenue-
sharing contract with the seller (so that their incentives are aligned). We study the
following questions: (i) for the seller, how to compensate the influencer? (i) Who is the
ideal influencer to post about a given product? (7ii) What attributes of an influencer
make her more or less valuable to a company? The customers are assumed to be Bayesian

learners so they can infer the state of the product from available information.
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CHAPTER 1

Introduction

Traditional models in revenue management commonly have three simplifying assump-
tions: (¢) the firm has a large certainty about the product demand model; (i7) customers
are isolated entities that independently make their decisions; and (iii) the firm has the
ability to continuously change the price so that each customers can receive different prices.
In this dissertation, we focus on revenue management practices in the settings where the
previous three assumptions are challenged because of the rise of social technologies in
the new age. We develop theoretically sound policies (pricing, inventory, and informa-
tion signals) when the firm faces uncertainty, dependency and non-stationarity in market
demand. We also provides effective insights into the firm’s decision making.

The second chapter is devoted to the demand learning and pricing problem for a new
product. Decisions regarding new products are often difficult to make, and mistakes
can have grave consequences to a firm’s bottom line. However, firms often have little
foresight on important information about new product demand such as the potential
market size, the rate of customers’ adoption, and their willingness to pay. One of the
most popular frameworks that have been used for modeling new product adoption is the
Bass model (Bass, 1969). While the original Bass model and its many variants are useful
to understand the factors and decisions affecting new product adoptions over time, the
vast majority of these models require a priori knowledge of key parameters, which can
only be estimated with historical data or guessed based on institutional knowledge.

As is found by Bass (1969), there exist significant dependency and non-stationary
(e.g., word-of-mouth effects) in new product adoption processes. Therefore, the current
price not only affects the current revenue, but also the number of adopters who can
influence sales for the product in future periods. In addition to the dynamics of current
price and future demand, pricing decisions (initial price and subsequential price changes)

for a new product are challenging due to the limited sales data available. Due to the lack



of historic data, it is difficult to estimate how the future demand will respond to a price
change. Therefore, any tool that enables a firm to enhance its capability in forecasting
and pricing of new products will be highly valuable.

In this chapter, we study the interplay between pricing and learning for a monopo-
list whose objective is to maximize the expected revenue of a new product over a finite
time horizon. We consider a setting where a firm can learn by observing sales data at
(different) prices over time. To capture the adoption process with demand learning, we
develop a continuous-time Markovian Bass model where adoption rate depends on a sell-
ing price and on the past sales. We first show that the loss from a wrong initial demand
estimation can grow proportionally in time and can be significant. We then show that a
firm can apply real-time demand data to update the parameter and optimize the price
accordingly. We formulate the problem as a stochastic optimal control problem where
the demand parameters are updated by maximum likelihood estimators, then derive the
optimal pricing policy and its properties. Since the exact optimal policy is difficult to
implement for problems in practical scale, we propose two simple and computationally
tractable pricing policies (continuous price change and limited number of price changes)
that are provably near-optimal. Our framework is also sufficiently flexible to be applied
to real-time control optimization and parameter learning with general network effect in
demand process.

The third chapter is motivated by the difficulty of designing (dynamic) pricing policies
when demand is uncertain and depends on factors that can change over time. For example,
when future demand is driven by a network effect, then demand depends on cumulative
sales. When inventory availability has a negative or positive effect on future demand
(known as scarcity or display effects), then demand is affected by the state (e.g., inventory
level) of the dynamical system. In order to determine the optimal prices in such settings,
the seller must know the distribution of future demand. However, when demand is a
complex and state-varying stochastic process, the seller may not have complete demand
information. In many settings, the seller’s best available information is the estimate of
the average demand in future periods. Indeed, estimating conditional means from data
uses standard statistical methodologies (relying on strong results like the law of large
numbers), whereas estimating an entire distribution requires a much larger data set and
more sophisticated approaches.

In this chapter, we study a periodic-review! pricing problem over a finite horizon and

!Periodic review means that prices can only be changed at the start of each period. While a continuous
review of pricing is ubiquitous in analytical models of dynamic pricing, periodic pricing changes are often
more appropriate in reality (Yang and Zhang, 2014; Bitran and Mondschein, 1997). Indeed, periodic



with finite inventory when the demand distribution is state-varying. The key features
that distinguish our demand model from others in the dynamic pricing literature are that
we assume that the future demand and its distribution are state-dependent (where the
state variables in our setting are the total past sales and the current inventory level)
and that the seller only has limited information about the demand distribution. When
demand is state-dependent, a pricing mistake not only reduces the current period revenue,
but also changes future demand since the mistake affects cumulative sales and available
inventory. Thus, price in one period has a lingering effect on future demand. Furthermore,
when there is a limited number of opportunities to change price, the price chosen at each
period has persistent implications beyond the current period. Lack of knowledge about
the demand distribution makes the pricing decision more difficult and nonoptimal pricing
more consequential.

We study a class of pricing policies called certainty equivalent (CE) pricing policies.
Certainty equivalent pricing policies are commonly used when the seller has access to the
expected demand rather than the entire distribution. Specifically, these policies rely on
solving the deterministic counterparts of the stochastic problem by replacing all random
variables with their expected values. An “open-loop” CE policy (CE-OL) implements the
optimal price sequence of the deterministic model. Although actual prices of this policy
can change during a sales season, they are static in the sense that the deterministic
problem is solved once to obtain the price schedule for the entire season. In contrast, a
“closed-loop” CE policy (CE-CL) re-optimizes the deterministic model on a rolling horizon
using current inventory information at the beginning of each period. Hence, prices are
adjusted over time based on the realizations of demands in past periods.

We show that as the scaling factor m increases, both CE pricing policies are asymp-
totically optimal with a regret rate of ©(y/m), when compared with the optimal policy.
However, in a non-asymptotic setting, CE-CL performs consistently better than CE-OL,
especially when the number of price change periods increases and when the conditional
expectation of demand is highly nonlinear in past cumulative sales and available inventory.
This result highlights the importance of re-optimization in the face of sales and inventory
dependent demand. We then extend our results to the case where the seller chooses ini-
tial inventory along with price in each period. We also show that when demand depends
on time, cumulative sales, and/or inventory availability, the asymptotic performance of
CE policies does not change.

In the last chapter, we depart from developing operations decisions (pricing or inven-

pricing schemes are widely observed in practice. For example, many brick-and-mortar stores update their
prices weekly as changing prices often requires changing price stickers and are costly to implement.



tory control) that wutilize demand hype, by considering the best informational signaling
strategies that creates demand hype. We propose a model where the company (a seller)
hires a social influencer at a cost. Influencer marketing — promoting products or services
through social-media influencers — has been a popular practice in recent years. Influ-
encers are individuals who share their impressions of a particular product category (such
as fashion, technology, gaming, travel) in order to shape the opinions of their followers.
They create content on social media platforms (e.g., YouTube, Instagram, and Facebook)
with active followers who consume this content. Influencers earn money through their
reputation, which includes being consistent and true to their values. Companies lever-
age these well-earned reputations in exchange for money, to target customers who follow
influencers. Companies recognize the value of influencers in spreading valuable informa-
tion about their products, particularly information that they may not be able to credibly
communicate themselves. This marketing practice allows companies to attract interest in
a product from pre-selected active customers. According to a report from Wondershare
(Brown, 2020), a platform providing video-making software, the top ten richest content
creators on YouTube earned between $10 million to $15.5 million in 2019. InfluencerDB,
a platform that collects data on influencer marketing, reports that spending on Instagram
influencers alone exceeded $5 billion in 2018 ( Vardhman, 2019).

Although companies spend large sums on influencer marketing, 61% of them find it
difficult to identify effective influencers for their product campaign MediaKiz (2019). An
effective influencer increases brand awareness and converts awareness into sales. Influ-
encers are typically paid by companies by a flat rate per “post”, where a post is a video,
picture, or message on a social media platform. Revenue-sharing arrangements exist but
are much rarer in practice.? However, the value of a post is hard to assess. The following

questions are still largely unanswered:

(i) how lucrative is it for a company to work with a given influencer?
(ii) who is the ideal influencer to post about a given product?

(iii) what attributes of an influencer make her more or less valuable to a company?

This chapter develops an analytical model designed to answer these and related questions.

ZVerified through personal communication with social media influencers.



CHAPTER II

Data-driven Pricing for a New Product

II.1 Introduction

Decisions regarding new products are difficult and risky because mistakes can have
grave consequences for a firm’s bottom line. Before a product launch (or even after a
launch), firms often have little information regarding demand (such as the market size
or the speed of adoption by customers). The lack of information makes pricing a new
product very challenging.

To cope with this information deficiency, firms use several strategies to forecast the
demand for a new product. For instance, historical data of similar products could be
used to infer the new product’s demand characteristics. Alternative techniques include
forecasting based on judgment (e.g., using an expert opinion) or market research (Kahn,
2006). Yet, due to insufficient or inaccurate data, the expense of market research or
subjective biases injected by management, forecasting new product demand is prone to
errors. Such errors lead to weak market penetration (due to a market price that is too
high) or to lost potential revenue (due to a market price that is too low).

For instance, Apple released its new generation of smartphones, iPhone XS (priced
at $999), iPhone XS Max ($1,100) and iPhone XR ($749, which is the “budget” choice
to replace the previous $349 SE model) in 2018. Even though the new iPhones received
many technological improvements, many consumers found it difficult to accept a $1,100
price tag (USA TODAY , 2019). In Q1 of 2019, iPhone’s revenue declined 15 percent from
the previous year’s even though, in that same quarter, revenue for Apple’s other products
and services grew significantly (Business Wire, 2019). In an earnings call, Apple’s CEO
Tim Cook admitted that, though the weakened U.S. dollar in Q1 2019 accounted for some
of this decline, “price was a factor” for the iPhone’s weak performance since the cheapest

model (iPhone XR) was also the most popular among the new models (ZDNet, 2019).



Another example can be found in high-end streetwear brands such as Yeezy and
Supreme. These brands release new styles or colors of sneakers sporadically. The sneakers
are usually sold for a limited time and in limited quantities. As soon as the new products
are released, celebrities, influencers and collectors start to create a buzz for some styles on
social media platforms. The resale price of these new styles can have a markup as high as
1000% compared with the original release price (BBC', 2018). Judging by the aftermarket
sales, streetwear brands can severely underestimate consumers’ valuation, inadvertently
leaving a significant portion of the revenue on the table.

These examples illustrate how hard it is to price a new product. First of all, pricing
decisions (about the initial price and subsequent price changes) for a new product are
challenging due to the limited sales data available. As a result, it is difficult to estimate
how the market will respond to a price change. Furthermore, the demand for a new
product is often influenced by how many people have bought the product so far, which
creates the word-of-mouth effect. Thus, the current selling price not only affects the
current revenue and demand, but it also influences how quickly product adoption will
occur in the future.

In this chapter, we study the interplay between demand learning and dynamic pricing
for a new product. We propose an analytical framework that captures parameter learning
while pricing during the new product adoption for a monopolistic firm. In order to model
the dynamics of demand and learning in a tractable way that is consistent with existing
literature on new product adoption, we modify the generalized Bass model (Bass et al.,
1994) to capture stochastic adoption in a Markovian Bass model. The main contribution

of this paper is outlined below.

* Markovian Bass model. Traditional stochastic adoption models that add noise to the
cumulative demand are not well-behaved when modeling new product adoption. For
instance, Brownian diffusion models violate the fact that cumulative sales must be
nondecreasing in time. To overcome this technical challenge, we propose a different way
to introduce stochasticity in an adoption process while capturing the features of the
Bass model. We model the cumulative adoption process as a continuous-time Markov
chain where the time between adoptions depends on price and cumulative sales. We
refer to this as the Markovian Bass model. We show that the Markovian Bass model
converges to the original Bass model as the market size grows. Further, we derive
the optimal pricing policy (MBP) under a Markovian Bass model when the seller has
complete information—this setting is used as a benchmark when evaluating data-driven

pricing policies.



* Demand learning. We establish several theoretical properties of the maximum likelihood
(ML) estimators of the Markovian Bass model parameters. First, we derive sufficient
conditions for the parameters to be identifiable. Second, using It6 calculus, we derive
the stochastic differential equations that govern the dynamics of the ML estimators of
this demand model. Third, we establish the convergence properties of the estimation
error of the ML estimators. The challenge in proving the third result is that the data
on inter-adoption times is non-i.7.d., so we cannot use the standard proof techniques to
show convergence when data is ¢.i.d.. We circumvent this impediment and show that,
in this non-i.i.d. setting, the mean squared errors of the ML estimators are inversely
proportional to the number of adopters.

* Optimal learning and pricing policy. We formulate the seller’s pricing-and-learning
problem when the seller forms an inference about demand using MLE. Interestingly,
we show is that the MLE dynamics in this control problem has a Markov property.
This enables a state reduction for the control problem. We derive the Hamilton-Jacobi-
Bellman (HJB) equation of the control problem and characterize the optimal pricing-
and-learning policy.

» Performance guarantee for tractable pricing policies. Due to the computational chal-
lenges of computing the optimal pricing-and-learning policy, we propose two computa-
tionally efficient data-driven pricing policies. The first policy (MBP-MLE) is a tractable
approximation of the optimal MBP policy and can be used in a setting where a firm
can change the price frequently. The second policy (MBP-MLE-Limited) reflects a busi-
ness constraint that the firm can change prices a limited number of times. We provide
analytic performance bounds for both policies and show each has a worst-case regret
that is in the order of the log of the market size. We prove a fundamental lower bound
to the regret of any pricing-and-learning policy, and show that the regret of our policies

matches this limit.

IT1.1.1 Review of related literature

This chapter is related to the literature on new product adoption models as well
as dynamic pricing and learning. Both areas draw on a considerable body of litera-
ture from economics, marketing, and operations research. We also review the literature
on continuous-time Markov chains (CTMCs) with unknown transition rates since our

Markovian Bass model is essentially a CTMC.



I1.1.1.1 New product adoption models.

Since the seminal work by Bass (1969), numerous papers have used a Bass-like model
to explain new product adoption. In the original Bass model, sales are temporally influ-
enced by innovators (who try a product on their own) and imitators (who follow earlier
adopters). Variants of the Bass model have been used to explain the impact of compe-
tition (Krishnan et al., 2000; Savin and Terwiesch, 2005; Guseo and Mortarino, 2013)
and of overlapping generations (Norton and Bass, 1987; Bayus, 1992). Comprehensive
surveys of adoption models are provided by Mahajan et al. (1995) and Baptista (1999).
Most relevant to our work are the variants that explain the role of price in adoption, such
as the generalized Bass model introduced in Bass et al. (1994). There has been a long
tradition in marketing literature to derive the optimal pricing policies for new products
under variants of the Bass model (Robinson and Lakhani, 1975; Dolan and Jeuland, 1981;
Bass and Bultez, 1982; Kalish, 1983; Horsky, 1990; Krishnan et al., 1999). Dynamic pric-
ing under a Bass-type model has also recently gained attention in operations (Li and Huh,
2012; Shen et al., 2013; Li, 2020). However, most of these works assume deterministic
adoptions.

Raman and Chatterjee (1995) and Kamrad et al. (2005) study pricing under a stochas-
tic adoption process by adding a normally distributed noise to the Bass adoption rate.
While adding Brownian noise can leverage stochastic calculus, Brownian noise violates the
fact that cumulative sales must be non-decreasing in time. Alternatively, Biker (1987)
and Niu (2002) propose modeling adoption as a counting process, though these works
do not consider the fact that a firm can influence adoption through pricing decisions.
Our model uses a counting process as a model construct in a setting where a firm can
dynamically control price. Furthermore, none of the aforementioned works (deterministic
or stochastic) study the interplay between pricing and learning.

In both stochastic and deterministic models, a common assumption is that the firm
knows the key parameters of the demand model. These parameters include the market
size (denoted by myg), the innovation rate (pg), and the imitation rate (go). In the case of
unknown parameters, Bass (1969) and Srinivasan and Mason (1986) propose least squares
methods to estimate these parameters, whereas Schmittlein and Mahajan (1982) suggests
using maximum likelihood estimation. However, these approaches assume that the firm
has sufficient data to build accurate estimates. Our model uses the stochastic Bass model
for pricing decisions during the product launch, hence we study how a revenue-maximizing
firm, which starts with very little demand information, can use pricing and real-time data

to better calibrate the demand parameters.



I1.1.1.2 Dynamic pricing and learning.

There is a growing literature on dynamic pricing with limited demand information
(see surveys in Araman and Caldentey 2010 and den Boer 2015a). Some papers use para-
metric approaches in demand learning. These papers assume that an underlying model
belongs to a parametric family and the unknown parameters are estimated using vari-
ous estimators. Lin (2006); Araman and Caldentey (2009); Farias and Van Roy (2010)
and Harrison et al. (2012) study Bayesian learning. Other learning methods include re-
gression (Bertsimas and Perakis, 2006) and maximum likelihood estimation (Besbes and
Zeevi, 2009; Broder and Rusmevichientong, 2012; Keskin and Zeevi, 2014; den Boer and
Zwart, 2015). On the other hand, nonparametric approaches do not impose a particu-
lar form to model underlying demand. Lim and Shanthikumar (2007); Besbes and Zeevi
(2009) and Eren and Maglaras (2010) use the worst-case analysis to develop robust poli-
cies. Kleywegt et al. (2002) use sample average approximation to approximate underlying
demand. Ferreira et al. (2015) consider a price optimization model where the demand
information is estimated with a regression tree.

Under a Markovian Bass model, the market is nonstationary because the adoption
rate depends on how many customers have already adopted. Dynamic pricing with de-
mand learning in a time-varying market is largely unexplored. Besbes and Zeevi (2011)
and Besbes and Sauré (2014) consider settings where the willingness-to-pay distribution
changes at some unknown time. Keskin and Zeevi (2016) study an unknown time-varying
demand with a constraint on the number of price changes. Chen and Farias (2013) and
den Boer (2015b) study pricing policies under a setting where the time-varying market
size is unknown. Our work adds to this literature by studying the pricing strategies under
an adoption model where the unknown time-varying demand rate is influenced by the

price and by the changing cumulative adoptions.

I1.1.1.3 Learning in stochastic processes.

Our work is related to estimating the unknown transition rates in continuous-time
Markov chains (CTMCs). Duffie and Glynn (2004) propose a family of generalized-
method-of-moments (GMM) estimators sampled at random time intervals. On the other
hand, Kessler (1995, 1997, 2000) considered GMM estimators using data samples taken at
deterministic time intervals (discrete observations). Although all those estimators are con-
sistent, GMM methods are more computationally challenging than MLE methods, which
are derived from the first-order conditions. There are other approaches, which include

simulation-based methods (e.g., the simulated-method-of-moments estimation studied by



Duffie and Singleton 1993) and nonparametric estimations (e.g., approximating transi-
tion rates using analytic expansions studied by Ait-Sahalia 2002). However, theoretical
results with these approaches are only limited to cases where the random noise follows a
Brownian motion (or one of its variants).

There exists literature addressing optimal controls under the setting where the transi-
tion matrix of a Markov decision process is unknown. For example, Araman and Caldentey
(2010) propose a Bayesian approach to learn an unknown parameter of a price-modulated
Poisson process. A Bayesian method requires the knowledge of the prior distribution;
further, it is time-consuming to compute when there are multiple unknown parameters to
learn. Several papers (Nilim and El Ghaoui, 2005; Kalyanasundaram et al., 2002; Nilim
and El Ghaoui, 2004) consider robust control problems for Markov decision processes with
unknown and stationary transition matrices. Our estimation, on the other hand, is based
on MLE and uses the first-order conditions. We can analytically characterize the updat-
ing processes of the MLEs used in the Markovian Bass model. Our method is amenable
to the case where there are multiple unknown parameters. In fact, the main results of
our paper hold when the firm does not know the market size, the adoption innovation
rate, the imitation rate, and the price sensitivity function. We contribute to the literature
on learning and controls of CTMCs by proposing a maximum likelihood approach to a

Markov decision process where transition rates evolve as more adoptions occur.

I1.1.2 Preliminaries

In the paper, we use the big O notation where, by definition, f(x) = O(g(z)) for
positive real-valued functions f and g if there exists an r € R such that f(z) < rg(z).
Similarly, if f(x) = Q(g(z)), then f(x) > rg(z). When f(x) = O(g(x)) and f(x) =
Q(g(x)), it is represented by f(z) = O(g(x)).

I1.2 The model

We first discuss the stochastic demand model of new production adoption. Then, we

formally state the seller’s pricing-and-learning problem.

I1.2.1 The stochastic demand model

Bass (1969) proposed a model for the timing of adoptions of a new product, where
the adoption rate increases with the number of past adoptions. There have since been

numerous extensions of this model. One notable extension relevant to our work is the
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generalized Bass model (Bass et al., 1994; Krishnan et al., 1999) where price influences
adoptions. We first review the generalized Bass model and establish model constructs for
the adoption model we will use in the paper.

The generalized Bass model represents adoption timings of a new product by a market
of customers under a known price path. Let r = {r;, ¢t > 0} denote the price sequence

1

where r; represents the price at time ¢, where r, € (—00,00).! Given this price path,

let F}" be the proportion of the market that has adopted the product by time ¢, where
Fy € ]0,1]. In the case where F} is continuously differentiable in ¢, then f; = % is
the marginal rate of adoption and f; /(1 — F}') is its failure rate. The generalized Bass
model assumes that the time ¢ failure rate (i.e., the marginal rate of adoptions among
the remaining customers at time t) is equal to (po + qoF} )z (r¢), where x(-) is a marketing
effort function that reflects the effect of price. Here, py (where py > 0) is called the
coefficient of innovation and it represents the rate at which consumers adopt the product
on their own initiative. On the other hand, gy (where gy > 0) represents the imitation
coefficient, representing the rate at which consumers imitate earlier adopters (through
word-of-mouth effect or a network effect). Note that the firm can influence the adoption
process by setting the price sequence r.

The cumulative adoption proportion F} satisfies the following differential equation:

dEy
dt

= (1= F))(po + qoFy )z(re)- (11.2.1)

We can compute its solution as

1— e—(po+qo)f0t z(rs)ds
F = - . (I1.2.2)
1+ Z_ge—(poﬂo) Jo z(rs)ds

The generalized Bass model (11.2.1) assumes that the adoptions are deterministic with
an adoption function F;. While deterministic models are useful in understanding the
trajectory of expected adoption over time under a given price path, they fail to model
random choices of individual customers and their impact on overall adoptions. A few
papers propose stochastic adoption models (Raman and Chatterjee, 1995; Kamrad et al.,
2005), yet these papers use Brownian models that fail to enforce that the cumulative
adoption is a non-decreasing process. We follow a different approach by assuming that

the time between two successive adoptions is random. The result is a counting process

'In the new product pricing literature, price is allowed to be zero or negative. This is because it might
be beneficial for the seller to offer the product for free or even compensate early adopters in order to
increase the future adoption. See Kalish (1983) and Krishnan et al. (1999) for example.
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which we refer to as the Markovian Bass model because, inspired by the Bass model, it
obeys the Markov property.

We define (Q, F, P, {F}i>0) as a filtered probability space endowed with a cumulative
adoption process D = {D;, t > 0} where D; is the cumulative adoptions by time ¢. Let
mo be a positive integer that denotes the market size of potential customers. Hence,
D; : Q— {0,1,...,mp}. Since adoptions can only occur in unit increments, D is a
counting process. Let {F;, t > 0} be the history or filtration associated with the process
of prices and adoptions, with F; = o((rs, Ds),s € [0,t]). We say that = is a non-
anticipating pricing policy if the price r] offered by 7 at time t is Fi-measurable. If
customers are price-sensitive, a price change results in a change in the adoption rate.
To explicitly state the dependence in price, we will henceforth refer to the cumulative
adoption as D™ instead of D. Without loss of generality, we assume that Dj = 0 for any
7, thus none of the consumers purchases before time ¢t = 0.

As in the Bass model, the adoption rate in the Markovian Bass model is also depen-
dent on a coefficient of innovation, py, and a coefficient of imitation, ¢o. We denote the
parameters of the Markovian Bass model as 6y := (po, qo, mo), where pg,qo > 0. If at
time ¢, the cumulative number of adoptions is 7 and the seller sets price r;, then under

the Markovian Bass model the transition rate to the next (j + 1)-st adoption is

A(]? Tt) = f(]) ) .T(’T’t), for ] = 07 17 -+ Mo, (1123)
where
§(j) == (mo — j) <p0 +qo0 - mio) : (I1.2.4)

Note that &(j) is the portion of the adoption rate unaffected by price. From (11.2.4),
we see that each of the my — j potential adopters are homogeneously affected by their
own will to adopt the product (reflected in term pg) and by the influence from previous
adopters (reflected in term qomio). We will sometimes write £(j;60y) or A(j,r;6p) to em-
phasize the dependence of these values on 6. Given the pricing policy 7, the adoption

process is a nonhomogeneous, continuous-time Markov chain with the following transition
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probabilities. For a small time interval of size h,

1= (G, r")h+o(h), if k=0,
Py, (Dfyp =3 +k | Df = j) = § A, 77)h + o(h), if k=1, (11.2.5)
o(h), if k> 2,

where o(h) is a term such that limj,_,oo0(h)/h = 0. The subscript 6, on Py, is to denote

the dependence of the probability on the parameter vector 6y. Note that the Markovian

Bass model guarantees that the cumulative adoption is always non-decreasing.
Conditional on F;, the expected demand rate is

Dﬂ'
Eg, [dD] | ] = N(DT,r[)dt = (mg — D) (po +qo - m_to> x(ry)dt. (I1.2.6)

Hence, the Markovian Bass model captures the demand dynamics in the generalized Bass
model (II.2.1). First, the expected demand rate is increasing in the remaining market
size, mg — j, and decreasing in price, ;. Second, adoptions occur naturally or imitatively.
As in the generalized Bass model, the rate of adoption also depends on the proportion of
customers who have adopted, DJ/my. By including a price effect, the Markovian Bass
model generalizes the stochastic Bass model proposed by Niu (2002, 2006). Since the
price process r™ is endogenous, this seemingly innocuous extension has implications in
the convergence results and their proofs.

We state a property of the evolution of Markovian Bass model that is consistent with
the generalized Bass model studied in Bass et al. (1994) and Krishnan et al. (1999).

Lemma II.1. The increase in the adoption speed decreases as more people have adopted
the product. In other words, for a given price r, A(d,r) = (mo — d)(po + qo;%)x(r) is

concave in d.

Next, we show that the Markovian Bass model is consistent with its deterministic
counterpart under a deterministic price process r. Let {D""° mg > 1} be the family
of Markovian Bass models indexed by market size mgy. As mg increases, we show that
the proportion of customers who have purchased by time ¢ (the cumulative proportion)

converges to the deterministic Bass curve.

Proposition II.1. For a given price sample path r = {r;, ¢t > 0}, if {D;™, ¢ > 0}

is the cumulative adoption process with market potential mg, then the following holds
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Figure II1.1: Convergence of expectation and variance of D" /mg as myq increases.

uniformly in ¢:

,mo
Dt

my

— F} almost surely as my — oo, (I1.2.7)

where F} is given by (I1.2.2), and Vary, <D§:0> decreases in the order of O(mg™!).

T,mgq
Dt
mo

Proposition I1.1 states that the variance of diminishes to zero at the rate that is
inversely proportional to mg. Additionally, we have Lemma II.2 below, which shows that
the expectation converges to F; at a rate inversely proportional to /mg. These results
are helpful in understanding the behavior of a Markovian Bass model at an asymptotic

regime.

Lemma II1.2. For a given price sample path r = {ry, t > 0}, if {D;™°, ¢t > 0} is the

cumulative adoption process with market size mg, then

,mo
Dt
mo

Eq

— Ftr

0

1
=0 for all ¢ > 0. 11.2.8
() (112.5)

Figure II.1 illustrates Lemma II.2 and Proposition II.1 by showing how the proportion
D"
mo

proportion from F} changes with increasing mg. Panel (b) shows how the variance of the

° behaves. Panel (a) shows how the difference of the expected

of adopters by time ¢,

adoption fraction changes with increasing mg. We compute the expectation and variance
by simulating 10® sample paths of the adoption process with py = 0.1, g = 0.3, r, =

0.1+ 1%, and z(r) = e”". We observe that the expected difference between the Markovian
,m(

. D

Bass adoption,
mo

—L_ and the variance decreases in the order of —-.

/Mo mo

, and the deterministic Bass adoption, F}, decreases in the order of
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I1.2.2 Seller’s pricing-and-learning problem

We consider the dynamic pricing and learning problem of a monopolist launching
a new product over a finite selling horizon [0,7] where T" > 0. In this setting, the
demand for the new product is described by the Markovian Bass model with parameters
6o = (po, qo, mo), but the seller does not know the parameters of the underlying demand
model. However, the seller can accumulate market information, represented in JF;, by
continuously monitoring its prices and sales throughout the selling horizon. The seller
uses statistical inference on the observed demand data in order to infer the unknown
demand parameters.

Our goal is to understand how a firm can use the price and sales data after a product
launch to learn the true characteristics of the underlying demand model. In particular,
the seller’s problem is to dynamically adjust the prices to maximize the expected cumu-
lative revenue by utilizing what the seller learns about the demand parameters from data
collected over time.

We denote the set of non-anticipating pricing policies as II, which is the set of F;-
adapted pricing policies. When 6, is unknown, the optimal pricing-and-learning policy is

the solution to:

T T
sup R(m) :=sup Epz /Tf dD7 | Fo| =sup Epz /EDm [rf dD] | 7] | Fo

mell mell 9 mell 9

(I1.2.9)
The goal is to find a policy 7 that maximizes the expected total revenue R(7). Since
(I1.2.9) is solved by the seller, the expectation cannot rely on the true demand parame-
ters f that are unknown to the seller. Hence, Ep7, in (I1.2.9) is the conditional expec-
tation given the information set F; known to the seller at time ¢. The demand follows a
Markovian Bass model with unknown parameters, so the expectation is with respect to
the seller’s inference on those parameters given F;.

There are two schools of statistical inference: Bayesian and frequentist. If the seller
forms an inference using Bayesian learning, then conditional on F;, D] follows a Marko-
vian Bass model with a random parameter vector . The posterior distribution of 6 is
computed using Bayes’ rule by updating the prior distribution given the observed data.
On the other hand, if the seller forms an inference using a frequentist approach, then
conditional on F;, D] follows a Markovian Bass model with parameter vector ét, where
0, is a point estimate (e.g. maximum likelihood estimator) computed from the data. The

frequentist school is rooted in the philosophy that there is only one true value for the
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parameters, so it does not make sense to assign probabilities (prior or posterior) for the
different parameter values. Section A.3 in the Online Appendix discusses how to for-
mulate the value functions of (I1.2.9) under Bayesian inference and frequentist inference,
respectively.

Price r] plays two roles in this setting. The first role is to affect the revenue and
demand at time ¢. Note that in the Markovian Bass model, the demand at time ¢ has
a compounding effect since it influences the probability of future purchases through the
imitation effect. The second role is to affect the price and sales information that will be
used for demand inference in future periods. Due to these two roles of price, we refer to
(I1.2.9) as the seller’s pricing-and-learning problem.

The Bass diffusion model has a long tradition in marketing literature of being used
in deriving optimal dynamic pricing policies, starting from Robinson and Lakhani (1975).
Some early examples of dynamic pricing under the Bass model include Dolan and Jeuland
(1981); Bass and Bultez (1982); Kalish (1983); Horsky (1990); Raman and Chatterjee
(1995); Krishnan et al. (1999). More recent examples in the operations literature are
Kamrad et al. (2005); Li and Huh (2012); Shen et al. (2013); Li (2020). In this paper,
we continue this tradition by studying how learning affects the pricing decisions under a
stochastic version of the generalized Bass model.

To guarantee the existence of a unique optimal price for the control problem (I11.2.9),

we assume that the marketing effort function x(-) satisfies certain regularity properties.

Assumption II.1. The marketing effort function x : R — R* has the following proper-
ties:
i. (Smoothness and bounded derivative.) z is twice differentiable, and there exists
M > 0 such that |2/(r)] < M, for all —oo < r < o0;
ii. (Non-negativity.) There exist non-negative constants z*, @', such that 't < [} 2(r,)ds <
z't, for all r = (rg, s > 0) where —oco < ry < oo for all s > 0;
ili. (Decreasing in price.) 2’(r) < 0 for all —oo < r < oo

iv. (Monotone hazard rate.) r + ;f'((:«)) + C' is strictly monotone increasing in r with a

finite root for any finite C', and for all —oco < r < 0o, there exists a constant Cy > 0,
such that 22/(r)* — z(r)z"(r) > C4 > 0;

v. (Boundedness of revenue.) There exist constants C,, C,, such that, for f(r) :=
ra(r), |f(r)] < Cy, and |f"(r)] < Cy, for all —oco < r < 0.

Assumption II.1(i)—(iii) are innocuous as they guarantee that the market effort func-
tion is decreasing in price and is sufficiently smooth. Assumption II.1(iv) is a standard

assumption to ensure that the revenue function is well-behaved and has a unique opti-
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mal price for a given state. Assumption II.1(v) implies the revenue function is bounded.
The bounded second-order derivative is an assumption used in many papers (Broder and
Rusmevichientong, 2012; Wang et al., 2014). These properties are satisfied by many func-
tional forms including multiplicative (e.g., z(r) = €2~%"), and additive (e.g., x(r) = a—br)
relationships.

In the following sections, we study (I1.2.9). First, we study the problem assuming
that the seller knows the parameter vector 6, that governs the adoption process. Then,
we study the pricing-and-learning problem where the seller forms her inference about the

unknown parameters from past data through maximum likelihood estimation.

I1.3 Optimal pricing policy with complete information

If the firm knows the demand model parameter vector #y, the optimal control problem
is
T T
R™:= sup [, /Tf dDyf | = sup [, /Eeo [ry dDf | A | Fol, (I.3.1)
0

mell mell
0

where the equality follows from the tower property of conditional expectation. Note the
distinction of (I1.3.1) from the pricing-and-learning problem (11.2.9). In (I1.3.1), the seller
knows 6y, so the expectation Ey, is taken with respect to the Markovian Bass model with
parameter vector 6.

We denote the optimal expected cumulative revenue under complete information as
R*. Note that R* is the expected revenue of an oracle that knows the true value of 6y, so
it is an upper bound to the optimal expected revenue in the pricing-and-learning problem
(I1.2.9).

To solve the optimal control problem (II.3.1), we define V' (d,t) to be the optimal
value-to-go function where t is the time remaining until the end of the horizon T', and d

is the cumulative number of adoptions after T' — t time has elapsed. Hence,

T
V(d,t) = maXiIrI[lize Eqg, /rg dD?
S
—t

subject to DJ._, =d.

Note that V' (0,T) is the optimal expected revenue of the pricing problem (I1.3.1).

We will sometimes write V(d,T';60y) to emphasize that the value function depends
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on the demand parameters 6. This will prove useful in later sections when 6y could be
replaced by a data-driven estimator. From (I1.2.4), we know 6y = (po, qo, mo) affects the
optimal expected revenue through its effect on the adoption rate. Therefore, increasing py,
Qo or my results in a higher adoption rate, and consequently, a higher expected revenue.
This is formally stated in Lemma A.1(iii).

We can write V' (d, t) by enumerating the outcomes after ¢ time units, resulting in

Tt

V(dt) = max{ (re £ V(d+ 1,8 — 58)) - X(d, )5t + V(d, t — 6t) - (1 — A(d, 1)) + 0(5t)},

where A is the adoption rate defined in (I1.2.3), so A(d,r;)dt is the probability of an
adoption if d is the cumulative adoption and r; is the price. We use this to derive the
Hamilton-Jacobi-Bellman (HJB) equation and characterize the first-order condition for
the optimal value function. We refer to the optimal pricing policy 7* under a Markovian
Bass model as the Markovian Bass pricing (MBP) policy. The following theorem states a

relationship between 7* and the value function.

Theorem II.1 (Markovian Bass pricing policy, MBP). Let r*(d,t) be the price offered
under the optimal policy 7* to the Markovian Bass pricing problem (I1.3.1) when the
de{0,1,...,mo— 1} is the total past sales and ¢ € [0,7] is the time remaining in the

sales horizon. Then r*(d, t) is the unique solution to the equation

—V(d+1,t)+V(dt), (I1.3.2)

where V(-,-) is a function that solves the HJB differential equation

ov d x(r*(d,t))?

— —d — —_— = II.3.
En + (mo — d) <p0 + mqu) 2 (1)) 0, (I1.3.3)
with boundary conditions V(mg,t) = 0, for all t € [0,7], and V(d,0) = 0, for all d €

{0,1,2,...,mo}.

The term A,V (d,t) := V(d+ 1,t) — V(d,t) that appears in (II.3.2) is the marginal
gain in the expected revenue due to an adoption at time ¢. A myopic seller will choose
to maximize the current period expected revenue rate by solving max, Ey,[rdD; | F] in
each period. The myopic price satisfies the first order condition r = —;/((’;)). Comparing
this condition with (II.3.2), we observe that the sign of A;V(d,t) informs whether it is

optimal to price above or below the myopic seller facing the same conditions. This is the

same observation made in the classic paper by Kalish (1983) that studies dynamic pricing
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under the deterministic Bass model (I1.2.1). In our notation, Kalish (1983) shows (in eq.
(9c) of their paper) that the optimal pricing sequence r* = (r;,¢ > 0) satisfies

() avE
o) dF

(I1.3.4)

Here, dF! is the marginal adoption at time ¢ and V® is the optimal expected revenue
under the deterministic Bass model. The term % is referred to as the shadow price A(t)
in Kalish (1983).

Note the similarity of condition (I1.3.4) for the deterministic Bass model to the condi-
tion (II.3.2) for the Markovian Bass model. Therefore, the insights from Kalish (1983) are
also applicable to the dynamic pricing policy under the Markovian Bass model. Specif-
ically, if A(¢) > 0 or if A V(d,t) > 0, then there are future benefits of an additional
adoption, so the price will be lower than myopic to encourage adoption. Further, if
A(t) < 0orif AgV(d,t) <0, then an additional adoption results in a future loss, so the
price will be higher than the myopic price.

In both (I1.3.2) and (I1.3.4), the optimal price can even be negative if A(¢) and
A4V (d,t) are very large. This can occur under a strong imitation effect (i.e., go > po)
when the market penetration is still very low (e.g. right after product launch). In this
case, temporarily setting a negative price (to encourage fast adoption) is offset by the
high value of early adoption. In practice, a negative price can be implemented by seeding
carly adopters through compensation or perks.?

We can also interpret (I1.3.2) using the price elasticity as follows. Define the price

elasticity of market effort as e, := d% %, where the elasticity evaluated at the optimal
price r = r*(d,t) is €. From the definition of e*, we have that ;C,((:?) = . After

x

substituting this into equation (I1.3.2) and rearranging terms, we have

6*
*(d,t LAV (d,t) =0 I1.3.5
r(7)+1+€;d(7) ) ( )
where li””e —~ can be interpreted as the probability of purchasing at price r*(d,t). Thus, the

optimal price 7*(d,t) is the price where the marginal increase in the revenue can offset

the expected marginal loss of an adoption.

T

For the special case of x(r) = e™", we can show that the price elasticity changes

2For example, this is a strategy used by the CPG company Johnson & Johnson when it introduces
new products (www.jjfriendsandneighbors.com). There also exist many influencer programs used by
companies such as Fiat, Ford, L’Oreal, or Coca Cola—such as Toluna (www.toluna.com), Pinecone Re-
search (www.pineconeresearch.com)—which compensate early adopters of products through redeemable
points or cash.
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proportionally to r, hence the market will not be immediately saturated even if prices
are low. For this special case, we are able to derive an analytic expression for the value
function V. This special case is interesting since it is a stochastic version of the model
considered by Robinson and Lakhani (1975). In contrast to Robinson and Lakhani (1975),
MBP depends on two state variables (instead of one)—the cumulative adoptions and the

remaining time until 7.

Corollary II.1. If z(r) = e™", then

mo—d +5—1 &/ - 7
V(d,t) =1In (Z w (2) +1> .

In general cases, however, the HJB equation cannot be solved analytically. Instead, we
can solve (I1.3.3) numerically using finite differences, a conventional technique for solving
partial differential equations numerically. We describe this method in the e-companion

(Appendix A.1).

I1.4 Data-driven dynamic pricing with unknown parameters

In this section, we consider the setting where the seller does not know true parameters
of the Markovian Bass model, 8y = (po, qo, mo)-

When the true parameter vector 6, of the demand model is unknown, one could
consider estimating it using historical sales data of like products. This approach is difficult
to implement if a like product does not exist, or if the market environment has changed
significantly. Other approaches based on subjective expert opinion and on market research
are prone to error. One interesting question is: how much revenue does a firm loses when
it uses the MBP pricing policy based on wrong parameters? Theorem I1.3 later establishes
that when wrong model parameters are initially inferred and the data is not used to correct
the wrong inference, the revenue loss (relative to R*) can grow at least linearly in the
true market size mg. This motivates the need to learn the unknown parameters from the

price and sales data.

I1.4.1 Parameter estimation

Maximum likelihood estimation (MLE) is a method of estimating the unknown 6, by

choosing the parameters which result in the highest likelihood of observing the data.

20



The likelihood function is convenient to calculate under the Markovian Bass model.

We denote the continuously observed sequence of prices and cumulative sales at time ¢ as
U, = {(?ﬁ) L0<s< t} . (IL4.1)

Since the adoption process follows a continuous-time Markov chain, the inter-adoption
times are conditionally independent given the previous state information. Let t; be the
time of the ith product adoption, where ¢ = 0,1, 2, ... That is, at time t;, the cumulative

adoption is lA)tk = k. The likelihood of IAJt under a Markovian Bass model with parameters
0= (p7 q, m) is

Di—1 t .

U ! — [i . MDy,7s;0)ds

et <Ut | 0) = < H )\ 7 th+17 ft LG, Tsﬂ)d&) e ftDt t y
f

£(0) 5, (0)

where A(i,7;0) is the instantaneous adoption rate at state ¢ when price is r, which was
defined in (I1.2.3). Here, f;(0) is the density function of the (i 4+ 1)-th inter-adoption
time, which is mathematically equivalent to the density of inter-arrival times in a non-
homogeneous Poisson process with intensity function {A(i,7;60), t > 0}.

Using expression (I1.2.3) for A(i,7;0), we can rewrite f;(6) as

£(6) = (m —1) (p+iq)$(?tz—+1)exp <—(m—i) (p+ %q) f,fj“:c(?s)ds), ifi=0,1,...,D; -1,
i(0) = exp< (m—Dy) (p+ )fp ) it i = Dy.

This results in the following log-likelihood function

(I1.4.2)

Di—1 Di—1 ; Dy—1 tigt ;
£:(U; | ) Z Inz (7, ,) Z In [(m —1) (p—i— mq)] - /(m —1) (p—i— mq> x(7s)ds

i=0 =0

_ /(m — ﬁt) (p + %q) x(Ts)ds.

by

Il
o

(11.4.3)
The ML estimator 6, = (P, G, my) maximizes the likelihood of observing the data

sequence ﬁt. That is, 6, solves the constrained problem maxgp>o Et(ﬁt | 0). It is difficult

to show the joint concavity of the log-likelihood function in 6. Hence, we perform the
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following variable transformation:

61 =mp, 62 =q—-Dp, 63 = _%7 (1144)

introduced in Bass (1969).> We define 8y := (Bo1, Boz2, Bo3) to be the transformation
variables corresponding to the true Markovian Bass model parameters 6y = (po, qo, mo)-

The log-likelihood function under the transformed variables 8 = (51, B2, f3) simplifies
to:

Di—1

t t

LuT 1 8) = Y a,) + / n (1 + 82D, + B3D2) D, — / (81 + B2 Dy + B3D2) () ds.
=0 0 0

(IL4.5)

The constraint 8 > 0 implies that 5; > 0 and B3 < 0. Hence, the ML estimator
Bt = (5t1, Bt2, Btg) is the solution to the constrained problem maxg.s >0 3,<0 Et(ﬁt | B).
We prove the following proposition that guarantees the tractability this problem.

Proposition I1.2. £t(ﬁt | B) is strictly and jointly concave in 8 when D, > 3.

Proposition I1.2 ensures that a standard convex optimization technique such as New-
ton’s method can find the optimizer of £,(U, | ) efficiently. It also implies identifiability
of the ML estimation model of 5y because the Fisher information matrix is strictly positive
definite. This result is useful in establishing the convergence rate of the estimation error
(Lemma I1.3). Since the log-likelihood function Et(ﬁt | ) is strictly concave in the trans-
formation variables, it has a unique maximizer, which we denote by 3, = (Bﬂ, Bia, Btg).

If Btl > 0 and Bf,;} < 0, we can readily recover the variables 0, = (Pt, G, my) which
satisfy the transformation (I1.4.4). (Transforming (I1.4.2) using (IL.4.4), 3, = 0 and
Btg = 0 will not happen since the likelihood of this model is zero.) To see how 0, can be
recovered, note that m; solves the equation Btgmf + met + Bﬂ = (. Since Btg < 0 and
Bn > 0, the equation has only one positive root, which we set as m;. In this case, 0, is
uniquely determined by the first-order conditions of £,(Uy | ).

An attractive property of ML estimators is that the mean squared error converges to
zero with increasing the sample size when the data is independent and identically dis-
tributed (i.i.d.). Note that, however, inter-adoption times are not identically distributed
under the Markovian Bass adoption process. hence the standard argument of ML estima-
tors cannot apply here. Bradley and Gart (1962); Hoadley (1971) establish the asymp-

totic properties of ML estimators for independent but not identically distributed samples.

3We note that the transformation in Bass (1969) was done to perform least squares estimation, and
not maximum likelihood.
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However, their conditions are difficult to use in our setting. Roussas (1969) characterizes
regularity conditions to ensure consistency for stationary Markov chains, but the Marko-
vian Bass model is non-stationary. Instead, we follow an approach similar to Bickel et al.
(2013) and Broder and Rusmevichientong (2012) using the concept of Kullback-Leibler
divergence from information theory to establish the following Lemma. The lemma char-

acterizes the convergence rate of the mean squared errors of the ML estimators of 6.
Lemma II.3. For any fixed time ¢t > 0 and k > 3,

1
2
my

N - «
(10— mo)? | Df = )s 9

Ba, (0= o) + - )"+ e

where «y is a constant that is independent of mg and t.

This bound on the estimation error will be crucial in proving a performance bound of

the pricing-and-learning algorithms we propose later in this section.

