Learning Algorithms for
Stochastic Dynamic Pricing and Inventory Control

by

Boxiao Chen

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Industrial and Operations Engineering)
in The University of Michigan
2016

Doctoral Committee:

Professor Xiuli Chao, Co-Chair
Professor Hyun-Soo Ahn, Co-Chair
Associate Professor Brian Denton
Assistant Professor Cong Shi
Associate Professor Xun Wu



(© Boxiao Chen 2016
All Rights Reserved




ACKNOWLEDGEMENTS

First of all, I would like to thank my dissertation co-chairs Prof. Xiuli Chao
and Prof. Hyun-Soo Ahn for their time and effort in guiding me through this Ph.D.
journey. Without their support and help, this dissertation would not have been
possible. One chapter in the dissertation also involves Prof. Cong Shi, from whom
I have learned a lot. I would also like to thank my committee members Prof. Brian
Denton and Prof. Xun Wu, for their helpful discussions and feedback.

My gratitude also goes to professors in the IOE department from whose lectures
I have learned methodologies and techniques to conduct my research, including Prof.
Marina Epelman, Prof. Jon Lee, Prof. Edwin Romeijn, Prof. Romesh Saigal and
Prof. Robert Smith. And I also owe my thanks to staff members of the department
for their assistance and help.

I appreciate the friendship from Prof. Xiuli Chao’s research group, which includes
former members Dr. Xiting Gong, Dr. Jingchen Wu, Dr. Gregory King and Dr.
Majid Al-Gwaiz, and current members Huanan Zhang, Sentao Miao and Duo Xu.
Their feedback and comments help me a lot in my processes of doing researches and
job hunting. T would also like to thank all my other friends for their caring and
sharing.

Finally, I would like to thank my dearest parents for their unconditional love that
carries my through many difficulties during my Ph.D. study. Their encouragement
and support have always been the best source of energy to keep me moving forward,

not only in pursuing my Ph.D., but also in life.

1



TABLE OF CONTENTS

ACKNOWLEDGEMENTS . . . ... ... ... .. . . ..., ii
LIST OF FIGURES . . . . . . . . .. . o o v
LIST OF TABLES . . . . . . . . o e vi
ABSTRACT . . . . . e vii
CHAPTER

I. Introduction . . . . .. ... o 1

II. Coordinating Pricing
and Inventory Replenishment

with Nonparametric Demand Learning . . . . . . . . ... ... 4
2.1 Introduction . . . . . . ... ... ... 4
2.1.1 Literature Review . . . . . . . .. ... ... .... 5

2.1.2  Contributions and Comparison with Closely Related
Literature . . . . . . . . . .. ... ... .. 7
2.1.3 Organization . . . . .. .. .. ... ... ... 10
2.2  Formulation and Learning Algorithm . . . . . . . . ... ... 11
23 MainResults . . . . . . . .. 20
2.4 Sketches of the Proof . . . . . .. ... ... ... ... ... 25
2.4.1 Technical Issues Encountered . . . . . . . . . . ... 26
2.4.2 Main Ideas of the Proof . . . . . . . ... ... ... 27
2.4.3 Proof of Theorem 1 . . . . . . ... ... ...... 31
2.4.4 Proof of Theorem 2 . . . . . .. ... ... ..... 37
2.5 Conclusion . . . . . . . . . .. 44
2.6 Appendix . . . . ... 45

1l



III. Nonparametric Algorithms for
Joint Pricing and Inventory Control with

Lost-Sales and Censored Demand . . . . . . ... ... . .... 71
3.1 Imtroduction . . . . .. ... ..o 71
3.1.1 Model Overview, Example and Research Issues . . . 71
3.1.2  Main Results and Contributions . . . . . . ... .. 74
3.1.3 Literature Review . . . . . . . ... ... ... ... 78
3.1.4 Organization and General Notation . . .. ... .. 81
3.2 Joint Pricing and Inventory Control with Lost-Sales and Cen-
sored Demand . . . . ... ... oo 82
3.2.1 Problem Definition . . . ... ... ... ... ... 82
3.2.2  Clairvoyant Optimal Policy and Main Assumptions 84
3.3 Nonparametric Data-Driven Algorithm . . . . . .. .. .. .. 87
3.3.1 Data-Driven Algorithm for Censored Demands (DDC) 87
3.3.2  Algorithmic Overview of DDC . . . . . .. ... .. 90
3.3.3 Linear Approximation of (Opt-SAA), and Regularity
Conditions . . . . . .. ... oL 93
3.3.4 Numerical Experiment . . . . ... ... ... ... 95
3.4 Main Results and Performance Analysis . . . . . ... .. .. 96
3.4.1 Key Ideas in Proving the Convergence of Pricing De-
CISIONS . . . . . ..o 100
3.4.2 Key Ideas in Proving the Convergence of Inventory
Decisions . . . . .. . ..o 108
3.4.3 High Level Ideas in Proving the Regret Rate . . . . 111
3.5 Discussions . . . .. ..o 114
3.6 Appendix . . . . .. .. 116

IV. Data-Driven Dynamic Pricing
and Inventory Control with Censored Demand

and Limited Price Changes . . . . ... ... ... ... ..... 145

4.1 Introduction . . . . . . . .. ..o 145

4.2 Model Formulation and Preliminaries . . . . . . ... .. .. 151

4.3 Learning Algorithms . . . . . . .. ... ... 155

4.3.1 Well-Separated Case . . ... ... ... ...... 156

4.3.2 The General Case . . . . . .. ... ... ...... 166

4.4 Numerical Results . . . . . . . . ... ... ... ....... 173

4.5 Conclusion . . . . . . . . . e 175

4.6 Appendix . . ... 177
BIBLIOGRAPHY . . . . . . 203

v



Figure

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

LIST OF FIGURES

The clairvoyant’s problem (Opt-CV) . . . ... ... ... ... .. 73
The sampled problem (Opt-SAA) . . . . ... ... ... ... ... 73
B=052 . . 99
B=054 . . 99
Sparse discretization and uniform closeness . . . . . . .. ... ... 104

Choosing p to be the closet point on the grid to p, and also on the
same side as p (relativeto p) . . . . . . ... 105

The sampled profit as a function of order-up-to level y (for a fixed
price p = 2.6) in Example ITIL.1 . . . .. ... ... .. ... .. ... 111

Choosing p to be the closet point on the grid to p, and also on the
same side as p (relative top) . . . . . . ..o 130



Table
2.1
2.2
3.1

4.1

LIST OF TABLES

Exponential Demand . . . . . . . ... ... L. 24
Logit Demand . . . . . . . . ... ... ... 24
Percentage of Profit Loss (%) . . ... ... ... ... ... .... 97
Numerical results . . . . .. . ... L oo 174

vi



ABSTRACT

Learning Algorithms for Stochastic Dynamic Pricing and Inventory Control
by

Boxiao Chen

Chair: Xiuli Chao, Hyun-Soo Ahn

This dissertation considers joint pricing and inventory control problems in which the
customer’s response to selling price and the demand distribution are not known a
priori, and the only available information for decision-making is the past sales data.
Data-driven algorithms are developed and proved to converge to the true clairvoyant
optimal policy had decision maker known the demand processes a priori, and, for the
first time in literature, this dissertation provides theoretical results on the convergence
rate of these data-driven algorithms.

Under this general framework, several problems are studied in different settings.
Chapter 2 studies the classical joint pricing and inventory control problem with back-
logged demand, and proposes a nonparametric data-driven algorithm that learns
about the demand on the fly while making pricing and ordering decisions. The per-
formance of the algorithm is measured by regret, which is the average profit loss
compared with that of the clairvoyant optimal policy. It is proved that the regret
vanishes at the fastest possible rate as the planning horizon increases.

Chapter 3 studies the classical joint pricing and inventory control problem with

lost-sales and censored demand. Major challenges in this study include the following;:

vil



First, due to demand censoring, the firm cannot observe either the realized demand
or realized profit in case of a stockout, therefore only biased data is accessible; second,
the data-driven objective function is always multimodal, which is hard to solve and
establish convergence for. Chapter 3 presents a data-driven algorithm that actively
explores in the inventory space to collect more demand data, and designs a sparse dis-
cretization scheme to jointly learn and optimize the multimodal data-driven objective.
The algorithm is shown to be very computationally efficient.

Chapter 4 considers a constraint that only allows the firm to change prices no
more than a certain number of times, and explores the impact of number of price
changes on the quality of demand learning. In the data-driven algorithm, we extend
the traditional maximum likelihood estimation method to work with censored demand
data, and prove that the algorithm converges at the best possible rate for any data-

driven algorithms.

viil



CHAPTER I

Introduction

Firms often integrate inventory and pricing decisions to match demand with sup-
ply. For instance, a firm may offer a discounted price when there is excess inventory
or raise the price when the inventory level is low. Since the seminal paper of Whitin
(1955), the joint pricing and inventory control problems have attracted significant
attention in the field (see, e.g., the survey papers by Petruzzi and Dada (1999), El-
maghraby and Keskinocak (2003), Yano and Gilbert (2003), Chen and Simchi-Levi
(2012)). Almost all papers on this topic assume that the firm knows how the market
responds to its selling prices and the exact distribution of uncertainty in customer
demand, and the inventory and pricing decisions are made with full knowledge of the
underlying demand process. However, in practice, the demand-price relationship is
usually not known a priori. Indeed, even with past observed demand data (often
censored in the lost-sales case), it remains difficult to select the most appropriate
functional form and estimate the distribution of demand uncertainty (see Huh and
Rusmevichientong (2009), Huh et al. (2011), Besbes and Muharremoglu (2013), Shi
et al. (2015) for more discussions on censored demand in various other inventory
systems).

In Chapter 2, we consider a firm (e.g., retailer) selling a single nonperishable prod-

uct over a finite-period planning horizon. Demand in each period is stochastic and



price-dependent, and unsatisfied demands are backlogged. At the beginning of each
period, the firm determines its selling price and inventory replenishment quantity, but
it knows neither the form of demand dependency on selling price nor the distribution
of demand uncertainty a priori, hence it has to make pricing and ordering decisions
based on historical demand data. We propose a nonparametric data-driven policy
that learns about the demand on the fly and, concurrently, applies learned informa-
tion to determine replenishment and pricing decisions. The policy integrates learning
and action in a sense that the firm actively experiments on pricing and inventory
levels to collect demand information with the least possible profit loss. Besides con-
vergence of optimal policies, we show that the regret, defined as the average profit loss
compared with that of the clairvoyant optimal solution when the firm had complete
information about the underlying demand, vanishes at the fastest possible rate as the
planning horizon increases.

In Chapter 3, we consider the classical joint pricing and inventory control prob-
lem with lost-sales and censored demand in which the customer’s response to selling
price and the demand distribution are not known a priori, and the only available
information for decision-making is the past sales data. Conventional approaches,
such as stochastic approximation, online convex optimization, and continuum-armed
bandit algorithms, cannot be employed since neither the realized values of the profit
function nor its derivatives are known. A major difficulty of this problem lies in
the fact that the estimated profit function from observed sales data is multimodal
even when the expected profit function is concave. We develop a nonparametric
data-driven algorithm that actively integrates exploration and exploitation through
carefully designed cycles. The algorithm searches the decision space through a sparse
discretization scheme to jointly learn and optimize a multimodal (sampled) profit
function, and corrects the estimation biases caused by demand censoring. We show

that the algorithm converges to the clairvoyant optimal policy as the planning hori-



zon increases, and obtain the convergence rate of regret. Numerical experiments show
that the proposed algorithm performs very well.

In Chapter 4, we consider a firm selling a product over T periods. Demand in
each period is random and price sensitive, and unsatisfied demands are lost and unob-
servable. The firm has limited prior knowledge about the demand process and needs
to learn it through historical sales data. We consider the scenario where the firm is
faced with the business constraint that prevents it from conducting extensive price
experimentation. We develop data-driven algorithms for pricing and inventory deci-
sions and evaluate their effectiveness using regret, which is the profit loss compared
to a clairvoyant who has complete information about the demand process. We study
three distinct scenarios and design algorithms that achieve the lowest possible regret
rates: First, in a quite general case, when the number of price changes is bounded by
a given number, the regret is O(T"/?). Second, in a special so-called well-separated
case, when the number of price changes is limited to m, the regret is O(TY/™*1),
Third, in the well-separated case allowing more frequent price changes that is limited
to O(logT), the regret is O(logT). Numerical results show that these algorithms

empirically perform very well.



CHAPTER II

Coordinating Pricing
and Inventory Replenishment

with Nonparametric Demand Learning

2.1 Introduction

Balancing supply and demand is a challenge for all firms, and failure to do so
can directly affect the bottom-line of a company. From the supply side, firms can
use operational levers such as production and inventory decisions to adjust inven-
tory level in pace of uncertain demand. From the demand side, firms can deploy
marketing levers such as pricing and promotional decisions to shape the demand to
better allocate the limited (or excess) inventory in the most profitable way. With
the increasing availability of demand data and new technologies, e.g., electronic data
interchange, point of sale devices, click stream data etc., deploying both operational
and marketing levers simultaneously is now possible. Indeed, both academics and
practitioners have recognized that substantial benefits can be obtained from coordi-
nating operational and pricing decisions. As a result, the research literature on joint
pricing and inventory decisions has rapidly grown in recent years, see, e.g., the survey
papers by Petruzzi and Dada (1999), Elmaghraby and Keskinocak (2003), Yano and
Gilbert (2003), and Chen and Simchi-Levi (2012).



Despite the voluminous literature, the majority of the papers on joint optimization
of pricing and inventory control have assumed that the firm knows how the market
responds to its selling prices and the exact distribution of uncertainty in customer
demand for any given price. This is not true in many applications, particularly with
demand of new products. In such settings, the firm needs to learn about demand
information during the dynamic decision making process and simultaneously tries to
maximize its profit.

In this chapter, we consider a firm selling a nonperishable product over a finite-
period planning horizon in a make-to-stock setting that allows backlogs. In each
period, the firm sets its price and inventory level in anticipation of price-sensitive and
uncertain demand. If the firm had complete information about the underlying demand
distribution, this problem has been studied by, e.g., Federgruen and Heching (1999),
among others. The point of departure this paper takes is that the firm possesses
limited or even no prior knowledge about customer demand such as its dependency
on selling price or the distribution of uncertainty in demand fluctuation. We develop
a nonparametric data-driven algorithm that learns the demand-price relationship and
the random error distribution on the fly. We also establish the convergence rate of
the regret, defined as the average profit loss per period of time compared with that
of the optimal solution had the firm known the random demand information, and
that is fastest possible for any learning algorithm. This work is the first to present a
nonparametric data-driven algorithm for the classic joint pricing and inventory control
problem that not only shows the convergence of the proposed policies but also the

convergence rate for regret.

2.1.1 Literature Review

Almost all early papers in joint pricing and inventory control, e.g., Whitin (1955),

Federgruen and Heching (1999), and Chen and Simchi-Levi (2004a), among others,



assume that a firm has complete knowledge about the distribution of underlying
stochastic demand for any given selling price. The complete information assumption
provides analytic tractability necessary for characterizing the optimal policy. The
extension to the parametric case (the firm knows the class of distribution but not
the parameters) has been studied by, for example, Subrahmanyan and Shoemaker
(1996), Petruzzi and Dada (2002), and Zhang and Chen (2006). Chung et al. (2011)
also consider the problem of dynamic pricing and inventory planning with demand
learning, and they develop learning algorithms using Bayesian method and Markov
chain Monte Carlo (MCMC) algorithms, and numerically evaluate the importance of
dynamic pricing. An alternative to the parametric approach is to model the firm’s
problem in a nonparametric setting. Under this framework, the firm does not make
specific assumptions about underlying demand. Instead, the firm makes decisions
solely based on the collected demand data, see Burnetas and Smith (2000). Our work
falls into this category.

To our best knowledge, Burnetas and Smith (2000) is the only paper that considers
the joint pricing and inventory control problem in a nonparametric setting. The
authors consider a make-to-stock system for a perishable product with lost sales and
linear costs, and propose an adaptive policy to maximize average profit. They assume
that the price is chosen from a finite set and formulate the pricing problem as a multi-
armed bandit problem, and show that the average profit under their approximation
policy converges in probability. No convergence rate or performance bound is obtained
for their algorithm.

Other approaches in the literature on developing nonparametric data-driven algo-
rithms include online convex optimization (Agarwal et al. (2011), Zinkevich (2003),
Hazan et al. (2007)), continuum-armed bandit problems (Auer et al. (2007), Kleinberg
(2005), Cope (2009)), and stochastic approximation (Kiefer and Wolfowitz (1952b),
Lai and Robbins (1981), and Robbins and Monro (1951)). In fact, Burnetas and



Smith (2000) is an example of implementing such algorithms to the joint pricing
and inventory control problem. However, these methodologies require that the pro-
posed solution be reachable in each and every period, which is not the case with our
problem. This is because, in a demand learning algorithm of joint pricing/inventory
control problem, in each period the algorithm utilizes the past demand data to pre-
scribe a pricing decision and an order up-to level. However, if the starting inventory
level of the period is already higher than the prescribed order up-to level, then the
prescribed inventory level for the period cannot be reached. Actually, that is pre-
cisely the reason that Burnetas and Smith (2000) focused on the case of perishable
product (hence the firm has no carry-over inventory and the inventory decision ob-
tained by Burnetas and Smith (2000) based on multi-armed bandit process can be
implemented in each period). Agarwal et al. (2011), Auer et al. (2007), and Kleinberg
(2005) propose learning algorithms and obtain regrets that are not as good as ours
in this chapter. Zinkevich (2003) and Hazan et al. (2007) present machine learning
algorithms in which the the exact gradient of the unknown objective function at the
current decision can be computed, and their results have been applied to dynamic
inventory control in Huh and Rusmevichientong (2009). However, in the joint pricing
and inventory control problem with unknown demand response, the gradient of the

unknown objective function cannot be obtained thus the method cannot be applied.

2.1.2 Contributions and Comparison with Closely Related Literature

The closest related research works to ours are Besbes and Zeevi (2015), Levi et al.
(2007) and Levi et al. (2011), offering nonparametric approaches to pure pricing
problem (with no inventory) and pure inventory control problem (with no pricing),
respectively.

Besbes and Zeevi (2015) consider a dynamic pricing problem in which a firm

chooses its selling price to maximize expected revenue. The firm does not know



the deterministic demand curve (i.e., how the average demand changes in price) and
learns it through noisy demand realizations, and the authors establish the sufficiency
of linear approximations in maximizing revenue. They assume that the firm has
infinite supply of inventory, or, alternatively, the seller has no inventory constraint.
In this case, since the expected revenue in each period depends only on its mean
demand, the distribution of random error is immaterial in their learning algorithm
and analysis. On the other hand, in the dynamic newsvendor problem considered
in Levi et al. (2007, 2010), the essence for effective inventory management is to
strike a balance between overage cost and underage cost, for which the distribution
of uncertain demand plays a key role. Levi et al. (2007) and Levi et al. (2011)
apply Sample Average Approximation (SAA) to estimate the demand distribution
and average cost function, and they analyze the relationship between sample sizes
and accuracy of estimations and inventory decisions.

Our problem has both dynamic pricing and inventory control, and the firm knows
neither the relationship between demand and selling price nor the distribution of
demand uncertainty. In Besbes and Zeevi (2015), the authors only need to estimate
the average demand curve in order to maximize revenue, and demand distribution
information is irrelevant. In a remark, Besbes and Zeevi (2015) state that their
method of learning the demand curve can be applied to maximizing more general
forms of objective functions beyond the expected revenue which, however, does not
apply to our setting. This is because, in the general form presented in Besbes and Zeevi
(2015), the objective function still has to be a known function in terms of price and the
demand curve for a given price and a given demand curve. Thus the firm must know
the exact expression of the objective function when the estimate of a demand curve is
given. In our problem, even with a given price and inventory level and a given demand
curve, the objective function cannot be written as a known deterministic function.

Indeed, this function contains the expected inventory holding and backorder costs



that depend on the distribution of demand fluctuation, which is also unknown to the
firm. In fact, the latter is a major technical challenge encountered in this chapter
because, as we will explain below, the estimation of the demand uncertainty, therefore
also of the expected holding/shortage cost, cannot be decoupled with the estimation
of the average demand curve, which is gathered through price experimentation.

Standard SAA method is implemented to the newsvendor problem by Lewi et al.
(2007) and Levi et al. (2011) which, however, cannot be applied to our setting for
determining inventory decisions. In Levi et al. (2007) and Levi et al. (2011), dynamic
inventory control is studied in which pricing is not a decision and it is assumed (implic-
itly) to be given. The only information the firm is uncertain about is the distribution
of random fluctuation. Therefore, the firm can observe true realizations of demand
fluctuation which are used to build an empirical distribution. In our model, however,
the firm knows neither how average demand responds to the selling price (demand
curve) nor the distribution of fluctuating demand, but both of them affect demand re-
alizations. For any estimation of average demand curve, the error of this estimate will
affect the estimation of distribution of random demand fluctuation. Hence, through
the realization of random demand we are unable to obtain a true realization of ran-
dom demand error without knowing the exact average demand function. As a result,
the standard SAA analysis is not applicable in our setting because unbiased samples
of the random error cannot be obtained.

Because the firm does not know the exact demand curve a priori, its estimate
of error distribution using demand data is inevitably biased, and as a result, the
data-driven optimization problem constructed to compute the pricing and ordering
strategies is also biased. Because of this bias, it is no longer true that the solution
of the data-driven problem using SAA must converge to the true optimal solution.
Fortunately, we are able to show that as the learning algorithm proceeds, the biases

will be gradually diminishing and that allows us to prove that our learning algorithm



still converges to the true optimal solution. This is done by establishing several
important properties of the newsvendor problem that bound the errors of biased
samples. One main contribution of this chapter is to explicitly prove that the solution
obtained from a biased data-driven optimization problem still converges to the true
optimal solution.

Finally, we highlight on the result of the convergence rate of regret. Besbes and
Zeevi (2015) obtain a convergence rate of T~/2?(logT)? for their dynamic pricing
problem, where 7" is the length of the planning horizon. For the pure dynamic inven-
tory control problem, Huh and Rusmevichientong (2009) present a machine learning

1/2_ For the joint pricing and inventory problem,

algorithm with convergence rate 7'~
we show that the regret of our learning algorithm converges to zero at rate T-/2,
which is also the theoretical lower bound. Thus, this chapter strengthens and extends
the existing work by achieving the tightest convergence rate for the problem with joint
pricing and inventory control. One important implication of our finding is that the
linear demand approximation scheme of Besbes and Zeevi (2015) actually achieves the
best possible convergence rate of regret, which further improves the result of Besbes

and Zeevi (2015). That is, nothing is lost in the learning algorithm in approximating

the demand curve by a linear model.

2.1.3 Organization

The rest of this chapter is organized as follows. Section 2.2 formulates the problem
and describes the data-driven learning algorithm for pricing and inventory control
decisions. The following two sections (Sections 3 and 4) present our major theoretical
results together with a numerical study, and the main steps of the technical proofs,
respectively. The chapter concludes with a few remarks in Section 5. Finally, the

details of the mathematical proofs are given in the Appendix.
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2.2 Formulation and Learning Algorithm

We consider an inventory system in which a firm (e.g., a retailer) sells a nonper-
ishable product over a planning horizon of T" periods. At the beginning of each period
t, the firm makes a replenishment decision, denoted by the order-up-to level, ¥;, and a
pricing decision, denoted by p;, where 3, € Y = [y}, y"] and p, € P = [p', p"] for some
known lower and upper bounds of inventory level and selling price, respectively. We
assume p" > p' since otherwise, the problem is the pure inventory control problem
and learning algorithms have been developed in Huh and Rusmevichientong (2009),
Levi et al. (2007), and Levi et al. (2011). During period ¢ and when the selling price is
set to p¢, a random demand, denoted by D;(p;), is realized and fulfilled from on-hand
inventory. Any leftover inventory is carried over to the next period, and in case the
demand exceeds 1, the unsatisfied demand is backlogged. The replenishment lead-
time is zero, i.e., an order placed at the beginning of a period can be used to satisfy
demand in the same period. Let h and b be the unit holding and backlog costs per
period, and the unit purchasing cost is assumed, without loss of generality, to be zero.

The model as described above is the well-known joint inventory and pricing deci-
sion problem studied in Federgruen and Heching (1999), in which it is assumed that
the firm has complete information about the distribution of Dy(p,). In this chapter
we consider a setting where the firm does not have prior knowledge about the demand
distribution.

In general, the demand in period ¢ is a function of selling price p; in that period and
some random variable €, and it is stochastically decreasing in p;. The most popular
demand models in the literature are the additive demand model Dy(p,) = A(p:) + &
and multiplicative demand model Dy(p;) = A(p;) &, where A(-) is a strictly decreas-
ing deterministic function and €,t = 1,2,...,T, are independent and identically
distributed random variables. In this chapter, we shall study both additive and the

multiplicative demand models. However, the firm knows neither the function X(pt)
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nor the distribution function of random variable €;. The firm has to learn from his-
torical demand data, that are the realizations of market responses to offered prices,
and use that information as a basis for decision making. Suppose €; has finite support
[, u], with [ > 0 for the case of multiplicative demand.

To define the firm’s problem, we let z; denote the inventory level at the beginning
of period t before replenishment decision. We assume that the system is initially
empty, i.e., z; = 0. The system dynamics are . = y; — Dy(p;) for all t = 1,...,T.
An admissible policy is represented by a sequence of prices and order-up-to levels,
{(pt,ys),t > 1}, where (pg,y;) depends only on realized demand and decisions made
prior to period ¢, and y; > xy, i.e., (p,y:) is adapted to the filtration generated by
{(ps,ys), Ds(ps);s = 1,...,t—1}. The firm’s objective is to find an admissible policy
to maximize its total profit.

If both the function of A(-) and the distribution of & are known a priori to the
firm (complete information scenario), then the optimization problem the firm wishes

to solve is

T

oomax S~ (EDi(p)] — hEly — Difp)]" —VEID(p) ~wl®).  (21)

where E stands for mathematical expectation with respect to random demand D, (pe),
and xt = max{x,0} for any real number x. However, since in our setting the firm
does not know the demand distribution, the firm is unable to evaluate the objective
function of this optimization problem.

We develop a data-driven learning algorithm to compute the inventory control and
pricing policy. It will be shown in Section 3 that the average profit of the algorithm
converges to that of the case when complete demand distribution information is known
a priori, and that the pricing and inventory control parameters also converge to

that of the optimal control policy for the case with complete information as the

12



planning horizon becomes long. To save space we shall only present the algorithm
and analytical results for the multiplicative demand model. The results and analyses
for the additive demand case are analogous, and we only highlight the main differences

at the end of this section.

Remark 1. For ease of exposition, in this chapter we assume the support of un-
certainty €, is bounded. This can be relaxed, and all the results hold as long as we
assume the moment generating functions of the relevant random variables are finite
in a small neighborhood of 0, or light tailed.

Case of complete information about demand. In the case of complete infor-
mation in which the firm knows A(-) and the distribution of &, it follows from (2.1)

that, if (p*, y*) is the optimal solution of each individual term

max {pE[Dy(p)] ~ hE[y — Dilp)]* — LE[Du(p) )t} (22)

pEPYEY

and that this solution is reachable in every period, i.e., z; < y* for all ¢, then (p*, y*)
is the optimal policy for each period. We refer to p* and y* as the optimal price
and optimal order up-to level (or optimal base-stock level), respectively. It is clear
that the reachability condition is satisfied if the system is initially empty, which we
assume.

We find it convenient to analyze (2.2) using a slightly different but equivalent

form. Taking logarithm on both sides of D,(p;) = A(p;)é, we obtain
log Dy (p:) = log M(ps) + log &, t=1,...,T.

Denote Dy(p;) = log Dy(py), A(p¢) = log A(p;) and ¢, = log&. Then, the logarithm of

demand can be written as



We shall refer to A(-) as the demand-price function (or demand-price curve) and
¢; as random error (or random shock). Clearly, A(-) is also strictly decreasing in
p € P. Hence, in the case of complete information, the firm knows the function
A(+) and the distribution of ¢, and when the firm does not know function A(-) and
the distribution of €;, which is our case, the firm will need to learn about them.
Without loss of generality, we assume E[e;] = E[log &] = 0. If this is not the case, i.e.,
Ellogé] = a # 0, then E[log(e™®&)] = 0, thus if we let A(-) = e®A(:) and & = e %,
then D,(p;) = S\(pt)ét, and 5\() and €; satisfy the desired properties.

For convenience, let € be a random variable distributed as €;. In terms of A(+) and

€, we define
G(p,y) = p*PE[e]] - {h]E [y — e TR [XPle — y]+} .

Then problem (2.2) can be re-written as

Probl CI: 2.4
roblem perg%:éy G(p,v) (2.4)
= APE[ef] — mi {hIE — )T 4 PR [P — +} }

r;}eagc { pe [e ] r;él)r} [y e"\WPe } [e e y}

The inner optimization problem (minimization) determines the optimal order-up-to
level that minimizes the expected inventory and backlog cost for given price p, and we
denote it by y (ek(i”)). The outer optimization solves for the optimal price p. Let the
optimal solution for (2.4) be denoted by p* and %*, then they satisfy y* = 7(e*®")).
The analysis above stipulates that the firm knows the demand-price curve A(p)
and the distribution of €, thus we refer to it as problem CI (complete information).
Learning algorithm. In the absence of the prior knowledge about the demand
process, the firm needs to collect the demand information necessary to estimate A(p)
and the empirical distribution of random error €, thus price and inventory decisions

not only affect the profit but also the demand information realized. The major dif-
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ficulty lies in that, the estimations of demand-price curve A(p) and the distribution
of random error cannot be decoupled. This is because, the firm only observes real-
ized demands, hence with any estimation of demand-price curve, the estimation error
transfers to the estimation of the random error distribution. Indeed, we are not even
able to obtain unbiased samples of the random error ¢;.

In our algorithm below we approximate A(p) by an affine function, and construct
an empirical (but biased) error distribution using the collected data. We divide the
planning horizon into stages whose lengths are exponentially increasing (in the stage
index). At the start of each stage, the firm sets two pairs of prices and order-up-
to levels based on its current linear estimation of demand-price curve and (biased)
empirical distribution of random error, and the collected demand data from this
stage are used to update the linear estimation of demand-price curve and the biased
empirical distribution of random error. These are then utilized to find the pricing
and inventory decision for the next stage.

The algorithm requires some input parameters v, p and Iy, with v > 1, Iy > 0,
and 0 < p < 273/4(ph — pl)Ié/4. To initiate the algorithm, it sets {py, 911, J12}, where

p1 € P,y11 € YV, 712 € Y are the starting pricing and order-up-to levels. For ¢ >1, let

i—1
Ii = L](ﬂ)“, 52 = p(2]i_1)_i7 and tz == Z QIk with tl == 0, (25)
k=1
where |Ijv’] is the largest integer less than or equal to [yv'.
The following is the detailed procedure of the algorithm. Recall that x; is the

starting inventory level at the beginning of period t, p; is the selling price set for

period t, and y; (> ;) is the order-up-to inventory level for period ¢, t = 1,...,T.

The number of learning stages is n = [logv(;’;ﬂle + 1>-‘, where [z]| denotes the

smallest integer greater than or equal to x.

Data-Driven Algorithm (DDA)
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Step 0. Imitialization. Choose v > 1, p > 0 and I, > 0, and py, Y11, Y12

Compute I} = |Iyv], §; = p(2[0)_i, and py + 1.

Step 1. Setting prices and order-up-to levels for stage i. Fori=1,... n,

set prices py, t =1, +1,...,t; + 2[;, to

Pt = Dis t=t;+1,...,t;+ I,

and for t =t; + 1,...,t; + 21;, raise the inventory levels to

Y = max {Ji, T}, t=t;+1,....t;+1I;

yt:max{g]ig,xt}, t:tl—l—IZ—f—l,,tl—i—le

Step 2. Estimating the demand-price function and random errors us-
ing data from stage i. Let D, = log Dy(p;) be the logarithm of demand

realizations for t =t; + 1,...,t; + 2I;, and compute

. ti+21; 9
(Grar. frsn) zargrgin{ > (D~ (o Bn) } (2.6

o N=t 41

= Dy — (Gig1 — Birape), fort =t; +1,...,t; +2I,. (2.7)

Step 3. Defining and maximizing the proxy profit function, denoted by

GER(p,y). Define

ti+21;

ti+21;
N 3 1 1 . 5 +
Gﬁ?(p) y) = peai+1*ﬁ¢+1pﬁ E e — {ﬁ E (h <y _ eaiﬂfﬁiﬂpenz)
v p=t;4+1 U t=t;4+1

—|—b <e&i+1—3i+1pem _ y>+ > }
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Then the data-driven optimization is defined by

Problem DD:
max GPP(p, 2.8
(py)EPXY (P Y) (2.8)
. 1 ti+21;
_ a Qi1 —Bit1p _—_ nt
ti+21;
1 R - + . A +
— mind — h ( _ 604i+1_/8i+1p677t> +b <eai+1—5i+1peﬁt _ > ]
yey { 211 ttz—&-l ( Y Y

Solve problem DD and set the first pair of price and inventory level to

(Pit1, Uit1,1) = arg (p’il)ﬂeagxy G2 (p.y),

and set the second price to p; 1 + d;41 and the second order-up-to level to
Yir12 = arg T;lea;( Gﬂ—?(ﬁi—&-l + 0it1,Y).-

In case p;r1 + 0;11 € P, set the second price to p;r1 — di41-

Remark 2. When f;,; > 0, the objective function in (2.8) after minimizing over
y € Y is unimodal in p. To see why this is true, let d = ediri=Bir and thus

p = -&Héilog—d with d € D = [d',d"], where d' = edit1=Binr" and gh = ed+1—Binp'
7+1

Then the optimization problem (2.8) is equivalent to

& logd 1 ti+21; 1 ti+21;
Tl e 7| mi _— A e _ .\t
rélezg({d ( 7 Z e ) Iy%l)r}l{Q[i Z (h(y — de™)* + b(de™ — y) )}}

3 57T,
Bita Y=t +1 t=t;+1

The objective function of this optimization problem is jointly concave in (y,d) hence

Giy1—logd .

it is concave in d after minimizing over y € ). Thus, it follows from p = is

Bit1
strictly decreasing in d that the objective function in (2.8) (after minimization over

y) is unimodal in p € P.
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Remark 3. In Step 3 of DDA, the second price is set to p;11— ;11 when p; 1+ ;11 >
p". In this case our condition p < 273/4(p" — pl)13/4 ensures that p,11 — 0;41 > p',

thus p;41 — 6;41 € P. This is because, when p;; > p* — d;41, we have
Piv1 — Oig1 > p" — 20;41 > p" — 261 = p" — 2p(2L,) 7" >,

where the last inequality follows from the condition on p.

Discussion of algorithm and its connections with the literature. In our
algorithm above, iteration ¢ focuses on stage ¢ that consists of 2[; periods. In Step 1,
the algorithm sets the ordering quantity and selling price for each period in stage ¢,
and they are derived from the previous iteration. In Step 2, the algorithm uses the
realized demand data and least-squares method to update the linear approximation,
Qi1 — Biﬂp, of A(p) and computes a biased sample 7, of random error ¢, for t =
t;+1,...,t;+21;. Note that 7, is not a sample of the random error ¢;. This is because
et = Di(pt) — M(p¢) and the (logarithm of) observed demand is D;(p;). However as

we do not know A(p), it is approximated by &;,1 — Bz-ﬂp, therefore

= Dt(pt) - (di—i-l - Bz’-&-lpt) # Dt(pt) - )\(pt) = €.

For the same reason, the constructed objective function for holding and shortage costs
is not a sample average of the newsvendor problem.

In the traditional SAA, mathematical expectations are replaced by sample means,
see e.g., Kleywegt et al. (2002). Levi et al. (2007) and Levi et al. (2011) apply SAA
method in dynamic newsvendor problems. The argument above shows that the tra-
ditional analyses that show SAA leads to the optimal solution is not applicable to
our setting. Indeed, in our inner layer optimization, we face a newsvendor problem
for which the firm needs to balance holding and shortage cost, and the knowledge

about demand distribution is critical. However, the lack of samples of random error
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€; makes the inner loop optimization problem significantly different from Levi et al.
(2007) and Levi et al. (2011), which consider pure inventory control problems and
samples of random errors are available for applications of SAA result and analysis.
Because of this, it is not guaranteed that the SAA method will lead to a true optimal
solution.

The DDA algorithm integrates a process of earning (exploitation) and learning
(exploration) in each stage. The earning phase consists of the first I; periods starting
at t; + 1, during which the algorithm implements the optimal strategy for the proxy
problem GPP(p,y). In the next I; periods of learning phase that starts from ¢;+ I, +1,
the algorithm uses a different price p; + ¢; and its corresponding order-up-to level.
The purpose of this phase is to allow the firm to obtain demand data to estimate the
rate of change of the demand with respect to the selling price. Note that, even though
the firm deviates from the optimal strategy of the proxy problem in the second phase,
the policies, (p; +6;, 9i2) and (p;, 9:1), will be very close to each other as §; diminishes
to zero. We will show that they both converge to the true optimal solution and the
loss of profit from this deviation converges to zero.

The pricing part of our algorithm is similar to the pure pricing problem considered
by Besbes and Zeevi (2015) as we also use linear approximation to estimate the
demand-price function then maximize the resulting proxy profit function. Although
our algorithm is heavily influenced by their work, there is a key difference. Besbes
and Zeevi (2015) consider a revenue management problem and they only need to
estimate the deterministic demand-price function, and the distribution of random
errors is immaterial in their analysis. In our model, however, due to the holding and
backlogging costs, the distribution of the random error is critical and that has to be
learned during the decision process, but it cannot be separated from the estimation
of demand-price curve, as discussed above.

Therefore, due to the lack of unbiased samples of random error and that the learn-
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ing of demand-price curve and the random error distribution cannot be decoupld, we
are not able to prove that the DDA algorithm converges to the true optimal solution
by using the approaches developed in Besbes and Zeevi (2015) for the pricing problem
and in Levi et al. (2007) for the newsvendor problem. To overcome this difficulty, we
construct several intermediate bridging problems between the data-driven problem
and the complete information problem, and perform a series of convergence analyses
to establish the main results.

Performance Metrics. To measure the performance of a policy, we use two
metrics proposed in Besbes and Zeevi (2015): consistency and regret. An admissible
policy m = ((ps, yt),t > 1) is said to be consistent if (p;, y¢) — (p*, y*) in probability
as t — o0o. The average (per-period) regret of a policy m, denoted by R(w,T), is

defined as the average profit loss per period, given by

1
R(m,T) = G(p*,y") — TE

Z G (pt, yt)] ‘ (2.9)

Obviously, the faster the regret converges to 0 as T" — oo, the better the policy.
In the next section, we will show that the DDA policy is consistent, and we will

also characterize the rate at which the regret converges to zero.

2.3 Main Results

In this section, we analyze the performance of the DDA policy proposed in the
previous section. We will show that under a fairly general assumption on the underly-
ing demand process, which covers a number of well-known demand models including
logit and exponential demand functions, the regret of DDA policy converges to 0 at
rate O(T~1/2). We also present a numerical study to illustrate its effectiveness.

Recall that the demand in period ¢ is Dy(p;) = M(pt)&. As A(p) is strictly decreas-

ing, it has strictly decreasing inverse function. Let :\_1(d) be the inverse function
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of A(p), which is defined on d € [d',d"] = [:\(ph),:\(pl)]. We make the following
assumption.

Assumption 1. The function \(p) satisfies the following conditions:

(i) The revenue function dA\~'(d) is concave in d € [d', d"].

X' (p)A(p)

(i) 0 < —=——F——= < 2forpe [pl,ph].

(X(p))?

The first condition is a standard assumption in the literature on joint optimization
of pricing and inventory control (see e.g., Federgruen and Heching (1999), and Chen
and Simchi-Levi (2004b)), and it guarantees that the objective function in problem
CI after minimizing over y is unimodal in p. The second assumption imposes some
shape restriction on the underlying demand function, and similar assumption has
been made in Besbes and Zeevi (2015). Technically, this condition assures that the
prices converge to a fixed point through a contraction mapping. Some examples that
satisfy both conditions of Assumption 1 are given below.

Example 1. The following functions satisfy Assumption 1.

i) Exponential models: \(p) = "™ m > 0.

ii) Logit models: A(p)

ekfmp

= a7 gy for a>0,m >0, and £k —mp < 0 for p € P.

iii) Iso-elastic (constant elasticity) models: \(p) = kp~™ for k > 0 and m > 1.

We now present the main results of this chapter. Recall that p* and y* are the

optimal pricing and inventory decisions for the case with complete information.

Theorem II.1. (Policy Convergence) Under Assumption 1, the DDA policy is

consistent, i.e., (py,y:) — (p*,y*) in probability as t — oo.

Theorem II.1 states that both pricing and ordering decisions from the DDA al-
gorithm converge to the true optimal solution (p*,y*) in probability. Note that the

convergence of inventory decision y; — y* is stronger than the convergence of order
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up-to levels ;1 — y* and 9; 2 — y*. This is because, the order up-to levels may or may
not be achievable for each period, thus the resulting inventory levels may “overshoot”
the targeting order up-to levels. Theorem II.1 shows that, despite these overshoots,
the realized inventory levels converge to the true optimal solution in probability.
Convergence of inventory and pricing decisions alone does not guarantee the per-
formance of DDA policy is close to optimal. Our next result shows that DDA is

asymptotically optimal in terms of maximizing the expected profit.

Theorem I1.2. (Regret Convergence Rate) Under Assumption 1, the DDA pol-
icy is asymptotically optimal. More specifically, there exists some constant K > 0

such that
T

ZG(pt,yt)] < KT 2. (2.10)

t=1

1
R(DDA,T) = Gp",y") = 7E

Theorem I1.2 shows that as the length of planning horizon, T, grows, the regret of
DDA policy vanishes at the rate of O(T‘l/ 2), hence DDA policy is asymptotically op-
timal as T" goes to infinity. Thus, even though the firm does not have prior knowledge
about the demand process, the performance of the data-driven algorithm approaches
the theoretical maximum as the planning horizon becomes long. In Keskin and Zeev:
(2014), the authors consider a parametric data-driven pricing problem (with no in-
ventory decision) where the demand error term is additive and the average demand
function is linear, and they prove that no learning algorithm can achieve a conver-
gence rate better than O(7~'/2). Our problem involves both pricing and inventory
decisions, and the firm does not have prior knowledge about the parametric form of
the underlying demand-price function or the distribution of the random error, and our
algorithm achieves O(T‘l/ 2), which is the theoretical lower bound. One interesting
implication of this finding is that, linear model in demand learning achieves the best
regret rate one can hope for, thus our result offers further evidence for the sufficiency

of Besbes and Zeevi’s linear model.
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A numerical Study. We perform a numerical study on the performance of the
DDA algorithm, and present our numerical results on the regret. We consider two

demand curve environments for A(p):

1) exponential e*™: k € [k, k|,m € [m,m], where [k, k] = [0.1,1.7],[m,m] =
[0.3,2],
2) logit toras: k € [k, E],m € [m,m], where [k, ] = [0.3,1], [m, ] = [2,2.5].

And we consider five error distributions for &:

i) truncated normal on [0.5,1.5] with mean 1 and variance 0.1,
ii) truncated normal on [0.5,1.5] with mean 1 and variance 0.25,
iii) truncated normal on [0.5, 1.5] with mean 1 and variance 0.35,
iv) truncated normal on [0.5, 1.5] with mean 1 and variance 0.5,
v) uniform on [0.5, 1.5].

Here truncated normal on [a,b] with mean p and variance o2 is defined as random
variable X conditioning on X € [a, b], where X is normally distributed with mean
and variance o2

Following Besbes and Zeevi (2015), for each combination of the above demand
curve-error distribution specifications, we randomly draw 500 instances from the pa-

rameters k and m according to a uniform distribution on [k, k| and [m,m]. For each

draw, we compute the percentage of profit loss per period defined by

R(m,T)

) 100%.
G(p*, y*) !

Then we compute the average profit loss per period over the 500 draws and report

them in Table 1. In all the experiments, we set p! = 0.51,p" = 4,4' = 0,y" =
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3,b=1,h =0.1,I = 1, and initial price p; = 1, initial inventory order up-to level
11 = 1, 912 = 0.3. We test two values of p, p = 0.5 and p = 0.75, and two values of

v, namely, v = 1.3 and v = 2.

Table 2.1: Exponential Demand

Time Periods T =100 T = 500 T = 1000 T = 5000 T = 10000

p v=13 | v= v=13 |v=2 | v=13 | v=2 | v=13 | v= v=13 | v=2
Normal 0.5 6.83 6.21 3.39 2.46 2.54 1.71 1.25 0.86 0.87 0.62
oc=0.1 | 0.75 6.84 6.31 3.65 2.59 2.89 1.84 1.39 1.06 0.95 0.76
Normal 0.5 15.36 12.75 8.73 6.55 6.74 4.76 3.48 2.31 2.67 1.69
0c=0.25 | 0.75 11.70 9.74 6.48 4.58 5.12 3.39 2.60 1.78 1.82 1.27
Normal 0.5 18.20 15.12 11.04 8.09 8.65 5.77 4.55 3.03 3.39 2.24
oc=0.35 | 0.75 13.62 10.83 7.64 5.18 5.91 3.76 3.08 2.03 2.26 1.51
Normal 0.5 20.03 16.55 12.07 9.47 9.40 6.87 5.11 3.54 3.88 2.64
oc=05 | 0.75 14.84 12.15 8.41 6.12 6.59 4.44 3.51 2.41 2.54 1.76
0.5 18.53 15.02 9.98 7.18 7.59 5.39 3.69 2.62 2.58 1.86

Uniform e e 1711 | 8.12 5.57 6.49 1.22 3.41 2.54 2.40 1.85
Maximum 20.03 | 16.55 | 12.07 | 9.47 9.40 6.87 5.11 3.54 3.88 2.64
Average 14.00 | 11.58 | 7.95 5.78 6.19 1.22 3.21 2.22 2.34 1.62
Table 2.2: Logit Demand
Time Periods T = 100 T =500 T = 1000 T = 5000 T = 10000

p v=13 |v=2 | v=13 | v=2 |v=13 |v=2 | v=13 |v=2 | v=13 | v=2
Normal 0.5 6.80 5.62 4.35 2.30 2.63 1.63 1.26 0.89 0.85 0.63
o=0.1 0.75 10.09 8.34 3.42 3.67 4.42 2.67 2.15 1.60 1.45 1.15
Normal 0.5 13.72 9.57 6.83 4.44 4.98 3.17 2.34 1.56 1.66 1.10
o=0.25 | 0.75 12.58 9.86 6.89 4.51 5.42 3.30 2.67 1.87 1.81 1.35
Normal 0.5 17.13 12.52 8.65 6.01 6.52 4.10 3.04 1.98 2.12 1.41
oc=0.35 | 0.75 13.84 10.49 7.49 4.85 5.82 3.55 2.85 2.00 1.96 1.43
Normal 0.5 19.38 13.75 9.99 6.52 7.31 4.57 3.35 2.18 2.34 1.57
=05 | 0.75 14.49 11.30 7.84 5.24 6.07 3.79 3.00 2.11 2.05 1.51
0.5 21.20 15.29 9.51 6.20 7.16 4.46 3.36 2.39 2.29 1.72

Uniform 1463 | 1044 | 6.07 874 5.35 181 3.63 3.38 2.73
Maximum 2120 | 15.29 | 1044 | 6.97 874 535 181 3.63 3.38 2773
Average 14.67 | 11.14 | 7.54 5.07 5.01 3.66 2.88 2.02 1.99 1.46

Table 2.1 summarizes the results when the underlying demand curve is exponen-
tial, and Table 2.2 displays the results when the underlying demand curve is logit.
Combining both tables, one sees that when 7" = 100 periods, on average the profit loss
from the DDA algorithm falls between 11% and 14% compared to the optimal profit
under complete information, in which DDA starts with no prior knowledge about the
underlying demand. When T' = 500, the profit loss is further reduced to between 5%

and 8%. The performance gets better and better when T becomes larger. Also, it
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is seen from the table that the overall performance of algorithm is better when the
variance of the demand is smaller, which is intuitive.

As mentioned earlier, Theorems II.1 and II.2 continue to hold for the additive
demand model D;(p;) = A(p;) + & with minor modifications. Specifically, we need to
modify Assumption 1 to Assumption 1A below.

Assumption 1A. The demand-price function S\(p) satisfy the following conditions:

(i) pA(p) is unimodal in p on p € P.

A (0)A(p)
2V ()2

(i) —-1< <1, forallpeP.

Note that these are exactly the same assumptions made in Besbes and Zeevi (2015)
for the revenue management problem, and examples that satisfy Assumption 1A

include (a) linear with A(p) = k—mp, m > 0, (b) exponential with A\(p) = e*~™" m >

k—mp

e -
1+ek7mp 9

0, and (c) logit with \(p) = m > 0,ef~mP < 3 for all p € P.

The learning algorithm for the additive demand model is similar to that of the
multiplicative demand case, except that there is no need to transform it using the
logarithm of the deterministic portion of demand and the logarithm of random de-

mand error. Instead, the algorithm directly estimates A(p) using affine function and

computes the biased samples of the random demand error in each iteration.

2.4 Sketches of the Proof

In this section, we present the main ideas and steps in proving the main results of
this chapter. In the first subsection, we elaborate on the technical issues encountered
in the proofs. The key ideas of the proofs are discussed in Subsection 4.2, and the
major steps for the proofs of Theorems 1 and 2 are given in Subsections 4.3 and 4.4,

respectively.
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2.4.1 Technical Issues Encountered

To prove Theorem 1, we will need to show

E[(Bir1 —p")*] =0, E[(Bit1 + 61 —p")?] =0, asi—o0;  (2.11)

E[(y* — @i+1,1)2] — 0, ]E[(y* — yi+1,2)2] — 07 as 1 — o0, (212)
where p* is the optimal solution of

max Q(p, A(p)) = maX {pe (p )E[ee} — J()\(p))},

peEP

where J(A(p)) is defined as

J(A(p)) = min {hE [y — e’\(p)eerr + bE[e AP)ge — y] } :

yeY

However, both Q(-,+) and J(-) are unknown to the firm because all the expectations
cannot be computed. To estimate J(-), in (2.8) of the learning algorithm we use the

data-driven biased estimation of

ti+21;
A 1 . 5 + - A +
Jgf(@wl Bi+1p) _ r;g}{ o7 § (h <y _ eaiJrl*/BiJrlpent) +b (eai+1*ﬁi+1pent _ y) ) }’
Y=t +1

and p;,1 is the optimal solution of

ti+21;

DD N o DD/~ 5
max Q; 11 (p, Gip1 — Big1p) = max petitiT Py — E e — Ji 7 (Gip1 — Bigap) ¢
peP cP 2[ Mt

in which QP (-, ) is random and is constructed based on biased random samples 7.
To prove the convergence of the data-driven solutions to the true optimal solution,
we face two major challenges. The first one is the comparison between J2T (&1 —

Biap) and J(A(p)) as functions of p. In JEP. the true demand-price function is
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replaced by a linear estimation and, due to lack of knowledge about distribution
of random error, the expectation is replaced by an arithmetic average from biased
samples 7; not true samples of random error ¢,. To put it differently, the objective
function for Jﬂ? is not a sample average approximation, but a biased-sample average
approximation. The second challenge lies in the comparison of Q5 (p, diy1 — @Hp)
and Q(p, A(p)). Since QPE is a function of JE¥ that is minimum of a biased-sample
average approximation, the errors in replacing €; by 7 carry over to Q% , making it
difficult to compare (P;+1, Yi+1,1) and (Pit1+0i+1, Yir1,2) With (p*, y*). To overcome the
first difficulty, we establish several important properties of the newsvendor problem
and bound the errors of biased samples (Lemmas A2, A3, A4, A8 in the Appendix).
For the second, we identify high probability events in which uniform convergence of
the data-driven objective functions can be obtained (Lemmas Al, A5, A6, and A7 in
the Appendix).

We note that in the revenue management problem setting, Besbes and Zeevi (2015)
also prove the convergence result (2.11). In Besbes and Zeevi (2015), p* is the optimal
solution of max,ep Q(p, A(p)), and p;+1 is the optimal solution of max,ep Q(p, Qi1 —
BH_lp), where Q(+,-) is a known and deterministic function Q(p, A(p)) = pA(p). As
Besbes and Zeevi (2015) point out, their analysis extends to more general function
Q(p, A(p)) in which Q(-,-) is a known deterministic function. This, however, is not
true in our setting as (-, ) is not known, and as a matter of fact, one cannot even find
an unbiased sample average to estimate Q(-,-). Therefore, the challenges discussed

above were not present in Besbes and Zeevi (2015).

2.4.2 Main Ideas of the Proof

To compare the policy and the resultant profit of DDA algorithm with that of the
optimal solution, we first note that these two problems differ along several dimensions.

For example, in DDA we approximate A(p) by an affine function and estimate the
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parameters of the affine function in each iteration, and we approximate the expected
revenue and the expected holding and shortage costs using biased sample averages.
These differences make the direct comparison of the two problems difficult. Therefore,
we introduce several “intermediate” bridging problems, and in each step we compare
two “adjacent” problems that differ just in one dimension.

For convenience, we follow Besbes and Zeevi (2015) to introduce notation

az) = Az) = N(2)z,  Bz)=-XN(2), =zeP. (2.13)

We proceed to prove (2.11) as follows:

Bl(r - pu?) < B[( - p(a0. 500)] (214)
Comparison of p;(;blems CI and B1
Lemma A1l

+lﬁ(d(ﬁi),ﬁu(ﬁi)) — Dit1 (55@51')73(132'))

~
Comparison of problems Bl and B2

Lemma A5
2
)|

+ + |Dit1 (&(ﬁi)aﬁv<ﬁi)> — Dit1

J/

~
Comparison of problems B2 and DD
Lemma A6 and Lemma A7

where the two new prices ﬁ(-, -) and p;41 (-, -) are the optimal solutions of two bridging
problems. Specifically, we let ﬁ(a, 6) denote the optimal solution for the first bridging
problem B1 defined by

Bridging Problem B1:
+ +
max {pea_ﬁpE [eﬁ} — min {hE [y — ea_’gpee} + bE [e“_ﬁpe6 — y] }}(2.15)

peEP yey

while p;11 («, 5) denotes the optimal solution for the second bridging problem B2
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defined by

Bridging Problem B2:

1 ti+21;
a=pp | €t 2.16
e (5 2 ) 219

et +1
1 ti+21;
—min<{ — (h(y — e""ﬁpe“)+ + b(eo‘*ﬁpeet — y)+> } }

Moreover, for given p € P, we let 7j(e*PP) denote the optimal order-up-to level for
problem B1, and §;41(e*#P) denote the optimal order-up-to level for problem B2.
By Lemma A2 in the Appendix, the objective functions for problems B1 and B2 are
unimodal in p after minimizing over y € Y when 5 > 0.

Comparing (2.15) with (2.4), it is seen that problem B1 simplifies problem CI by
replacing the demand-price function A(p) by a linear function a— p, while problem B2
is obtained from problem B1 after replacing the mathematical expectations in problem
B1 by their sample averages, i.e., problem B2 is the SAA of problem B1. Comparing
(2.16) with (2.8), it is noted that problems B2 and DD differ in the coefficients of the
linear function as well as the arithmetic averages. More specifically, in B2 the real
random error samples ¢, t =t;+1,...,t;+21;, are used, while in problem DD, biased
error samples 7, are used in place of ¢, t =t;+1,...,t;+2I;. Furthermore, note that
the optimal prices for problems CI and B1, p* and ﬁ(d(ﬁi), 3 (ﬁi)), are deterministic,
but the optimal solutions of problems B2 and DD, ﬁiﬂ(d i), B(ﬁl)) and p; ., are
random. Specifically, p;i1 (d(ﬁi), 3 (ﬁz)) is random because ¢, is random, while p;,
is random due to demand uncertainty from periods 1 to t;;;. Hence, to show the

right hand side of (2.14) converges to 0, we will first develop an upper bound for

p*— ]_9(0“4(]31-), ﬂv(ﬁ,))‘ by comparing problems CI and B1, and the result is presented

v

in Lemma A1. Since p;11(&(p;), 5(p;) is random, we compare the two problems B1 and

B2 and show the probability that |[p(c(p;), B(ﬁl)) — Pir1 (a(pi), B(ﬁz))‘ exceeds some
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small number diminishes to 0 in Lemma A5. Similarly, in Lemma A6 and Lemma A7
we compare problems B2 and DD and show the probability that ‘ Dit1 (d(ﬁi), 3 (ﬁl)) —
ﬁi_i_l‘ exceeds some small number also diminishes to 0. Finally, we combine these
several results to complete the proof of (2.11). The idea for proving (2.12) is similar,
and that also relies heavily on the two bridging problems (Lemmas A6, A7, and A8S).
The detailed proofs for Theorem 1 and Theorem 2 are given in Subsections 4.3 and
4.4.

In the subsequent analysis, we assume that the space for feasible price, P, and the
space for order-up-to level, ), are large enough so that the optimal solutions p* and
optimal g(eW) over R, for given p € P for problem CI fall into P and ), respectively;
and for given ¢ € P, the optimal solutions ]_Q(d(q),ﬁu(q)) and @(ed(Q)*é(q)p) for given
p € P over R, for problem Bl fall into P and ), respectively. Note that both
problem CI and problem B1 depend only on primitive data and do not depend on
random samples, hence these are mild assumptions. We remark that our results
and analyses continue to hold even if these assumptions are not satisfied as long as
we modify Assumption 1(ii) to |8]3(d(z),ﬁu(z))/8z| < 1 for z € P. This condition
reduces to Assumption 1(ii) if the optimal solutions for problem CI and problem Bl
satisfy the feasibility conditions described above.

We end this subsection by listing some regularity conditions needed to prove the
main theoretical results.

Regularity Conditions:
(i) 7(e*@) and y(e&“ﬁ—ﬁ(‘ﬂp) are Lipschitz continuous on ¢ for given p € P, i.e.,

there exists some constant K; > 0 such that for any ¢, g € P,

[7(eX ) = g(X )| < Kyl — aa, (2.17)

‘y(ea(ql)—é(qnp) — g(etta) Ay

< Kilg —qof - (2.18)
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(ii) G(p,y(e*P)) has bounded second order derivative with respect to p € P.
(iii) E[D:(p)] > 0 for any price p € P.

(iv) A(p) is twice differentiable with bounded first and second order derivatives on

pEP.
(v) The probability density function f(-) of & satisfies min{f(z),z € [l,u]} > 0.
It can be seen that all the functions in Example 1 satisfy the regularity conditions
above with appropriate choices of p' and p".
2.4.3 Proof of Theorem 1

The proofs for the convergence results are technical and rely on several lemmas
that are provided in the Appendix. In this subsection, we outline the main steps in
establishing the first main result, Theorem 1.

Convergence of pricing decisions. To prove the convergence of pricing deci-

sions, we continue the development in (2.14) as follows:

E[(p* - ﬁi+1)2}

< E[( | = 560, 560)| + [P0, 860) — Fies (6(00), 350)
+ |Digt (), B(B1)) — Piga )2]
< E :<7|p* — pil + ‘ﬁ(é(ﬁi)vﬂu(ﬁi)) _ﬁi+1(d(ﬁi)7ﬁu<ﬁi))‘ + ﬁz‘—i—l(d(ﬁi)wé(ﬁi)) _ﬁi—f—l‘ >2]

< (1 J;’VQ) E [(p" - 5:)°]
+Kﬂ{qmm@LM@»—ﬁH4M@xm@»M+
(1 272> E [(p* — 5)?]
]

+KE U]_?(Ové(ﬁi),ﬁu@i)) — Dit1 (é(ﬁi)vﬁu(ﬁi»
2} | (2.19)

Dis1 (&(D1), BB:)) — Disa

)]

IN

+K3E [ﬁiﬂ (d(ﬁi)aé(ﬁi)) — Dit1
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where the first inequality follows from the expansion in (2.14), the second inequality
follows from Lemma A1, and the third inequality is justified by v < 1 in Lemma A1l
and some constant K, and the last inequality holds for some appropriately chosen
K3 because of the inequality (a + b)? < 2(a® + b?) for any real numbers a and b.

To bound E[|B(c(p:), 55:)) — Pipr (&(ps), B(:))|*] in (2.19), by Lemma A5 one

has, for some constant K,

+o0
B | [pa(). 550) - o (5630 500 [ | < &2 [ 5et8ag =

0

57T%KZ
.
412

(2.20)

. 2
And to bound E {ﬁiﬂ (d([)i), ﬁ(ﬁi)) — Pit1 } in (2.19), by Lemma A6 and Lemma
A7, when i is large enough (greater than or equal to i* defined in the proof of Lemma

AT), for some positive constants K5, Kg, and K7 one has

“|

pisa (603, 59) |

)2

< E[Kg( a(pi) — di+1‘ + |B(ﬁz) - Bi+1| + }d(ﬁi +6;) — di+1| + }B(f% +6;) — Bz‘+1‘)2}
8
(" =)’
< E [KG (’54(231) - @i+1’2 + ‘B(ﬁz) - Bi+1’2 + |&(ps + 6;) — Q| + \B(ﬁz +0;) — Bz’ﬂ\zﬂ
8 n
7 (" —p
< K. %

Substituting (2.20) and (2.21) into (2.19), one has

E[(p* - ﬁiH)Q] < <1 —272) E [(P* - ﬁi)ﬂ + sti_ .

D=
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Letting # =6, we further obtain

i—1 i—1
E[(ﬁi+1 —p*)Q} S 91(]31 — p*)2 + Kg ZGJIZ__ S Kg(U_%)i Zﬁj(v
7=0

J=0

SN
N[

). (2.22)

We choose v > 1 that satisfies fv2 < 1, then there exists a positive constant Ko such

that Z;;t 09 (v2)i < Ky, therefore, for some constants K;; and Ko,

E[(pis1 —p*)*] < K11<U_%)i < Kol

(2

N

(2.23)
Moreover, we have, for some positive constant K3,
- 2 - 2 2 ~3 -

E [(pi+1 -+ 6i+1 — p*> ] S 2 [(pi+1 —p*) ] + 2(57;_,’_1 S Klgjz- 2 - 0, as 1 — OQ. (224)

This completes the proof of (2.11). Because mean-square convergence implies
convergence in probability, this shows that the pricing decisions from DDA converge
to p* in probability.

Convergence of inventory decisions. To prove y; converges to y* in proba-

bility, we first prove the convergence of order up-to levels (2.12). For some constant
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K4, we have

E [‘y* - Q¢+1,1}2]

< E[(‘y(ek(p*)) — y(ek(ﬁiﬂ))’ + ‘g(ek(ﬁiﬂ)) _ y(ed(ﬁi+1)_5(ﬁi+1)ﬁi+1)

+‘y(6d(ﬁi+1)—B(ﬁi+1)ﬁi+l) y( a(pi)— (Ih)pzﬂ)
+‘§(ea(m)—5<ﬁi>ﬁi+l) g (H0) PG ‘yﬂ GG)-BEOY g )2]
2 o 2
< KuE [( ‘g(ew ) — (O 1 [0y (BB (2.25)
Difference betv;gen p* and p;y1 Z;?o
+ y(ed(ﬁi+1)—5(ﬁi+1)ﬁi+1) _g(ed(ﬁi)—fé(ﬁi)ﬁiﬂ) 2
Difference betv:eren Pi+1 and p;
+ y<6&(ﬁi)—5’(ﬁi)ﬁi+1) — Jim <6d(ﬁi)—/§(ﬁi)ﬁi+1) 2 + |Gisn (ed(ﬁi)_é(ﬁi)ﬁi+l) — Jin 1‘2 )}
Comparison of p;o,blems B1 and B2 Comparison of pr:),blems B2 and DD

Lemma A8 Lemma A6 and Lemma A7

We want to upper bound each term on the right hand side of (2.25). First, it

follows from (2.17) that, for some constant K75 it holds
. X 2
E“y(e)\(p )) _g(e)\(mﬂ))‘ ] < KisE U P — Pin ‘2] '

By definition of ¢(p) and 3(p) in (2.13) one has &(ir1) — B(Pir1)Pis1 = MPit1), thus
the second term on the right hand side of (2.25) vanishes. For the third term, we
apply the Lipschitz condition on y(ed(Q)_B(Q)p) in (2.18) to obtain, for some constants
K6 and K7,

E {‘g(ed(ﬁi+1)—5(ﬁi+1)ﬁi+1) _ g(e&(ﬁi)—g(ﬁi)ﬁiﬂ) 2] < KiE U Dis1 — Di ’2}

< KuE[(|p =0 P+ 10" =D 7)] -
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By Lemma A8, we have, for some constants Kig and Kjg,

+oo
R o o SR 2
E {‘g(ea(pi)—ﬁ(pi)piﬂ) — Jin (ea(pi)—ﬁ(pi)piﬂ) :| < K128 / 26_4Ii§d§ < [§19(2.26)
O KA

and by Lemma A6 and Lemma A7 one has, for some constant Ks,

]
< KyE [’@(ﬁi) — Gin|? +18() — Bipa | + |6 + 8) — G| + [B(pi + 6;) — Bz'+1|2]

< Kyl 2.

E |:‘gi+1(€é(ﬁi)—5(ﬁi)ﬁi+1) _ ?Ji+1,1

N

Summarizing the analyses above we obtain, for some constants Ks; and Koo,

E [(y* - Qi+1,1)2}

KZlE[ | p* =D P+ | 0" — i I? ] + Ko I,

N

IA

E (2.27)

VAN
%
~

where the second inequality follows from the convergence rate of the pricing decisions.

Similarly, we obtain

We next show that E[(y* —y;)?] — 0 as t — oo. It suffices to prove this for (a) ¢ €
{tisa+1,.. . tis1+ L1}, i=1,2,..,and for (b) t € {t;1+ L +1,.. . tis1+2041},
i=1,2,.... We will only provide the proof for (a).

The inventory order up-to level prescribed from DDA for periods ¢t € {t;11 +

1,...,tiy1 + Lix1} 1S 9is11. This, however, may not be achievable for some period
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t. Consider the event that the second order up-to level of learning stage ¢, ¥;2, is
achieved during periods {t; + I; + 1,...,t; + 2I;}. Since A(p")l < D, < ApH)u, it

follows from Hoeffding inequality® that for any ¢ > 0,

ti+21;
IP{ Z D, >E

t=ti+i+1

ti+21; 2C2
> Dt] - g} > 1 —exp <_Ii(5\(pl) )l)2> .(2.28)

— \ph
t=ti+1i+1 u=Alp

[SIES
[N

Let ¢ = (:\(pl)u - S\(ph)l) (1;)% (log I;)? in (2.28), then one has

=

P { Z Dy > LE Dy y1,41) — (Ap)u — Mp™")1) (1:)* (log Ii)é} >1-— % (2.29)

t=ti+1;+1 i

By regularity condition (iii), E [Dy,y7,+1] > 0, thus when i is large enough, we will

have

N =
N[

STE[D ] 2 (A0 — A") (1)* (log 1)*

Hence it follows from (2.29) that, when ¢ is large enough, we will have
ti+21; 1 1
IP’{ > D> SHE [Dtﬁ,iﬂ]} >1- = (2.30)
t=t;+1;+1
Define event
ti+21; 1
Al = {w : Z Dt Z §IZE [Dti—&—lﬁ—l]} 5
t=ti+1;+1

then (2.30) can be rewritten as

1
P(A) =1 - —.

'Tf the random demand is not bounded, then the same result is obtained under the condition
that the moment generating function of random demand is finite around 0.
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Note that when ¢ is large enough, %]ZE [Dy.i1.41] > y" — ¢, which means that on
the event A;, the accumulative demand during {t; + I; + 1,...,¢; + 2[;} is high
enough to consume the initial on-hand inventory of period ¢; + I; + 1 and ¢, » will be
achieved. Therefore, for t € {t;41 + 1,... ,tix1 + Liv1}, ye will satisfy y; € [Ui2, Uit1.1]

if Giy11 > Uiz, and v, € [Yiy11, Ui2] otherwise. Thus,

El(y* —u)’] = P(A)E[(y* — yt)z‘fh] + P(ASE[(y* — Z‘Ac

< maX{E [(y*—ﬁi,z)ﬂ ,E[ — Jir11) ]}"’ (y _y)2'

As shown above, E [(y* — 9;2)?] — 0 and E[(y* — §i11.1)%] — 0 as i — oo. Hence it
follows from 1/I? — 0 as i — oo that E[(y* —y;)?] — 0 for t € {t;01 +1,...,ti1 +
Iy} as i — oo.

Similarly one can prove that E[(y* —y)?] = 0fort € {t;s1 + Lia + 1, ti1 +
2I; 11} as i — oo. This proves E[(y* — y;)?] — 0 when ¢ — oo. And again, since
convergence in probability is implied by mean-square convergence, we conclude that
inventory decisions y; of DDA also converge to y* in probability as t — oo. This

completes the proof of Theorem 1.

2.4.4 Proof of Theorem 2

We next prove the second main result, the convergence rate of regret. By defini-

tion, the regret for the DDA policy is

R(DDA,T) =

E Z(G(p*,y*) - G(pt,yt))] :

t=1
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We have

T

Z (pt,yt))
t=1
n ti+1;
< Z ( Z P y") = G(Di, 9i1) + G, Din) — G(pe, ur))
i=1 \ t=t;+1
ti+21;
+ Z (G(p*>y*) — G(pi + 05, 9i2) + G(Di + 63, Yi2) — G (e, yt)))]
t=t;+1;+1
= E Z [i(G(p*, y*) — G(Di, in) + G, y") — G + 5@@@2))]
i=1
n ti+1; ti+21;
+E Z ( Z (G(ﬁm?)z‘,l) — G(ﬁn?Jt)) + Z (G(ﬁi + 04, Pi2) — G(phyt)))] )
i=1 \t=t;+1 t=t; +I;+1

(2.31)

where n is the smallest number of stages that cover T, i.e., n is the smallest integer
such that 21y >""" , v* > T', and it satisfies logv<” 1T+ 1) <n< logv<“ 1T+ 1) +1.
The inequality in (2.31) follows from that the right hand side includes 21 > 7" | v
periods which is greater than or equal to T

The first expectation on the right hand side of (2.31) is with respect to the sum of
the difference between profit values of DDA decisions and the optimal solution, hence
its analysis relies on the convergence rate of DDA policies; these are demonstrated
n (2.23), (2.24), and (2.27). The second expectation on the right hand side of (2.31)
stems from the fact that in the process of implementing DDA it may happen that the
inventory decisions from DDA are not implementable. This issue arises in learning
algorithms for nonperishable inventory systems and it presents additional challenges
in evaluating the regret. We note that in Huh and Rusmevichientong (2009), a queue-
ing approach is employed to resolve this issue for a pure inventory system with no
pricing decisions.

To develop an upper bound for G(p*, y*)—G(p;, ;1) in (2.31), we first apply Taylor
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expansion on G(p,7(e*®) at point p*. Using the fact that the first order derivative
vanishes at p = p* and the assumption that the second order derivative is bounded

(regularity condition (ii)), we obtain, for some constant Koz > 0, that
G(p*@(e/\(p*))) - G(ﬁi;?(eA(ﬁi))) < Koz(p* — pi)*. (2.32)

Noticing that @(e”ﬁi)) maximizes the concave function GG (f)i, y) for given p;, we apply
Taylor expansion with respect to y at point y = y(e)‘(ﬁi)) to yield that, for some

constant Koy,

2

G (5 7(X%)) — G (i, Gi1) < Koa(7(XP)) = §:1) " (2.33)

In addition, we have

E [@(6/\@)) — Gin)’]

< E[(‘@(SA(ﬁi)) _ y(e&(ﬁi)_é(ﬁi)ﬁi) + )y(ed(ﬁi)_lé(ﬁi)pi) _ y(e&(ﬁi—l)_ﬂv(ﬁi—l)i’i)
+ g(ed(ﬁz—l)_é(ﬁz—l)ﬁz> _ gz(e&(ﬁl_l)_é(ﬁ1_1)ﬁl> + gz(eé(ﬁz—l)_lé(ﬁz—l)ﬁz) B y@l >2]
< Kgle[ F(AP) — gi(er-Bwon[* | ‘y(ea@i)—émm) _ g(ef-0)=BEin |

+ y(e&(ﬁi—l)—é(ﬁi—l)ﬁi> _ gi(e&(ﬁi—l)_é(ﬁi—l)ﬁi) 2 + ‘gi(eé(ﬁi—l)_é(ﬁi—l)ﬁi) _ gz .

1

This is similar to the right hand side of (2.25) except that i+ 1 is replaced by i. Thus,

using the same analysis as that for (2.25), we obtain
E [@(6/\(@-)> —§i1)°] < Kol 3 (2.34)

for some constant K.
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Applying the results above, we obtain, for some constants Ko7, Kog, and Ko, that

E[G(p*,y*) — G(pi, §in1)]
- E KGW,@(M)) = G (P (™)) + (G (B 7)) = Gl gm))}
K (B ("~ 5)"] + E[(#(*) ~32)"])

1 _1
Kas (Kol 3 + K3 )

IA
—~

IN

1
— 2
= Kyl 3,

where the first inequality follows from (2.32) and (2.33), and the second inequality
follows from the convergence rate of pricing decisions (2.23) and (2.34).

Similarly, we establish for some constants K3g, K3; and K3s, that

E[G(p",y") — G(hi + 01, 0i2)] < Ko (B [(p* — pi — 6:)°] + E [(@(PH) — §:2)°])
< Ky <E 2" — pi)? + 262] + Kglfi‘_ﬁ)
< K32-7i__%1.

Note that, as seen from Lemma A7 in the Appendix, these results hold when i is

greater than or equal to some number 7*.
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Consequently, we have, for some constants K33, K34 and Kjs,

n

E Z (G(p*, y*) — G(Di,¥in) + G(p*, y") — G(pi + b, Qm))]i

i=1
n 1 7* o A A
= Z Kssl; 51; + Z (G(P*7 y*) — Gi, Gin) + GO",y") — G(pi + 5@%,2))]1'
i=i* 41 i=1
= Z Ks3I? |+ Ksy
i=i* 41
< Ks3 Z I? |+ Ksy
i=2
21,)20% , oo
= I(gg%('l)Tl — 1) + K34
vz — 1
21 3p3 og. (¥=1 1.1
S K33< 1(])2'1]2 (’Ul 0 210vT+1)+1 1)E —|—K34
vz — 1
< KyT?, (2.35)

where K34 = Zzzl (G(P*yi/*) - G(ﬁi?@)i,l) +G(p*,y*) — G(pi + 6, Qi,2))[¢-

We next evaluate the second term of (2.31), i.e.,

E

Z ( S (G(ﬁz‘,@i,l) - G(pt;yt)) + sz (G(ﬁz + 04, Ui2) — G(M;Zﬁ)))] .(2.36)

=1 t=t;+1 t=t;+1;+1

Recall from DDA that p, = p; fort =t; +1,...,t; + I; and p; = p; + 6; for t =
ti+ 1L +1,...,t; + 2I;, and DDA sets two order-up-to levels for stage i, 7;1 and ¢,
for the first and second I; periods, respectively. The order-up-to levels may not be
achievable, which happens when z; > ¢;, for some t =¢, +1,...,¢; + I;, or &; > Ui
for some t = t; + I, + 1,...,t; + 21;. In such cases, y; = x;. If the inventory level
before ordering at the beginning of the first I; periods (in period ¢; + 1) or at the
beginning of the second I; periods (in period ¢; + I; + 1) of stage i is higher than the
DDA order-up-to level, then the inventory level will gradually decrease during the I;

periods until it drops to or below the order up-to level.
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We start with the analysis of the first [; periods of state i, i.e.,

ti+1;

E Z (G(ﬁi,?)m) _G(pt7yt))

t=t;+1

A main issue with the analysis of this part is that, if x4, .1 > ¢;, then y; is not
achievable. To resolve this issue, we apply a similar argument as that in the proof of
the second part of Theorem 1 to show that, if this is the case, then with very high
probability, after a (relatively) small number of periods, the prescribed inventory
order up-to level will become achievable .

Consider the accumulative demands during periods t; + 1 to t; + LI ;J. If these
accumulative demands consume at least z;, .1 — ¥;, then at period ¢; + LI i%J , U; will be
surely achieved. Since S\(ph)l <D < S\(pl)u fort =1,...,T, by Hoeffding inequality,

for any ¢ > 0 one has

i} o] 2] y
P t:tzﬂ D, >E t:tZH Di| —¢p>1—exp|— {I%J ) (2.37)
Let ¢ = (A(ph)u — A(p")1) (V}J)é (log L[}J)%, then it follows from (2.37) that
tﬁlIi%J ) 3 B N L L
P D, > m E D41 — (Ao — A@p")) QI?J) <log {IEJ)
t=t;+1
> ot (2.38)

By regularity condition (iii), E[Dy, 1] > 0. Thus, when i is large enough, say
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greater than or equal to some number ¢**, we will have

10,300 (1)) o))

1
L[? E[Di1] > " — o' > 41 — G

—

v

(2

N | —

Based on (2.38), we define event A; as

(2.40)

On the event Ay, the inventory order up-to level y; will be achieved after periods

1
{ti +1,...,t+ LIﬁJ } By (2.40), we have

ti+1;
E Z (G(Ps, 9i1) —G(pt,yt))]
t=t;+1
it I ti+1;
= P(A)E Z (G(pm in) — G(ps, yt>) "’42 +P(A)E Z <G(pi’ Jix) — G(pe yt))
=t t1 t=t;+1
< max{h,b}(y" — ") LIZ%J + —— max{h, bHy" -y,
i
< 2max{h,b}(y" —y"I?,

where the first inequality follows from, for periods t =1¢; + 1,...,t; + I;, that

\G(pi, Gin) — G, w)| = |1GPiy Gin) — G(ps, )| < max{h,b}(y" — 1),
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2
and P(A5) <1 / LI;/ 2J . Similarly, for large enough ¢ that is greater than or equal to

1**, we can establish

t;+21;

Z (G(ﬁi + 51',@2‘,2) - G(Pnyt)) < 2max{h, b}(yh - yl)Ii .

t=t;+1;+1

N

E

Based on the analysis above, we upper bound (2.36). Let Ksg = S0, max{h, b}(y"—

yl)[i, it can be seen that there exist some constants K37 and K35 such that

E

> ( S (Gl iin) —Coow) + Y (Gl + i) - G(p“yt)))]

i=1 \t=t;+1 t=t;+I;,+1

< ZZ: max{h, b}(y" — y")I; + 2”: 4max{h,b}(y" — yl)IZ%
i—1 i=itr 41
< Ko+ dmax{h, b} (y" — )1 “(i_—i“)n)
< Kt K37(U%)n+1
< Kt K37Ubg”(ﬁTH)%
< KyT2. (2.41)

By combining (2.35) and (2.41), we conclude

1

<
R(DDA.T) <

<K35T% + KBST%> < KagT™2
for some constant K39. The proof of Theorem 2 is thus complete.