I1.4.2 Data-driven pricing policies

Problem (I1.2.9) finds a pricing-and-learning policy that maximizes the total expected
revenue in the setting where the seller forms an inference about the parameters from the
dynamically evolving data. If inference is formed through MLE, then conditional on the
information set JF;, the seller infers the demand D] to follow a Markovian Bass model
with parameter 0,. In this case, we show in Section A.3 of the appendix that, at any
time ¢, the state variables of the control problem are (Dy, t, ét) where D; is the cumulative
sales and ét is the current ML estimator. Critical to this state reduction is our result
(Proposition A.1) that, conditional on F;, the future estimate éHh is Markovian since the
transition probabilities depend only on (D, t, ét)

Hence, the variables (D, t, ét) encapsulate the information sufficient to choose a price
that maximizes the inferred expected future revenue. This, together with our derived
transition probabilities of ét+h, allow us to derive the HJB equation satisfied by the value
function. We use this HJB equation to derive the optimal pricing-and-learning policy
under ML inference (Theorem A.2).

However, solving for the optimal pricing-and-learning policy suffers from the curse of
dimensionality. Specifically, it is more computationally challenging than finding the opti-
mal pricing policy under full information due to additional state variables 6, = (Dey Gr, My).
This motivates us to develop sensible data-driven dynamic pricing policies that (1) uti-

lize data in a computationally efficient way, and (2) have performance guarantees on the
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Algorithm I1.1: MBP-MLE algorithm

Require: Initial parameters 6o = (Do, Go, Mo), max horizon length T', subperiod length §
1: 540, Dy <0, U_; <0 > Initialization
2: while s < % and Dy < mgy do

3: ry < inf {r s> —5/(—(:)) — V(IA)S +1,T —s; és) + V(ZA)S,T —0s; és)} > Set price

U, < U, ; U{(ry, D, + a,)}, where a, is the new sales in [§s,5(s + 1))
if Dy + a, > 3 then
é5+1 — arg max L, (US | 9) > Update parameter estimate

és—i—l < é()

end if
10: s+ s+1 > Proceed to next period
11: end while

4
5
6
7 else
8
9

expected revenue. We introduce these policies next, while establishing their performance
guarantees in the next section.

The policies utilize the Markovian Bass price function introduced in Section II.3 where
they replace the true (unknown) parameters 6y = (po, mo, qo) with parameter estimates.
Therefore, with slight abuse of notation, we define 77 (6, d) as the Markovian Bass price
function (Theorem II.1) if ¢ is the elapsed time since introducing the product, d is the

number of past adoptions, and 6 is the demand parameter vector.

I1.4.2.1 Pricing policy with continuous price changes.

We first propose a policy referred to as MBP-MLE (outlined in Algorithm I1.1). At time
t, this policy offers the Markovian Bass price of Section I1.3 except that when computing
the price and the value function, it replaces the true (unknown) parameter vector 6, with
the ML estimator ét. Note that the Markovian Bass price is optimal if there is no error
in parameter estimation. Hence, the price offered by the MBP-MLE policy exploits the
current estimate and ignores the role of price in improving future inference. Yet, our
analysis in the next section shows that the revenue loss of MBP-MLE grows sublinearly
in the market size at the rate of O(lnmy) (Theorem I1.4).

The MBP-MLE policy starts with an initial guess of the parameters, 6, = (Do, Go, Mo),
which it uses to set the prices r, = 7} (éo, ﬁt), for any ¢ where ﬁt < 3. The quality of the
initial guess does not affect the policy’s performance bound. As time progresses, more
observations are added to the data U, := {(7,, D,) | s < t}. When D, > 3, the seller can

use the accrued data to solve for the ML solution 6, and set the price at r, = r;‘(ét, ﬁt)
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Figure I1.2: Certainty equivalent MBP-MLE prices and adoption rates in one price cycle.
The green arrow indicates when the cycle starts. The gray arrows are the deterministic
adoption times.

I1.4.2.2 Pricing policy with limited price changes.

In many situations, frequent price changes can be difficult or impractical to implement
due to cost, time and loss of goodwill associated with price changes. This explains why
many firms only change price a few times during the season.

We next propose the MBP-MLE-Limited policy in which the firm changes its price at
most K times. One way to model this is to include the number of price changes as a
state variable. However, doing so will further increase the complexity of the dynamic
programming model. Instead, we propose a simpler approach by assuming that price
changes occur when the cumulative adoption reaches certain thresholds (e.g, the 100th
customer, the 1000th customer, etc). This approach of using cumulative purchases as
triggers for price changes has been used in selling new products by the crowdfunding
platforms KickStarter and IndieGoGo (Stonemaier Games, 2013).

Consider a sequence of natural numbers C' := {C;, i = 0,1,2,..., K}, where C; > 1
for any 4. Define C|_y) := 0 and CY; := ZZ:O Cy for all : = 0,..., K. For the ith price
cycle, our proposed MBP-MLE-Limited policy sets the same price 7 starting from when
the C};_y-th adoption has occurred until when the Cj;-th adoption happens. Hence, unless
the end of the horizon is reached, the per-unit revenue 7 will be earned by the seller
from exactly C; adopters. For now, we will assume that K and C' are both given. Later
in Section I1.5.3, we describe how K and C' can be chosen, even without knowing my, so
that the revenue loss of MBP-MLE-Limited is O(Inmy) (Theorem I1.5).

We next describe how the policy determines the prices for each cycle. Suppose that
the ith price cycle has just been triggered at time ¢ by the adoption of the Cj_;-th
customer. After updating the ML estimator é, MBP-MLE-Limited chooses a price ) for
the next C; adoptions. The idea is that the total revenue under 7% is set to match the
expected revenue if MBP-MLE could be used in the upcoming cycle (i.e., where each of

the C; customers is charged a different price). Note that there are no actual price changes
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during the cycle after the initial price change. The MBP-MLE prices are only used to
construct the lookahead value to compute 7.

The lookahead value is constructed using the certainty equivalent of the MBP-MLE
prices and the corresponding adoption rates for the ith cycle (see Figure I1.2). In the
figure, vertical arrows correspond to times of adoptions. The green solid arrow is the
actual Cj;_j-th adoption that triggers a price cycle. The gray, empty arrows are the
predicted future adoption times using a deterministic model. We denote d = Cj;_y; for
notational convenience. As illustrated in the figure, once the MBP-MLE price r; is set
(i.e., immediately after the (d + j — 1) customer purchases where j = 1,...,C}), the
adoption rate changes to A(d+j — 1,7;;6) where A is defined in (I1.2.3). Hence, the
expected inter-adoption time between the (d + j — 1) and (d + )" adoption is

1 1

AMd+j—1,r;0)  &(d+j—1;0)x(r))

This then determines the time of the next adoption d + j under a deterministic model,
assuming that the previous inter-adoption times Aty, At,, ..., At;_; have already been
computed. Since the MBP-MLE prices depend only on the elapsed time 7 = ¢t + 2%:1 Aty
and the cumulative adoptions d + j, this allows us to compute the next price r;4; =
r;‘i(é, d+ j), which determines the next inter-adoption time At; ;. This proceeds until we
have the complete deterministic sequence of MBP-MLE prices for the ith cycle.

Given the MBP-MLE price sequence {ry,...,r¢,} for the ith cycle, the MBP-MLE-

Limited policy then chooses the price () to satisfy the following relation:

C;

Zr(i))\ <d+j - 1,r(i);é> At; = ]Zi?rj)\ <d—|—j — 1,7°j;é> At;.

J=1

The right-hand side is the certainty equivalent revenue of MBP-MLE in the ¢th cycle.
Hence, the MBP-MLE-Limited price is chosen such that its expected revenue matches the
certainty equivalent revenue of MBP-MLE, assuming that the adoption times of the C;

customers are fixed. From identity (I11.4.6), () is the solution to

C;
. . T
r@ (T(z)) - L (I1.4.7)

gty L (rs)

For the first price cycle (i = 0), we assume that the policy starts with an initial guess
of parameters éo. We also assume that Cy > 3 so that there exists an ML estimator

when the first price change is calculated. Algorithm II.2 provides the outline for the
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MBP-MLE-Limited algorithm.
Algorithm I1.2: MBP-MLE-Limited algorithm

Require: Initial parameters 90 = (Po, Go, Mo ), max horizon length T, subperiod length 4,
and price change triggers {C;,i =0, 1,2, ..., K} where Cy > 3

1: function LIMITED-PRICE(0, C, d, 1)
2 for j < 1,2,...,C do
3 AV <~V (d+j,t;0) -V (d+j—1,t;0)
4 rj < inf {r cr> —;U,(—&)) — dV} > Calculate MBP-MLE for adoption d + j — 1
5: Atj <+ m > Approximate the inter-adoption time for d + j
6 tt— At
7 end for
C .
8 7 < inf {r crex(r) > %} > Calculate the price for the C adoptions
=1 /2Ty
9: return r
10: end function

11:

12: 79 LIMITED-PRICE(éO, Co,0,T), s+ 1,40+ 1, f)o + 0, ﬁo — 0 > Initialization
13: while s < % and Dy < mg do

14: U, «+ Uy U{(rs, ﬁs + as)}, where a, is the new sales in [§(s — 1),ds) > Update

dataset R ‘

15: if a;=1and D, + a, = ;_:10 Cy then > Price change is triggered
16: 0, « arg max L (ﬁs | 9) > Update parameter estimate
17: Ty < LIMITED-PRICE(@S, C;, ﬁs, T —ds) > Change price
18: 141+1 > Increase number of price changes
19: else

20: Ts < Ts_1 > Do not change price
21: end if

22: s+ s+1 > Proceed to next period

23: end while

I1.5 Analysis of pricing policies

We next characterize the performance of our proposed pricing-and-learning policies,
MBP-MLE and MBP-MLE-Limited. We do this by deriving analytic bounds on the gap of
their expected revenues against the oracle revenue R* defined in (II.3.1). Since R* is the
expected revenue of the oracle policy 7* that knows 6, then the expected revenue of any
pricing-and-learning policy cannot exceed R*. Hence, for any pricing-and-learning policy
7 with expected revenue R(7), the difference R* — R(m) can be viewed as the revenue loss

of .
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In this section, we derive asymptotic bounds on the revenue loss of our proposed
policies as the market size mg grows. We will establish that the revenue losses of our
proposed policies grow at most sublinearly with mg at the rate O(Inmy).

The challenge in bounding the revenue loss when demand follows a Markovian Bass
model is that pricing mistakes affect, not only the current revenue, but also the revenues
in any future time period. This is because adoption rates (hence, revenues) depend on
the cumulative adoptions, which in turn can be influenced by prices from any past period.
Hence, the effects of pricing mistakes can compound over time. To bound the revenue
loss, we then need to establish a non-stationary relationship among revenue loss, pricing
errors and estimation errors.

Let D* = (Df, t > 0) and r* = (r}, t > 0) denote the cumulative adoption process
and the price process, respectively, under the oracle policy 7*. The following proposition
states a general result for any pricing policy in the set of F;-adapted policies II. The
definitions of O, (), and © can be found in Section II.1.2. Particularly, we are interested

in the limiting behavior as mg goes to infinity.

Proposition I1.3. If 7 € Il and there exists an a > 0 independent of ¢t and mg such that
Eo, [|r] — r7]] > ate™'mg ! for t € [0, T, then

T
DT +1
t+ to

R*—R(m) = O | Ey, (rT —rH)2dt| |, (IL.5.1)

0
where tg = O(my ™).

This important proposition establishes that the revenue loss of a policy 7 is bounded
by a weighted average of its squared pricing errors relative to the oracle policy 7*. Since
any past pricing error can linger and affect future adoptions, the weights represent the
cumulative effect of the pricing error on the revenue loss.

The idea behind the proof of Proposition II.3 is that we can decompose the revenue

loss into two parts:

T

R* — R(r) < Eg, / () — o(rT)rf] - (D)t | + Eg, / z Df) - €(D})| dt
0

Note that at time ¢, the firm accrues revenue at the rate r{(Df)x(r]), where the
adoption rate exhibits a price effect x(r]) and a word-of-mouth effect £(Dy). The first
term in the decomposition measures the revenue loss in the current period only since it

assumes that the word-of-mouth effect is the same as the oracle policy. The second term
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captures the revenue loss due to the compounded word-of-mouth effects. We prove that,
under Assumption II.1, the first part grows in the order of the squared price difference.
As the mean difference in the proportions of adopters under 7 and 7* vanishes at a fast
rate (Lemma A.2), the second part is dominated by the first part. The full proof can be
found in the appendix.

The implication of Proposition II.3 is that, to bound the revenue loss of a policy
m, it suffices to bound the squared price error between 7 and 7*. Our next result is
important since it establishes such a price error bound for policies that use the Markovian
Bass pricing function with a parameter sequence {6;,t > 0} (i.e., at time ¢, offer the
price (6, D;) where D, is the cumulative adoption). Note that both MBP-MLE and
MBP-MLE-Limited are policies of this type.

Lemma II.4. Consider a parameter sequence {0; = (p, q;,m¢),t > 0} where 6, is an
Fi-measurable random vector, and py, ¢;, m; are finite, p,+¢; > 0 and m; > O forallt > 0
almost surely. If 7 is the policy that offers the Markovian Bass price with parameter 6,,
i.e., rT =1} (0, DI), then for any ¢ € (0,7,

Eq, [(T?—Tf)Q ’}—t} =0 <E90 [(ﬁt—Po)Q-F((?t—QO)QJr ! (i —mo)? | FtD +0 <1>

2
my

The proof is in the appendix. The proof decomposes the squared pricing error as
follows:

Ea, | (rf = 17)?] = © (Ea, | (17 (B0, D7) = 75 (600, D)) ] ) + © (Eay |7 (01, D7) = 77 (61, D))’ )

where both terms on the right-hand side are potentially affected by the market size
mg. The first term in the decomposition represents the pricing error originating from the
parameter estimation error, and the second term represents the pricing error originating
from the difference in cumulative adoptions (D] and Df) as a result of price differences
up to time ¢. This second term reflects the fact that the deviation of r from r; is not
only from estimation errors but also from differences in the cumulative adoptions.
Lemma II.4 and Proposition II.3 together enable us to bound the revenue loss by the
parameter estimation error. Hence, the revenue loss of a data-driven pricing policy 7 can
be analyzed by studying the dynamics of parameter estimation errors under 7.
Before proceeding with our analysis, we first derive a fundamental limit on the revenue
loss of data-driven pricing policies. This is usually accomplished by constructing a special
case of the problem that satisfies Assumption II.1, and showing that for any data-driven

pricing policy, the worst-case revenue loss associated with that special case cannot be
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lower than the fundamental limit (see Broder and Rusmevichientong 2012; Besbes et al.
2015). The following theorem states that (lnmy) is the fundamental limit under the
special case of z(r) = e™". (Note that this functional form satisfies Assumption II.1.)
Hence, the fundamental limit (Inmg) serves as a benchmark for the revenue loss of

data-driven pricing policies in our problem setting.

Theorem II.2. Let z(r) = e7" with r € [0,2). Then for any pricing-and-learning policy
7 € I, there exists a true value gy € [1/4,5/4] such that R* — R(mw) = Q(Inmy).

The proof of Theorem I1.2 requires showing that the pricing error is lower-bounded by
a rate inversely proportional to the sample size. This is formalized in Claim A.3 using the
Bayesian Cramer-Rao inequality (also known as van Trees’ inequality, see Lemma A.4),
which provides a lower bound on the performance of sequential decision policies. We then
use a tight version of Proposition I1.3 (Claim A.2) to connect the pricing error to revenue
loss.

In the remainder of this section, we will analyze the expected revenue loss of several
pricing-and-learning policies, including our proposed policies MBP-MLE and MBP-MLE-
Limited. In the analyses, we assume z(-) is any function that satisfies Assumption II.1.

In fact, we will show that the revenue losses of our proposed policies are O (Inmy).

I1.5.1 Revenue loss without learning

Consider a pricing policy 7° that offers the Markovian Bass prices based on an initial
estimate 6, that is never updated even when data is available. In fact, relying on an
initial estimate is the approach suggested in many papers including Bass (1969); Bass
et al. (1994) and Krishnan et al. (1999). Theorem I1.3 below states that the revenue loss
of such a policy can be large and grows at least linearly in mg. Establishing the result

requires the following additional condition on z(-).

Assumption I1.2. The marketing effort function z : R — R* has the property that
there exists a constant C > 0 such that ‘g—; (7“93(7"))‘ > C for all —oo < 7 < 0.

Assumption II.2 is not restrictive since it is easily satisfied as long as the instanta-
neous revenue rate, rz(r), is strictly concave in r, a standard assumption in the revenue

management literature.

Theorem I1.3. Given a parameter estimate ég, let m® be the pricing policy that offers
the price 77(6, D) at time ¢ where D is the cumulative adoptions by time ¢. Under
Assumption I1.2 and if |0y — 6|2 = £2, then R* — R(w*) = Q(E%my).
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I1.5.2 Revenue loss of MBP-MLE

We next establish an upper bound on the revenue loss of MBP-MLE. Unlike the simple
pricing policy 7%, the MBP-MLE policy 7™ continuously updates the parameters of the
Markovian Bass price function using the ML estimators.

The implication from Proposition I1.3 and Lemma I1.4 is that the revenue loss of any
pricing-and-learning policy that uses the Markovian Bass price function with parameter
estimates depends only on the weighted mean squared error of those parameter estimates.
We can therefore use our bound on the estimation error of MLE in a Markovian Bass model
(Lemma I1.3) to obtain a performance guarantee for the MBP-MLE policy. This is formally

stated in the following theorem. The detailed proof is provided in the e-companion.
Theorem II.4. If 7™ is the MBP-MLE policy, then R* — R(7™) = O (Inmy).

Note that Lemma II.3, Lemma II.4, and Proposition I1.3 are important results for
establishing the upper bound. Intuitively, we have a O (Inmg) bound since the estimation
error at time ¢ is inversely proportional to D; 4+ 1 (Lemma I1.3), which incidentally is also
the weight applied to the pricing error in (I1.5.1). The detailed proof of the theorem is in
the appendix.

Note that MBP-MLE fully exploits the current parameter estimate since the resulting
MBP price is not adjusted to improve the accuracy of parameter estimation. Despite not
actively doing price exploration, the revenue loss of MBP-MLE, O(Inm), matches the
fundamental lower bound on the revenue loss of any data-driven pricing policy (Theo-
rem [1.2). In Section I1.5.5, we will discuss why learning appears to occur for free under
MBP-MLE.

I11.5.3 Revenue loss of MBP-MLE-Limited

M-Lim "3 policy

We now derive a performance bound for the MBP-MLE-Limited policy 7
with limited price changes. Recall that this policy requires a sequence {Cy, C1,...,Ck}
to determine the number of adoptions between price changes. In our asymptotic analysis
where the potential market size mgy grows, it is reasonable that either the number of price
changes, K, increases or the number of adoptions between price changes increases. In
either case, we assume that 31 C; = ©(my).

The following result establishes an asymptotic bound on the revenue loss of MBP-

MLE-Limited.
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Theorem II.5. Let 7™ be the MBP-MLE-Limited pricing policy where {Cp, C1, ..., Cx}

are the number of adoptions between price changes with Cy > 3. Then,

. C
* M-Lim) _ v .
R*"—R (7T ) O (max {C’o, 1+ Z:{nzaXK c } In m0> )

Compared with MBP-MLE, the cumulative pricing error originating from inaccurate
parameter estimates is larger, since the estimates are only updated at the price change
points. However, if the firm chooses price change points such that the number of adop-
tions between price changes grows exponentially large, the revenue loss grows at most in
logarithmic order. To see this, note that if Cy = 3 and C; = Cya’ for all i = 1,..., K
for some base a > 2, then R* — R (7™Y™) = O ((1+ a)Inmy). Hence, the revenue loss
bound still remains in the same order as that of MBP-MLE. However, the number of price
changes is ©(Inmg), while MBP-MLE implements continuous price changes.

When C; = Cya®, most price changes occur during the early stages of adoption so that
the firm can collect enough information. At the later stages of adoption, the firm simply
exploits this and uses a relatively stable pricing strategy. Hence, price experimentation
primarily occurs at the start of the launch. Doing so can prevent significant revenue
loss overall. Note that using an exponentially growing sequence for C; resembles many
learning-while-doing policies in the literature (e.g., Cheung et al. 2017 and Qi et al. 2017).

On the other hand, the firm can have a revenue loss that grows superlinearly when
it chooses a non-increasing sequence {C;,i = 0,1,2,..., K}, such as a decreasing or
constant sequence. For example, if Cp = C; = ... = Cx = ©(my), then the expected
revenue loss can be as large as © (mglnmg). If the adoptions between price changes is non-
increasing over time, then to achieve O(lnmg) growth, the number of price changes must
be sufficiently large (at least in the order of mg). The reason is, with a non-increasing
sequence, since Zfio C; = ©(myg), this implies (K + 1)Cy > ©(mg). To maintain the
revenue loss to be bounded by Inmg, we need Cy = O(1).

Finally, we also comment on our choice of using adoption numbers to trigger price
changes. With this method, the number of adoptions are known when the ML estimates
are updated, so we can utilize our previous result on ML estimation errors (Lemma I1.3)
in proving the bound on revenue loss. One could also consider a pricing policy where a
price changes are triggered by time (e.g., every Monday at 8 a.m.). While the two policies
do not differ much in terms of execution, characterizing the estimation accuracy in the
latter is harder to do because the cumulative number of adoptions at each price change

period is a random variable.
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I1.5.4 Extension to an unknown marketing effort function

The two algorithms (MBP-MLE and MBP-MLE-Limited) and their asymptotic analysis
can be extended to the case where the marketing effort function z(-) is unknown. This
can be done if x is a Bernstein polynomial with unknown parameters.

Let z(r;y) = Y1 7ibin(r) where n is the order of the polynomial, b;,,(r) = (7)ri(1—
r)"~* are the Bernstein basis functions, and v = (70,71, .-.,7.) € R"™ is a parameter
vector. (This requires price to be normalized to [0,1]. This can be done without loss of
generality for any price r defined on [r, 7| since we can transform our model by introducing
a new variable (r—r)/(T—r).) Bernstein polynomials are known to be able to approximate
any continuous function defined on [0, 1] (Lorentz, 2013). It has been proven that the
Bernstein polynomial approximation converges to the true function uniformly at a rate
of n=Y2 (Lorentz, 2013). Thus, assuming the marketing effort function is a Bernstein
polynomial is quite general. For example, the commonly used (see Robinson and Lakhani
1975 and Chow 1960) market effort function z(r) = a—br can be considered as a Bernstein

b can be well approximated by Bernstein polynomials.

polynomial and z(r) = e*~

We assume the seller knows that z(+) is a Bernstein polynomial of order n, but she does
not know the true parameter vector, which we denote as vo = (1,7%.1,%.2--->%.n)- The
seller uses maximum likelihood to estimate the n + 4 Markovian Bass model parameters
(po, g0, Mo, Y0). Note that we normalized the vector - such that voo = 1. This can
be done without loss of generality, and we will later show that this makes the model
identifiable under ML estimation.

Let u = (f3,7), where  is the transformation defined in (II.4.4). The function Et(ﬁt |
) is not necessarily jointly concave in p. However, we will show that after a proper
transformation of the parameters, the log-likelihood function is strictly and jointly concave
in the transformed parameters when the data has an initial price exploration and there is

a sufficient number of adoptions. Specifically, consider the following transformation:

/le = (7]'517 PYjBQv 7j63a J = Oa 17 s an)—l—' (1153)

Here, i’ is a vector of size 3(n +1). By definition, uj;,, = ;8 where j = 0,1,...,n and
¢ =1,2,3. At time t, for each adoption ¢+ = 0,1,..., D;, we can construct the following

3(n + 1)-dimensional column vectors from the data U

yi,s = (bjm(?s), bjm(?s) . i, bj,n(?s) . 2'2, j = 0, ]., N ,TL)T s for any s € [ti7ti+1]
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Then, the log-likelihood function under the transformed parameters p’ simplifies to:

Di—1 D,—1 bt j ~
LU, | ) Z In g/ Tyt — Z / i yds — /,u’TyD“Sds. (I1.5.4)
i=0

t; tA
Dy
It is easy to check that ﬁt(ﬁt | i) is jointly concave in p'. In fact, Proposition I1.4 next

states that it is strictly concave under some condition on the initial prices.

Proposition I1.4. If D, > 3(n + 1) and if the price sequence (7,,,,7 =0,...,3n + 2) is

i+1)
chosen such that the matrix

Y = (yo’tl yhte o y3”+2’t3n+3> € RT3+ (11.5.5)

has full rank, then the log-likelihood function Et(ﬁt | 1) is strictly and jointly concave
in u'.

Note that the condition that Y is full rank is a condition on price exploration. Intu-
itively, this condition can be achieved if the prices offered to the first 3(n + 1) adoptions
are sufficiently different. Hence, p’ is identifiable under MLE if there is an initial price
exploration phase.

We next discuss how to recover p from p'. Due to our normalization 79 = 1, we
have 8y = pl, B2 = p), and B3 = pj. Furthermore, for any j = 1,...,n, we have
Vi = Majen/ My = Majea/ e = a3/ 3. Given the data U,, we can find the ML estimator
of i/ by solving;:

max L,(T, | )

/ /
sit.opw) >0, us <0 (I11.5.6)

/’Lg]—i-l//”l/l :Hg]—I—Q/H,Qa J = 177”
Mo/ My = Myiys/ps,  J=1,...,n

We denote the solution to (IL5.6) as ji;. We can then construct fi; = (84, 4:) from the
solution fi;.

Optimization model (I1.5.6) has a strictly concave objective function (under the Propo-
sition I1.4 condition) and a non-convex feasible set (due to nonlinear equality constraints).
Hence, we cannot use efficient techniques for convex optimization. Observe, however, that
if (), ph, 1) is fixed, then the problem has linear equality constraints, so the feasible set is
convex. Therefore, a method for solving (I1.5.6) is to search for the largest log-likelihood

value over the space (p], iy, ) where, at each point in the space, a strictly concave
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function is maximized subject to linear equality constraints.

We next adapt the data-driven pricing policies MBP-MLE and MBP-MLE-Limited to
the case when z(-) is an unknown Bernstein polynomial. Whenever a parameter es-
timate is required in MBP-MLE and MBP-MLE-Limited, we use the ML estimators of
(Po, go, Mo, Y0)- In fact, we can establish the rate of convergence of ML estimators, similar
to Lemma I1.3. This is because the log-likelihood function £,(U, | x) is continuously dif-
ferentiable and element-wise concave in all parameters. As a result, all arguments in the
proof of Lemma I1.3 apply to ML estimators of pg = (8o,70). This gives us the following

Lemma I1.3'.

Lemma I1.3'. For any fixed time ¢, if £ > 3(n+ 1) and Y defined in (I1.5.5) is full rank,
then

A ™ Qg

Eu, (18— 4oll* | DF = k) < 2275, and
N - «

By (I =0ll” | DT = k) < =4,

where ag, o, are constants that are independent of my.

The next step is to establish the relationship between the pricing errors and the es-
timation errors, similar to Lemma II.4. Let r;(u,d) be the Markovian Bass price for
parameters p = (f3,7) when the cumulative adoption is d and the elapsed time is ¢.

Below is our next result.

Lemma I1.4'. Consider a parameter sequence {: = (P, @, Mty Y0y - -+ Vem), t > 0}
where pi; is an Fi-measurable random vector, and py, g, m¢, 7y ; are finite, and p, +¢; > 0
and m; > 0 for all £ > 0 and 7 = 0,...,n almost surely. If 7 is the policy that offers the
Markovian Bass price with parameter py, i.e., rf = r;(u:, DY), then for any t € (0, T,

* T ]'
B [ = 1711 73] = © @y s — al? | 7) +.0 ()
for some a > 0 independent of my.
Therefore, utilizing Lemma I1.3', Lemma II.4" and Proposition 11.3, we derive similar

results as Theorem 1.4 and Theorem II.5 under the extension to an unknown marketing

effort function.
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I1.5.5 Discussion of why learning occurs for “free"

It should be noted that our bound O (Inmy) on MBP-MLE and MBP-MLE-Limited
coincides with the fundamental lower bound on revenue loss in Theorem I1.2. It also
coincides with the lower bound derived in Broder and Rusmevichientong (2012) for the
class of well-separated problems. The well-separated condition means that any two distinct
parameters would generate non-intersecting expected demand curves. Although the model
in our setting is past dependent, the O (Inmg) revenue loss of MBP-MLE and MBP-MLE-
Limited still matches the fundamental lower bound.

When z(-) is known, it is surprising that the lower bound is achieved even if both
policies do not explicitly change price for the purpose of increasing learning accuracy
(i.e., experiment with price). In fact, both policies exploit the current information by
using the ML estimates as if they are the true parameters. We call this “learning-for-
free.” However, “learning-for-free” does not always happen when z(-) is unknown. As
shown in Proposition I1.4, we need an initial price exploration phase to ensure the model
parameters can be uniquely identified. But, free learning occurs after this initial price
exploration phase.

We next discuss why learning occurs for free when z(-) is known and the parameters
of the Markovian Bass model are estimated using maximum likelihood. Note that the
log-likelihood function (I1.4.3) is changing continuously over time even when price is
unchanged. Hence, the ML estimators are continuously updated in time regardless of
the price path. From Lemma I1.3, the accuracy of the ML estimators increases as more
people adopt. Indeed, the ML estimators will converge to the true parameters under any
pricing policy as time t increases. The parameters will also converge under pricing that
exploits the current parameter estimates. Hence, exploration and exploitation can occur
simultaneously when the parameters are estimated using the maximum likelihood.

MBP-MLE allows continuous price changes, so the benefit from the increasingly ac-
curate ML estimators is immediately realized through pricing that exploits the current
estimates. This explains why the revenue loss is O(Inmg) even without changing prices
for the explicit purpose of price exploration. On the other hand, MBP-MLE-Limited has
limited opportunities to change prices. Though the ML estimators are continuously up-
dated and will converge to the true parameters with more adoptions (c.f. Lemma I1.3 and
Lemma I1.3"), the changes in the estimators are only reflected onto the price at the limited
price change epochs. Therefore, a key to limiting the revenue loss of MBP-MLE-Limited is
to judiciously set the intervals between price changes so that the information is exploited

late enough for an accurate estimator, but early enough for the price change to have an
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Figure I1.3: Cumulative revenue of MBP-MLE, MBP-MLE-Limited, and no-learning rel-

ative to the upper bound R* of the optimal pricing-and-learning revenue and 95% confi-
dence intervals.

impact on the total revenue. One possibility is to set the adoptions between price changes
to increase exponentially. Theorem II.5 and the ensuing discussion show that such a choice
achieves O(Inmy) revenue loss. Note that increasing the length of the exploitation periods
over time is similar to other policies proposed in the pricing-and-learning literature (see
for example Broder and Rusmevichientong 2012; den Boer 2015a).

The same logic discussed above is also behind why free learning occurs after the initial

price exploration phase in the case of an unknown z(-) function.

I1.6 Numerical Study

We compare the performance of MBP-MLE, MBP-MLE-Limited, and a no-learning pric-
ing policy (i.e., MBP policy based on prior parameter values without updating) relative to
the optimal policy of the pricing-and-learning problem (I1.2.9). We do this by numerically
computing the difference between the expected revenues of these heuristics to R*, which
is the optimal expected revenue if the firm knows the parameter vector 6.

Figure I1.3 shows how the revenues are changing with respect to the initial modeling
error (i.e., by how much the initial parameter values are different from the true values).
In these examples, we assume that true parameters are 6y = (po, qo, mo) = (0.4, 0.6, 100).
The x-axis represents the percentage deviation (6 — 6,)/6y of the initial estimate 6 =

(p, 4, m) from the true parameters. We vary the percentage deviation of p + ¢ from
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Figure I1.4: Cumulative revenue loss and percentage cumulative revenue loss of MBP-
MLE and MBP-MLE-Limited.

—90% to 400%, while the deviation of m is —50% in (a) and 450% in (b). While the
revenue from the optimal policy can be explicitly computed, the revenues from other
policies are computed from a simulation with 102 trials. Along with the average revenue,
we show the 95% confidence intervals. The two panels of Figure I1.3 cover all scenarios,
namely (overestimate py+ qo, overestimate my), (overestimate py+ qo, underestimate my),
(underestimate pg+ qo, overestimate mg), and (underestimate py + o, underestimate my).
In all the scenarios, the performances of MBP-MLE and MBP-MLE-Limited give us on
average 30% more revenue compared with MBP without learning. On the other hand, the
performance of a policy that uses only initial estimates degrades sharply as the error gets
large. In some instances, such a policy can lose more than 70% of the potential revenue.
In contrast, a policy with at most six price changes (MBP-MLE-Limited) based on the
data can perform as well as the optimal policy and a policy that requires continuous
price changes (MBP-MLE) for most cases except when initial errors are extremely large
(around 400%). Even in these cases, MBP-MLE-Limited is significantly better than the
no-updating policy. This implies that, if the firm is able to make a few price adjustments
after a launch based on the demand data, it can reap substantially more revenue.
Figures 1.4 (a) and (b) illustrate how the algorithms perform as T" becomes large
while keeping myg fixed at a finite number. This is a setting that is not considered in
our asymptotic regime. We observe that the percentage revenue loss of MBP-MLE and
MBP-MLE-Limited, shown in Panels (c) and (d), decrease rapidly. Each dot in the figure

is the average revenue loss from a simulation of 102 trials. All cases assume that the
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true parameters are (po, qo, mo) = (0.05,0.1,160) and initial parameters are (p, G, m) =
(0.4,0.6,280). We also assume that z(r) = e~". From Figure I1.4, we clearly see that the
revenue loss of policy MBP-MLE-Limited grows faster than that of MBP-MLE.

Note that MBP-MLE does not rely on a prior distribution of the unknown parameters.
Therefore, a natural question is: can the performance be improved by a Bayesian estimator
that uses a prior distribution? To answer this question, we conduct experiments on a data-
driven pricing policy that uses the maximum a posteriori (MAP) estimator. The MAP
estimator is the parameter value with the highest posterior probability value. Here, the
posterior distribution is computed by updating the prior distribution using Bayes’ rule
after taking into consideration the observed data. We devise a new policy where we use
the MAP estimate in the MBP price (in Theorem I1.1). Accordingly, we name this new
policy MBP-MAP.

In the new experiments, we use MAP to estimate § = (31, B2, 83), and assume a prior
distribution for 5. Because $; > 0 and B3 < 0, we assume the prior of g, and —f(;
follows a gamma distribution with the shape parameter to be « = 8. Because the sign
of 3, is free, we assume the prior of 3, follows a normal distribution N'(u, u?/). In the
experiments, we test two cases: (a) the mean of the Bayesian prior is the true value, (b)

the mean of the Bayesian prior deviates from the true value by —80%.
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Figure I1.5: The true values of the parameters are my = 150, pg = 0.4, qo = 0.6,T = 40.
We run 100 experiments of the price sample paths and plot the average with the 95%
confidence interval.

Figure I1.5 plots the sample average of the price paths (in 100 samples) and 95%
confidence intervals under the oracle policy, MBP-MLE, and MBP-MAP. We can see that
MBP-MLE (blue curve) and MBP-MAP with an accurate prior (green curve) have average
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price paths that converge to the optimal price (orange curve). In the short term when
there is little data, MBP-MAP with an accurate prior converges faster than MBP-MLE.
However, if the prior distribution is inaccurate, MBP-MAP (red curve) has an average price
path that is significantly different than the optimal price path. This highlights a weakness
of a Bayesian approach in our setting where pricing mistakes can have a lingering effect:
that the performance can be very sensitive to the accuracy of the prior when problem
size myg is relatively small. On the other hand, the quality of prior knowledge has little
impact on MBP-MLE.

I1.7 Conclusion

This chapter considers how the firm can incorporate learning into pricing decisions
for a new product when the demand model parameters are unknown but can be learned
from data collected over time. Since firms often do not have sufficient information about
adoption behavior and future demand, our work shows that the ability to integrate real-
time sales data into the pricing decision can significantly increase revenue.

To develop the mathematical machinery that allows us to capture learning, we propose
a new stochastic adoption model, called the Markovian Bass model, that features all the
factors affecting state transitions as the generalized Bass model (Bass, 1969; Bass et al.,
1994). We then show that our Markovian Bass model converges to the Bass model as the
market size grows.

Building on this foundation, we study the setting where the seller forms an inference
about the unknown Markovian Bass model parameters using maximum likelihood esti-
mation (MLE). We derive the seller’s optimal pricing-and-learning policy that strikes a
balance between price experimentation and revenue earning. While we are able to char-
acterize the value function of the optimal policy (MBP-MLE-Learning), it is difficult to
solve for the optimal policy due to the curse of dimensionality.

Instead, we propose two computationally tractable pricing policies that utilize the ML
estimator: MBP-MLE when the retailer has full flexibility to change the price, and MBP-
MLE-Limited when the firm must limit the number of its price changes. We show that the
worst-case revenue loss of the MBP-MLE grows sub-linearly in the market size. Through
a theoretical analysis, we show that the MBP-MLE-Limited achieves the same order of
worst-case expected revenue loss as long as the price change intervals are carefully chosen
(i.e., the number of adopters between price changes is growing exponentially).

Our framework shows that one can use MLE to derive the optimal learning policy or

to develop simple data-driven algorithms with bounded revenue loss when the underlying
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stochastic process is a continuous time Markov chain. Our result can be applied to
other stochastic optimization problems (e.g., pricing, inventory) where the structure and
evolution of MLE are well-behaved and leads to state reductions or efficient algorithm

development.
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CHAPTER III

On the performance of certainty-equivalent pricing

IT11.1 Introduction

In recent years, many companies have used dynamic pricing as one of the levers to
improve their sales revenue. Starting from the travel and hospitality industries with
perishable inventory, dynamic pricing is now used in retail, logistics, services, and so
on. The objective of dynamic pricing is to maximize the expected revenue over a finite
selling horizon. An optimal dynamic pricing policy chooses the price that maximizes the
expected revenue for the remainder of the horizon, given the current state (e.g., inventory,
cumulative sales, etc.) and the future demand.

In many settings, future demand is uncertain and depends on factors that can change
over time. For example, when future demand is driven by a network effect, then demand
depends on cumulative sales. When inventory availability has a negative or positive effect
on future demand (known as scarcity or display effects), then demand is affected by the
state (e.g., inventory level) of the dynamical system.

These examples of state-varying demand have long been recognized phenomena in
marketing and operations management literature. For example, network effects are mod-
eled in the seminal Bass diffusion model (Bass, 1969) which is found to fit the empirical
demand curve of new products quite well. In this model, sales of a new product are
primarily driven by word-of-mouth from satisfied customers. Display effects (demand is
high when inventory is high) have been observed in sales data by Wolfe (1968); Smith
and Achabal (1998); Caro and Gallien (2012). This effect is attributed to more people
noticing the product if there is more inventory. Scarcity effects (demand is high when
inventory is low) have been observed experimentally or empirically by Van Herpen et al.
(2009); Balachander et al. (2009); Cui et al. (2019); Cachon et al. (2018). This effect is

attributed to the increase in perceived value because of exclusivity, creating a sense of
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urgency among customers to “act fast”. With the rise of e-commerce and social media
platforms where network or inventory effects could be amplified, it is not surprising that
the demand for a product could depend on past sales or inventory.

In order to determine the optimal prices in such settings, the seller must know the
distribution of future demand. However, when demand is a complex and state-varying
stochastic process, the seller may not have complete demand information. In many set-
tings, the seller’s best available information is the estimate of the average demand in
future periods. Indeed, estimating conditional means from data uses standard statistical
methodologies (relying on strong results like the law of large numbers), whereas estimating
an entire distribution requires a much larger data set and more sophisticated approaches.

In this chapter, we study a periodic-review! pricing problem over a finite horizon and
with finite inventory when the demand distribution is state-varying. The key features
that distinguish our demand model from others in the dynamic pricing literature are that
we assume that the future demand and its distribution are state-dependent (where the
state variables in our setting are the total past sales and the current inventory level)
and that the seller only has limited information about the demand distribution. When
demand is state-dependent, a pricing mistake not only reduces the current period revenue,
but also changes future demand since the mistake affects cumulative sales and available
inventory. Thus, price in one period has a lingering effect on future demand. Furthermore,
when there is a limited number of opportunities to change price, the price chosen at each
period has persistent implications beyond the current period. Lack of knowledge about
the demand distribution makes the pricing decision more difficult and nonoptimal pricing
more consequential.

Certainty equivalent (CE) pricing policies are commonly used when the seller has access
to the expected demand rather than the entire distribution. Specifically, these policies
rely on solving the deterministic counterparts of the stochastic problem by replacing all
random variables with their expected values. An “open-loop” CE policy implements the
optimal price sequence of the deterministic model. Although actual prices of this policy
can change during a sales season, they are static in the sense that the deterministic
problem is solved once to obtain the price schedule for the entire season. In contrast, a
“closed-loop” CE policy re-optimizes the deterministic model on a rolling horizon using

current inventory information at the beginning of each period. Hence, prices are adjusted

'Periodic review means that prices can only be changed at the start of each period. While a continuous
review of pricing is ubiquitous in analytical models of dynamic pricing, periodic pricing changes are often
more appropriate in reality (Yang and Zhang, 2014; Bitran and Mondschein, 1997). Indeed, periodic
pricing schemes are widely observed in practice. For example, many brick-and-mortar stores update their
prices weekly as changing prices often requires changing price stickers and are costly to implement.
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over time based on the realizations of demands in past periods.

Both open-loop and closed-loop CE pricing policies are well-studied under a canonical
setting where demands across time are independent and price is reviewed continuously
(Gallego and Van Ryzin, 1994; Jasin, 2014). However, even though the phenomena of
state-varying demand and periodic pricing reviews are well-recognized to occur in practice,
to the best of our knowledge, there has been yet no study of how CE pricing policies
perform when the problem setting exhibits these features. Our work addresses this gap.

A major challenge with this setting is that the state-dependent demand results in
non-convex stochastic and deterministic problems that are challenging to analyze. A
modeling contribution of our paper is to introduce a general state-dependent demand
modeling framework where the certainty equivalent policy is amenable to analysis. Our
framework is general in the sense that it includes many of the state-dependent demand
models proposed in the literature, such as Bass (1969); Smith and Achabal (1998); Shen
et al. (2013); Smith and Agrawal (2017).

An initial focus of our analysis is to establish the tractability of solving for the optimal
CE policies. The deterministic version of the stochastic problem appears to be difficult
to solve at first, due to demand censoring terms in the objective and non-convex con-
straints. However, through a series of transformations, we show the problem is equivalent
to a convex optimization model that has a unique interior solution, and hence can be
solved efficiently through interior point methods. Hence, solving for the CE policy is
computationally tractable.

Next, we study the analytic performance bounds for the CE policies by comparing their
expected revenues against the true (unknown) optimal expected revenue. We do this in
two steps. First, we show that for any demand distribution whose conditional mean
satisfies simple regularity assumptions, the optimal revenue of the deterministic model is
an upper bound for the stochastic optimal expected revenue. Although a deterministic
upper bound can be trivially established in the canonical dynamic pricing setting (e.g.,
Gallego and Van Ryzin 1994), these standard techniques cannot be used in our setting with
state-dependent demand and periodic price changes. Hence, we develop a novel induction
argument and establish this upper bound using dynamic programming reformulations of
the deterministic and stochastic problems.

Second, we show that as the initial inventory and the expected demand are both scaled
by m, the gap between the expected revenue of a CE policy (open-loop or closed-loop)
and the deterministic upper bound grows in the order O(y/m). We refer to this gap as the
expected revenue loss. Since the deterministic revenue scales linearly in m, our analysis

implies that both CE policies are asymptotically optimal as the problem scale increases.
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In our setting with state-dependent demand, proving the O(y/m) upper bound on the
revenue loss is challenging since the analysis must apply for any state-dependent distribu-
tion (satisfying some regularity conditions). By constructing an appropriate martingale
and utilizing the Azuma-Hoeffding inequality, we show that the sequences of states vis-
ited by the CE policies converge (as m increases) to the states visited by the deterministic
optimal policy.

When demands are independent across periods, Jasin (2014) proves that re-optimization
can reduce the revenue loss from O(y/m) to O(logm). We show that when demand is
state-dependent, this same order reduction cannot be guaranteed for a re-optimization
policy. We do this by proving that in our setting the expected revenue loss of both
CE policies is lower bounded by Q(y/m). Hence, our O(y/m) bound on the expected
revenue loss is tight for both CE policies. What this means is that re-optimization has
less benefit in our setting compared to its benefit under independent demand. In the lat-
ter setting, the reduction to O(logm) requires the condition that more inventory strictly
improves the revenue (condition u” > 0 in Theorem 1 of Jasin 2014). However, in our
setting of state-dependent demand, more inventory could result in a strictly lower revenue.
An example where this could happen is when scarcity boosts sales, so higher inventory
results in a lower demand rate.

In our numerical experiments with small m, we show that there is a benefit for re-
optimization. This benefit increases as the number of review periods increases or as the
conditional mean of future demand becomes more nonlinear in the state variables. Fur-
ther, both CE policies perform very well, even when m is small (and thus far from the
asymptotic limit of m — oo0). Combined with our asymptotic results, this suggests that
the CE approach can be used in both large and small markets. To derive a policy that can
be used in practice, our policy explicitly takes as an input the number of price changes
allowed during a selling season. We show, through large-scale numerical experiments,
that just a few price changes are needed to recover nearly the same profit as an optimal
policy for a continuous-time model with arbitrarily many price-change opportunities. The
numerical experiments also provide guidance for choosing the number of price changes.
In our simulations, as little as two to five price changes suffice to recover more than 95%
of potential revenue from a continuous-time model. A little bit of price flexibility goes a
long way. This is reminiscent of Gallego and Van Ryzin (1994)’s finding that a fixed price
is sufficient to recover the potential benefits of full dynamic pricing at the asymptotic
rate O(1/y/m) for stationary demand. There is one notable difference. Because future
demand depends on price, cumulative sales, and remaining inventory in our model, we

show analytically that a fixed-price policy performs poorly.
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Finally, we extend our analysis to the case where the firm needs to determine the
initial inventory (in addition to prices) and show that the CE policy performs well in a
joint pricing and inventory problem under state-dependent demand. We believe this to

be the first such result in the literature.