2.5 Conclusion

In this chapter, we consider a joint pricing and inventory control problem when
the firm does not have prior knowledge about the demand distribution and customer

response to selling prices. We impose virtually no explicit assumption about how
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the average demand changes in price (other than the fact that it is decreasing) and
on the distribution of uncertainty in demand. This chapter is the first to design
a nonparametric algorithm data-driven learning algorithm for dynamic joint pricing
and inventory control problem and present the convergence rate of policies and profits
to those of the optimal ones. The regret of the learning algorithm converges to zero
at a rate that is the theoretical lower bound O(T~'/2).

There are a number of follow-up research topics. One is to develop an asymptot-
ically optimal algorithm for the problem with lost-sales and censored data. In the
lost-sales case, the DDA algorithm proposed here cannot be directly applied and the
estimation and optimization problems are more challenging as the profit function of
the data-driven problem is neither concave nor unimodal, and the demand data is
censored. Another interesting direction for research is to develop a data-driven learn-
ing algorithm for dynamic pricing and stocking decisions for multiple products in an

assortment.

2.6 Appendix

In this Appendix, we provide the technical lemmas and proofs omitted in the main
context.

Lemma A1l compares the optimal solutions of problem CI and bridging problem
B1, i.e., p* and p(c(ps), B(p:))-
Lemma Al. Under Assumption 1, there exists some number v € [0,1) such that

for any p; € P, we have

b =@, 56))| < 71" - il
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Proof. First we make the observation that

p* =5(a(p"). B(pY)). (2.42)

This result links the optimal solutions of CI and Bl with parameters &(p*), 3(p*),
and it shows that p* is a fixed point of 1‘9(07(,2), B(z)) = 2. To see why it is true, let

G(p, M(p)) = pe*PE[e€] — min {hE [y — e’\(p)ee]Jr + bE [6)‘(”)66 — y]+} . (243)

yey

Then Assumption 1(i) implies that G(p, A(p)) is unimodal in p. Assuming that G has
a unique maximizer and that p((z), 5(2)) is the unique optimal solution for problem
B1 with parameters (d(z),B(z)), then (2.42) follows from Lemma A1l of Besbes and
Zeevi (2015) by letting their function G be (2.43).

When the optimal solution y over R, for problem CI for a given p falls in Y, p(a, )
is the maximizer of pe® ?E[e‘] — Ae® "7, where A = min, {hE[z —e|" + bE[e* — 2]* }

is a constant. Thus p(«, 5) satisfies

(1 - Bp(a, B))E[e] + AB = 0.

Letting o = &(2), 8 = 3(z) and taking derivative of ﬁ(d(z),ﬁu(z)) with respect to z
yield
dp(a(2). 5(=)) _ N'(z) _ N(2)AG)

N V5 A U S PR

dp(a(=),3(=))

By Assumption 1(ii), we have .

‘ < 1 for any z € P. This shows that

p(a"). B6") = B(a50), B@) | < 71" = il
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dp((2).(2))

where v = max,¢p e

< 1. This proves Lemma Al. O

To compare the optimal solutions of Problems B1 and B2, we need several techni-
cal Lemmas. To that end, we change the decision variables in B1 and B2. For given
parameters o and 8 > 0, define d = ¢*#P d € D = [d',d"] where d' = e Pr" and
d" = e¢*#7" Then problem B1 can be rewritten as

a—logd - . _ . .
max {dT]E[e} —Erlelgjl{hE[y—de ]+ —i—bE[de —yrr}}.

Define
W(d,y) = hE(y — de) " + bE (de —y) " (2.44)
and
G, B,d) = do‘_—logdxa[ee} — min W (d, y) = do‘_—bgdﬂz[eq — W (d, 5(d)),(2.45)

B yey B

where 7/(d) is the optimal solution of (2.44) in ) for given d. Let F(-) be the cumulative

distribution function (CDF) of €€, then it can be verified that

7(d) = dF~* (b%) : (2.46)

where F~'(-) is the inverse function of F(-). Also, we let d (a, 3) denote the optimal
solution of maximizing (2.45) in D.

Similarly, we reformulate problem B2 with decision variables d and y as

a —logd 1 t;+21; 1 t;+21; N .
s (0 (a7 ) {32, (e cata )

=t +1 L i=tit1
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Let

1 ti+21;

Wini(dy) = 5= > (h(y—de)" +b(de =) "), (247)
b=t 41

and

G ﬁd)_dmj itﬁfiet — min Wiy (d, y)
i+1 o, D, - B 2] € Iyllel:)l;l i+1 ) y

U=t +1

Pl logd [ 1 tH_fi e Wit (d, §(d)) (2.48)

- 5 ar € - 'L ) Y *

3 21 +1\&, Y
t=t;+1

where §/;41 (d) denotes the optimal solution of W; 1 (d, ) in (2.47) on Y. Let d; 1 (v, 5)

be the optimal solution for Gjy(-, -, d) in (2.48) on D. Also, let 7, (d) denote the

optimal order-up-to level for problem B2 on R, for given p € P (here the superscript

“u” stands for “unconstrained”). Then

1 ti+21i b
i'v1 (d) = min {deej T Z I{e* <e9} > —} , (2.49)

Y=t +1 b+

where 1{A} is the indicator function taking value 1 if “A” is true and 0 otherwise.

It can be checked that

gi+1(d) = min {max {ﬂ?ﬂ (d) ayl} 7yh} . (2.50)

Since §;41(d) is random, it is possible for ;,1(d) to take value at the boundary, y" or

Yyl

We first compare the profit functions defined for the two problems (2.44), (2.45),
and (2.47), (2.48). To this end, we need the following properties.
Lemma A2. If 3 > 0, then both G(«, 3,d) and G,1(c, 3,d) are concave in d € D,

and both G(a, 3, e* ) and Giy1(a, 3, e*PP) are unimodal in p € P.
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Proof. It is easily seen that W (d,y) and Wi,i(d,y) are both jointly convex in
(d,y), hence min,cy W (d,y) and min,ey Wi (d,y) are convex in d (Proposition B4
of Heyman and Sobel (1984)). Therefore, the results follow from that the first term
of G (and Gj4,) is concave when 3 > 0.
The unimodality of G(av, 8, e*7P) and Gj,1(cv, 3, e*PP) follows from the concavity
of G and éi-ﬁ-h and the fact that e* PP is strictly decreasing in p when 3 > 0. U
The following important result shows that, for any given d, W (d, 7(d)) and Wi, (d, §i41(d))
are close to each other with high probability.

Lemma A3. There exists a positive constant K,y such that, for any £ > 0,

P{réleag{ W(d, y(d)) — Wi (d, gi+1(d))’ < K40§} > 1 42

Proof. By triangle inequality, we have

max ‘W(d, 7(d) — Wi (d, Zji+1(d))‘

deD
< max ‘W(dv (d)) — Wi (d, y(d))‘ +max ’I/T/i-&-l (d,5(d)) — Wiga (d, ?ji—&-l(d))‘ :

(2.51)

In what follows we develop upper bounds for maxep |W (d,7(d)) — Wis1(d, 5(d))| and
maxgep |Wip1(d, §(d)) — Wigi(d, §i41(d))| separately.

For any d € D and y € Y, we define z = y/d. Then, from (2.46), the optimal z to

b
=F1t{—).
(557)

minimize W (d, dz) is

|
|

=
&'l
S—

Moreover, we have

W(d,5(d)) = W (d, dz) = d(hE(z — )"+ BE(e — z)*),
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and

1 ti+21;

Wi (d,7(d)) = Wi (d, dZ) = d(ﬁ 3 (h(z_eet)+ +b(e _z)+>>. (2.52)

Y=t +1

Fort € {t;+1,...,t; + 21;}, denote
Ay = (hE[z — et + bE[e —2]") — (h(z — )" + b(e® —2)7).

Then E [A;] = 0. Since ¢ is bounded, so is A, thus we apply Hoeffding inequality
(see Theorem 1 in Hoeffding (1963), and Levi et al. (2007) for its application in

newsvendor problems) to obtain, for any £ > 0,

1 ti+2I; 1 ti+2I;
h| h _ il —4L;€?
P{d o oA >d§}_]P’{2[i > >5}§2e , (2.53)
t=t;+1 t=t;+1
which deduces to
P {0, 5(0) = Wil (@) | > e p < 20705 (2.54)

This bounds the first term on the right hand side of (2.51).

To bound the second term in (2.51), we use
| 2
Fz)=—=) 1{e" <
W =gp e <e), wella
to denote the empirical distribution of e. For § > 0, we call F|(Z) a f-estimate of
F(Z) (=b/(b+ h)), or simply a f-estimate, if

F(z) - Hih <4. (2.55)

20



It can be verified that

P{F(z)<bl—e} - P{F(z)<F(z>-9}
- P{F(E)—F(E) < —9}

—21;602
)

IN

e
where the last inequality follows from Hoeffding inequality. Similarly, we have
PJF(Z) > b +Op < e
b+h - '
Combining the two results above we obtain
b+ h

]P’{‘F(z) b < 9} > 1 — 2¢ 20"

Let As(6) represent the event that F'(Z) is a f-estimate, then the result above states

that

P(As(0)) > 1 — 221", (2.56)

For d € D, let %4 (d) = 2@ and 71 | = Z9@ hen it follows from (2.49) that

2f+1:min{eej L oT ]l{eetﬁeej}zb_f_—h}.

b=t 41

And it follows from (2.50) that

I h
Zi+1(d) = min {max {Egﬂrl, %} ) %} :

By g}, (d) = d Z}' |, we have Wi (d, Ui (d)) = Wina(d,d Z,,). In the following,

we develop an upper bound for Wiy, (d, d) — Wiy (d, d2%,,) when F(-) is a f-estimate.
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First, for any given d € D, if Z < Z}', |, then it follows from (2.52) that

_ d 2I;
Wina(d,dz) = 5> [b(e = 2)1{z, < e}
tt=1
b = 2)1{z < e < 2} + h(z - e)1{e <7}
d 2I;
< E;[b(e“ — B {3, <)

Fb(3, — 2z < e < 2}z - ) 1{e <7}

(2.57)

where the inequality follows from replacing e in the second term by its upper bound

U
Zi 1, and

2I;

Wit (d, dz,) = BYA Z [b(eet — Z4)H{EZ, <t}

=1
+h(Z — e )z < e < Zh A+ h(E —e)1{e” < 5}]

2I;

d

v

21;

t=1

with the inequality obtained by dropping the nonnegative middle term. Consequently

when Z < 2, we subtract (2.58) from (2.57) to obtain

VVH—I (da d?) - Wi—i—l(da dg;il)
< d (b(E — D)1= FE) + b — DEEL) - FE) +h(z - 30 EE))

= d(z, —2)(—(h+D)F(Z) +b)

IN

d(z', —Z)(b+ h)b, (2.59)

where the second inequality follows from F/(z) > b%h — 0 when F(-) is a f-estimate.

52

=3 [l = 2 HEL, < e} + (EL, - e 1{et <3}, (258)



Similarly, if 7 > z¥, |, then

21;
- d
Wisi(d,dz) = _] Z[ 2z < e}
h(E = )L, < e < T} + hE— e < 34,

—2)1{z < e}

IN
s
I
— ;
—
S
—~~
Q)

Fh(Z = ), < e < T+ h(E - e < 2,))],

(2.60)

where the inequality follows replacing e in the second term by its lower bound zj, ;,

and

Winrld dzty) = 57> |ble = 2)1{z < )

+b(e” = 24 I{Z, <e® <Zp+h(E, —e)1{e” < 2;11}]

21;

% Z [b(e“ -

t=1

v

B 1{E < e} + h(E, — e Te < 20}

(2.61)

again the inequality follows from dropping the nonnegative second term. Subtracting

(2.61) from (2.60), we obtain

Wi (d, dz) = Wi (d, dz}y,)
< d (b )1 = FE) + bz - 24 (F() = PEL) + h(E = 250 F(ER))
= dZ = 2)(h+ ) F(z) —b)
< d(z-2z,)(b+h)b, (2.62)

where the last inequality follows from F'(%) <

93

b%h + 6 when F(-) is a f-estimate.



The results (2.59) and (2.62) imply that, when F(-) is a f-estimate, or (2.55) is

satisfied, it holds that
Wisa(d, dz) = Wi (d, d2}y,) < d|z = 25| (b + h)e.

As demand is bounded, dz}',, is bounded too, hence it follows from dz € Y that there

exists some constant K4 > 0 such that d‘? — ii“H‘ < K41. Thus

Wii(d,dz) — Wi (d, dz ) < Ku(b+ h)0.
Since Z, is the unconstrained minimizer of Wi, (d, dz), it follows that
Wisi(d, dz) = Wi (d, dZi1 (d)) < Wiga(d, d2) = Wiga(d, d2},) < Ka(b+ h)6.

As this inequality holds for any d € D, it implies that, when F' (+) is a f-estimate, or

on the event A3(0),

max{m+1(d, dz) — Wisa(d, déiﬂ(d))} < Ku(b+ h). (2.63)

deD
Letting 6 = £ in (2.63) we obtain

deD

P(As(€))

> 1 — 26’211'52

P {max <V~Vi+1 (d,dz) — WiJrl (d, d51‘+1(d))> < Ky (b+ h)f}

v

Y

where the last inequality follows from (2.56). This proves, by noting Wi, (d, 7(d)) —

I/T/Hl(d, Uir1(d)) > 0 as §;11(d) is the minimizer of W,-H on Y, that

P {max ‘ (Wm(d, 5(d)) — Wiy (d, gi+1(d)))‘ < Ku(b+ h)g} > 1 — 962 (2.64)

deD
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Applying (2.54) and (2.64) in (2.51), we conclude that there exist a constant Ky > 0

such that for any £ > 0, when [; is sufficiently large,

P {max‘W(d, 7(d)) — Wi (d, gm(d))‘ < K40£} > 1 — 27218 _ 9e= 4 > 1 _ g2

deD

This completes the proof of Lemma A3. 0

Having compared functions W and Wiﬂ, we next compare G with Gi+1-
Lemma A4. Given parameters a and 3, there exist a positive constant K, such
that, for any £ > 0,

P {max ‘a(a7 B, d) - éz’+1 (Oé, B, d)‘ > K42£} < 5672[2.52.

deD

Proof. For any d € D, similar argument as that used in proving (2.53) of Lemma

A2 shows that, for any & > 0,

"

1 ti+21;
Ele®] — (f Z eet>

Yp=t;41

< 6} >1— 4

where 0 = /Var(e®). Let r* = maxgep %d, then we have
a—logd a—logd [ 1 "

€] €t < pE

P{rﬁlea% d—p Bl -d—5 (21} t;ﬂe =

= P{r* Sr*ﬁ}

1 — e 4, (2.65)

1 ti+21;
Ele] — (ﬁ Z eet>

S

v

95



Hence, it follows from (2.45) and (2.48) that, for any d € D and £ > 0,

deD

]P’{max‘ (a, 8,d) — Z+1( ,ﬁ,d)‘ < (K4o+7"*)§}

a—logd . .
= P{rgg&g (dTE[e]
B a—logd [ 1 " . . _
-W(d,y(d)) | — (d 3 a7 e ) = Wita(d, git1(d)) (K0 +17)¢
b=t 1
~1 ~1 1
> p{max 2 loedyy g _ jo—losd (_ )\
deD ﬁ ﬂ 2[1 =t 11
s W 5(0) — Wi, ()] < (K 1)}
a —logd a—logd( hel )‘
> P{max|d———FE|e| —d——— et )| <rre,
e e R = C O IE
and max W(d,y(d) — VT/z‘+1(d, gi—l—l(d))‘ < K4o§}
a —logd a—logd ( Ry )
= 1—-P{max|d—————E|e| —d———— “) >,
R - 3 )|
or 1y V(0. 70) = Wi (A ()] > K
a—logd a—logd nel
> 1-P a” oedy o ogd et .
= {I?eaé(d 5 Ele]-d—3 (2] z; > e
{fcflleaDX W(d,y(d) — Wi+1(d> Yir1(d))| > K4o§}
e R e
> 1 —5e ¢

where the last inequality follows from (2.65) and Lemma A2. Letting Ko = Kyo+2r*c
completes the proof of Lemma A4. O

For any £ > 0, we define event

A4(§):{w max‘ (@, 8,d) — G (@ ,B,d)‘gKQ{}. (2.66)

deD
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Then Lemma A4 can be reiterated as P(Ay(€)) > 1 — be21:€7,

With the preparations above, we are now ready to compare the optimal solutions
of problems B1 and B2. Different from B1, in problem B2 the distribution of €
in the objective function is unknown, hence the expectations are replaced by their
sample averages, giving rise to the SAA problem. Lemma A5 below presents a useful
result that bounds the probability for the optimal solution of problem B2 to be away
from that of problem B1l. Since I; tends to infinity as t goes to infinity, this shows
that the probability that the two solutions, ﬁ(d(ﬁi), ﬁu(ﬁl)) and p;q (0?(]52-), B(ﬁl)), are
significantly different converges to zero when the length of the planning horizon T
increases.

Lemma A5. For any p € P and any &£ > 0,

for some positive constant K,3.
Proof. To slightly simplify the notation, for given parameters a and 3, in this proof

we let
G(d) = G(a,f,d), G(d) =G, p,d), d=d(a,f), d=dsi(ap).
By Taylor’s expansion,
G(d)=G(d) + G (d)(d—d) + —2(d - d)*, (2.67)

where ¢ € [d,d] if d < d and q € [d,d] if d > d. Since we assume the minimizer of

W (d,y) over R, falls into YV, it follows from (2.45) that G(d) = d%lﬁl[ee] — Ad,

o7



where A = minz{hE(z — e€)+ + bI[*Z(e6 — z)+} > () is a constant. Thus, we have

Since A(+) is assumed to be strictly decreasing, it follows that 3(-) is bounded below
by a positive number, say @ > 0. On 8 > a, let mingep IE%] = m and it holds that

m > 0, then it follows from (2.67) that

@@g@@—%@—@? (2.68)
Now we prove, on event Ay (), that
G(d) — G(d) > —2K €. (2.69)

We prove this by contradiction. Suppose it is not true, i.e., G(d) — G(d) > 2K €,

then it follows from (2.66) that

G@) - G(d
(

~—

> — K€ + 2K498 — Ky§

= 0.

This leads to G(d) > G(d), contradicting with d being optimal for problem B2. Thus,
(2.69) is satisfied on A4(§).
Using (2.68) and (2.69), we obtain that, on event A4(§),

4K42€7
m

jd—d|* <

o8



or equivalently, for some constant Ky,

Let g(d) = %, then B(a, ) = g(d) and piy1(e, B) = g(d). Since the first order
derivative of g(d) with respect to d € D is bounded, there exist constant K5 > 0,

such that on A4(§), it holds that

B(at, B) — B (v, B)| = 9(d) — g(d)| < Kusld — d] < Ky x Ki5€2.

Letting K43 = K44 X Ky5, this shows that for any values of a and § > a,

P[5l ) — i B)| < Kinth } 2 PLALE)) 2 1 — 570

Substituting o = &(p) and = 3 (p), we obtain the desired result in Lemma A5. [
Lemma A6 shows that (&1, Bis1), (&(5:), B(pi)) and (&(p; + 6), B(ps + 6i)) ap-
proach each other when i gets large.

Lemma AG6. There exists a positive constant Kug such that

E ||a(p;) — 65i+1’2 + ‘B(ﬁz) - Bi+1’2 + |a(pi + 6;) — @i+1’2 + ‘B(ﬁz +6;) — BiJrl‘z < Ky,

N

Proof. The proof of this result bears similarity with that of Besbes and Zeevi (2015),

hence here we only present the differences. For convenience we define

ti+1; ti+21;

B}y, :% Z €t, BZ-2+1 :% Z €.

t=t;+1 t=t;+1;+1

Recall that &;,; and Bz’+1 are derived from the least-square method, and they are
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given by
9 9 141

A(Pi +0i) — A 1
( 52 ( ) 5’&( B7,1+1+BZ+1) (271)

(2.70)

Qi+1 =

ﬁi—l—l = -

Applying Taylor’s expansion on \(p; + d;) at point p; to the second order for (2.71),

we obtain

= B(p) — SN (q)di —

A N 1 1
Biy1 = — <)‘/(pi) + 5)\”(‘]i>5i> 5. —(= Bz1+1 + Bx+1)
1
2 BL,+ B2, 212

1
ﬂ
where ¢; € [p;, p; + d;]. Substituting Biy1 in (2.70) by (2.72), and applying Taylor’s

expansion on A(p; + 9;) at point p; to the first order, we have

X X 1 B} | + B? (6
Gipr = MNpi) + 5/\'(q2'-)5i + % — N(p:) <Pi + 5)

L., 1 )
+ (“A (q:)6; — 5 = (= le-i-l +Bz‘2+1)) ( i + 5)

X 1 Bl | + B? 1., .
= d(])i) + 5)\/(%)@ + % - 5/\/(172')51'
1 1 R 0;
+ <—§>\H(Qi)6i 51( Bl + Bz+1)) ( i + 5) ,

(2.73)
where ¢; € [p;, p; + 4.

Since the error terms ¢, are assumed to be bounded, we apply Hoeffding inequality

to obtain

P{=Bla| > €} <270, P{[BL| > € <207

60



Hence,
P{|-Bl|+|Bh| > 2} <P{|-Bl.| > &} +P{|B}| > &} <de™'<
Therefore,
P{|=Bly + Bla| <26} 2 P{|-Bl| + Bl | <26} 21— 470
Similar argument shows
P{|BL, + B%,| <26} > 1 — 42,

Since A'(-) and N\’(-) are bounded and §; converges to 0, from (2.73) we conclude
that there must exist a constant K47 such that, on the event |BZ 1t BEH{ < 2¢ and

|—BL, + B2, | < 2¢, it holds that
|Gip1 — a(pi)| < Kur (57; + 5§ + £> .
Therefore,

—Bl, |+ |B| <2¢)

P{|di+1 —a(pi)| < Kz (52‘ + (5£ +§)} > P{|B{,+

> 1 — 8¢ i€
which implies

2
{|sz+1 —a(p)? < Kug (52 §2 + 52)} > 1 — 8¢ €, (2.74)
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From (2.72) we have

P{‘Bm — B(py)| < Kug (@- + ;)} > 1 — 420

%

which implies

P {‘Bi-ﬁ-l - B(ﬁz)‘z < Ko (512 + 5-2)} > 1 — 4e 2 (2.75)

Following the development of (2.74) and (2.75), we have

2
P{’di-H — A(pi + 5@')\2 < Kx <512 + 52 + 52)} >1-— e~ 2h€, (2.76)
and
A 3 2 2 2
P { |Biv1 — B(pi + 6:)|” < Ksz (53 + g) } > 1 — 4e 2 (2.77)

Combining(2.74), (2.75), (2.76), and (2.77), we obtain

P{m — AP+ |Bipr = BO + [disr — ABi+ 6P + [Biss — Bi + 6)|°

< K (6? T 4—“2) } (2.78)

> 1 — 2420

which is

K o .
P 1) (10600 — P+ 160 ~ o

+|a(p; + ;) — di+1|2 + |B<I§z +9;) — @Ai+1|2 _ K535i2> > §2} < 26
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Therefore,

1
E{ <— + K55> ( |G (p:) — Qipr|* + |B(i) — Biga|* + |&(Pi + 6;) — G|
+|B(ﬁi +9;) — Bi+l|2 - K535i2>}
K4 ! 5 ;
= <— + K55) E[‘d(ﬁz> - OAéz'+1|2 +18(pi) — Bisal? + |&(ps + 6;) — Gia|?

. R K -1
+|8(pi + 6;) — 5z‘+1|2] — (5—24 + K55) K535i2

IA
N
>~
[
e
=
2%
<Y
N

Hence one has

E [|d(15i) — Gin)? +18() = Bipa [ + |6 + 6) — diga [ + [B(Bi + 6:) — Bina|*

12 (K - K
< (T + (5—;4 + K55) K535z~2> ((5_;4 + K55>

Kyl *. (2.79)

N

IN

This completes the proof of Lemma A6. 0
Lemma A7 bounds the difference between the solution for problem B2, p;q (d(ﬁi), B (ﬁz)) ,
and the solution for problem DD, p;.;. Comparing the two problems, we note that
there are two main differences: First, problem DD has an affine function with coeffi-
cients &;,1 and BZ-H , while problem B2 has an affine function with coefficients &(p;)
and B (pi); second, in problem DD, the biased sample of demand uncertainty, 7, is
used, while in problem B2, an unbiased sample ¢; is used. Despite those differences,
we have the following result.

Lemma A7. There exists some positive constants K5 and ¢* such that for any
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7 > 1* one has

i

P (600, B(50) = Biva| = Kao(|a(5) = G| + [B@:) = B

3 - 8
P{gHmMELM@»—gwlzk@ﬂmmw—mﬂw+W@n—&H|

5 3 30 ; 8

+‘5é(pi + 52) - Oéz'+1| + ‘5(]?@ + 52) — ﬁerlD} < T

Proof. To compare the solutions of these two problems, we introduce a general
function based on the data-driven problem DD and problem B2: Given selling price
P = ]A)l fort = ti+1, .. ,ti—i‘fi and Pt = ]514‘52 fort = tz—|—]l+1, . 7ti+2]i7 logarithm

demand data Dy, t =t; +1,...,t; + 21;, and two sets of parameters (ay, 51), (a2, 52),

define szli{i-l(ah Bl) = (Cti-f—l: BRI gtr‘rfi) and gtl+t2—{l +1(a27 BQ) = (gtr‘rfr‘rh s 7Cti+21i)
by
G = Dy—(oa—Bip) = Api) + & — (a1 — Bipi), t=t;+1,...,t;+ 1

G = Dy— (g — Bopy) = Api+0i) + & — (o — Ba(ps +6;)), t=t;+L+1,....t;+ 2.

Then, we define a function H;,; by

Hiy (p e gtl—z;il(alaﬁﬁ Gl Jﬁ{[ﬁl(%,@)) (2.80)
ti+21; 1 ti+21;
— pe®tT 51;0 i i (h _ ,oa—Bip Gt +—|—b a1—PB1p (e _ +> )
s

Consider the optimization of H; ., and let its optimal price be denoted by

p((@h B1), (CY2752)) = arg I;leégi Hi (p, e =P Cflzil(al, B1), ,ffilﬁl(ag, ﬁg)) (2.81)
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and its optimal order-up-to level, for given price p, be denoted by

y(em—ﬂm’ (ala 51)’ (a2; /82))

ti+21;
(1 B . B .
_ hy — e B1p Gt b(e Bip Gt ) . (2.82
= arg Iyneljrjl{ oI, t:§t.+:1 ( (y € € ) (e e y) ( )

Similar to Besbes and Zeevi (2015), we make the assumption that the optimal
solutions
p((a1, 1), (s, B2)) and y(e™ =P, (ou, B1), (o, B2)) are differentiable with respect to
a1, an and 1, B2 with bounded first order derivatives. Then, p((oq, B1) (s, 62)) and
y(eal_ﬁlp, (v, B1), (g, 52)) are both Lipschitz and in particular, there exists a con-

stant K5; > 0 such that for any oy, as, o), ob and (i, fs, 51, 85, it holds that

p(a1, B)(az, B2)) = p((af, B1) ek B5)| (2.83)
< Koo (loa = ad| + |81 = 1] + |z — o] + |8 — B3] ).
y(€al_ﬁlp> (a1, B1), (e, 52)) - y(ea’l—ﬁiq (a1, By), (a, Bé))‘ (2.84)

< Ko (Jo — |+ 181 = 8] + oz — 0| + |52 = B3] ).

The optimization problem (2.80) will serve as yet another bridging problem be-
tween DD and B2. To see that, observe that when ay = ay = &;41 and f; = By = Bi+1,

problem (2.81) is reduced to the data-driven problem DD. That is,

Pit1 = p((diJrlv BiJrl)a (Giy1, Bz’+1))- (2.85)

v v

On the other hand, when oy = &(p;), 51 = B(Ps), e = &(p; + 0;), B2 = (P + 0;), we

deduce from the definition of &(-) and B() that for t =¢; +1,....,t; + I;, we have

G =Dy — (al - 51]%) = )\(ﬁi) + 6 — (d(ﬁi) - B(ﬁz)ﬁz) = €, (2-86)
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and fort =t;+ I; + 1,...,t; + 21;, it holds that
G =Dy — (az — Bopr) = N + ;) + & — (&(pi + &) — B(Pi + 6;)(pi + 6:)) = €.(2.87)

This shows that when the parameters are (&(ﬁi), B(ﬁz)) and (d(ﬁi +6;), Bv(ﬁZ + 5i)),

problem (2.81) is reduced to bridging problem B2. This gives us
Pit1 (d(ﬁz‘); B(ﬁz)) = p((d(ﬁi)a B(ﬁz))7 (d(ﬁz‘ +05), B(ﬁz + 51))) (2.88)

The two results (2.85) and (2.88) will enable us to compare the optimal solutions
of the data-driven optimization problem DD and bridging problem B2 through one
optimization problem (2.81).

In Lemma A6, letting € = (21;)"2 (log 2I;)2 in (2.78), we obtain

P{ |6 (s) — Gia|* + |B(B:) — Bisa|* + 16 + 6) — G [* + [B(i + ) — Bina|* (2.89)

1

< Kas (1;5 +(2L)"

D=

(log 27;) + (21;) "} (log 210) }

AV4
—_
|
Sl oo

This implies

P{ [i(pr) — assa] < (3K (20) 7 (log 21,

|6(p:) — B¢+1\ < (3K53)

| (ps + 0;) — diga] < (3K53)

[ SIS

(21,) i (log 21,)2,

D=

=

(21,) i (log 21,)2,

SIS

|B(ﬁz +6;) — Bz‘+1| < (3K53)%(2Ii)_i(10g 21;)
8
I,

}

> 1- (2.90)
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For convenience, we define the event As by

NI

As = {w i a(p) = Gira] < (3K55)* (1) (log 21,)%,
1B(p:) — Bis1| < (3Ks3)

G (p: + 6;) — dur| < (3K53)2(2L) 7 (log 21,)2,

VI

(21,) i (log 21,)2,

[N

1B + i) — Bia| < (3K53)%(21i)_%(10g 21—1')%}- (2.91)

Then by (2.91) one has

8
P(AS) < T (2.92)
When 1 > 0, similar to Remark 2 and Lemma A2, one can verify that H; (-, -, -, )

of (2.80) is unimodal in p thus its optimal solution is well-defined. Define

VI

N[
NS

(21,)"1 (log 21;) <min5(p)}}, (2.93)

peEP

i* = max { log, 2%_0, min {z ) (3K53)

where we need ¢* to be no less than log, ;= to ensure that (21,)"1(log 2;)? is de-
creasing on ¢ > ¢*. When ¢ > ¢*, it follows that Bz’+1 > 0 on Ajs, hence on event As,
problem DD is unimodal in p after minimizing over y, and the optimal pricing is well-
defined. These properties will enable us to prove that the convergence of parameters
translates to convergence of the optimal solutions. Then the first part in Lemma A7
on p follows directly from (2.85), (2.88) and (2.83). From equations (2.82), (2.86),

and (2.87), we conclude

i1 (XPOAOIPTY g (S0I=BOIw (G(py), B(py)), (6B + 8:), BB +67))),

67



and it follows from the DDA policy that
Jivrg =yt PP (G, Bis1), (Gir1, Bi+1))~

Then, similar analysis as that in the proof of (2.83) can be used to prove (2.84). O
To prepare for the convergence proof of order-up-to levels in Theorem 1, we need

another result. Recall that @(eo‘_ﬁp) and Qiﬂ(eo‘_ﬁp) are the optimal y on ) for

problem B1 and problem B2 respectively for given p € P. We have the following

result.

Lemma A8. There exists some constant Ksg such that, for any p € P and p; € P,

for any £ > 0, it holds that

]p{ ‘g(ed(ﬁi)—é(ﬁm) — Gy (e500—FR0P)

> K58§} < 2¢74E%,

Proof. For p € P, the optimal solution for bridging problem B1 is the same as (2.46),
= ((o800—B00p — pa-Aeapp-1 (D

For given p € P, we follow (2.49) to define 7, , (ed(ﬁi)_g(ﬁi)p) as the unconstrained

optimal order-up-to level for problem B2 on R, , then it can be verified that

tir2l;
o . o . 1 i i b
Uittt (ea(p")_fg(pi)p) = MP)=BPIP i {eeﬂ' o7 E T{e* <eY} > b h h} (2.95)

Ut=t;+1

and, similar to (2.50), we have

i (ea@i)—ﬁ“@i)p) — min {max {g?+l<ea(ﬁi)—ﬂ”<ﬁi)p)’ yz} yh} '
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It is seen that

7 <65¢(ﬁi)—/§(ﬁi)p> — Jisn (ed(ﬁi)_é(ﬁi)p> < ‘@ (60?(131')—5(131')17) _ gu (e&(ﬁi)—é(ﬁi)p> ] (2.96)
Now, for any z > 0, we have
P {F (g;i_H (eé(ﬁi)—ﬁ(ﬁi)ﬁi+1> e~ (a(pi)— B(p: P1+1)) < — (2.97)

<)
~U a 3 & b
i (6 (9)— ﬁ(pz>pz+1> ~(@()-BEpi) < (b+ - - Z)}

IN
=
—N
[N}
K-
LM
~ iR
=
—N
Cbm
IA
R
/N
S
_|_‘
=
|
N—
H/_/
Y
S
—|—‘®
=
——

where the first inequality follows from (2.95). Since E [IL {e“ <F! (th — z) H =

b

74 — % we apply Hoeffding inequality to obtain

1 ti+21; b b 2
Peor 1 ¢ < P — — - — = > < A
{2[”;1 {6 N (b+h Z)} (b—l—h Z)_Z}_e

Combining this with (2.94) and (2.97), we obtain

P { F@Jﬂ (ea(ﬁi)—ﬂ“(ﬁi)ml) o~ (@(B:)— (pz)pm)) F(y (ea(ﬁi)—ﬂ“(ﬁi)ml) e~ (@B —Bppit) | < _Z}

<e
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Similarly, we have

P{F(g;ﬂ_l (ed(ﬁi)_ﬁu(ﬁi)ﬁi-&-l) —(a(p:)— (Zh)lh-ﬂ)) F(y (ed(ﬁi)_ﬁu(ﬁi)ﬁi-&-l) —(&(ps)—B(Bi)pit1) > Z}

< 6—41i22

(2.99)

From regularity condition (v), the probability density function f(-) of e satisfies
r = min{f(z),z € [[,u]} > 0. From calculus, it is known that, for any = < y, there
exists a number z € [x,y] such that F(y) — F(z) = f(2)(y —2) > r(y — z). Applying
(2.98) and (2.99), for any £ > 0, we obtain

2~ 4i€?
> ]}D{ ‘F(gzu_’_l <€é(ﬁi)_5(ﬁi)ﬁi+l> e—(d(ﬁi)—é(ﬁi)ﬁi+1))
_F(y (ed(ﬁi)*ﬁv(ﬁi)ﬁzﬂrl) e~ (@(Pi)— (m)pwa))‘ > 5}
> Prlgt, (ea@i)—é(ﬁi)ml) o~ (@) =B(pi)pir1) y< (1) pz)pzﬂ) ~(6(G)=Bppit1)| > 5}

{
o

i, (ed(ﬁi)—ﬂm)ﬁm) _3 (ea( bi)— (pz)ml) ’ > L a(0-Boomi 5}

Let Ksg = maxp.epp,, ep Lod(pi)—BBi)bi+1 , then K3 > 0. We have

|

and Lemma A8 follows from the inequality above and (2.96). O

g;ﬁrl ( &(pi)— (1%)1%4—1) —y (654(131)—5’(131)131“) ' > K58§} < 26_4Ii€2,
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CHAPTER III

Nonparametric Algorithms for
Joint Pricing and Inventory Control with

Lost-Sales and Censored Demand

3.1 Introduction

Different from Chapter 2 with backlogged demand, in this chapter, we consider

lost-sales with censored demand.

3.1.1 Model Overview, Example and Research Issues

This paper studies a periodic-review joint pricing and inventory control problem
with lost-sales over a finite horizon of T' periods. At the beginning of each period,
the firm makes pricing and inventory replenishment decisions. The demands across
periods t = 1,...T are denoted by Dy(p;) = A(p:) + €, where A(p;) is a decreasing
deterministic function representing the average customer response rate to the selling
price in period t, p;, and ¢, t = 1,2,...,T, are independent and identically dis-
tributed (i.i.d.) random variables representing noises (see §3.2 for model details). For
notational convenience, we use ¢, and e interchangeably in this chapter, due to the
ii.d. assumption. Different from the related literature, the firm knows neither the

form of A(-) nor the distribution of €¢; a priori. Moreover, the firm only observes the
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censored demand realizations over time, i.e., it observes the sales quantity in each
period, which is the minimum of the realized demand and the on-hand inventory, and
thus the lost-sales information is censored and not observed.

Even with complete information about the function A(-) and the distribution of
€;, this class of problems is known to be hard since the expected profit function, in
general, fails to be jointly concave. Several papers in the literature present sufficient
conditions under which the expected single-period profit function is unimodal (see,
e.g., Chen et al. (2006), Huh and Janakiraman (2008), Song et al. (2009), Wei (2012),
Chen et al. (2014b)). We also assume the expected single-period profit function is
unimodal if the function A(-) and the distribution of ¢; were known a priori. However,
if one constructs an estimated profit function using past demand observations, the
estimated (sampled) profit function, as we demonstrate in Example I11.1 below, will
be multimodal in price, which presents a major analytical barrier for learning and
optimization (see Figure 3.2). In addition, the censored demand information adds
further complexity to the problem because the estimators constructed from the ob-
servable demand data are also biased. As a result, the firm needs to actively explore
the decision space in a cost-efficient manner so as to minimize the estimation errors
while maximizing its profit on the fly.