IT1.1.1 Literature review

In the operations literature, deterministic (CE) formulations are extensively studied,
with a focus on deriving their structural properties. Thomas (1970); Rajan et al. (1992);
Smith and Achabal (1998); Chen et al. (2001); Deng and Yano (2006); Geunes et al. (2006);
Shen et al. (2013) study the joint decisions of pricing and production/inventory policies
with deterministic demand. Sethi et al. (2008) propose the optimal advertising and pric-
ing for a monopoly product under a deterministic demand process. Krishnamoorthy et al.
(2010) extend the analysis to a duopoly market. Banker et al. (1998) use a determinis-
tic optimization problem to study quality management. However, none of these papers
theoretically analyze how well CE policies perform in stochastic settings.

On the other hand, the performance guarantee of CE policies are commonly studied
in revenue management literature, where such policies are adopted either because of their
simplicity (Gallego and Van Ryzin, 1994) or because the stochastic problem is difficult
to solve (Gallego and Van Ryzin, 1997, Bumpensanti and Wang, 2020; Lei et al., 2021).
A number of papers establish theoretical performance bounds for CE policies. The vast
majority of the papers that analyze CE policies for dynamic pricing problems make two
general modeling assumptions (Gallego and Van Ryzin, 1994, 1997; Jasin and Kumar,
2012, 2013; Jasin, 2014). First, demand is assumed to follow a specific stochastic process
(e.g. a Poisson process) that depends only on the current price, so future demand is in-
dependent of the past demand. Second, they assume price can be changed continuously.
We refer to these two conditions as the classical dynamic pricing setting. The first con-
dition results in a customer’s purchase affecting the seller’s current revenue but not its
future demand. The second condition allows the seller to shut off demand immediately
(by charging a high price) at the moment inventory runs out. Together, these two con-
ditions allow associated CE problems to be formulated as a linear or convex programs.
Thus, theoretical analyses of these settings utilize existing tools from linear or convex
optimization (e.g., strong duality).

Under the assumption that customers arrive according to a homogeneous Poisson
process, Gallego and Van Ryzin (1994) show that a fixed price is the solution to the
CE problem, and the fixed-price CE policy is asymptotically optimal. In particular, they
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show the revenue loss of the CE pricing policy is O(y/m)? when the total demand and
the initial inventory are both scaled by m. Gallego and Van Ryzin (1994) is the first
paper to show that, under certain conditions, a fixed-price CE policy performs close to
the optimal policy with continuous price changes. Since then, a number of papers show
similar guarantees for open-loop CE policies. For instance, Gallego and Van Ryzin (1997)
and Jasin (2014) provide performance guarantees for open-loop CE controls in the network
revenue management setting.

One potential weakness of an open-loop policy is that the price (which was computed
assuming a representative sample path) is not adjusted to actual demand realizations. To
overcome this, a number of papers examine the effectiveness of using reoptimization and
modifying a CE policy with closed-loop feedback. Some have studied settings in which
closed-loop CE policies do not always outperform open-loop policies, such as in booking
limit and bid price controls for network revenue management (Jasin and Kumar, 2013).
On the other hand, there are papers showing that closed-loop policies outperform open-
loop policies (Maglaras and Meissner, 2006; Chen and Farias, 2013). Jasin and Kumar
(2012) show that implementing a closed-loop CE policy in a probabilistic manner for a
network revenue management (NRM) problem can have a revenue loss upper bounded by
O(1), which is independent of the problem scale. Bumpensanti and Wang (2020) establish
a similar loss bound by re-solving the deterministic linear program approximation for the
NRM problem under a less restrictive assumption. Reiman and Wang (2008) propose a
closed-loop CE pricing policy where the re-solving time is endogenously determined by
the heuristic. The expected revenue loss of their policy is o(y/m).

Different from the above settings studied in RM literature, we examine how CE policies
perform under general state-dependent demand settings where the seller reviews prices
periodically. In particular, we consider the case where demand depends on the cumulative
sales and/or on the remaining inventory. Our analysis does not need to assume a specific
demand distribution and is general enough to include existing demand settings in the RM
literature such as continuous-time Poisson demand arrivals. Accordingly, we contribute
to the dynamic literature by providing general conditions under which the CE policy can
be an effective alternative to solving the original stochastic optimization problem.

We conclude this section with a table (Table III.1) that positions our work among
those we found closest to our setting. As the reader can see, antecedent models in the
dynamic pricing literature share some (but not all) of the features of our framework.

The dynamic pricing literature is vast, each paper in the table is only representative of a

2Notation O, ), © are defined in Section III.1.2.
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Table III1.1: An overview of closely related papers in the literature.

Partial

State-dependent | Periodic demand Inventory
demand pricing | Stockout | information | decision
Gallego and Van Ryzin (1994) No No No No(® No
Lost
Bitran and Mondschein (1997) No Yes sales No Initial
Feng and Gallego (2000) Yes No® No No No
Backlog
& lost
Shen et al. (2013) Yes No sales No Replenish
Yang and Zhang (2014) Yes Yes Backlog No Replenish
Lost
This work Yes Yes sales Yes Initial

(@) Original paper assumes Poisson demand distribution.
(°) Considers only finitely many price levels.

number of papers with related questions, models, and results.

I11.1.2 Preliminaries

Throughout the paper we use the big O notation in expressions f(z) = O (g(x))
where f and g are positive real-valued functions if there exists an » € R such that
f(z) < rg(z) for x sufficiently large. Similarly, if f(z) = Q(g(x)), then f(z) > rg(z).
When f(z) = O (g(z)) and f(x) = Q (g(z)), it is represented by f(z) = O (g(z)).

II1.2 Modeling framework

We present the limited information periodic review pricing problem when the only
information about the stochastic per-period demand is its conditional expectation. In
this model, a monopolist is selling a product with finite inventory a > 0 over a finite
horizon. The firm can dynamically change the price, but these price changes can only
occur periodically at certain price review periods {1,2,...,T}. After the firm chooses a
price m; > 0 for period t, a random variable D, is realized, representing the demand in
period t. After the demand D, is realized, it is satisfied to the maximum extent using
the remaining inventory. We denote the remaining inventory at the end of period ¢ as NV,
where Ny = a. Any unmet demand is lost. Goods not sold by the end of period T' are
salvaged at a (normalized) value of 0. The firm does not know the true distribution of
D, but it knows the conditional expectation of D,. Specifically, conditional on the state
at period t and the price, the expectation of D; is a known function of the price 7;, of the

cumulative past sales, and of the remaining inventory.
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The challenge when the firm only knows the conditional expectation of demand is that,
if it makes a pricing mistake due to limited information, these mistakes can be costly since
future demand is state-dependent. This is because the demand depends on the past sales
and the remaining inventory, so any past pricing mistakes can have a lasting effect on
future demand. In this paper, we will present pricing policies that only make use of the
information on the conditional expectation of demand and analyze their performance in
an asymptotic setting (specified in Section 111.4.2). In the asymptotic setting, we scale
both the expected demand rate and initial inventory by a factor of m > 0 while keeping
number of price changes T fixed. This means we consider the setting where both demand

and inventories are large.

I11.2.1 Demand model

We begin by describing the demand model. Let P, denote the total cumulative demand
up to period t, where P, = ZZ=1 D,. We define F; = o(Py, Py, ..., P;) to be the smallest
o-field where variables Py, Py, ..., P, are measurable and let F = {Fy, F1,...} be the
associated filtration.

A distinctive feature of our model is that the per-period demand D; is a random
variable whose distribution may depend on the demand realizations from past periods.
However, we assume that conditional on F;_; and the price m;, the distribution of D, only
depends on the price, on the cumulative sales & — N;_1, and on the remaining inventory
N;_1. Note that the cumulative sales & — IN;_1 is not the same as the cumulative demand
P,_;. It is possible that o — N;_; < P;_1, which happens whenever the seller stocks out
due to the cumulative demand P,_; exceeding the initial inventory Ny = a.

This feature of the demand model is formalized next.

Assumption III.1. Conditioning on F;_; and price 7, the distribution of D, depends

only on 7, the remaining inventory N, 1, and the cumulative sales « — N;_;. Furthermore,
E[D; | Fi—1] = M N1, ) - () (II1.2.1)

for some functions A and z. <

The term A(N;_1, ) represents how the remaining inventory N;_; and the cumulative
sales o — N;_; affect the expected demand in the next period, and so we call A\ the sales
and inventory sensitivity (SIS) function. We call x(m;) the price sensitivity function since

it represents the effect of price on the expected demand. We assume that the seller knows
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Notation Description

T number of price review periods

e price at period t

D, stochastic demand in period ¢

N, remaining inventory at the end of period ¢

« initial inventory level

x () price sensitivity function of demand

A(NV;i—1,a) | sales and inventory sensitivity (SIS) function of demand

Table I11.2: Notation for modeling framework.

the functions A(+,-) and z(-), and that the only information available to the seller about
the demand distribution is the functional form of the conditional expectation.
Assumption III.1 states that the expected demand is of a multiplicative form which
separates the effect of the current period price from the effect of past sales and inven-
tory. Many papers use multiplicative demand functions; for instance, Smith and Agrawal
(2017); Bass et al. (1994); Krishnan et al. (1999). See the review paper Urban (2005) for
additional discussion. The assumption that the mean demand can depend on cumulative
sales and available inventory enables us to capture situations where demand is driven by
network effects (e.g., the word-of-mouth effect) or inventory availability (e.g., the scarcity
effect). Table II1.2 summarizes the notation of our framework, working from (I11.2.1) as

a primitive.

Assumption III.2. The SIS and price-sensitivity functions have the following properties:

(i) « :[0,00) — [0, 1]. Moreover, there exists a finite choke price 7 where x(7¢) = 0.

(ii) = is continuously differentiable and strictly decreasing (that is, z/(7) < 0 for all
7 > 0). This implies that the inverse 27! : [0, 1] — [0, 00) exists and is a decreasing
function.

(iii) The virtual value function, 7 + (( )) is increasing in 7.

(iv) p(r) = mx(r) is continuously differentiable in 7 and p”(7) exists for all 7 < 7°.

)
)
(v) A:[0,00)% + [0, ] for some A > 0, and A(n,a) > 0 for any 0 < n < a.
(vi)
)

A s Jomtly concave and continuously differentiable in both of its arguments.
(vii) 7y

(n) £ 27Y(n/A(n, a)) is differentiable in n for n € [0,00). <

Assumption II1.2(i)-(iv) are standard properties of a price sensitivity function in the
revenue management literature. The condition in Assumption II1.2(i) that z(7w) < 1 is
without loss of generality since, if it does not hold, we can simply scale the A function cor-
respondingly. The range [0, 1] gives an interpretation of price sensitivity as proportionally

“clawing back” on ‘raw” demand. The existence of the choke price implies that if the price
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is too high, no one buys. Assumption I11.2(iii) is common in the inventory and revenue

management literatures, as it facilitates establishing the concavity of value functions (for
x ()
a’ ()

value function since it represents the virtual value of the marginal demand resulting from

is known as the virtual

a discussion, see Ziya et al. 2004; Lariviere 2006). Here, m +

a marginal price change to m. Assumption II1.2(iv) implies that the effective revenue rate
p is a strictly concave function and so has a unique maximizer 7 in [0, 7¢]. That is, price
7 provides the optimal effective revenue rate. Assumption II1.2(vii) is an assumption on
both A and z. It states that the lowest price my(n) that can be charged without stocking
out a supply of n in expectation is differentiable in n.

The following examples illustrate how a variety of demand models studied in the

literature satisfy the conditions of Assumptions I11.1 and IIL.2.

Example 1 (Sales-dependent demand). The generalized Bass model of Bass et al. (1994)
and Krishnan et al. (1999) describes demand that is influenced by customers who have
previously bought the product. Given a population of size k, the expected demand under
this model is E[D; | F;_1] = A (N1, ) 4, where

A(Ni-1,0) = (k— a+ Ni—q) (p +q- Q_TNt_l> , (I11.2.2)
and z; captures the effect of advertising or price on the average demand. If x; = z(m)
is a time-stationary function of price, then it is a price sensitivity function of the form
we study in this paper. Existing literature usually assumes the price sensitivity function
x takes the form of an exponential (Shen et al., 2013) or linear (Raman and Chatterjee,
1995) function. In both these cases, x is consistent with Assumption II1.2. Note that A
in (I11.2.2) also satisfies Assumption II1.2. <

Example 2 (Scarcity effect on demand). Yang and Zhang (2014) and Sapra et al. (2010)
model the scarcity effect in an additive demand model. Note that the assumptions used
in their paper satisfy all of Assumption II1.2, but their demand format is in additive form,
thus violating Assumption II1.1. However, the multiplicative version of Yang and Zhang
(2014) fits our framework and assumptions. To see this, the expected demand (written
in our notation) is E[D; | F;_1] = A(Ny_1)z(w), where A(N;_1) is twice differentiable and
concave decreasing in the remaining inventory N;_;. The scarcity effect is captured since

A is decreasing in N;_1. <

Example 3 (Display effect on demand). Smith and Agrawal (2017) model inventory
display effects through the expected demand function E[D; | F;_1] = A(N;_1)z(w).> The

3Smith and Agrawal (2017) consider a multi-location inventory model where inventory is sold to
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display effect is captured by the fact that A is an increasing function of N;_;. A canonical
case that leads to several analytic results in Smith and Agrawal (2017) can be adapted to

our framework with minor modification as follows:

A(Ni_y) = k(N,_,/(EN,))? (I11.2.3a)
z(m) = e 7% — e, (I11.2.3b)

where k is a market size, N, and c, are reference values, and 0 < g < 1,y > 0, and ¢, > 0.
Note that A is concave, reflecting a diminishing marginal rate of return. Including €, in
(II1.2.3b) is a modification of the model in Smith and Agrawal (2017) (which assumes
ez = 0) so that a finite choke price exists. Since the choice of €, is arbitrary, it does not
change the results and insights of their paper. We can easily verify that these choices for

A and x satisfy Assumption II1.2. <
We also make the following assumption on the variance.

Assumption II1.3. There exists a constant o > 0 such that the conditional variance of

D, for every period t does not exceed oE(D; | Fi_1).

Assumption II1.3 implies that, relative to the mean, the variance of demand does not
become too large. This is not a restrictive assumption. Assumption II1.3 is not any
stronger than what is assumed in classical dynamic pricing literature where it assumed
that demand follows a Poisson or Bernoulli process (Gallego and Van Ryzin 1994; Jasin
2014) which satisfy Assumption I11.3. In fact, we are imposing weaker assumptions than
in those works since we are not assuming a specific demand model for our analysis to work.
As we show in the following example, many variations of demand models where underlying
randomness is governed by normal distributions, Poisson processes, and Markov chains
satisfy this assumption. If ¢ = 0 then demand is deterministic, which is also included in

the class of demand models considered this paper.

Example 4. The following are a few distributions that satisfy Assumption III.3:

(a) Dy = A(Ny—1,@)x(m) + €, where ¢ is a random component that has a normal

distribution with zero mean and variance o,

customers in multiple locations and the seller must decide how to allocate a fixed inventory between
locations. Our model is for a single location, so we adapt the single-location development (in Section 1)
of Smith and Agrawal (2017). Focusing on Smith and Agrawal (2017) was largely an arbitrary choice, any
number of display effect demand models could have been set into our framework (for example, Kopalle
et al. 1999; Wang and Gerchak 2001).
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(b) D, has a Poisson distribution with mean A\(NV;_1, &)z (7). A common demand dis-
tribution assumed in dynamic pricing literature is a Poisson process with constant
arrival rate A. This demand model fits our framework since it satisfies Assump-
tions III.1 to III.3.

(c) Dy is an aggregation of a continuous time Markov chain with transition rate
)\(Ntfl, Oé).fC(ﬂ't).

I11.2.2 The dynamic pricing problem with complete information

We first formulate the dynamic pricing problem when the seller has complete informa-
tion of the demand process. When the seller does not have explicit information about the
demand distribution, the corresponding stochastic optimization model cannot be solved.
However, this model later serves as a baseline to evaluate the performance of the certainty-
equivalent policies which operate on partial information.

Starting with initial inventory «, the seller chooses a price for each period based on
the state. (We call this a periodic-review pricing policy or simply pricing policy.) By
Assumption III.1, the conditional distribution of demand D; given F;_; depends on the
remaining inventory N;_;, and the cumulative sales a — N;_;. Therefore, the remaining
inventory N;_; is sufficient to describe the state of the system at time ¢. Formally, a
pricing policy w : [0,00) x {1,...,T} — Ry (where Ry is the set of nonnegative real
numbers) determines the price m = m(N;_1,t) to charge at review period ¢ given state
N;_1. The seller chooses an F;-adapted pricing policy 7 to influence the demand during

the selling horizon. The expected total revenue of a pricing policy 7 is
T
VHT) =E | Y w(Ni_1,t) (D = [Dy = Nea] ) | - (I11.2.4)
t=1

Note that, in our problem setting, the demand D; can exceed the inventory N, ;. Hence,
a demand censoring term is included in the objective function as the total sales cannot
exceed the remaining inventory. It means that, at each period, the revenue is earned
only on actual sales min(N;_1, D;) = D; — [D; — Nt_l]Jr. In the next period, the seller
will start with the remaining inventory N; = [N;_1 — Dt]+ for all ¢ > 1, where Ny = a.
The expectation in (II1.2.4) is taken with respect to a stochastic demand process that is

consistent with Assumptions III.1 to III.3.

Remark III.1 (Notational conventions). The superscript 7 of V™ (T") denotes decisions

by the seller. Since we examine how the number of price changes (T") affects the algorithm
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and resultant profits, we do not suppress 7. <

In light of the properties of the price sensitivity function x, we can recast the seller’s
decision problem. Assumption III.2(ii) allows us to introduce a new variable y, = x(m)
called the induced demand intensity for price m; (or simply intensity) at review period
t. The price m; = 2~ !(y;) is uniquely determined by the intensity y;, thus, every pricing
policy 7 has an equivalent demand intensity policy y : [0,00) x {1,...,T} — [0, 1]. Note
that for any intensity policy y, by Assumption III.1 we have

E[D; | Fica] = ANV, @)y (N, t), forallt=1,...,T. (II1.2.5)

As the existing literature (e.g. Gallego and Van Ryzin 1994) shows, intensity control
problems are easier to analyze than pricing problems, and so we recast the problem as

one where the seller is choosing an intensity policy. The expected revenue of an intensity

policy y is
T

VIT)2E Y a7 (y (Nie1,t) (D = [Dy = Nl ) | - (111.2.6)

t=1
Discussion of the set of candidate (feasible) intensity policies is needed to complete
the description of the seller’s problem. We let Y = {y : [0,00) x {1,...,T} — [0,1] |
Fi-adapted} denote the set of all feasible policies. The seller’s problem is to choose
a feasible intensity policy (and thus pricing policy) to maximize the expected revenue,

which is equivalent to solving the following problem:
V*(T) £ max VY(T). (P)

yeY

We denote the optimal value of this optimization problem (P) by V*(T'). Consistent with

our discussion in Remark III.1, parameter 7" remains an argument of the function V*(7T').

II1I.3 Certainty-equivalent policies

Note that solving the stochastic pricing problem (P) requires knowing the demand
distribution at all states. This is not possible in our setting as the seller only knows the
conditional expectation of demand: A(-,-) and z(-). In this section, we introduce pricing
policies that only require the limited information in our setting. We refer to these as the
certainty-equivalent (CE) policies, since they rely on solving a deterministic counterpart

of the stochastic pricing problem (P).

o4



II1.3.1 A deterministic optimization model

We first introduce a deterministic optimization model refered to as (DT):

VDT(T; u,a) = max 27 (y¢) min (A (n_1, @) ys, m¢_1) (DTa)
”55;;1 t=1

st. ng = [y — M1, )y]” forallt=1,...,T (D'h)

ng=1u (DTC)

y € 10,1 forallt=1,...,T. (D'd)

Note u and « are parameters of (D), and we assume that 0 < u < a. Here, u and « can
both be interpreted as inventory levels. Whenever u = «, we can check that (DT) is the
deterministic relaxation of (P), where we replace all random variables D; with their expec-
tations A(n;_1, )y;. Note that (D) determines a vector of intensities y = (y1,y2, - - -, y71),
whereas (P) finds an intensity policy function y : [0,00) x {1,...,T} ~ [0,1]. Here,
n = (n1,ns,...,ny) is the vector of remaining inventories under the deterministic demand
model. Once a feasible vector y is chosen, the associated feasible vector n is immediately
determined.

Note that the objective function (D'a) in the deterministic model contains censored
terms, hence it is non-differentiable. Furthermore, (D'h) is a non-convex constraint.
Hence, at first, the problem appears difficult to solve. However, we will overcome this dif-
ficulty by showing that problem (D7) is equivalent to the following deterministic problem

without censoring terms:

T

VP(T;u, ) £ max e y) A (-1, @)y (Da)
neRT+1
yGRT t=1
T

s.t. Z Ang_1, @)y < u (DDb)

t=1
ng=mn1 — ANy, )y, forallt=1,....,T (Dc)
ng = u (Dd)
y€[0,1] forallt=1,...,T. (De)

We refer to the model above as (D). Note that (D) has an additional constraint (Db)
which eliminates solutions (n,y) where the total demand exceeds inventory u. The equiv-

alence between (D) and (D) is established in the following theorem:
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Theorem III.1. For any T and 0 < u < «, the following holds:
VP(T;u,a) = Vo (T;u, ).

Moreover, finding an optimal solution to (D) suffices to solve (DT).

Theorem 1 implies that it suffices to solve problem (D) as the deterministic relax-
ation of the stochastic problem (P). This is important since the objective function (Da)
of the deterministic relaxation (D) does not have demand censoring terms (i.e., non-
differentiability), which makes it an easier problem to solve. We will refer to the optimal
value of (D) when u = a simply as VP(T') to be consistent with the fact that the optimal
value of (P) is V*(T).

We will later introduce two CE policies in Section I11.3.2; a closed-loop CE policy (CE-
CL) and an open-loop CE policy (CE-OL). These two CE policies set the intensity (and
equivalently, price) in each period based on solutions to the deterministic model (D) for
given u and « values. Hence, the complexity of the CE policies depends on the feasibility
and computational effort needed to solve the nonlinear optimization problem (D). We
discuss these properties of (D) next.

At first glance, the deterministic problem in (D) is not necessarily a convex optimiza-
tion problem since the objective function is not concave and the constraints are nonlinear
in the decision variables (n,y). This contrasts with the setting of Gallego and Van Ryzin
(1994) where A(n¢, «) is a constant for all n;, resulting in a concave objective function

and linear constraints. However, we can reformulate (D) into an equivalent convex op-

timization problem with decision variables dy,...,dr through a simple transformation:
dy = Mu, @)y, (II1.3.3a)
d2 = )\('LL — dl, Oé)yg, (IIISSb)
d3 = )\(U — dl — dg, a)yg, <11133C)
dT = )\(U — d1 — d2 I dT—l; Oé)yT. (IIISSd)

Here, d; can be interpreted as the deterministic demand in period ¢, which depends on
the amount of inventory remaining after previous periods, u —dy —ds — ... —d;_1. This

allows us to reformulate (D) into the following optimization problem, which we refer to
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T
d

VDT‘ — -1 t d D’

(T; u, ) = max T ()\( 7 ..—dt_l,a)> " (D'a)

st Y di<u (D'b)
di € [0,\Nu—dy —dy— ... —dy_y,a)] forallt=1,..., 7. (D'c)

The advantage of (D’) is that it is a convex optimization problem with a unique
optimal solution, as we establish next. Hence, (D’) can be solved efficiently with com-
mercial off-the-shelf solvers using standard convex optimization algorithm. This means
that we can efficiently find the solution of the deterministic counterpart (D), whereas the
stochastic problem (P) cannot be solved due to insufficient information about the demand

distribution.

Theorem III.2. The following hold:

(i) The objective function (D’a) is jointly concave in d, and the set of all solutions
satisfying constraints (D'b)—(D’c) is a convex set.

(ii) The value function VP(T';u, «) is strictly jointly concave in (u, ) for every fixed T'.

Observe that (D') is always feasible since the solution d where d; = 0 for all ¢ is feasible.
(Note that by Assumption IT1.2(ii), an intensity 0 is in the domain of x7'.) Moreover,
from our continuity assumptions on x and A, the feasible region of (D’) is nonempty and
compact, and the objective function (D’a) is continuous, so at least one optimal solution
exists (by Weierstrass’s Theorem). In fact, (D’) has a unique optimal solution, which we
establish in Theorem III.3.

Theorem II1.3 (Uniqueness). For any (u,«) and T with 0 < u < «, problem (D’) has

a unique optimal solution d® = (dP,d2, ..., dR).

Theorem III1.2 implies that (D’) can be solved efficiently by any standard convex
optimization algorithm (e.g., Newton’s method) or an off-the-shelf commercial solver. In
the next result, we show that the optimal solution to (D’) lies in the interior of the feasible
set. This implies that one can deploy interior point methods to determine the optimal

solution.
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Theorem III.4 (Positive intensity is optimal). If 0 < u < «, then the unique optimal
solution dP to (D’) lies in the interior of the feasible set, i.e., A(u —dP — ... —dP |, ) >
dP > 0 for all ¢.

II1.3.2 Two certainty-equivalent policies

We next introduce two certainty-equivalent (CE) policies that can be implemented
by utilizing the solution of the deterministic model (D) which sets the intensity in each
period. The fact that the reformulated problem (D’) is well-behaved (Theorem III.2)
implies that the CE policies can be computed efficiently.

We first describe an open-loop certainty-equivalent policy (CE-OL). “Open-loop” refers
to the fact that we only solve the deterministic relaxation (D) once (with u = «) at the
beginning of the selling horizon (time 0). After finding the optimal vector y°, the open-
loop certainty-equivalent intensity policy y©! is determined by setting y°t(N;_1,t) = yP
for all inventory levels NV, 1 € [0,«] and ¢t = 1,...,T. Algorithm III.1 below describes
the CE-OL policy.

Algorithm III.1 Intensity (price) sequence when applying policy y©t.

1: procedure OPEN-LOOP CERTAINTY EQUIVALENT PRICING(a,T)

2 dP + optimal solution of (D’) with u = «

3 fort < 1to T do

4: P dP/Na—dP —dP —...—dP |, a)

5 set intensity yP by offering price z71(yP) > set current intensity (price)
6 end for

7: end procedure

On the other hand, a closed-loop certainty-equivalent policy (CE-CL) re-optimizes the
deterministic problem for the remaining horizon given the current state in each period,
and determines the price to set in each period.

We denote this policy as y“t. At the start of the selling horizon when the initial
inventory is Ny = a, CE-CL chooses the same price as CE-OL by solving (D) with u = «
and setting yt(No,t = 1) = yP. However, for the subsequent pricing periods, the two
policies diverge since CE-CL determines the next price from re-optimizing (D) with up-
dated information about the remaining inventory. In particular, suppose that at the
beginning of period ¢, the remaining inventory is N;_;. Then CE-CL will solve (D) with
u = Ny_; and with T' — ¢ 4+ 1 periods, resulting in an optimal deterministic intensity

vector y° = (yP,v>,...,yP_,.1). Note that the length of this vector is 7' — ¢ + 1, which
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is the number of remaining review periods. CE-CL will set intensity y“t(N,_y,t) = 3P.

Algorithm II1.2 below is a description of the CE-CL intensity policy.

Algorithm III.2 Intensity (price) sequence when applying policy y°E.

1: procedure CLOSED-LOOP CERTAINTY EQUIVALENT PRICING(a,T)

2 Ny + « > initialize inventory
3 fort <+ 1to T do

4: dP «+ optimal solution of (D’) with u = N,_; and T — ¢t + 1 periods

5: yp + d2/AN(Ni_1, )

6 set intensity yP by offering price z71(yP) > set current intensity (price)
7 observe sales min{D;, N;_1} by the end of period ¢

8 Ny« Ny1 —min{D;, N; 1} > update available inventory
9: end for

10: end procedure

Although the CE-CL policy requires re-solving (D’) in every period, solving each in-
stance of (D) does not require much effort because problem (D’) is a convex optimization
problem. In our numerical experiments on a Macbook Pro with an Intel i5 processor, it
takes less than 10 seconds to solve (D’) with T" = 22 using a basic interior point algorithm
coded in Python. Note that in (D’), the number of variables is T' and the number of con-
straints is T'+ 1. Neither of the CE policies require solving for the intensity in all possible
states. More specifically, the CE-CL policy can be implemented and solved on-the-fly by
observing the available inventory at the start of each period (that is, there is no need to

anticipate the available inventory).

II1.4 Analysis of certainty-equivalent policies

Our goal in this section is to analyze the performance of the two policies proposed in
Section II1.3.2. The main challenge in analysis is that the demand in period ¢ can depend
on the past sales or available inventory. As a result, any pricing mistake in the current
period affects current demand and the demand in future periods. Another challenge is
that, while our goal is to propose an algorithm that only utilizes partial information
(i.e., conditional mean), the performance analysis must apply to all demand distributions
satisfying Assumptions II1.1 to II1.3. The main result of this section is that the CE policies
are asymptotically optimal. Specifically, in the regime where the initial inventory and the

expected demand both scale by a factor m, we will show that the relative revenue loss of
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the CE policies compared to the true (unknown) optimal revenue converges to zero with
the rate O(1/y/m).

Our approach in proving the convergence rate is through two steps. The first step is to
show that the optimal deterministic revenue V°(T) is an upper bound to the (unknown)
optimal stochastic revenue V*(T'). Recall that VP(T) is the optimal value of (D) when
u = «, and V*(T) is the optimal value of (P). The second step is to establish a rate
of convergence for the CE policy’s expected revenue to its upper-bound VP(T) in the

asymptotic regime of increasing inventory and expected demand.

II1.4.1 Upper bound on V*(T)

The challenge in proving that VP(T) is an upper bound for V*(T) in our setting
comes from the fact that demands are state-dependent and prices can only be changed
periodically.

To see why, consider a situation where the demand rate is a constant A (independent
of the state) and price can be changed continuously. Due to continuous price changes,
as soon as the inventory stocks out, any pricing policy can set the choke price and turn
off demand. Therefore, without loss of generality, we can assume that the total demand
does not exceed the initial inventory «, so fOT dD; < a. We denote by V*(T) the optimal
expected revenue. Let y* = (y}') be the optimal intensity policy. Following the proof
technique of Lemma 1 in Gallego and Van Ryzin 1994, for any p > 0

T T T
VMT)=E /xl(yf)th <E /xl(yﬁ)th +pla— /Ayfdt
0 0 0
T T
< max /xl(yt)kytdt—i-u a—/)\ytdt
yi:t€[0,7T
0 0

(I11.4.1)

The first inequality is from Langrangian relaxation since we know that the expected de-
mand cannot exceed a. The second inequality is from maximizing pointwise for each ¢ and
by Jensen’s inequality. Note that the right-hand side of (I11.4.1) is the Lagrangian relax-
ation of the deterministic model. The deterministic counterpart is a convex optimization
problem (since x7*(y;)y; is concave in y;), so strong duality holds and the right-hand side
is equal to VP(T) when taking the infimum over p > 0.

In our setting with state-dependent demand and periodic price changes, this same

approach cannot be used to establish the upper bound. The first issue is that price
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changes are periodic, so the stochastic objective (II1.2.6) has a demand censoring term.
This means that the deterministic relaxation (D) is a non-convex optimization problem
and strong duality does not necessarily hold. Even though we showed the equivalence
of (D) to the model (D) without censoring (see Theorem IIL.1), note that constraint
(Db) is non-convex so strong duality is still not guaranteed if this constraint is relaxed.
A second issue comes from the fact that demand is state-dependent. As a result, the
pointwise maximum in (III.4.1) cannot be taken in our setting since the expected demand
in period ¢t depends on the remaining inventory N,_;, which in turn depends on previous
intensities y1, ..., Y 1.

Our proof overcomes both issues by establishing the bound, not directly on (D) and
(P), but through mathematical induction on their dynamic programming (DP) counter-

parts. Specifically, the DP counterpart of (D) for any u € [0, o] is:

R°(u,T) & max z '(y)A\u,a)y+ R° (u— Au,a)y, T —1) (I11.4.2)

yE[O,l}

st AMu, @)y <wu,

where the base case is RP(u,0) = 0 for all u € [0,a]. Observe that RP(u,T) can be
thought of as the deterministic revenue-to-go if the remaining inventory is u and there
are T periods remaining. Hence, we have VP(T) = RP(a, T).

Similarly, for any u € [0, «], the stochastic optimization problem (P) has a dynamic

programming counterpart:

R*(u,T) % max Eyul[z7'(y) (D= [D—u]")+ R*([u—D]*, T—1)]. (I11.4.3)
Here, E, ,, is the expectation with respect to the distribution of per-period demand D when
the remaining inventory at the start of the period is u, and ¥ is the current period intensity.
Recall that y,u affect the distribution of D, including but not limited to its conditional
mean A(u,«)y. The base case is R*(u,0) = 0 for all u € [0,a]. Note that R*(u,T) can
be thought of as the optimal expected revenue-to-go if the remaining inventory is u and
there are T' periods remaining. Hence, V*(T') = R*(a, T).

Our focus on the DP formulations overcomes the two issues we identified at the outset
of this subsection. The first issue (potential lack of strong duality) is resolved because
when we condition on u, T, the constraint in A\(u, a)y < u in (II1.4.2) is linear in y. Using
mathematical induction, we can also establish that the objective of (II1.4.2) is strictly
concave in y due to the concavity assumption on A(-,-). Hence, strong duality holds for

the Lagrangian relaxation of (II[.4.2). Strong duality is the crucial step to establishing
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the upper bound. The second issue (inability to take a pointwise maximum) is resolved
because we take the maximum of (II1.4.3) only for the revenue-to-go, and the effect of
current y; on future periods is absorbed in the term R*([u— D]*, T —1). Combining these
ideas allows us to prove the upper bound result.

Aided by the DP formulations and this proof idea, the following result establishes that

the optimal expected revenue-to-go is bounded above by the deterministic revenue-to-go.

Proposition III.1 (Upper bound). For any T' > 1, V*(T') < VP(T). More generally, for
any 0 <u < «, R*(u,T) < RP(u,T).

We prove this result through mathematical induction on T, starting from establishing

the bound for T"= 1. The complete proof can be found in Appendix B.2.6.

I11.4.2 Asymptotic regime

Consider a scaled version of the problem, where we introduce m € Z* as a scaling
factor. Thus, we scale the initial inventory to be equal to am. At the same time, for any
period t = 1,...,T, we assume that the scaled random demand, denoted as Dj", has a

conditional mean satisfying the following assumption:

Assumption III.4. The conditional expectation of the demand D;" has a SIS function

A™ that scales in m such that

Nm
AT(N™, am) = mA ( ;;1,04) , (II1.4.4)

where A is a function that is independent of m and that satisfies Assumption I11.2(v)—(vi).

Here, N;", denotes the inventory level at the start of period ¢, which is a F;_4-
measurable random variable. By definition, NJ* = am. Assumption III.4, together
with Assumption III.1, implies that the conditional expectation of demand scales up with
m. Note that Assumption II1.4 is only required for the proof of asymptotic optimality.
Assumption II1.4 is not restrictive and can be easily satisfied. For example, if the demand
rate is a constant A such as in a homogeneous Poisson process, Assumption I11.4 holds by
simply scaling the demand rate as Am.

In the demand model of Example 1, Assumption III.4 holds if the market size scales
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as km. Indeed, from (I11.2.2), we have that

am — N
A™(N™ am) = (k:m — am—i—Nt”_ll) (p+th1)

N™ — N™ N
:m(k—a—l— t_l) (p—i—qw):m)\( t_l,a).
m k m

In the demand model of Example 3, Assumption III.4 also holds when the market size

scales as km. From (I11.2.3a), we have

AP(NE) = (k) ((,j:f;w)ﬁ —m-k (%)B — AN fm).

Additionally, Assumption III.4 holds if for all m € Z*, we have \™ = X\ where A is a
homogeneous function of degree 1. The property by definition means that A\(N;™,, am) =
mA(N™,/m, ).

The scaled version of the pricing problem (denoted by problem P,,) is defined as:

V*(m,T) = max V¥ (m,T), (P.,)

yYEY

which we denote as (P,,), where the expected revenue V¥ (m, T') of policy y is defined as:

T
V¥(m,T) £ E | o' (y(Ny, 1) (D) = [D]* = N, TF) | - (I11.4.5)
t=1
Recall that Y is the set of all intensity policies y that are F;-measurable. The dynamics
of the remaining inventory is N/ = [N/™; — D]"|*, where NJ* = am is the scaled initial
inventory. For any m, the distribution of D}* satisfies Assumptions III.1 to III.3.

We use (D,,,) to denote the scaled counterpart of the deterministic model (D) where
a is replaced with am and A(n;_1,«) is replaced by A" (n;_1,am). Per our discussion
in Section II1.3.1, if u = am, then (D,,) is the deterministic counterpart to the scaled
stochastic problem (P,,). Let VP(m,T) denote the optimal value of (D,,) when we set
u = am. Note that VP(1,T) = VP(T).

An immediate consequence of Proposition III.1 is that V*(m,T) < VP(m,T). The
implication of this is that a policy y is asymptotically optimal if, as m increases, the
bound on its expected revenue loss, VP(m,T)— V¥ (m,T), grows at a slower rate than the
growth rate of VP(m,T). Note that VP(m,T) grows linearly in m. This is because, due

to (I11.4.4), A™(mn, ma) = mA(n, «) for any n € [0, . Hence, when we set u = am for
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D,m’ D,m)

(D) and u = « for (D), we can check that their respective optimal solutions, (n°",y
and (nP,yP), have the property that n®™ = mnP and y®™ = yP. This implies that
VP (m,T) = mVP(T), hence the linear growth of V°(m,T).

We will analyze the convergence rate of the expected revenue loss under our proposed
policies, y° and y. For scaling factor m, y°t and y*" are based on solutions to the
scaled model (D,,) instead of (D). Given m, let VO'(m,T) and V(m,T) denote the
expected revenue under the CE-OL and CE-CL, respectively. Hence, the expected revenue
losses under CE-OL and CE-CL are VP(m,T) — VO'(m,T) and VP(m,T) — V(m,T),
respectively. In Section II1.4.3, we show that both expected revenue losses are lower
bounded by Q(y/m). Then, in Section I11.4.4 we show that both expected revenue losses
are upper bounded by O(y/m) (i.e., slower than linear). Hence, the CE policies are
asymptotically optimal as m grows large since the relative revenue loss compared to the
true (unknown) optimal policy is O(1/y/m).

Showing that VP(m,T) — VO (m,T) and VP(m,T) — Vt(m,T) are both O(\/m)
does not immediately follow from standard argument in the existing literature (e.g., Gal-
lego and Van Ryzin 1994; Jasin 2014). This is because, in our setting, the demand is a
random variable that depends on the path of remaining inventory through the function
A. Therefore, the deviation of the expected revenue from VP (m, T) does not just depend
on the expected stock-out level, it also depends on deviations of the path of remain-
ing inventory from the optimal inventory solution (ng™,...,n>™) of the deterministic
counterpart (D,,) when u = am. Hence, it is crucial to establish the convergence of
the demand inventory paths to their deterministic equivalents (see Lemmas I11.1 and B.4
below). Assumption II1.3 is crucial for this step since it implies that the variance does
not grow too fast as the problem scales up, so the normalized demand D]"/m can be well
approximated by its mean as m scales up. Most notably, the demand paths and inventory
paths under the certainty-equivalent policies also converge to the deterministic optimal

path, making the relative revenue losses of both CE policies converge to zero.

II1.4.3 Lower bound on CE expected revenue loss

It is known that for the open-loop certainty equivalent policy, a lower bound on
VP(m,T) — VO(m,T) is Q(/m) (see Remark 2 in Jasin 2014). In the next result, we
formally establish that in our setting with state-dependent demand, under the closed-loop
certainty-equivalent policy, VP(m,T) — V(m, T) is also lower bounded by Q(y/m).

Theorem III.5. There exists a distribution satisfying Assumptions II1.3 and III.4 such
that the expected revenue loss under CE-CL is VP (m,T) — V< (m, T) = Q(v/m).
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Jasin (2014) shows that when the demand follows a price-controlled Bernoulli process,
then under a regularity condition the re-optimization certainty-equivalent pricing policy
can achieve an O(logm) bound on the expected revenue loss. The O(logm) bounds
relies on the independence of demand in each period, which helps with the martingale
construction and the tight characterization of dual variables in the certainty equivalent
problem. Due to the state-dependence of demand in our setting, we cannot use the
arguments of Jasin (2014) to show that the CE-CL policy has a revenue loss that grows
O(logm).

II1.4.4 Upper bound on CE expected revenue loss

We next show that the expected revenue loss of the open-loop policy, V¥ (m,T) —
VOL(m,T), and of the closed-loop policy, VP (m,T) — V(m, T), both grow in the order
O(y/m). Hence our lower bound result implies that, under a setting with state-dependent
demand and periodic price reviews, both certainty equivalent policies have an expected
revenue loss that is ©(y/m).

We begin by analyzing the loss under the open-loop policy. We introduce some nota-
tion. Observe that the open-loop policy y° is a static, but time-varying policy. Thus,
we use y°t to denote the deterministic period t intensity using the open-loop policy y©4.
For a given m, let N™ = (N{",..., NJ%) be the stochastic sequence of inventory levels
under the open-loop certainty-equivalent policy y°t. Note that NJ* = am.

The next lemma states that the normalized inventory N/™/m of the open-loop policy
converges in expectation to the deterministic optimal inventory nP solution to (D) when
u = «. Hence, even though the conditional expectation of demand is state-dependent in
our setting, this lemma implies that the expected demand rate of the open-loop policy

converges in expectation to the deterministic optimal demand rate.

Lemma III.1 (Convergence of remaining inventory and SIS). If n® = (nP,... nR) is the

solution to (D) when u = «, then the following hold:

Nm
E|l— —n?|=0(1/ym), foralt=1,...,T, (I11.4.6)
m
Ny D
EN—=a —A(n,)| =0(1/v/m), forallt=1,...,T. (II1.4.7)

The proof of this lemma is in Appendix B.2.8. The challenge in the proof lies in the

fact that the demands across periods are dependent, so we cannot write the remaining

4Since it is open-loop, y°" is independent of demand realization
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inventory N/ as the sum of independent random variables and use standard convergence
results. We overcome this challenge by constructing an appropriate martingale so that
we can apply the Azuma-Hoeffding’s inequality for martingales to find the gap between
N;/™ and its unconditional expectation E (N;™) without knowing the functional form of A
and its unconditional distribution.

With the help from Lemma II1.1, we are able to show that the difference from V°(m, T')
of the expected uncensored revenue of y°t is order O(y/m). The uncensored revenue
(corresponding to the first term in (II11.4.8) below) is computed, assuming all demands

can be sold irrespective of the inventory level. The proof is in Appendix B.2.9.

Lemma ITI.2 (Convergence of uncensored revenue). The following holds:

=0 (Vm) . (I11.4.8)

T
. (z o (P A () y) V)
t=1

Though the bound in Lemma III.2 is for an uncensored setting, we use this result to
derive the loss bound for the expected revenue in the censored setting.” This, combined
with Proposition III.1, establishes the asymptotic bound for the expected revenue loss of
yO' (Theorem II1.6 below). Specifically, the proof of the next result (in Appendix B.2.10)
shows that the censored revenue VO(m,T) converges to the uncensored revenue as m

grows large.
Theorem II1.6 (Expected revenue loss of open-loop CE policy). The following holds:

VOUm, T) _ . VOm,T)

L= Vi(m,T) — VP(m,T)

=0 (1/v/m). (I11.4.9)
The implication of Theorem III.6 is that the open-loop policy performs well if the
problem scale m is large. It is important to note that the asymptotic optimality result of

Theorem II1.6 applies for any demand distribution, as long as Assumptions III.1 to II1.3
hold.

The analysis of the expected revenue loss under the closed-loop policy, y°‘, proceeds
similarly to that of y°b except with one key difference. The difference is that we need
to show y“E(n,t) is Lipschitz continuous in any n € [0,am]. This is formalized in the

following lemma.

"We use the Scarf bound (Scarf, 1958), which establishes the expected difference between a truncated
random variable and itself, to show the difference between the censored revenue and the uncensored
revenue.
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Lemma III.3 (Lipschitz continuous policy). There exists C, such that, for any n,n" > 0,
yE(n,t) =y, t)| < Cyln—n'|, forallt=1,...,T.

This is property is important since, unlike the open-loop policy that has a static price
sequence, y°! results in a stochastic price sequence that dynamically changes based on
the past realizations of demand. Since y°F is a Lipschitz continuous function in 7, then
the difference in price at two inventory levels does not grow too fast, compared to the
difference in inventory level. This is a desirable since it leads to a relatively stable pricing
policy against inventory dynamics.

With this key property, we can establish convergence of the inventory sequence under
y°E to the deterministic inventory sequence. This is formalized in Lemma B.4, which is
stated and proved in Appendix B.2.12. This then allows us to show that the uncensored
expected revenue under y°F has a gap from VP(m, T) that is O(y/m). This is formalized
in Lemma B.5, which is stated and proved in Appendix B.2.13. Note that Lemma B.4
and Lemma B.5 are the counterparts of Lemma III.1 and Lemma III.2 for the closed-loop
policy.

Hence, as with the open-loop policy, the closed-loop certainty equivalent policy y©F is
asymptotically optimal to the stochastic periodic pricing problem as the problem scale m

grows large. Its proof is in Appendix B.2.14.
Theorem II1.7 (Expected revenue loss of closed-loop CE policy). The following holds:

CE(1m, E(m
“//*((Tn’a;;) <1-— “//D;Tn:;j)) -0 (1/%) ) (111.4.10)

1—
The asymptotic optimality of the closed-loop policy holds for any demand distribution
that satisfies Assumptions III.1 to II1.3

II1.4.5 Discussion of our analysis

We would like to point out two distinctive features in our problem that make our
analysis of the CE policies different from earlier works in dynamic pricing literature.

The first feature is that the demand in each period is state-dependent, hence the
demands across periods are dependent. Unlike the case where demands are independent
(among many examples are Gallego and Van Ryzin 1994; Maglaras and Meissner 2006;
Jasin and Kumar 2013), we need to introduce new mathematical machinery to prove the

asymptotic optimality of the CE policies. For example, we establish the upper bound result
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of Proposition III.1 by converting the problem to dynamic programming formulations
of (P) and (D). If the demands were independent, this upper bound can be shown by
Lagrangian relaxation directly on the multi-period model. This deterministic upper bound
implies asymptotic optimality of the CE policies if the expected demand “path” converges
to the deterministic demand path. But in our setting with inventory-dependent demand,
this requires first proving that the stochastic inventory levels of the CE policies converge
to the optimal deterministic inventory levels. This is non-trivial to show when demands
are state-dependent, since the cumulative sales (and the resultant inventory level) in the
previous periods affect the demand and inventory of the current period. To prove this
inventory path convergence, we define a super-martingale with a bounded difference and
use a martingale concentration inequality, as seen in the proofs of Lemmas III.1 and B.4.
Note that when the demands are independent, it is unnecessary to show the inventory
path convergence for the CE policies to be asymptotically optimal.

The second feature is that the prices are reviewed periodically. Hence, the inventory
may stock out during a period, resulting in a demand censoring term in the revenue
function. Censored demands make the analysis non-trivial even if the demands were
independent. For example, when there is no censoring, an upper bound can be established
using straightforward arguments since the deterministic relaxation is a convex problem as
we discussed in Section II1.4.1. Many existing works in dynamic pricing literature assume
continuous price changes (combined with Poisson demand arrivals), so without loss of
generality, demand is uncensored. This is because any continuous review pricing policy
can simply turn off demand by setting a high price once inventory reaches zero. Due to
the uncensored demand, the analysis in those continuous price review models is tractable.
Perhaps a setting resembling limited price changes is Section 5.1 of Gallego and Van Ryzin
(1994) which considers a compound Poisson process where, at each Poisson arrival time, a
random demand size is observed. However, they restricted their analysis to policies where
the resulting total demand does not exceed inventory almost surely, so there is no demand
censoring in the objective. With periodic pricing reviews, reasonable policies could result
in lost sales on some demand sample paths. Hence, our analysis of asymptotic optimality
needs to hold in the case of demand censoring. We are able to overcome the challenge of
demand censoring in several steps of the analysis. First, we show the connection of the
censored deterministic relaxation (D) to a model (D) where deterministic demand cannot
exceed inventory. This property of the deterministic solution is used in several places of
the proofs, such as in establishing the deterministic upper bound (Proposition I11.1) and
in proving the inventory path convergence of the CE policies (Lemmas III.1 and B.4).

Second, we bound the difference between the censored and uncensored expected revenues

68



by bounding the expected lost sales using Scarf (1958), as can be seen in the proofs of
Theorems II1.6 and IIL.7.

I11.5 Extensions

I11.5.1 Joint optimization of starting inventory and pricing

We next study an extension where the seller sets the initial inventory along with prices.
At time 0, the seller decides an initial inventory Ny = « by choosing « > 0, and incurs a
procurement cost ¢ per each unit of inventory. Suppose that the demand distribution is
dependent on the starting inventory and is state-dependent, where the state is the current
inventory level. Specifically, the demand distribution satisfies Assumptions II1.1 to I11.3.
The seller only knows the conditional expectation of the per-period demand through the
functions A and =x.

If the seller knew the distribution of per-period demand, then her goal will be to maxi-
mize the expected profit by jointly optimizing the initial inventory and the periodic-review
pricing policy. In this case, she will solve a stochastic dynamic optimization problem to

decide the initial inventory « and the pricing policy. The expected profit of a decision

(a,y) is
T

QW) 2E | o' (y (Ni—1,1) (D¢ — [Dy — Niea] ) | — ea,

t=1
where Ny = o and N; = [N;—; — Dy]* for all t > 1. Note that Q“Y(T) = V*Y(T) — ca,
where we write VY (T) instead of VY (T) to emphasize that « is a decision variable.
Hence, under full knowledge of the demand distribution, the seller’s decision problem is
* é ay /
Q*(T) = maxmax Q*¥(T). (P’)

The only difference from Section I11.2.2 is that now « is a decision variable.

We now introduce a certainty-equivalent policy that only requires knowledge of the
functions A and x that specify the conditional expectation of per-period demand. Consider
the following problem:

QU(T) £ max QP (T) := max VO (T) — car (D)
where we write VP%(T) instead of VP(T) to emphasize that a is a decision variable

that affects the expected revenue through the inventory constraint and in scaling the
demand rate through \(n, a). Note that Q®%(T) in (D’) is the deterministic counterpart
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of maxyey Q*Y(T) in (P’).

The certainty-equivalent policy solves the deterministic counterpart (D’) to set the
initial inventory a“E > 0. Given o = aE, the policy then sets yE : [0, 00) x {1,..., T}
[0, 1] as either one of the certainty-equivalent intensity policies described in the previous
sections, where CE € {OL, CL}. We denote the expected profit of the certainty-equivalent
policy of the joint inventory and pricing problem as QE(T).

Algorithm III.3 gives a description of the CE policy.

Algorithm III1.3: Setting initial inventory and prices with the CE policy.

1: procedure CERTAINTY EQUIVALENT(T")

2: aCE < optimal solution of (D)

3: set Ny = oF > set initial inventory
4: set prices according to the CE-policy (open-loop or closed-loop) for (aE, T')

5: end procedure

Computing the certainty-equivalent policy for a joint inventory and pricing policy is
tractable. Recall that in Theorem III.2(ii), we prove that the deterministic value function
VP(T;u, ) is jointly concave in (u,«) for a given T. This implies that solving for the

CE can be simply done by gradient methods like

certainty-equivalent market coverage «
the Newton algorithm.

Consider a setting where we scale by a factor m both the initial inventory and the
expected demand by (II1.4.4). We denote the optimal expected profit as Q*(m,T") and
the expected profit of the certainty-equivalent policy is Q“€(m, T). As in the case with
the certainty-equivalent pricing policies, we show that the expected profit loss under
Algorithm II1.3 grows sub-linearly in m — this means that our proposed joint decision
policy is asymptotically optimal. This is formally established in Theorem III.8. The

proof is in Appendix B.3.1.

Theorem II1.8 (Expected profit loss of CE policies). The following holds:

_Q€(m,T) _ "
O (m.T) =0 (1/v/m). (ITL.5.1)

1
This result shows that the CE policy guarantees a close-to-optimal expected profit
when the scale of inventory and demand is large. This result is somewhat surprising

since a‘E

m is not necessarily equal to the optimal initial inventory of the mth stochastic
problem (which we denote by a*m). Hence, the fact that the CE policy may choose a

different initial inventory implies that the asymptotic optimality in Theorem II1.8 does not
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follow immediately from Theorems I11.6 and II1.7. But the implication of Theorem III.8

is that when m is large enough, the scaled down initial inventory a* is close to a‘E.

II1.5.2 Analysis of a fixed-price policy

When the demand rate is time-stationary and independent, a fixed-price policy (i.e.,
setting the same price for all time periods) is known to be asymptotically optimal ( Gallego
and Van Ryzin, 1994). We next analyze the performance of such a policy under our
problem setting with state-dependent demand.

Given the initial inventory o > 0, we first define the fixed-price policy y°P. If « is
sufficiently large, the fixed-price policy fixes a price corresponding to intensity ¢, where y €
[0, 1] is the unique maximizer of the revenue function, i.e., § £ arg maxyep1] 2 (y)y. In
other words, if the inventory constraint is nonbinding, the policy chooses the intensity that
maximizes the current period revenue only, without considering the effects of inventory
and sales on demand. If the inventory constraint is binding, the policy instead chooses
the intensity so that the expected total demand equals the initial inventory, i.e., the fixed

point y* of the equation (the superscript “so” stands for “stockout price”):

B o'
S A (7 a)

—SO

where, for any y € [0,1], (n§,nY,...,n%) is defined as the deterministic sequence with
ny = a and nf =nj_; — A(n!_;,y)y for all ¢ € T. Note that g can be found by fixed
point iteration.

Mathematically, given any initial inventory a > 0, the fixed-price policy y>F is defined
for every (n,t) € (0,a] x T as:

y>F(n,t) =yF £ (I11.5.2)

_ . T il _
SP A Y, if o 2 ztzl A (”?717 a) Y,
*°, otherwise.

To implement this, the seller will charge the price 3> for all T' periods.
Under the joint inventory and pricing problem, the fixed-price policy sets initial in-

ventory a°F by solving
QY (T) £ max VP *(T) — ca, (S)

a>0

where VP is the deterministic revenue with initial inventory a and fixed-price policy
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y°F. Specifically,
T

VvPie(T) & Z zt (ysp) AP, a)ysP, (II1.5.3)
t=1
where n3F = o and n¥ = n2P, — A\(nPP, )ySF for all t < T. Then given o, it sets y°F
as the fixed-price policy just described with a = o°F. The fixed-price policy is outlined
in Algorithm II1.4.

Algorithm I11.4: Setting the initial inventory and prices based on fixed-price policy.

: procedure FIXED PoLicy(7)
a°F < optimal solution of (S)
set Ny = oP > set initial inventory
set prices with FIXED PRICING(a°F, T')

1

2

3

4

5: end procedure
6

7. procedure FIXED PRICING(«, T)

8 y°P <+ ¢ or * based on cases in (I11.5.2) for a
9 fort«+ 1to T do

10: set intensity y°" by offering price z=!(y

11: end for

SP) > set current intensity (price)

12: end procedure

We next state the main result of this subsection which describes the performance of
the fixed-price policy under our setting. Under the setting where the expected demand
and the initial inventory are scaled by m, we denote the expected profit of the fixed-price
policy (ma®F,y°F) as Q57 (m, T). For any a > 0, we denote VSP%(m, T) as the expected
revenue under the stochastic model of the fixed-price policy y°F with initial inventory
ma, and V*%(m, T') as the expected revenue under the optimal pricing policy with initial

inventory ma.

Proposition IT1.2 (Profit loss of the fixed-price policy). When T' > 2, if the following
conditions hold for a fixed o« > O:

(i) %VD (T'- 10— MNa,)y,a) | #0, and
) y=y
(i) @ >3, Mn)_y, )7,
then V*%(m,T) — VSP%(m,T) = Q(m). If (i)-(ii) hold for a = o, then Q*(m,T) —
Q% (m,T) = Q(m).
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The proof is in Appendix B.3.2. Condition (i) of Proposition II1.2 implies the myopic
optimal intensity 7 is not the optimal first-period price for deterministic model VP°(T).
Condition (ii) implies that initial inventory is sufficiently large. Proposition II1.2 shows
that both profit loss and revenue loss of a fixed-price policy grows at least linearly in the
scaling factor m.

One may think that the reason that the fixed-price policy performs poorly is that it
may not start with the optimal initial inventory, i.e., a°F # a*. However, Proposition III.2
shows that, regardless of the initial inventory level, the profit loss grows at least at a linear
rate in the scaling factor as long as the initial inventory level is sufficiently large. This
shows that the inability to adjust the price results in a much greater loss when demand
depends on inventory and cumulative sales.

In contrast, the certainty-equivalent policies allow the seller to adjust price, even if
the price sequence is static (i.e., open-loop policy). Thus, whether the future demand is
driven by past sales or by inventory availability or by both, the seller can account for the
current revenue as well as the future revenue when setting prices. The difference in the
fixed pricing policy and a certainty-equivalent policy can be demonstrated when T = 2.
Proposition I11.2 shows that a fixed price results in a loss growing at least at a linear rate in
the scaling factor. By contrast, the revenue and profit loss of certainty-equivalent policies
are order O(y/m), which implies asymptotic optimality (see Theorems II1.6 to IIL.8). This
means, even a single opportunity to change the price (based on the sales and inventory)

can substantially reduce the revenue or profit loss.

II1.6 Numerical Studies

In this section, we conduct several numerical experiments to demonstrate the per-
formance of the certainty-equivalent policies (CE-OL and CE-CL). We first illustrate the
analytic properties of the deterministic value function VP(T). In Section I11.6.2, we show
the CE-OL and CE-CL converge fast numerically and can achieve close-to-optimal perfor-
mance even in instances with a small scaling factor m. In Section I11.6.4, we experiment on

the number of price changes and demonstrate the value of increased flexibility in pricing.

I11.6.1 The deterministic revenue VP*(T) and the initial inventory problem

We illustrate the deterministic revenue function VP<(T) with a concrete example.
Following Example 3, we choose price sensitivity function z(7) = e~ 7" —¢,. We consider a

case where the demand is influenced by both the past purchases and inventory availability
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by setting the SIS function to be a mixture of the SIS functions in Examples 1 and 3,

respectively. In particular,
A(n,a) = (w)\(l)(n, a) + (1 —w)A?(n,a)) At, (I11.6.1)
where A0 (n, ) = ((n — a2+ 1)/N,)” (cf. (111.2.3a)) and
A@(n,a) = (1 - (a —n)) (p+ q(a—n))

(cf.(II1.2.2)), and At is the constant length of each time period. (We include the constant
At because later on we examine the effect of changing At to change the number of price
change opportunities within a fixed time.) Note that we modified (I11.2.3a) so that A(n, «)
is jointly concave in (n, ). These modifications have no effect on the qualitative properties
of the optimal prices in Smith and Agrawal (2017). Here A(n,«) in (II1.6.1) is jointly
concave in (n,«). The parameters used in this example are (p,q, N, 3,7, ¢, T, At) =
(0.4,0.6,25,0.6,0.001, 0.01, 10, 2).

Figure II1.1 plots the optimal value function V°%(T) as a function of the initial inven-
tory a with different weights w of the SIS function (I11.6.1). Without loss of generality, we
normalize the demand so that we impose the constraint a € [0,1]. The figure illustrates
that VP*(T) is concave in «, which agrees with item (ii). When w = 0, only the network
effect (the positive effect of sales on demand) comes into play, and so it is optimal to serve
the market fully (a« = 1). When w = 1, only scarcity effects are felt and the optimal initial
inventory is @ = 0.68. When w = 0.5 (network effect, saturation effect, and scarcity effect
are all present), the optimal choice of inventory is & = 0.84. This complex example with
all three effects present shows that we should choose o < 1 in the presence of a scarcity

effect of inventory.

I11.6.2 Revenue loss of the certainty-equivalent policy

We next illustrate the performance of the CE policies on the demand pattern considered
in Section II1.6.1. We set w = 0.5 in (II1.6.1) so that both display and word-of-mouth
effects are present. From the previous experiments, the CE policy sets initial inventory
a‘E = 0.84. The dynamic pricing policy y*E is based on re-optimizing (D) in each period
with updated inventory levels. The policy y°- does not re-optimize the revenue in each
period but sets time-varying prices.

We vary the inventory and demand scaling factor m from 100 to 3000, with discretiza-

tions shown in the horizontal axis of Figure III.2. For each m, we randomly generate
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Figure I11.1: The deterministic revenue function (D) plotted against the initial inventory
a, for different values of w in (II1.6.1).

2 x 10* demand sample paths following a bounded support Poisson distribution; we im-
plement the dynamic pricing policies y°t and y*E, and record the realized revenue on each
path. The revenue averaged over the sample paths, which we denote by VO (m,T) and
VCE(m,T), are the approximations for the expected revenue of the certainty-equivalent
policies, Vv (m,T) and Yot yeE (m, T respectively. We also note the 95% confidence
intervals of this sample average.

Since the optimal revenue V*(m,T') is impossible to compute for problems with an
unknown distribution, we compute VP (m,T) (which is an upper bound of V*(m,T)) for
comparison. Based on our sample approximation for VO(m,T) and VE(m, T) for each
m, we compute an upper bound for the revenue losses of the CE-OL and CE-CL policies as
(VP(m,T) — VO (m,T))/VP(m,T) and (VP(m,T) — VE(m,T))/VP(m,T), which are
shown as the points in Figure II1.2. The figure also shows the 95% confidence intervals
of the revenue loss bound. From Theorem III.7, we know that the upper bound on the
revenue loss is O(1/4/m), which is tightly traced by the 1/y/m fit, shown with a dashed
line in Figure II1.2. We further observe that the revenue losses by implementing both
yO' and y°F are very small (~ 0.15% when m = 3000). This implies that, for a product
with scaling factor even as small as 100-3000 (small expected demand per period), the
certainty-equivalent policies perform well. One may wonder how well the best fixed-price
policy performs for the same problem. In all our examples, the fixed-price policy has a
percentage revenue loss greater than or equal to 30% (we omit this from the figure to
better highlight the difference between CE-OL, CE-CL, and the optimal policy).
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Figure II1.2: Upper bound on the percentage revenue loss of the certainty-equivalent
policies against the optimal value of the stochastic problem. The fixed-price policy has a
bound on percentage revenue loss that is at least 30% (not shown in graph).
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I11.6.3 The benefit of re-optimization in non-asymptotic setting

In contrast to the open-loop policy CE-OL, the closed-loop policy CE-OL requires
solving the deterministic problem (D) with the updated information in each period where
the firm can change price. One important question is how beneficial is reoptimization.
From Theorem III.5, we know that in an asymptotic regime, CE-CL does not improve
the revenue loss of CE-OL (which grows at the rate of \/m) in any meaningful way. To
see where the benefit of reoptimization exists in non-asymptotic settings, we conduct a
numerical study comparing the two policies.

Figure II1.3 shows how the gain from re-optimization over the open-loop policy changes

as the number of price changes T increases. In this example, demand follows a Poisson

76



distribution and the Bass SIS function defined in (II1.2.2) with p fixed at 0.01, when
q = 1.0, and k = 20. The figure shows that more frequent re-optimization is beneficial
as more opportunities of adjust prices reduce the probability of an early stock-out during
the selling horizon and generate more revenue out of the remaining inventory. We note
that benefit of re-optimization has an increasing trend if there are more opportunities for
changing prices

Figure I11.4, on the other hand, shows how the gain from re-optimization changes
by changing ¢ while keeping everything else the same. Since —% x @, changing ¢ is
equivalent to changing the concavity of A\. Our example shows that the gain increases as
the SIS function becomes more concave. This is because when the SIS function function is
highly non-linear and concave, the static CE-OL current price typically deviates more from
the optimal policy. For instance, if the SIS function follows a Bass function, as defined in
(II1.2.2), the second-order derivative with respect to inventory decreases with ¢, where ¢
is the imitation parameter in Bass’s terminology. This means that as ¢ increases (more
people imitate), the seller will lose significant revenue by not re-optimizing (D).

To understand the performance gap between CE-OL and CE-CL policy intuitively,
consider the following. The closed-loop policy re-optimizes the price in each period.
As a result, given state information, under the closed-loop policy the expected demand
does not exceed the remaining inventory. This implies that the conditional expected
inventory follows E(N; | Fi1) = Ni_1 — AM(NVi_1, @)y (N;_1,t), which moves similarly
to the deterministic path n? = nP ; — A(nP ;,@)yP. This means that, as m increases,
N/™/m will be quite close to nP. In contrast, CE-OL policy does not guarantee that the
conditional expectation of IV;/m is close to nP. This is because, given the inventory state,
the open-loop price can result in an expected demand that is greater than the inventory, so
E(N; | Fi_1) # Ni—1 — M(Ni_1, a)y°t. Although, as m increases, the normalized demand
will not overshoot its expectation more than 1/y/m, we can intuitively see the absolute
deviation of the normalized inventory N/®/m from nP under the open-loop policy might
be larger than that of the closed-loop policy because of the former policy’s lost sales in
expectation. Furthermore, as the number of review periods T increases or the concavity
of X increases, the deviation of N/®/m from nP will be worse because demand variance
increases in T" and the difference in expected demand increase in —%. This, in turn,
increases the probability that there will be lost sales under the open-loop policy. However,

we note that yOt and y<" are close as m increases.
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I11.6.4 Revenue loss due to limited price changes

The certainty-equivalent policies we consider are discrete-time policies that assume
that the underlying demand is modeled as a discrete-time process. Hence, an interesting
question to ask is: how much revenue can the discrete-time policy lose if the true demand
is a continuous-time process? To answer this question, we use one of the CE policies, CE-
CL, to illustrate the performance. We run experiments on demand that is modeled as a
continuous-time Markov chain with the state variable N, where N = am,am—1, ..., 0.
If n is the current inventory level, the transition rate is A(n, am)xz(r)/At, with A(n,am)
given in (II1.6.1). That is, conditional on current inventory level n, the probability of

having one sale during a time period of length o(t) is
P (Nﬂo(t) =n+1|N" =n) = X(n,am)o(t)

and there is o(t) probability of having more than one sale during a time period of length
o(t).

To see the loss due to the discrete approximation, we experiment with different values
for At, the length of time between price changes. We do this while keeping the total
planning horizon length T' = T'At unchanged. In particular, the case when At approaches
zero represents continuous price changes, which serves as a benchmark for the discrete-
time model. For a given (T,At) pair, we compute the CE-CL policy (a‘E,y‘E) and
implement the discrete-time policy in 8 x 10 sample paths simulated from the continuous-
time Markov chain process.

For the various values of T', Table I11.3 reports the average revenue (and 95% confidence
intervals) of the certainty-equivalent policy normalized against the average revenue with
T = 45 price changes (i.e., the continuous-time policy benchmark). Notice that we can see
diminishing marginal returns when increasing the number of price changes. Consistent
with Section II1.6.2, we observe a sharp increase in revenue when the number of price
changes increases from 1 to 10. However, we observe that 10 price changes is almost as
good as continuous price changes.

These results provide numerical evidence that a few price changes is good enough to
capture the revenue from changing price continuously (which is very costly in practice).
A small number of prices go a long way. We believe the most important reason for this is
the fact that the SIS function A(n, ) is assumed to be jointly concave in (n, «) so that the
demand rate is relatively “flat” compared to other convex forms. Moreover, because of the
concavity of A, in Lemma II1.3, we found that the deterministic optimal policy is Lipschitz

continuous in the remaining inventory. This means the difference in the two policies is
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Table II1.3: The expected revenue of the discrete-time policy normalized with the expected
revenue of a continuous-time policy

95 % CI 0 0 Y 9 9 9 7
A 70.3% 95.6% O7.9% 984% 994% 99.6% 99.8% 99.9%  100.0%
E;?izztlfjed revenue % 9567 OT.9% 98.5% 99.4% 99.T% 99.8% 100.0% 100.0%
22;)7;0}}0“(1 70.3% 95.7% 98.0% 98.5% 99.4% 99.7% 99.9% 100.0% 100.0%

not too large when the inventory level changes, which implies the deterministic optimal
policy is a relatively stable pricing policy. With the optimal price path to be relatively
stable, a well-designed policy with one price change in the middle can have the ability to
roughly trace the optimal path, which can recover most of the revenue. However, we note
that such policy (piecewise constant pricing) is not asymptotically optimal in the face of

a continuous-time dependent demand model.

I11.7 Conclusion

Certainty equivalent (CE) policies are widely used in practice because they are easy
to compute and require a minimal amount of information. The performance guarantee
of CE policies has been extensively studied in the literature under settings where demand
is independent across periods. In contrast to the demand models studied in the previous
literature on CE policies, our demand model is able to capture two distinct forces that
critically influence future demand. The first force is that future demands are influenced
by past cumulative sales. The word-of-mouth effect is an example of this force. The
second force is that future demand is influenced by inventory availability. This force is
often manifested in forms of scarcity (in case of luxury or fad items) or billboard effect
and can be found in many markets today. Moreover, we consider a periodic review pricing
policy, which is commonly practiced in reality. Our work also provides a justification for
the current literature studying dynamic pricing for a product with non-stationary demand
using a deterministic approach.

We analyze two CE pricing policies: an open-loop CE policy (CE-OL) and a closed-
loop CE policy (CE-CL). We show that as the scaling factor m increases, both CE pricing
policies are asymptotically optimal with a regret rate of ©(y/m), when compared with
the optimal policy. However, in a non-asymptotic setting, CE-CL performs consistently

better than CE-OL, especially when the number of price change periods increases and
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when the conditional expectation of demand is highly nonlinear in past cumulative sales
and available inventory. This result highlights the importance of re-optimization in the
face of sales and inventory dependent demand. We then extend our results to the case
where the seller chooses initial inventory along with price in each period. We also show
that when demand depends on time, cumulative sales, and/or inventory availability, the
asymptotic performance of CE policies does not change.

To further explore the difference of dynamic pricing under sales and inventory de-
pendent demand against traditional demand assumptions used in the dynamic pricing
literature, we also evaluate the performance of the static pricing policy (which was proven
to be optimal in classical settings). We show that the revenue loss from static pricing can
be huge and it grows at least at the rate of a linear function when demand is dependent
on cumulative sales and inventory.

An accompanying numerical study shows the performance and implementability of
both CE pricing policies. We also show that the CE-CL policy performs close optimality
even in cases where the scaling factor is not large. Furthermore, we show that significant
revenue improvement can be achieved by just a few price changes.

There are several future directions for our work. One is to extend the framework to
the multi-product case where those products share the same market. Another extension
is to consider strategic customers. The customers can strategically wait until there is a
discount. Sapra et al. (2010) touch on this with the wait-list effect, where here it may be
that a customer registers some interest in the product (follows on Twitter) but is waiting
for a sale. Another direction is to incorporate learning into our model. In this chapter,
we assume that the conditional expectation of the demand is known. It is possible to

approximate the expectation using available data throughout the selling horizon.
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CHAPTER IV

Valuing influence

IV.1 Introduction

Influencer marketing — promoting products or services through social-media influ-
encers — has been a popular practice in recent years. Influencers are individuals who
share their impressions of a particular product category (such as fashion, technology, gam-
ing, travel) in order to shape the opinions of their followers. They create content on social
media platforms (e.g., YouTube, Instagram, and Facebook) with active followers who con-
sume this content. Influencers earn money through their reputation, which includes being
consistent and true to their values. Companies leverage these well-earned reputations in
exchange for money, to target customers who follow influencers. Companies recognize
the value of influencers in spreading valuable information about their products, particu-
larly information that they may not be able to credibly communicate themselves. This
marketing practice allows companies to attract interest in a product from pre-selected
active customers. According to a report from Wondershare (Brown, 2020), a platform
providing video-making software, the top ten richest content creators on YouTube earned
between $10 million to $15.5 million in 2019. InfluencerDB, a platform that collects data
on influencer marketing, reports that spending on Instagram influencers alone exceeded
$5 billion in 2018 ( Vardhman, 2019).

Although companies spend large sums on influencer marketing, 61% of them find it
difficult to identify effective influencers for their product campaign MediaKiz (2019). An
effective influencer increases brand awareness and converts awareness into sales. Influ-
encers are typically paid by companies by a flat rate per “post”, where a post is a video,
picture, or message on a social media platform. Revenue-sharing arrangements exist but

are much rarer in practice.! However, the value of a post is hard to assess. The following

Verified through personal communication with social media influencers.
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questions are still largely unanswered:

(i) how lucrative is it for a company to work with a given influencer?
(ii) who is the ideal influencer to post about a given product?

(iii) what attributes of an influencer make her more or less valuable to a company?

This work aims to develop an analytical model designed to answer these and related
questions.

In order to value influence, several factors must be considered. First, and most ob-
viously, is the number of followers that form the audience of the influencer. In industry
practice, influencers are categorized based on the number of followers they have: nano
(500-5,000 followers), micro (5,000-30,000 followers), power (30,000-500,000 followers),
and celebrity (more than 500,000 followers). According to a survey of more than 2,500
influencers from January 2019 to March 2019 released by Klear (2019), the pay rate per
post for a celebrity is more than 20 times that of a nano-influencer.

The size of the following is a commonly used factore for valuing influencers in prac-
tice. Their impact is somewhat well-understood and therefore not a major focus of our
research. Our interest is in the informational value of influencers; that is, the nature of
how followers update their beliefs upon receiving the influencer’s opinion. To our knowl-
edge, the information value of influencers has not been carefully explored in the literature.
Below, we describe two dimensions of an influencer’s ability to change the beliefs of her
followers: reputation and charisma.

Followers shape their beliefs of the product based on the influencer’s historical repu-
tation; that is, how revealing her posts are regarding the true nature of the product. An
influencer who always endorses products, even if they turn out to have bad quality, is
considered to have a bad reputation. The post of such an influencer reveals little infor-
mation. The positive review of an influencer who is more selective in their praise carries
more information.

Moreover, different followers may put different weights on the influencer’s opinion
versus the opinions of others. Devotees only listen to the influencer, while skeptics learn
from both the influencer and other followers. The influencer’s charisma is the fraction of
her followers who are devotees. Because of the existence of skeptics, followers cannot be
considered to be independent decision makers. The revenue generated from the influencer
is affected by the dynamic belief processes of followers, which evolve from the influencer’s
post and the actions of other followers. The greater the charisma of an influencer, the
less dependency there is among the decisions of her followers.

In this on-going project, we want to provide a framework for valuing an influencer
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based on her reputation and charisma. To our knowledge, this is a far more comprehensive
model of influence than commonly used in practice, yet our results remain tractable and
intuitive. Accordingly, our results provide practical guidance for companies when selecting
influencers. Additionally, our modeling framework allows us to identify the features of a
company’s “ideal” influencer.

A key factor that makes our model insightful — and challenging to analyze — is the
complexity of the interactions between followers who dynamically form their beliefs. We
handle this complexity through a diffusion approximation, which makes the comparison
among different influencers possible. Moreover, for the optimal signaling scheme that
maximizes the expected revenue of the company, we show that it suffices to consider
the strategy where the influencer restricts to two possible signals. This is achieved by
formulating the problem into a semi-infinite linear program. This implies that using a
complicated strategy that selects a signal among infinitely many possible options is not

helpful in improving revenue.

IV.2 Connections to existing literature

Our model and results are closely related to (i) the marketing and economics literature
on strategic communication and information transmission from firms to customers, and
(ii) operations and computer science literature on algorithmic information design and
optimal signaling mechanisms.

The problem of how firms use information to manipulate the opinions of customers
has been extensively studied in the marketing literature. Traditionally, word-of-mouth is
endogenously created by customers who experience the product. In contrast, a growing
body of literature investigates how a firm’s exogenous manipulation of word-of-mouth can
be lucrative. Godes and Mayzlin (2009) provide empirical evidence that firms can exoge-
nously create word-of-mouth to drive sales of a product with low awareness. This practice
is more effective when using less loyal customers or acquaintances of target customers to
spread the word because their opinions are considered to be less biased and more credible.
It is the first work that empirically shows that word-of-mouth can be partially controlled
by firms. Our works continues in this vein, as we examine the phenomena of how com-
panies can use opinion leaders (influencers) with independent credibility and messaging
power to impact the evolving beliefs of followers in a social context.

Different from our setting, many marketing papers have explored alternative mechanics
for shaping the opinions of their customers. A prime example is the manipulation of online

reviews by firms. For example, Mayzlin et al. (2014) use review data on TripAdvisor and
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Expedia to identify firm manipulation, adding positive reviews to their hotels and negative
reviews to their competitors. Mayzlin (2006) and Dellarocas (2006) propose theoretical
models to study the persuasiveness of online reviews, knowing that some of the reviews are
manipulated by firms. Chakraborty and Harbaugh (2014) develop a theoretical model to
show that puffery, which is the claim about product strengths made by the company itself
without providing evidence, conveyed to a buyer can be useful in increasing revenue. The
intuition behind their result is that when the initial purchase probability is low, puffery
increases customers’ purchasing probabilities because it emphasizes some attributes of the
product that are of interest to certain group of customers.

However, today’s consumers are becoming even more savvy. They are aware that
anonymous information and online opinions can be manipulated. This partially explains
the rise in prominence of social network influencers whose job is to have credibility and
authenticity in the online space. The goal of the firm is not to manipulate the mes-
sage of influencers, but precisely the opposite, to select influencers whose genuine and
unmanipulated messaging lines up with the interests of the firm.

Influencers, however, do not operate in a vacuum. It is also important to consider
the effect that their followers have on each other. Kozinets et al. (2010) studies word-of-
mouth marketing among bloggers and finds that, after the initial campaign by the blogger
(analogous to an influencer), so-called network co-production of the marketing message
by the blog readers can shape the narrative in a social network. Using empirical evidence,
Hamami (2019) finds that product reviews of early adopters can change the beliefs about
product quality in later-arriving customers. Effects of this type are captured in our
model by the existence of skeptics who “shape” the message of the influencer and must be
considered in valuing an influencer’s post.

Our framework also contributes to the economics literature on information transmis-
sion and persuasion. The economics literature has long understood the importance of
credibility in communication. For instance, Crawford and Sobel (1982) propose the clas-
sic cheap-talk game where there is an informed signal sender and an uninformed receiver
who will react to the sender’s signal. In a cheap talk game, there always exists a “bab-
bling” equilibrium that no one has any incentive to communicate anything meaningful
and informative. Thereafter, the generalizations of the cheap-talk game includes multiple
senders (Gilligan and Krehbiel, 1989; Krishna, 2001; Battaglini, 2002; Ambrus and Lu,
2010), multiple equilibria and equilibrium selection (Farrell, 1993; Chen, 2011; Kartik,
2009; Chen et al., 2008; Gordon, 2011), and so on (see Sobel (2013) for a comprehensive
survey). Many traditional methods for influencing word-of-mouth marketing may fall into

the “cheap talk” paradigm. These methods have diminishing impact as the notion of on-
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line credibility has become more visible. Thus, the cheap talk setting does not as readily
apply to our problem because (i) both the influencer (signal sender) and the company
need not be better informed than their customers of whether the product will have a
bigger or smaller market (before demand is realized), and (ii) the value of an influencer
who endorses products online stems from her credibility (she loses the long-run reputation
for being a cheap talk sender).

Accordingly, models of credible communication, as studied in the Bayesian persuasion
literature, take on greater relevance for studying word-of-mouth marketing. In a Bayesian
persuasion model, the sender commits to a signaling mechanism that stochastically deter-
mines her messaging. The uninformed receiver is a rational Bayesian learner who decides
on an action after learning from the sender’s signal. The signaling mechanism can be
interpreted as how much information the sender wants to share with the uninformed re-
ceiver. Kamenica and Gentzkow (2011) and Rayo and Segal (2010) provide conditions
under which the persuasion is effective, i.e., the sender achieves higher expected payoff by
committing to a signaling strategy. Our work is closely related to the persuasion literature
because the influencer’s reputation cannot be changed in the short run, an implementa-
tion of the notion of commitment. The company benefits from sponsoring an influencer
only if the reputation of the influencer can “persuade” more followers to make purchases.

Since the seminal work of Kamenica and Gentzkow (2011), the study of Bayesian per-
suasion has developed rapidly. The most relevant strand to our setting are generalizations
to multiple receivers. This literature can be divided into two settings, whether the sender
sends private signals or public signals. Arieli and Babichenko (2019) and Candogan and
Drakopoulos (2020) study the optimal signaling mechanism in the setting that the sender
sends private (possibly different) signals to different receivers. Our focus is on public
signaling mechanisms. In practice, a social media influencer sends public messages to all
of her followers. This public display of “content” is the key driver of follower engagement.

For Bayesian persuasion literature with public signals, Alonso and Cdmara (2016a)
and Alonso and Céamara (2016b) consider the public signaling mechanism in a voting
setting. The most significant distinction of our model is that we allow certain group
of receivers not only to learn from the signal sent by the sender, but also purchasing
behavior of others in the social network. Candogan (2019) studies a persuasion game
where receivers are socially connected via a network. He proposes tractable algorithms
to solve for the static equilibrium. Each receiver’s utility depends on the state of the
world and the decisions of others in the network. Our work differs from his by making
the receivers’ utilities and belief processes micro-founded. Specifically, we model decision

dependency among receivers via their dynamic learning behavior. We often see in practice
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that purchases within a group of friends is more like a contagion than a simultaneous-move
game amenable to equilibrium analysis. To the best of our knowledge, we are the first to
consider a Bayesian persuasion sender (the influencer) followed by sequentially arriving
receivers (followers) that can learn from one another.

The sequential arrival of receivers shares commonalities with several papers in a grow-
ing literature in operations management that employs Bayesian persuasion as a modeling
framework. Lingenbrink and Iyer (2019) design optimal signaling mechanisms in a queu-
ing setting. The sender sends private signals about the queue length to sequentially
arriving receivers. They formulate the problem as an infinite linear program and analyze
the optimal solution in the queue’s steady-state distribution. Lingenbrink and Iyer (2018)
use a two-period model to illustrate the efficacy of public signals in online retail. They
propose the optimal signaling strategy of the firm as the solution to a fractional knapsack
problem.

A common criticism of Bayesian persuasion models is to put doubt on the sender’s
ability to credibly commit to her signaling mechanism and, moreover, questions whether
any given signaling strategy can be implemented in practice. This criticism particularly
applies to the operations management literature, who, by nature, focus on practical as-
pect of implementation. Our model does not make the (arguably) strong assumption that
firms can commit to and implement an arbitrary signalling strategy. Indeed, influencer
marketing precisely allows for the firm to leverage alternative signaling mechanisms via
influencers. The seller in our setting does not have the ability to credibly provide their
desired signal to its target customers. The influencer is the intermediary to carry the mes-
sage with her long-term reputation. We take the seller’s perspective to analyze whether
it is profitable to choose a particular influencer with certain features (i.e., reputation,

charisma, number of followers, and effective period of the signal).
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CHAPTER V

Conclusion and future work

Decision making in uncertain, history-dependent, and non-stationary markets is the
theme of my doctoral research. In the information age, we see more and more commu-
nication between companies and their customers, and among customers themselves. It
is common to see markets with these three features. My dissertation provides answers
and practical solutions to Rvenue Management (RM)/Supply Chain Management (SCM)
problems when the company faces those complications (uncertainty, history dependency,
and non-stationarity) in the market condition. It also inspires me to explore a broader
area: how would the complications change the decisions in a supply chain with risk de-
pendency or information sharing in the supply chain network? Nowadays, companies in
the supply chain also have stronger linkages through many technologies (e.g., blockchain).
This is the next step in my research agenda.

Overall, the goal of my research is to extend our understanding of the “socia” com-
ponent in RM/SCM problems: relationships among customers and firms, as well as cus-
tomers themselves. In those relationships, people (firms and customers) choose what to
reveal to one another and how to learn from one another. I call this a “relationship-driven”
approach to Operations Management (OM) research. The core of relationship-driven OM
is as follows: one decides what to share with each other and how to react to (by opera-
tions decisions or information strategies) what is shared. These relationships have become
prominent because of shifting technologies and the sheer amount and complexity of infor-
mation available in recent years. Nowadays, the Covid-19 pandemic has further changed
the nature of human interactions. This brings research opportunities to relationship-
driven OM: how will the new relationship among people impact operations decisions?
Does a lack of human connection caused by social distancing lead less information shar-
ing? What is the result? Exploring more into relationship-driven OM problems is my

current and future research focus. I believe it to be a powerful lens into the important
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questions facing our discipline. Moreover, I am always excited to see the linkage be-
tween the real world and my research and potentially to contribute to the real practice of
RM/SCM in this new age.
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APPENDIX A

Proofs of chapter 11
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A.2.16 Proof of Theorem I1.5 . . . . . . ... ... ... ... ......
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A.3.1  Optimal pricing and learning policy with ML inference

A.1 Algorithms

Algorithm A.1 Numerically solve HJB equation (I1.3.3) for V'

Require: Step size dt, horizon length 7' = Ndt, model parameters (po, o, mo), (+),

termination criteria €, max iterations Nite,
Ensure: Function V :{0,1,...,mg} x [0,T] — R

1: V(mg,:) <0, V(:,0) <0 > Set boundary conditions

2: for all ¢t € {dt,2dt,..., Ndt} do
3: for alld € {my—1,mpy—2,...,1} do

4: k<0, vy« V(d,t—dt) > v is the estimate for V(d,t)

5: V_1 4+ g+ 2€

6: while |y, — 11| > e and k < Ny do > Find v using fized point iteration

7 7 < inf {7“ > —;,((Z)) —V(d+1,t)+ Vk} > Solve (11.3.2) for r*

8: Vi1 < V(d,t — dt) + dt(mo — d)(p + qmio)fcsgj > Numerically solve
(I1.3.3) for v

9: k+—k+1

10: end while

11: V(d,t) « vy

12: end for

13: end for

Algorithm A.2 Numerically solve HJB equation (A.11) for VMLE

Require: Step sizes dt,dp,dq, horizon length T' = Ndt, model parameters mg, z(-),

termination criteria €, max iterations N, a large integer M
Ensure: Function VMY : {0, 1,...,mo} x [0,T] x [0,00) x [0,00) — RT

1 VME(mg, o 00) <=0, VMEE(0,:,0) <= 0 > Set boundary conditions
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2: for all ¢t € {dt,2dt,..., Ndt} do

3 for all d € {mg,mo—1,...,0} do

4: k<0, v(:,:) < VME(d t —dt,:,:) > v(:,:) is the estimate for VMLE(d ¢, ")
5 V_1 < 1+ 2¢

6

while ||v; — v4_1]| > € and k < Ny, do > Find v(:,:) using fixed point
wteration
7: for all p € {0,dp, ..., Mdp} do
8: for all g € {0,dgq, ..., Mdq} do
9: Compute 1,7, from (A.8), (A.9)
10: ViV < VME@ + 1t p+np, g+ 1) — vi(p, q)
11: if p € [dp, (M — 1)dp] and q € [dq, (M — 1)dq] then
12: Use centered difference to estimate V,V and V,V from vy, i.e.,
13: V,V  (ve(p+dp,q) — vk(p — dp,q)) /(2dp)
14: V,V — (vk(p, ¢+ dq) — ve(p,q — dq)) /(2dq)
15: else
16: Use forward or backward difference to estimate A,V or A,V from
Vi
17: end if
18: r < inf {r Lr> —% - VaV +V,Vn, + Vanq} > Solve (A.10)
for r*
19: Vi1 (p, q) < VMYE(d, ¢ — dt, p, q) + dt(mg — d)(p + ¢:L) 27 >
Numerically solve (A.11) for v
20: end for
21: end for
22: k«k+1
23: end while
24: Vid,t,::) < vg(s,:)
25: end for
26: end for
A.2 Proofs

A.2.1 Proof of Proposition II.1

Proof. We will use the arguments adapted from Chapter 11 (“Density dependent popu-
lation processes") in the book Ethier and Kurtz (2005) to prove (I1.2.7). We follow the

proof idea used in the book, but the results we cite are well established lemmas/theorems
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in the literature. We will use the prefix EK to denote the sections and results in the
Ethier and Kurtz (2005) book.

In the proof below, we decompose the difference D OO — F} into a martingale divided

by mg and a term that diminishes as mgy grows. The martingale term converges to zero
almost surely by Doob’s martingale convergence theorem. In order to show the variance

'r mO
of 2

process (contams Brownian motion) to approximate the asymptotic distribution of £

decreases in the order of 1/mg as my increases, we use a continuous time diffusion

’rm

Then we directly compute the asymptotic variance using It6’s isometry. The following is
the detailed proof.

First, we introduce some notations. Let Z) be an exponentially distributed r.v. with
mean 1/A. Let Y := {Y(¢),t > 0} be a standard Poisson process with intensity 1. Let Y;
be the jth inter-arrival time of Y. Note that Y has the same distribution as Z;. We also
define Y := {Y(t) — t,t > 0}, which is a “centered” Poisson process with mean zero. Let
Z7™, 1 < j < my, be the jth inter-adoption time in D"™0 = {D;™ t > 0} and t; ; be
the time that cumulative adoption hits j — 1.

Define the function A(y) := (1 —y)(po+qoy), y € [0, 1]. Note that £(j) = moA(j/mo)
is the portion of the adoption rate unaffected by the price when the state of process D™"™0
is 7. We use the fact that we can write Z, in terms of Z; as Z) = %Zl. Hence, we can
write {D;"™°,t > 0} in terms of Y by letting

j—1

Z;‘,mo L sup t> 0: /moA < ) (T5+tj71>d3 < 1/;

Then, we know {D;"™°,t > 0} can be constructed via the standard Poisson process Y

with
D’rmo
Do _y /moA( ) 2(r.)ds

The above transformation is commonly seen in the literature to construct martingales
and it is also shown in Theorem 4.1 of Chapter 6 in Ethier and Kurtz (2005).
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Therefore, using the newly defined processes and function, we have
r MO L Dr mo L Dr mo
(/m0A< ) (rs)ds) —/A( - >x(rs)ds+/A< - >w(r5)ds
mo mo
0 0
Dr ,Mmo ¢ DT mo
= iff (mo/A( 2 )x(ﬂs)ds) +/A< 2 >x(rs)ds.
mo mo mo
0 0

rmo

(A1)

First, since py > 0 and gy > 0 (from our model assumption) we have that the quadratic

function A(y) is bounded above by A := py + (qO T o for any y € [0,1]. Therefore,

¢
- Drimo
—Y mO/A< . )x(’rs)ds
mo mo
0

1 . [ (Drm R G
<|— sup Y mo/A( 5 )aj(rs)ds < |—supY moA/x(rs)ds ,
mo o<u<t mo my w<t
0 0
(A.2)
Sending my to infinity on both sides of (A.2), we have
t u
o1 Do o1 - i
lim [—Y |my [ A z(rg)ds || < lim |—supY | mpA [ x(rs)ds || =0
mo—o0 | 11 mo mo—o0 | 11 u<t
0 0

(A.3)
The right hand side of (A.3) is zero almost surely by Doob’s martingale convergence

theorem.
Therefore, by (A.1) and the definition of F} in (II.2.1), we have

¢ ¢
DT,mo 1 - Dr,mo Dr,mo ]
L F|=|—Y mO/A( . )x(rs)ds +/ [A( . ) — A(F])| xz(rs)ds
mo mo mo mo
0 0
/ D / D
~ 7,M0 ,mo
<|—Y mO/A( . >a:r ds +/‘A( ) )—A(FS’" x(rs)ds.
mo mo myo
! 0 | 0
N o
(A4)
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To bound Ay, note that A’(y) = qo — po — 2yqo. Hence, we have

’f‘m()

rmo
A2<maX|A /' — F!| x(r

€[0,1]

(Ts>d8 < |QO +p0|/’

Thus, substituting (A.5) into (A.4) and let X (¢) := fotm(rs)ds, we have

D:,mo Tm()
’ - F <A1+\qo+po]/‘ — F71dX(s).
mo
By Gronwall’s inequality, we have
r,mo .
D, — F'| < min {Ale\q0+po|f0 :z:(rs)ds7 2} ) (A.6)
mo

According to (A.3), we have A; — 0 almost surely as mg — oo. Taking myq to infinity
on both sides of (A.6), we have

r Mo
lim - F/
mo—r00 mo

=0 almost surely,

proving the first part of the proposition.