We develop a nonparametric data-driven closed-loop control policy © = (py, y; |
t > 1) where p, and y; are the pricing decision and the order-up-to level in period
t, respectively; and we denote its total expected profit by € (7). Now, had the firm
known the underlying demand-price function A(-) and the distribution of €; a priori,
there exists a clairvoyant optimal policy 7* with total expected profit denoted by
% (m*). We measure the performance of our proposed policy 7 through an average
(per-period) regret R(mw,T) £ (€ (7*) — €(n))/T. The main research question is to
devise an effective nonparametric data-driven policy 7 that converges to 7* in proba-

bility and also drives the average regret R(mw,T') to zero with a provable convergence
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rate.

Example III.1. Let A(p) = 2.944 — 0.52p, and the random error € follows the trun-

cated Normal distribution with mean 0 and standard deviation 0.5 on [—1,5]. Set

the price range P = [0,3.6] and the inventory range Y = [0,10]. The clairvoyant’s

problem (Opt-CV) (i.e., with known A(p) and distribution of € a priori) is given by
pg[h?;.(ﬁ} {p(2‘944 —0.52p + E[e]) (3.1)

- min {(b+p)E[2.944 — 0.52p + € — y|" + hE [y — (2.944 — 0.52p + €)]"} }
y€|0,

where h = 1 and b = 1.1 are the per-unit holding and lost-sales penalty costs,

respectively.

profit
profit

L L L L L L L
u] 04& 1 148 2 25 3 35

Figure 3.1: The clairvoyant’s problem  Figure 3.2: The sampled problem
(Opt-CV) (Opt-SAA)

The objective profit function in (3.1) over P is plotted in Figure 3.1. It is clear
that the clairvoyant’s problem is unimodal (in fact concave) in p and the optimal
price is around 2.7. However, if the demand information is not known a priori, then
the estimated objective profit function constructed using demand samples can quickly

become ill-structured (multimodal).
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To illustrate, we for the moment hypothetically assume that the firm knows A(p),
but does not know the distribution of € and instead has observed 5 unbiased samples
of e as {—1,—1,—1,0.85,5}. (In the case that the firm does not know A(p), the
samples of € collected are usually biased in our model.) Using sample average, one

can readily construct an estimated objective profit function as

5 5
1 1
2.944 —0.52p+ = Y ¢; ) — min —4(b 2.944 — 0.52p +¢; — y)*
pgl[o?,l?i(ﬁ}{p( Pty p EJ) ve[o-10] 5{( +p) ;( p+e—y)

+hy (y—(2.944 - 0.52p + ej))+}}. (3.2)

J=1

Unfortunately, even for this simpler setting, as seen from Figure 3.2, the (sampled)
objective profit function (3.2) is multimodal in p. More precisely, it is a piece-wise
concave function with three pieces illustrated in different colors. There are two local
maxima, i.e., 2.6 and 3.4, and the natural question arises as to how to choose from
the multiple local maxima so that the convergence to the clairvoyant’s maximum
can be guaranteed. It can be seen that the number of local maxima increases in the
number of sample points used to construct the sampled objective function. This poses

significant challenges in both the algorithmic design and its performance analysis. [

We note again that the example above is in fact a simplified version of our prob-
lem with known A(-) (for illustration purposes). The full-fledged problem needs to
estimate A(+), and therefore the unbiased samples of € cannot be obtained (as they
cannot be separated from the estimation of A(-)), making the problem considerably

more difficult to analyze.

3.1.2 Main Results and Contributions

We propose the first nonparametric algorithm, called the Data-Driven algorithm

for Censored demand (DDC for short), for the joint pricing and inventory control

74



problems with lost-sales and censored demand information. We show the convergence
of pricing and inventory replenishment decisions to the clairvoyant optimal decisions
in probability (Theorem II1.3), and also characterize its rate of convergence (Theorem
[1T1.4). More specifically, we show that the average regret R(DDC,T) converges
to zero at the rate of O(T5(logT)1). We also conduct numerical experiments to
demonstrate the effectiveness of the proposed algorithm.

Our proposed algorithm DDC builds upon the recent work of Besbes and Zeevi
(2015) (which focused on a dynamic pricing problem without inventory replenishment
decisions) and Chen et al. (2015) (which studied a joint pricing and inventory control
problem with backlogging and full demand observation). In particular, DDC uses
a linear approximation scheme to estimate the average demand function A(-) using
the least-square method. This elegant idea was originally put forth by Besbes and
Zeevi (2015). One critical difference between our work and theirs is that with inven-
tory replenishment as an operational decision, we also need to learn the underlying
distribution of the random error ¢; using historical demand data in order to set the
order-up-to levels in each period. Since A(+) is not known a priori and is subject to
estimation errors, true samples of the random error ¢; cannot be obtained. Further-
more, due to the lost-sales, the firm cannot observe the true realized cost whenever
a stockout occurs in a period, as the lost-sales penalty cost depends on the lost-sales
quantity which is not observed by the firm. Thus, in our problem the firm does not
always observe the realized profit in a period, and due to lack of knowledge about
A(p), nor can the firm assess the derivatives of the realized profit function. As a
result, conventional approaches, such as stochastic approximation, online convex op-
timization, and continuum-armed bandit algorithms, cannot be applied or adapted
to this setting, as these methods rely heavily on knowing either the realized objective
value or its derivatives for a given decision.

Recently, Chen et al. (2015) studied a joint pricing and inventory control problem
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with backlogging, and proposed a method for constructing a (sampled) proxy profit
function. Our work is closely related to theirs, and also involves constructing a sam-
pled proxy profit function using historical demand data, but is significantly different
from that work in several aspects. It is well-known in the literature that the joint
pricing and inventory control with lost-sales is much harder to analyze than its backo-
rder counterpart, since the lost-sales problem is structurally much more complex even
with known A(+) and ¢;. This difficulty is further aggravated by censored demand in-
formation (i.e., the demand observations are truncated by the on-hand inventory lev-
els). As noted in Example III.1, the sampled profit function for the lost-sales model
is ill-behaved, which is a major difficulty not encountered in the backorder model.
Therefore, the algorithmic design and analysis become highly nontrivial, requiring a
multitude of new ideas and techniques.

In the following, we detail the three major challenges of our problem that did not
exist in previous related works, and our high-level solution approaches.

(a) Active exploration of the inventory space. In the lost-sales model, the
demand realizations are often truncated by the on-hand inventory levels (i.e., the
lost-sales quantity is unobservable when customers find their desired items out of
stock and walk away). This means that the firm does not know the lost-sales cost
incurred during a period when a stockout occurs (as it does not know how many
customers are lost). The censored data also create much difficulty in the algorithmic
design since this unobservable lost-sales quantity is essential in estimating A(-) and
¢;. To learn about the demand and maximize the profit, active exploration is needed
to discover the lost-sales quantity that is otherwise unknown. Our algorithm DDC
carries out active experimentation on the inventory space in carefully designed cycles.
The algorithm raises the inventory level whenever there is a stockout (see Step 1 of
DDC). The next immediate issue is how to use the observable sales data (censored

demand realizations) to estimate A(-) and the distribution of the error term. Using
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the sales data clearly introduces downward biases in estimating the true demand, but
we show that their long run impacts are negligible under our exploration strategy
when the length of learning cycle increases (Lemmas I11.7 and II1.11).

(b) Correction of estimation bias. There are two sources of estimation biases
we need to overcome in the performance analysis of DDC. First, since the demand-
price function A(-) is not known, we cannot obtain true samples of the random error
¢; based on demand observations. We instead use the residual error defined in (3.10),
computed based on the linear estimate of A(+), to approximate the true random error.
Note that knowing the distribution of error term is crucial for making inventory
decisions that strike a good balance between overage and underage costs. We show
that this estimation bias vanishes as the algorithm proceeds (Lemmas I11.8 and 111.12).
Second, we use sales data (censored demand) instead of full demand realizations to
carry out our least-square estimation and sampled optimization (see Steps 2 and 3
of DDC), and this clearly introduces estimation biases that need to be overcome
(Lemmas II1.7 and I11.11).

(c) Learning and optimizing a multimodal function. The most difficult
(and also the unqiue) part of this lost-sales problem lies in the fact that the esti-
mated (sampled) proxy profit function (Opt-SAA) using demand observations in the
exploration phase is multimodal in p in Step 3 of DDC (see, e.g., Figure 3.2), even
though the expected profit function is assumed to be unimodal in p (e.g., Figure
3.1). In contrast, the original objective and its (sampled) proxy function in the back-
order model studied by Chen et al. (2015) are both unimodal in p, and therefore
the optimal prices can be solved through a first-order condition, establishing that
the convergence in parameters guarantees the convergence of decisions. Learning and
optimizing a multimodal function is indeed a challenging task, which is a unique
characteristic in the lost-sales setting. Moreover, the number of local maxima grows

in the number of demand data points used. To resolve this issue, we develop a new
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technique called sparse discretization to overcome the technical hurdle (Proposition
I11.6). More specifically, we optimize the multimodal (sampled) proxy profit func-
tion (Opt-SAA) on a sparse discretized set of prices. For any time horizon T, we
only need to exhaustively check on the order of T number of price points (which is
very sparse). We show the (sampled) proxy profit function (Opt-SAA) is uniformly
close to the linear approximated function (Approx-CV) over this sparse discretiza-
tion (see Figure 3.5). We then establish the convergence result by exploiting some
structural properties of the linear approximated function (Approx-CV). We believe
the sparse discretization technique developed in this chapter can be useful in learning
and optimizing multimodal functions of other settings where the original function
has nice structures (e.g., concavity, unimodality) but the sampled proxy function is

ill-behaved.

3.1.3 Literature Review

Our work is relevant to the following research streams.

Joint pricing and inventory control problems with lost-sales. The literature
on joint pricing and inventory control problems has confined itself mainly to models
that assume unmet demand is fully backlogged. The optimality of base-stock list-price
or (s,S,p) policies for backorder models has been well established (see, e.g., Feder-
gruen and Heching (1999), Chen and Simchi-Levi (2004a,b), Huh and Janakiraman
(2008)). Compared with the classical backorder model, the difficulty in analyzing the
lost-sales model is mainly due to the fact that the expected profit function fails to be
jointly concave even when demand is linear in price p (see Federgruen and Heching
(1999)), which is often a crucial property for characterizing optimal policies. Nev-
ertheless, there is a stream of literature that extends the optimality of base-stock

list-price or (s,.S,p) policies to the lost-sales model with additive or multiplicative
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demand (see, e.g., Chen et al. (2006), Huh and Janakiraman (2008), Song et al.
(2009), Chen et al. (2014b)). These papers require that the expected single-period
profit function to be unimodal (or quasiconcave) in p under certain technical con-
ditions. Our work differs from the above literature by not taking the demand-price
relationship as given. The firm needs to use observed demand data to learn the de-
mand process on the fly while maximizing their expected profit. However, when the
demand-price relationship is not known a priori, our (sampled) proxy profit functions,
constructed using SAA methods, no longer preserve the unimodality property, which

poses a significant challenge in the performance analysis.

Nonparametric algorithm for inventory models. Huh and Rusmevichientong
(2009) proposed gradient descent based algorithm for lost-sales systems with cen-
sored demand. Subsequently, Huh et al. (2009) proposed algorithm for finding the
optimal base-stock policy in lost-sales inventory systems with positive lead time. Bes-
bes and Muharremoglu (2013) examined the discrete demand case and showed that
active exploration is needed. Huh et al. (2011) applied the concept of Kaplan-Meier
estimator to devise another data-driven algorithm for censored demand. Shi et al.
(2015) proposed algorithm for multi-product inventory systems under a warehouse-
capacity constraint with censored demand. Another nonparametric approach in the
inventory literature is sample average approximation (SAA) (e.g., Kleywegt et al.
(2002), Levi et al. (2007, 2011)) which uses the empirical distribution formed by
uncensored samples drawn from the true distribution. Concave adaptive value esti-
mation (e.g., Godfrey and Powell (2001), Powell et al. (2004)) successively approxi-
mates the objective cost function with a sequence of piecewise linear functions. The
bootstrap method (e.g., Bookbinder and Lordahl (1989)) estimates the newsvendor
quantile of the demand distribution. The infinitesimal perturbation approach (IPA) is

a sampling-based stochastic gradient estimation technique that has been used to solve
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stochastic supply chain models (see, e.g., Glasserman (1991)). Eren and Maglaras
(2014) employed maximum entropy distributions to solve a stochastic capacity control
problem. For parametric approaches in stochastic inventory systems, see, e.g., Lar-
iviere and Porteus (1999) and Chen and Plambeck (2008) on Bayesian learning, and

Liyanage and Shanthikumar (2005) and Chu et al. (2008) on operational statistics.

Nonparametric algorithm for dynamic pricing models. There is a growing
literature on dynamic pricing problems with a demand learning approach (see, e.g,
survey papers by Aviv and Vulcano (2012) and den Boer (2015)). The majority of the
papers have adopted parametric models in which the firm knows the functional form
of the underlying demand-price function (e.g., linear, logit, exponential). Popular
approaches in this setting include Bayesian method (see, e.g., Araman and Caldentey
(2009), Farias and van Roy (2010), Harrison et al. (2012)), Maximum Likelihood
Estimation (see, e.g., Broder and Rusmevichientong (2012), den Boer (2014), den
Boer and Zwart (2014, 2015)), Least Square method (see, e.g., Bertsimas and Per-
akis (2006), Keskin and Zeevi (2014)) and Thompson Sampling method (see, e.g.,
Johnson et al. (2015)). In contrast, there are only a few papers on nonparametric
models. Besbes and Zeevi (2009, 2012) proposed simple “blind” policies to single-
product and network revenue management models. Wang et al. (2014) and Lei et al.
(2014) proposed generalized bisection search methods to produce a sequence of pric-
ing intervals that converge to the optimal static price with a high probability and also
obtained their convergence rates. On the methodological side, Broadie et al. (2011)
derived general upper bounds on the mean-squared error for the Kiefer-Wolfowitz
(KW) stochastic approximation algorithm. Closer to our work, Besbes and Zeevi
(2015) used a linear approximation scheme to estimate the demand-price function,

which gives (surprising) near-optimal performance.
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Nonparametric algorithm for joint pricing and inventory control models.
To the best of our knowledge, there have been only two papers that proposed non-
parametric learning algorithms for the joint pricing and inventory control problem.
Burnetas and Smith (2000) first developed a gradient descent type algorithm for or-
dering and pricing when inventory is perishable (i.e., without inventory carryover);
they showed that the average profit converges to the optimal one but did not estab-
lish the rate of convergence. We also note that Burnetas and Smith (2000) did not
even consider lost-sales penalty costs so they did not have the issue of not being able
to observe the realized profit value. Recently, Chen et al. (2015) proposed a non-
parametric data~-driven algorithm for the joint pricing and inventory control problem
with backorders. Our work contributes to the literature by considering a counterpart
model with lost-sales and censored demand information, which is substantially harder

to analyze. This is the first attempt in the literature to the best of our knowledge.

3.1.4 Organization and General Notation

The rest of this chapter is organized as follows. In §3.2, we formally describe
our joint pricing and inventory control problem with lost-sales, and also characterize
the clairvoyant optimal policy had the demand-price relationship known a priori. In
§3.3, we propose a nonparametric data-driven algorithm called DDC under censored
demand information. In §3.4, we state our main results and provide our proof strate-
gies. The detailed proofs are deferred to the Appendix. In §3.5, we extend our model
and results to the observable demand case and also the unbounded demand case.

Throughout this chapter, for any real numbers x and y, we denote 27 = max{z, 0},
x Vy = max{x,y}, and x Ay = min{x,y}. We also use the notation |z] and [x]
frequently, where |x| is defined as the largest integer value which is smaller than or
equal to x; and [z] is the smallest integer value which is greater than or equal to x.

The notation £ means “is defined as”. We use LHS and RHS to denote “left hand

81



side” and “right hand side”, respectively.

3.2 Joint Pricing and Inventory Control with Lost-Sales and

Censored Demand

3.2.1 Problem Definition

We consider a periodic-review joint pricing and inventory control problem with
lost-sales (see, e.g., Chen et al. (2006), Huh and Janakiraman (2008), Song et al.
(2009)). Different from the conventional literature, the firm has no knowledge of
the true underlying demand process a priori, and can make sequential pricing and
inventory decisions only based on the past observed sales data (i.e., censored demand).
We formally describe our problem below.

Demand process. For each period ¢t = 1,...,T, the demand in period ¢ depends
on the selling price p; in period ¢ and some random noise ¢;, and it is stochastically
decreasing in p;. The well-studied demand models in the literature are the additive
demand model D;(p;) = A(p;) + ¢ and the multiplicative demand model Dy(p;) =
A(pe)€r, where A(+) is a non-increasing deterministic function and ¢, t = 1,2,...,T,
are independent and identically distributed (i.i.d.) random variables. We assume that
¢ is defined on a finite support [, u|, but will later extend it to the case of unbounded
support in §3.5. We denote the CDF of ¢, by F(-). For notational convenience, we
use €; and € interchangeably in this chapter, due to the i.i.d. assumption.

In this chapter we focus our attention on the additive demand model, and assume
without loss of generality that Ele;] = 0. (We remark that the analysis and results
for the multiplicative demand model are analogous.) The firm knows neither the
function A(p;) nor the distribution of the random term ¢; a priori, and thus it has to
learn such demand-price information from the censored demand data collected over

time while maximizing its profit on the fly. For convenience, we shall refer to A() as
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the demand-price function and ¢; as the random error.

System dynamics and objectives. We let x; and y; denote the inventory
levels at the beginning of period ¢ before and after an inventory replenishment de-
cision, respectively. We assume that the system is initially empty, i.e., z; = 0. An
admissible or feasible policy is represented by a sequence of prices and order-up-to
levels, {(ps,y¢),t > 1} with y, > x;, where (p;,y;) depends only on the demand
and decisions made prior to time t, i.e, (p, y;) is adapted to the filtration generated
by {(ps,ys), min{Ds(ps),ys} : s =1,...,t — 1} under censored demand. We assume
v €Y = [y, y"] and p; € P = [p!, p"] with known bounded support, and A(p") > 0
and y" > \(p') + w.

Given any admissible policy 7, we describe the sequence of events for each period
t. (Note that z], yJ, p[’s are functions of m; for ease of presentation, we will make

their dependence on 7 implicit.)
(a) At the beginning of period ¢, the firm observes the starting inventory level ;.

(b) The firm decides to order a non-negative amount of inventory to bring the in-
ventory level up to y; € Y, and also sets the selling price p; € P. We assume

instantaneous replenishment.

(¢) The demand D, (p;) in period ¢ realizes to be d;(p;), and is satisfied to the maxi-
mum extent using on-hand inventory. Unsatisfied demand is lost and unobserv-
able. In other words, the firm only observes the sales quantity min {d;(p;), v},

instead of the full realized demand d;(p;). The state transition is z;.1 = (y; —

di(p1)) "

(d) At the end of period t, the firm incurs a profit of

pemin{d;(pe), ye} — b(di(pr) — yt)+ — h(y: — dt(Pt))+ (3.3)

= pudi(pe) — (b+pe) (de(pe) — ye) " — h (e — du(pe)) ™,
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where h and b are the per-unit holding and lost-sales penalty costs, respectively.
We assume without loss of generality that the per-unit purchasing cost is zero

(see Zipkin (2000)).

It is important to note that (3.3) is the perceived profit obtained by the firm;
the firm cannot observe its true realized value if a stockout occurs. This is because,
the lost-sales cost depends on the actual lost demand (d;(p;) — )" which is not
observed. However, this term does represent a true damage to the firm and it is part
of the objective function that the firm wishes to optimize.

If the underlying demand-price function A(p) and the distribution of the error
term €, were known and the firm could observe the lost demand, then the problem
specified above could be formulated as an optimal control problem with state variables

xt, control variables (p, y¢), random disturbances ¢;, and the total profit given by

max " (WED:(p)] — b+ pOEDi(p) — yl* — KEly — Dilp)]*). (3.4)

(ptsyt) €P XY =
Yyt > Tt t=

However, in our setting, the firm does not know the demand information a priori
and cannot observe the lost-sales quantity. Hence the firm is unable to evaluate
the objective function of this optimization problem. The firm has to learn from
historical sales data, revealing information about market responses to offered prices,
and uses the learned information to estimate the objective profit function as a basis

for optimization.

3.2.2 Clairvoyant Optimal Policy and Main Assumptions

We first characterize the clairvoyant optimal policy (as the benchmark of per-
formance), had the firm known the demand-price function A(p) and the distribution

of € a priori. Sobel (1981) has shown that a myopic policy is optimal. Define the
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single-period revenue function by

Q(p,y) £ pE[D1(p)] — (b+ p)E[D1(p) — yI* — hE[y — D1(p)]". (3.5)

To find the optimal pricing and inventory decisions, it suffices to maximize the single-

period revenue Q(p,y), which is equivalent to solving

max_{pE[D;(p)] — (b+ p)E[D:(p) — y]™ — hE[y — D1 (p)]*}

pEP,yey
= max {pA(p) = (b+p)E\(p) + ¢~ y" —hE[y — Ap) — €}
= max {pk(p) — min {b+pEAp) +e—yl" +hE[y— Ap) — 4*}} :

Hence we write the clairvoyant optimization problem (Opt-CV) compactly as

max Q(p.y) = max {G(p. X))}, (Opt-CV)

pEPYEY

where - G(p, A(p)) = pA(p) —min {(b+ p)E\(p) + ¢ — y]" + hE[y = \(p) ="}

Let the optimal solution for (Opt-CV) be (p*, y*).

The inner optimization problem G(p, A(p)) determines the optimal order-up-to
level for a given price p, and the outer optimization solves for the optimal price p.
Clearly, in the clairvoyant problem, once we start below y*, we are able to raise the
inventory level to y* at the beginning of all subsequent periods, and thus the expected
profit in each period is Q(p*, y*). This, however, is not the case when the underlying
demand process is not known a priori.

Linear approximation. Next we introduce a linear approximation of (Opt-CV)

that will be useful in developing our nonparametric algorithm. For given parameters
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a, B > 0, define the optimization problem (Approx-CV) by

max {G‘ (p, v — BBp) } (Approx-CV)

peEP

where G(p,a — Bp)

£ pla—fp) —min { (b + p)E (o = Bp) + ¢ —y]" + hE[y — (a = Bp) = "}

Note that (Approx-CV) replaces the demand-price function A(p) in (Opt-CV) by its
linear approximation o — p, which serves as an intermediate benchmark. Let p(a, 3)
be the optimal price for G(p, o — Bp) . For any fixed p € P, let y(p, o« — Bp) be the
optimal order-up-to level for G(p, a — Sp).

We also conveniently write y* = y(p*, A(p*)). And, for any z € P, we introduce
notation

Mz)=Az) = N(2)z and B(z) = =X (2). (3.6)

Main assumptions. We state the main assumptions for our results in §3.4 to

hold.
Assumption I11.2. (i) G(p, A(p)) is unimodal in p € P.

(ii) G(p,&(z) — B(2)p) is strictly concave in p € P for any z € P.

dp(&(2),5(2))

2L0EN | < g,

(iii) max,cp

(iv) The random error € has a bounded support [, u] where | < u < oco.

We remark that unimodality (or quasiconcavity) of the expected profit function is
a predominant assumption in joint pricing and inventory control problems with lost-
sales (see, e.g., Chen et al. (2006), Huh and Janakiraman (2008), Song et al. (2009),
Chen et al. (2014b)). We provide sufficient conditions for a demand-price function
A(+) to satisfy Assumption II1.2 in the Appendix. Assumption II1.2 admits a large

class of demand-price functions (e.g., linear, logarithmic, logit, and exponential). In

86



fact, Assumption II1.2(iv) can be dropped, and we defer the detailed discussion to
§3.5.

3.3 Nonparametric Data-Driven Algorithm

Without knowing both A(p) and the underlying distribution of € a priori, the firm
needs to experiment with prices and target inventory levels in order to collect demand
data while maximizing the profit on the fly. We propose a nonparametric algorithm,
called the Data-Driven algorithm for Censored demand (DDC for short), that strikes
a good balance between learning (exploration) and earning (exploitation). At a high
level, DDC estimates A(p) by an affine function, and constructs an empirical error
distribution. The difficulty arises from the fact that the empirical distribution may be
biased due to inaccurate estimation of A(p) as well as demand censoring. As a result,
DDC needs to actively explore the decision space (especially the target inventory lev-
els) whenever a stockout occurs, and also ensures that the sampling biases diminish
to zero quickly. More strikingly, the sampled optimization problem (Opt-SAA) con-
structed using demand data loses unimodality, a key property utilized in Chen et al.
(2015) to establish the desired convergence for the backorder counterpart model. To
overcome this major difficulty, we develop a sparse discretization scheme to search
for the optimal solution of (Opt-SAA) over a sparse discretized set of price points,
and then develop a uniform convergence argument between the sampled profit func-
tion and the original profit function over this sparse discretization to establish our

convergence results.

3.3.1 Data-Driven Algorithm for Censored Demands (DDC)

The DDC algorithm consists of learning stages with exponentially increasing
length. Stage ¢ has I; periods in total, with the first 2L; periods being the exploration

phase, and the remaining I; —2L; periods being the exploitation phase. The algorithm
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starts with initial parameters {p1, 911,12} where p1 € P, 911 € Y, 712 € Y, and four

fixed parameters Iy > 0, v > 0, s > 0 and p > 0. For each learning stage ¢ >1, we set

S
|
—

L= Iow'], Li=|IF], 6 =pLi(logLy)t, andt; =S I, with t; = 0. (3.7)

1

i

Then, stage i > 1 starts in period ¢;+1, and at the beginning of stage i, the algorithm
proceeds with {p;, Ui1,9:2} that are derived in the preceding stage i — 1. Define a

sparse discretized set of prices for stage i as

Si = {pl’pl+6iapl+25’i7"'aph}7 (38)

which is the discrete search space for our pricing decisions in stage 7.

Now we are ready to present the learning algorithm DDC under censored demand.

Step 0: Preparation. Input Iy, v, s, and p, and p1, 911, Y12, 01, I1, L1.

Then, for each learning stage i = 1,...,n where n = {logv (“’1T + 1)} , Tepeat

Ipv

the following steps.

Step 1: Setting prices and target levels for periods t € {t; + 1,...,t; +
2L;} in stage i.

Set prices p;,, t =t; +1,...,t; + 2L;, to

pe=1p;, forallt=t,+1,... t; + L,

and for t = t; +1,...,t; + 2L;, raise the inventory level of period ¢ to y; as
follows:
(i) for t =t; + 1, set yp = §i1 V 4
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(11) fOl"t:tZ—f—Q,,tz—l—Lz,

Yt—1, if o1 > diq;

Yt
(1 +8)y—1) ANy, otherwise;

(ili) fort =t + L; + 1, set yy = Gi2 V xy;

(1V> fort:t¢+Li+2,...,ti+2Li,

Yt—1, if yo1 > di_q;

Y
(14 s)ys—1) Ay", otherwise.
Step 2: Estimating the demand-price function and the error term.

Since the realized demand data d; is not available in the event of stockouts, we
instead use the sales data d; A y; (where t € {t; +1,...,t; + 2L;}), and solve

the following least-square problem

. ti+2L; 9
(Qit1, Biv1) = argmin{ Z [dt ANy — (a — Bpt)} }, and (3.9)
t=ti+1
Ny = dt A Y — ((Séi+1 - Bi+1pt>, for t c {tz + 1, . ,ti -+ QLZ} (310)

Step 3: Maximize the proxy profit Q°44(p,y).
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We define the following sampled optimization problem (Opt-SAA).

SAA A A R ~
max A ,Y) = max < G; Qs B ’ Opt-SAA
(py)eSivaxy T (p.y) pesiﬂ{ +1(p, Qi 5+1)} (Op )
where Gi+1(p, diH,BiH) ) <5éz‘+1 _ sz+1p)

1 ti+2L; . +
— min{ 5L Z {(b +p) <6éi+1 — Biyip +m — y)

ey
Y U=t +1

. +
+h (y — (Giy1 — Biyip + 77t)> }}
Then, set the first pair of price and inventory level to

N ~ SAA
P ;i = ar max .
(Dit15Yit11) 8, max Qi (p,v),

and set the second pair to (Pit1 + di+1, Yit1,2), where
Uit1,2 = arg 1516333( QisﬁA(ﬁiH +0it1,Y).

In case that p; 1 + d;11 & Siv1, set the second price to be Py — di41.

Step 4: Setting prices and target levels for periods ¢t € {t; + 2L; +

1,...,t; + I;} in stage i.

Fort=1t;+2L;+1,...,t; + I;, set the price and target inventory level to
Pt = Dit1, Yt =14 V ?)i+1,1'

3.3.2 Algorithmic Overview of DDC

The DDC algorithm integrates active learning (exploration) and earning (exploita-
tion) in carefully designed cycles. We divide the planning horizon T into stages in-

dexed by ¢, ¢ = 1,2,...,n. The length of stage ¢ is I;, where I; is an integer that is
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exponentially increasing in 1.

Step 1: The proposed algorithm DDC uses the first two L; intervals of stage ¢
to actively explore the target inventory levels in order to mitigate the negative effect
caused by demand censoring. More specifically, during the first L; periods, DDC sets
the price as p; and the order-up-to level as ;1 (which are determined by its preceding
stage ¢ — 1). Whenever a stockout occurs, DDC carries out an upward correction by
increasing y; by some fixed percentage s > 0 for the subsequent periods. A similar
procedure is also carried out during the second L; periods. The frequency of stockouts
(and thus the upward corrections in setting target inventory levels) will decrease as
L; grows. Note that Chen et al. (2015) need not actively explore the inventory space
in the backorder setting where all demand observations are uncensored.

During the active exploration phase, the target inventory levels may exceed the
optimal inventory level. This is very different than Huh et al. (2011) and Besbes
and Muharremoglu (2013) attempting to settle the order-up-to level around the true
quantile solution of the newsvendor problem. Note that they consider a much sim-
pler problem without pricing decisions and no inventory carryovers (the so-called
“repeated” newsvendor problem), and hence need not learn the demand-price func-
tion. In our setting, the unobservable lost-sales data contain important information
about the demand-price function, which is critical for making future pricing decisions.

Second, DDC also experiments with prices during the exploration phase. More
specifically, DDC uses p; during the first L; periods where p; is the optimal pricing
decision based on the current belief about the demand-price function. Then DDC
perturbs p; by 9; during the second L; periods, so that the demand data collected at
these two (nearby) price points can be used to carry out an affine estimation of the
demand-price function using the least-square method in Step 2.

Step 2: The proposed algorithm DDC utilizes the sales information d; A y; col-

lected from the 2L; periods (since the true demand data d; is not available in the
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events of stockouts) to estimate the linear approximation of A(p) via the least-square
method, and also to compute the residual error n,. This step resembles Besbes and
Zeevi (2015) in the dynamic pricing setting but in their problem the firm can al-
ways observe the complete demand data d; and they need not estimate the random
error €, which is critical in our inventory setting. Our problem is more challenging
for the following two reasons. First, the firm can only use the observable sales data
(truncated demand data) to carry out the least-square estimation. Second, it is cru-
cial to realize that 7, is not a true sample of ¢;, because the linear approximation
Giv1 — Biapr # Mpe) and thus n; = dp Ay — (Gugr — Biapr) # di — Mpr) = e
This poses significant challenges in estimating the distribution of the random error
¢ (when setting target inventory levels). In the traditional SAA approach (e.g., Levi
et al. (2007)), true samples of a random variable are employed to construct its em-
pirical distribution, and results are developed to show how many samples are needed
for the empirical distribution to achieve a certain degree of accuracy. However, in
our setting, true samples of ¢, are never available, because the demand-price function
A(+) is unknown, and the lost-sales quantity is censored. Therefore, the conventional
SAA techniques cannot be applied to tackle our problem. Alternatively, our strategy
at a high-level is to prove that, as ¢ grows, &;,1 — Biﬂp approaches the tangent line
of A(p) at point p;, and the residual error 7, converges to ¢, with a high probability.
Step 3: The proposed algorithm DDC computes two new pairs of decisions,
(Pit+1, Yit1.1) and (Pir1+0i41, Yi+1,2) using the sampled optimization problem (Opt-SAA).
Note that (Opt-SAA) resembles (Opt-CV) except that (i) A(p) is replaced by a linear
estimation &, — BHlp, and (ii) the terms in the objective function involving ¢, are
replaced by either empirical average or quantile of 7. It is important to note that
both (&1, Bz’+1) and 7; are computed using the sales data (i.e., censored demand
realizations), thereby suffering from (downward) estimation bias. To correct such es-

timation bias, our strategy at a high-level is to show that the frequency of stockouts
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drops as i grows, and the downward bias in estimating the terms involving A(p) and
¢; diminishes to zero. This challenge did not exist in Chen et al. (2015).

The most critical difference from its backorder counterpart model studied in Chen
et al. (2015) is that the estimated (sampled) proxy profit function in (Opt-SAA) after
minimizing over y € ) is multimodal in p in the lost-sales setting, which stands as
our major technical hurdle in the performance analysis of DDC (see Figure 3.2 for
a simpler setting). To this end, we develop a new sparse discretization technique to
jointly learn and optimize a multimodal function. More precisely, the optimization
of (Opt-SAA) is conducted over a sparse discretized set of prices S;;1, instead of
the original continuous set P. The sparsity is on the order of Ts. We then develop
a uniform convergence argument between the sampled objective function and the
original objective function over S;,1, which is essential for obtaining the convergence
in policy and the corresponding convergence rate. Optimizing a multimodal function
on a sparse discrete set of price points significantly reduces the computational burden,
and also makes the performance analysis tractable.

Step 4: In this exploitation phase, the proposed algorithm DDC implements the
first pair of decisions (P41, Ui+1.1) throughout the remaining I; — 2L, periods in stage
i (the earning phase). Note that (p;+1,Ji+1.1) is optimal for the sampled optimization

problem (Opt-SAA) in stage i.

3.3.3 Linear Approximation of (Opt-SAA), and Regularity Conditions

To analyze the performance of DDC, we need to compare the sampled problem
(Opt-SAA) with the clairvoyant’s problem (Opt-CV). However, the direct compari-
son or cost amortization between these two optimization problems are difficult. To
alleviate such problem, we introduce two bridging optimization problems that serve
as our intermediate benchmarks, with one already defined by (Approx-CV) replacing

the demand-price function A(p) in (Opt-CV) by its linear approximation o — fp. We
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now define the other bridging problem (Approx-SAA) as follows.

p€S7;+1

max {C?Hl(p, a — fOp) }, (Approx-SAA)

where  Giy1(p, o — Bp) 2 p(a — Bp)

—min{ - Z {(b+p)(a—Bp+&—y)" +h(y- (a—6p+€t))+}},

vey | 2L t=t;+1

where the truncated random error ¢ is defined by
gtédt/\yt_)\(pt)v te{tl+177tz+2Ll}7 (311)

It is clear that the truncated random error é = ¢; only when d; < y;. Let piy1(a, )
be the optimal price for Gy,1(p, o — Bp), and for any fixed p € P, let i1 (p, @ — Bp)
be the optimal order-up-to level for Gy 1(p, o — Bp).

We have now established four key optimization problems needed to carry out our
performance analysis, i.e., (Opt-CV), (Approx-CV), (Approx-SAA) and (Opt-SAA),
in the order of requiring less and less demand information. The optimization problem
(Opt-CV) assumes that the firm knows both the demand-price function A(p) and the
distribution of €, so the expectations can be readily computed. In (Approx-CV), the
firm does not know A(p) and instead uses a linear function o — p as a proxy to A(p).
However, the distribution of € is still available information. In (Approx-SAA), the
firm knows neither A(p) nor the distribution of €, but it could hypothetically access
the truncated samples of €; (which does not incur the estimation error of A(p)). Thus
in addition to using a linear function ov — Sp as a proxy to A(p), the firm evaluates
the expectations using truncated sample averages of € in (Approx-SAA). Finally in
(Opt-SAA), the firm estimates the coefficients of the linear demand-price function
using historical censored demand data, and uses the (biased) residual errors 7; in

place of the true random errors €; to construct the sample averages. The caveat here
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is that the estimated &;.1, ;11 from random demand realizations are random and
subject to estimation errors, and so are the residual errors 7.

We end this subsection by listing some mild reqularity conditions for our results

to hold.

(a) We assume Lipschitz condition for the single-period profit function Q(p,y) in

(3.5) on p € P and y € Y, i.e., there exists some constant K; > 0 such that for

any pi,p2 € P and yi,42 € ),

1Q(p1,y1) — Q(p2, y2)| < Ky (|p1 — pa| + 1 — v2]) - (3.12)

We also assume Lipschitz conditions for (¢, A(¢)) and gj(p, a(q) —B(q)p) ong € P
for any fixed p € P, i.e., there exists some constant Ky > 0 such that for any

q1,92 € 7)7

[9(q1, AMq1)) — 9(q2, Ma2))| < Ka |1 — gof (3.13)

‘37(10, alq) — Bla)p) — 7(p, d(ge) — B(CD)]?)‘ < Kolgi — qof . (3.14)

(b) The function Q(p,y(p, A(p))) has a bounded second-order derivative with respect

top e P.

(c) The probability density function f(-) of € satisfies r = min{ f(z),z € [l,u]} > 0.

3.3.4 Numerical Experiment

An important question is how well the DDC algorithm performs computationally.
We conduct a numerical study on its empirical performance, and present the numerical
results below. The demand-price function is exponential, i.e., A(p) = €350 The
input parameters are initialized as follows: p! = 0,p" = 20,9' = 0,y" = 120,1, =

2,v=1.2,5=0.1,p = 1, the starting price is p; = 5 and the starting target inventory
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levels 911 = 80 and ;2 = 85. We tested uniform and truncated normal random

errors €, given by
i) Uniform distribution on [-2.5, 2.5];
ii) Uniform distribution on [-5, 5[;

iii) Truncated Normal distribution with mean 0 and standard deviation 1 on [-2.5,

2.5];

iv) Truncated Normal distribution with mean 0 and standard deviation 1 on [-5,

).

And the cost parameters tested are b € {2,10,20} and h € {1,2}.
We measure the performance of DDC by the percentage of profit loss per period,

compared with the clairvoyant optimal profit, defined by

Q(p*,y*) — %E Zthl Q(pmyt)]

100%.
Qp*,y*) 8 !

The results are averaged over 500 time periods and summarized in Table 3.1.

It can be seen from Table 3.1 that when 7' = 10, the regret is as high as 73.85%.
When T' = 100, the average regret is reduced to 8.69%, and then to 1.57% when
T = 1000. Our numerical results show that DDC quickly converges to the clairvoyant

optimal solution in computation.