We next analyze the convergence of the variance of D™™°. To do this, we define the

new stochastic process V;"" = |/my (D;;OO t). We also define {V;",¢t > 0} to be

stochastic process satisfying the following stochastic differential equation:

dV AI(FT Tt Vrdt + \/ Tt th (A?)

where {W;,t > 0} is the standard Brownian motion (i.e., mean is zero, variance is t).
Note that the solution of (A.7) is

t

V= /ef AEDetrade S A(Fr)z(r,)dW,. (A.8)

0

We can directly use EK Theorem 2.3 in Chapter 11 (p.458) (or e.g., Kurtz (1971)
Theorem 3.1, equation (1.5) in Norman et al. (1974)) to get the following result: For a
given t, we have that V,"™° converges to V; in distribution as my — co. Therefore, we
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can find the asymptotic variance of V;"""* by Itd’s isometry, and it is equal to

t a1/ pr 2
(efsA(Fu)x(Tu)du A(FT)JT(TS)> ds

S

I

(1—F)+0-F)
t t 2
200/p0 [ (o + o) Jy #(rg)ds — 1+ e ot 5203 1 (go fpg)? (1= e~ ot i)

(1 + go/poewota) Iy w(rs)ds)?’ 4 o@otao) Ji x(ra)ds

, . . 2q0/p0 |:(p0 _|_ qo) f()t a’:(rs)ds — 1 + ef(pO“l’qO) fot I(Ts)d3:| + (qo/p0)2
SFO-F)+0-F) otao) [T
e 0 #iTs

<FT(1-F)+(1-F)a <§t> (A.10)

for some o > 0 independent of mg. By the definition of V;”™, we have Var (V,"™) =

moVar (D;;LO()). Therefore, for any ¢ > 0, we conclude that the asymptotic variance of
T,m(

L decreases with rate 1/my.
mo

]

A.2.2 Proof of Lemma II1.2

Proof. We will drop the subscript 6y from [Eg, for simplicity of notation. Note that we

Dr,mo Dr,mo DT‘,mo
<s S =) ) -7

have o
Dt

mo

E

.
_ Ft )
mo my mo

—~ —~

(a) (0)

To prove the lemma, we will prove that (a) has an upper bound that is O (1 / \/WO), while
(b) has an upper bound that is O (1/my).

We first bound (a). Fixing time ¢, we consider the adoption states at time ¢ of each
individual within the population of size my. We denote their adoption states as (;(t) for
i =1,2,....mg. If (;(t) = 1, then individual ¢ has adopted the product by time ¢, and
Gi(t) = 0 otherwise. Hence, D;™ = "™ ¢;(t), where D;"™ is the number of adoptions
by time t.

Since the population is homogeneous, then (i(t), (2(t), . .., (m,(t) are a priori identi-

cally distributed. We next derive an expression for their mean. Let us define F,"™° :=

E (D;T;;no Since D;™ = "™ (;(t), we know that mio Y E(GE) = E <Df:;:0

F]"™. Since the population is homogeneous, this means that E (¢;(t)) = Pr({i(t) = 1) =
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E/™ foralli=1,...,mj.

Let X := {(i(t), ..., Cno(t)} be the set of adoption states, which are identical Bernoulli
random variables with mean F;"™°. Note that —-Dp™ = - 37 (i(t) is the sample
average of a random sample (with size mg) taken without replacement from X. Hoeffding
inequality can be used to bound the deviation of the sample average from its mean when
sampling is done without replacement (Bardenet et al., 2015). Therefore, we can use

Hoeffding inequality to bound (a). Specifically, for any € > 0,

DT‘,mo D’I’7m0 1m0
P t _ _E(Z >ep =P |— () — F™ >
(1P -2 (0> -2 S0 -

Hence, we have

DT,mO DT,mO o0 DT,mO DT,mO
5 _E(t >‘:/P{‘ t _E<t )'>€}d€
mo mo mo mo
0

e}

2 2 1
< [oemlqee 2 oo
_/e (= =V (_m0)7

0

e} < 2exp (—2m062) .

thus, proving the bound for (a).
We next bound (b). Let us define f{" := 4F/"™ = L AR (D) Hence, recalling

mo dt

that A(-,-) defined in (II1.2.3) is the adoption rate function, we have

rmo _ L SEND]™,r0) (A.11)

rmo DTmO
E [( ) (po + Qo ) Z’(Tt)]
mo
rmo Dr,mo Dr,mo 2
polE >+QOE< ! —( - )))x(n)
mo mo
T,m T,m Dﬁmo ?
(po —F™) +qo (Ft7 ‘—E ( ‘ )]))x(rt)
myo

DT,T)’LQ
(po (1 —F"™) + qo <Frm° (F"™)? — Var ( : ))) x(re). (A.12)

mo
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Dividing both sides of (A.12) by (1 — /™) (po + qoF;"™°), we have

- D'r,mo
7m0 qoVar ( o >
1— F'r,mo F'r,mo = .I‘(T’t) 1- 1 — FT,mo F'r,mo
( i) (po + qo ™) ( ¢ ) (po + qoF)
I (A.13)
~afry |1 - 0 T HO0) (o)
— t - T,m ’
| ™Mo Pot qoFy ™

where the last equality follows from (A.10).
The differential equation (A.13) is similar to the deterministic Bass model (II.2.1),

except with a modified market effort function. Hence, modifying (I1.2.2) results in

t FM04+o0) (5
Dprmo . 1 —exp (—(po + qo) j(; (1 - %Wygo)) ﬂf(rs)ds)

mo ¢ FIM010(1) (% ’
1+ o exp (—(po +q) j(J (1 - %WM) m(rs)ds)
(A.14)
Then, from (II.2.2) and (A.14),

D’I”,m()
()
mo
T,mQ

t Pl +O(1)(%)
~ortao) Jy (1-20 TN ) o as
0 0 potapFs’ 0 ° 1— e*(poJrqo)fd5 x(rs)ds

o 3 o — b rs)ds
B N e L

— €

mQ po+aoFa
1+ e
+ Po

fg z(rs)ds
_ / (14 qo/po)(po + go)e~ Pota0)X

(]_ —+ qo/poe_(po-‘rqo)x)z
L[)t <1—qi —F:,mo +O(1)'n(7,0€%) ):v(rs)ds

T
™0 po+qoFs’

dX

fg x(rs)ds

< (1 + qo/po)(po + qo)e (Pota0)'t
B (1)2

t w0 F§*m0+o<1)(€%)
e R
S

dx|,

where the last inequality follows from Assumption I1.1 (ii).
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Hence,

DT,TTL(]
= () -
mo

t

(14 qo/po) (po + go)e~Pota)a't /ﬂFg’mo +0(1) (%)
(1)2 mo Po + qOFsT’mO

<

x(rs)ds

0

Mt 1t 1
< (1 + qo/po) (o ‘HIO)WEO =3¢ <EO> ’

Q0 F: "0 +q0(1)( )
po+qoFs O

proving that (b) has an upper bound that is O(1/my).

where the last inequality follows from = O(1) and Assumption II.1 (ii),

]

A.2.3 Proof of Theorem II.1

Proof. We can write the value function V'(d, t) by enumerating the outcomes after 6t time
units. Hence, for any d € {0,1,...,mo— 1} and ¢ € (0,7, we have

V(d,t) = ax ){ (r+V(d+1,t—6t) Ad,r)ot + V(d,t — ot) (1 — A(d,r)dt) + 0(675)},
re(—o0,00

where A(-, -) is defined in (I1.2.3). On both sides of the equation, we subtract V' (d, t —dt),

divide by dt, then take the limit as 0t approaches zero. This results in the HJB equation

ov
D e ){r)\(d, )+ [V(d+1,t) = V(d,t)] ANd,r)}. (A.15)
re(—oo,00
We will show existence of a unique solution V'(-,-) to (A.15) at the end of this proof.
We next derive the optimal solution 7*(d, t) to the right-hand side of (A.15). Denote
the objective function of the right-hand side of (A.15) by J(r,d,t). Since A(d,r) =

&(d)x(r), then

(9_J
or

= \(d, )2 (r) (7’ n ”3(("“)) Y V(A4 1,t) - V(d, t)). (A.16)
@ (r

Note that z/(r) < 0 (Assumption II.1(iii)) and since d < mg — 1, we have \(d,r) > 0.

Therefore, the first order condition 42 = 0 is satisfied by r = r*(d,t), where r*(d,t) is

defined in the theorem as the solution to (I1.3.2). Note that (II.3.2) has a unique solution.

This is because, rearranging (I1.3.2) as

0= —r— 2 s v, (A.17)
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the right-hand side is strictly decreasing in r (Assumption I1.1(iv)), implying that there
is a unique root to the equation (A.17).
We next show that 7*(d, t) is the unique maximizer of J(r,d,t) for any (d,t). Using
the fact that V(d + 1,t) — V(d,t) = —r* — %, we have
0?J
or?

_ f(d) [2:17/(7“)2 i I(T).Q?”(T)} . (A18)

r=r* .’L’/(’I")

Since 22'(r)* — z(r)z”(r) > 0 (Assumption I1.1(iv)), and 2/(r) < 0 (Assumption I1.1(iii)),
it follows that % .. < 0. Hence r*(d,t) is the unique maximizer of the right-hand
side of the HJB equation (A.15) and is therefore the unique optimal price given state
(d,t). Finally we can use the equation 2 = 0 where r = r*(d, t), to reformulate (A.15)
as (I1.3.3).

To complete the proof, we will show that there exists a unique solution V' to the HJB
equation (A.15). By Theorem VIL.T3 (page 208) in Brémaud (1981), a unique solution

exists if we can replace max in (A.15) with max where U, is a compact set, and if
ré(—00,00) reUs

rA(d,r) and A(d,r) are continuous and uniformly bounded in r and d. To show the first
condition, note that (II.3.2) implies that

x(r*(d,t)
t

* <
) < |

~—
|~

’+ \V(d+1,t) = V(d,t)].

Note that A°(r) = mo(po + qo)z(r) is an upper bound for the adoption rate in our system
at any state (d,t) and price r. Therefore, |V (d + 1,t) — V(d,t)| can be loosely bounded
by the optimal T-period expected revenue in a system where the adoption rate is A°(r).
By Gallego and Van Ryzin (1994), this expected revenue has a deterministic upper bound
JP = Tmgy(po + q) sup rz(r). By Assumption 1(v), rz(r) is bounded by a finite C,,

ré(—o0,00)

so JP is finite. Furthermore, Assumption 1(iv) implies that |z(r)/2'(r)| is bounded for

any r. Hence,

a(r)

JP.
7| "

u:i= sup
r€(—00,00)

is a finite value that bounds the magnitude of r*(d,t). Hence, we can replace the maxi-
mization in (A.15) with max where Uy = [—u, u]. This fulfills the first condition.

To satisfy the remaining conditions, we need to show that rA(d, r) and A(d,r) in (A.15)
are continuous and uniformly bounded in r, d.

First, note that A(d,r) = z(r)&(d), where £(d) = (mo — d)(po + mioqo). By a change of
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variables y = d/mg, we can write {(y) = mo(1 — y)(po + qoy) which attains a maximum
value of 72(py + ¢o)* when y = 3 — 22. Therefore, £(d) < T2(py + qo)* for any d.

Furthermore, from Assumption 1(ii), we have A(d,r) < 2" 3¢ (po + q0)>.

To check whether rA(d, r) = rz(r)&(d) is uniformly bounded, note that from Assump-
tion 1(iv), there exists a unique maximizer of rz(r). We define it as r#. Therefore, we
know that rA(d, r) is continuous and uniformly bounded by r#x(r#)%(po + qo)? for any
r,d.

Thus, there exists a unique solution to the HJB equation (A.15).

A.2.4 Lemma A.1 and proof

The following lemma provides monotonicity properties of the value function V' with

respect to the state variables (d,t) and the demand model parameters 8y = (po, qo, Mmo)-

Lemma A.1. The value function V(d,t;6y) has the following properties:
(i) V(d,t;6y) is monotone increasing in ¢ € [0, 77,
(i) V(d,t;00) is monotone decreasing in d for d > my (% - 2%)
(iii) V(d,t;8) is monotone increasing in pg, go and myg for any (d,t) € {0,1,...,mg} X

[0,77.
Proof. We prove the three parts of the lemma below.

1. From (IL3.3), 2V (d,t) is nonnegative due to the assumption that ’(r) < 0 for all
r (Assumption II.1 (iii)). Therefore, for all d € {0,1,2,...,mo}, V(d,t) is monotone
increasing in ¢ € [0, T7.

2. To prove the monotonicity of V' with respect to d, we temporarily treat d as a

continuous variable. Then by (A.15), since 8Va(td,t) = J(r,d, t)|r:r* @y Ve have that
2
0°V(d,t) _ dJ(r,d,t) or N aJ(r,d,t) (A.19)
0dot or od r=r*(d,t) od r=r*(d,t)

Note that the first term in the RHS is zero, hence

O*V(d,t)  ONd,r)
odot  od

+ A(d,r)

[r+V(d+1,t) —V(d,1)]

OV (d+1,8) — V(d, 1)]
od r=r*(d,t)

= —7x(r*(d’t))2 <(J0 —po— 2%5{))

r=r*(d,t)
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LoV + 1,5; —V(d )] (mo — d) <p0 n qonffo> z(r*(d, t)),

where the second equality follows from (II1.3.2) and from the definition of A(,-).
If we define g(d,t) := 8V dt , then ¢(d,0) = 0 and

gg + [(mo —d) (po + QOni) x(r*(d, t))] g
_z(r(d, 1))’ d OV (d+1,1) d .
T2 (d D) (qo T qumo> T o= d) (po + qomo) 2(r*(d, 1)),
(A.20)

which is a linear differential equation. Solving this differential equation using

standard techniques, results in

OVId,2) (mo—d)(pot5500)(ha (0)+21)
ad

(1)

t
_ / (Mo (Po+ 500) (ki () +-21)
0 (2)
( d d L OV(d+1,s)
— v — 200 — — el 7
() 40 — Po CIOmO + (mo — d) po+m0% z(r”) ad ds,
®) @

(A.21)
For all d > mo (4 - £2), L (4)

is zero. The sign of 4% depends on (1), (2), (3). (1), (2) are always nonnegative, and

oV (d,t)
od

(3) is negative When d > my (5 — %> Suppose av(kt < 0 for all myg (2 = 2%”70

k=d+1,...,my—2. We will then show ov( dt) <0. Accordmg to (A.21), 8V dt ) <0
because all (1), (2), (3), (4) <0.

. Taking the partial integral of (11.3.2) w.r.t 7* and rearranging the terms, we have
that

ar*(d, t) lgx'(r*)2 — :1:(7’*)513"(7‘*)] 1 (A.22)

2V (d,t) = V(d+1,1)] @' (r%)?
Hence, taking the partial derivative of (I1.3.3) w.r.t. py and using (A.22), we have

PV(d,t)  a(r)?
it~ ) Mo~ d)

2 (r)z(r) — 2(r)22" (r
ERPY AN INE T CGEECEC

@' (r)*
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or*(d, t) AV (d,t) — V(d+1,t)]
OV(d,t)— V(d+1,1)] po '

Defining ¢g(d, t) := a(d 1) we have g(d,0) = 0 and

99 d .
3¢ T (Mo d)(?o—%-——q@):tO")g
my
) (A.23)
o x(r) (o — d) + (mo — d) +i x(r*)8V(d+1,t)
which we solve using the same techniques as (A.20), resulting in
v (d,1) e(mo—d) <po+mi0qo>(h1(t)+z1)
0 S ~~ d
Po ]
t
_/e(mo—d)(po+r,’i)qo)(h1(8)+21)
0 @)
z(r*)? d oV (d+1,s)
- —d —d — ds.
S o= o= ) () a0 PR
®) )
As we know %Z;O’t) = 0 for all ¢t € [0,7T], then W > 0 for all t € [0,T]
because (1), (2), (3) above are always positive and (4) = 0. Similarly, we can deduce
that W(ngo 24 8‘/(7350 39 8\3;0 ) are all nonnegative for all ¢ because (4) in these

cases become nonnegative. This proves that V' (d,t) is monotone increasing in py.

We can use the same technique to prove monotonicity of the value function in qq
and in mg. Defining g, := 8‘351“ and go 1= 8‘8/7(:(;16) (here we treat mg as a continuous

parameter) results in the following corresponding ordinary differential equations:

0 d
B mo = d)po + - a0)a(r)gn
_ow()? o d - d L OV(d+1,t)
- .'1?/(7'*) (mo d) mo +(m0 d)(po + mo qO)I(T ) aqo )
(%)
0
2+ (mo — d)(po + ——a0)a(")gs
z(r*)? d? d SOV (d+1,1)

T x! (r*) (po + m702qo) +(mo — d)(po + m*(]QO)m(r ) .
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Note that the difference between the two ODEs are from (5) and (6), which are
both positive, so can be analyzed in the same way that we did for (A.23). Therefore,

V(d,t) is partially monotone increasing in py, qo, mp.

O

A.2.5 Proof of Corollary II.1

Proof. For the case where z(r) = e™", (I1.3.2) results in r*(d,t) = 1=V (d+1,t)+V(d, t).
Hence, condition (II.3.3) becomes

9 d e 2 (D) V(d+1,6)—V(d,t)—1
57 (d:t) = (mo—d) {po+ e ) ey = g(d)eY (L -1, (A.24)

Given the boundary conditions of (I1.3.3), we can solve the system backwards:

e From (A.24) when d = mg — 1, and since V(my,t) = 0 for all t > 0, we know that

0
g‘/(mg — 1,t) = §(m0 — 1)6_1_V(m0_1’t).

This partial differential equation is solved by V (my—1,t) = In (Wt + 1) , hence

WV (mo—1,t) _ <§(m0 - 1)) / (Mt+ 1> (A.25)

ot e e

e From (A.24), and (A.25), we know

8‘/(7710 — 17t) aV(mo _ 27t) £(m0 — 2) (§<m0 — 1)t + 1) er(mon,t)72.

(&

ot ot e

This is solved by V(my — 2,t) = In (E(mo—12)e§2(mo—2) t? + g(mZ_Q)t + 1). Hence,

8V(mgt— 2, t) (A.26)
- (o= Detrn=2), =) ) (S0~ Dm0z S0 =D, )

e2 e 2e2 e '

(A.27)

e From (A.24), we know

aV(mo — 1, t) 8V(m0 — 2, t) 8V(m0 — 3, t)
ot ot ot

= £(mo — 1)€(mo — 2)€(mg — 3)e™V (mo=3H)=3
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Substituting (A.25)—(A.27), this reduces to a partial differential equation whose

solution is

V(mo—B,t)
1 (f(mo —1)§(mo — 2)&(mo — 3)753 n §(mo — 2)&(mo — 3)t2 n §(mo — 3)t+ 1) ‘

3le3 2le? e

This then provides us with OV (my — 3,t)/0t.
e We can continue to solve for V (0, t):

V(0,t)
E(mo — Dé(mg — 2)...£(0) [t\™  &(mo — 2)E(mg — 3)...£(0) [\ ™
:m<<o e ) ><) L &mo Jnf)_”l)!) <><6> +_“+1>
o[RS0 EG) (1Y
. ( ; <6>+1)

A.2.6 Proof of Proposition I1.2

Proof. Tt suffices to show the Hessian matrix of ZiD:ta In f;(B) with respect to § is negative

~

definite. Note that for ¢ =0,1,2,3,...,D;,_ — 1,

. 1 4 42
V2 In fz B = _ . : iodt ’
A ( ) (Bl + BQZ -+ B322)2 9 .3 .4
1 ] ]

and V31n f;(8) = 0 for i = D,_. Hence, for any z = (21, 22,23) 7,

Dy_ Di_—1

2’ Vi (D _fiB) |z=~
=0

(21 + izp + i%23)?

— (b1 + Bai + PB3i%)? =Y

Hence, the Hessian matrix is negative semidefinite.
To show that the Hessian matrix is negative definite, we need the additional condition
that D, > 3. Under this condition, for any z # 0,

Dy Dy —1 , ,
z' V5 (Xt: In fi(ﬁ)) z = A (mtmtz)? (2 t4m)’ (2t +ite)’
1=0

BY (Bi+ B2+ B3)2 (B 4202+ 483)2 (B1 + Boi + B3i2)2"

=3
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Note that z; =0, z; + 20 + 23 = 0 and z; + 225 + 423 = 0 can only occur simultaneously

2
if z = 0. Hence, % - ((;i i;ii;?)z ((Ziijgjii?))z is strictly less than zero for any z # O.

This means that we need the condition that D,_ > 3 for V%(ZDt‘ In f;(8)) < 0. Since
L,(U,] B) = 226 In f;(B), we can conclude that V%ﬁt(ﬁt| B) < 0 when D,_ > 3. O

A.2.7 Proof of Lemma II1.3

Proof. All the expectations in this proof are conditioning on D] = k where £ > 3. For
simplicity of notation, we will use D; instead of D] to denote the cumulative adoptions
at time t. Since D; > 3, we know that the ML estimator 9t is unique.

Note from (I1.4.2) that if either p, = 400 or §; = +00 or m; = +00, then the likelihood
function is 0. Then, we know there exist finite &y, da, 95 such that p; < po+ 01,4 < go+ 02
and 1, < mg + 03. Note that the ML estimator 6, = (Pt, @s, M) can be written as

6, = arg max £t(ﬁt; 0) =0y + argumino — Zl %@t)u)’
where u = (up, Ug, Um), 6o = (Po, qo, o), and f;(0) is defined in (I1.4.2). If we denote the
optimizer of the right-hand side as @ = (1, U, U,,), then 0, = 0, + .
We analyze the estimation error |p, — po|. Suppose |p; — po| > & for some §; > & > 0.
This implies that u, lies outside [—6,6]. Since the objective function on the right-hand-
side is 0 when u = 0, and since the log-likelihood function is continuous and element-wise

concave in p, then either

fz ‘90+561) fz 661)
In <0 or In <0,
Z O Z O

where e; := (1,0,0). Note that under the Markovian Bass model, the value f;(6) for any
0 is stochastic since its value depends on t; and ¢;,;, which are random adoption times.
Here, t; denotes the time of the i-th adoption, where ¢ =0, ..., D;.

Let Py, (-) denote the probability under a demand process that follows a Markovian

Bass model with parameter vector 8y = (po, o, mo). Therefore,
Po, { 1P —pol > 0}

fi(6o +561) fi(6g — deq)
gpgo{ Zl e <0}+IP’90{ Zl Wgo}
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Dy
<21P’90{ Zlnﬁ?;éel)_ }—211»90{1_[]0’??;561 _1}
i z 0 z 0

_ fz(GO + 561) fl 00 + 561
o JH IR JH 7.60)

1=

0
(0o + deq)
:2]E90 (EGO ( (E90 (JH'JC > 1 ‘F-tDtl) |‘FtDt2) ’ El) FO) :

(A.28)

The second inequality is because f; is an increasing function in p. The last equality is due
to the law of iterated expectations.

We next analyze (A.28) starting from the innermost conditional expectation. We have

fi(Bo + deq) e 1fz 0o + deq) I, (00 + dey)
‘F E 0 ‘FD —1
JH iy T J 05 =\ a7

Di—1

1 e / It 300 (o)t
Db 0y +0e) [T

- H Z ;90 ) / \/th<90+561)\/th(9o)dtDt

ID,—1

(A.29)

The first equality is because {fi(¢),i = 0,...,D; — 1} are all F;, ,-measurable. The

second equality is because, given the information set F, _,, fp,(fp) is the conditional

probability distribution of the adoption time ¢p, under a Markovian Bass model with pa-

rameter 6. Hence, we next want to derive a bound on Lﬁil V Fp. (00 + be1)\/ fp,(60)dtp, .
Note that

3 [ (Violoo+5e) - Vo) dto,

ip,—1

1 o

=3 / (th(HO +6e1) + fp,(00) — 2+/ fp, (00 + (561)th<90)) dip,

tp,—1

=1- / VI, (00 + der) fp, (60)dtp,,

tp,—1
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where the last equality is because the integral of the probability density function

7 fp.(0)dtp,

tp,—1

is equal to 1 for any 6. Therefore,

o0 o0

/ VFon(Oo + 8e1) i, (o) dtp, = 1 — % / (¢th(90 Y oer) — \/th(90)>2dtDt.

tp,—1 tp,—1

(A.30)
The integral on the right-hand side is the Hellinger distance between fp,(6y + de;) and
fp,(0o), which are probability densities of the adoption time ¢p,.
Note that the Hellinger distance can be lower bounded by the K-L divergence (corollary
4.9 in Taneja and Kumar 2004). Specifically,

oo

1 1 )
BY / <\/ I, (00 + de1) — v/ th(90)>2dtDt > mEeo (ln#(ﬁ];el) | ]:tDtl) )

tp,—1

(A.31)

L We will next bound the

where R is a constant such that R > ming 5 (0; v > pr
t

right-hand side of (A.31).
Define Cy := (py + &1 + qo)?. Note that

2
P nll) ! S S §

952" fo,(Bo+der)  (po+0+2eqo)>  (po+ 01 +q)?  Cr

where the inequality is because py + § < po + 0;.
Furthermore, since the expectation of the Fisher score under the true parameter is

zero, we have

0 th (00>
oo (% " (60 + de1)

’ FtDt—l) - O
6=0
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Hence, we have
fp.(6o) ) / o8
’ ( ! [ (00 + der) | "1 % th 0o + 261) d tp,—1
5
9 I, (60) G, 1, (6o) )
=k In———— — —In— | Jdz | F,
"’ (/ ( fou(0o +ze1) 0z ! I, (00 + zeq) l2=0 2 Fips

th<‘90) / 2
=K F —6
%o (// 82/2 th 90+Z€1) dz | tpe—1 20]

Therefore, (A.31) reduces to

oo

4\/]1_%01 52 < / (\/th(eo + de;) — \/th(eo))thDt. (A.32)

tp,—1

Hence, from (A.30), we have

1

/ V . (60 + d€1) fp,(6p)dtp, =1 — 5 / <\/th(00 + dey) — \/th<90)>2dtDt

tp,—1 tp,—1

(e 9]

< exp —% / (¢th(90 T der) — \/th(90)>2dtDt < exp <_

tp,—1

1 52)
8VRC; )’

where the first inequality is because e™ > 1 — x for all . The second inequality is from
(A.32). Hence, from (A.29), we have

(60 + ey) T filfo + der) 1,
JH £:(60) | Fip, s H 7:(60) - €exXp _—8\/}_2016 . (A.33)

This provides a bound for the innermost conditional expectation in (A.28).

Observe that all the terms in the bound (A.33) are F;, ,-measurable, except for
the term \/ fp,—1(6o + de1)/ fp,—1(6p). Taking the conditional expectation of both sides

in (A.33) given Fip,_», and using the same logic as the above arguments to bound the
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right-hand side, we have

Diy—2

fz 90 + 56’1 fl 9() + (561 2 9
Ey, H fz 60 | -;EtthQ < H fz 90 - €Xp _8\/E015

We can proceed iteratively to evaluate (A.28) as we take conditional expectations given

JT';th_g, EDt_4, Fo, resulting in

fz 90+561 ( < Dt+1 2))
E <[y [e — )
o H f6y) | =\ P\ T svRe,

Hence, we have that

. (00 + deq) k+1
Py, {|p: — po| > 6 | Dy = k} < 2Ey, Hf f000 ) | Dy =k | <2exp <_8\/§C’ 52)
z I

if § < 6, and otherwise, Py, {|p; — po| > & | D; = k} = 0. This implies that
B, [( e — po)* | Dy = k’}

[e.9]

:/ﬁ%ﬂ@—mf>5uz:khw=/b%@@—mﬁ>v5ux=k}M
0

0
< /2eXp (—ﬂ(S) dé = 8\/}_20].
0

16V RC, k+1

Thus, we have shown that the mean squared error of p; is bounded by ]f‘—fl for some o,
that is independent of mg and ¢. Hence, to prove the lemma, we only need to show a
similar bound for my, ¢;. Similar bounds can be obtained for my, ¢; following the same
steps with the only difference on the definition of Cf.

For §;, the estimation variance of ¢, grows as D,/mq approaches zero. To avoid
this issue when D;/mg is small, we perform a transformation on the parameters of
the likelihood function. Specifically, we let p' = p — ¢. Thus, MLE estimates the
model parameters 0 = (p’,q,m) of a Markovian Bass model where the adoption rate
s A(j,m0) = (m—j) (¥ +q(1+L))z(r). Note that the analysis of the estimation

error for pj is the same as that for p,. With the transformation, we can safely write the
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second order derivative of the log-likelihood function with respect to q. We have

2
# fot) T
Eq, wln#&‘ozsez) | }}Dt_l} = o (po’ + <1<+ Dt;>(q + 5))2 | P
> Eg (1 ’ Dt) 5 | Fipi |
_(po’Jr <1+ Dt) (90 +52)>

where the inequality is because g + 0 < qo + 2. Defining C; := (po + qo + 52)2, we have

that
(1+2) | 11
(po + (1 + ,Z—g) (g0 + 52)>2

tp,—1| = - 12
(po+qo+6)" Cr
Following the same steps in bounding the estimation error of p;, we know

k+1
D, =k]| <2exp| — (52).
= p( SvVRC;

Ey,

] 7,9 +(56
Py, {|¢ — qo| > 0 | D: = k} < 2E,y, Hf ;00 2)

This implies that

Eo, [(G: — q0)* | Dy = k]

o0

:/PGO{(dt_q0)2>5‘Dt:k} dé:/Peo{lqt_q0‘2>\/3|Dt:k} dd
0

0

< /Zexp (—ﬂ5> dé = 8\/}_%01.
0

(A.34)

16V RC; kE+1

Thus, we have shown that the mean squared error of ¢; is bounded by % for some «
that is independent of mg and t¢.

For m;, we have

0? I, (60) 1 1

962 " o (00 + 0e3) = (mo 10— Dy = (052"

So C; for 1y is (03)2. Following the same steps for bounding the mean squared estimation
error of ¢, and p;, this means that the mean squared error of 7, is bounded by «,, /(k+1)

for some a, that is independent of mg and t. O
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A.2.8 Lemma A.2 and proof

We next state a result that is useful for the proofs of Proposition I1.3 and Lemma I1.4.

Lemma A.2. Given any two pricing sample paths r = (r,t > 0) and ' = (ry,t > 0), if
Drmo = (D™ ¢ > 0) and Dm0 = (D;l’mo,t > 0), respectively, denote the cumulative

adoption process with market potential mg, then for any ¢t > 0,

prmo. - prmo t 1
By |2t — 2| o D A.
o mo mo a1 ot |Tt Tt| +0 (\/WO> ) ( 35)
prmo Dr’,mo ¢
Eq, ( Tj’bo - ;no ) ‘ = oo A (A.36)

for some a; > 0, s > 0 independent of my.

Observe from Lemma A.2 that the expectation of the absolute difference is greater
than the absolute value of the expected difference by O (1 / \/WO) This is because the un-
certainty of the Markovian Bass model, Var (D, /my), decreases in the order of O(1/my)
(Proposition I1.1).

Proof. We first define for any ¢ > 0,

1-— e_(PO‘*‘qO)th x(rs)ds

F = |
t 1+ QO/poe_(pO'*‘tIo)fot o(rs)ds

B ¢~ (po-a0) i 2(r2)ds

1 —+ qo/poef(pO‘H]O) fot x(ry)ds ’

which are the deterministic Bass functions under price processes r and r’. We have

Jo (ry)ds
’ 1 _(p0+q0)X
FZ" . Ftr _ ( + (Jo/po)(po —|: qo)e i 4X
(1 + qo/poe (po-HJo)X)
fo (rs)ds
t t
S e /x(r )ds — /w(r’)ds
T (1t aofme o b)) J

< (14 00/p) (o + o)™ / (r2)ds - / 2(r)ds| = 0 (re— i),

0
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where fo (r$)ds is in the between of fo x(rs)ds and fo ')ds. Here the second inequality

comes from Assumption II.1 (ii).
Note that for any ¢t > 0,

Drmo Dr Mo rmo '\ mo ,
Eg, ;ﬂo o ‘Ft Ft — F/| + Eg, - F
:‘F“—F"’+O< ! )

t t \/mi()

where the last relationship follows from Lemma I1.2. Using the bound on |F] — F[/\
proves (A.35).
We next prove (A.36). For any ¢t > 0, define

/
Dﬂmo , DT »T10
FjM =Ey, ( —— |, F[M0 =Ky, [ = :
mo mo

Following the proof in Lemma I1.2 in deriving (A.14), both F"™ and F| ™ can be

expressed in the following form:

t F™40(1)
I —exp (—(po + ) j(; (1 - %WMSO)) m(Ts)dS)

Ft’f‘,m() — .
t FM0+o0) (S
1+ f)—g exp (—(po + qo0) jo‘ (1 — %W) x(m)ds)
Note that
d ]_ — 6—(po+qo)X - (]_ + qo/p0)<p0 + q0>e_(p0+q0)X
dX \ 1+ ;])—ge—(}?o—i-QO)X (1 + qo/poe‘(P0+q0)X)2
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Therefore,

/
D?”,mo DT‘ ,Mo ,
t t o T,M0 ', mo
Es, ( - — | — F

mo mo
t T‘/ mo
Fr
L/(; <1_7io(w>x(7‘;)ds
po+a0Fs ’

1 —(po+q0)X
_ (1+qo0/po)(po + qo)e 4x

(]_ + qo/poe_(p0+q0)X)2
t L FTMO
b (-5 s Yatsa

_ (14 qo/po)(po + qo)e~ Pota)Tt(1=1/mo)

< 1)? 0 :E(Tg)ds—/tx(r;)ds
0/ o =L

< (14 qo/po)(po + QO)ei(pﬁqo)ilt(lil/mO) z(rl)d O (|re — 1)),

where the first inequality is from Assumption II.1 (iii). This proves (A.36). O

A.2.9 Lemma A.3 and proof

We next state a result that is also useful for the proof of Proposition II.3.

Lemma A.3. Given any two price sample paths r = (r;,t > 0) and ' = (r,t > 0), if
Drmo = (D™ ¢ > 0) and Dm0 = (Df’mo,t > 0), respectively, denote the cumulative

adoption process with market potential mg, then for any ¢t > 0,

EDF™)  E(D] ™) t
Ego ( e — o S (p() + qo)alg |7“t — ’I“;| , (A37)
and prmo . .
‘Eeo (5(—t/ ))‘ = 1+042—t—‘rt_rt‘ (A.38)
§(Dy™) e mo

for some a; > 0, ay > 0 independent of my.

Proof. Using the definition of £(-) in (II.2.4), we can write

&) _ (mo - 9 (po + qomi) = po+ (@ — po) (mio) ~ 4 <i)2 :

mo m 0
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From this, and using the fact that (po + (g0 — Po)y — QoY) = qo — Po — 2qoy, we have

(DT mo) (DT, mo) DZ'»WO /mo
Eq, (5 : _ S ) | = |Eq, / (g0 — po — 2qoy)dy
mo mo
D} fmq
D:’mo/mo
< |Eg, | sup (g0 — po — 2qoy) / dy
y<[0,1) ,
D; ™0 /myg
Dr,mg Dr’,mo
< (po + qo) |Eg, ( 7);10 — Ttno ) .

Then, (A.37) follows from Lemma A.2.
To prove (A.38), note that

d . _ 40— Po — 2qo0y/mo
(In&y)) (mo — y)(po + qoy/mo)

Therefore, we have
DT7’I7’L()
~(53)
§(Dy ™)

— |Ey, ( Ing(D}™0)~Ing(D T”°>)‘

t g0 — Po — 2qoy/ Mo
= (Eq, | exp / dy
’ S (mo = y)(po + q0y/mo)
\Dt
4 D:/vmo
qo — Po — 2qoy/ Mo
< |Ey, | exp sup / dy
’ 0<y<mo—1 (Mo — ¥)(Po + qoy/mo) J
\ Dy’ 0
= |Eq, | exp sup (40 = Po)mo — 240y D?mo Dr -
’ 0<y<mo—1 mo(mo - y) (pO + QOy/mo) mo
< |Eg, | expg  sup max{go — po, 240} (mo —y) ( D;™ Dy
T 0<y<mo—1 Mo(Mo — ¥)(Po + qoy/mo) \ mo
< |Eqg, | exp max{go — po, 290} (D Di ™ =1+ (9 — il
= mopPo mo mg mo ’
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where the second inequality follows from the fact that when z > y > 0 and max{c;, co} >

0, 1z — coy < max{cy, o} — y), and the last equality is from Lemma A.2 and
t -7 t -7
exp | —O —|Tt il =14-=0 _|7“t ril )
et mo et mo

A.2.10 Proof of Proposition 11.3

Proof. Recall that 6y = (po, qo, mo) denotes the true parameter set. To prove the result,
we discretize [0, 7] into N small intervals with length 0¢, where 0t is arbitrarily small.
Let v(d, not, F;) denote the expected revenue-to-go function under policy 7 when current
cumulative demand is d, where d € {0,1,...,mg}, the remaining time is ndt, where
n € {1,2,...,N}, and the information set is F;. Note that this expectation is taken with
respect to the true parameter set 6.

We denote by 7™ (d, ndot, F;) the price offered under policy 7 given the state (d, ndt, F;).
To simplify notation, we will drop F; as an argument in v and ™, but emphasize that
the policy 7 relies on the information set. For any d < mg — 1, we can write the expected

revenue-to-go as

v(d,ndt) = r™(d,ndt) - £(d)x(r™(d, ndt))ot
+ [w(d+1,(n—1)8t) —v(d, (n—1)6t)] - £&(d)x(r"(d, ndt))ot + v(d, (n — 1)dt),
(A.39)

where the adoption probability £(d)z(r)dt is under a Markovian Bass demand model with
parameter vector §y. Note that v(mg, ndt) = 0 for any n, since all customers have already
adopted.

Given the state (d,ndt), where d € {0,...,mg} and n € {1,..., N}, let V(d,not) be
the optimal expected revenue-to function of the hindsight optimal policy 7* which knows

the true value y. For any d < mg — 1, V(d, ndt) can be expressed as

V(d,not) = r*(d,ndt) - £&(d)z(r*(d,ndt))dt
+[V(d+1,(n—1)ot) — V(d, (n —1)dt)] - £&(d)x(r* (d, ndt))dt + V(d, (n — 1)dt),
(A.40)

where 7*(d, t) is the optimal price offered under the optimal policy 7* given state (d,t),
defined in Theorem II.1. Note that V(mg,ndét) = 0 for any n.
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Let D™ = (Df, t > 0) and D* = (Dj, t > 0) be the cumulative demand process under
7 and 7*, respectively. Let (r7, t > 0) and (rf, t > 0) denote the price process under 7

and 7*, respectively. For any n =0,1,..., N — 1, we define

W, = Eg, ([V(Djs. T — nt) — o(Dfs, T — ndb)] | Fue)

= g, < | fn5t>

as the conditional expectation of the difference in the revenue-to-go between 7* and ,

N-1 N-1

Z T Disi0t — Z o Dis0t

sS=n S=n

starting from time ndt on the discretized grid, and given the information available at time

ndt. To prove the proposition, we will use induction to prove for any n =0,1,..., N —1,
= D7, + 1
s iy *
v, =0 <E90 ; m(rsﬁt — 135) 0t | Fnét]) : (A.41)

Here, O describes the limiting behavior as mg grows, and the terms inside O are poten-
tially affected by mg. Proposition I1.3 is an implication of this result since R* — R(7) = ¥,

To aid in our induction analysis, we next introduce some notation. For a fixed sample
t >0) and (d*

path w, we denote the realization of D™ and D* as (d, i t > 0), respec-

w,t)
tively. For a fixed sample size w, we denote the realization of the price process under m
and 7" as (p[;, t > 0) and (pf,;, t > 0), respectively.

Base case: To prove (A.41), we first check the base step at n = N — 1. In this case,
time is (N — 1)0t = T — §t, and there is ¢ time remaining. For a fixed sample size w,

note that

[V ( Z;,T—§t7 at) — 'U(dZ:,T—éta ot)|
pZ,T—5t£(dZ,T—(St)x(pZ,T—dt)at - PZ,T—5t5<dZ,T—5t)m(PZ,T—dt)(St|

< \pz,T—étf(d:,T—dt)x(loz,T—ét)ét - pZ,T—6t£<dz,T—6t)w(pZ,T—ét)dtl (A.42)
(A)
+ |pz:,T—citS(d:,T—(St)x(pZ,T—dt)at - PZ,T—&S(dZ,T—at)x(PZ,T—dt)&| .

(B)

We examine (A) and (B) separately.

e Bounding (A): Recall that we have proved in Theorem II.1 that the optimal

policy maximizes the revenue-to-go for any given state, and satisfies the first order
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condition for any given state. Therefore, given the state (d, ;_s, 6t), we have

a[rf(d:,Tfat)x(T)&]

or

=0.

(A.43)

— %
T_pw,Tfﬁt

Then, we can derive the upper bound of (A) as follows:

p:,T—&t p:,T—ét
(A) / a[ré(di,T36t>x(r)6t] arl = / (8[r€<dZ,T85t)x(T>5t] _ O) dr
T r

e T—st o, T— 5t

p::,T—ét
| ] (et S giat ol (ha

or or =Pt st
pg,T—ét
P T—st r :
/ O*[28(d;, p_s1)w(2)01]
= dzdr
022
Po, T —st Pos,T—5t
PZL,T_(st r
82
< * ot - — . dzd
<el@pine g [ge| | [ [ e
w,T—8t Pw,T—5t

1 * s *

< §me§(dw,T76t)(pw,Tf5t - pw,Tf6t)26t' (A‘45)

Here, (A.44) comes from (A.43), while (A.45) comes from Assumption II.1(v).

We replace (d, 7 _5,) in (A.45) by ijz;:z;
(A.45) is bounded above by

| T -5t i

QCM (1 + WO (1)> E(d st
1

2

1 L T *
= —Cyy (1 + mo (1)) é.(dw,Tf&t)(pw,Tfét - Pw,T%t)szt-

§(dl ). Then, according to Lemma A.3,

) (pZ,T—ét - p:,T—(St)25t

(A.46)

e Bounding (B): To analyze the upper bound of (B), according to Assumption I1.1(v),

we know
* T * é-(dZJ,T—L;t)
(B) < sup |ra(r)]-[€(d} rs) — (d5 r—50)t| < Co |E(d5 1_51) T ot| .
re€(—00,00) é( w,T—5t)

We replace &(d}, ;- 5) in (A.47) by
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&(d7,

(A.47)
§(d5p_s). Then from (A.47) and
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Lemma A.3,

(B) (A.48)
i T8t (|pir si—pix sl \\ T =6t (1057 50— Por sl

S C.zc f(dw,T—ét) (1 + eT—6t o < mo eT—dt o Mo ot
- 1 |pZ,T—6t - pz,T—(St’ T -0t |p:,T—6t - pL,T—5t|

<C, é‘(dw,Tflst) (1 + (T _ 5t)30 < mo eT—ot © mo o

(A.49)

Note that the bound on (A) and (B) both rely on the term £(d], ;_s5,). Therefore, to

proceed with the proof, we need the following claim.

Claim A.1. If at time ¢, the cumulative demand under 7 is D], the following holds:

EE(Df) | Fi) < an

E [, &(DDw(r)ds | F] Cw <Df + 1> (A.50)

t+t0 t+t0

for some a; > 0, s > 0 independent of my.

To prove the claim, we first notice that for all j = 0,1,...,mg—1 and any 0 < h < 1/my,

(po +<10)

we have py < &(j) < , which implies £(DJ) < @(mo) almost surely.

Since &(d) = (mo — d) (po + qom—o) is a concave function in d, then we have that, for
any 0 < s <t
(D7) = min{¢(0),&(Df)} = min{mopo, {(DF)}.
Therefore,

t

/f (D) x(r)ds > mln{mopo,ﬁ(Df)}/x(TDds > as(€ /a: Yds > a4 (&(D])t)
0

0

for some a3 > 0, a4 > 0 independent of my. Here the last inequality comes from Assump-
tion I1.1(ii). Then we can take E(- | F;) on both sides and yields

[fo mds | Ft]

E(S(Df) | ]:t) < o

with oy = 1/ay. which gives us (A.50). Note that we use DJ + 1 and ¢ + t, in the final

bound to avoid meaningless fractions. This concludes the claim.

Now we are ready to prove the base case. From (A.46) and (A.49), we have that the
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following constraint holds almost surely:

|V(D;“76tv 6t> - U(Dg“fét, 5t)’

< &{(D7_s) (1 G _1&)30 (’pg’”tﬂ;op“””t») ot (A.51)

1 . . T — 6t Por—ot — Pio—
5Cee (W5t = Pl ) + Oy O (' fot red ‘”')] . (A52)

2 mo

T—5t
e | ) . Therefore,

taking the conditional expectation of (A.52) given Fr_s, (A.46) dominates (A.49). This

results in

From the condition of the proposition, E HPZ,T— 5t — PZ,T—&H >« (

™ us * 2
Uy 1 =0(1)E (£<DT—6t) ’ ]:Tfét) (Pw,T—ét - pw7T—5t) at
Di 5+ 1

<O)m7——7—
< O )T—5t—|—t0

. 2
(pg,T—(St - pw,T—ét) at.

The last relation is due to Claim A.1. Here, ty = Q(m™!), which can be interpreted as the
inter-arrival time to have one more adoption. It is at least in the order of my~! because

the expected adoption rate is linear in £(j),7 = 0,1,...,mo — 1, and £(j) is always less

(Po+q0)*

et This finishes our base step.

than mg

Inductive step: We assume that the result (A.41) holds for n + 1. Specifically,

Vi1 = E (|V(Dlugayse T — (n+1)6t) — 0(Dfpiyse: T — (n 4+ 1)3t)| | Frngysr)

o (E

where the O represents the limiting effect of increasing mg. We will prove that this implies
that it also holds for n.

For a fixed sample w, we have that

N-1

D7, +1 )
— (0L st = Plosse) 0t | Fin A.53
Szn;_l SOt + to (pw,scst pw,s5t) | ( +1)6t]> ( )

|V ( ZZ,néth - n(;t) - ( Z,n&tu T — ’I”L(St) |

p:,nétg(dz,nét)x<p:,n6t)5t - pg,nété(dg,nét)x(pg,nét)ét

+ [V( Z,nét + 17T - (n + 1)5t) - V( Z),nétﬂ T— (n + 1)5t)] f( Zz,nét)x(p:,nét)ét
- [U< Z,mgt + 1? T — (n + 1>5t) - ’U( Z,nét? T — (n + 1>6t)} g( Z,nét)x(pg,n&)ét

V(i T = (0 +1)08) = V(AT 5, T = (n+1)88) |
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< (A)+ (B)+ (C) (A.54)

where (C) = |V(d}, .5, T — (n+1)0t) — v(dF, .5, T — (n + 1)dt)],

w,ndot?

(A) = p:),nétg(d:),nét)x(pz),mst)ét - pz,n&g(dzj,nét)x(pg,nét)ét
+ [VAd s + 1T = (n 4+ 1)8t) = V(A 50, T = (4 1)88) | £( 1050 (0% s )3
- [V(dz,nét + 17 T — (TL + 1)5t) - V( i,ndt? T — (n + 1>5t>] f( :7n5t>x(pz,n6t)6t
and
(B> = pg,n&g(d:,nét)x(pg,n5t)5t - pg,nétf(dz.:,nét)'r(pg,nét)dt

+ [V(d st + 1T = (n 4+ 1)8t) = V(g 5, T — (0 + 1)0t)] E(d 1u60) (5, 60) O
- [v(dg,nﬁt + ]-7 T — (’I’L + 1)6t) - ’U( Z,nét? T — (TL + 1)575)} 5( Z,nét)x(pg,n&)ét

We will bound (A), (B), and (C) separately.
e Bounding (A): Note that (A) = |(Al) — (A2)| where

(Al) = pz,nétg(dz,nét)x(pz,nét)6t
+ [V(d::,mst + 17 T — (n + 1)5t) - V( Z},mSt? T — (n + 1)5t)] 5( Z:,nét)x(p:),nét)ét

(AQ) = pg,nét&(dz,nét)x(pg,nét)(%
+ [V s + 1T — (n+ 1)8t) = V(dS 50, T — (1 + 1)58)] €5 1650) (05 st ) 31

The only difference between (Al) and (A2) is p, .5 and pf 5. Recall from The-
orem IL1 that pf 5 = r*(d} 5, T — nét) satisfies the first order condition of the

w,not?

revenue-to-go function for the state (d* s, T — ndt). Therefore, following similar

w,not?

steps to when we proved bound (A.45), we can show that (A) is upper bounded by

1 S * * s
5 :c:c£< w,nét)(pw,nét - pw,n&t)Q(St

where
2
Cro 1= 50| D (g 4 1T — (04 1)68) = V(0 T — (4 1)08)] " (1)
2@) |
< .
< Cye + 7(7) + 7 sgp}m (r)],

where 7 is the price that optimizes the expected revenue-to-go given state (d, 5, T—
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(n +1)6t). The inequality follows from V(d} 5, + 1,7 — (n+1)6t) — V(d, .50, T —

(n+1)dt) = z((f)) —7 (Theorem II.1) and from Assumption II1.1(v). Note that from
Assumption II.1(iv), x,((r)) + r is finite since r is finite.

Hence, (A) is upper bounded by

@ (é-(d:;,nzst)(p:},nét - pz,n6t)26t) =0 (g(d:;,nét)(p:),mst - pg,nét)25t) : (A55)

Here the equality comes from the same argument as when we bounded (A.45) with
(A.46).
Bounding (B): Note that (B) < (B1) + (B2), where

(Bl) = |pg,n5tx(pg n(St) ’ (g(dz,ndt) - g(dw nEt))
BQ) = ‘ [V w,ndt + 1 T — (7’L + 1)5t) - V( wn&t?T - (7’L + 1)6t)] 5( ::,n(st)
- [U(dw not + 1 T— (n + 1)5t) - U( w,not? T— (n + 1)5t)] f(dg,n&)‘ : x(pg,nﬁt)ét

We examine the bounds of (B1) and (B2) separately.
Using the same arguments in deriving the bounds (A.47) and (A.49), we have

(B1) < C,

enét

T — 6t )n5t

Furthermore, the order of (B2) cannot exceed

= O (|V(dinge + 1T = (n+1)8t) = V(dZ st T — (1 + 1)I)IE(S 150) 2 (0L o)

—[v( wn6t+ LT — (n+1)dt) — v Z;,nét?T (n+1)dt))&( wn6t> pw,nét)‘ 5t)
(A.57)

O (|V(df s, T — (n 4 1)8t) — v(d] 5, T — (n + 1)6t)]) . (A.58)
Here, (A.57) can be interpreted as the difference between the expected revenue loss
of having one more adoption under the optimal policy 7* and that under the policy

7. Hence, (A.57) is upper bounded by (A.58), which is the difference between the

total expected revenue-to-go under 7* and under 7.

From (A.54), and from the bounds (A.55), (A.56) and (A.58), the following constraint

must hold almost surely:

V(Dys, T = (0 +1)6t) — v(Dpgy, T — (n + 1)dt))|
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)
< O (E(D73) (Phnst — Pl *8) + O (g( ;;&)n_t&)

ené t

+O(|V(D}s, T — (n+1)0t) —v(Dls,, T — (n + 1)dt)|) .

From the condition of the proposition, E[(r7s, — 77s,)%] = Q (£%). Therefore, taking the

conditional expectation of the above bound given F,.s;

v, (E [E(Drst) | Fuot) (Tnse — Tgat)Q 575) +E Wit | Fustl

<0
Dr, 1, N
<O (m (pw,nét - pw,n&t) 6t) +E [\Iln—i_l | Fmit]
N-1

Disi+1, 4 . 2
=0 (E ; S(S;:t——l—tg (pw,s&‘, - pw,sét) | fn&t])

Here, the second inequality is due to Claim A.1. The last step is due to the inductive

assumption. This finishes the induction proof.
m
A.2.11 Claim A.2 and proof

The claim below is useful for proving Theorem II.2 and Theorem II.3.

Claim A.2. Under Assumption II.2, the upper bound in Proposition I1.3 is tight. Specif-
ically,

T
R*—R(m)=Q [ E /ﬁ(D:)(rf—rf)th
0

Proof. Proof of Claim A.2 Using similar logic as the proof of Proposition I1.3, we use

induction to prove the more general result on a discretized time horizon:

\Dn:Q<E

for all n = 0,1,...,N — 1. Note that Vg = R* — R(m). We need to revise the proof
of Proposition I1.3 in several steps to show (A.59). Following the logic of the proof of

N-1
Z E(D3se) (s, — 1250) 01 | Fnét]) . (A.59)

S=n

Proposition I1.3, we first consider the base step n = N — 1 with d¢ time remaining. Recall
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from (A.42) that

V( Z},T—&? ot) — U(dZ,T_at, ot)|
= ‘PZ,T—étf(dz,T—(St)m(P:,T—ét)575 - pZ,T—6t§(dzs,T—dt)x(pg,T—ét>5t‘
< iPZ,T—dtf(dZ,T—at)x(PZ,T—&)(St - PZ,T—atﬁ(dZ,T—at)x(PZ,T—&)&J
(&)
+ \‘pg,T—(StS(dz,T—ﬁt)m(pZ,T—ét)5t - pZ,T—5t§(dg,T—ét)x(pg,T—6t>5t‘/'

-~

(B)

Let us denote (A’) and (B’) as the terms inside the absolute values in (A) and (B),

respectively. Therefore, we have

V(o0 0) — v(d] 15, 08)| = [(A7) + (BY)| = [(A)| = [(B)] = (A) — (B),
where the inequality is due to the triangle inequality: |z + y| > |z| — |y|. Note that

P, m— 5t r

/ / P2E(d), p_g)2 z(2)0) |

0z (A.60)

o T — 5t P, — 5t

1 * T * * T *
> §Q§( w,chSt)(pw,Tf&t - pw,Tfét)26t =0 (5( w,Tftst)(pw,Tfét - pw,Tfét)Zét) .

The equality follows from the arguments in (A.45), and the inequality follows from As-
sumption I1.2. Also, from (A.49), we know that

(B) <G

(1+ o) a0 (e s0) 8]

which diminishes fast.

Therefore, combining the arguments above, we have

Un-1 = E[|V(Di_s, 6t) — v(DF_g, 6t)|] > E[(A)] — E[(B)]

> Q (B [§(Dr—s) (-5 = 17-50)*0t]) = i{it CO(E [£(DF_y)])ot

=0 (E [g(D;‘r’—dth;—&t - T}—ét)zét]) :

The last relationship is due to the condition of Proposition 1L.3, E[(rf_s, — r4_5)?] >
o(5=5E). This finishes the base step.

124



For the inductive step, we assume that the result holds for n + 1. Specifically,

\Ijn+1 - Q (]E

N-1
Z E(Diis) (rls — 17250) 701 | f(n+1)6t]> . (A.61)

s=n+1

We need to show that this implies the result holding for n.

We revise the proof of Proposition I1.3 as follows. First, recall from (A.54), we have

|V ( ooty L — n5t) —v ( st T — nét) |
p:),nété-(d:z,nét)x(p:,nét)dt - p:,nétg(d:,nét)x<p:,n5t)6t

+ [V(d;kj,nét + 17 T — (n + 1)5t) - V( Z},nét? T— (TL + 1)5t)] f( Zz,nét)x(pz,mit)ét
- [U<dz,n5t + ]-? T — (n + 1>6t) - U( Z,nét? T — (n + 1)(%)} g( Z,nﬁt)m(pg,n&)ét

V(T = (04 1)08) = V(AT 5, T = (n+ 1)38) |

We let (C”) :=V(d} 50T — (n+ 1)0t) —v(dl 50T — (n+ 1)dt),

w,ndt? w,ndt?

(A”> = p:;,nétg( Z,nét)w(pz,nét)ét - pz,n(Stg( z,nét)x(pg,nét)ét
+ [V( :J,mst + 17 T — (n + 1)5t) - V( :},nét? T — (n + 1)6?5)} 5( j},n5t)x(p:,n5t)5t
— [V(d st + 1T = (n 4+ 1)8t) = V(A 5, T — (4 1)08) | £(d 1u50) (05 st ) O

and

(B”> = puﬂ),nété( :),nét)x(pz,nét)ét - pz,nétg( Z,nét)x(puﬂ),nét)ét
+ [V(d sy + 1T — (n 4+ 1)8t) = V(g 50, T — (0 + 1)0t) | £(d 150 (05 s )3
- [v(dfj,nét + 17 T— (n + 1)5t) - U( Z,nét? T— (TL + 1)575)} 5( Z,n&t)x(p:),nét)ét‘

Then, because of the triangle inequality |z + y| > |z| — |y|, we know

VA nser T = n6t) = 0(d] 51, T — ndt)| = |(C7) + (A7) + (BY)] = [(C7) + (A7)] - [(B7)].
(A.62)
Note that (A”) > 0 and (C”) > 0 because (A”) is the difference between the expected

revenue during dt under optimal price Peo st

pz,nétg(dz,nét)x(pz,nét)ét
+ [V(dz,nét + 17 T— (TL + 1)5t) - V(d:),mita T— (n + 1)5t)] é(dz,n&)x(p:},nét)dt
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and the expected revenue under the suboptimal price pf, s

pg,n&t&(di),nét)x(pg,nét)dt
+ [Vd e + LT = (n 4+ 1)8t) = V(d, pp, T = (4 1)08)] £(5, 150) (05 mt) O,

w,ndt

and (C”) is the optimal expected revenue minus the expected revenue given the sub-
optimal price path. Hence, we know the right hand side of (A.62) equals to (C”) + (A”) —

(B).

We know the following holds from the definition of 7*:

(A7) (A.63)
= §(dg st )0t (A.64)
PZZ,mst r

| [ ] (B2 W+ 1.7 = 04 10) = Vil T~ (0 1501272 )

i *
pw,nét pw,nét

dzdr

*
pw,nét r
2

3822(”(”))_ (;”,((’?) —l—r) 2" (2)| / / dzdr,

s *
pw,nét pw,n&t

> &(d, ,50)0t - inf

w,ndt pe

where 7 is the price that optimizes the expected revenue-to-go given state (d;, s, T —
(n+ 1)dt). Hence, according to Assumption II.1 and Assumption I1.2, we know
[(A7)] = © (&(ds st) (Pt = PLnst)*01) (A.65)

Note that |(B”)| does not exceed the order of |(C”)| according to (A.58). Therefore,
together with (A.61) and (A.65), we know from taking the conditional expectation of
(A.62) given F,s that:

Wy = Q (B |V (D T~ (04 1)5) — w(Dfses T — (n -+ 10)| + D) (e = i) 0t | Fo)

N—1
=0 <E [Z §(Dgst) (r5se — Tsse) 0t | fnét]) )

where the last equation follows from the inductive hypothesis. end proof of Claim A.2
O
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A.2.12 Proof of Lemma I1.4

Proof. Consider any t € (0,7T]. Recall that r;(60,d) denotes the Markovian Bass price if ¢
is the elapsed time, d is the cumulative adoptions, and 6 is the parameter set. Note that
0o = (po, qo, Mo) is the true parameter set, and 6; = (py, q;, m;) is the parameter set used
in policy 7 as an input to r;(+,-) to determine the price at time ¢. The following holds

almost surely:

(rf (01, DT ) = 1§ (00, D}))* = © | [} (01, DT ) — v (60, DY) | +© | [ (60, DF) — 77 (60, D)
(A) (B)

Note that O is the limiting effect on (A) and (B) as mg grows.
Bounding (A): The difference of the two prices in the (A) is due to the parameter
difference. We first examine (A). Define p := max{po,p;} and p := min{po,p;}. Since

Po, p¢ are positive and finite values, then so are p,p. We similarly define g, ¢, m, m. Let

P = [p,p] x [g, ] x [m, m].
From the property that |z — y|" (inf, Vh(z)) < h(z) — h(y) < |x — y|" (sup, Vh(2)),
we have that

(A)
2 9 )

<0 sup ori (po — pe)* + sup I (o — @) + sup ory (mo — my)?
B (p,q,m)eP ap 0 ! (p,q,m)€EP 8q 0 ' (p,q,m)eP om 0 t 5
and
(A)

e\ 2 | 2 o\ 2
>0 inf t _ 2 inf t _ 2 inf t _ 2
a <(p"ql’gb)€7’ dp ) (o =g + ((p,ql,lrln)ep dq ) (@ —a)"+ (p,ql,rr}z)eP om (mo —m.)7)

Here we treat m as a continuous variable.
We first analyze |0r;/0p|. Using the equation (I1.3.2) satisfied by r; (0, d), we differ-

entiate r; with respect to p and rearranging terms, we get that for any d,

‘%?d)' _ (%[V(d,T B VLT 1)/ (2‘/”"’(7"2( i}f(é(g )x”w)‘ (A.66)
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Note that if we rearrange (A.23), where g(d,t) = %ﬁ’ﬂ, we have

2 T — 1 * 1
;ﬂwuf—w—vm+LT—m=aV”’ t) : _gﬁ> _
ap Opot (m—d) (p+ 2Lq)a(ry) 2'(rf)p+ Lq

(A1) (A2)
(A.67)

We now examine (A2) on the right-hand side of (A.67). From the HJB equation (A.15),
note that 2V (d, T —t) = J(r;(0,d),d, T — t) where J(r,d,t) :== r\(d,7) + [V (d+ 1,t) —
V(d,t)]A(d,r). Hence, using chain rule, we know

0?V(d, T —t) oJ(r,d, T —t)

Opot N or

or:  0J(r,d, T —1t)

oJ(r,d, T —t)
r=ry n 8p

<0.
r=ry

r=rf 8p 8p

Moreover, because the partial effect of p on the expected revenue rate cannot exceed the
rate when all the remaining population (m — d) directly adopt the product without being

affected by the current price r;, we know

0?V(d, T —t) .
W Z —(m - Cl)’l"tilﬁ(’l"t).
Hence, from these lower and upper bounds that we derived for %, (A.67) implies
that
_ rtd . .T,(’I“t*) y S (Al) S - x/(rt*) —. (A68)
p+aq T()p+ g (i) p+ g

Therefore, we substitute (A.68) into (A.66) to get

Mz
'( )§(M£+@®ﬂ%

where the last inequality follows from Assumption I1.1(i), (iv) and since r; does not scale

*

Ty

p+Lq

ory
dp

2'(r)’

2/ = alr)a ()

x(ry) 1 N
1 0ok d
z'(rf)p+ Lq

up with the market size m. The latter is because when my grows, the demand process
converges to the deterministic Bass model (Proposition II.1). Hence, the optimal price r}
should also converge to the optimal price under the deterministic Bass model, which is
not affected by the market size.

Using similar arguments as above, we have

{

*

x(r}) %
z'(rf) p+ Lq

()
2P = ) ()

ory
dq
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and

2
2 x(ry) p+ %q

2'(rf) (m —d)(p + ;5a)

ory
om| —

2(r)
20(r)2 — a(r)a (1)

—~U
) < Mz p—l—q@

{

Hence, it follows that (A) = O(]|0; — 6y]|?).

P+ g

Bounding (B): Note that the difference in the two prices in (B) is due to the difference
in past sales. Specifically, the model parameters are the same. For any d and 6y =

(po, go, mo), we define f; := (1 — —) <p0 + qo—) From chain rule, we have

Eo, [I77 (60, DF) — 7 (60, DF)| | Fi]

8?":(90, d) ) Sup

‘ Df Dy
dfa de[D; ADT, D}V DY)

mo mo

s |
o(d/mo)

SEQO |]:t

sup
de[D; ADF, D; VDT

(A.69)
Note that supeio ) 10fa/9(d/mo)| = (po + qo). Hence, to bound (A.69), we need to
evaluate the bound of |0r;} /0 f,|.

From (I1.2.2), F/ < 1 for all t < T and any deterministic price sequence r. Hence,
there exists 6 > 0 such that 1 — F) > ¢ for all ¢ < T. One example of § is 1 — F} >
1 — (po + qo)x“T if (po + qo)z"T < 1. From (A.14), for any pricing sample path r, of
policy 7*, E(D;* /my) < EFj* < 1 — 6. Therefore, E(1 — D} /mg) > J, implying that

D: D
Eq, [fp;] = Eq, Kl - mt) (po+qo 0)} > ~% 1= § x py.

0

Also since E[D}/my | ;] = E [fo ) (r¥)ds | .7-"4 for all ¢ and the inte-
grand is positive, we have E (1 — D;“/mo | ]:t) > 0 as well, so

Dy D;
ft] = E90 [(1 -t > (po + Qo : > ‘ ft:| > ’}/6. (A?O)
mo mo

For any (d,t), we differentiate (I1.3.3) by f; for both sides, which yields

Eeo |:fo

VT -t) 2(rf)” | 200 () — ()" () Orf
0 f40t /mo + 2 (rf) +Ja 2/ (rf)? Ofs 0 (A.71)
Then,
s o[22 () — a(r)a” ort (00, D;)
v lrrlf .I‘/(T)Q - g, < a—fd ’ E) (A72)
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2a(ry)’ (r})* — x(r;)*a"(ry) Or; (60, D7)
a'(rf)? dfa

0V (D;, T —t) z(rf (6o, D;)

ator ™t sy || T (A.74)

O*V(D;, T —t) oV (D;, T —t
ofat Mot T g /Umimo)

< Eg, (fD;‘ :

:EQO<
_Eg(

where (A.73) follows from (A.70), (A.74) follows from (A.71), (A.75) is from (II.3.3).
Note that V(D;, T — t) = E, ( I mo fosa(r: (60, DE))rt (B0, DY)ds | ]—"t>. Hence,

| ]-“t) (A.73)

| E) (A.75)

82V D*7T_t * * * *
oo ( (affdﬁt )/mo | ]:t) = 1 (00, D} )z (7} (6o, Dy)),

DT —
Eq, <8V( L

s Ui | ft) = r{ (60, D)) (r} (60, D)),

so an upper bound for (A.72) is 2sup, |rz(r)| < 2C, from Assumption II.1(v). Moreover,
2x(r)a’ (r)2—x(r)2z" () > Cyzt then

also from Assumption II.1, we can show that inf,

z’('r)2 - M27
1 (60, D?) 20, M2
E AR A At 2R N 2 I Qi A.76
90( of, |17t) = (A.76)

Using the same arguments, we can also get the same upper bound for d = D], and also
for any d € [D] A Dy, D V Df].
Hence, from (A.69) and (A.76), we have

* * * - 20, M? DI Dy
Ba, 17 (60, 5) = 60, D) | 72 < 2G50 Ot o) B || - 22 7]
Therefore, it follows that
N D;  Dpy’
E[(Tt(eoth)_Tt(‘gO»Dt)) |]:t}:O Eq, - |]:t
mo mo
) (A.77)
t 1
Sa(—t) E[(Tf(eo,D:)—T:(eo,D?)y|.Ft]+O<—>
e Mo

for some v > 0 independent of my, where the last relationship follows due to Lemma A.2.

This concludes our bound on (B).
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Therefore, from the bounds on (A) and (B), we can conclude that

E [(r} (60, D;) = r7(6, DF))" | ] = © (E [0 = 6ol* | Fi]) + O (mi) .

A.2.13 Proof of Theorem 11.2

The Bayesian Cramer-Rao bound will be useful in our proof of Theorem I1.2. It states
that, under some regularity conditions, the distribution of an estimator of an absolutely

continuous function g of  cannot have a variance less than the classical informational

bound.
Lemma A.4 (Bayesian Cramer-Rao bound.). Let {f(- | ) : § € O} be a family of

probability density functions on some sample space X, where the parameter space © is a
closed interval on the real line. Let u(6) be some probability density on 6 € ©. Suppose
that p and f(z | -) are both absolutely continuous, and that p converges to zero at the
endpoints of the interval ©. If X is the random sample, let §(X) denote an estimator of

g(0), where g : © — R is an absolutely continuous function. Then,

A 2 (Bs [9(0)])°
E, [(3(X) — 9(0))?] > 2 i
[( 9(0))°] E, [(%lnf(XW)) }+E[(§—91HM(9)> }

where Ey[-] denotes the expectation with respect to the joint distribution of f(X | ) and
1(6).

Proof. Proof of Theorem II.2.

To prove the lower bound, we only need to consider the case where one parameter,
say qo, is unknown. This is because more unknown and independent parameters can only
worsen the revenue loss. Hence, we assume only 6y = ¢ is unknown.

First, using the Bayesian Cramer-Rao inequality (Lemma A.4), we show the following
claim which is a lower bound on the pricing error for any pricing-and-learning policy
7 € II. (In this proof, we use the tilde notation to distinguish the policy 7 from the

mathematical constant 7.)
Claim A.3. Suppose z(r) = e " for r € [0,2). Let 8 = go be a random variable taking

values in © = [}, 2] with the density p(6) = 2[cos (7(6 — 3/4))]?. Then for any pricing-
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and-learning policy 7 € 11,

Eo [(rf —r)* | F] 2 a( . > (A.78)

for some a > 0 independent of my.

Proof. Proof of Claim A.3. For some t € (0,7, let X denote the sample path at time
t under policy 7. Specifically, X = (D, s € [0,t]), where we drop the superscript 7 to

simplify notation. Using the notation of Lemma A.4, the density function given F; is

F(X10)= Hfz

where f;(6), ¢ = 0,1,..., D, are defined in (I.4.2). With abuse of notation, we also set
9(6) = r;(6) and §(X) = rF(X).

We will first bound Eg [£g(0)]. Since z(r) = e™" for r € [0,2), then according to
Theorem II.1, we have that

ri(0) =1+ [V(D;, T —t;0)—V(D; +1,T —t;0)],

where V(d, t;0) has the closed-form expression given in (II.1). Therefore, if D} = d, we

have oWV (d,T—t)—V(d+1,T —t)]

a0 = a0

H"LO l(m() Z)qomo dymo—d

0 (mo—d)le™o—d
> g 6—(101n 1+ 1+Zm0 “d—1 d+j 1(m0—i)q9jt.j

jled

=y ((mo —d)Ingg) > aslnqo

for some a; > 0, ap > 0 independent of mq. Therefore, we know that

(Ee L?e (H)DZ - (Eg [%rj(ﬁ)])z > Q(1). (A.79)

Also, we have

(ddg lnu(9))2

Eg = Ey [1677 (cos(m(6 — 3/4)) sin(n (6 — 3/4)))’] < 16%.  (A.80)
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To bound E, [(% In f(X | 9))2} , we use the following standard result (Cover, 1999):

Eo

d ’ d?
(gpmrecio) | ft] — By | 5 (X1 0)] 7| = -y

42 &
a0z Zln fi(0) | Fy
i=0

Dy
:;—Eg {dQQ In f;(0) |]:t} .

Thus,
| (L s 10) 17| =30 B [ L0 5] <351 - 00k 1
0 d@n t—izo dGin t_izol-q(ﬂ_ t q0° -

(A.81)
Hence, taking (A.79),(A.80),(A.81) into Lemma A.4, we have

EQW—TI)ZW]=Ee[<g<X>—g<9>>2|mzas( ! ):a< 1)

D, +1+ 1672

for some a > 0, a3 > 0 independent of my.
end proof of Claim A.3 W O

Next, we want to apply Claim A.2 to prove the lower bound on regret. Thus, we
need to Check whether Assumption I1.2 and the condition of Proposition I1.3 hold. Notice

- “[re™"]| = (2 — r)e™", so Assumption IL.2 holds. Also, from Claim A.3, we know

E {(Tt —r)? | ] >« (D;’f1+1>' Since

1 1 ¢
Z Z ate /mO;
) ds+1  Z"mo(po+ qo)t

E<ﬁ‘ft):fg(mo—l)§)(

for some o’ independent of ¢t and mg. This implies that the condition of Proposition I11.3

is satisfied. Hence, from Claim A.2, we have

T
RF—R(T)=Q|E /g rT —r)*dt

(D7) (rf —ri)*dt (A.83)

Il

)

=
O\H
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T
_olE / ¢(DF) D;Hdt (A.8)

0

where (A.83) comes from the same analysis of (A.46) by replacing £(Dj) by £(<D,,>)§ (DI,
and (A.84) comes from Claim A.3.

Then, we finally prove the lower bound on regret. Since E(Df +1 | F) <
max,<; £(DT) - 1+ (¢ + to) with o = © (my') (we add ¢y here to avoid meaningless cases

where ¢t = 0), we know

£(DF) 1
A.84) > E _
(A84) = a maxs<; (D7) t + to
0
; (A.85)

/ ” L Q(Inm)
>al| E = nm
B (Po + 0)?/(4q0) t + to °

for some o > 0 independent of mg, where the second inequality comes from (A.70).

This concludes our proof. n

A.2.14 Proof of Theorem 11.3

Proof. To simplify notation in this proof, we refer to é[) as 6 instead. Let D™ = (DJ,t > 0)
denote the cumulative adoption process under policy 7 that offers the price 7/ (6, d) when
the state is (d,t). Recall that r;(60,d) is the Markovian Bass price (Theorem II.1) under
parameter set 6 and state (d,t).

Note that R* — R(m) can be interpreted as the expected revenue loss of mis-specifying
the demand parameter as 6, when the true parameter is 6. From Lemma I1.4, we
know that E[|rf — rf|] = Q(te"'my'). Since Assumption I1.2 holds, then according

to Claim A.2, we have

R* >E90 /f —’I“t) dt

T
> my Frg[})n”(l—F)(poJrqu) - Ry, /Eeo ((rf —rp)? | F] dt
- , 0

T
> mo | min (1= F)oo-+a0F) | - [ © (10 = 60])
0

134



= 52TQ(m0)

The second inequality is because by definition £(d) = my <1 — i) (po + qo m%) for any d.

mo

The third inequality is because of Lemma I1.4. The equality is due to [|§y —0||* = £2. O

A.2.15 Proof of Theorem 11.4

Proof. Recall that 6y = (po, o, mo) denotes the true parameter vector. For notational
convenience, we will use 7 to denote the MBP-MLE policy 7. Consequently, we will
denote the price process and the demand process under MBP-MLE as r™ = (r,¢t > 0)
and D™ = (D], t > 0), respectively. The price process under the hindsight optimal policy
is r* = (r;,t > 0).

We will use Proposition I1.3 and Lemma I1.4 to prove the theorem. Therefore, we need
to check whether the conditions required in Proposition I1.3 and Lemma I1.4 are satisfied.

The condition required in Lemma I1.4 is that p;, ¢; and m; are finite values, and that
Pe + G > 0 and m; > 0. This can be observed from checking the likelihood function ¢;.
Since lA)t > 3, we know that m; > lA)t — 1, because otherwise, the likelihood function is
either 0 or negative. If both p; and ¢, are zero, the likelihood function is 0. If either
Py = +00 or §; = +0o or my = +0o0o, then the likelihood function is 0. Therefore, the ML
estimates satisfy the condition of Lemma II.4.

We check that E[|rf — r}|] > ate™'mg™! for all ¢ € [0,T], which is the condition
needed for Proposition I1.3. Conditional on F;, when the state is (d,t), policy 7 offers
price r;‘(ét,d), which is the Markovian Bass price when the parameter set is the ML
estimate 6, = ét(ﬁt) Hence,

Ellrf —rf|] = E[E[|rf — 77| |~E]]:Q<E [E H

-0 17]]) =0 (= (o) )

1

1 P
— > ate "'my .

mo

v

Here, the first bound comes from Lemma I1.4. The second bound comes from Lemma II.3.
Hence, the condition needed for Proposition II.3 is met.

To prove R* — R(m) < O (Inmy), according to Proposition I1.3, it suffices to show that

T

Df+1 . .
/tt+t0 (rT —rF)*dt| = O (Inmy).

0

We know from Lemma II.3 that, for any ¢ € (0, 7], the conditional expected estimation
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€rrors are

E((pe —po)* | Ft) = O (Df +1)71), (A.86)
E((¢ — ) | Fr) = O ((DF +1)71), (A.87)
E ((rhy —mo)? | F) = O ((Df +1)71). (A.88)

Also, we know (DJ + 1)~! dominates O (1/mg). This is because

i—§0«D3+U4y

mo

Then by Lemma I1.4, it suffices to show that

T
Df+1, ~
]E/ t + |\9t—90||2dt :(’)(ln(moT+1)),
t+to

0

Notice that the initial revenue loss when D] < 3 is at most In(mg). Then, by conditioning
on JT"t,

T T
DY +1 DY +1
E|E| [ =“—Ip —pol’dt | F E|E| [ =—1¢—qldt| F
P e polidt [ Fr ) g |6 wldt [ Fr
0 0
T b T
X +1
E|E : Ty — mo|*dt <E / dt | =0(
cB B | [T - mar | | | <B | [ | = o)),
0 0
where the last inequality follows from (A.86)—(A.88). This proves the theorem. O

A.2.16 Proof of Theorem I1.5

Proof. For convenience, we will use 7 to denote the MBP-MLE-Limited policy 7M-tm,
Recall that ét = ét(ﬁt) denotes the ML estimator of the parameter set, given data ﬁt.
Note that 6, influences the policy only if ¢ is a price change epoch. We will denote
o7 = (éf ,t > 0) as the parameter process under MBP-MLE-Limited, where éf is equal to
the ML estimator at the most recent price change epoch. Given state (d,t), recall that
rf (6o, d) denotes the Markovian Bass price when the demand parameter set is 6. We will
denote by r7(0F, d) the price offered under MBP-MLE-Limited given state (d,t). We will
denote the demand process under MBP-MLE-Limited as D™ = (Df,t > 0). The demand
process under the hindsight optimal policy is D* = (D}, t > 0).

We will use Proposition I1.3 to prove the theorem. Note that the condition of the
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proposition that E[(r] — 7})?] = Q(te™") for all ¢ is satisfied. This is because the pricing
error of MBP-MLE-Limited is larger than that of MBP-MLE, and we showed that the
condition is true for the latter policy when proving Theorem I1.4 in Section A.2.15.

According to Proposition I1.3, we know it suffices to examine the bound for

T
Dr+l. .
E|E /tt+t0 (rf—rm2ae | Fr | | (A.89)
0

With probability 1, we can decompose the pricing error as follows:

N 2
(77 (60, D7) = 7767, DY)
N 2
— (7460, D) = 71 (60, DF) + 17 (60, DF) = 77 (60, D7) + 77 (60, D7) = 7 (67, D7)
=0 | |11 (60, D}) — i (60, DY) | +© | |3 (60, DF) = 17 (60, DY)

-~ -~

(A) (B)

+0 | |[rr (00, DF) —r7 (67, D) |,

[\ J/

because of the triangle inequality.
Similar to how we proved Lemma I1.4 (Section A.2.12), specifically from (A.77), taking
the expectation of (A) conditioning on F; is bounded by

——o (e[l -6l 7)),

mo

where the equality is from Lemma I1.3. According to Lemma 1.4, (C) is also bounded by
O (E[167 - 621 7) ).

Let us consider the expected cumulative regret (during one price cycle) resulting from
(B) when the true parameter set 6y is used by the policy 7. Specifically, suppose that ¢ is
the start of a price cycle whose length is the time until the next ¢; adoptions. Specifically,
MBP-MLE-Limited sets the price r] for the entire price cycle, which it computes from the
deterministic equivalent of the optimal prices (ri,79,...,7.) and inter-adoption times
(Atq, Ato, ..., At.,), as described in Section 11.4.2.2. If the cycle’s inter-adoption times
under 7 and 7* are equal to (Aty, At,, ..., At.,), then the revenue loss only comes from =
using a constant price during a price change epoch, instead of using flexible prices by 7*.
In this case, 7}, = r; where 7;_; := 1! Aty is the time elapsed after the (i — 1)th
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adoption in the cycle. Hence, the revenue loss due to (B) is zero since

D ot D7 i = Da(rry,, )AL= rTE(D] +i— Da(r]) At
i=1 i=1

= 3 REDT + i~ Da(r) A, — (fj&(Df vi 1)Ati> ( EULY 1)“]') ~0
i=1 i=1

2 €D +5—1)At

where the first equality is from (I1.4.7). However, revenue loss will not be zero because
of the error from approximating the inter-adoption times. We use D™ to denote the
corresponding demand sequence from the approximated inter-adoption times. Specifically,
under process 13“, we have ﬁf = D7 and an additional adoption after At;, after At,,
and so on. Hence, along with the analysis above, (B) is bounded above in the order of
(r;f(@o, D7) — rf (6o, l/jf)>2, which is in the same order as (A).

Now, taking the bounds on (A), (B), and (C) into (A.89), to prove the theorem, it
suffices to bound

T

Dﬂ—_'_l AT ~TC AT
E /tt+t0 [(po — P7)* + (g0 — G7)* + (m — ] )?] dt\FT ) (A.90)

0

Define t; as the earliest time between T and the occurence of the ith adoption under
policy m. Recall that C; is the number of adoptions in price cycle C; under m, and
Chy = ZZ:O C;. Furthermore, the ML estimator éf is only updated at the start of each
price cycle. Hence, using Lemma II.3, we know that on any demand sample path, (B.1)
can be bounded by

t1 ty t3 tog

1 141 2+1 Co—1+1
dt dt dt + - L [
/t+t0 +/t+to +/t+to Tt / t+to

0 ty to tcg—1
ooy +1 topoy+2 O +C1
n / C[o]+1 1 a + / C[O]+1+1 1 dt 4t / C[O]+Cl—1+1 1 qt
t+ty Cl+1 t+ 1o Crop +1 t+ 1o Crop +1
£ oo+ topgp+1-1
N
tC[K71]+1C tC[K—1]+cK o o
_+1 1 _q + —1+1 1
n / [K—1] F [K—1] K a
t+to C[K—l] +1 t+to C[Kfl] +1
) tCx_1)+CK —1
tcpg) c top, o o o ‘o) o
1 1 1
< / O gt + / 1 dt + / = dt+ ...+ / ] dt
t+ to t+1to Clo) + 1 t+toCpy + 1 t+to O +1
0 tc[o] tc[1] tc[K—ll

T
. 1 .
< (maX{CO, 14 max Ci }) / dt=0 <<max{00, 14 max Ci }) ln(moT)> .
i=1,2,....K C;_1 t+ 1o i=1,2,....K C;_1

0
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Here, the last inequality is because, for any ¢ = 1,2, ..., K,

C[i] _00+C1+...+Oi_1+0i<1+ C; < C;
C[Z_l]+1 CO—FCl—'——FCl,l—'—l - CO++0171+1_ Ci,1

Therefore, we can conclude that

R —R(m)=0 (max{C’o7 1+ max G } -lnm0> :

i=1,2,...K C;_;

A.2.17 Proof of Proposition I1.4

Proof. We only need to analyze the concavity of the first term in (II.5. 4) since the re-
maining terms are linear in p/. We denote the first term as ¢(u') := ZDt Un g/ Tyt
In what follows, we will show that ¢(u) is strictly and jointly concave in p'.

To show ¢(p') is strictly concave in y', we need to show that its Hessian is negative
definite. For any k =1,2,...,3(n+1), £ =1,2,...,3(n+ 1), we have

Di—1 it Di—1 itiyy it
8 y77,+1 82 yyh‘»lyyz«kl
)=y o) = - Y L
Opi ; plyttn Oy Z (' Tyitin)?
Therefore, for any vector z € R3 ™1 we have
Dy— (3 t1+1 2
2 V2 Z (2 yml) <0. (A.91)

=0

Hence, ¢(u) is jointly concave in p/. We next show that it is strictly concave. Note that

since Dy > 3(n+ 1), we can write

S 3n+2 ( T Ztl+1 t 1 T ZtH—l 2
z Vio(u)z=— E -— E
K i,t; z tl
<’u v +1 i=3(n+1) +1

Since the columns of Y are linearly independent, then the first term in the right-hand
side is strictly negative for any z # 0. Therefore, ZTVZ,Qb(/L/ )z < 0 for all z # 0, hence
o(p') is strictly concave. O
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A.2.18 Proof of Lemma I1.3’

Proof. For simplicity of notation, we will use D, instead of D] to denote the cumulative
adoptions at time t. Let u = (53,7) be the parameter vector where 5 = (81, B2, 33)
and v = (7;)}=. From our discussion in Section II.5.4, note that the ML estimator
fir = (Bt,Y) is unique since Dy > 3(n + 1) and Y is full rank. Note from (I1.4.2) that
if either 4; = +o00 or 4; = —o0, then the likelihood function is 0 or negative. Then, we
know there exist finite &;,7 = 0,1,--- ,n such that v — &; < 4; < v + 0;.

If uo = (Bo,Y0) are the true parameters, note that fi; = (Bt, 4¢) can be written as:

. i +u
iy = arg max LUy p) = po +arg  min — E In Jilto ),
w:p120, wiupy >—Po1,  “— fi(po)
ﬁ3<0 up3<—Po3 1=0

where u = (up1, Up2, Ups, (ugj);-‘:o). Let us denote by @ the solution of the minimization
problem on the right-hand side above. Hence ,&t = o + U.

The result EMOHBU — Boi)* | Dy = k] < k+1 for j = 1,2,3 and for some ag, that is
independent of my can be shown using a proof similar to that of Lemma II.3. Hence, to
Complete the proof of Lemma I1.3', we will need to establish that E,[|%:; — v0;1* | Di =

W<
We examine the estimation error |y — 7o;| for some j = 0,...,n. Let us denote e;

for all j =0,...,n and for some «,; independent of my.

to be the (n + 4)-dimensional binary vector, where the entry is equal to 1 only at the
(j + 4)-th index. Suppose that |4;; — Yo;| > 9 for some §; > § > 0. This implies that
lies outside the interval [—d,d]. Since the objective value is 0 when u = 0, and since the

log-likelihood function is continuous and element-wise concave in ;, then either

_Zl fi M0+66])<0 or Zl fi( ,Mo 56])<0.

Note that under the Markovian Bass model, the value f;(u) for any p = (3, ) is stochastic
since its value depends on ¢; and ¢;,1, which are random adoption times. Here, ¢; denotes
the time of the ¢-th adoption, where i = 0,..., D;.

Let P,,(-) denote the probability under a demand process that follows a Markovian

Bass model with parameter vector pg. Therefore,

P {135 — 05| > 6}



. 2 fi(po + 0€;) = fi(po — de;j)
= Fuo {H fi( o) = 1} e {g fi(o) = 1}

D D
1 filpo + de;) 1 fil o — de;)
= PHO \ H fz'(,uo) == +Pu0 H fz‘(Mo) =
D
) fi(M0+6€j> fz 563 A
= \ g Ji(po) * B H fz 110) ' (4.92)

Hence, we need to bound the two terms in (A.92). We demonstrate how we can bound
the first term, since the second term can be bounded following similar arguments. By the
law of iterated expectations we know that the first term in (A.92) can be written as

() e (5 ) ) )

(A.93)

We will analyze this expression, starting from the innermost conditional expectation.
Note that

f,L ,u0+56J g fz ,u0+5€j th<H0+5ej)
E -/—';ED 1 = 0 ‘ED -1
% H fi(po) | Fin, H B ( fp. (o) | T )
S fi + 56 f + dej)
= H z O firo+ 0c) / thDO (10) o)t
Dy—1 l 5 o2
= \ H f,uo(—:;)e]) / \/ fp. (1o + de;)\/ fp, (po)dtp,

ID,—1

(A.94)
Here, the first equality is because {f;(11),7 =0, ..., D;—1} are all ;,, _ -measurable. The
second equality is because, given the information set }"tDt_l, fp, (o) is the conditional
probability density function of the adoption time ¢p, under a Markovian Bass model with

parameter vector po. Hence, we will next derive a bound on

/ \/ fo. (ko + de5)/ fp, (p0)dip,.
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Note that

s [ (Vindor e Vit

= % / (th(Mo +de;) + fp, (ko) — 2\/th(H0 + 563‘)th(,&0)) dtp,

tp,—1

=1- / \/th(Mo + d€;) fo,(1o)dtp,

tp,—1

where the last equality is because the integral of the probability density function

/ th (M)dtDt
tp,—1

is equal to 1 for any p. Therefore,

/ \/th (po + 0e;) fp, (po)dtp, =1 — = / (\/fD, o +de;) —/ fo, (1o ) dtp,.

tDt tDt

(A.95)
The integral on the right-hand side is the Hellinger distance between fp, (1o + de;) and
fp, (o), which are probability densities of the adoption time tp,.
Note that the Hellinger distance can be lower bounded by the K-L divergence (see
corollary 4.9 in Taneja and Kumar 2004). Specifically,

1T ‘o1 [, (#10)
s [ Vit s50) = V) = e (0 G i)

Dy—1

(A.96)

where R is a constant such that R > mins (ui = 2 mo;oa*c“’ where z% is defined in
t J

Assumption II.1. We will next derive a bound on the right-hand side.
Note that if we define C; := (2(7;70) + ;b1 (7))?/b;n(r)? for some r € (0, 1), we have

ﬁln fo,(po) bjn(rip,)

foulpo +0e5) 30 %0ibin(Tep,) + (o5 + 0)bjn(riy, )
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and

O i) bl 1

. - 2 -
th (,UJO + 56]) <Zz¢j ’YOibi,n(rtDt) + (’Yoj + 5)bj7”(rtDt )) CI

Note that C7 is independent of my.

Furthermore, since the expectation of the Fisher score under the true parameter is

T ) =0

zero, we have

(9 th(IUO)
B ( Y o (o + 0e5) ls

Hence, a simple calculation yields

fp,(00) th Mo)
6
= 0 th(:u’O) _2 M
— Euo (/ ( = m 0z In th(QO + zej) ZO) dz | ‘EDt1>

th(HO) / 2
—5
MO (// 82/2 th MO"’ZQJ) Z |‘7:tDt—1 20[

Then, (A.96) reduces to

4\/;_%0152§ 7 (w/th(qurdej)—\/W)thm_l.

tp,—1

Hence, from (A.95), we have

/ \/th (po + 6€j) fo,(po)dtp, =1 — = / (\/th to +d€e;) —/ fp, (1o ) dtp,

ip,—1 tDt

§eXp -3 / (\/th :u0+5e] V th Mo ) dtDt <eXp( 8\/_0 )7
I

tDt

where the first inequality is because e™ > 1 — x for all x.
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Hence, from (A.94), we have

Dy—1

E@g H fz Mo + (563 ‘ —Ftpt,l < H fz ,LLO + (56] exp <_8\/1EC 52) ) (A97)
I

fz ,UJO

This provides a bound for the innermost conditional expectation in (A.93). Observe that

all of the terms in the right-hand side of (A.97) are F;,, ,-measurable, except for the

term \/ fp,—1(po + 6¢;)/ fp,—1(po). Hence, if we take the conditional expectation on both

sides of (A.97) given Fip,_»» and use the same logic as our arguments above, we get

i 0 ; )
]EMO H f Mo + 6] -F;SDt,2 S H f'UIO——i_e]) - exp (_

2 52)
fi(po) fi(po) 8V RC,

We can proceed iteratively to evaluate (A.94) as we take conditional expectations given

Fip,—3s Fip,~a, Fo, resulting in

D
1 filpo + de;) ( (_ D +1 2))
Ey, ill —fz ™ <E, (exp 2 JECI&

Using similar arguments, we can get the same bound for the second term in (A.92).

Therefore, we have

3 D, +1
Puo{htj - ’Yoj| >0} < 2K, (eXp (_8\;}_301 52)) '

Hence,

[e.9]

Euy [(t5 — 705)° | Dy = k] = /P,m {(Bj —0;)* >0 | Dy =k} do

0\8 0\8 o
@

Py, {!%’ — ;> > V5o | D, = k} ds

kE+1 8V RC
xp [ — 0)dé= .
SV RC E+1
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A.2.19 Proof of Lemma I1.4’

Proof. The proof of Lemma I1.4’ follows exactly the same steps as the proof of Lemma I1.4.

*
or}

i
have v; to be in the similar positions to p or q. Therefore, following the steps to bound
orf orf orf
o | O ‘6_5 o |
Using the equation (I1.3.2) satisfied by r; (0, d), we differentiate r; with respect to ;

The only difference is to show is bounded. Because z(r) is linear in every ~y;, we

gives us the desired result. We next discuss how to bound ‘

and rearranging terms, we get that for any d,

ory (p,d)
i
9 bin(r))a! (r) — a(ry) ()ry = (1 = rp)" "1 (0 — n})
5o VT =) = V(d+ 1T )] - e
- 20 (r})? — a(r})a"(r})
' (rf)?
(A.98)
Similar to (A.67), we have
a[V(dT_t)_V(d+1T_t)]_82V(d,T—t). 1
?% ’ ) y (9%-6t (m — d) (p + %q) x(r?)
(A1) (A2) (A.99)
 2x(r))@ (r)bin(ry) — a(rp)?(D)ry t A=) (= )
z'(r)? '

We now examine the absolute value of (A2) on the right-hand side of (A.99). Because
the partial effect of ; on the expected revenue rate cannot exceed the rate when all the
remaining population (m — d) are directly affected by ~; without being affected by the

current price r;, we know

O?V(d, T —t)

< Dl + ad/mribin(r).
Hence, we can bound the absolute value of (A1) as follows:

ribun(r?) | | 200 (i (1) — ()2 () (1 — )" (= )

(An) < S

(A.100)
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Therefore, we substitute (A.100) into (A.98) to get

ribin(r)2'(r})? ‘
(rf) (22 (rf)? — (2‘) '(rt))

or: ()| _
0 -

2x (1)’ (1) b n( rt 2( ) sl ) (G — )
i T > ~a(r)a < 5
N bi (1) () — 2 (ry) ()™ (L — )"~ (i — )
22! (ry)? — z(ry)z" (r})
M2 2Ma et )T A )T T )| M
S i‘l—C'dbi’n(,rt) Tdbim(rt) + Cd dem(rt)
(M Y1 — )71 (6 — nr)
+ C,

where the inequality follows from Assumption I1.1(i),(ii), (iv). Note that all terms on the
RHS of the inequality does not scale up with the market size my and is finite since r}
does not scale up with the market size mg all ~; are finite.