3.4 Main Results and Performance Analysis

The average regret R(m,T)) of a policy 7 is defined as the average profit loss per

period compared with the clairvoyant optimal solution, given by

ZQ(pt,yt)] : (3.15)

t=1
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T=10 | T=30 | T=100 | T=300 | T=1000 | T=3000 | T=10000
b=2 | 3502 | 1254 | 4.34 1.85 0.90 0.58 0.39
h=1 [ b=10 | 6415 | 22.01 | 7.19 2.77 1.14 0.62 0.39
U2, 2.5] b=20 | 9957 | 33.90 | 10.73 3.94 1.48 0.71 0.39
0 & b=2 | 36.03 | 12.78 | 4.59 2.09 1.23 0.92 0.67
h=2 [ b=10 | 64.37 | 22.28 | 7.38 2.05 1.42 0.94 0.66
b=20 | 99.81 | 34.12 | 10.88 112 1.70 0.99 0.66
b=2 | 35.00 | 13.73 | 6.41 3.66 1.82 1.04 0.61
h=1 [ b=10 | 6413 | 23.31 | 9.39 151 2.07 1.00 0.61
UL, 5 b=20 | 99.54 | 35.07 | 13.01 5.73 2.43 1.18 0.61
' b=2 | 3501 | 13.83 | 6.59 3.81 2.05 1.32 0.87
h=2 [ b=10 | 64.16 | 23.25 | 9.44 1.63 2.24 1.35 0.86
b=20 | 99.80 | 35.34 | 13.02 5.77 252 1.43 0.87
b=2 | 43.36 | 15.03 | 4.88 1.93 0.89 0.56 0.37
h=1 [ b=10 | 78.07 | 26.65 | 8.38 3.08 1.20 0.64 0.39
b=20 | 121.67 | 41.23 | 12.76 1.52 1.62 0.75 0.41
N(0,1) on [-2.5, 2.5] b=2 | 43.40 | 1526 | 5.15 2.20 T.24 0.91 0.64
h=2 [ b=10 | 78.14 | 26.82 | 8.58 3.30 1.50 0.96 0.65
b=20 | 121.87 | 41.48 | 12.94 71 1.87 1.05 0.67
b=2 | 43.23 | 14.08 | 4.89 1.03 0.89 0.56 0.37
h=1 [ b=10 | 78.12 | 26.65 | 8.39 3.10 T.21 0.64 0.39
b=20 | 121.72 | 41.30 | 12.80 1.54 1.62 0.76 0.41
N(0,1) on [-5, 5] b=2 | 43.43 | 1529 | 5.18 2.19 1.23 0.90 0.64
h=2 [ b=10 | 78.24 | 26.87 | 859 3.30 151 0.97 0.66
b=20 | 121.93 | 41.49 | 12.96 173 .88 1.05 0.67
average 73.85 | 25.63 | 8.69 3.56 157 0.91 0.58
maximum 121.93 41.49 13.02 5.77 2.52 1.43 0.87

Table 3.1: Percentage of Profit Loss (%)
We are now ready to present the main results of this chapter.

Theorem IIL.3. (Convergence of Decisions) Under Assumption II1.2, for the
joint pricing and inventory control problem with lost-sales and censored demand, the

DDC algorithm satisfies
(a) py — p* in probability as t — oo;
(b) y — y* in probability as t — cc.

The above result asserts that the pricing and inventory decisions of DDC converge
to the clairvoyant optimal solution (p*, y*) in probability under censored demand. The
next result shows that the average regret of DDC converges to zero with a provable

convergence rate.

Theorem III.4. (Convergence Rate of Regret) Under Assumption I11.2, for the

joint pricing and inventory control problem with lost-sales and censored demand, there
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exists a constant Ky > 0 such that the average regret of the DDC policy satisfies

NI

R(DDC,T) < Ko - T 5(log T)i. (3.16)

To the best of our knowledge, Theorems I11.3 and I11.4 provide the first asymptotic
analysis on the joint pricing and inventory control problem with lost-sales and cen-
sored demand information, which significantly departs from its backorder counterpart
model recently studied by Chen et al. (2015) in a number of ways (that are explicitly
summarized in §3.1.2). We refer the readers to the detailed discussions in §3.3.2 (algo-
rithmic design) and §3.4.1-§3.4.3 (technical analysis) for the key differences between
our work and Chen et al. (2015). In particular, we explain the high-level ideas of the
sparse discretization scheme, and the key factors that affect the above convergence
rate in §3.4.1.

We also remark that traditional nonparametric approaches have been well studied
in the literature of stochastic optimization, such as stochastic approximation (see
Kiefer and Wolfowitz (1952a), Robbins and Monro (1951), Nemirovski et al. (2009)
and references therein), online convex optimization (see Zinkevich (2003), Hazan
et al. (2006), Hazan (2015) and references therein), and continuum-armed bandit
algorithms (Auer et al. (2007), Kleinberg (2005), Cope (2009) and references therein).
Many papers have adapted some of these ideas and techniques to the inventory and/or
pricing settings (see, e.g., Burnetas and Smith (2000), Levi et al. (2007), Huh and
Rusmevichientong (2009)). However, these standard approaches cannot be applied or
adapted to establish convergence guarantees of our problem. The key reason is that
in our setting the firm can observe neither the realized profit (because the lost-sales
quantity, thus also the lost-sales cost, is unobservable), nor the realized derivatives of
profit function (because the demand-price function is not known).

Remark on the convergence rate. We first give an intuitive explanation on the
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key factor that affects the convergence rate, and will present a more technical discus-
sion in §3.4.1. Figure 3.3 shows the same sampled objective function as in Fxample
111, with parameters a = 2.944 and = 0.52, and the global optimal solution is
p = 3.4. Now we slightly perturb B to 0.54 (while holding all other parameters fized),
then the global optimal solution shifts drastically to p = 2.45 as depicted in Figure
3.4. This shows that even a slight perturbation in the parameters o and 8 can lead
to a dramatic change in the global optimal solution (jumping from one region/piece
of the multimodal function to another). In light of this simple numerical example of
Gis1 in (Opt-SAA), it is clear that the convergence in parameters (i.e., Gy — G (p*)
and Bi+1 — ﬂv(p*)) does not guarantee the convergence in the pricing decision (i.e.,
Dit1 — P*). We note that this convergence is satisfied (and needed) in both Besbes
and Zeevi (2015) (see Condition 3 of their Appendiz A) and Chen et al. (2015) as
their optimal solution of G,-H is Lipschitz in («, B). In these papers, the proxy ob-
jective function CA&H is unimodal, and hence this “region switching phenomenon” of
the optimal solution does not occur, and establishing the convergence in parameters
guarantees the convergence in the pricing decision. Unfortunately, this is not true in

the lost-sales model, and we will establish a uniform convergence argument through

a sparse discretization technique in §3.4.1, which results in the final regret rate in
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Theorem II1.4.
For the remainder of §3.4, we shall outline the main steps, ideas and techniques
developed for the proofs of Theorems II1.3 and II1.4. We will also explain in details

the key differences between this chapter and the closely related works, e.g., Besbes
and Zeevi (2015) and Chen et al. (2015).

3.4.1 Key Ideas in Proving the Convergence of Pricing Decisions

We first discuss the key ideas and steps in proving Theorem II1.3(a). It suffices
to show E[(p;r1 — p*)?] — 0, since convergence in Ly-norm implies convergence in
probability.

Using p(d(ﬁi), 3 (ﬁl)) from (Approx-CV) as an intermediate benchmark, we have

2

P = B(a(50), 60) |+ [p(ap:). 561)) = pina

Proposition I11.5 Proposition II1.6

(hix1 —p*)* < (3.17)

N J/

In the following, we develop upper bounds for the two terms on the RHS of (3.17).

Proposition IIL.5. There exists some real number v € [0,1) such that, for any

]31‘67),

p = p(a), B60) | < 1"~ il (3.18)

The proof of Proposition II1.5 uses the same contraction mapping argument given
in Besbes and Zeevi (2015). The key point is to establish p* = ﬁ(d(p*),ﬁv(p*)),
which shows that p* is a fixed point of ﬁ(d(z), B(Z)) as a function of z. By further
showing bounded derivative |d]§(d(z),ﬁu(z))/dz\ < 1 under Assumption II1.2(iii), we
then obtain the desired result by contraction mapping. This result links the optimal
solutions of (Opt-CV) and (Approx-CV) with parameters ¢(p;) and 5(p;). We remark

that Proposition II1.5 is the only technical result in which we followed the proof
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techniques of Besbes and Zeevi (2015), and all subsequent analysis in this chapter
requires new ideas.

We now develop an upper bound for the second term on the RHS of (3.17), which
is one of the most critical results in our analysis. It bridges between (Approx-CV)

and (Opt-SAA).

Proposition II1.6. There exist positive constants K¥?2 and K¥? such that, for any

ﬁzep7
_(raN B . P27 % 1 P27 1 1
P{|p (a6, B)) = i | = KP2L7*og L)t} < KF?L7* (log L) 4. (3.19)

The difficulty of establishing Proposition III.6 arises because the two sampled
proxy objective functions Gi4; in (Approx-SAA) and Giq in (Opt-SAA) lose uni-
modality, a key feature in the lost-sales problem. In contrast, éiﬂ and CA&H are both
unimodal in the backorder counterpart problem studied by Chen et al. (2015), and
their proof strategy is to establish the “parameter” convergence, i.e., &; 11 — &(p;) and
Biﬂ — B(ﬁi), which can be used to guarantee the convergence of p;11 — piv1 — D.
However, this scheme of “parameter” convergence does not translate to “solution”
convergence in the lost-sales case where unimodality is no longer preserved. This
implies that we need to compare between proxy functions G, éi+1, and éi—i-l from
(Approx-CV), (Approx-SAA) and (Opt-SAA) directly. The two intermediate results
below (Lemmas I11.7 and I11.8) show that, for any fixed price p € P, the two random

proxy functions éiﬂ and éi+1 are very close to G with a high probability.

Lemma IIL.7. There erists some positive constant KX such that, for any given c,

B, and p € P,

N|=

P{‘G (p,a — fBp) — G (p,a — Bp)| > KI*L; * (log L) } <4L7* (3.20)
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In the function G (p, « — Bp) the distribution of € is known and the expectation
can be taken, whereas in the function éiH (p,a — PBp) the expectation is replaced
with the sample average of the sales data (i.e., truncated demand realizations), which
suffers from (downward) estimation bias. In the proof of Lemma II1.7, we show that
the frequency of stockout (resulting in truncated demand realizations) decreases as

L; grows, and the estimation bias diminishes to zero as i grows.

Lemma II1.8. There exists a positive constant K12 such that, for any given p € P,
~ <l 205 A 5 L27 -3 3 -2
P{‘Giﬂ (p, a(pi) — 5(29@')]0) — Gin (Z% Qi1 ﬁi+1)‘ > K”L; *(log L¢)4} < 24L7°.

There are two main differences between éz‘+1 and C;’Hl. First, éi+1 is constructed
using the truncated random error €, defined in (3.11), whereas Gi+1 is constructed
using the residual error 7, defined in (3.10). (Note that both € and 7, are used to
estimate the true random error ¢;, and both of them suffer from the estimation error
due to demand censoring. The difference is that 7, also suffers from the estimation
error of A(-) while & does not.)

Second, Gy, involves the parameters &(p;) and 3 (p;), whereas Gi+1 involves the
parameters ;.1 and BAZ»H. To compare éiﬂ and Gi+17 we first make a simple yet
key observation: since A(p) = a(p) — B (p)p for any p € P, we can therefore write the

truncated random error € in G, and the residual error 7, in G4 as

& = di Ny — Api) = di Ay — (G(5:) — B(pi)pa), (3.21)

mo= di ANy — (Gugr — Bi+lﬁi)> (3.22)

which suggests that the difference between €; and 7, can be bounded by the difference
between the associated parameters (4(p;), 5(p;)) and (éy11, Bi11).We then show that
both &;11 — a(p;) and BiH — B(ﬁz) in probability as ¢ grows to obtain the desired

result.
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Sparse discretization scheme. To obtain the convergence of prices in Propo-
sition II1.6, we need to establish that G and CA?iH are uniformly close (with a high

probability) across the continuous price set P (see Figure 3.5).

Definition III.9 (Uniform Closeness). We say two functions g¢;(-) and go(:) are
uniformly close to each other over a domain M, if there exist some (small) con-
stants 7 > 0 and 0 > 0 such that the maximum deviation in their objective val-

ues over M is bounded by n with a (high) probability no less than 1 — 4, i.e.,

P (maxgenm [91(2) — g2(2)[ <) 21 0.

Establishing uniform closeness between two functions over a continuous domain is
a very challenging task, because one of them, the sampled objective function éi+1 in
(Opt-SAA), is multimodal and ill-structured. Moreover, the number of local maxima
increases when more demand data points are used to construct the sampled objective
function éi+1.

To facilitate our performance analysis, we develop a sparse discretization scheme
to jointly learn and optimize the multimodal profit function in (Opt-SAA). The
basic idea is to carefully identify a sparse discrete set of pricing points (also referred
to as the grid), and show that the sampled objective function Gy 1 (multimodal) is
uniformly close to the linear approximated objective function G' (concave) over this
grid (see (3.23)). We then exploit the strict concavity property of G to establish the
desired convergence in price on the original continuous set of prices.

The choice of sparsity is delicate and non-trivial when constructing such a grid
Sit1. We keep two factors in check: (1) Is the grid S;y; sparse enough so that Gi+1
is uniformly close to G over the discrete domain S;;? The more sparse the grid is,
the less outliers there will be on éiH that are far away from G. (2) Is the grid S;4
dense enough to guarantee the solution accuracy, i.e., is the optimal price of CA;Z»H on
the grid S; ;1 close enough to the true optimal price on the original continuous set P?

It turns out that the optimal choice of S;; is given by (3.8), since the chosen step
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profit

Figure 3.5: Sparse discretization and uniform closeness

size ;41 in (3.7) perfectly balances between the aforementioned two factors, yielding
the best convergence results under this sparse discretization framework. Note that
the number of price points in S; 1 is

h_ ol h_ .l 1 h_ oI\ 1 h_ )l
PP (p F ) Lz‘4+1<10g[/i+1)_i < (p F > I, < (p P > Ts.
Oi+1 P P

If, say, the planning horizon 7" = 10°, the algorithm only needs to check no more
than (p" — p!)/p x 10 price points for each stage. Moreover, the number of stages
n ~ logT = 5log(10). As a result, our proposed algorithm DDC is computationally
very efficient.

Using Lemmas I11.7 and I11.8, we first obtain the uniform closeness result (between

G and Gi+1) only on the sparse grid S;,1, i.e., for any p € S;11, we will show
P{)G’ <P, a(pi) — 5(@)]9) — Gin (p; Qit1, Bz‘ﬂ)‘ > K3 °L; *(log Li)%} < 28L;7,

which leads to

P {prgsax G (pa(5) = B:Ip) = Guvr (b s, B ) | = KF2LT (log Loi} (3.23)
141
p"—p
i

N

_T
< 28L;7 ( ) < K32L, *(log L;) "1,
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which says that G and CA;Z»H are uniformly close on the grid S;;; (see Figure 3.5).

profit

— Ging

p D Dis1 price

Figure 3.6: Choosing p to be the closet point on the grid to p, and also on the same
side as p (relative to p)

Since the uniform closeness result (3.23) is only established on the grid but the
optimal price p for G in (Approx-CV) may not lie on the grid, we then choose an
auxillary price point p € S;y1 that is the closest point on the grid to p and also lies
on the same side as p;,; relative to p (see Figure 3.6). Because both p and p; 1 lie on

the grid, we can then apply (3.23) to obtain

P{G(p.a(50) ~ B0P) — Glpier, a5) = Blppier) < 2KT2L; Hlog L)ty (3.24)

>1— KP2L, "(log L;) 7.

We then show, by strict concavity of G, that there exists some positive number m > 0

such that

G (p. &(pi) — B(pi)P) — G(Pigr, &(pi) — BBi)Pis1) > m(P — pisa)*- (3.25)

Combining (3.24) and (3.25), there exists some constant K}?2 > 0 such that

_1 1 _7
P {|ﬁ — pin| < KP2L7 5 (log Li)g} >1— KP2L; #(log ;)% (3.26)

105



By our choice of p and the property of ;.1, we have
[P — Dl < b1 (3.27)
Combining (3.26) and (3.27), we obtain the desired result
P{[p— pioa] < KT2L; " (log L4 | > 1 - KF2L; (log L) 4.

Remark. 7o obtain the convergence rate of p;i1 to p*, we need to bound the dif-
ference between p;y1 and p. Due to the multimodality of the sampled prozy function
Gis1 in (Opt-SAA), a discretized search space is designed to show that |p — pi11| <
@) (L;é(log Ll)%> with a high probability, which largely determines the final regret
rate of T‘é(log T)i in Theorem II1.4. We note that, because of the multimodality of
éi+1, the above regret rate is the tightest possible under our current sparse discretiza-
tion approach. In contrast, for the backorder counterpart model studied in Chen et al.
(2015), the corresponding functions G and G’Hl are both concave, and thus their op-
timal prices p with p;y1 can be directly compared, which leads to a lower (in fact best
possible) final regret rate of T2 in their Theorem 2.
Now we are ready to prove Theorem III.3(a).
Proof of Theorem III.3(a). Using Proposition I11.5 and some simple algebra, for

some constant K,

E[(p* _ﬁi+1)2:| < E[( P —13 54 (Di), B( ))‘ + ‘ﬁ(d(ﬁl)’ﬁu@i)) Pi+1 )2]
< E[(ﬂp — Pl + ‘p(& D (ﬁz)) — Pit1 )2]
o L 2
< ( ) (p* — ) ] +K’1TIE lp(a(pz‘)aﬁ(pz)) Pit1 } :

106



By Proposition II1.6, we have

z
1

P{|p (a0, 860) ~ a2 (P22 o 20 | < KPP g L)

PN

, (3.29)

It follows from (3.29) and the fact that p and p;;; are bounded, that

(AN B N -1 _1 -1 1
E[\p (a(p»,@(po)—pﬁﬂ < KF'L;*(log L)+ KL (log L)'

_1
< KTI'L;*(log L;)7. (3.30)

Substituting (3.30) into (3.28), we have that for # <1,

*_ 5 )2 1+ £ A2 T17 1 L
E[(p — Pit1) } < E [(p — i) } + K5 L; *(log L;)+. (3.31)
Letting # = 6, we further obtain that
i—1 ) i
. .1 1 1 1. N
E[(piss =P )] < 0'(hr—p") + Kg* Y 0L (log Liy)t < KF'ii(v7s)" )y 0/ (vs)’.
5=0 j=0
(3.32)

By choosing v > 1 satisfying Qvs < 1, there exists a positive constant KI* such that

Z;:o 07(vs)? < KX This implies that for some constants KX* and KT, we have
. 1
E[(pisr — p*)?] < KFYii(075) < KE'L, (log L;)i — 0, asi — 0o, (3.33)
Moreover, for some positive constant K5, we have

E [(]51'_;,_1 + 5@4.1 - p*)Q] S 2E [(ﬁi—‘,—l —p*)ﬂ + 252-2+1 S KlrIl‘lLi_Z(log Lz)% — 0, as 1 — 00.

(3.34)
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This completes the proof of Theorem III.3(a). O

3.4.2 Key Ideas in Proving the Convergence of Inventory Decisions

We next elaborate on the proof of Theorem II1.3(b).
For any fixed p € P, recall that g(p, A(p)) and y(p, « — Bp) are optimal order-up-to

levels for problems (Opt-CV) and (Approx-CV), respectively. By using the fact that

v =17(p", A(p")),

Y(Div1, A(Div1)) — Yit11

Proposition II1.10

E Dy* — @i+1,1|2] < E[(‘Q(p*,/\(p*)) — Y(Diy1, A([A)Z‘_A'_l))) +

It follows from (3.13) that there exists some positive constant K, such that

‘ﬂ(P*, A(p*)) - Q(ﬁwrh )\(ﬁz’—i-l))’ < Kolp™ — Pigal. (3.36)

Thus, it suffices to bound the second term on the RHS of (3.35), which is more

involved.

Proposition II1.10. There exists some positive constant KF3 such that,
— A~ A N 2 P34 1
E [(§(Dis1, AM(Dis1)) — Giv11)?] < K7T3L; " (log Ly). (3.37)

We provide some high-level ideas of proving Proposition I11.10. By definitions of

a and (3, we have

G(Dir1 NBi1)) = G(Birr, A(Piv1) — BPiv1)Pivr)-
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Then it follows that

[ =/ . N 2
E [|§(Dis1, A(Bis1)) — Gita] ]

< k [(\?@Hh &(pis1) = Bpiv)Pis1) — Y(Pirr, G(pi) — ﬁ“@i)m)\

Y (Pig1, a(Ps) — BDi)Pit1) — Yiv1 (DPig1, &(Di) — B(Pi)Pit1)

~
Lemma III.11

+ | Git1 (Digr, a(ps) — B(ﬁi)ﬁi+1) — Yit11

~
Lemma II1.12

)2]. (3.38)

For the first term on the RHS of (3.38), by (3.14), there exists some positive constant

K5 such that

(3.39)

’?J(@'H, &(Pit1) — B(ﬁiﬂ)ﬁiﬂ) — §(Pis1, a(p;) — B(ﬁi)ﬁi+l)

< Ky [piva — pil < Ko Ip* = Bl + |p* — pisa] ).

We then focus on the second and third terms on the RHS of (3.38) that both involve

the optimal solution ;.1 (ﬁi+17 a(p;) — B(ﬁi)ﬁiﬂ) for (Approx-SAA).

Lemma III1.11. There exists some positive constant K13 such that, for any p;, pir1 €

P,
— (A < BANA ~ N < (a BA A L3713 1 -1
P{ ’y(pz‘ﬂ, a(pi) - 5(Pi)pz‘+1) - yi+1(]?i+1, Oé(]?z‘) - 5(Pi)]?i+1)‘ > K" L, (log Li)g} <2L;".

For any given price p;;1 and parameters &(p;) and 3 (pi), the inventory decision
gj(ﬁiﬂ, a(p;) — 3 (ﬁi)ﬁiﬂ) is the optimal solution for the inner newsvendor problem in
(Approx-CV), which is a quantile solution of distribution F'(-). On the other hand,
i1 (Dit1, (ps) — B(ﬁi)ﬁi_i_l) is computed using truncated random error €, which is
the (downward biased) empirical newsvendor solution. To correct such estimation

bias and prove Lemma II1.11, we first compare ;1 (ﬁiﬂ, a(p;) — B(ﬁz)pl_l’_l) with the
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unbiased empirical newsvendor solution (assuming uncensored demand data within

[t; + 1,t; + 2L;] were available), and then compare this intermediate solution with
Y(Pivr, &(pi) — B(Di)pira)-

Lemma I11.12. There exists some positive constant K{A such that, for any p;, piv1 €

P,

i

For any given price p;;1, the inventory target level 7,1 (ﬁi_}rl, a(p;) — B(ﬁl)ﬁz+1)

- R oA VPO N -1 1 _
i1 (Dit1, (Ds) — B(Di)Pis1) — yi—i—l,l‘ > KL, *(log Li)4} < 24L7%

in (Approx-SAA) is computed using the truncated random error € and parameters
((pi), B (p;)), whereas the inventory target level y;41 1 is computed using the residual
error 7; and parameters (d;y1, fi41). By (3.21) and (3.22), we can show that the
difference between ;1 (ﬁiﬂ,d(ﬁi) — ﬁv(ﬁi)ﬁiﬂ) and ¢;411 can be bounded by the
difference between their associated parameters (&(p;), 3(p:)) and (Gy1, Bis1)-

While the sampled optimization problem (Opt-SAA) is multimodal in p, its inner
sampled optimization problem (i.e., optimizing on y for a given price p) is concave and
well-structured (see Figure 3.7). Hence, it can be shown that establishing the con-
vergence in parameters guarantees the convergence in the inventory target levels. We
emphasize again that such translation is not viable for establishing the convergence
in pricing decisions, since (Opt-SAA) is multimodal in p.

Proof of Theorem II1.3(b). By (3.35) and Proposition II1.10, we have
_1 1
E [(y* - Qi+1,1)2} < KEL; *(log L;)* — 0, as i — 00,
and similarly,

_1 1
E [(y* - §i+1,2)2} < KE'L, *(log L;)1 — 0, as i — 00.
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This completes the proof of Theorem II1.3(b). O

=26

profit at price

4 5 B 7 8 3 10
order-up-to level

Figure 3.7: The sampled profit as a function of order-up-to level y (for a fixed price
p = 2.6) in Example I11.1

3.4.3 High Level Ideas in Proving the Regret Rate

To prove Theorem III.4, we break the time horizon T into n learning stages to

obtain

E

Z (Q(p*,y*) - Q(Pn?/t))]

t=1

; t;+2L;
< E ( > QW .y) - Qpiw)
=1 t=t;+1
ti+1;
+ Z (Q(p*, y*) = QBit1: Yi+11) + QDir1, Yiv1,1) — Q(Pt;?/t)))]
t=t;+2L;+1
n t;+2L; ti+1;
= Z > @ —Qpe,w)) | +E Z > QYY) - Q(@H,ym,l))]
=1 t=t;+1 =1 t=t;+2L;+1
regret from e;;erlmentation regret from th;gstimation error
ti+1;
‘B z S (@i - Q. yt»] , (340
i=1 t=t;+2L;+1

J

~
regret from missing inventory targets
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where the inequality follows from the construction of DDC. As shown in (3.40), the
first part of the regret is due to pricing and ordering experimentation of each stage,
which is not required in the observable demand case. To carry out upward corrections
of order-up-to levels due to demand censoring, DDC keeps increasing the ordering
level whenever a stockout occurs, resulting in some bounded profit loss. The second
part of regret in (3.40) gives the difference between profit of “fictitious” DDC (that
implements (P; 41, Yi+1.1) exactly) and that of the clairvoyant optimal policy. We call
it “fictitious” DDC because ¢;4+11 may not be attained if the starting inventory level
is already higher. The third part of regret in (3.40) reflects the profit loss of missing
inventory targets from DDC, due to positive inventory carryover.

We note that for the classical inventory setting without dynamic pricing, Huh
and Rusmevichientong (2009) developed a queueing approach to resolve the issue
of missing inventory targets due to positive inventory carryovers; in contrast, we
show that, with a very high probability, the prescribed target level ;11 ; becomes
achievable after a small number of periods. We also remark that other related works
such as Burnetas and Smith (2000), Huh et al. (2011) and Besbes and Muharremoglu
(2013) considered the so-called “repeated newsvendor problem” with no inventory
carryovers, so they would not encounter this “overshooting” issue.

Next we develop upper bounds for each of the three terms on the RHS of (3.40).

The first term on the RHS of (3.40) can be bounded as follows: For some positive

constants K2 K2 and Kj2,

n t;+2L; n n
E|DY Y (Qw y) — Qpnw)) | <D 2LiK* < K3 Zlf < K275 (3.41)
=1 t=t;+1 i=1 i=1

where the first inequality holds because (p,y) is bounded on P x Y and Q(p, y) is Lip-
schitz by (3.12), and the second inequality holds by the choice of the experimentation
interval L; in DDC.
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We then focus on the second term on the RHS of (3.40), which has the following

upper bound.

Proposition 1I1.13. There exists some positive constant KT* such that

n ti+1;

E(Y" S (Q0y) — QWi disrn)) | < KPAT3(log )i, (3.42)

=1 t=t;+2L;+1

This proposition measures how good the target decisions of DDC are. We write

E Q" u(p*, A\p"))) — QBit1; Gisr1)] (3.43)
< E[QEu(r" A1) = QBit1, ¥ (Dir1, A(Pi)))]

+E [Q(Piz1, Y (Pir1, ABir1))) — QBiz1, Gir1,1)] »

where the first term on the RHS of (3.43) can be bounded by the difference between
p* and p;+1 (from the analysis for Theorem II1.3(a)), and the second term can be

bounded by the difference between gj(ﬁiﬂ, )\(ﬁiﬂ)) and ¥;+11 (from the analysis for
Theorem II1.3(b)).

Proposition II1.14. There exists some positive constant K¥® such that

n ti+1;

E Z Z (Q(ﬁiﬂ, Yir1,1) — Q(pr, yt)) < K1P5T%. (3.44)

=1 t=t;+2L;+1

This part of the regret captures the profit loss of missing inventory targets, due
to positive inventory carryover. More precisely, in the process of implementing DDC,
the desired inventory order-up-to level ¢;41; may not be reached if x; > ;41,1 for
some periods t = t; + 2L; + 1,...,t; + I;. This poses a challenge in bounding the
regret.

Our strategy is to utilize the Hoeffding’s inequality to show that, with a very high

probability, after a small number of periods, the prescribed inventory order up-to
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level ¢;11 1 becomes achievable. By the construction of DDC, the same target level is
prescribed for every period in t = t;4+2L;+1,...,t;+ I;, which helps resolve the issue
of missing inventory targets. During the small number of periods, although demand
in each period can be zero, it is very likely that the cumulative demands during the
small number of periods can consume the initial onhand inventory to a level lower
than the inventory target. Then, the inventory target will always be reached from

that point onwards.

Proof of Theorem III.4. The proof of Theorem I11.4 follows directly from combin-
ing (3.41), and Propositions I11.13 and III.14. U

3.5 Discussions

In this chapter we studied a joint pricing and inventory control problem with lost-
sales and censored demand. The demand-price information is not known a priori,
and the firm makes pricing and inventory decisions in each period based on past sales
data. We developed the first nonparametric algorithm for such system, and showed
that it converges to the optimal policy as the planning horizon increases. We also
obtained the convergence rate at which the regret vanishes to zero.

Observable demand case. A natural question is whether the regret rate can
be improved if the firm were able to observe the full demand realizations (including
the lost-sales quantity). The answer turns out to be affirmative. Note that this
observable demand case is in fact applicable in some applications, such as online
retailing where the online system can keep track of the lost customers via clicks,
queries and order submissions. We prescribe a different nonparametric algorithm
called DDO in the Appendix, which has an improved regret rate of O(T~1 (log T)%).
The proofs are omitted since the arguments are very similar to that of the censored

demand case. As we discussed in §4.1, the key reason behind the larger regret rate
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(compared with the backorder model) is that the proxy objective profit functions
constructed from the demand data are multimodal. Indeed, even when the lost-
demand is observed, the sample-based single-period profit function is still multimodal.
As a result, even though active exploration is no longer necessary to learn about the
demand distribution, the sparse discretization approach is still needed to search for
the approximate solution of the data-driven optimization problem, leading to the said
regret rate.

Unbounded demand. In the preceding sections we have focused on the case
with bounded demand. When the demand is unbounded, i.e., P{D;(p) > =} > 0 for
all x > 0, we can extend our results after some minor modifications. We make the

following mild technical assumptions:

(a) The random demand is light tailed, i.e., in a small neighborhood of 0, the
moment generating function of the error term e is finite, i.e., E[exp(ke)] < 400

for k near 0.

(b) The search region for inventory level is sufficiently large. More precisely, 3" >

KP log T for some constant KV > 0.

(¢c) The optimal order-up-to level y* is known to lie in some range y* € [y}, y&] for
some positive constants g}, and yf. In addition, r = min {f(x), r € [, z“]} >0,
where

A= min (y — (a(p) — B(p)Q)),

yelyd yblp.aclpt,p"]

S o= max(y— (@) - Ba)).

yelyLyb],p.aclpt,p"]

When the demand is unbounded, at any inventory level, there will be stockouts
from time to time. Assumption (b) ensures that the decision space during exploration

phase for inventory order-up-to level is large enough so that the distribution of de-
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mand can be adequately learned through experimentation. Indeed, since the demand
can take very large values in the unbounded case, if the inventory decision space is
tightly constrained, then one would not be able to learn about the necessary demand
information in order to find the optimal inventory level. Assumption (c) is needed in
the proof of Lemma 3 when bounding the difference between order quantities.
There are two changes in the DDC algorithm for the unbounded demand case.
The first change is that, during the exploration phase of Step 1, every time a stockout
occurs, we raise the inventory by certain percentage until the inventory level hits
KPlogT; and the second change is that, in the data-driven optimization in Step 3,
the feasible region for y is constrained to [y}, 9]. In the Appendix, we show that
Theorems II1.3 and II1.4 continue to hold for the modified algorithm except that the

regret rate in Theorem I11.4 is changed to O(T‘é logT).

3.6 Appendix

A: Sufficient Conditions for Assumption II1I1.2

We present some sufficient conditions for the demand-price function to satisfy
Assumption II1.2. For notational convenience, let D = [d', d"] where d' = \(p") and
d" = \(p'), and also let A7(+) be the inverse function of A(-).

For Assumption II1.2(i) to hold, it suffices to require R(d,y) = A\~!(d)E[min{d +
€t,y}] to be jointly concave. Then the objective function after minimizing over y is
concave in d, and as a result is unimodal in p. Chen et al. (2014b) proposed sufficient

conditions for R(d,y) to be jointly concave. Define o(d,y) = —(;\\%&%, 1;((;’__5)), and

the two sufficient conditions are as follows.
(C1) (A\"1(ad))"d + (A"1(d))’ <0 for all d € D; and
(C2) o(d,y) > 1foralld € D and y > 0.
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The first condition (C1) is satisfied by a fairly large class of demand functions,
which includes linear demand A(p) = k — mp, log demand A(p) = In(k — mp), logit

demand A(p) = %, and exponential demand \(p) = e~ for some parameter

m > 0.

() F'(y—d)

For the second condition (C2), note that o(d,y) = d X ooy X Fod

, Where

d(_A’\:—ll(gg)), is the price elasticity of demand and E=d)

Fly—d) 1 the hazard rate of the error

distribution. Thus (C2) is satisfied if d > 1 and both the price elasticity and the
hazard rate are no smaller than 1.

For Assumption II1.2(ii) to hold, it suffices that for any z € P, any p € P, the
second derivative

0G(p, & (z) — B(2)p)
op?

=N (2) + h2(b+p+ h)3f <F1 (%) > < 0(3.45)

For Assumption II1.2(iii) to hold, it suffices to require the absolute derivative

B —| <1 (3.46)
dz 2N (2) + h2(b+p+ h)3f (F‘l (H—ID))

b+p+h

dp((=), B(2)) ‘ N'(2)(2p — 2)

to hold for any z € P and for p satisfying A(2)—N(2)z+2N(z)p = E [e — ! (bﬁﬁhﬂ "

We provide several simple examples of demand-price functions that satisfy As-
sumption 1.

(1) Linear demand: A(p) = k — mp and € is uniformly distributed over [—n,n],
where m > 1,0 < p! < phand 0 <n/8 < h <b.

(2) Exponential demand: A(p) = €*~™" and ¢ is uniform on [—n,n|, where k > 5,

0.0l<m<020<n<3,0<h<0.076 b=20h p' =0, and p" = 1.1/m.

ek*'mp
14ek—mp

0.1<m<034,n=256h=01,b=2, p=4, p" =6, and y' =25/9, y" = 3.

(3) Logit demand: A(p) = and € is uniform on [—n, n], where 0 < k < 1.39,
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B: Technical Proofs for Theorem III.3(a)

Proof of Proposition III.5. We first show that
p* = p(a(p"), B(p"))- (3.47)

That is, p* is a fixed point of p(d(z), B(z)) = 2. Recall that

G(p, Mp)) = pMp) = min { (b + PIE[A) + € = y] "+ hE[y — A(p) — ] "} (3.48)

yey

We know that G has a unique maximizer p* by Assumption III1.2(i), and also by

v

definition of p that p(a(z), 8(z)) is the unique optimal solution for (Approx-CV) with
parameters (¢(z), 3 (z)). Then (3.47) follows immediately from Lemma A1 of Besbes

and Zeevi (2015) by replacing their function G with our objective function (3.48).

dp((2).8(2))

In addition, by Assumption II1.2(iii), we have .

< 1 for any z € P,

which implies that

p(ap"). B6") = p(a50), B) | < 71" =il

dp(a(2).(2))

where v = max,¢p e

< 1. This completes the proof. 0

Proof of Lemma II1.7. For any given «, 3, define the following newsvendor-type

functions

W(p,y) = hE[y—(a—Bp) ="+ (b+p)E[a—Bp+e—y",

1 ti+2L;

Wi (p,y) > (hly-(a=8p) @) +(b+p)(a-Bp+a—y)),

¢ t=t;+1

where recall that the truncated random error € is defined in (3.11).
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For any given p € P, by the definition of G’s and the triangle inequality, we have

G(p, o — Bp) — G (p, o — ﬁp)’
= [W(p,gp,a—Bp) — Wira(p, i1 (p. o — ﬁp))’ (3.49)
W (p,9(p, @ — Bp)) — Wi (p, §(p, o0 — Bp))‘

+ ‘WM (p, 9(p, & — Bp)) — Wisa (p, Fia (py @ — Bp))‘ :

IN

It then suffices to bound the two terms on the RHS of (3.49) as follows, for any £ > 0:

L1

. 5 K )
]P’{’W(p,@?(p, o —fp)) — Wi (p, §(p, o — 519))‘ > KMe+ } < 9e—iLi€? (3.50)

2L,

) ] L1
P{’ Wit (p, 4(p, & = Bp)) — Wisa(p, ira (p, o — 51)»)‘ > K5 (b+p" + 1) <€+ [2(2 )}

<2e7€ 0 (351)

Letting §& = L, %(log Li)%, then the proof of Lemma III.7 follows from combining
(3.49), (4.62) and (3.51).
We first focus on proving (4.62). For any p € P and y € Y, let z =y — (o — Op).

Then the optimal z that minimizes W (p, z +a — 8p) is Z = 4(p,a — Bp) — (o — fp) =

-1 b+p
F <b+p+h> . Moreover, we have

W(p,g(p,a—Bp)) = W(p,z+a—pBp)=hE(Z—e)" +(b+p)E(c—2)", (3.52)
ti+2L;
Win(p, y(p, o= Bp)) = Wipa(p, 2+ a — fp) = 21L, > (h(i —&) +0+p)E - 2)+>,
Y=t 41
(3.53)
_ _ 1 ti+2L; N N
Wiﬁl(paﬂ(paa —Bp)) = Wz‘i1(p>5+ a— fp) = 57 Z (h(5 - Et) + (b+p) (Et — 5) )
P t=t;+1
(3.54)
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Fort € {t;+1,...,t; + 2L;}, we denote
A= (hE[z— €]t + (b+p)Ele—2]") — (h(z—e)" + (b+p)(es — 2)T).

Then E[A;] = 0 and A; has a bounded support of some positive length KX (as ¢

is bounded). We then apply the Hoeffding’s inequality (see Theorem 1 in Hoeffding

1 t;+2L;
2L; Lat=t;+1 Ay

(1963)) to obtain, for any p € P and £ > 0, ]P’{

> K:«;Llé“} < 2e74lE

which implies
P{|W 500 = 80) = Wi (0,50, @ — p))| > KF'¢} <27 (3.55)
Denote the set of periods whose target level is above the demand realization by
CE{t: ety +1,...,t; +2L;] -y, > dy}.

Note that & = ¢ for t € C;. Because y; € [y, 4"], let 72 be the number of order-up-to
level raised during the two L; intervals in Step 1 of DDC, one has y'(1+5)" < y"(1+s5),
which is 7 < log, ,(y"/y")+1. This implies that the number of stockout during these

2L; intervals is thus bounded by a constant, i.e.,
2Ll - |CZ| < 210g1+s(yh/yl) + 2a (356)

where |C;| denotes the cardinality of C;. In addition, because ¢; is bounded, and by

(3.56), there exists a constant K > 0 such that

L1

Wi, 5(p, & = Bp)) = Wi (p. 5(p, o = Bp))| < 51— (3.57)

Thus, (4.62) follows from (3.55) and (3.57).
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Next we focus on proving (3.51). We denote the empirical distribution of €, by

1
2L

FA(:C) =

2L;
Z]l{etgx}, x € [l,ul.
L=t

For £ > 0, it can be verified that

P{FA(Z) < % — f} = IP’{FA(g) < F(z) — 5} — IF’{FA(Z) —F(3) < —5} < g

where the inequality is due to the Hoeffding’s inequality. Similarly, we have

, b 2
IP’{FA(Z) > % +§} < e thE

Combining the above two inequalities, we have

\

We then define a (biased) empirical distribution of €; using truncated demand data

" b+p a7 2
F (z)——b ) h‘_f}_l 2e (3.58)

as follows,
ti+2L;

Y ifa <z},  zellu

t=t;+1

1
- 2L,

F(x)
By (3.56), we have that for some positive constant K1,

oy pare < KB
0< F(z)—F"(z) < .
<) - P < 5

(3.59)

For any given p € P and any £ > 0, define the event A;(p, £) as follows,

b+p

L1
F(z) - ———— 6.

A& = {w:
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Combining (3.58) and (3.59), we have
P(Ai(p,€)) > 1 — 2e~ 5", (3.60)

For any given p € P, and any given «, 3, we define g}', , (p, «—3p) as the unconstrained
optimal order-up-to level for (Approx-SAA) on Ry, and let 2, = §¥ ,(p, — Bp) —

(av — Bp), then

1 A& b+p
U t=t;+1

Similarly, let 211 = §i1(p, @ — Bp) — (o — Bp). Because Jir1(p, o — Bp) € [y, y"],
it holds that Z; 1, € [y — (o — Bp),y" — (o — Bp)], and by convexity of newsvendor

functions, we have
Zi+1 = min {max {Efﬁrl, Yt — (o — 5p)} Yt — (o — 510)} )

By ?E’ll(?a a—Pp) = Zi 1 +a—pPp, we have VViH(Pa Q;'uﬂ(pa a—Pp)) = m+1(pa Zitg Ha—
Bp). It then suffices to develop an upper bound for I/T/Hl(p, Z+a—[Fp) —m+1(p, Zh
a — fp) conditioning on the event A;(p,&).

First, for any given d € D, if z < Z}',,, it follows from (3.53) that

VVi—H(p7 Z+a— Bp)
1 ti+2L;

- 2L; Z [<b+p)(€t_2)]l{2?+1<€t}

t=t;+1

+o+p)(E—2)1{z < <z} +h(z—&)1{e < 2}}
1 ti+2L;

2L; 2 [<b+p)(€t - 2)U{&, <&}

t=t;+1

Ho+p) (- Dz <a <z} -@)fa<z}], @6

IA
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where the inequality holds by replacing €; by its upper bound zj,;, and

Wit (p, Ziy +a— Bp)
ti+2L;

1 ot su ~u ~
B 2L, ot [(b +p)(& — Zi+1)>]l{zi+1 < &}
+h( Zig — @) {z <& < Z(p)} + R —a)l{ea < 2}}
> or ;[ b+ p)(E — 2 ) HES < @} + h(3, — @)1{E < 2}, (3.62)

where the inequality follows from dropping the nonnegative middle term. Conse-

quently when z < Z¥,,, we subtract (3.62) from (3.61) to obtain

Wi (p, 2 + o = Bp) = Wira(p, 2 + o = Bp)

< 4p) (B —2) (1= FEL) ) + b+ p)E = 2) (PER) - ()
+h(z -2, F (%)

= (= 2) (~(h+b+p)F(E) + b+ p)

< (-0 (450 ). (3.63)

where the second inequality follows from the definition of A;(p, ).

Similarly, if z > z¥ |, by the symmetric argument, we have

~ KLl
Win1(p, 2+ o — Bp) — Wi (p, 2y + o — Bp) < (2— 241)(b+p+h) (£+ oL )

(3.64)

Combining (3.63) and (3.64), we have that conditioning on A, (p, ),

) KLl
Wi (p, 2 + o — Bp) — Wi (p, 2 Zip o —pp) < ‘Z_Z;ﬂ“ll(bij—i_h) <§+ 22>'

As the demand is bounded, so is i, | + a — Bp, and therefore it follows from z(p) +
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a — fBp € Y that there exists some constant Ki' > 0 such that ‘2 - 5¢+1} < K&

Thus

KLl
Wz+1(p72+04—ﬁp) 1+1(P7 Zi +a— Bp) SK;1<b+p+h) (5"‘ o1, )

Since Zj!,; is the unconstrained minimizer of Wi+1(p, z 4+ a — fBp), it follows that

Wz+1<p7 Z+a— PBp) — z+1(p7 Ziv1 +a— fBp)

IN

Wz—l—l(pu Z+a— Bp) z+1(p7 2+1 + o — ﬁp>

KLl KLl
< KM@Ob+p+h) <§+ 22 ) < KF(b+p" +h) (§+ oL )

For any given p € P, conditioning on the event A;(p, ), we obtain

L1

K
VVz+1(p7Z+Oé — Bp) — z+1(p, Ziv1+a—PBp) < Kgdl(b‘i“ph‘kh) (f"’ oL, ) . (3.65)

In addition, since g;41(p, @ — fp) minimizes W1, we have

‘/T/i+1(pa g(pv o — ﬁp)) - Vi/i-i-l(pa gi-i—l(p) a — Bp)) > 0. (366)

Thus, combining (3.65) and (3.66) with (3.60) yields

2L
> P(Ai(p, €)) > 1 —2¢ 4,

P{’ (ﬁ/iﬂ(p,??(]%a — Bp)) — V~Vi+1(p7 Uiv1(p, a0 — ﬂp)))’ < K;:Jl(b _|_ph + h) (5 + KLI)}

which immediately implies (3.51). O
Proof of Lemma IIL.8. Define

ti+L;

Bl =+ Z €t B}, = Li Z €.

bt Y t=t;+L;+1
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Recall that &;41 and ﬂAiH are derived from the least-square method, and they are

given by

A AZ' A AZ' 51 Bl +32 ~ 2AZ‘ (51
(p)+2(p+ )+ 2—1—12 Z+1+Bi+1 p;_ :

Api + 6;) — Mpi 1
PO ZAP) LBl + B (369

(3.67)

it =

ﬁi+1 = -

To measure the effectiveness of &;,1 and Biﬂ we define the (true) sample averages

by
1 ti+Li 1 t;+2L;
1A _ 2A __
B = 7. E €t B4 = T E €t-
Ui=t;+1 Y i=t;+Li+1

Let &7\, and 5 71 are derived from the least-square method, and they are given by

A(Di) + A(pi + 0;) n B + B, - 2p; + 5

Qiyy = 5 5 i+17 (3.69)
5 Api +0:) = Api) 1
fm = - 5. - 5_( Bz+1 + Bzzfl)‘ (3.70)

Comparing (3.67) and (3.68) with (3.69) and (3.70), by (3.56), we have, for some

constant KX2 > 0,

v —ad,| < 227 < B 3.71
(O7EN] ai—&-l} — L(S? 5z+1 H—l >~ L5 ( . )

Applying the Taylor’s expansion on A(p; + d;) at point p; to the second order for
(3.70), we obtain

A 1(A 1 " 1
f= = (W60 + 3306 - 5B+ B
L1, 1
= 5(1’2‘)_5/\ (¢:)0; — 5( Bz+1+Bz‘2f1)v (3.72)

where ¢; € [p;, p;i + 0;]. Substituting (3.72) into (3.69), and applying the Taylor’s
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expansion on A(p; + ;) at point p; to the first order, we have, for ¢! € [p;, p; + 9],

1 B!\ + B N
At = A+ SN+ PP v (4 )

1, 1 G
+ (—§>\ (q:)6; — 51( lef1+BZQf1)> z+§>

1 BlA BQA 1
_ d(ﬁz) + 5)\/( ;)5z+ H—l—; i+l éA/(Ai)éz
1 " 1 1A 2A ~ 51
+ —§>\ (g:)di — g(_Bi—I—l + B) it5 ) (3.73)

Since the error terms ¢; are bounded, by the Hoeffding’s inequality, we have that

for any £ > 0,
P{|-Bl4| > (u—1)g} <2728 P BH| > (u— )¢} < 267,
Hence, we have

P{|-BM| + | B | > 2(u— )¢}

<P{|-B| > (u—0&} +P{|BH] > (u— )¢} < 4e728
which implies that
P {|-BIA + BIA| < 2u - )€} > B{|-BYA| + [B2A] < 2u - g} > 1 - 4e
Similar argument shows
P{|BI + BX| < 2(u— 1)} > 1 - 4e720¢,
Since X'(-) and A"(-) are bounded and d; converges to 0, from (3.73) we conclude

that there must exist a constant K2 such that, on the event | Bl + B2 | < 2(u—1)¢
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and |—BMy + B¥4| < 2(u — 1), it holds that

&l — a(p)| < K32 (5i + 5£ +§) :

Therefore,

Pﬁ@h—d@)
> P{|Bl)+B{| <2(u-1),

< K32 (52- + é + f) } (3.74)

o BEA| < 20— 1)) = 1 - 8672

By (3.72), we have

p{jas -

By (3.74) and (3.75), we have

< K2 ((2 + g) } > 1 — de € (3.75)

P@%L—&@+&N§K¥<@+§+Q}zl—&2“? (3.76)

i

{\ﬁm (i +6:)| < K <6,- + 5§> } > 1 — 4e 2L (3.77)

Together with (3.71), we have

{100 — ()| < K8 (50 £ ) = B0] < K32 (54 £+ 1),

13 1
Llél ’

5

1

oz (s &

Bt = pzw)‘—&( 5, L5)}
<1—24e72€ (3.78)

Qi1 — a(pi + 6;)] < K¥? ( i

To compare the two objective functions in Lemma II1.8, we introduce a generalized

problem called (Generalized-SAA) based on (Opt-SAA) and (Approx-SAA) as follows.

127



Given p; = p; fort =t;+1,...,t;+L;and p, = p;+9; fort =t,+ L; +1,...,t;+2L;,
the sales data for ¢ € [t;+1,...,t;+2L;], and some given parameters (a1, £1), (g, f2),
define the following two sets C%(al, pr) = (Ct€fti+1,...,t;+ L;]) and C?(ag, fo) =

(Gt €[ti+ Ly +1,...,t; +2L;]) with

Ct = thyt_(al_/Blpt)7 te[t2+1)7tz+Lz]7

G = diNye— (g —Popr), te€ti+Lit1,... t+2L
We define a generalized function H;,; by

Hiy (p, a1 — Bip, € (o, Br), C?(az, 52)) (Generalized-SAA)

t;+2L;
= p(as — Bip) — 23}{ 21Li tz;l (h(y — (1 = Bip+G) + (b+p)(ar—Bip+ G — y)+) }

Note that (Generalized-SAA) generalizes (Opt-SAA) and (Approx-SAA). To see
this, by setting oy = ap = &;41 and 51 = o = Biﬂ, (Generalized-SAA) is reduced to
(Opt-SAA), i.e.,

GA’(i-i-l <p, di-i—la Bi—&-l) = Hi+1 <p> di—i—l - Bi-ﬁ-lpa Czl (di-i-la Bi—&—l)y C?(d’i-‘rl? Bz’-ﬁ-l)) . (379)

On the other hand, by setting oy = &(p;), 51 = B(ﬁi),az = a(p; + 0i), P2 = 5’(132 +

v

d;), and using the fact that A(p) = a(p) — B(p)p, (Generalized-SAA) is reduced to
(Approx-SAA), i.e.,

Gian (p.ais) — Blpi)p) (3.80)
= Hipa (p.6(5) = B0, €L, A, G+ 61). i +6.)).

Next, we see that H, <p, oy — Bip, i ay, Br), C?(O@,BQ)) is differentiable with

respect to aq, as and [y, fo with bounded first-order derivatives. In particular, there
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exists a constant Kx? > 0 such that for any oy, s, o}, o and Sy, 2, 81, B3, it holds

that

‘Hi+1 <p, ar — Bip, C%(Oéhﬁﬁ), C?(Oéz,@)) — Hia (p, o) — B, C%(O/h B, Cf(aé,ﬁé)) ‘

< K (los— |+ 18 — ] + oz — o] + |8 — B3] ). (3.81)

Now, by substituting (3.79) and (3.80) into (3.81), we see that the two objec-
tive functions Gy ( ,a(p;) — B(ﬁl)p) and G (p, @iH,BiH) differ only in their
associated parameters. Consequently, Lemma II1.8 follows from (3.78) by letting
¢ = L2 (log L)% O
Proof of Proposition II1.6. By Lemmas III.7 and IIL.8, we have that for any

p S Si-i—lu

=}
-
Q)
P
=
Q¢
)
|
™

(ﬁz‘)p> —Gin <p; iy, Bz’ﬂ)‘ > K521, *(log Li)%} < 28L; 7,

which leads to

G (pad(ﬁi) - B(ﬁz)p> —Gin <p7 dz‘—l—hBi-{-l)‘ > KP2L; *(log Lz‘)i

N——

P< max
PES; 11
h |
p =D
i1

N

_Tr
< 28L;7 ( ) < K32L, *(log L;)"1.

Define event

el

_1
Ay = {w : max < K32L; *(log L;)

PES;i41

G <p7 a(pi) — B(ﬁz)p> - éi—i—l (p, 651’—&-1»61‘—}-1)

b

and we have that

_7
P(Ay) > 1— KP2L; (log L;) 5.
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Let p € Si+1 be the closest point on Siyq to pla(p;), B(ﬁ,)) and
(B(&(pr), B(D:)) — D) (B(ck(Br), B(Bi)) — Pig1) = 0,

where p is chosen to be on the same side as ;.1 relative to p(c(p;), 3(p;)) (see Figure

3.8).

profit

c

— Gi4q

p D Dis1 price

Figure 3.8: Choosing p to be the closet point on the grid to p, and also on the same
side as p (relative to p)

Applying the Taylor’s expansion of G(p;y1, a(p;) — B(ﬁz)ﬁl_’_l) at p, we obtain

G(p, a(pi) — B(p:)p) — G(Pir, &(ps) — B(Pi)Pis)

=—G'(B,&(pi) — Bp:)D) (Di1 — D) — G (q,&(B;) — B(H:)q) (i1 — D)

>m(pi1 — D)’ (3.82)

where m £ mingep 5 ep |G (q, (p:) — B(p;)q)| > 0 due to strictly concavity of G(p, &(p;)—

B(pi)p). The inequality follows also from the selection of p, which is chosen to be on
the same side as p;1 relative to p(a(p;), ﬂv(ﬁl)) When p; 1 > p(a(p;), ﬁv(ﬁl)), due to

concavity of G(p,a(p:) — B(pi)p) in p, G'(p, &(p;) — B(p:)p) < 0, and therefore

—~G'(p, &(ps) — B(ﬁi)ﬁ)(ﬁi+l -p) >0, (3.83)
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When p; 1 < p(&(p:), B(Pi)), (3.83) holds true by similar arguments.

On the other hand, conditioning on A,, we have

— A A _1 1 ~ R R N
G(Pit1, a(pi) — B(Di)pita) + K§2Li "(log Li)* > Gia (pz'+17 ai+17ﬁi+1>
A . A — = PPN -1 1
> G (1% 041+1,ﬁi+1> > G(I?; Q(Pz‘) - 5(pi)pz‘+1) - Kgl,DZLi ! (105-’; Li)47
where the first and the last inequalities follow from the definition of A,, and the
second inequality holds because p;, is the maximizer for G’Hl (p, Qiit, BZ-H) on S;y1.

Therefore,

G (P, &(pi) — BB:)D) — G(Pir1, &(pi) — B(pi)pisr) < 2K5 2L, *(log Ly) 7.

It

(3.84)
Together with (3.82) and (3.84), one has

|pis1 — | < Kf2L;é(1og Li)%,
which leads to, by conditioning on A,,

P(G(5:), B(:) = ia| < |P(@(Bi), B(B)) — Pl + [P — Pia |

< i+ K7L ¢ (log Li)% < K7L, *(log Li)é-
This completes the proof of Proposition II1.6. U

C: Technical Proofs for Theorem III.3(b)

Proof of Lemma III.11. For p € P, one has

7 (pat) - Boaw) = 7 (ot ) v a0 - Bl (689)
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For a given p € P, we define gj}‘+1(p,d(ﬁi) — B(ﬁz)p) as the unconstrained optimal

target inventory level for (Approx-SAA) on R, then it can be verified that

3t (1 6050) — Bpp) = alp) — Hpp (3.86)
ti42L; g (~ - ~
T 1{E <é€} b+p
] €. . ] tz ]. C.e tz 2Lz t=titd d >
—i—mln{e] JE[ti+1,... t; + 2Ly, oL =y

Govn (P () = B(p)p) = min {max {5, (p, &) — B6p). ' | o'}

Then we have

5 (p.0) = BG0p) = v (0 6(50) — Aop) |
< |5 (p a0 = Boap) = 5 (p.601) — 60| (3.87)

There exists a positive constant K3 such that, by (3.56), for any & > 0

ti+2L;
1 7 7 ~ 3 b-'—p

g 1 <p |-
2L, {Et_ <b+p+h 5)}

=t +1
= b+p KL3
< 1 <F ' — — 2 3.88
= 2/3”;+1 {Et— <b+p+h f)}JFQLZ- (3.88)
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Now, for any & > KX3/L;, we have

p{F(g;:l (p. b)) = BEp) — (a(B0) — B(3) >)— bﬁ; <€ } (3.:89)
_ p{g;m (p.p) = BPp) — (@(51) — Blpip) < F~ (bj;—]ih 5>}
el e (2 0) s i)
o S e (-9} - (2 )
el S (- - (9
ol Erfesr (59 (2924

where the first inequality follows from (3.86), the second inequality holds from using

(3.88), and the last inequality holds as &€ > KX3/L;, € — KX3/(2L;) > g

Since E []l {et <r! <% — 5) }] = Mp_ _ ¢ we apply the Hoeffding’s in-

b+p+h
equality to obtain
} < e—Lz‘SQ.

ti+2L;
1 '« _ b+p b+p §
P 1 <P = _ > >
{2L< 2. {Et— <b+p+h 5)} (b+p+h §>—2

Yt=t;+1

Together with (3.85) and (3.89), we have
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Similarly, we have

|
|
VR
Ny
N
=
B3
=
|
™
=
N
=
~——
|
=
>
|
¢
=
=
S~—
N——
(V4
as
——
VAN
ml
&
T
w
Nej
=

We have assumed the probability density function f(-) of ¢; satisfies r = min{ f(z),x €
[l,u]} > 0. Then, for any x < y, there exists a number z € [z,y] such that
F(y)—F(z) = f(2)(y—x) > r(y—=z). Applying (3.90) and (3.91), for any £ > K33/L;,

we obtain

2 Li€?

AV
=
—N
&S|
N
<
I IS

N
N
=
¢

S

|
¢
=
S—
=3

N—

|

—~
Q¢

=
N

|
¢
—
=
S

N——

\V
=
.
&S|
VR
<

+
[
~ N
=
¢

=

|
¢
’§>
S—
=

N—

|

—
Q¢

=
S~—

|
¢
—
IS
=
S~—

N——

IV
=
—
=

2

:p{

where the second inequality follows from (3.87). For constant K3 = ~ we have, for

5 > KZLS/Liﬂ

C

(5)p) ‘ > KF’S} < 2e7M, (3.92)

_1
By letting & = L, 2(log L;)2, Lemma I11.11 follows from (3.92). O

Proof of Lemma III.12. Following the analysis of Lemma III.8, consider the
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optimization of H;y; in (Generalized-SAA), the inner optimization problem is convex
in y, and therefore for given price p, we denote the optimal order-up-to level by (with

(;’s defined in the proof of Lemma II1.8)

Yi+1 (pa aq _Blpa C%(alaﬁl)ac'?(OQ?ﬁZ)) (393)
t;+2L;
= arglgg}{ 21LZ~ t:tzﬂ (h(y — (a1 — fip+ Ct))+ + (b +p) (041 —Bip+ G — y)+> }

We see that ;1 (p, oy — Bip, CiHay, Br), C(aw, 52)) are differentiable with respect
to aq, ag and [y, Py with bounded first-order derivatives. In particular, there exists a

constant K34 > 0 such that for any oy, as, o}, o and By, B2, 3], 85, it holds that

Yi+1 (p, a1 — 61p7 Czl(a/lv 61)’ CZZ(OQ? 62)) —Yi+1 (pv O/l - Bipa Czl(alh 61)7 C?(alwﬁé))‘

< K3*(Jos —afl + 181 = 8] + oz — a5 + 18, - B3]). (3.94)

In addition, we know that

Giv11 = Yir1 (Piv1s Qirr — Bivibir, CHGigts Bivn), C(Qugr, Binr)), (3.95)
Gi1 (Pis1, &(pi) — B(Di)pisa) (3.96)

= Yit+1 (f%’+1, a(p;) — B(ﬁi)f)i—i—la C% (07(]5@'), B(ﬁz))a C? (07(}51' +4;), B(ﬁz + 5Z)))

Thus, Lemma I11.12 follows by combining (3.78), (3.94), (3.95), and (3.96) and letting
£ =1L, *(log L;)z. 0
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Proof of Proposition I11.10. From (3.38),

E [!@(ﬁHh APit1)) — @i+171|2]

2 2
< K§3E[ Dit1 —p*‘ + |Di —p*‘ ]
g S . 2
+ 5B |[§(prs1, 6(55) = BGben) = Foa (i, 65 = Fp)pisa)| |
y 2
+K2P3E[ Uir1(Dit1, (Pi) — B(Di)Piv1) — yi—f—l,l‘ } (3.97)

By Theorem III.3(a), we have

2

2 _1
E {ﬁm —p*| +|pi—D" } < KP3L % (log L;)7. (3.98)
And it follows from Lemma III.11 that
y o N 2
E Uﬂ(ﬁiﬂ, &(pi) — B(Di)pis1) — Gisr (Pit1, & (D) — B(Di)Pis1) } (3.99)
KP3
< LL + KP3 L og Ly < KP3L; log L. (3.100)
In Lemma II1.12,
o . ) 2
E Uy(pi-Ha a(pi) — 5(pi)pi+1) - yi-l—l,l’ ]
_1 _1
< KP3L + KP3L. 2(log ;)2 < KP3L: *(log L;)?. (3.101)
Proposition II1.10 follows from (3.98), (3.99), and (3.101). O
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D: Technical Proofs for Theorem I11.4

Proof of Proposition II1.13. To prove Proposition I11.13, we proceed as follows.

Using the fact that y* = gj(p*, )\(p*)), we have

E [Q(ﬁ; 37(]9*7 )\(p*))) - Q(ﬁwhﬂiﬂ,l)}
< E[Q(p*,ﬂ(p*, Alp ))) Q(szrl; (pz+17)\(ﬁi+1)))

(pz—l-b (pz+1, (Pit1 )) - Q(ﬁz’+1,?)i+1,1)]‘

The first term Q(p*, ?j(p*, )\(p*))) — Q(ﬁiﬂ, gj(ﬁiﬂ, )\(ﬁiﬂ))) is bounded using Taylor
expansion on Q(p, y(p, A(p)) at point p*. Using the fact that the first order derivative
vanishes at p = p* and bounded second-order derivative, we obtain, for some constant

K3* > 0, that

(ﬁi—&-l J(Div1, Mpi)))] < E[K34(p* — pis1)?]

(3.102)

E[Q(p*, y(p*, A(p"))

_1
< K3'L; *(log L)t < Ki*I® (10g1>

=
N»—'

To bound the second term Q(Pit1,J(Pit1, ABit1))) — Q(Pis1, Jir1,1), notice that
g(ﬁi+1,)\(ﬁi+1>) maximizes the concave function Q(ﬁiﬂ,y) for any given p;i1, we
apply Taylor expansion with respect to y at point y = @(ﬁiﬂ, )\(ﬁi+1)> to yield that,

for some constant K¥4,
o ) o o . R 2
QDiv1, 7(Dis1, \(Pis1))) — Qbivr, Tivr1) < K3 (7 (Bivr, A(Bis1)) — Gisr) ", (3.103)
which leads to

E [Q(ﬁi—i—l; g(ﬁi—i—la A(ﬁi—i—l))) — Q(ﬁz’-&-ly@i-&-l,l)}

IN

KPE [( (Pis1: AM(Piv1)) — Qi+1,1)2]

< KP4L7i(log L)t (3.104)
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P

where the second inequality follows from Proposition II1.10.

By (3.102) and (3.104), we have

n ti+1;

K Z Z Q" y")) — QBit1, Gis1,1))

=1 t=t;+2L;+1

ZI (log I;) ]gK?‘lT%‘(logT)i.

This completes of the proof of Proposition II1.13. OJ
Proof of Proposition II1.14. Consider the accumulative demands during periods
ti +2L; +1 to t; + 2L; + Vﬂ. If these accumulative demands consume at least
T, 420,41 — Yi+1, then at period ¢, +2L; + LIEJ + 1, ;11 will be surely achieved. Since
Ap") +1 < Dy < A(p!) + u for all t, by Hoeffding inequality, for any ¢ > 0,

ti+2L;+ {IZ%J ti+2L;+ {Il%J
2{2
Z Dy > E Z Dif =Cp>1—exp|— T
t=ti 42041 t=t; 12011 V{"J (AP +u—Aph) —1)?

Now choose ¢ = (A(p") +u—A(p") —1) ({]ﬂ) <log LﬁJ) , and define the event

1
ti+2Li+ PJ

A={ X DtZVZ%J]E[DtHLH] ¢l (3.106)

t=t;+2L;+1

11—2
Then it follows from (3.105) that P(A3) > 1 — {IfJ :
Since A(p") > 0, E[Dy, 1or,11] > 0. Then there exists some i** such that whenever

- )

1
VfJ E[Dy o041 > v" — ' > 24,100,401 — Ui,

N | —

V’%J E[Dy1or,41) —¢ 2
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which suggests that on the event Ajz, the order-up-to level y; will always be achieved
after periods
{ti FOLi4 1.t + 2L+ {Iﬂ }

Now using P(A§) < VilﬂJ _2, we have

ti+1;
E Z (G(ﬁi, i) — G(ptayt))]
t=t;+2L;+1
ti+1;
= P(A:s)E Z (G(ﬁia Z)z‘,l) - G(pn yt)) 'A3]
t=t;+2L;+1
ti+1;
FRADE | S (Glhtia) — Glpu) |4
t=t;+2L;+1
-2
< max{h,b+p"}y" — ) Llﬂ + LI,-%J max{h, b+ p"}(y" — ') I;
< 2max{h.b+p"}y" — o).
Then the result of Proposition II1.14 follows. O

E: Nonparametric Algorithm for the Observable Demand Case

The algorithm starts with initial parameters {pi, 911,912}, and three positive
numbers, Iy, v and p, where Iy > 0, v > 1, p > 0 and py € P,911 € V, 012 € V.
Let I; = |Ipv] and the first stage consists of 2I; periods. For the first I; periods of
stage 1 (t = 1,...,1;), the firm sets the price p; and the order-up-to level g ;; for
the second I; periods of stage 1 (t = I} + 1,...,21;), the firm perturbs the price p;
by a small 8, amount (i.e., 1 + 01), where & = p(21y) "1 (log(21y))7. Then the firm
re-sets the price p; + d; and the order-up-to level §; 5. In general, for each learning

stage 1 >1,

INES

i—1
Ii = Llovij, 51 = p(QIZ_l)_i(IOg(2LJ_1)) s and tz = ZQIk (3107)
k=1
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Then, stage @ > 1 starts in period ¢;+ 1, and at the beginning of stage ¢, the algorithm
proceeds with {p;, §:1,9:2} that are derived in the preceding stage i — 1. Define set
Si = [pl7pl + 5i>pl + 25@7 s 7ph]‘

Now we present the learning algorithm DDO for the observable demand case.

Step 0: Preparation. Initialize Iy, v and p, and Py, 911, 91,2, 01, [1 as shown

above.

For each stage ¢« = 1,...,n where n = [logv (%T—i— 1)-‘, repeat the three

steps below:

Step 1: Setting prices and order-up-to level for stage :.

Set prices p;, t =t; +1,...,t; + 21;, as follows,

pe=pi, forallt =t; +1,...,t;+ I,

pt:ﬁi"i_éi: fOI'aHt:tl—i-[l—l—l,,tl—'—QIl,

and for t = t; + 1,...,t; + 21;, raise the inventory level in period t to y; as

follows,

Yy =TYia Vay, forallt =, +1,..., 6+ I;

yt:@i72th, for allt:tl+fl—|—1,,tl+212

Step 2: Estimating the demand-price function and the error term.

Let d; be demand realizations for t = ¢; +1,--- ,t; + 2I;. Solve a least-square
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problem

(Giy1, Biv1) = argmin > ldi—(a—=pp) . and (3.108)

telti+1,ti+21)
M= di — (i1 — Biapr) = A(pe) + €0 — (Guur — Biapr) for t =t + 1, t; + 21,
(3.109)

Step 3: Maximize the proxy profit Q°44(p,y).

We define the following sampled optimization problem (Opt-SAA-O).

max fﬁA(R Y) £ max {Gi+1(p7 di+173z‘+1)}, (Opt-SAA-O)

(P,Y)ESit1 XY PES;i+1
where Gi+1(p7 iy, BH—I) £ p (di—H - Bi—i—lp)
ti+21; R +
— min -— {(b +p) <di+1 — Biyip+ e — y)
A R +
+h (3/ — (Qiy1 — Bizip + 77t>) .

Then, set the first pair of price and order-up-to level to

N ~ SAA
1 1 = ar max .
(Dit15Yit11) 8, max Qi (p,v),

and compute y;t12 as
N SAA[ A
Yiy1,2 = arg meaf Q7 (Piv1 + 0ir1,Y).
Y

In case that p;11 + 0;11 &€ S;y1, set the second price to p;11 — d;41.
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F: Analysis of Unbounded Demand

Under Assumption (a) of light tailed demand, there exist positive constants Ky, KY, K}’
such that P{D;(p') > 2} < KY exp(—KY ) for any 2 > K.

We assume the inventory search space ceiling y" is at least 1/(2K3)logT for the
problem with planning horizon 7. In our algorithm we explore the inventory space
up to 1/(2KY)logT. For convenience we set y" = 1/(2KY)logT.

Most of the analyses for the unbounded demand case follow similar lines of ar-
guments as those for the bounded demand case. The major difference lies in the
estimation of average demand using sales data, which is the focus of our analysis
below. To analyze the regret, we need to compute the error of estimation had the
complete demand-price information been observed, and then study the impact of
truncated demand data. The former follows from the Chebyshev’s inequality and

Assumption (a), that for some positive constant K3,

tit+L;
_1 oD _1 KY
P <—01Li 2(log L;)2 < %t(p) — E[Dy(p)] < 011, 2(logLi)§> >1- =
(3.110)
where o is the standard deviation of D;(p), and similarly we have
ti+L; h\+
_— D - -1 1 KY
P ( t_tZJrl( [i(p) ) ) —E[(Dt(p) o yh)+] < 0’2[41 Q(IOgLi)2> > 1 — LG ’
(3.111)

where 3 is the standard deviation of (Dy(p) — y")*. We first show that when T is
large enough (because 3" grows linearly in log T'), we have 205 < 0. To that end,
we shall prove that o2 = Var[(D(p) — y")"] is continuous and decreasing in y" from
02 = Var[Dy(p)] to 0 as y" — oo. Since y" increases linearly in logT', this implies

that when T is large enough, we will have gy < 01/2.
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Let Fp(y and fp,) denote the cdf and pdf of Dy(p), respectively. Then

oo [e.o]

7= (@i hom(@de ~ ([~ o) fop(@)de) s and

9 [e.e]
do;

. —2Fp) (") /(x — ") fo)(x)dz <0,

yh

and o2 is decreasing in y".

It is clear that o2 is continuous in y" and 02 = ¢? when y" = 0. Furthermore, it
follows from the monotone convergence theorem that o2 — 0 as y" — co. Therefore,
032 is continuously decreasing in 3" from o2 to 0 as y" goes from 0 to infinity.

To bound L% Zi;il min{ Dy(p), y"} — E[D;(p)], we notice that min{D;(p),y"} =

Dy(p) — (Ds(p) — ™)+, and by Assumption (a), we have

“+00 “+oo
KU
BID(p) ~ )Y = [ BDUp) o 2 0o < [ KPe¥ema = 228,
3
0 0

[

Hence, by our choice of y*,

KY _gU,h K9 1 KY . — .
K—ije Y = K—EJT 2 < K—EJLZ- when T is large enough.

Consequently for large enough i, we have

E[(Di(p) — )] < 22

1 1 1
~ KULI 2 S O'2<Li)7§<lOgLi)§. (3112)
3

Combining (3.111) and (3.112) yields

N|—=

- < 204(L;) "2 (log L;)

i

ti+L; h\+ U
2 (Di(p) - K
P < t,tﬁ_l( t(p> Yy ) ) Z 1 — L6 . (3.113)

Let A4 be the event for (3.110), and A5 be the event for (3.113). Writing (3.110)
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as

titLi hy\+ ti+L; : h
S (D - o omind D ,
—J1(Li)_%(log Li)% — t*tlﬂ( Lt(p) v') < Zt—tﬂrl L{ «(p),y"}
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(3.114)

Then it can be seen that on the event A4 N As, it holds that

i+L; :
_ S min{ D))

I, —E[Di(p)] < o1(L;) "% (log L;)?.

(=01 — 209)(Li) "2 (log L;)?

Thus by —205 > —oy, it follows from (3.110) and (3.113) that

St min{Dy(p), y"}
L;

P (—zaxm)%aog L) < ~E[Dy(p)] < o1(Li) "2 (log L»é)

KY + KY

> P(ANAs) = 1= P (AN A > 1 - —>—

(3.115)

Comparing this result with (3.110) reveals that, estimating the average demand
using sales data during the exploration phase leads to an error very similar to that
using true demand data. This estimation error determines the regret from the ex-
ploitation phase, and it shows that the regret from the exploitation phase using sales
data is similar in format to that in the bounded demand case. However, we note
that in the proof of Theorem II1.4, the regret is amplified by y"* — y' = O(1) for the
bounded demand case, whereas the regret is amplified by y"* — y' = O(log T) for the

unbounded demand case, resulting in a total regret of O(T*% log T').
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CHAPTER IV

Data-Driven Dynamic Pricing
and Inventory Control with Censored Demand

and Limited Price Changes

4.1 Introduction

Information about the demand distribution and its dependency on selling prices
is critical for making pricing and inventory decisions. However, in many applications,
such information is not known a prior:, and the firm needs to learn through price
experimentation. This is usually done through exploration and exploitation. In the
exploration phase, the firm uses different price points to collect demand data, and
then uses the obtained information to make decisions for implementation during the
exploitation phase. When demand is censored, the firm can only observe the de-
mand realization up to the inventory level, and any unsatisfied demand is lost and
unobserved. This leads to partial and incomplete demand information. For a finite
planning-horizon problem, there is a trade-off between these two phases: the longer
the exploration phase, the more demand information the firm can extract, but the
shorter the remaining time for exploitation to maximize profit. Thus, designing effec-
tive learning algorithms has been of great interest in the recent literature. See e.g.,

Burnetas and Smith (2000), Besbes and Zeevi (2009), Broder and Rusmevichientong
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(2012), and Besbes and Zeevi (2015), to name just a few.

One common observation in practice is that a firm may be constrained from mak-
ing frequent price changes. Cheung et al. (2015) discuss several practical reasons in
price experimentations that forbid frequent price changes, such as customer’s nega-
tive responses to frequent price changes (e.g., that may cause confusion and affect
seller’s brand reputation). One economic reason for not having frequent price change
is the cost for making such changes (e.g., due to changing price labels, etc.), hence
by limiting the number of price changes the firm would control the associated cost.
(Clearly, such constraint brings enormous additional complexity in demand learning.

In this chapter we consider a dynamic joint pricing and inventory replenishment
problem over a finite planning horizon, where the firm has little prior knowledge about
the demand distribution and needs to learn it through historical censored demand
data. The firm needs to determine its inventory replenishment and pricing decisions
in each period, subject to some constraint on the number of price changes, and the
objective is to maximize total expected profit. We consider a setting where the
demand distribution on an offered price is drawn from a family of distributions with
unknown continuous parameters of dimension k. We develop data-driven algorithms
to compute pricing and inventory replenishment decisions for various constraints on
the number of price changes, and evaluate their performances by regret, which is the
total profit loss compared to a clairvoyant who has complete information about the
demand distribution and can change its selling prices as many times as it wishes.
Three scenarios are considered: First, for a general case, when the number of price
changes is limited to &, the regret is O(T"/?). Second, for a so-called well-separated
case, when the number of price changes is limited to m, an arbitrarily given positive
integer, the regret is O(T"/(m+1Y)). Third, also for the well-separated case, when the
number of price changes is in the order of O(log T'), the regret is O(log T'). We further

show that these bounds are the best possible in the sense that, they have the same
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order of magnitude as the lower bound of regret for any learning algorithms of these
problems. We also conduct numerical studies and show that these learning algorithms
empirically perform very well.

Comparisons with the Literature. This chapter is related to the research
literature dealing with limited demand information in stochastic inventory control,
revenue management, and joint pricing and inventory control problems. For each cat-
egory, the research literature is classified as either parametric (i.e., the firm knows the
family of demand distribution but not the parameters of the distribution) or nonpara-
metric approach. Our work falls into the parametric category of joint optimization of
pricing and inventory control. Thus, in the following we briefly review related works
on inventory and pricing using parametric demand estimation.

Earlier research papers on stochastic inventory control with parameter estimation
include Scarf (1959, 1960), Murray and Silver (1966), Azoury (1985), Lovejoy (1990)
for completely observable demand data; Ding et al. (2002), and Lariviere and Porteus
(1999) for censored demand; and Chen and Plambeck (2008) for the case with mul-
tiple products. In these papers, price is static and exogenous, thus the firm is only
concerned with inventory replenishment decisions. In the revenue management liter-
ature, early papers such as Kalish (1983), and Gallego and van Ryzin (1994) consider
a firm’s pricing problem when the firm has complete information about the under-
lying demand process. These papers have been extended to the parametric settings
by, e.g., Araman and Caldentey (2009), Aviv and Pazgal (2005), Broder and Rus-
mevichientong (2012), Carvalho and Puterman (2005), Farias and van Roy (2010),
den Boer and Zwart (2015), Harrison et al. (2012), and Keskin and Zeevi (2014),
among others. Cheung et al. (2015) develop learning algorithms for a pricing problem
with constraint on the number of price changes.