]

A.2.20 Proof of Proposition A.1

Proof. Suppose the value of my is known. Given the data U, = {(rT,DT),s < t} at time
t >ty let 6, = (P, G:) denote the ML estimator of (po, qo). Note that since D > 2, we
can verify that £, in (I1.4.3) is strongly concave. Hence, (py, ¢;) is the unique maximizer of
L;. Since the log-likelihood function is jointly concave in 5; (Proposition I1.2), and since
B, is an affine function of 6;, then 6, satisfy first-order conditions. Specifically, (D, Gr) 1s

the solution to the following system of equations in variables (p, q):

DT —1 t

oL : 1 /
0=—= ——— — [ (mog — DI)x(r])ds, A.101

0

DT—1 . t

oL e / DT

0=—= —— — [ (mo — DI)—=x(r])ds. A.102
5= i, [t PO (A102)

Note that the value of the ML estimator (p;,¢;) is changing continuously in time.
This is because the first-order conditions (A.101),(A.102) are changing over time. The
temporal change of the first-order conditions is impacted by a combination of a continuous

phenomenon (time ¢) and a discrete phenomenon (the pure jump process D). Hence,
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the differential (dp;,dg,) is also impacted by a continuous phenomenon and a discrete
phenomenon. However, an explicit form of the differential equation is not immediately
obvious from (A.101),(A.102).

We will apply Ito’s lemma to derive the stochastic differential equation of (dp;, dg;).
Intuitively speaking, It6’s lemma is a chain rule defined on stochastic processes. Many
readers may be more familiar with [t6’s lemma as applied to functions of Brownian motion.
Here, our call is to a modified 1t6’s lemma that applies to jump processes (see Section
11.5.1 in Shreve 2004). Specifically, suppose that X; = X7 + D, is a stochastic process,
where D, is a pure jump process and X/ is a continuous-path process with differential

form:

t t
X¢ =X+ / I, dW, + / O,ds,
0

0

where W, is a standard Wiener process (Brownian motion) and I'y and O, are adapted

processes. In differential notation, we write
dX¢ =T, dW, + O.ds, dXdX¢ = TI'ds.

Then the following theorem (adapted from Theorem 11.5.4 in Shreve 2004) provides the

expression for the dynamics of a function of a jump process X;.

Theorem A.1 (It6-Doeblin formula for a jump process). Let X; be a jump process and
let f(t,z) a function whose first and second partial derivatives appearing in the following

formula are defined and are continuous. Then,

t

£ X)) = £(0, Xo) + / £i(s, X.)ds + / fx<s,Xs)dX§+% / Fun(s, X,)AX X
0 0

0
+ 3 [f(s, X)) = f(s, X))
0<s<t

Let fP(t,Df), fi(t, DJ) denote the functions that map (¢, Df) to the ML estimators
Dt, Gr Note that these functions are defined from the implicit equations (A.101),(A.102).
Hence, since (dp;,dq,) = (dff(¢, Df),df(t, D)), we can get the differential equation
for the ML estimators by applying 1t6’s lemma on the functions f?, f¢ of the pure jump
process Dy .

Using the notation from the It6-Doeblin formula, X; = X + D] in our case is a jump
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process where X7 = 0 for all ¢. Hence, from Theorem A.1, any function f(¢, DJ) satisfies

f(t.DF) = £(0.D5) + / fu(s, DT)ds + 3 [£(s, D7) — £(s, DL)] -

0<s<t

We can write this in differential form as:
df(t, Df) = folt, Df)dt + [f(t, D +1) = f(t, D{_)] dDy.

We can apply this result to get the differential equations of the ML estimators:

dp, = dfP(t, DF) = f7(t, Df) dt + [fP(t, Df_ + 1) — f*(t, D{)] dDf (A.103)
—— - =
=Hp ="Np
dg = dfi(t, Df) = f{(t, DF)dt + [f(t, Df_ +1) — f4(t, D{_)] dDf. (A.104)
\W—/ ~ s
=Hq =Tq

Therefore, in order to determine the explicit form of the differential equations (dp;, dg;),
we need to determine the continuous change (u, and p,), as well as the discrete change
(mp and 7).

As can be seen in (A.103),(A.104), the continuous change pi,,4, in the ML estimators
can be found by deriving the expressions for f/ = % and f = %. Recall that (py, ;) are
the solutions to the system of equations (A.101),(A.102). Therefore, we can substitute

(P, G;) into these equations, then take their partial derivative with respect to ¢. This gives

us:
DT —1 D71 :
t 1 Ip: t o 9 oo
0=—| > 77— ot — 3| 5 (Mo~ D)a(ry),
7=0 <pt + m%Qt) 7=0 <pt + mioqt)
N2
Di—-1 J - Df -1 J N
mo apt <m0> 3qt . DT -
0=—1 X2 —z | o > 5~ (mo = D) —La(rf).
7=0 (ﬁt + m%dt) =0 <pt + mLOQt> 0
Solving the system of equations for % and %, we get
ap DT
= f2t, D7) = P~ (ag ; agq—t) (mo — D)o (r?), (A.105)
8t mo
0q DT
fo = fi(t,DF) = 2 — _ (agq + o—g—t) (mo — D)z (rT) (A.106)
8t mo
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where we define

] DF—1 (m%))z ] DF—1 g
mo
2 2 2 Z A J 4 2 2 J 4 2
Op Opg| ._ I=0 \Pe + Gp =0 Pt oy (A.107)
2 2 ™__ T __ *
e 94 1 thjl mLO 1 o 1
g 4 i\ Ay s
3=0 Pt + ;o 3=0 (Pt + ;o
and
2
Dr—1 1 Dr—1 <L>2 Dr—1 J
mo m
o= | || D
j=0 (pt + ,,%ﬂt) j=0 (pt + m%@t) Jj=0 (pt + mLOQt>

Note that Ay > 0 by Cauchy-Schwarz inequality, so all elements in the matrix (A.107)
are finite. Hence, p, and p, defined in (A.105),(A.106) are the terms multiplied to d¢ in
the stochastic differential equations of dp;, dg;, respectively, defined in (A.103),(A.104).

We can further simplify the expressions for o7, o> ;2. We do this by first defining the
vectors v, = (vp,;), vy = (v,,;) to be Df-dimensional vectors with entries

1 =
_ mo s ™
b = T Vai T T forj=1,...,D;
Pet o Pet G

If o is the angle between vectors a and b, then due to the identity cosa = WIII[LH’ we have
that

Ay
1 —cos’a = :
cos-a Df—1 Df-1 e
§=0 (pt+moqt> §=0 (pt+moqt>
Therefore, we can rewrite 02,072, , 07 as
-1
DF—1
, 1 > 1 1 1
o, = — B — —= .
Pl —cos?a | 4 )2 1 —cos?a ||vpl?
J=0 |\ Pt + o a
-\ 2 -1
Dr-1 g
(% (%) I !
g = ———— _—_— = .
7 1—cos?a | 4 N 1—cos2a |v,]?
J=0 |\ Pt +
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-1
9 Df -1 j 9

g2 o Z o B cos” o 1
P 1 —cos?a | 4 NI ]
J=0 |\ Pt + 5ot

l—cos?a v]v,

We next derive the expression for the jump size n,, 1, in (A.103),(A.104). We will

use the property that Eg,(p; | F:) = pr and Eg,(¢: | Fi) = G- Therefore, p; and §; are
Fi-martingales, by definition, with Eg, (dp; | F:) = Eg,(dg: | Ft) = 0. Therefore, taking
the conditional expectation of (A.103), (A.104), and using the property that Eg,(dDJ |

Fi) = (mo — Df) (ﬁt + %Qt> x(rT)dt, we have

A T A Df ~ T
0= Eg,(dp; | F2) = [Mp + np(mo — DY) (Pt + E’;%) x(r] )} dt

~ ™ ~ Dy ~ ™
0= Eadar | 7) = [y mtmo = DF) (p+ o) a7 .

Using the expression of p,, i, from (A.105),(A.106), we can solve for n,, n,:

2 2 Df
. —Hp O + 9 pq'mq
L ™ [ H Df 4 N Dig
(mo — DY) <pt + m—oqt> x(ry) Pt o4
2 2Df
—Hq _ Opq + 0y mo

Mg = N . = Df. -
(mo — DY) (pt + %%) x(rl) Pe+ ot

(A.108)

(A.109)

Substituting the expressions (A.105),(A.106) for u,, p, and expressions (A.108),(A.109)
for n,, n, into (A.103), (A.104) results in the differential equations (A.4) and (A.5). This

concludes the proof of the proposition.

A.2.21 Proof of Theorem A.2

Proof. The dynamic programming formulation is

VMLE(d7 ta b, q)

O

= max {r/\(d, )0t + VMYE(d + 1,8 — 8t p + mp + pp(r)St, g 4+ ng + 1g(r)St)N(d, 1)t

r

+ VME (At — 5t p+ pp(r)ot, q + pg(r)5t) [1 — A(d, r)5t] + 0(675)}.
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Subtracting both sides by VME(d, ¢ — §t) and then dividing by dt results in

1
ﬁ [VMLE(CL tapa q) - VMLE(da t— 6t7p7 Q):I

r

= max {M(d» )+ [VME(d + 1t = 0t p 411, g +11g) — VME(d,t = 6,0+ 1, ()3, g + 1 (r)58)] - A(d, 7)
N VMLE(d, t — 8t,p + pp(r)dt, q + pg(r)ot) — VMYE(d, t — 6t,p,q + p14(7)01)
1 ()0t

N VME(d, t — 6t,p,q + pg(r)dt) — VMEE(d, ¢ — 6t,p,q) () + o(dt)
Hq (1)t ! st |’

: :up(r)

where p,(r), 1q(r), np, n, are defined in (A.8),(A.9). Substituting the expressions for
(1), 144(7), then taking the limit on both sides as 6t approaches 0, and using (A.4),(A.5),
we get

BVMLE
5 = max rA(d,r) + [VM"E(d +1,t,p+n,,q+n,) — VVE(,t, p, q)} A(d,T)
8VMLE d 8VMLE d
_ o (of, + 012"1m0> (mg — d)z(r) — 34 (agq + Ufmo) (mo — d)x(r)}

We denote the objective function of RHS by JMYE(d, ¢, p, ¢, 7). Note that

T = ey 00 e | T (ot vt T (o ot ) o0

or x(r) dp P PXmyo dq Pa Tmyg

+ A(d, T)x (r) V(d+1,t,p+n,q+n,) —V(d,t p,q)

x(r)
We can verify that the first order sufficient condition aJa'\:LE = 0 is satisfied by 7*(d, t, p, q)
in (A.10). Plugging back r* to the dynamic program, we get (A.11). O

A.3 Pricing and learning in a Markovian Bass model

Suppose that the seller knows the demand follows a Markovian Bass model, however
she does not know the true parameter vector 6. Instead, at time t she infers the unknown
parameters from the information set JF;. Specifically, she infers the parameters from the
price and sales data ﬁt at time ¢ using a statistical inference method.

Recall the seller’s pricing-and-learning problem:

T T
sup Ep|z, /rf dDf | Fo| = sup Epz /EDm ry dDy | F] | Fol . (A1)

mell well
0 0

Here, her objective is to choose a F;-adapted pricing policy that maximizes her total
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expected revenue. Since she does not know 6y, the conditional expectation Ep 7, in (A.1)
is with respect to the inferred demand distribution from the price and sales data at time
t.

In general, there are two schools of statistical inference: Bayesian and frequentist.
A Bayesian framework represents uncertainty about the possible values of the demand
parameters through a probability distribution. The evidence (data) collected over time is
used to update the confidence about the inference, represented by a posterior probability
distribution over the possible parameter values. If the seller uses Bayesian inference to
learn the demand parameters, let VE(¢, ﬁt) denote her inferred optimal expected revenue-

to-go at time ¢ given data U, = ((ru, Dy),u < t). We can write VB as:

VE(t, Uy) = max {Z P | Uy) - Eg [rt (Den — Dy) + VB (t 4,0, U (s, Dt+h)> ( Dt} }
0cO
(A.2)

- %?X{Zme 00 - {ADe k- [+ VB (845,00 2, D1+ 1)) |
0cO

(1= A(Dy, 1 0)h) - VB (t + 1,0, U (g, Dt))} + o(h)},

where the second equality enumerates the outcomes during a small time period [¢,t + h].
Here, P(- | th) is the posterior probability distribution over the possible parameter values
in set ©. The posterior distribution is computed using Bayes’ theorem from a prior
distribution Py(6), 6 € ©, and the likelihood function P(U, | 6). We note from (A.2) that
the uncertainty about the demand parameters is reflected in the posterior distribution
that changes over time as more evidence is collected. The uncertainty about the inter-
arrival times is modeled by using (I1.2.5) to enumerate the probability of zero, one, or
more arrivals during the time period [t,t + h].

Bayesian inference is commonly used for deriving the optimal pricing and learning
policy in Operations Management literature (see section 4.1.2 in den Boer 2015a for a
survey of works using a Bayesian approach). This approach is attractive since, as can
be seen in (A.2), the chosen pricing decision considers the seller’s confidence about the
different model alternatives. However, there are several drawbacks to this approach. The
main criticism is that the prior distribution is subjective information, and different prior
distributions may result in different posteriors and different pricing policies. A second
criticism is that, past literature often assumes the set © has only two parameter vector
values. This assumption aids in deriving an expression for the optimal pricing and learning

policy. However, in practice, it is difficult to impose this assumption in practice where
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parameter values can take on an infinite possibility of values.

A frequentist school of statistical inference does not have these drawbacks. The fre-
quentist school is rooted in the philosophy that there is only one true value for the param-
eters, so it does not make sense to assign probabilities (prior or posterior) for the different
parameter values. For example, the inference from maximum likelihood estimation (MLE)
is a point estimate since it chooses the model parameters which has the highest likelihood
of observing the data.

If the seller uses a MLE approach, let VMLE(¢, ﬁt) be her inferred optimal expected
revenue-to-go at time ¢ given data I/J\t If é(ﬂt) denotes the ML estimator, then by

enumerating outcomes, we can write VMLE ag

VMLE(t, ﬁt) — Imax {Eé(ﬁt) |:’I"t . (Dt+h — Dt) + VMLE (t ‘I— h, ﬁt U (Tt, Dt-i—h)) ‘ Dti| }

Tt

(A.3)
= max {)\ <Dt, T é(ﬁt)> h - [rt 4 MLE (t + h, ﬁt U (r¢, Dy + 1))]

Tt

+ (1 ~A (Dt, ry; é(ﬂ‘t)) h) L MLE (t + 1, T, U (e, Dt)> + o(h)}

We observe from comparing (A.3) to (A.2) that the MLE pricing-and-learning prob-
lem infers a point estimate from the data. In contrast, the Bayesian pricing-and-learning
problem infers probabilities to the possible parameter values. This contrast is due to the
different philosophies of Bayesian inference and frequentist inference. Nevertheless, the
similarities between (A.2) and (A.3) are noteworthy. First, both models use an inference
about the demand model parameters (informed by the data) to compute the seller’s in-
ferred expected revenue-to-go. Specifically, in computing the value-to-go, they do not rely
on 6y which is unknown to the seller. Second, both models capture parameter uncertainty
since they both assume that the data, hence the inference about the parameters, changes
over time. Third, they model how prices affect both the current period revenue as well as

the data used for future inference.

A.3.1 Optimal pricing and learning policy with ML inference

We will next derive the optimal pricing-and-learning policy that solves (A.3). For ease
of exposition, we present our analysis for the case where py and ¢g are unknown, but my
is known. Our analysis can be extended to the case where my is also unknown, which we

discuss at the end of this subsection.
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Remark A.1. If mg is known, the log-likelihood function £; in (I1.4.3) is strongly concave
in (p,q) when D, > 2. The proof is similar to that of Proposition I1.2. We can also check
that if ﬁt =0orif ﬁt = 1, then V(, L, = 0 has no solution, so the seller cannot form
an inference through MLE. Hence, we will assume in this section that while D; < 2, the

seller offers the Markovian Bass prices under some initial guess 0, of the parameters.

The ML estimator é(ﬁt) = (P, G;) is the seller’s inference about the demand parame-
ters based on the data IAJt at time t. Hence, to maximize the seller’s inferred revenue-to-go
(A.3), we need to analyze how the change in the state from (¢, IAJt) to (t + h, ﬁt+h) in a
small time period of length o(h) would affect her future inference 8(Uyn) = (Pran, Gern)-
This analysis will allow us to reduce the dimension of the state space, resulting in a more
tractable decision problem.

To aid in our analysis we assume that the seller forms her inference by solveing the
unconstrained model maxy £,(U, | 8). Hence, the MLE solution satisfies the first-order
condition VyL; = 0. This allows us to prove the following proposition which establishes
that the change in the ML estimate (dp;,dq;) depends only on the price r , on the
current ML estimate (p;—, ¢;—), and on the cumulative number of adoptions D] ; it does

not depend on the entire sample path of adoptions.

Proposition A.1. If to = inf{¢t : D > 2}, then {(p, G;), t > to} satisfies the stochastic

differential equations:

DF.

02+ g2 —i= DT
dpo= 20 apr — (e + D) ma - D Jale )] (a)
Di— + oGt Mo
o2 4+ o2 DI D7
dg, = T [de - (p " q) (o Dz_>x<r:_>dt} o (As)
L Mo
Here, variables 012,, 02, agq are defined as follows:
1 1 cos? o 1
or oo\ | 1—cos2a |[v,|? 1 —cos’a v,v, (A.6)
o2 o2 cos? o 1 1 1 ’ '
ra  Yq

1—cos?a vivy 1—cos?a vl

where v, and v, are D] -dimensional column vectors with entries

1 -
= — ™o L T
Upj = — T Ugj = = T forj=12,..., D
t— Tt g At t— Tt g At
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and « is the angle between vectors v, and v,.
Note that 2, 02, 02, in (A.6) can be interpreted as estimated variances and covariances
of estimated parameters (the actual variance-covariance matrix contains the true values of

1 s
m) and0<a<§,

aﬁq. Therefore, the updates dp;, dg; to the ML estimators will approach zero

po and qp). Note that since ||v,||? and ||v,||* are in the order of © (
2 2

so are 0,0,
as adoptions increase. This observation is consistent with Lemma II.3.

We prove Proposition A.1 by noting that the value of the log-likelihood function £; is
continuously changing in time, with jumps for each new adoption. Hence, the differential
(dp, dg;) is impacted by a continuous phenomenon and a discrete phenomenon. We apply
[t6’s lemma to derive the stochastic differential equation of (dp;, dg;). Intuitively speaking,
[t6’s lemma is a chain rule defined on stochastic processes. Since the first-order condition
VoLi|y_g, = 0 is an implicit function of 6, = (P, Gr), we apply Itd’s lemma on this implicit
function. Note that in the proposition, the differential equation holds for ¢ > t¢5, which
ensures that the first-order condition can be met by a unique solution (see Remark A.1).

The literature on learning under continuous-time stochastic processes typically focuses
on deriving asymptotic properties (such as weak consistency and asymptotic normality) of
ML estimators in a CTMC. Zhao and Xie (1996) study MLE for nonhomogeneous Poisson
processes where the transition rates are only affected by time. Keiding et al. (1975) and
Kiichler and Sorensen (2006) study estimations for simple linear birth-death processes.
In contrast, Proposition A.1 establishes the evolution over time of ML estimators to the
Markovian Bass model. Note that the martingale property of (p, ;) is consistent with
the general results of the partial derivatives of log-likelihood functions for exponential
families derived in Kiichler and Sorensen (2006) Theorem 8.1.2.

An implication of Proposition A.1 is that the state variables (D] ,t,p;—, ¢ ) encap-
sulate the information sufficient to choose a price that maximizes the seller’s inferred
revenue-to-go function in (A.3). Given (D], p;—, ¢ ), Proposition A.1 states that dp;, dg;
are random variables that depend on dDJ. But given state (¢, ﬁt) in (A.3), the seller infers
dD7 to follow a Markovian Bass model with parameter ét_. Hence, the seller’s inferred

revenue-to-go function (A.3) only depends on the state through variables (D] , ¢, p;—, G ).
Hence, we can reduce the dimension of VME in (A.3). Let VMLE(d, ¢, p, q) denote the

seller’s inferred revenue-to-go where d is the cumulative number of adoptions, t is the
time remaining in the horizon, and (p, ¢) are the current ML estimators. For any d > 2,
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we have
VME(d, t,p, q)
= max { (r + VME(d+ 1,8 — 6t,p + 1 + p(r)St, g + 1y + nq(r)ét)) “Ad,m5p,q)0t (A7)

+ VMSE(, = 88+ iy (r)3t, 0 + pg(r)3t) - [1 = A(d, 75 p,)01] + o(31) |

where
d o2+ o2 L
2 2 p Pqd mg
r):=—\|o,+o;,,— | (my—d)x(r), = "0 A8
fp(7) (p pqmo)(ﬂ )x(r) Mp p+mioq (A.8)
d o + o2l
r):=— (o2 +02—) mo — d)x(r), =2 Imo A9
) = (o ot ) oo et n= RIS (4

and Ug, 02, ng are defined in (A.6) with p,- = p, ¢;— = ¢, and D = d.
The next result characterizes the optimal pricing-and-learning policy, which we refer

as the MBP-MLE-Learning policy.

Theorem A.2 (MBP-MLE-Learning). Let r*(d, t, p, q) be the price offered under the op-
timal policy 7* to the Markovian Bass pricing-and-learning problem (A.1) when d €
{2,3,...,mg— 1} is the total past sales, t € [0, 7] is the time remaining in the sales hori-
zon, and the seller uses MLE to infer demand with (p,q) as the current ML estimators.

Then 7*(d, t, p, q) is the solution to the equation

a(r)
a'(r)

where 1,1, are defined in (A.8),(A.9), and VM'E(. . . .) is a function that solves the HJB

differential equation

Y/ MLE Y/ MLE
Op as dq

—VME+1,t, p+np, g+n) +VVE(d, t, p, @)+ Ny (A.10)

J MLE z(r*(d,t, p, Q))2 d
o i —d) = A1l
prid (d,t,p,q) + P (At p. ) Pt od (mo —d) =0, (A.11)

with boundary conditions VMYE(mg, t,p,q) = 0 for all t € [0,T], (p,q) € R?, and
VMLE(d.0,p,q) = 0 for all d € {0,1,...,me}, (p,q,) € R2.
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Note that (A.10) could be rearranged as:

* x(r*) MLE MLE
=————= =V d+ 1.t V d.t
r :L“’(?“*) ( + 1,1, p, q) + ( y Uy D,y Q)

[

~
Price exploitation

aVMLE GVMLE

+ V(A +1,t,p,q) = VME(d+ 1,t,p+np, g+ 1) +

.

Vv
Price exploration (:0 when 02,602,062, :0)

(A.12)
Hence, the MBP-MLE-Learning policy has two components. The first is the Markovian
Bass price (MBP) in (I1.3.2), but using the current parameter estimates. This component
maximizes the revenue by exploiting the current information. Because of estimation
errors, the firm experiments with prices that allow it to learn quickly. This is captured
in the second component, which acts as a “perturbation" to allow the firm to improve
estimation by setting a price possibly lower than MBP. Note that the perturbation term
fades over time as the estimates become more accurate.

VMLE

The values for can be found numerically using a method such as finite differences

(see Appendix A.1).

Remark A.2. The pricing-and-learning setting is related to restless bandits problems
where the rewards of all arms evolve (Whittle, 1988; Cohen and Solan, 2013). This
resembles the evolving rate of adoptions over time because of changing cumulative adop-
tions, which affects the revenue rate of all possible prices (arms). In addition to differences
in the problem setup (continuous time and price), a key difference in our setting is that
learning does not occur at the same rate: some prices (arms) induce higher adoption rates
and accelerate learning (see Lemma I1.3). In the bandit problems, this is equivalent to

the case where some arms let you learn faster.

Remark A.3. Thus far, we assumed that py and ¢y are unknown, but the value of my
is known. If myg is also unknown, Proposition A.1 can be extended by transforming 6, =
(P, Gr, Mmy) into B, = (Btl, Bia, Btg,) according to (I1.4.4). Deriving the stochastic differential
equation for Bt follows exactly the same procedure as the proof of Proposition A.1. This is
because the adoption rate is linear in (81, 52, f3), which is analogous to the case where the
adoption rate is linear in (p, q) if mg is known. Accordingly, we can derive an analogue
to Theorem A.2 which is the optimal pricing-and-learning policy when the parameters

(Boo, Bo1, Boz) are inferred from maximum likelihood.
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APPENDIX B

Proofs of chapter III

B.1 Companion results

Lemma B.1. Define r(y) := 7 !(y)y. Under Assumption III.2, the following hold:
(i) 7(y) is continuously differentiable, strictly concave and " exists for all y € [0, 1],
(i) there exists a unique optimal solution ¢ to the optimization problem maxyc 1) 7(v),
and
(iii) yn(n) = n/A(n,a) is differentiable in n for n € [0, a]. (yn(n) is the highest intensity

not causing lost sales in expectation.)

Proof. We prove r(y) is strictly concave in y first. Using the product and inverse differ-

entiation rules, and the fact that 7 = z7(y), yields

=" (m)y
d? _1 2- ! ()2
d_yg[x (v)y] = )

By Assumption I11.2(ii) the denominator is negative. Assumption II11.2(iii) implies, after

taking derivatives, that 2 — MJE,T—B:;@

, j—;[xfl(y)y] < 0 and the strict concavity of r(y) follows.
Besides the concavity of r(y), the other properties are immediate from the relationships

I and Assumption IT1.2(iv),(vii). O

> (. Since y; € [0, 1], this implies that the numerator

is positive. Thus

y = x(m), p(m) = r(y), the properties of z~
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B.2 Section III.3 proofs

B.2.1 Proof of Theorem III.1

Proof. Any feasible solution to (D) is also feasible in (D), so VP(T;u, o) < VP (T u, ).
To show “>”, we will show that any feasible solution y to (D) where total demand exceeds
inventory can be converted to a feasible solution with no stockout, and whose objective
(Dfa) is at least as large as that of y.

Let y = (y1,¥2, ..., yr) be any policy that has positive lost sales (n can be accordingly
determined by y), i.e., A(n;_1,@)y; > ny_; for some period t. Let s be the index of the
last period with lost sales. We will modify policy y into a policy 3" with one less period

of lost sales, where the objective function (Dfa) under 3’ is no worse than that under y.
Ng_
A(ns_ll,a) ’

More specifically, set y. = and y;, = y; for all ¢t # s. Note that ¢’ is feasible to
problem (D) and v, < ys.

The only difference between the objective value (D'a) under ¢’ and that under y is
the revenue in period s. We have the difference to be

2 () min (A(ng—1, @)ys, ns—1) — ' (ys) min (A(ng_1, @)ys, ns—1)

J/

Vv Vv
revenue under y/, revenue under y,

=2 (Y ne—1 — 2 (Ys)ns—1 = 0

where the last inequality comes from the fact that z7'(-) is a decreasing function by
Assumption III1.2(ii). Hence, the objective of 3 is no worse than that of y. We next
modify the solution 3’ so that there is one less period with lost sales, and the objective is
no worse. We do this until there are no more periods with lost sales. This completes our

proof. ]

B.2.2 Proof of Theorem II1.2

Proof. (i) We first show that the objective function (D’a) is jointly concave in d. To
this end, we define the effective revenue function r(y) := z7!(y)y, so the objective

function (D’a) is equivalent to

T

dy
Cdd— 4 ‘ . B.1
;)\(u di — dy di-1, @) T<)\<u_d1—d2—.--—dtlva)) D

To proceed, we require the following claim.

Claim B.1. The function (d’,\) — A - r (%’) is strictly concave in (d’, A).
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Claim B.1 follows from Boyd and Vandenberghe (2004) page 39 (convexity of the

perspective function).

We now show that each term in the summation of (B.1) is jointly concave in
(di,ds, ..., dr). Consider any 8 € [0,1], d" = (!, db, ..., ds) and & = (&2, d2, ..., d2).
We define the vector d = 0d' + (1 — 0)d?, where d; = 0d} + (1 — 0)d>.

Consider an arbitrary index ¢. Because A\(n, a) is jointly concave in (n,a) by As-

sumption IT1.2(vi), then

ANu—di—ds—...—dy 1,0)
>SONu—d —di—...—d o)+ (1—0OANu—d>—d>—...—d>,,a).

J/

g
A

(B.2)

From the definition of r, we have that

— - 7 dt
Mu—dy—do— ... —di_ : 7 1 1,
(U 1 2 t 1,04) T(}\(U_dl—dQ—..._dt—l7a>)

- ( = _d 1)

>O0Nu—di —...—di_,a)-r %
1 t—1» )\(u—d%——d%_lya)
2 2 d?
FA=OMu—dim e = diy ) |\ S
1 ti]_,

~1 is a monotone decreasing

where the first inequality follows from the fact that x
function and from (B.2). The second inequality follows Claim B.1. Hence, this
shows that each term in the summation (B.1) is jointly concave in d = (dy, ..., dr).
This proves that the objective function (D’a) is a jointly concave function in d.
We next show that the set of solutions d that satisfy constraints (D’b)—(D’c) is a
convex set. To show this, we want to show that for any feasible d' = (d},d3, ..., d}),
d?> = (d?,d2,...,d%) and any 6 € [0,1], that d = 0d* + (1 — §)d? is also feasible.
Clearly, (D’b) is a linear constraint in d, so we only need to check that d; < \(u —
di —...—d;_1, ) for all t.

dy = 0d; + (1 — 0)d;

160



<ONu—dj—...—d} ,a)+(1—0O\Nu—d; —...—d? |,a)
<Mu—dy —...—d, ),

where the first inequality follows from the feasibility of d' and d?, and the second
inequality follows from (B.2). This completes the proof.
We prove the strict concavity of VP(T';u, ) through a reformulation of (D) using

the transformation d; = A\(ny_1, @)y, to yield:

- d
VP(T;u, o) = max ! (/\(—t> - dy

Ng—1, Oé)

T
s.t. dt S u
2 ®3

Ny = N1 — dt for all ¢ Z 1
Ng=1u

0<d; <Amny_1,a) forallt>1.

For any (uy, a) > 0 and (ug, ) > 0, we denote the optimal solution of VP (T uy, ay)
and VP (T;uy, as) by (nt,d') and (n?, d?), respectively. We may assume, without
loss of generality, that (n',d') # (n? d*). Given any 0 € (0,1), our goal is to con-
struct a new solution from (n',d'), (n?,d?) that is feasible to (B.3) with u = u =
Ouy + (1 — 0)uy and o = & = oy + (1 — ), and whose objective value is strictly
greater than VP (T uy, ay) + (1 — 0)VP(T;uz, o). Since VP(T; 4, @) is no smaller
than the objective value of any feasible solution, VP(T; @, &) > OVP(T;uy, o) +
(1 — 0)VP(T;uz, ap). This proves the strict concavity of VP in (u,a).

Set 7 2 On' + (1 — 0)n? and d £ 6d* + (1 — 0)d>. It is easy to check that (7, d) is
feasible to (B.3) with u = 4 and o = @&. It remains to show that this solution has
a strictly better revenue than OVP(T;uy, a;) + (1 — 0)VP(T; ug, an). The revenue

under (n,d) for period t is

) 0d; + (1 — 0)d?
_NA 1 t ¢
g(de, ) = ()\(Gn% + (1 —=6)n?, 0oy + (1 — 0)as)

) - (0d; + (1 —6)d7) .
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Accordingly, our goal becomes showing

tz g(dy,7e) > 0 Za:—1< nt,a1)>d1 (1-0 ix ( n“%))df B.4)
= 0VP(ay, T) + (1 —0)VP(a, T).

In fact, we will show that there is a dominance of revenue in every period:

1

g(di, ny) > 027! (W) dy +(1—0)x! ()\(%2042)) dz. (B.5)

To show (B.5), we note that g(d,n) = A(n,a) - r (ﬁ), where r is the effective

revenue function r(y) := 27 (y)y defined in Appendix B.1.
We now show (B.5), because A(n, ) is jointly concave in (n, o) by Assumption I11.2(vi),
hence A(7g, @) > OX(n}, ay) + (1 — O)A(n?, az). Then because 7! is a monotone

decreasing function, we have

7 - 1 0d; + (1 —0)d; 1 2
o) > (G ) 4 0 =0)

1 , 0! —0)d?
= (0A(ny, 00) + (1 = O)A(nf, @) -7 (GA(n# 1) :t g - Hi)\(nf, 042))
d;

d?

1 e A 1 — 2 7t
> OA(ng, ap)r (Mm},m)) + (1 = 0)A(nf, az)r (A(n%,a2)>
= fx~! _d di +(1—0)x! & dy

Ant,ay) )" A(n, o)) "

where the first equality is from the definition of , and the last inequality is from Claim B.1.
This establishes (B.5), which in turn yields (B.4). This completes the proof.

]

B.2.3 Proof of Theorem III1.3

Proof. We first show (D) has a unique solution. Then via the transformation in (D’),
this implies that (D’) has a unique optimal solution.

We prove this result through a dynamic programming reformulation of the determin-
istic program (D). (Note that in practice this DP does not need to be solved to determine
VP, which can be found more efficiently using interior-point methods as we discuss in Sec-
tion I11.3. This DP is only used for the purpose of analysis and proof.)

Fix a. For any u € [0, o], consider the following dynamic programming counterpart
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of (D):

RP(u,T) = max 2 '(y)A(u,a)y + R° (u — Au, )y, T — 1) (B.6a)

Y

st AMu, )y < w, (B.6b)

where the base case is RP(u,0) for all u € [0,a]. Note that VP(T;u,a) = RP(u,T).
Further, we can construct an optimal solution (D) by solving the dynamic programming
equations (B.6). Hence, to show that (D) has a unique solution, we need to show that
(B.6) has a unique solution. Since the feasible set of (B.6) is compact, to show that (B.6)

has a unique solution, it suffices to show that the objective function,
RO(u, T) & 27 ()M (w, a)y + B (u — Au, a)y, T — 1) (B.7)

is strictly concave in y.
Claim B.2. RP¥(u,T) is strictly concave in y.

The first term of RP¥(u,T) is strictly concave in y from Lemma B.1(i). To see that the

second term is also concave, its second-order derivative with respect to y is

82
Aw, a)QWRD(UI’T -1) Ay <0,

where |,/—, means the term is evaluated at ' = u, and the inequality comes from Theo-
rem I11.2(ii) and the fact that RP(v/, T — 1) = VP(T; 4/, ).
O

B.2.4 Proof of Theorem II11.4

The proof requires the following lemma.

Lemma B.2. Let (n,y) be a feasible solution to (D), where y # 0. If y; = 0 for some
index 14, there exists a feasible solution (n/,y’) with (n’,y’) # (n,y) and whose objective

value is the same as (n,y).

Proof of Lemma B.2. We define the following procedure to move y; = 0 to the last period

T to yield a solution (n/,y’) that gives the same objective value as (n,y).
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Algorithm B.1

1: procedure MOVE(i, n, )

2 (n} =ng,y, =y,) forall t <i—1

3 (ny =ny1,y, = yppr) forall i <t <T —1
4 (np =np,yr =0)

5 return (n',y)

6:

end procedure

Since y # 0, the new policy generated from MOVE(i, n,y) for an appropriately chosen
i results in (n',y’) # (n,y). (This is not true if the only nonzero entry of y is the first
index; in which case, we modify the move procedure so that y; = 0 is moved to the first
period.) It is easy to check that (n’,y’) is a feasible solution to (D) since (n,y) is feasible.
Finally, we show that (n/,y’) has the same objective value as (n,y). Notice that n' is
constructed by shifting every n; with ¢ > ¢ + 1 to one index smaller. The ending period

remaining inventory is n/. = nr. Hence,

T

i—1 T
inl(ya)‘(ntflaa)yt = Za;’l(yt)A(nt,l,a)yt + Z 2 (Y M1, @)y
t=1 t=1 t=14+1

T-1

i—1
= YDA, )yl + > e DAy, @)y
t=1

t=1

Here, the first equality comes from y; = 0. The second equality comes from how Algo-
rithm B.1 (MOVE(i)) constructs y'. O

Now we can proceed with the proof of the theorem.

Proof of Theorem III.4. We denote the unique optimal solution to (D) by (n°,yP) where
nP = (nQ,n?,...,nR) and y® = (yP,...,y2). We first show (D) has the following
properties:

(i) the optimal solution is strictly positive (i.e., d® > 0), and

(i) the remaining inventory nP is a strictly decreasing sequence.
Then via the transformation in (D’), this implies that the optimal solution d® to (D’) lies
in the interior of the feasible set (i.e., A(u —dy — ... —d;_1,a) > dP > 0).

We first claim that for any u € (0, ], the optimal partial solution y° of (D) is such

that y® # 0. This is because the objective value of y = 0 is 0. However, the objective

value for y' where yf = u/A(u,) and y; = 0 for ¢ # 1 is 27! (u/A(u,))u > 0. Note
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that 3/ is feasible since gy} is the intensity that depletes all remaining inventory u. Hence,
y = 0 cannot be optimal, so y° # 0.

We prove that yP > 0 using contradiction. Assume there exists an i such that y° = 0.
Then, according to Lemma B.2, we can construct a different solution with the same

objective value. This contradicts Theorem II1.3 that the optimal solution of (D) is unique.

]

B.2.5 Strong duality of dynamic programming counterpart of (D)

For a fixed «, note that RP(u,T) in (B.6) is the dynamic programming counterpart
of (D). We next establish a strong duality result for the DP formulation. This result is

used in later proofs, notably Proposition I1I.1.

Lemma B.3. Fix a. For any u € (0, a],

RP(u,T) = inf LP*(u,T), (B.8)

>0

where, for any pu > 0, LP#(u,T) is defined as:

LPH(u,T) £ maﬁ {x_l(y))\(u, o)y + RP (u — Au, o)y, T —1) + p (u— A(u, a)y)} . (B9

Proof. We use Slater’s condition for convex programming duality (see page 226 in Boyd
and Vandenberghe 2004). Recall, to invoke the Slater condition, we need to show that
(B.6) is a convex optimization problem with a feasible point that satisfies its constraints
strictly. Observe that all the constraints in (B.6) are affine in y. The objective function is
concave in g, as established in Claim B.2. Hence, (B.6) is a convex optimization problem

The next step is to demonstrate that there exists a feasible solution to (B.6) that satis-
fies the inequality constraint (B.6b) strictly. Notice that any y € (0, min{1, u/A\(u, «@)}) is
strictly feasible to (B.6) because since u > 0 and with Assumption I11.2(v), u/A(u, a) > 0.
Hence, Slater’s condition implies (B.8) holds. ]

B.2.6 Proof of Proposition III.1

Proof. We first introduce the dynamic programming counterpart of (D) for any u € [0, a:

R (u,T) % m[%uli] 7 (y) min (A(u, )y, u) + R ([u — Au,@)y]", T —1).
y€|0,

Fix a. We will make use of mathematical induction on T to prove R*(u,T) <
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RP(u,T) = RP(u,T) for any u € [0,a]. If we are able to prove this, this proves the
rest of the proposition since V*(T') = R*(a, T) and VP(T) = R°(«, T).
For the base case with T' = 1, we define the optimal expected revenue R*(u, 1) for any

given remaining inventory u < «v as:

R*(u,1) £ max E,, [z~ (y) min (D, u)] (B.10a)

y€[0,1]

For a given y, let us denote the objective value (B.10a) as V¥(u, 1).
Consider any y € [0,1]. We have that

V¥ (u,1) =E,, [:U_l(y) min (D, u)}

< max E, , [ (yo) min (D, u)]
yOE[Oyl]

= max x ' (y0)Ey, .. [min(D, u)]

yOE[Ovl]

< max_x '(yo) min (Ey, (D), u) (B.11)
yOE[Ozl]

= max " (yo) min (A(u, @)yo, u) . (B.12)
yo€[0,1]

Here, (B.11) comes from min(D,n) is a concave function of D and Jensen’s inequality.
(B.12) comes from E,, ,(D) = A(u, @)yo. From the definition of RP(u, 1), the right-hand
side of (B.11) is equal to RP(u, 1). Therefore, we have that

V¥(u,1) < RP(u,1). (B.13)
The last step to finish the base case of induction is to take the supremum of the left-hand

side of (B.13) over all y € [0, 1]. This yields R*(u,1) < RP(u,1) = RP(u, 1).

For the inductive step, assume that for any T < T", we have R*(u,T) < RP°(u,T)
for any given u < . We prove R*(u, T + 1) < RPo(u,T" + 1) for all u < « to finish the
inductive step.

Note that we can reformulate R*(u, T’ + 1) as:

R*(u, T' +1) = max Eyu[z7'(y) (D — [D —u]") + R*([u— D|*,T")] (B.14a)

s.t. Eyu(D) = Au, a)y. (B.14b)

Claim B.3. The maximization problem (B.14) is feasible and R*(u,T” + 1) is bounded.

We know y = 0 is a feasible solution. Moreover, the objective function (B.14a) is bounded
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below by zero and bounded above by 27 (§)A(u, @)y + max,ejo.1] R®(u, T") < oo, where

g is defined in Lemma B.1(ii). This concludes the claim.

Now, consider any y € [0, 1] feasible to (B.14b). We denote its objective value (B.14a)
as V¥(u,T' + 1). Then for any -, we have that

VI(u, T +1) < By [z (y) (D = [D = u]*) + R*(fu = DI*, T')] + 7 (Eyu(D) — A, a)y)
(B.15a)

< max Eypu[o™ () (D~ [D ~]) + R'(fu— DI T') +7(D — Mw a)yo)

(B.15b)
< max By (y0) (D = [D = u]) + R™(Ju = DJ*,T') +/(D = Aw,a)po) |.

yOe[Ovl}
(B.15¢)

Here, (B.15c) comes from the inductive hypothesis. Since (B.15) is true for all feasible
y, taking the supremum of V(y;u,T" + 1) over y € [0, 1] satisfying (B.14b), we have that
R*(u,T" + 1) is bounded above by (B.15c¢).

Note that (B.15¢), and hence R*(u,T” + 1), is bounded above by

max {o7 (o) (4~ [d = a]") + B(fu = dJ' . T) 47 (d = Nwa)yo)} . (B16)
e b b
=

Note that (B.16) is an upper bound because d, being a decision variable that can
take any value, results in a larger value than (B.15¢). Since (B.16) is an upper bound to
V¥(u, T" 4+ 1) for any values of 7, we take the infimum over all possible values resulting

in the upper bound (B.17) as follows:

R*(u, T'+1) < i%f y?el[%,}%}, {27 (yo) (d—[d —u]") + R™([u — |, T") + v (d — Mu, @)yo) } -
deR

(B.17)

Next, we will prove that the right-hand side of (B.17) equals RP(u, T’ +1). Note that

~ = 0 is the solution to (B.17) because otherwise, d can be chosen such that the value

of (B.17) is +00. Then, for the problem in (B.17), it suffices to restrict d < u, since any

d > u does not improve the value of the objective function. Thus, we know for any p > 0,

the right-hand side of (B.17) is upper bounded by

igfyggﬁ {27 (yo) (d— [d —u]") + R®([u — d|", T") + v (d — Mu, ®)yo) + pu(u—d)} .
d<u

(B.18)
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Because (B.18) is the upper bound of (B.17) for any p > 0, we can take the infimum of
(B.18) and yield the final upper bound of (B.17) as follows

R*(u,T"+1) < inf max {2 '(yo)d + R®(u—d,T") + v (d — Au,)yo) + p(u—d) } .
75120 yo€[0,1],
d<u
(B.19)
Since RP is equivalent to RP°, we observe that the right-hand side of (B.19) is the dual
problem of RP and according to Lemma B.3, we can simplify (B.19) as

R (u, T"+1) < m%xl] {7 (yo)Mu, @)yo + R°(u — A(u, @)yo, T') } = R°(u, T + 1).
Yo€

This finishes our inductive step. O

B.2.7 Proof of Theorem III.5

Proof. Tt suffices to consider a two-period setting (T = 2) and we set a = A(«a,a)yP +
A(n?, a)y? where y2 = argmax,cp 1z (y)y and o > Ao, @)yD + + /Mo, a)yP. This a
is a fixed point such that when demand is deterministic, under the optimal deterministic
policy, it uses up all the inventory.

Let A(+,-) be a general homogeneous function with degree 1. Hence, A\(nm,am) =
mA(n, ). So, if we let A™ = X for all m, then Assumption II1.4 is satisfied.

Suppose that demand follows a three-point distribution such that for any ¢ = 1,2,
given y; and F;_1, the conditional probability of D;" is

P (Dln = AN/",,am)y \/)\m L am)y | Fio 1) =1/3,
P (Dln = ANy, am)y, | ]:t—l) =1/3,

P (Dtm = ANy, am)y, + \/)\(Nt"il,am)yt ’ Ftl) =1/3.

By construction, E[D}* | Fi_1] = A(N/"y,am)y; and this distribution satisfies Assump-
tion IIL.3 because Var(D}*|F—1) = 2A™(N/™y, o)y,

We prove the theorem by analyzing the expected revenue loss under each outcome of
D™, Note that, by definition of policy CE-CL, we have 3 = yP. Also, NJ* = am.

Let & denote the event {D7* = A\(N", am)yt} = {D" = Aam, am)yP}. Under &,
there is no stockout in period 1 due to our choice of «, so the period 1 revenue of CE-CL is
equal to 27 (yH) D = 27 (yP)A(am, am)yP. Note that this coincides with the period

1 revenue in VP(m,T). So given event &, the period 1 revenue loss of CE-CL is zero.
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Under &, since there is no period 1 stockout, then together with the constraints of

(D) and the fact that A is homogeneous with degree 1, we have:
N{" = am — D{* = am — AMam,am)yy =m (a — Ma, a)yy) = mn?. (B.20)

Recall that nlD’ = mn?. So, under CE-CL, the remaining inventory at the end of period
1 is the same as that under the deterministic model VP (m,T). This implies that, under
event &, we have that yst = yD.

Combining these observations, we know that under &, the conditional expected rev-

enue loss of CE-CL is equal to:

0+E [27(y3)Amng, am)y; — 2™ (y5") min(Dy', Ni") | &

(B.21)
=2 (y))Amn?, am)yy — 7 (y2)E [N — [N]* — D" | &) .