There have been numerous studies in the literature on joint pricing and inven-

tory decisions. As in the above two categories, earlier papers in this area, including
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Whitin (1955), Karlin and Carr (1962), Thowsen (1975), Federgruen and Heching
(1999), and Chen and Simchi-Levi (2004b), assume that the firm has complete in-
formation about demand distribution. Refer to survey papers by Chan et al. (2004),
Elmaghraby and Keskinocak (2003), Yano and Gilbert (2003), and Chen and Simchi-
Levi (2004b) for more references. The extension to the parametric case has been
studied by Subrahmanyan and Shoemaker (1996), and Petruzzi and Dada (2002).
The most closely related works to ours are Broder and Rusmevichientong (2012),
Cheung et al. (2015), and Besbes and Zeevi (2009). Broder and Rusmevichientong
(2012) consider a dynamic pricing problem with Bernoulli demand, and the firm
learns unknown parameters by maximum likelihood estimation (MLE). They clas-
sify the customer response probability functions into a general case (which motivates
our definition of identifiable demand distributions) and a well-separated case. In
this chapter, our demand process follows a general distribution, and because of cen-
sored demand, the traditional MLE cannot be applied to our problem. We develop
a modified MLE method to incorporate censored data and prove that it admits the
same convergence rate as the traditional MLE. This development is new to the lit-
erature. Note that Broder and Rusmevichientong (2012) assume that the firm has
infinite inventory available initially, hence there are no inventory replenishment de-
cisions and all realized demands are fully observed. In contrast, our problem has
joint pricing and inventory control, and unsatisfied demand is unobservable. It is
clear that a lower starting inventory level gives higher chance of stockout hence less
information about demand, implying that inventory replenishment decisions impact
demand learning. Thus, besides experimenting with prices, we also need to explore
in the replenishment space so that demand information can be collected. In addition,
Broder and Rusmevichientong (2012) do not consider the business constraints on the
number of price changes. For the well-separated case, we design two algorithms for

the joint pricing and replenishment problem, with the first one achieving a regret of
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O(TY(m+1)) when the firm is constrained to changing prices at most m times, and
our second algorithm admits a regret of O(logT) when the firm can change price
O(logT) times (in contrast, the algorithm of Broder and Rusmevichientong (2012)
for the pure pricing problem has a regret of O(logT) by changing the price O(T)
times); for the general case, we develop an algorithm that changes the price at most
k times and achieves a regret of O(T"/2) with the knowledge of horizon length T (the
learning algorithm of Broder and Rusmevichientong (2012) changes prices O(T/?)
times without knowing 7"). We further show that the regret rates of our algorithms
are the lowest possible, i.e., they are the same magnitude as the lower bound of regret
of any learning algorithm for the respective classes of problems.

Cheung et al. (2015) study a dynamic pure pricing problem with demand learning,
in which the firm faces a constraint on the number of price changes. They consider a
scenario where there is infinite initial inventory, and demand distribution belongs to
a finite set of possibilities. Cheung et al. (2015) present an algorithm which changes
prices no more than m times and show that it has a regret of O(log(m) T), which
achieves the lower bound. In contrast, in our model the customer response is from a
general parametric class of functions with unknown continuous parameters of dimen-
sion k, hence the set has an infinite and uncountable number of elements. We have
a joint optimization of pricing and inventory control problem with non-perishable
products, thus we face the issue of not being able to achieve inventory target in
making replenishment decisions. We also have censored demand, adding additional
complexity to the analysis. Methodology wise, our work is substantially different
from Cheung et al. (2014). For parameter estimation, we develop the modified MLE
method, while Cheung et al. (2015) implements the first moment estimation (using
sample average to estimate mean of the demand). Note that the convergence analysis
of the estimation method in Cheung et al. (2015) only works for a finite number of

candidate functions, and they assume the difference between values of any two can-
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didate functions at the testing price point is lower bounded by a positive constant.
Even with an infinite and countable number of candidate functions, the method in
Cheung et al. (2015) will no longer work. To develop the lower bound for regret,
Cheung et al. (2015) apply change of measure as in Lai and Robbins (1985), while in
our chapter, we apply the van Trees inequality (Gill and Levit (1995)) to establish
the lower bound. It is worthwhile to note that, when no constraints are imposed on
the number of price changes, the lower bound for regret of the dynamic pricing model
of Cheung et al. (2015) is (1) (constant); while the lower bounds for the regret of
our dynamic pricing and inventory replenishment problem are Q(logT’) and Q(T"/?),
respectively, for the well-separated and general cases.

Besbes and Zeevi (2009) study the revenue management problem with fixed initial
inventory using both nonparametric and parametric approaches, thus they have no in-
ventory decisions. For the parametric case, they prove that the lower bound for the re-
gret of their algorithm is Q(7"/?). In their k-unknown-parameter case (which is similar
to our k-identifiable case), they propose an algorithm with regret O(7%3(logT)"/?);
in their 1-unknown-parameter case (which is similar to our well-separated case), they
obtain a regret of O(T"?(log T)/?(loglogT)).

Structure of This chapter. In the next section we formulate the joint pricing
and inventory replenishment problem. In Section 3 we present the learning algorithms,
for the well-separated case and the general case, respectively, as well as their regret
rates. In Section 4 we conduct a numerical study and report the numerical results.
We conclude the chapter in Section 5. Finally, some detailed proofs and background
information are provided in the Appendix. Throughout the chapter, for a real number
x, let [x] denote the smallest integer that is greater than or equal to x, and we use

||| to denote the Euclidean norm, i.e., ||x|| = (31, 22)¥/? for x = (x4, ...,1,) € R™
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4.2 Model Formulation and Preliminaries

A firm sells a product over a planning horizon of 7" periods. At the beginning of
each period ¢, the firm sets a selling price p;, € P = [p', p"] and determines a replen-
ishment decision, the order-up-to level, y, € ¥ = {¢/,9' +1,.... ¢}, t =1,...,T.
During period ¢, a random number of customers D,(p;, z) arrive, where z € Z is a
parameter vector and Z is a compact and convex set. Suppose D,(-,-) takes integer
value from D that ranges from d' > 0 to d* (> d'), which may be infinity, and the
average demand E[D;(p,z)] at the true value z is positive at price p € P. Realized
demands are satisfied as much as possible by on-hand inventory, and unsatisfied de-
mands are lost. We consider the scenario with censored demand, i.e., the firm only
observes sales data min{D;(p;,z),y;} in period ¢, but not the actual demand. The
cost structure includes the unit holding cost h, unit shortage cost b, and the inventory
ordering cost is normalized to zero. Suppose the inventory replenishment lead-time is
zero. The objective of the firm is to dynamically determine its pricing and inventory
replenishment decisions in each period to maximize the expected total profit.

The demand model described above is a parametric model, i.e., for a given p € P,
the firm knows the probability mass function for D;(p,z), f(-;p,z), up to the unknown
parameter vector z. Assume f(+; p, z) is differentiable with respect to z. Clearly, if the
firm knew the values of z, then this is a standard dynamic joint pricing and inventory
control problem that has been extensively studied in the literature. However, in our
setting, the firm does not know the parameter vector z, thus it has to learn about
the demand information from past sales data, which is obtained through price and
ordering experimentations. Furthermore, this chapter is concerned with the case
that the firm is faced with the business constraint that prevents it from conducting
extensive price experimentations. Thus, the firm is subject to the constraint on the
number of times it can change its selling price.

The objective of the firm is to develop a mechanism that learns the demand
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information from sales data while satisfying the constraint on the number of price
changes, and exploit the extracted information to maximize its expected total profit.
Remark 1. In the subsequent analysis, we will focus on the case that the selling price
18 continuous and the demand and order quantities are discrete. However, we point
out that the results, as well as all analyses, carry over to the case with continuous
demands and ordering quantities, i.e., Dy(ps,2z) is a continuous random variable and
Y=y cR.

The Complete Information Problem. Let x; denote the inventory level at the
beginning of period ¢ before the replenishment decision, and suppose the initial inven-
tory level is 1 = 0. Given a pricing and inventory policy ¢ = ((p1,v1), (P2, ¥2), - - -, (P1, Y1),

the total expected profit over the planning horizon is

V(T) (4.1)

= Z {pE[Di(ps,2)] — {hE [max{y, x:} — Dy(pr,2)]" + (b+ pr)E[Di(pe, 2) — max{ys, z:}]" }} .

If the firm knows the parameters z and thus also the distribution of D, a priori,
then dynamic programming can be used to compute the optimal pricing and inventory
replenishment decisions. In that case, and if in addition there is no constraint on the
number of price changes, then it is known (see e.g. Sobel (1981)) that a myopic policy
is optimal for problem (4.1). Let G(p,y,z) denote the single-period profit function,

ie.,

G(p,y,z) = pE[D(p,z)] — hE[y — D(p,z)]" — (b +p)E[D(p,2z) —y]",  (42)

where D(p,z) is the generic random demand when the true parameter is z and the
selling price is p, and suppose it has a unique maximizer (p*,y*) on P x ). Then the
optimal strategy ¢* for the firm is to order up to y* and set the price at p* in each

period.
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Definition of Regret. In our setting, the firm does not know the parameter
vector z a priori, so it needs to develop an adaptive policy ¢ which determines the
selling price p; and replenishment level y; for each period ¢t based on historical in-
formation, i.e., past selling prices, order-up-to levels, and sales data, subject to the
constraint on the number of price changes. To measure the performance of a policy
¢, we define the regret as the total profit loss of policy ¢ compared with that of the
optimal policy ¢* when complete information is available and there is no constraint

on the number of price changes. That is,
R(T) = Vo (T) — V(T).

It is clear that R?(T) > 0, and the smaller the regret, the better policy ¢ performs.
The Traditional Maximum Likelihood Estimation. To estimate the un-
known parameters z of a distribution, a commonly used method is maximum likeli-
hood estimation (MLE). For 1 < t; <ty < oo, let {ps,, pt,+1,---, D1, } be a sequence of
given prices for periods {t1,t; + 1,... %3}, and if the corresponding realized demand
{di,,dy, 41, .. .,di, } can be observed and there is no censored data, then an estimate

of z can be computed using the standard MLE given by

to
2 = argmax | [ £(dy:pr.2). (4.3)

t=t1

In our setting, however, the traditional MLE will not work due to censored demand
data. Indeed, the true demand d; is observed only when d; < v,. If d; > 1, then the
firm observes the sales quantity y; with the implication that the demand d; is no less
than y;. Therefore, the likelihood function (4.3) cannot be applied under censored
demand data.

In this chapter we modify the standard MLE to incorporate censored demand

information. A key in this step in our analysis is to show that the modified estimator
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possesses the desired convergence rate under the mean-squared error measure.

A Technical Result. We next develop an upper bound for regret from estimation
error in a general setting, which will be used in our subsequent analysis. Suppose
that a firm maximizes an objective function H(p,y,z) over decision variables p and y
without knowing the values of underlying parameters z a priori, where z € Z C R"™
for some integer r3 > 1. The objective function may be multimodal, and the decision
variables p € P C R™ for some integer 1 > 1 and y € Y C Z" for some integer
ro > 1. The firm learns the value of z through some noisy observations during decision
process. We impose the following regularity conditions.

Assumption A (Regularity Conditions).

i) There is a unique global maximizer on P x ), denoted by (p*(z),y*(z)) for
H(p,y,z), ie.,

* * — H
(p"(2),y"(2)) arg max (p,y,2),

and it falls into the interior of P x V.

ii) For any y € Y, H(p,y,2z) is twice differentiable with respect to p € P with

bounded second order derivatives.

iii) H(p,y,=z) satisfies the Lipschitz condition on P x ), i.e., there exists some
constant K7 > 0 such that ||H(p1,y1,2) — H(p2,y2,2)|| < Ki(|[p1 — pal| + lly1 —

yo||) for any p1,p2 € P and y1,y2 € V.

iv) p*(z) is locally Lipschitz on P at the true underlying parameter z. That is,
there exist constants 6 > 0 and K> > 0 such that when ||z’ — z|| < J, we have

Ip*(2") = p*(2)|| < Ks|z" - z||.

v) If z is the true underlying parameter, then there exists a constant § > 0 such

that when ||z’ — z|| < 0, we have y*(z') = y*(z). (If y is continuous, then
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there exist constants 6 > 0 and K3 > 0 such that when ||z’ — z|| < J, we have

ly*(2) —y*(2)|| < Ksllz' —z|.)
Under these assumptions, we have the following basic result.

Theorem IV.1. (Regret from Estimation Error). Suppose z is an estimator of

z using ¢ data points, and for any € > 0 it satisfies
P{||z — 2| > e} < Kyemef< (4.4)

for some constants Ky > 0 and K5 > 0. Then, there exists a positive constant Kg

such that

This theorem will play an important role in proving the main results in this

chapter. Its proof is provided in Appendix A.

4.3 Learning Algorithms

With censored demand, the firm only observes sales data min{y,,d;} in period
t. If stockout occurs in period ¢, then the firm knows that the demand is at least
Y, but does not know the exact demand. This has two implications: One is that
the incompleteness of demand data impedes parameter estimation, as the firm can
no longer compute the MLE estimator in (4.3) in the usual way. The other is that,
with censored demand, the collected demand information depends on the inventory
level y;, hence the quality of the observed demand data depends on the inventory
replenishment decision. Indeed, it is intuitive that higher inventory level helps reveal
more demand information as less likely stockout would occur. This implies that the

firm needs to strategically integrate inventory (and pricing) decisions with demand
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learning in maximizing its total profit.
Depending on the characteristics of the class of parametric demand models, in the
following subsections we study two cases and design learning algorithms that achieve

the lowest possible regret rate for each of them.

4.3.1 Well-Separated Case

We first consider the case that the parameter z is a scaler, i.e., z € Z = [}, 2] C
R! for some 2! < 2" < 00, and the demand processes with different parameters z are
relatively easy to differentiate. Recall that two probability mass functions are said to
be identifiable if they are not identically the same.

Definition 1. The family of distributions {f(:;p, 2) : z € Z} is called well-separated
if for any p € P, the class of probability mass functions {f(;p,z) : z € Z} is
identifiable, i.e., f(:;p,21) # f(:;p, 22) for z1 # 2.

Identifiability is an important concept in mathematical statistics and it has been
widely used in the literature, see Condition (Ap) in Borovkov (1998). If a family of
distributions is well-separated, then no matter what selling price p the firm charges,
the corresponding demand distribution differs for different parameter z, hence allow-
ing the firm to learn about the parameter z at any selling price. This indicates that
in the well-separated case, it is possible to combine exploration with exploitation
to design an efficient learning algorithm. The well-separated demand distributions
have been studied in the revenue management literature with infinite starting inven-
tory (hence there is no censored demand and no inventory decision) in Broder and
Rusmevichientong (2012) and Chen et al. (2014a), among others.

We make the following assumptions for the well-separated family of distributions
{f(ip,2) 2 € Z}.

Assumption 1.

(i) There exists some constant ¢, > 0 such that I(p,z) > ¢y for all p € P and
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z € Z, where

- _ (('Qf(all;p,z)/(’?z)2
Ip.2) = fldpz)

and there exists a constant ¢; < +oo such that the Fisher information I;(p, z),

given by

" (9 D,z 0z)°
If(p’z)zz( fg(ip,)!) ) ’

d=d!
satisfies I(p,z) < g for all p € P and z € Z.

(ii) There exists a constant f > 0 such that f(d;p,z) > f for all p € P, 2 € Z and

de {d.d+1,....4".
(iii) For any p € P, f(d';p, 2) is strictly monotone in parameter z € Z.

Assumption 1 is satisfied by various demand distributions, and two are given
below.
Example 1. The following examples satisfy Assumption 1: (a) Poisson random
variable with rate r(p, z), (b) Binomial random variable with total number of trials

d" > 1 and success probability r(p, ). For both examples, r(p, z) can be
1) linear function r(p, z) = 2 — zp with P = [8/15,2/3|, Z = [2, 3];
2) logit function r(p, z) = % with P = [1/2,2], Z = [1, 5];

3) exponential function r(p, z) = €~ with P = [2,10], Z = [2,5].

As will be described in the algorithm shortly, we will estimate the unknown pa-
rameter z using a modified MLE method tailored for the well-separated case under
censored demand data. Assumption 1 is imposed to guarantee that this modified

MLE estimator will converge to the true value of z at the desired convergence rate.
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We assume y* > d', i.e., the true optimal order-up-to level is higher than the lower
bound of random demand, which is a reasonable and weak assumption. During the
learning process, the best solution under the updated estimate of z may be equal to
d'. That is, if 2 is the estimated parameter it may happen that y*(2) = d'. If we
implement inventory decision y*(2), then the inventory level will surely drop to zero
at the end of the period, and the only demand information it yields is that demand
is at least d', which is already known. This shows that, whenever y*(2) = d' occurs,
we should modify the ordering decision to a quantity above d', say d' + A for some
small positive number A, in the algorithm so that some information about demand
is to be revealed with positive probability.

Fixed Number of Price Changes. We first consider the setting where the
number of price changes is limited to a given number, say m > 1. To develop a
learning algorithm for this case, we divide the planning horizon T" into m + 1 stages,
of which the 7th stage consists of I; = [Ti/(m“)-‘ periods, 7 = 1,...,m, and the last
stage contains T'— Y " | I; periods. During stage i > 2, the algorithm sets a pricing
and ordering decision that is constructed using data collected from the previous stage
i — 1. If the order-up-to level in the solution is above d', then both the pricing and
ordering decision is implemented in stage i. Otherwise, and as we discussed above,
the algorithm implements the pricing solution but raises the order-up-to level slightly.
At the end of the stage, the algorithm applies the observed sales data to estimate
parameter z using a modified MLE method, and then solve a data-driven version of
optimization problem for (4.2) to obtain a new decision to be used for the subsequent
stage 7 + 1.

Let t; denote the last period of stage 1 — 1,7 = 2,...,m+ 2. To get the algorithm
started, we need an initial pricing decision p; € P and initial ordering decision g; =

d' + A for some constant A > 0 such that §; € Y. Let F(d, p, z) = Yoeca f(T,D,2).

Algorithm I (m price changes for the well-separated case)
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Step 0: Preparation
L = [T/ ] fori=1,...,m,and Ly =T — >0, L.
t1 =0, and ti:Z;;ll]j fori=2,...,m+2.

Step 1: Setting pricing and ordering decisions

For stage 1 < m + 1, set the price and inventory level to

pt:ﬁiv t:ti+17"'7ti+17
Yt = max{mtagi}v =1+ 17 s 7ti+17

Topr = max{y; —di, 0}, t=t;+1,... tiy,
where
:’-jia lf gz > dla
d+ A, ifg=d.

Step 2: Estimation

Compute the estimator for z by

2 = argr?ea? { H f(dy; ps, 2) - H (1 — Py — 1;]51;72)) }
{te{ti+1,....,ti+1 }:de<y: } {te{ti+1,....,ti+1}:de >y }

(4.5)

Step 3: Data-driven optimization

Solve the data-driven optimization problem

(ﬁi+17ﬂz’+1) =arg max G(pa?/, 21) (4-6)
(p,y) €P XY

Go to Step 1 with ¢ := 7 + 1.
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The intuition behind the learning algorithm above is the following. Since selling
price cannot be changed more than m times, the planning horizon is divided into
m + 1 stages with each stage charging the same price. These stages are exponentially
increasing in length since, as more data are collected, more accurate estimates of
demand are obtained hence they can be used for longer time to extract profit.

For each stage ¢ > 2, Step 1 reflects the tension between exploration and ex-
ploitation regarding the ordering decisions. At the new price decision p;, if the cor-
responding ordering decision 7; equals d', then implementing 7; will not yield any
information about demand distribution. Hence the algorithm prescribes order-up-to
level d' + A instead, which will guarantee observing a non-censored demand realiza-
tion with positive probability, thus providing information to update the estimate of
parameter z. Note that in this case, the algorithm experiments an ordering decision
at a loss of profit. Fortunately, as the learning process continues, the probability for
having ; = d' will be diminishing because, if 2; approaches the true z, then y*(%;)
will approach y* which is greater than d’. In Step 2, a modified MLE is employed to
estimate z. For each period ¢, if d; < y;, then we can observe the true value of d;, and
the probability for that event is f(dy; ps, 2); if d; > vy, then the firm only knows that
the demand d; is at least y;, and the probability for this event is 1 — F'(y, — 1;p;, 2),
which is incorporated in the likelihood function. The optimization problem con-
structed in (4.5) resembles the traditional MLE method in (4.3). Finally, in Step 3,
the data-driven optimization problem finds the optimal pricing and inventory deci-
sions using the updated estimate z; of parameter 2z, which will be implemented in the
next iteration.

The following theorem gives the theoretical performance of Algorithm I.

Theorem IV.2. For any problem instance of the well-separated case that satisfies
Assumptions A and 1, for any initial values of py € P, A >0 and j, + A € Y, there

exists a constant Ky > 0 such that the regret of learning algorithm I with at most m
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price changes is upper bounded by
R(T) < Ky Twe.

Before presenting the proof of Theorem 1, we elaborate on the technical issues en-
countered in analyzing the algorithm. First, note that the objective function in (4.5) is
different from the traditional MLE method, and there exists no result in the literature
on convergence rate for estimators obtained by maximizing the modified likelihood
function (4.5). To overcome this issue, we introduce a truncated random variable

Dy, (Ps, 2) defined on {d',d" 4+ 1,...,y,} with probability mass function f,,(-; p;, 2):

L fd; pi, 2), ifd <d<uy,
Ty (d; i, 2) =
1_F<yt—1§ﬁz‘az)a if d = y,.

Then, Dy, (p;,2) = min{D,(p;, 2), . }. It is easily verified that (4.5) is exactly the
maximum likelihood estimation for this truncated distribution. The main difficulty
lies in that Dtyt(-; Pi, 2) are dependent across periods, because y; depends on demand
realizations and inventory levels of previous periods. Furthermore, Dt,yt (p:, z) are
not identically distributed as y; are not constant. As a result, the convergence rate
result of MLE (see Borovkov (1998) Theorem 36.3), which requires samples to be
independently and identically distributed, cannot be applied here.

Nonetheless, in Proposition 1 below, we show that 2; computed from (4.5), al-
though involving dependent and non-identically distributed random variables, con-
verges to the true z at the same rate as that of the traditional MLE method. This

result is crucial for establishing the upper bound of regret in Theorem 2.

Proposition IV.3. For any problem instance of the well-separated case that satisfies

Assumptions A and 1, there exist constants Kg > 0 and Kg > 0 such that for any
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€ >0, z; of (4.5) satisfies
P{|z; — 2| > €} < Kge lifoe®,

Proposition 1V.3 implies

+00 +oo
K
E[|z — 2*] = / P{|z — 2|* > e}de < / Kge "ot de = =2 (4.7)
0 0 ‘
where K79 = Kg/Kyg. This result will be utilized in proving Theorem IV.2.
Proof Sketch of Theorem IV.2. By the definition of regret, we have
T
R(T> - Z]E[G(p*,y*,Z) _G(ptvytuz)]
to m+1 tiy1
= Z E[G(p*,y*,Z) ptayh +Z Z p ,y*,Z) _G<pt7yt7z>]
t=t1+1 i=2 t=t;+1
to m+1 t1+1
S Z E[G(p*,y*,2> ptvytv +Z Z p 7y*az) _G(ﬁmguz)]
t=t1+1 1=2 t=t;+1
regret from ;r;tial decision regret from eggmation error
m+1 tir1 m+1 tir1
+Z Z ’G pwyza ) pmyw +Z Z ’G pl7yl7 ) G<ptaytaz)u-
1=2 t=t;+1 1=2 t=t;+1
regret from exploration‘gn the ordering decision regret from missir:gr inventory targets
(4.8)

As marked in (4.8), the first term on the right hand side stems from the input
initial solutions that may not be optimal, and its upper bound is proportional to the
length of the first stage. The second term is due to the estimation error (Z; may not
be equal z), and the closer Z; is to z, the smaller the second part of regret. The key
drivers to obtain an upper bound for the second part of regret are, as pointed out by
one reviewer, (i) the optimization error is linear in the estimation error, and (ii) the

squared estimation error is inversely proportional to the sample size. The first one (i)
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is established under some regularity condition concerning continuity of the function,
while the second (ii) refers to (4.7). The upper bound for the second term is obtained
by applying Theorem IV.1. The third term presents the regret from exploration in
the inventory decision, and it is proportional to the probability for g; to be not equal
to 9;, which is also the probability for ¢; to be equal to d’'. As discussed earlier, since
y* > d', as the data size increases, it is intuitive that the probability for ¢; to be close
to y* will be high, hence the probability for this event will be small. The fourth and
last term on the right hand side of (4.8) is contributed by the carry-over inventories
between periods. We employ Hoeffding inequality to show that after a relative short
number of periods, ¢; can be achieved with a high probability. A general result in
bounding the fourth part of regret is shown in Proposition Al in Appendix A.

An important question is whether there exists learning algorithm with m or fewer
price changes but with lower regret rate than Algorithm I. The following result shows

that is not possible at least for algorithms with predetermined price-change schedules.

Theorem IV.4. There exist problem instances such that the regret for any learning
algorithm for the joint inventory control and pricing problem with censored demand
that changes price at most m times according to a predetermined schedule is lower
bounded by QT V). That is, there exists a constant K1, > 0 such that for any

such learning algorithm ¢,
RO(T) > Ky, T,

Proof Sketch. To prove Theorem IV.4, we construct a problem instance in which
the inventory order-up-to level for each period is fixed and high enough so that any
realization of the demand can be satisfied under any price. Therefore, the effect of
lost sales and censored data is eliminated and the original joint pricing and inventory

control problem is reduced to a pure dynamic pricing problem with fixed inventory
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control strategies. Because price for period ¢, p;, is a function of the historical data
from period 1 to period ¢ — 1, it can be considered as an “estimator” based on ¢t — 1
data points. By van Trees inequality (Gill and Levit (1995)), the performance of p,
is lower bounded as inversely proportional to ¢ — 1, which can be used to establish
the lower bound of the regret. Because of the freedom of at most m price changes,
this gives rise to a problem with m + 1 variables, and we apply geometric inequality
to prove the designed result.

The two theorems above show that our algorithm has achieved the lowest regret

rate for the well-separated case with a fixed number and predetermined times of price
changes under censored demand.
Remark 2. The discussion following Algorithm I leads to a practically less interesting
mathematical problem of what happens if the real optimal order-up-to level is very low,
ie., y* < d'? We have also studied this case, and as one can expect, it will become
inevitable to have more tension between learning and earning because of the lack of
information the learning phase can offer in exploring the true value of z. In that case
learning algorithm can be developed with a higher regret rate of O(T/?).

A More-frequent-price-change Case. In the analysis above it is assumed that
the number of price changes is restricted up to a fixed number. In applications it may
be the case that the firm cannot change the price too often, but it is allowed to make
more price changes when the planning horizon is longer. In the following, we propose
a learning algorithm for the joint pricing and inventory control problem which can
change the price O(logT)) times, and we refer to it as the case with more-frequent-
price-change. We show that the regret of our algorithm improves significantly, from
polynomial O(T(m+1)) to O(log T).

In our learning algorithm for the case with more-frequent-price-change, we again

divide the time horizon into stages with exponentially increasing lengths. Let I > 0
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and v > 1 be given positive numbers, and let

I = [Ipv'], i=1,2...,N, (4.9)

denote the length of stage i, where

N = [logv (v + 2 T) - 2} — OlogT)

0

is the number of price changes. The last stage, N+1, has Iy, =T — Zf\;l I; periods.
Again we let t; be the last period of stage i — 1, i.e., Z;;ll Ii=1t;,1=2,...,N+2,
with t; = 0. Thus, stage ¢ starts in period ¢; + 1. The algorithm needs some initial
input p; € P, 9, = d' + A € Y for the first stage. The algorithm runs in exactly the

same manner as Steps 1 to 3 in Algorithm I, except that now the number of periods

in stage 7 is given by (4.9) and there is a total of N = O(logT) iterations.

Theorem IV.5. For any problem instance of the well-separated case that satisfies
Assumptions A and 1, for any initial values of py € P, A >0 and j, + A € Y, there
exists a constant K19 > 0 such that the regret of the learning algorithm with O(logT)

price changes is upper bounded by
R(T) S K12 IOg T.

We remark that Q(log T") is also the lower bound for the regret of any algorithm for
our problem in hand. As a matter of fact, even for the special case with no constraint
on the number of price changes and no censored demand data, Q(logT') is the lower
bound for the regret of any learning algorithm. Indeed, Broder and Rusmevichientong
(2012) establish such a lower bound for the dynamic pricing problem with infinite
initial inventory (thus there is no inventory replenishment decision and no censored

data) and no constraint on the number of price changes, and they show that the regret
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is lower bounded by Q(log T'). Broder and Rusmevichientong (2012) obtain this lower
bound by a pricing policy that changes price every period. As our problem is more
general than theirs, the regret of our problem is also lower bounded by Q(log T"). This
shows that our algorithm has achieved the lowest possible regret rate for the problem
with more-frequent-price-change.

To prove Theorem 4, we will not be able to apply Proposition Al to bound the
regret from missing inventory target 7; as was done in the proof of Theorem 2. This
is because, in the algorithm of Theorem 2, the stage is long, thus at the beginning
of each stage we can allocate a relatively short phase to be the “depletion phase”.
During the deletion phase, the initial inventory of this stage can be consumed by the
cumulative demands to below ¢; (with a high probability), and after which the target
level y; is always achieved in this stage. However, in the algorithm in Theorem 4,
the stage is short, even shorter than the required length of the “depletion phase”, so
the above method cannot be applied. The idea in proving Theorem 4 is to prove the
initial inventory level of stage ¢ is not very high compared with ;. We obtain this
by showing that g;_; and g; are very close (with a high probability), and once 7; 1
is finally achieved during stage ¢ — 1, the initial inventory level for stage ¢ will be no

higher than g;_;.

4.3.2 The General Case

An important assumption in the previous subsection is that, the demand distri-
bution is identifiable for any selling price p. This special demand structure allows the
firm to learn about parameter z at any selling price, and therefore, the firm does not
need to “sacrifice” revenue to “learn” demand information. More precisely, it allows
the firm to combine “exploration” with “exploitation”, leading to a small regret of
the algorithm.

When that condition is not satisfied, there will be more tension between earning
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and learning in making the pricing and inventory decisions: on one hand, the firm
would like to set the prices as close as possible to estimated optimal price so that
more profits can be earned, but on the other, that price may not be identifiable so
that firm may not be able to learn more demand information at that price. Hence,
firm has to intentionally create price dispersion so that the underlying demand-price
relationship can be better learned. The latter, however, will result in profit loss. We
consider this more general case in this subsection.

Suppose the parameter in probability mass function f(-;p,z) is a k-dimensional
vector, i.e., z = (21,...,2) € Z C RF for some integer k > 1. To estimate z,
we need at least k prices for experimentation. In this subsection we assume d; €
{d',d" + 1,...,d"} where d* < y"* < co. The latter assumption is made to allow
the firm to learn the demand distribution by raising inventory levels. For a set

of given prices p = (p1,...,pr) € PF, and correspondingly realized demands d =

(dy,...,dy) € {d,d" +1,... d"}* we define

k

or*(d) = | [ £(ds;ps,2).

j=1

Definition 2. The family of distributions {QP* : z € Z} is said to belong to the
general case if there exist k price points p = (p1,...,Pr) € P* such that the family
of distributions {QP* : z € Z} is identifiable, i.e., QP#1(-) #£ QP22(.) for any z; # Zy
in Z.

The prominent difference between the general case and the well-separated case is
that in the general case the likelihood function is known to be identifiable only at a
set of prices p; while in the well-separated case of the last subsection, the demand
distribution is identifiable at any selling price. Thus, to learn about the true value of
z in the general case, the firm has to consistently experiment at these prices, resulting

in profit loss. This shows that it is inevitable that the learning algorithm will suffer

167



higher regret. For the above reason, we shall refer to p as the exploration prices.
To ensure that the unknown parameters z can be estimated using our modified
maximum likelihood method, we make the following assumption for the general case.

Assumption 2. For any z € Z,

i) there exists a constant ¢y > 0 such that A\nn{I(p,2z)} > cf, where I(p,z)

denotes the Fisher information matrix given by

2

B 8228,2’]

1(p.2)],, = E. log Q"*(D) |,

and A\puin{I(p,2z)} is the smallest eigenvalue of the Fisher information matrix

I(p, z);

ii) there exists a constant f > 0 such that f(d;p;,z) > f for 1 < j <k and all d.

Similar conditions have been imposed and discussed in Broder and Rusmevichien-
tong (2012), Besbes and Zeevi (2009), and Chen et al. (2014a). The following families
of demand distributions have been verified to satisfy them.

Example 2. D(p,z) is a binomial variable with a constant total number of trials

d" > 1 and success probability r(p, z). Examples of 7(p, z) include

1) linear function r(p,z) = 21 — z9p with P = [1/3,1/2], Z = [2/3,3/4] x [3/4,1]

and any p; # ps € P;

2) logit function r(p, z) = % with P = [1/2,2], Z = [1,2] x [-1, 1] and any
p1# P2 € P;

3) exponential function r(p,z) = e *?~* with P = [1/2,1], Z = [1,2] x [0, 1] and
any py 7 p2 € P.

Because of censored data, the true demand realizations exceeding the on-hand

inventory level cannot be observed. Thus, we design another variation of MLE to
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estimate z in Algorithm II below. This algorithm divides the planning horizon T
into two stages, i.e., an exploration stage which is of length [T7"/?] followed by the
exploitation stage. During the exploration stage, Algorithm II experiments in the in-
ventory space. To guarantee that demand distribution is sufficiently explored, every
time the firm observes a stockout, it increases the order-up-to level by some percent-
age. Let [ = ’—Tl/ 2/ H, input 4y € Y for the initial inventory order-up-to level, and
s > 0.

Algorithm II (k price change for the general case)

Step 0: Preparation
Let I = [T?/k].

Step 1: Exploration of prices and order-up-to levels for periods ¢t €
{1,...,kI}

Set price as follows: For i =1,...,k, set

p=0p;, fort =G —1)I+1,... .

Set inventory order-up-to level as follows:

(i) fort = (i — 1) + 1, set y, = max{wz;, y};

(ii) fort = (e — 1)1 +2,...,il, set

Yi—1, it di—y < yi—;

Yt
min { (1 + s)y,—1,y"}, otherwise.

And let

Tir1 = max{yt — dt,O}, fOI' t= (’L — 1)[—|— 1, Ce ,ZI
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Step 2: Estimation

Estimate z by

2 = argmax { 11 f(ds;pi,2z) - 11 (1 — F(y: — 1;pt,Z)> }

{te{1,....kI}:yp>ds } {te{1,....kI}:y: <d:}

Step 3: Data-driven optimization and exploitation

Solve the data-driven optimization problem

D, ) =  max G(p,y,z).
(p,9) L (p,y,2)

For periods t = kI +1,...,T, set the pricing and inventory level to

bt = ﬁ7 Yt = maX{xh g}a

and let

i1 = maxq{0,y; — d;}.

In Step 1, Algorithm IT experiments at every exploration price for the same number
of periods I during the exploration stage. At each price, the target inventory order-
up-to level is first set to g, but it is raised by some percentage s whenever a stockout is
observed. The logic for this action is to explore more information about the demand
distribution. In Step 2, the unknown parameter z is estimated as in (4.10), which
is then used in Step 3 to compute the updated pricing and inventory decision (p, ),
and that are implemented for the rest of the planing horizon.

The following theorem establishes the theoretical worst-case performance guaran-

tee of Algorithm II.
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Theorem IV.6. Consider any problem instance of the general case satisfying As-
sumptions A and 2 with exploration prices p € P*, for any y € Y in Algorithm II,

there exists a constant Ko > 0 such that the regret is upper bounded by

R(T) < K;,T7.

A key in establishing the result above is the convergence rate of z to the true
parameter z. Because of the censored demand data, the estimation of z is not the
traditional MLE. However, since the demand in each period is upper bounded by
d", the “raising inventory” action is performed for at most [log1 +s i—ﬂ times, which
is independent of the length of the exploration phase. In other words, there is a
bounded number of stockout periods in the learning phase, and in the rest of at
least ’—Tl/ 2-‘ — {log1 4s ‘j}—?—‘ periods, the firm observes complete demand realizations.
During the stockout periods, demands are truncated up to the corresponding starting
inventory levels, and are thus dependent and follow different distributions. Since the
number of these truncated demands are upper bounded by a constant, when the time
horizon grows, the impact of stockout periods diminishes. This allows us to show, in

Proposition IV.7, that z still converges to the true z at the same rate as the standard

MLE method.

Proposition IV.7. Consider any problem instance of the general case satisfying
Assumptions A and 2 with exploration prices p € P¥, for any y € YV in Algorithm
11, there exist some constants Ki3 > 0 and Ky4 > 0 such that for any ¢ > 0, the

estimator z in Step 2 satisfies
P{||z —z|| > ¢} < Kjze 1K1,

The proof of Proposition IV.7 is given in Appendix A. The convergence rate of z

to z stated in Proposition IV.7 allows us to prove Theorem IV.6.
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Proof Sketch of Theorem IV.6. The regret can be evaluated as

T
R(T) = ) E[G("y"2) — Gpy.2)]

t=1
kI

< Y EGG"y".2) — G(pr. . 2)] (4.11)
t=1

Explorat;c:n Regret
T T
+ Z E [G(p*a y*a Z) - G(ﬁ7 gu Z)] + Z HG(ﬁa ?37 Z) - G(pta Yts Z)” :
E:kl-i—l , E:kl-'rl ,
Regret from Eg?imation Error Regret from Missi;g Inventory Targets

In (4.11), the first part on the right hand side is the profit loss during the exploration
phase. The second term comes from the estimation error of z, for which the con-
vergence rate is provided in Proposition IV.7, thus the second term can be bounded
using Theorem IV.1. The third term stems from the fact that § may not be achieved
for some period t if x; > g, which happens when x;;,1 > ¥, resulting in overshooting
of inventory process. Its upper bound is presented in Proposition Al of Appendix A.
We point out that, even when both the pricing and inventory decisions are allowed
to change in each and every period (so there is no constraint on the number of price
changes) and there is no censored demand data, the regret rate for any learning
algorithm is lower bounded by (7"/2). This lower bound is established in Broder and
Rusmevichientong (2012) for a dynamic pricing problem with infinite initial inventory.
Since that model is a special case of ours, the lower bound holds in our setting
with joint pricing and inventory replenishment decisions as well. This shows that
Algorithm IT actually achieves the lowest possible regret rate.
Remark 3. The problem instances for Theorems 2 to 5 can depend on the length of
planning horizon T'. Indeed, the lower bound developed in Broder and Rusmevichien-

tong (2012) is also based on problem instances with parameters depending on T
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4.4 Numerical Results

We consider time horizons of length 7" = 100, 300, 1000, 3000, 10000. The feasible
region for order-up-to level is Y = {0,1,2,3,4}, b = 0.6, and h = 0.1. For the
well-separated case, demand follows the Poisson distribution with rate r(p;, z), and
the function r(p, z) and feasible region P for selling price p are described below. We

consider two functions of r(py, 2):

i) Exponential function r(p,z) = exp(2 — zp) with true value z = 4/5, P =
[1/10,2], Z = [1/2, 1], the starting price p; = 1/10, and the starting order-up-

to level is 1, = 2.

ii) Logit function r(p, z) = exp(—=zp)/(1 + exp(—=zp)) with true value z = 1, P =
11/2,3/2], Z = [1/5,3/2], the starting price p; = 1, and the starting order-up-to

level is ¢; = 2.