From (B.20), NI = m(a — Ma, a)yP) on &, which implies from our choice of a that
N =mA(n?, a)y? = A(mn?, am)y?D. Thus, (B.21) reduces to

7 () A mnl, am)yy — a7 (y5 ) A(mnD, am)ys + 2~ (y5)E ([NT* — Dy | &)
—1

= 27 (y3)E ([A(mn?, am)y? — D" | &)
L) (AN, am)ys — DY* | &)

() A(mnP, am)yp = O(v/m). (B.22)

Wl = 8
&

Hence, given &, the conditional expected revenue loss of CE-CL is ©(y/m).
Denote the two events:

{D{n = Mam, am)yt — )\(am,am)ny} and {D{” = Mam,am)ytt + 1/ A(am, am)yf'-}

as & and &, respectively. Let r; and ro denote the conditional expected revenue of

CE-CL given &, and &, respectively. Here, the conditional expectation is with respect to
the three-point demand process.

Consider a new demand process. For t = 1, demand follows a two-point distribution

such that given y;, the conditional probability of D7* is

P (D;" = AN, am)y; — /AN, am)y, | f0> =1/2,
P (D = AN, am)yn + VANG amy | Fo) =172
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For t = 2, demand follows the three-point distribution introduced earlier.

Note that the difference between the old and the new demand processes is only the
demand distribution in period 1. So, given the period 1 demand realization, the condi-
tional expected revenue of CE-CL is the same under both processes. Hence, 1 (73) is also
the conditional expected revenue of CE-CL given &; (&) under the new demand process.
Since now 2 = & U &, then ri/2 4 ry/2 is the expected revenue of CE-CL under the new
process.

Hence, if r* is the optimal expected revenue under the new demand process, then:

5 T3 VP(m,T). (B.23)

—7’1+—T‘2:— = S

1 1 2 (1"1 2) 2 2
3 3 3 3 3

Here, the last inequality comes from Proposition III.1 and from the fact that VP (m,T)
is also the deterministic model under the new process.

Therefore, putting (B.22) and (B.23) together, we have the expected revenue loss of
CE-CL satisfies

VP(m,T) - V¢(m,T)

1 1 1
= gw 1(y2D)\/)\(mn1D7 am)y? + g(VD(m, T) - Tl) + g(VD(m, T) - TQ)
1
> 207 (yR)y/ Al am)gg + 0 = O(vm).
This completes the proof. O

B.2.8 Proof of Lemma III.1

Proof. When demand is deterministic, Lemma III.1 holds trivially.

When demand is not deterministic, we prove the lemma by induction. Defining I/" =
N™/m, let I™ = (I, ..., II*) be the stochastic sequence of normalized inventory under
policy yO'. The base case is t = 0, where all policies start with I;® = o = n, and hence
A(I5, a) = A(nf, a) = M, «). Therefore, (I11.4.6) and (I11.4.7) hold for ¢ = 0.

For the induction step, assume that (II1.4.6) and (III.4.7) hold for ¢t — 1, i.e.,

E ‘jﬁl - nthl‘ <O(1/vm) (B.24)
E M) = A, )] < O(1L/vim). (B.25)

We prove that both properties hold for t.
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To prove (I11.4.6) for ¢, notice that by adding and subtracting E (I_tm),

E|"—np| =E|["—E (I") +E (L") — n?| <E|L" —E (I")| + |E (") — nP].
(B.26)

We will show that both terms in (B.26) are O(1/y/m).

Consider first term, E ‘I_tm —E (I_g“) ‘ Note that P (I_tm = k/m) is the probability that
the remaining inventory at time ¢ is equal to k. For a given N/, let & (t),...,&n(t) be
identically distributed stochastic processes such that > 1", &(t) = N;™. By this construc-
tion, we know E(&(t) | N;* = k) = £. Therefore, we observe

§:j 2= 1) - EZEGZ|IW—;J-PGTZ%>:E@@»

We further assume that &(t),&(t),...,&n(t) are randomly sampled (without replace-
ment) from a population X, where X = {&(¢),...,&u(t)} for some large M. Here,
&(t), & (1), ..., Enm(t) are M identically distributed processes such that 3", &,(t) = ME (I").

Given t, we define the new random variables

2 &(t) — (m) fori=1,...,m.

From our definition of process &(t) above, we have E(n;) = 0. Let Y} = Zle n; for
k=1,...,m, and let Yy = 0. Observe that

_ ME(I") - 3 &)

M —(k—1)
_ ME (I]") — Yooy — (k — 1)E(I[") (B.27)
M—(k-1)
Y _

Here, the first equality is because Zi‘il &) = ME(I™) and & (t), &g (1), ..., En(t)

are identically distributed. The second equality comes from the definition of Y, ; =

S 6(0) — (6~ DE(Y).
We further define Z;, £

Yy Mk :M—k-i‘lz L
M—k M-k M—k VT Mk

(B.28)
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Nk

Now, we analyze the conditional expectation of /-, which is

Mk Mk —Yi 1 Zi1
E Zo,...,Zp_1 ) =E Yo,... . Y1 | = =_ .
(M—k: Orere ’”) (M—k‘ Orereo “) M-—(k—1)M—-k M-k

(B.29)
Plugging (B.29) into (B.28), we have

M—-k+1 L1

E(Zy | Zo,y- - Zp1) = M——kafl T Mk

= Zg-1.
Therefore, {Z;,k = 0,...,m} is a martingale with respect to the filtration

(a(Zo, - .. 7Zk)>k=o,1,2,...,m—1

where o(Zy, ..., Zy) is the o-algebra generated by Zy, ..., Z.

Since |Zy — Zp_1| < Mf—z‘ﬂ almost surely, the Hoeffding inequality (applied to mar-
tingale) yields
P(|Z> 2 <2 me f >0 (B.30)
| > €] <2exp| — or any € > .
M —m P 8m (1 - mT_l) o? Y
where the bound of 7", ﬁ comes from Lemma 2.1 in Serfling (1974). By inte-

grating (B.30) over € > 0, we have

_ 2
E (M m ’Zm’> < V8T« ‘
m vm

This implies that

m

> &) —mE (I")

j=1

E < V8mma?l.

Because I = N/ /m, the first term on the RHS of (B.26) is O(m™2).
For the second term in (B.26), we want to bound the difference between E (f[”) and

nP. From the definition of I, we know
E(["| Fia) =E | |I" -0 5 _iE<[Nm - D1 | Fia)
t t—1 t—1 m t—1 m t—1 t t—1) -

A well-known result by Scarf (1958) is that for any random variable X with mean p
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and standard deviation o,

E(la~ X]) < 5 (Vo2 ¥ (- a) ~ (u—a)).

Note E(D}" | Fi_1) = A™ (N;™;,m) yP* and, by Assumption IIL3, Var(D}* | F_1) <
o™ (Ntml, am) oL Since N/, is not random when conditioning on the filtration F; i,
and from (I11.4.4) we have

m

1 oI, a)yPt .. _ _ -
5 <\/ t—1 o4 ‘)\(It_l,a)ytOL_It_l‘ — ()\([t O )yt It—l) 7

- 1 oI, a)yPt - - _ -
E(It |«/—';t—1) < B} <\/ =l : +()‘(It 1, & )?J It 1) - (A(It 1, & )yt It—l)

IN

m

where the equality is because I’ = (I, — D™ /m)*.
Taking the expectation on both sides conditional on Fj, we get

E (I | o)
1 oI, a)yPt - .
§§E \/t:nt+ )‘(It—laa)ytOL_Itfl‘_< (It 1, & ) _It 1) | Fo
< L (@(m_%) + 02 = AP, a)yP + 0l — AP, a)yP
=79 t—1 t—1> O) Yt t—1 t—1> O) Yy
_1
=O(m™2) +ng"y = A(ng-q, a)yp - (B.31)

The last inequality comes from the inductive hypotheses (B.24),(B.25). In addition to
this upper bound, we know that E(I" | Fy) = E ([I;"_Ll — Dy /m)| +) is lower bounded by

B (B (12 = 25 £t ) ) =B (2 = A (I20)5) 2 02 =20, 0y - Om ),

(B.32)
where the equality follows from (I11.4.4). The inequality is from the inductive hypothesis.
Hence, (B.31) and (B.32) imply that

[E(I") — nP| = |[E(I") — D, + A(nD ;, a)yP| = O(m~3)

Therefore, we can conclude that the RHS two terms of (B.26) are both bounded by
O(m~2), thus giving us (I11.4.6) for all ¢. For a given t, (I11.4.7) follows by the Lipschitz
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continuity of A and (II1.4.6):
E|\ (17 a) = A(nP,a)| < CAE|I" —=nP| = O (m—%) .
This concludes the proof. O

B.2.9 Proof of Lemma III1.2

Proof. Let (nP,yP) be the optimal solution of (D) with initial inventory a and u = .
We can easily check that, because \™(mn, ma) = mA(n,«) for any n € [0, a] because
of (II1.4.4), (D) with an initial inventory ma will have an optimal solution (mnP,yP).
Therefore, VP(m,T) = 20, 2~ (yP)mA(nP , @)yP. By factoring out m, we can write
the LHS of (I11.4.8) as

S (o 9 (M) et x1<yP>A<n?1,a>yE)]
S (7 092 (B0) -t 002t

(4P A ( =Y a) WO — o (PN, )P

=S PPE A (FEa) <A e (B.33)

Here, the first inequality comes from |EX| < E|X| as a result of Jensen’s inequality. The
second inequality comes from the triangle inequality and the linearity of expectation. To
prove the proposition, since T is a finite number, it is sufficient to show each term inside
the summation of (B.33) is O(m™2).

This is true because, from (I11.4.7) of Lemma III.1, we know for any ¢,
Nm
E |\ t—1 — A D
’ < " 704) (11, )

This concludes the proof. O

= O(m™2).
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B.2.10 Proof of Theorem I11.6

Proof. First, we note that V*(m,T) is greater or equal to the revenue from a single-price

policy and so is strictly positive. To prove the theorem, it is sufficient to show that

VOL(m,T)

W:T)gl—(l—k)(l—%\/g—k>, (B.34)

where k = ©(1/y/m) and C' is some constant that is independent of m.
Let N = (N, ..., N™) be the stochastic sequence of remaining inventories under y©t
and define I £ N/ /m. From (I11.2.6), we have

1—

VO m, 1) = & | 3B o (40) (D — (D — 1Y) | a_l]] B

Note that N, and I/, are not random when conditioning on the filtration F;_;. Fur-
thermore, we have E(D* | Fi_1) = mA(I™,, a)y°" and, by Assumption I11.3, Var(D™ |
Fio1) < omA(I™,, a)yPt. Hence, by applying the Scarf bound and from (I11.4.4), we get

E|[Df = Nty | Fia

\/o*mA( L™y, o )ytOL+ (NZZ _m)‘( t—15 & )y?L)Q B (Ntnll — mA (_ftrgl,a) y?L)
2 2

m m 1 N
<5 \/Um)\ HERE ’Nt L = mA(Iy, o)y OL‘ §<Nt = ML, )Z/?L>- (B.36)

<

Taking the expectation conditioning on Fy on both sides of (B.36), we have
E|E “D;n - NtniJJr ‘ Ft—l} | ]:o]

<E |5y/omA (i) yﬂ +O(ym)

1
—|—§‘mn?1 mA( nt L }_ [mnt 1 m)‘(n?—ua)yf]
1 Tm oL
_E 5\/mm (I, 0) yO | + O (Vim) . (B.37)
Here, the first inequality comes from Lemma III.1 and since y°t = 9P for all t. The

equality is because n? = nP ;| — A(nP |, a)yP due to constraint (Dc), and n? > 0 due to

the no-stockout constraint (Dc).
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Therefore, using (111.4.4) and plugging (B.37) into the RHS of (B.35) yields

VO (m,T)

T
2 E inl <y19|—> <m>‘ (I_ﬁlaa) y?L ;\/Um)\ (It 17 )y?L>

- O(Vm)

—E Zx’l( H)mA (I, 0) of ] FE[D (52°) YA (I, 0) 99| - O(/im)
~E Zx—l( Y)mA (I a )yOL]
y 1_2\/; [Zt Lt (WP A (I ) ?/tOL} _o (v |. (B.38)

E [Z?ﬂ (yt L) A (IZ”p )y?L}
(s5%)

We get the first equality by multiplying 2! term inside. The second equality comes from
pulling out the first expectation term.

We first derive a lower bound for the first term in (B.38). Note that y°' does not scale
with m since it is constructed from solutions of (D), which do not depend on m. From
Lemma I11.2, we know that the difference between the first term in (B.38) and VP(m, T)
scales in O(y/m). This is slower than the speed of scaling ©(m) of VP(m,T). Hence,

E (Z 7 (YY) mA (I, @) y?") > VP(m,T)(1—k), (B.39)

where k = O(m™2).

Next, we derive an upper bound for the term (*x), which results in a lower bound for
the middle term in (B.38). Note that from Cauchy-Swartz inequality, the numerator of
(#x) is bounded above by

ENZT;W@?L) Iy \]Zwl OL]

T
le Itm1’ )yPL

t=1

Txz=1(0)

Tz=*(0),

T
> (P ) A (I, @)yt
t=1

176



where the first inequality comes from Assumption I11.2(ii), and the last inequality comes

from Jensen’s inequality and the fact that /2 is a concave function. Hence,

(xx) < Tz=1(0) - \/ Tz-1(0)
E [Zzzl x1 (ytOL) A (I_tnilv Cl/) ytOL] - VD(Oé,T)(l _ k)’

where the last inequality comes from (B.39).
Since ©(m™2) decreases as m grows we know there exists some constant O(1), unaf-
fected by m, such that ©(m~ 2 < O(1). Therefore, we know

V7= ot = b =

Hence, we have that

Tz=1(0)

(xx) < VD—(T)@(l) 2 C. (B.40)

Finally, we take (B.39) and (B.40) into (B.38), resulting in

VO n, 1) 2 VP, 7)1~ 01 /vim) (1= 5/ ¢ - 0t1/vim)).

This completes the proof. n

B.2.11 Proof of Lemma III.3

Proof. We prove the lemma by showing that y“E(n,t) has a bounded derivative with

respect to n for n € [0, a] because

T 9y CE
yE(n,t) =y @' )] = /—8y 8(u’t)du < max
Uu

u€ln’,n]

Ay “E(u,t)
ou

’|n—n :

n/

Because the analysis for ¢t = T (i.e., the last period) is different from the analysis for

t < T, we analyze the two cases separately.

When t = T, we define the following partitions of the set [0, «]:

<g} and Sy = {ne 0, : )\('ZO&) Zgj}.

S = {ne 0,q] : N o)
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When ¢t =T, we have

- ifne S
y ) =q 2
] ifnes,
where 4 is defined in Lemma B.1(ii). When n € S;, y°E(n,t) has bounded derivative
w.r.t. n because of Lemma B.1(iii). For n € Ss, the function is constant, so the derivative
is 0.
Now consider ¢ < T.. We will prove that the derivative of y°E(n,t) w.r.t. n is bounded
for n € [0, ). By definition, y“E(n,t) = yQ(n, T —t + 1) where

yo(n, T —t+1) = arg nax RPY(n, T —t+ 1),
Y=Xtma)

where RPY(n, T") = =Y (y)A(n, @)y + VP(T";n — A(n, a)y, o) was defined in (B.7).
By Claim B.2, RP¥(n, T —t + 1) is strictly concave in y for a given (n,a,T —t + 1).
Let 9;,, to be the value that satisfies

9 oy _ K 7 OVP(T — t;n/, ) B
8yR (n’ g b 1) Y=Yt,n B )\(n’ a) ay (:E (y)y Y=UYt,n )\(n7 a) on' n’=n—X\(n,a)yt,n B O’
w0 ) aVO( /)
_ T—1t:n «a
9 e yy)| = : o (B.41)
(9@/ Y=Yt,n on n'=n—A(n,0)yt,n

Then, by defining

! n — / n _
S = {nE 0, ] : o) <yt7n} and S5 = {ne 0, ] : N o) Zytm},

we know

" ifnes
yE(n,t) = A !
Yt.n if n € S5.

From Lemma B.1(iii), the derivative of y*(n,t) w.r.t. n is bounded when n € S}. When
n € S4, the derivative of y“E(n,t) = 4, w.r.t. n. To this, differentiate (B.41) with respect
to m through chain rule. We let A;(n, @) denote the first order partial derivative of A(n, «)

w.r.t. n. Specifically, we have

8@7” 1 "
o (@ (w)y)

OVt 92vyP (T —t;n', )
on on’?

_ (1 — A1(n, @)en — A1, @)

n'=n-X(n,a)jen

(B.42)

Y="Vt,n
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Rearranging terms in (B.42) yields the following relationship:
O?VP (T —t;n, )
on'?

" O*VP (T —t:n/, o
@+ ama T k)
Y=Yt,n n

(1 - )‘1 (TL, a)gt,n)

n'=n

“A,0)5t . (B.43)

agt,n _
on

n'=n—A(n,o)yt,n

The term on the RHS of (B.43) is bounded (i.e., the denominator is nonzero) because
" (y) < 0is defined for y € [0, 1] according to Lemma B.1(i), 8*VP (T — t;n/, a)/On/* < 0
is defined for n’ € [0,1] (Theorem III.2(ii)), and A(n,«) is continuous differentiable for
n € [0, ] and finite @ > 0. This concludes our proof. O

B.2.12 Lemma B.4 and proof

Before stating the lemma, we begin with introducing new notation.

For a given m, we define the stochastic sequence of inventory levels under the closed-
loop policy as N™ = (NS”,N{” e ,Nf’?), where NS” = am. Recall that y sets the
price in period ¢ by optimizing the deterministic problem (D,,) on a rolling horizon,
by replacing T" with T — t and setting u = Nﬁl. (As we discussed in Section I111.4.2,
(D,,) is the scaled version of (D). Hence, by the inventory constraint (Db), the period ¢

conditional expected demand under policy CE-CL would never exceed N;;.)

Lemma B.4 (Convergence of remaining inventory and SIS). If n® = (nP,... nR) is the

solution to (D) when v = «, then the following hold:

Nm
E|— —n?|=0(1/ym), forallt=1,...,T (B.44)
N o
EXN| —/—, « —/\(nt,a) :O(l/\/m), forallt=1,...,T (B.45)
m

Proof. The proof is analogous to that of Lemma III.1 in Appendix B.2.8. We start by
defining the sequence of random variables (Ij*, I, ... Im), where I* = N*/m is the
normalized remaining inventory at time ¢ under the closed-loop policy y*f when the
initial inventory and the expected demand are scaled by m. Note that f{)" = .

We will prove the lemma by induction. The base case is t = 0, where we note that
1" = n® = a, and hence A(IJ",a) = A(nD, o) = Ma, ). Therefore, (B.44) and (B.45)
hold for ¢ = 0. For the induction step, we assume that (B.44) and (B.45) hold for ¢ — 1.
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Specifically,

E T D

m
LY —ni g

=0 (1/ym), (B.46)
E(A(f;’_ll,a) —/\(n?_l,a)‘ — 0 (1/ym), (B.47)

We will show these properties (B.44),(B.45) hold for t.
To prove (B.44) for t, notice that by adding and subtracting E(I;"),

E[I"—nP|=FE <E

" & (I;”) 4 E (I;”) _ P

f;ﬂ-]E(f;”)‘ + ’E(f{”) _nPl.
(B.48)

We will show that both terms in the right side of (B.48) are O(1/y/m).

Following the similar argument from the proof of Lemma III.1 in Appendix B.2.8 until
(B.30), we have the first term on the RHS of (B.48) is O(1/y/m). For the second term
in (B.48), we want to bound the difference between E(I) and nP. From the definition

of f{”, we know
rm rm D;n - 1 T m m +
E(L" | Fo) =E | L2 — e | Fior | = EE [Nt_l - D } | Fi1 ) -

Note E(D™ | Fi_1) = A™ (Nt’ﬁl,am> y<E (Nt’ﬁl,t> and, by Assumption IIL.3, we also

have a bound on the variance Var(DJ" | F,_1) < o A™(N/™,, am)y“E(N/™,,t). Therefore
since N;"; is not random when conditioning on the filtration F;_;, and using the Scarf
bound and (I11.4.4), we have

E(I" | Fior)

1 O'A(IA7z aa)yCE(N@ 7t) 7 7 - 2 rm rm Im
< by (\/ = tl + (MItn—lea)yCE(Nﬁht) - It"h) - ()‘(It—lva)yCE(Ntfht) - It71)

1 CI}‘(IAWi 7O‘)yCE(NW—l 7t) rm \Tm rm Fm T m *m
< § (\/ = m — + ')‘(Itflvo‘)y(ZE(Ntfl’t) - It71 - ()‘(Itfl’a)yCE(Ntflvt) - Itfl)

R . R 1 )\ f7n , CE N'm 7t
SI'nil _A(Itﬂi17a)yCE(Nm t)+2\/0 ( t—1 Oé)y ( t—1 )

t—1» m

The last inequality comes from the fact that given inventory level ]\Afg”_1 at time ¢, the
next price chosen by policy y©F always satisfies N, — A(N/™,, am)y“E(N™,,¢) > 0 since
it resolves (D) with updated inventory level u = N/, which has a constraint (Db) that
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the total expected demand cannot exceed inventory ]\7[’1 1. Therefore, we have
2 A 2 A 1
E(I{" | Fi1) < I = A1, a)y (N2, 1) + O(m™2). (B.49)

Taking the expectation on both sides conditioning on Fy, we have the upper bound

A

E(I) < B (17 = M7, )y S (N2, 1)) + O(1/v/m)

We also have a lower bound from the following arguments:

E(I™) =E ((ftml - thny)

rm Dtm _ rm thn _ rm rm CE/xtm
>E|\ L - m =E|E It—l_W’fffl =E It—l_A(It—laO‘)y (Nt—pt) )

where the last relationship uses (I11.4.4). Hence,

0 <E (I — I, + M )y (N, ) < O(1/vm). (B.50)
This implies that
[E(f) —nP| = [EU) = ny + APy, a)P)|
< (B (Fmy = M )y B (N 1) = nfy + APy, 0)yP | + ©(1/vim) (B.51)
SE | = AT, @)y F (N, 8) = nf )+ AmDy a)yP [+ 0(1/vim)  (B.52)

< BII, —nf |+ B )y (N, 1) = A2, )P |+ ©(1/Vim) - (B.53)
SB[y = |+ B M, )y E O, 1) — Ay, )y BN 1)

B¢
+EA0R 1, )y E (N, 1)~ Ay, a)P| +0(1/vim), (B.54)

(%)

where (B.51) follows from (B.50), (B.52) is from Jensen’s inequality, (B.53) is from

triangle inequality and monotonicity of expectation, (B.54) is derived by subtracting and
adding A(n? ,, a)yE(N",,t) and using the triangle inequality.

To analyze the bound for (), we know A is Lipschitz continuous. This is because A

is continuously differentiable in its two variables (Assumption II1.2(vi)), so there exists a

C) such that |A(n,a) — A(n/,a)| < Cy|n — n/| for all n, n/, and fixed «. Also, we know
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yCE(N/™,,t) < 1 by Assumption IIL2(i). Therefore,

rm D
L™ —ngy

(x) < 1-C\E

To analyze the bound for (x*), we know from Lemma I11.3 that y“E(n, t) is Lipschitz con-
tinuous in n with some Lipschitz constant C,. Furthermore, observe that y“E(mnP, t) =
yP. Another important property of y°E we need is that y“E(mn,t; ma) under initial
inventory is ma is the same as y“E(n,¢; ) under initial inventory is o.. This is because
y E solves optimization model (D) where the optimal intensity is invariant under scaling

since, for any n € [0, o], A(mn, ma) = mA(n, «) due to (I111.4.4). Therefore,
(**) = E ‘)\(ﬂ?_l, a)yCE(NtTD t; ma) - )‘(n?—la a)yCE<mn?7 t; ma)’
=K ’)‘<n?717 Oé)yCE(IAtTEb t; CY) - A(nthh a)yCE(nP7 t; Oé)‘

< AC,E

rm D
LY —ng

(B.55)

where the inequality is due to the Lipschitz continuity of y“E(n,t) in n, and because \ is

upper bounded by A according to Assumption II1.2(v). Therefore, we conclude

<EI", —nP |+ 1-C\E|I™, —nP |+ AC,E I, —nP

+6(1/v/m),
— 0 (1/ym), (B.56)

B0~ 0P

where (B.56) comes from the inductive hypothesis (B.46).

Therefore, we can conclude that the RHS two terms of (B.48) are both bounded by
O (1/4/m), thus giving us (B.44) for all ¢ by induction. For a given ¢, (B.45) follows by
the Lipschitz continuity of A and (B.44):
I = np

ENI™, o) — )\(n?,a)‘ < CO\E — 0 (1/y/m).

This concludes the proof. O

B.2.13 Lemma B.5 and proof

An important implication of Lemma B.4 is that the intensity policy yF converges to
the deterministic sequence yP since, with Lemma II1.3, we know that y“F is Lipschitz
continuous. These properties allow us show that the uncensored expected revenue under
y©E has a gap from VP(m,T) that is O(y/m). This is formalized in the lemma below.
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Lemma B.5 (Convergence of uncensored revenue).

~ o (vm).

(Z o (YN ) Amwtml,am)yCE(er,w) —~ VP(m,T)

(B.57)
Proof. By definition of VP and from property (I11.4.4) of \™,
T
VO(m,T) = "o~ (yP)ymA(np ,, o)yp -
=1
Hence, defining I, = Ni™, /m, we can write the LHS of (B.57) as
T
m|E |37 (o7 (YR, 0) M @)y BV, 1) — 27 (P, a)yP)]
=1
<mE Z <~T71 (YCE<Ntnjlat)) A(LTD a)yCE(NtTht) — a7 (y))A(ny, a)yP)
t=1
S m ZE ‘xil <yCE(NtTﬁ17 t)) )‘(ftrﬁb a)yCE(Ntnzb t) o lﬁl(ZJP))‘(nthl? a)y? (B58)
t=1

Here, the first inequality comes from |[EX| < E|X]| as a result of Jensen’s inequality. The
second inequality comes from triangle inequality and linearity of expectation. To prove
the proposition, since T' is a finite number, it is sufficient to show each term inside the
summation of (B.58) is O (1/y/m).

Note that for any t,

E ‘xil ( CE(Nﬁbt)) /\(fﬁl,a)yCE(Nﬁl,t) - 3771(9?»‘(”}?—17@)9?

—E |r (yE0,0) M 0) = r(pPAmE )|, (B.59)

where 7(y) = x7!(y)y is the per-period revenue rate. Our goal is to show that (B.59) is

O(1/y/m).
We first prove the Lipschitz continuity of the function r(y). From Lemma B.1(i), r(y)
is concave in y and is continuously differentiable for y € [0, 1]. Therefore, there exists C,

such that
Ir(y) — ()| < Crly — v/ (B.60)

Additionally, 7(y) < f = r(y) where ¥ is defined in Lemma B.1(ii). Hence, if we subtract
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and add the term r(yE(N/™,,t))A(nP_,, @) inside the absolute value in (B.59), by triangle
inequality, (B.59) is upper bounded by
E|r (YEV2 ) A @) = (YR, ) AP, a)|
FE[r (YE,0) A2, 0) = r(P)A ., )

< FEAIR, ) = AP, 0)

: (B.61)

+AC, E |y 5 (N, 1) - P

where the second term of (B.61) comes from (B.60) and Assumption II1.2(v). Hence, it
suffices to show the two terms in (B.61) are bounded by O(1/4/m). This is true because,
from (B.45) of Lemma B.4, for any t,

E|NIm,,a) - )\(n?_l,a)‘ —0(1/vm).

Moreover, by definition, y*F results from re-optimizing the deterministic equivalent at
each time period, hence we have that y“E(mnP | ) = yP. We use the property of y“E
that y“E(mn, t; ma) under initial inventory is ma is the same as y“E(n, ¢; @) under initial
inventory is a. This is because y“F solves optimization model (D) where the optimal
deterministic intensity solution is invariant under scaling since (I11.4.4) implies that, for

any n € [0, o], A™(mn, ma) = mA(n, «). Therefore,

B[y (N,0t) o

=E ’yCE (Nﬁp t; moz) — yE(mn 1, t; ma)‘
=K ‘yCE (jtrzlv t; Of) - yCE (nE—la t; Oé)’
< C,E =0 (1/vVm),

m D
LY —ng g

where the inequality is from Lemma I11.3, and the last equality is from (B.44) of Lemma B.4.
This concludes the proof. O

B.2.14 Proof of Theorem III.7

Proof. First, we note that V*(m,T) is greater or equal to the revenue from a single-price

policy and so is strictly positive. To prove the theorem, it is sufficient to show that

_ VE(m,T)

1 R S
VP(m,T)

gl—(l—k)(l—% 3), (B.62)

m

where k = ©(1/y/m) and C' is some constant that is independent of m.

Recall N™ = (Né” e NFF) is the stochastic sequence of remaining inventories under
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yCE, where initial inventory is N;® = am. Then from (II1.2.6), we have

VCEmT

ZE o7 (W) (D = (D = R | fu}] . (B63)

We next define random variable IAZ” = NZ” /m for all ¢, where fg)" = «. Note that
N/, I are not random when conditioning on the filtration F,_;. Further, E(D}" |
Fio1) = mAIM™,, a)y“E(N;™,,t) and, by Assumption II1.3,

Var(Di" | Fi1) < UmA(IAﬁl,a)yCE(Nﬁl,t).
Therefore, by the Scarf bound and from (I11.4.4) we have

E (D - K | Fiod

1 N “ N 2
< 2(\/Um)\(t o )y CE(Ntrﬁlvt)"‘ (Nt 1 m)‘(t o )YCE(Ngﬁlat))

— (W) = mA, )y BN, 1) )

If we multiply the numerator and denominator of the right-hand side by the same term

. N “ “ “ 2
\/o-m)‘(Itw—lla O‘)yCE<Ntni17 t) + (Ntnll - m)‘(Itnzlv O‘)yCE(Ntnzla t))

+ (Ntml m)‘(It 1704)YCE(NZ7—Z1J>> )
then we have the following:

E (D7 = Nt | Fi

_1 omA(I,, )y “E (N, 1)

2 JomA )y BN )+ (N7 — mA (T, )y S (N7, )2 + (N — mAT )y E(N,, )
<1 Um)‘(jtml, )y CE(Ntmp t)

2 JomA(Tr, a)ySE (N )+ (N7, — mA(L @)y e (N7, )2

< % omA(I™ |, o)y E(N™, , t). (B.64)

The second inequality is because, conditional on F,_y, N/, — A\(N/™,, am)y“E(N/™ |, t) >
0. This is because, at time ¢ the closed-loop policy solves the deterministic problem
(D) with parameter u = Ntm_l and initial inventory asm, which has a constraint that the

expected demand cannot exceed u.
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Therefore, plugging (B.64) into the RHS of (B.63), we observe that

M“]

VE(m. T)>E[ o (R 0) (A ¥ 0 - 5 amAir 1,a>yCE<Ntm1,t>)]

1

-
Il

=E [ET: ! (yCE(NtTZUt)) m)‘(-fﬁlva)yCE(Nz"—Lpt)]
_FElzx_l( E( Nyt )\/)‘ iy, )y E(N bﬂ]

=F lixl (yCE(Ntml7 )) m)\(It 1L, Q)Y CE(Niml, )]

. 1_1\/?E{Zf_1x_l (y &( Ny, )\/)‘ 1, )y <E( Atmpt)}
MR [T (YN 1)) M, )y (N )]

()

(B.65)

We get the first equality by multiplying 2! term inside. The second equality comes from
pulling out the first expectation term.

We first derive a lower bound for the first term in (B.65). Note that y“E does not scale
with m since it it is constructed from the intensity solution of (D) which is scale-invariant
due to property (I11.4.4) of A. From Lemma B.5, we know that the difference between
the first term in (B.65) and VP (m,T) scales in O(y/m). This is slower than the speed of
scaling ©(m) of VP(m,T). Hence,

T

> o (YN AU, @)y E(N )

t=1

where k = ©(1/y/m).

Next, we want to derive an upper bound for the term (%), which results in a lower

E >VP(m, T)(1 - k) (B.66)

bound for the second term in (B.65). From Cauchy-Swartz inequality, the numerator of
(#x) is bounded above by

(e )

<E {\ Zx 1( N 1775)) )‘(jﬂlv )y CE(Ntmp t) Tx=1(0)
rT

< \IE Zx_l (yCE(Nﬁlat)) )\(—ftnila a)y CE(Ngnp t)| vTz=1(0),
Lt=1
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where the first inequality comes from Assumption I11.2(ii), and the last inequality comes

from Jensen’s inequality and the fact that /2 is a concave function. Hence,

(%) <

Tz1(0) . \/ Tz-1(0)
E[SL, at (yE (N, 1) Ay, @)y (N, 0]~V VR F)

where the last inequality comes from (B.66).
Since ©(1/y/m) decreases as m grows, we know there exists some constant O(1) un-

affected by m such that ©(1/y/m) < ©(1). Therefore, we know

1 1 1
Vl—k:\/l—@u/\/m) S\/1—@(1) = 6().

Hence, we have that

(#%) < T‘;”D—(I;(;)@a) 2. (B.67)

Finally, we take (B.66) and (B.67) into (B.65), resulting in

VE(m, T) > VO (m, T)(1 — k) (1 21 ic> |

2V m

This completes the proof. n

B.3 Section I11.5 proofs

B.3.1 Proof of Theorem III.8

Proof. We denote as (a*,y*) the optimal inventory and pricing policy of the stochastic
problem (P’) for some demand process that satisfies Assumptions III.1 to II1.3. Because
CE |,CE CE |,CE
QE(m, T) =V Y  (m,T) — ca*Em, we first analyze the bound for V& ¥~ (m,T)
and then get Q“€(m, T) by subtracting ca“Em.
Let (N§*, NJ*, ..., NJ) be the sequence of stochastic remaining inventories under the

joint initial inventory and pricing policy (ma‘E, y°E). Define I™ = N/ /m. From (B.65)
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and (B.67), we know

CE CE T 1
VO[ Y (m7T)2E<Z$_1 (yCE (Nt'rf_ll’t)>m)\< K 1,OCCE> yCE (len_l]-?t)) (1_2 Zlc) .

t=1

Note that Lemmas II1.2 and B.5 implies that

B (Z x_l (yCE (Ntrﬁht)) mA (It 1 aCE) yCE (Ntnzla t)) > m (VDyaCE(T) - k) ’ (B'Q)

where k = O (1//m) and k > 0. Therefore, subtracting both sides of (B.1) by ca®m,

and using (B.2), we have

CE CE CE
VY (m,T) — ca*Fm >m (VD’a (T) — k:) <1 — % %C’) —ca*Fm.  (B.3)
QE(m, T)

Now we analyze the RHS of (B.3) to connect it to Q*(m,T). Define ky = 3,/ZC

where C' is defined in (B.67) with o = oE.
Factoring out m (1 — k;) in the RHS of (B.3) results in

m(1— ki) (VD,aCE (T) — k- coCE >

11—k
_ _ b, F . CE_ CE ca‘F . . CE
=m(l—Fk) |V (T) — ca*® —k + ca T % subtracting and adding ca
— k1
Qv ()
* k CE *
m(l—k) | VY (T) - ca* —k — caCEl 1k definition of a“F so Q®% (T) > Q> (T)
—_— — k1
Q™ (T)
k
(1—k) <VD a’ (m,T) — ca*m — mk — ca® ml lk > multiplying m inside
— k1
k
(1—k) (V (m,T) — ca*m — mk — ca“F m7 1k ) from Proposition III.1
— k1
(1—k) ve ,y (m,T) — ca*m —(m + caFm)k, (B.4)
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with ko = O (1/4/m) because
k1 1
11—k _@<m—1>'
Dividing (B.3) and the RHS of (B.4) by Q*(m,T) = VALY (m,T) — ca*m yields

Q(m, T)
Q*(m,T)

CE
2(1—k1)(1—k2- m+ca--m )

vy (m,T) — ca*m

Hence, to prove (IIL1.5.1), it suffices to show

SRR —)
VasY (m,T) — ca*m
This is true because
m + ca“Em _ m (1 + ca‘F) _ < 1+ caE )
VY (m,T) — carm  m(VP(T) — O(1/ym) — ca) VP(T) = car )"
which is constant in m. This concludes the proof. O

B.3.2 Proof of Proposition II1.2

Since it is not possible to characterize the exact revenue difference between the optimal
and the fixed price policy, to prove Proposition I11.2, we utilize the bound established
by VP. To see this, an implication of our results in Section II1.3 is 0 < VP(m,T) —
V*(m,T) < O(y/m) (Proposition II1.1, Theorem II1.7). In other words, VP(m,T) is a
good approximation of the optimal revenue in an asymptotic regime. Hence, if we are

able to show for any o > 0 that
VP (m, T) — VP%m, T) = Q(m), (B.5)

then this establishes the first statement in Proposition I11.2. Note that this also proves
the second statement since the profit loss of the fixed price policy (a°%,y°") is bounded
below by the revenue loss of y°F with o = a°F.

We need two key results to prove (B.5). The first key result in establishing (B.5) is
to show that VP (m,T) — VP'¢(m,T) = ©(m), where V®"*(m, T) is the deterministic
revenue under the fixed price defined in (II1.5.3) when the initial inventory is am. This

is formalized in the following lemma (whose proof is in Appendix B.3.3) that states that
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the difference grows at a linear rate in m.
Lemma B.6 (Revenue loss of the fixed price policy for deterministic problems). When
T > 2, for a fixed a > 0, if
(i) (%VD (T'— 100 = Ma,)y,a) | #0, and
. Y=y
(if) =3, Ay, @)y,
then VP& (m, T) — VP'2(m,T) = O(m).

Condition (i) of Lemma B.6 implies the myopic optimal intensity g is not the optimal
first-period price the deterministic model VP(T). Condition (ii) means that we have a
sufficient amount of initial inventory if we use to set the price at z71(3).

The second key piece is the following lemma, which can be established from results
in Section II1.3, is that the gap between the expected revenue VSP%(m, T) and the de-
terministic revenue VP%(m, T) is O(y/m). Note that by V3%(m,T) we mean the ex-

pected revenue of the fixed price policy under the stochastic problem. The proof is in
Appendix B.3.6.

Lemma B.7. For a fixed o > 0,

VP (m, T) < VP'(m, T) + O(v/m).

Now we are ready to prove the proposition.

Proof of Proposition II1.2. From the definition that Q*(m,T) is the optimal profit, we
SP
know Q*(m,T) > V*%*" (m,T) — ma>Fc. Then,

sp sp
Q*(m,T) — Q*(m,T) > (V*’a (m,T) — maspc> - (Vsp,a (m,T) — maspc)
sP sP
=V (m,T) - VPY (m,T).

Hence, to prove the proposition, it suffices to show V*%(m,T) — V% (m, T) = Q(m) for
any fixed a > 0.

We know that V*%(m, T) is bounded below by V&< (m, T). Hence, by Theorem IIL.7,
we have that V*%(m,T) > VP (m,T) — O(y/m). This and Lemma B.7 result in

V*(m,T) — VSP(m,T) > VO(m,T) — O(v/m) — VP'(m,T) — O(vm). (B.6)
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Moreover, according to Lemma B.6, we know the RHS of (B.6) equals to ©(m) —O(y/m),
which is © (m). This concludes the proof. O

B.3.3 Proof of Lemma B.6

Proof. Consider an arbitrary o > 0 satisfying the conditions of the lemma. Recall the
definition RP(u,T) in (B.6), where VP(T) = RP(a, T).
Due to condition (ii) of the lemma and from (II1.5.2), we have that y°F = 7. Define

the recursive equations
R®(u,T) = 27 (§)A(u, )y + R® (o = A(u, )y, T — 1),

where RP (u,0) = 0 for all u € [0,a]. Note that V®'(T') = R® (a, T).
We next define

RPY(u,T) £ 27 (y)A(u, )y + R°(a — Mu, )y, T — 1) and
R%(u,T) £ 27 (y)Mu, a)y + R® (o = A, @)y, T — 1),

where RP(u,T) is defined in (B.6). Note that RP¥(u,T) is the objective in (B.6). From
the definition of yP, when v = a, RP¥Y(a,T) achieves its maximum value VP(T) when

y = yP. We observe that

VP(T) — VP(T) = R®¥ (o, T) — R®(a, T) + R®¥(a, T) — R®¥(, T) . (B.7)

(a) (0)

In (B.7), (b) > 0 because
(b) = R° (o — A, @)5, T — 1) — R® (v — M(a, )5, T — 1) > 0

since RP(-,-) = VP(.,.) defined in (D), and RP'(-,-) is the objective value of model (D)
when y; = g for all ¢ (we can check that g is feasible to (D)). Therefore, the RHS of (B.7)
is lower bounded by (a).

Because RPY is strictly concave in y (Claim B.2) and since y? > 0 (Theorem I11.4),

then we know

9 b
4+ —R a—Aa,ay,T—l’ = 0.

(c) (d)
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Condition (i) of Lemma B.6 states that (d) # 0 which, combined with (B.8), implies
that (¢) # 0. Since g is the unique value that can make a%:cfl(y)/\(oz, a)y equal to zero
(Lemma B.1(ii)), we conclude yP # . Therefore, by the mean value theorem, there exists

ay € (min{g,le},max{g,le}) such that

ORPY(a, T)

D _
(a) = RPY1 (o, T) — R°Y(a,T) =
Ay Y=y

(yr — 9)- (B.9)

Note that (a) > 0 because yP is the maximizer of RP¥(a,T). Note that the derivative
term in (B.9) is nonzero because i’ # yP and yP is the unique maximizer of RP¥(«, T)
(Lemma B.1(ii)). Further, since y? # 4, we have that (a) > 0. Hence, VP(T) —VF(T) >
0. This implies that VP(m,T) — V3F(m,T) = m (VP(T) — VF(T)) = ©(m). This

concludes our proof. O

B.3.4 Corollary B.1 and proof

Corollary B.1. Given a > 0, let (NJ", Nj",..., NJ') denote the sequence of stochas-

tic remaining inventory under policy y°° with NJ* = am. Define I = N/*/m. Let
n® = (nY,...,n%) be the deterministic sequence of remaining inventory when fixing
y = (y°7,...,y°") with initial inventory a. Then the following hold:

E|I" —nl| =0 (1/v/m)
and

E ’)\(Itm,a) “a (n?l,a)‘ —0(1/vm).

Proof. The only difference between Corollary B.1 and Lemma B.4 is the gap between the
stochastic intensity sequence and the deterministic intensity sequence. In Lemma B.4
(using the notation in the proof of Lemma B.4), we apply y°F to the stochastic problem
and accordingly get normalized inventory (IAtm)t; and we apply 3° to the deterministic
problem and accordingly have nP. However, in Corollary B.1, we apply (°F,...,%°F) to
the stochastic problem and accordingly get normalized inventory (I;");; and we apply the
same (y°F,...,3°") to the deterministic problem and accordingly have nP’. As a result,
the key difference between the proofs of Lemma B.4 and Corollary B.1 is the logic to
have the same (x*) in (B.54) upper bounded by (B.55). Note that the definition of y°F in
(II1.5.2) also guarantees that inventory constraint is satisfied in expectation, so the logic
in the proof stays the same as Lemma B.4.

In Lemma B.4, (using the notation in the proof of Lemma B.4) we have the gap
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between y°F and yP is

E ‘yCE (Ntrfl,t) — y? < S\CyE IAtnzl - ntDA =0 (1/\/%) : (B.10)

Note that (B.10) is the key to have (xx) < (B.55) in the proof of Lemma B.4. To
get (B.10), the crucial part is the Lipschitz continuity of policy y*E proved in Lemma II1.3.
Therefore, in Corollary B.1, if we also have the gap between y sequences applied to the
stochastic and deterministic problems is O(1/y/m), then we are done. In fact, for Corol-
lary B.1, we apply the same sequence (y°,...,y°") to both stochastic and deterministic

problems, so clearly
E|y>" (N1, t) =y | =0,

thus is O(1/4/m). Therefore, we get the same bound as (B.55) in the proof of Lemma B.4.
Then, Corollary B.1 holds by applying the same logic as the proof of Lemma B.4.

O
B.3.5 Corollary B.2 and proof

Corollary B.2. Given o > 0, let (N, NJ",..., NJ*) denote the sequence of stochastic

remaining inventory under policy y°° with NJ® = am. Define I’ & N™/m. Then,

=0 (1/vVm).

E (Z z! (ySP(Ntnzlvt)) A (ItW—le a) ySP(Ntnibt)) - VSP<aa T)

Proof. Similar to the proof of Corollary B.1 (see Appendix B.3.4), the only difference
between Corollary B.2 and Lemma B.5 is the gap between the stochastic intensity sequence
and the deterministic intensity sequence. In Lemma B.5 (using the notation in the proof
of Lemma B.5), we apply yF to the stochastic problem and accordingly get the remaining

inventory (N;")T_, and the expected revenue

(3o (57 (8t)) o () (3700) )
t=1

and we apply y° to the deterministic problem (D) and accordingly have nP and the
deterministic revenue V°(a, T). However, in Corollary B.1, we apply (y°F,...,%°") to the

stochastic problem and accordingly get the normalized inventory (I;"); and the expected
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revenue
<Zx SP )\m Ntmla )ySP> ;
SP

and we apply the same (y°7,...,4°F) to the deterministic problem (D) and accordingly
have n®" and the deterministic revenue V® (o, T).

The proof of Corollary B.2 follows exactly the same logic of the proof of Lemma B.5.
Whenever we use Lemma B.4 in the proof of Lemma B.5, we replace these with Corol-

lary B.1. Whenever we use Lemma III.3 to bound E ‘yCE <N[ﬁ1, t) — yP’, we do not need

them because we have zero gap between two sequences of y, that is E ‘ySP (Nt”j 1 t) — ysp‘ =
0. O
B.3.6 Proof of Lemma B.7
Proof. Given a > 0, let (N{*, NJ", ..., NJ*) denote the sequence of stochastic remaining
inventory under policy y°° with NJ* = am. Define I £ N/* /m.
First we notice that
sp r
VeY (m,T) < mE (Z e (PPN (I, «) y5P> (B.11)
t=1

because the RHS is the expected revenue under y°F without the inventory constraint.
According to Corollary B.2 (see Appendix B.3.5), we know

T

mVS(a,T) — O(v/m) < mE (Z ey PN (I, @) ySP> <mVS(a, T) + O(v/m). (B.12)
t=1

Plugging (B.12) into RHS of (B.11), we get

VoY (m, T) < mVSP2(T) + O(y/m) = VP (m, T) + O(v/m).
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