We conduct experiments when the number of price changes is constrained to 1, 2, 3,
4,5, or [logT1].
For the general case, demand follows the Binomial distribution B(4,r(p;,z)), and

s = 0.2. We also consider two functions of r(p;, z):

1) Exponential function r(p,z) = exp(—z1p — 22) with z; = 3/2 and 2, = 1/2,
P =[1/2,1] and Z = [1,2] x [0,1]. p; = 1/2, D, = 1, and § = 3. The number

of price changes is limited to 2.

2) Logit function r(p,z) = exp(—z1p — 22)/(1 + exp(—2z1p — 22)) with z; = 1 and
z=—1,P=1/2,2] and Z = [1/5,2] x [-1,1]. B, = 1/2, B, = 3/2, and 7 = 3.

The number of price changes is limited to 2.

To evaluate the performance of the algorithm, we consider the percentage profit

loss compared with the complete information optimal profit when there is no con-
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straint on the number of price changes, which is

R(T)
T x G(p*,y*, z)

x 100%.

We compute the percentage profit loss per period over 100 rounds, then calculate the

average value. The results are summarized in Table 4.1.

Table 4.1: Numerical results

Horizon | 1\ 140 | 7—300 | T=1000 | T=3000 | T=10000
Length
m=1 13.15 9.57 7.06 5.57 5.25
m=2 6.77 3.63 1.64 0.95 0.46
Exponential | Well-separated m=3 5.77 2.74 1.07 0.49 0.2
Response Case m=4 4.84 2.29 0.89 0.4 0.15
Probability m=>5 5.01 1.99 0.82 0.35 0.14
O(logT) | 3.48 1.55 0.64 0.27 0.11
General Case m=2 12.66 9.87 8.09 7.39 4.36
m=1 21.23 11.44 9.14 5.04 3.07
m=2 16.22 8.57 5.25 2.96 1.97
Logit Well-separated m=3 16.67 8.55 3.92 2.21 1.35
Response Case m=4 15.62 8.58 3.90 2.18 1.15
Probability m=>5 15.34 8.28 3.73 1.80 1.06
O(logT) | 17.11 8.67 3.82 1.77 1.06
General Case m=2 7.87 5.62 4.09 3.61 1.76

From Table 4.1, it is seen that, when T" = 300 most percentages of profit loss are
below 10% with only one exception, and when 7" = 3000, most percentages of profit
loss are below 5% with four exceptions. For the well-separated case, within each
column, it is seen that more significant improvement can be achieved by adding one
more price change when there are initially very few price changes allowed; and allowing
more price changes, though in general improves the performance of the algorithm, has

diminishing effect.
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4.5 Conclusion

In most real world applications it is unlikely that the firm has complete information
of the distribution of customer demand, hence learning is an important task for the
firm’s decision making process. In this chapter we consider a dynamic joint pricing and
inventory control problem in which the firm has little or no prior knowledge about the
distribution of customer demand and that, due to business constraints or associated
cost for making price changes, the firm is prevented from conducting extensive price
experimentations. We consider several scenarios and develop learning algorithms that
satisfy the constraints on the number of price experimentations. We derive the regrets
for these learning algorithms and show that they are the best possible in the sense
that, the rates of regrets have the same magnitude as the lower bounds. Numerical
results show that the algorithms perform very well and quickly converge to that of
the optimal solutions as the planning horizon becomes long.

After this work was completed, it was brought to our attention that Broder (2011)
obtained similar results in his doctoral dissertation for a pure dynamic pricing prob-
lem'. Broder (2011) considers infinite initial inventory (thus no inventory decision
and no censored demand) and a single customer arriving in each period (Bernoulli
demand process), and applies the MLE to estimate the unknown parameters. In our
model, we have a general demand process, the firm makes replenishment decision in
addition to pricing decision in every period, and the demand is censored. Therefore,
we have to explore the inventory space to learn the impact of inventory decision on
demand parameter estimation. Because of demand censoring, the convergence result
of the standard MLE cannot be applied to our model, hence we develop a modified
MLE for censored data and show that it preserves the same convergence rate as the

standard MLE method, that is new to the literature, to establish the regret rate of

'The authors are grateful to Profs. Omar Besbes and Paat Rusmevichientong for bringing this
work to our attention.
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our algorithm.

In this study we consider the scenario where the customer responses are drawn
from a parametric class of distributions, which is possible if the firm has prior expe-
rience with similar and/or relevant products and has formed a knowledge base about
the set of possible customer responses. If that is not the case, e.g., new product
just released to the market, then the estimation of customer response will become
a nonparametric problem. Nonparametric demand estimation for inventory control,
revenue management, and joint pricing and inventory control problems have been
studied in the literature, see e.g., Levi et al. (2007, 2010), Huh and Rusmevichien-
tong (2009), Huh et al. (2011), Besbes and Zeevi (2009, 2015), and Chen et al. (2015).
It is interesting future work to extend our study to the case with nonparametric cus-
tomer responses to selling prices.

We end this section by elaborating on the technical issue with applying maximum
likelihood method to dependent random samples. Recall that in our first algorithm we
only use sales data from latest stage, instead of all the previous stages. There are a few
papers in the operations literature that utilize all previous data points in MLE method
and provide convergence rate result. In these studies the authors explore some special
demand structure, and establish the results under specific conditions. For example,
Broder and Rusmevichientong (2012) consider a revenue management problem with
Bernoulli demand, and den Boer and Zwart (2014) impose conditions on the mean
and variance of the demand distribution. In our problem, due to demand censoring
and the general form of the demand process, we can establish the convergence rate of
the modified MLE at stage ¢ only when using data points from the most recent stage
1—1, but not all previous stages 1,...,i—1. If we do include the data points from all
previous stages, then it would require that — ?:1 log fyt(dt; Pty 2), where fyt(dt; Dt, 2)
is f(dy;pi, z) when dy <y, and 1 — F(y; — 1;pg, 2) when d; > y;, be convex in z for

any p; € P, d; € {d",d"+1,...}, and 1 < t; < T (a similar condition was imposed
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in Broder and Rusmevichientong (2012) for the Bernoulli demand setting without
demand censoring). This condition on f(+;p, z) for our general demand setting is
clearly quite restrictive. It is an interesting future research to explore under what
relaxed conditions the MLE of dependent and non-identically distributed samples

enjoys similar convergence rate as that of MLE under i.i.d. assumptions.

4.6 Appendix

Appendix A

Proof of Theorem IV.1. From (4.4), let €2 = K;'c 'loge, then there exists a
constant Ky > 0 such that

Kis.

P{||z—z|? < Ki;'¢ 'logc} > 1—
c

Define event
Ay ={w: ||z —2z|]* < Ki;'¢ logc} .
Then
P(A4;) >1—- —. (4.12)

One has

( P(Al))E[ (0" (2),y"(2),2) — H(p"(2),y"(2), 2)|A]] . (4.13)

On A;, when c¢ is large enough, one will have ||z — z|| < J, thus by Assumption A v)
one has

z),y*(z), z)’Al] : (4.14)
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To proceed, we apply Taylors expansion to H(p,y*(z),z) at the maximizer p =
p*(z). For a function g(x),x € R", let Dg(x) be the 1 x n matrix of first order
derivative of function g(x), and D?*g(x) be the Hessian Matrix of g(x). Then for
p € P, one has

(4.15)

where the equality holds because the first order derivative vanishes at the maximizer
p*(z). Let p = p*(z) in (4.15), then (4.14) satisfies, for some constants K7 to Ky,

P(AVE [H(p"(2),y"(2),2) — H(p"(2),y(2),2)|Al]
3

)
— P(A) <E[30°@) - ()"
< [0 =D o)+ 1 2) ' @), ), 2 (7)) Ay
KuP(A)E [l (2) — ' () | A
K1sP(A)E [||1z — z||*| A4 ]
Klg]E [Hi — Z||2}

VAN VAN VAN

Ko / Kye K¢ e

e=0
K
_ K= (4.16)
C

IN

where the first inequality follows the boundedness of second order derivative on P by
Assumption A ii), and that for any real numbers a and b it holds that ab < (a®+0?)/2.
The second inequality is justified by Assumption A iv), and the fourth inequality
follows from (4.4).
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Furthermore, we have, for some constant Ko, and Koo,

(1= P(A)E [H(p"(2),y"(2),2) — H(p"(2),y"(2), 2)| Af]

< %(Hp*(z) —p" @) +1ly*(2) =y (2)])
< %7 (4.17)

where the first inequality follows from (4.12) and Assumption A iii), and the second
inequality is true because P and ) are bounded.

Combining (4.16) and (4.17) with (4.13), we complete the proof of Theorem IV.1.
O
Proof of Proposition IV.3. Rewrite (4.5) as

ti+1;
& =argmax [ f(min{d;y}:pi,2). (4.18)
t=t;+1
Fort € {t;+1,...,t;11}, one can see that y; is nonincreasing and satisfies y; > ;.
Let
Co={t:ti+1<t<ti1,y: =i} (4.19)
and

t;=min{t —1:t €}

Next we analyze the following two cases separately: (1) &; > t;+ 1, and (2) &; = t;.
(1) If t; > t; + 1, it means the initial inventory of stage i is greater than the target
inventory order-up-to level, i.e., z;,11 > ;. Then define

éi - {tz+ 17"'7ti+1} _CZ - {t~2}7

and for any t € C;, it can be seen that d; < 1y, and this yields Dt,yt (D, 2) = Dy(pi, 2),
and

fyt(min{dtayt};ﬁivz) = f(dt;ﬁhz)?

which does not depend on 1;. Therefore, for given C, Dt7yt (pi, 2) = D(pi, 2), t € C;
are independent and each of them follows f(-;p;, ).
For any t € C;, y, = ¥, therefore Dy, (p;, ) = min{D(p;, ), §;} are independent,
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following the probability mass function of fgl(, Diy 2).
For t = t;, D, (P, 2) = min{D;(p;, 2), y:}, and the probability mass function is

~ . f(dhﬁu Z) if dt < U,
fu(dii i, 2) = (4.20)

1—F(yt—1,ﬁz,2) ifdt:yt,
where y; = z4,41 — Z;:_tl .y d; is random and it holds that y; > ;.

For any realization of C; and C;, it can be seen that Dtyyt (pi, 2),t € C, UC; are
independent random variables which follow two distinct distributions, and Dy, . (ps, 2)

depends on Dy, (p;, 2),t € C;.
Following the discussions above, (4.18) can be rewritten as

272 - arglgleaé( H f(dtvﬁwz) X fygi (mln(dfﬂyi})ﬁla Z) X H fﬂz(mln{dt7?jz}7ﬁwz) (421)

teC; teCi

Next we compare (4.21) with the following fictitious MLE formulation,

& =argmax [ [ f(dipiz) x [ fou(min{d;, 5} 5i,2), (4.22)

teéi te{fi}uci

where Dy (pi, 2),t € C; follows f(-; p;, z) and Dy, (pi, 2),t € {£;}UC; follows fy, (- pi, 2),
and they are all independent.

Comparing (4.22) and (4.21), the only difference is at period ¢ = #;. Divide the
MLE formulation in (4.21) by that in (4.22) one has

[Tiee, f(dis Bis 2) % fy, (min(dz,, vz, }; i, 2) X [Liee, fin (min{di, 5i}; 5, 2)
Hte(fi J(de; pi, z) % Hte{ﬂ-}uci fﬂi(min{dhgi};ﬁi’ z)

fus, (min(ds,, vz, }; i, )

f5.(min(ds,, Gi}; i, 2)

It d; € {d,...,y; — 1}, then one has

]Ey{i (mln(dfz’yfl}aﬁuz) . f(dgl,ﬁZ,Z) 1
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If d;, > s, then by Assumption 1 ii), there exists constants K3, K94 > 0 such that

f{. (mln(d~7y~l}7ﬁzaz)
Koy < i — WDV 2R, (4.23)
fgi(mln(dfpyi};phz)

There exist constants —oo < Ka; < Ky < 400 such that, for any p € P, any
z€ Z, and any d € {d',d' +1,...,y"},

Kas < fi(d;p, 2) < Ka. (4.24)

Based on (4.21), we let

2(z) = I f(dispi2) x fy (min(ds,, yi, ;63 2) x ][ fi (min{dy, §:}: i, 2),

tEéi teC;
L(z) = logZ(2),
. Z
Z(z,z4+u) = M,
Z(2)

and based on (4.22), define

Z(Z) - Hf(dtvﬁwZ)X H fzjz(mln{dbgz}vﬁmz)a

teC; te{t; }UC;
L(z) = logZ(2),
- Z
Z(z,z+u) = M
Z(2)

Regardless of realizations of dy,t € {t; +1,...,ti1}, ts, Ci, and C;, by (4.23) and
(4.24), these exists constants Ko7, Kog > 0 such that

E. { Z(z, 2 +u)] < Ky E, { Z(z, 2+ u)] : (4.25)

and
IL (2 +u)| < |L'(z +u)| + Kos. (4.26)

(4.25) and (4.26) will serve as the key properties to analyze the performance of (4.21)
through (4.22), as shown in what follows.
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We will start with the definition of Hellinger distance H,(6y,8), between two
distributions g(+,0y) and g(-, ), i.e.,

Hy(00,6) = > (V9(w,00) = V/g(w.0)) du

R

= 2 (1 - Z Va(x,0)g(z, Gl)dx> :
R

Then clearly,

S Vo 0)g(w By = 1 — %H(GO, o). (4.27)

By Borovkov (1998) Theorem 31.3, if there exists constants 0 < Kasg < K39 < +00
such that the Fisher information for g(-,6), for any 6 € O, is bounded as follows:

(9g(x,0)/00)
g9(z,0)

< K,

Koo < I,(0) =)

TER

and if the distribution is identifiable, then there exists some constant a > 0 such that
for

Hy(00,01) =Y (Vg(w,00) — V/g(2,0)* > a(th — 61)*.

TER

By Assumption 1 (i) and the compactness of P and Z, for any realizations of
p; € P and any z € Z, the Fisher information of f(-;p;, z) satisfies

X (Of (d; Py, 2)/02)?
¢ <Ip(pi,2) = Z : f(f(fﬁzl/) ) < Cf (4.28)

d=d
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On the other hand,

IS (05 (min{d, §i}; i, 2)/02)°
Z Flmin{d, §}: pi. 2)

_ %(8f(d;ﬁi,2)/32)2+( 14 01(d: 1. 2)/02)
= fldipi,2) — >0 F(d; i, 2)

Z (04 (d: . 2)/027 | 250 (O (d: . 2)/02)"
Py f(d;ﬁia 2) 1-— Zg;dl f(d;pz-’ z)

IN

By (4.28),
gi—1 A 2
3 (0f(d; pi, 2)/02)" _ 2
—  fldip;2)

then
;i —1
Z(af(d7ﬁl7 Z)/aZ)Z < (_:fa
d=d

and by Assumption 1 (ii),

e (6f(d bir2)/02)° LG

1= 00 f(d; i, 2) I

Therefore for any realizations of §; € {d' + 1,...,y"}, the Fisher information of

fg]i (+; i, 2) satisfies

Yi 3 . S A 2 _
<t - 3 Gy
d=d! f(mln{dv yz}apza Z) i

By Assumption 1 (iii), both f(-;p;, z) and fy(, Di, z) are identifiable.
Hence there exists a constant ¢ > 0 such that one has

“+o00

H(z, 2+ u) Z(\/fdpl, \/f(d;ﬁi,z+u))22au2,

d=d
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and

Hp(z,2 +u) \/fyl d; D, 2 \/fgi(d;ﬁi,z%—u))Q > au®.

Furthermore, it can be seen that

- dp—ﬂﬂ
e | )3 £(d: i, 2)

ddl dpz; )

- Z VI (d; iy 2+ u) f(d; i, 2)

d=d!

E,

1
= 1- QHf(z,z—i-u),

where the last equality follows from (4.27). Similarly one has

. \/fgxmin{d,gi};ﬁi,wu)

fy (min{d, §;}; pi, 2 +u) »
% Ty anin{d, oy ) o BB

Yi

d=d

1
= 1—2Hf(z Z+u).

(4.31)

Because the demands in (4.22) are independent, and by the inequality log(1—z) <

—x for x < 1, one has

E[ Z(z,z+u)] < KQEZ{ Z(z,z+u)]

ti

t=t;+1

i
KQQ_% (Zt’:ti+l 1(z, z+u)+ztz-;1+1 Hf(z z+u)>

VANVAN

1 2
—=sal;u
ezl
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Kzt:tlll (1 - %Hf(e,z+u)) ﬁ <1 - ; H (0, z+u)>

(4.32)



where the first inequality follows from (4.25), and the third inequality follows from

(4.30) and (4.31).

For convenience, let

and

. 3/4
o (Z(z+u) T Y

By Cauchy inequality (E[|XY]])> < E[|X[?E[[Y']?] for random variables X and
Y, and E.[Z(z +u)/Z(z)] = 1, it follows that there exists a constant K33 > 0 such

that

E.[k(u)]

KglEZ[INQEU)} 3
K31 E.[(Z(z,z + u))l/Q(Z(z, z 4+ u))1/4]

Ko (EZ [Z(2 2+ u)])) v (Ez[(Z<Z, z+ u)])1/2)> 12

Kon (B. [(Z(z.2 + )" )1/ i
Kye ¢/, (4.33)

IA

IN

where the first inequality follows from (4.25), and the last inequality follows from

(4.32).
And note that
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Furthermore, one has

. . 1727\ /2
3 5, 5 Z (2 +u) Z(z 4 u)
-V E, |(L'(z4+u - E, -
< 3w |Eer ot ( = )
3] 2e1a] . [(2ew) )
=, 9 Z4u z+u
< 1 E, -(\L(Z+U)!+K32) KSSW E. (W)

1/2

< (B [ -]+ 1) 2. [ 2G4 0))

3 ~ -
ZK35 ((tZ _ 1)If(]§“ 2+ U) i (]Z i+ 1)If(]3“ 2+ u))1/2 e—afiu2/4 + K366—aliu2/4

< Kyl oli?/4, (4.34)

IN

where the second inequality follows from (4.25) and (4.26), the fourth inequality
follows from (4.32) and the definition of I;(p;, 2 + u) and I¢(p;, z + u), and last
inequality is true by (4.28) and (4.29) when [; is large enough.

In addition, for any ¢ > 0, one has

t

w(t) = &(c/VT) + / 7 (u)du.

c/VTi
Furthermore, for x > 0, it holds that
1— ®(z) > e /2

where ® denotes the cumulative distribution function of the standard normal random
variable.
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Therefore, for any ¢ > 0,

E,

sup A(t)| = E[/%(c/\/Z)] +E | sup
t>c/\VI; t>c/\VI;

#e/VI)| +E | sup
- t>c/f

w)|du

J o
[

IN
&=

IN
=

I%(C/\/Z)—i- / K37[Z~1/2e_a1m2/4du

/VTi

= E f%(c/\/z) + 2K3574 / ngo <1 — ®(c a/2))

where the second inequality follows from (4.34), and the fourth inequality follows
from (4.33).
Similar analysis shows that, for ¢ < 0,

K
E.| sup A(t)]| < | 1+2K374/ T30 ) gmac/a,
t<—c/VT; a
This proves
N ’/TKgo —ac?/4
E.| sup k(t)| <[|1+4+2K3; e )
lt>e/vVT; a
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Now one has

. . 3/4

L L

P.{ sup M >1% = P.{ sup M > 1
t>e/vT  L(2) lt|>c/vTi

= P, sup k(t)>1
[t|=c/VIi

< B[ s #0)
[t1>c/VT;

[mK.
< <1+2K37 m 30) p—ac?/4.
a

Finally, we have the following relationship to complete the proof of the important
result for maximum likelihood estimator:

W2e/vh L(2)  j<e/vn L(2)
< P{ sup L<;Z+U>ZZB<Z)=1}
t2e/vT  L(2) L(z)
< Keo'/4,

i P
PAVIz - 4> ) = P{ S AL M}

(2) If §; = t; + 1, then x4,41 < ¥;, and g, is achieved for every period during stage
1. Thus,

ti+1;
4 = argmax ]I_[f (min{dy, 4;}: i, 2). (4.35)
t=I;+

The probability mass function of D, g, (di; ps, 2) is used for every period, and they are
independent across periods. The standard MLE result in Borovkov (1998) Theorem
36.3 can be directly applied to prove the result in Proposition IV.3. Combing (1) and
(2) completes the proof of Proposition IV.3. O
Proposition A1 below bounds the regret from missing inventory targets in Theorem
IV.2 and Theorem IV.6.
Proposition A1l (Regret from Missing Inventory Targets). Consider a total
of [ periods, and the initial inventory level of period 1 is x; € Y. If for price p € P
and any order-up-to level § € ), the algorithm sets

pt:ﬁ7 tzl,...’l,
Y = max{z, ¥}, t=1,...,L
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Then, one has

ZEHL@7 9) — L(pe,y)|] < l%;

t=1

for any n > 2.
Proof. Let I; = [=. Note that Dy(p,z) € 0, d"], by Hoeffding’s inequality (4.64) in

1/2
Appendix B, let ¢ — dh(gll logl1> and we obtain

l1
R R n 1/2
P {Z Dy(p,z) > 1 E[D1(p, )] — d" (§l1 logzl) } >1- 5
t=1 1

Because E[D;(p,z)] > 0 for any p € P, then when [ is large enough, it will hold
uniformly that

1 1/2
SWEDy(p,2)] = d" (gzl logl1> .

Then, for large enough I,
hL 1
PN Dy(pz) > S E[Di(p,z)] p > 1— . (4.36)
— 2 Iy
Define event
hL 1
Ay = {w : ZDt(]ﬁ, z) > §l1 E[D+(p, z)]} :

then (4.36) above can be restated as

IP’{AQ}Zl—lln:l—%. (4.37)
1

Furthermore, when [ is large enough, it will hold uniformly that

1 .
S EDi(5,2)] > y" =
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Thus, when [ is large enough, on the event A, the inventory targets will be surely
met after the first [; periods. To obtain the bound in Proposition A1, we proceed as
follows:

STE[LG,5) — L(pr )]

ZE |L p7 pbyt ||A2}

t=1
l

—P(A2) > E[IL(, ) — Lpe, )| AS]. (4.38)
t=1

The first part in (4.38) is upper bounded by K3gl; for some constant Ksg since on
Ay, inventory targets will be surely achieved after the first [; periods. By (4.37) the
second part is upper bounded by K3gl/I} = Kj. Hence one has, for some constant
K417

1
> E[L(p, 3, 2) — Llpe v, 2)|] < Kssly + Kuo < Kl (4.39)
t=1

Proposition Al is thus proved. O

Proof of Theorem IV.2. By the definition of regret, we have

R(T) = ZE (p*, v, 2) — G(pt, g1, 2)]

to m—+1 tz+1
= ]E[G(p Y 7Z> ptvyh + p Y 7Z> _G(ptvyhz)]
t=t1+1 =2 t=t;+1
to m+1 tiy1
§ : x ok 2 : 2 : * Ao
S E[G(p Y 7’2) ptayt7 + ]E p Y 7Z) _G(pwymz)]
t=t1+1 i=2 t=t;+1
NS g NS
Vv TV
regret from initial decision regret from estimation error
m+1 tita1 m+1 tiy1
+) Y EIGGH G 2) — G G )1+ Y > EIG G §i2) — Glpew, 2)|]
1=2 t=t;+1 1=2 t=t;+1
N o N o
vV Vv
regret from exploration on the ordering decision regret from missing inventory targets

(4.40)

By the existence of second order derivative, 0G(p,y, z)/0p is a continuous function
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of p on P. Then it follows from P is compact that

IG(p,y,z) o

“= rglea;( dp
Also it can be seen from (4.2) that
G(p,y,2) = Gp,y, 2) < max{b, h} |y —y/|. (4.41)

The first term on the right hand side of (4.40) is bounded because, for some
constant Ko,

to

Z E[G("y", 2) — G(pe, y, 2)]

t=t1+1
t2
< Z E (a|p* — pi| + max{b, h} |y* — y:|) (4.42)
t=t1+1
< Il (Oé |ph —pl‘ + max{b, h} |yh — yl|) < K42[1.

To bound the second part in (4.40), we first analyze
E [G(p*a y*a Z) - G(ﬁl? Q’i? Z)} :

According to Proposition IV.3 and Theorem IV.1,

* * A ~ K
E [G(p Y Z) - G(pw Yi, Z)] S ['437
which leads to
m+1 tit1 m+1 K )
> > EGWy2) = G2 < Y 7L < KT, (4.43)
=2 t:ti-‘rl i=2 i—1

To bound the third part in (4.40), it can be seen that there exists a constant § > 0,
such that
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For any ¢ > 2, when I;_; grows, it will be true that K45IZ-__11 log I,_; < §%. Therefore

P(9; # Us)

Consequently, we have

IN

IN

IN

For each i =2,...

tit1

Z E[|G(i, 9i,2) —

t=t;+1

which renders

m+1 tz+1

Z Z ‘G playw ) G(ptayh

1=2 t=t;+1

< P(|zi — 2 >9)
S ]PJ{|21 — Z|2 Z K45Ii__11 IOg ]i—l}
< Bu
- Ly
m+1 tir1
Z Z ]E |G playla ) (playla )H
=2 t=t;+1

m+1 tir1
K
ZZ “E [max{b, h}|j; — §il]

i=2 t=t;+1 I
m—+1 t1+1

Z Z K46max{b h} (y yl)

1=2 t=t;+1
K47Tm+1.

,m~+ 1, letting n = 7 in Proposition A1 we obtain

m+1

=2

Combing (4.42), (4.43),(4.44), and (4.45), one has

R(T) < KyTw,

and Theorem IV.2 is proved.
Proof of Theorem IV.4. We will consider the special case when D(p, z) is binomial
with success rate r(p, z). Let P =[1/3,1/2], ¥ = {1}, Z = [2, 3],
h =0and b = 0, and let d' = 0,d" = 1. In what follows, we prove that, for any
joint pricing and inventory control policy ¢ that changes price no more than m times
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G(pe,yr, 2)|] < Kygly = KygTme1,

)] <3 KagTwdt = KygmTo.

(4.44)

(4.45)

O

T'(p7 Z) =1 —pZ/Q,



(m > 1) and any T' > 1, there exists a z € Z such that
RY(T) > KyT75t

for some positive constant Ksy > 0.

Following Broder and Rusmevichientong (2012), we let z be a random variable
with probability density function f(z) = 2{cos(w(z —5/2))}? on Z. Recall that p*(z)
is the optimal pricing policy for the complete information case. For any pricing and
inventory control policy, the order-up-to level is 1, and because h = 0 and b = 0,
both the holding cost and the shortage cost are 0. Therefore the firm only focuses on
solving the revenue maximization problem of max,ep p r(p, 2).

With complete information of z, it can be seen that p*(z) = 1/z, and r(p*(2), z) =
1/2 >0 for any z € Z, and

(pr(p,2)),=1—2p, (prp,2)), = —2 (4.46)

In the data-driven optimization, inventory holding and shortage costs are both 0,
therefore the firm only needs to learn z from historical data. Consider an arbitrary
data-driven pricing and replenishment policy ¢ that allows at most m price changes.
Let 7, + 1 denote the starting period for the ¢-th price with 71 = 0, and p; € P is
the initial price at the beginning of period 1, then 1 <75 < -+ < 741 < T — 1 and
the price at the beginning of period 7; 4+ 1 is set at p,, 4y for ¢« = 2,...,m + 1. For
convenience let 7,10 = T. In case p, 41 = p,_,+1 for some ¢ = 2,...,m + 1, then
policy ¢ changes prices less than m times. For any z € Z, the regret of policy ¢ can
be computed as

RYT) = Y E[G((2),y°(2).2) = G(pe.ys, 2)]

= D Ep () r(p7(2),2) — per(pi,2)

= Z Z E[p*(z) r(p*(2), 2) — pry+1 7(Pr41, 2)]5

i=1 t=7;+1

in which the expectation in the first equality is taken with respect to p;, 7 and the
binomial random variable, while the expectation in the second equality is taken with
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respect to p;. Hence

m+1 Tit1

sup RUT) = sup ) | 3 E[p'(2) rp'(2):2) = prosa 1(prsn 2)]
Z Z E[p*(2> T(p*(Z),Z>—pTi+1 T(Pr,~+172)]
= Ep*(2) r(p"(2),2) — pr17(p1, 2)]72

+ Z E[p*(2) 7(p"(2), 2) = Prota 7(Privr, 2))(Tira — ), (4:47)

v

here the expectation in the first inequality is taken with respect to p;, and the expec-
tation in the second inequality is with respect to p, and z, while in the equality, the
first expectation is with respect to p; and z, and the second is with respect to p; and
z. Recall that z is distributed with pdf f(z) on Z.

Let

v =max(p*(z) r (p"(2), 2) — E[p1 r(p1,2)]) = max (% —E[pi] + M) , (4.48)

zZEZ z€EZ 2

here the mathematical expectation is with respect to p; of policy ¢. Since at the
beginning of period 1, the firm has no information yet about customer response data,
hence p; is not demand data-dependent, and it may be a random pricing policy. If z
is known to the firm then p; is set to 1/z with probability one, then the right hand
side of (4.48) (before maximizing over z) would be 0. Since z is not known a priori
and that we take maximum over z in (4.48), we have v > 0 (7 = 0 only if the firm
knows the exact value of z a priori).
Denote

then P{Z} > 0. Also, note that

1 ZBlpt] 1 2(E[pi])
~ _E > - _E Sl 3V
2e Bl 2 g —Elpl
and the right hand side, as a function of E[p], is minimized when E[p;] = 1/z, at

which point the right hand side is equal to 0. This shows that




Hence, by conditioning on Z and Z¢, we obtain
Elp*(2) r(p*(2),2) — pr7(p1, 2)|72 = %P{§}rz. (4.49)

Since the pricing problem in our specific example is the same as that of Broder and
Rusmevichientong (2012), we follow the same argument as Broder and Rusmevichien-
tong (2012) (see also Gill and Levit (1995) and A.Goldenshluger and A.Zeevi (2009))
to conclude that, there exists some constant K5, > 0 such that for any ¢t > 1,

Bl (2) ~ pean)?] = 22

Therefore,

Z E[p*(2) r(p*(2), 2) = Prig1 T(Dri41, 2))(Tig1 — Ti)

m+1

Z E [Ks2(p*(2) = pris1)?] (71 — 7)

m+1

2

1=2

m+1 -
= Z (K53 :1 - K53) ) (450)

i=2 t

v

K53

Vv

, (Ti+1 - Tz’)
KA

where the first inequality follows from Taylor expansion at p*(z) to the second order,
and by (4.46) the second order derivative of pr(p,z) on p falls between [—3,—2].
Combining (4.49) and (4.50) with (4.47), we obtain, for some constant Ky > 0, that

sup R¢(T)
z€Z
~y m+1 -
> <§P{Z}T2 =+ ; K3 :1) — mKss3
1
v m+1 - ey

> (m+1) §P{Z}Tz le {K{):% - } — mis3
> KsTwo

where the second inequality follows from arithmetic average is greater than or equal
to geometric average for nonnegative real numbers. The proof for Theorem IV .4 is
thus complete. O
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Proof of Theorem IV.5. Similar as in Theorem IV.2, we divide the total regret as
the following,

T
R(T) = Y EGW",y"2) = Glpe, i, 2)]
t=1
to N+1 tz+1
- Z E[G(p*7y*7z) ptayh +Z Z p 7y*7z) _G(ptaybz)]
t=t1+1 1=2 t=t;+1
to N+1 tit1
S Z ]E[G(p*?y*az) ptvytv +Z Z p ay*7z) _G(ﬁung)]
t=t1+1 = 2 t=t;+1
regret from ;:itial decision regret from e:gmation error
N+1 t2+1 N+1 tz+1
+Z Z ‘G pzayw ) pzayw +Z Z ‘G pzayw ) G(pt,yt,Z)H-
1=2 t=t;+1 1=2 t=t;+1

~~

~
regret from exploration on the ordering decision regret from missing inventory targets

(4.51)
The first part in (4.51) is bounded by, for some constant K55 > 0,
to
Z E[G(p",y", z) — G(pe, i, 2)] < Kssly = Ksslgv. (4.52)
t=t1+1

We bound the second part in (4.51) by analyzing E[G(p*,v*, z) — G(pi, i, 2)]-
Based on similar analyses as Proposition IV.3, one has

P{|zi — 2| > &} < Ksge Korlima€®

Therefore by Theorem IV.1,

* * A A K
E[G(p Y 7Z) _G(p’wylaz)] S ]‘5?7
which leads to
NAL tip N1 g N+1
E[Gp*, v, 2) — G(Di, Ui, 2)] < ﬁ!}ﬁ Kssv < KeglogT. (4.53

The third part in (4.51) is upper bounded by P(g; # 9;) = P{|Z;i_1 — 2| > J} for
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some constant § > 0, and similar as in (4.44),

2K
P{|zi_1 — 2| > 0} < =2,
Iiq
Therefore,
. . K,
which renders
N+1 tiy1 N+1 K
> D ElGG:,2) = Gpn i )| < Y 71 < KeplogT. (4.54)
i=2 t=t;+1 i li-1

The fourth part in (4.51) is upper bounded as the following. From the analyses
of bounding the third part of regret, one has

N . . K,
P{yi—lzyiflzy}zl_](j{
i1
and
. . Ky
Plyi=9: =y} >1— ; :
Therefore,
X . - . Kes
P{gi-i=y ayizy}Zl—I N

and accordingly we define
AS = {w : :gi—l = y*agl = y*}a
and one has

P(A3) > 1 —

(4.55)

i—1
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Next we consider the event that ¢;_; is achieved during periods t;_1 + 1,...,t;.
By Hoeffding inequality (4.64), one has

t;
P Z Dy(pi-1,2) — Li1E[Dy(pi1, 2)] > dhfil_/?(log 1171)1/2 >1——.

t=t;_1+1 -

Because E[D;(p;_1,z)] > 0 for any p; 1 € P, then when I;_; is large enough,

1 .
S i BIDu(piy, 2)] > d" [ (10g L)' 2,

therefore define

t.
k3 R 1 R
Ay =Qw: Z Dy(pi-1,2) > §]i—1 E[D:(pi-1,2)] ¢ »

t=t;_1+1

and one has

PA)>1— . (4.56)
1y

Moreover, when i is large enough, we will also have

1 .
5 i AB[Dy (i1, 2)] >y — o,

hence the target inventory level in stage ¢ — 1 will eventually be met, and the starting
inventory level at the beginning of stage i (in period ¢; + 1) is at most ¢;_;. This
implies that the target inventory level in stage ¢, y;, will always be met if §; > 7;_1,
and the only possibility for ever missing target in stage 7 is when ¢; < ¢;_1. In this
case, for t; +1 <t < t;,1, we argue that the following relationship holds:

19 = yel <19 — Gial. (4.57)

This is because, if ;1 < y; then the target gy; is always reached in stage 7, hence
y = y; and the left hand side is equal to 0, thus (4.57) is obviously satisfied. On the
other hand, if ;_; > ¢;, then the left hand side of (4.57) are not equal to 0 only when
; 1s not reached hence ;1 > y; > y; (since the starting inventory level in stage i is
no higher than g; 1), and in this case it is seen that (4.57) is also satisfied. Therefore,
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one has

tit1
> ENG i, 2) — Gloe wr, 2)|]
t=t;+1
tit1
t=t;+1
tz+1
+(1 - P(A; N AL)) <Z E [|G (D, 91, 2) — G(Bir Y, 2) |A§U”Aﬂ>
t=t;+1
tit1 K ]
< > E[GG G 2) — Gl )l [ Ay 1A + 0
i1
t=t;+1
tit1 K [
< Z E [max{h,b‘Fﬁngi_yt|‘A3m'A4} + =

I 4

S T Kl
< Z E[max{h,b—i—p }|y¢—yi_1||AgﬂA4} + 7

i—1

< Kes,

where the first inequality follows from (4.55) and (4.56), the third inequality follows
from (4.57) when on event A4, and the last inequality is valid because on event Ajs
one has ; = 9;_1

Thus, the fourth part of regret in (4.51) is upper bounded by

N+1
Y Kes < KgglogT. (4.58)

1=2

Combining (4.52), (4.53), (4.54) and (4.58) in (4.51) completes the proof of The-
orem 4. U
Proof of Proposition IV.7.

Recall (4.10) is

Z = argiax H f(de;pr,z) - H (1 - F(y: — L;pt,2)),(4.59)
{te{l,....kI} iy >de } {te{l,....kI1}:ys<di}

and we will compare (4.59) with the following fictitious MLE formulation,

Z= Argmax Hf di;pi,2), (4.60)
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where Dy(p,z),t € {1,...,kI} independently follows the distribution of f(-; pt, ).
Let
C={t:€[l,....,kI]:y, < d},

and let |C| denote the cardinality of C. (4.59) and (4.60) are different only in periods
t € C. Because demands are upper bounded by d”, the “raising inventory” action is
performed for at most [log1 te z—};—‘ times. In other words, there are at most {log1 e Z{—?-‘

stockout periods in the learning phase, hence one has
h

d
|C| < ’Vlogl—i—s a-‘ = Kro.

We will discuss the following two case separately, i.e., (1) |C| > 0, and (2) |C| = 0.
(1) If |C| > 0, then divide (4.59) by (4.60) one has

----------

M fdepy,2)

_ 1—F(y — 1;pt, 2)
B H f(dt;phz) ‘

teC

By Assumption 2 ii), it can also be seen that for any ¢t € C, any d; € {d', ..., d"},
any pr = p;,j ={1,...,k}, and z € Z, there exist constants Kr;, K72 > 0, such that

Koy < 1— F(?Jt — ]-;ptaz)
f(dt;ptaz)

< Koo,

therefore

1 — F(y, — 1;py,2)
Kn < | | < KK

which is parallel to (4.23).
There exist constants —oo < Kr3 < K74 < 400 such that, for any p € P, any
z€ Z, and any d € {d', ..., y"},

Krs < fl(d;p,z) < Kra,

which is in parallel to (4.24).
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Then, based on (4.59) we construct

Z(Z) = H f(di;pr.z) - H (1= F(y — 1, 2)),

{te{1,....kI} iy >de } {te{l,....kI}:ys<di}
i(z) = logZ().
5 Z
Z(z,z4u) = M,
Z(2)

and based on (4.60), we define

Z(Z) = H f(dg; pe, Z)

i(z) = logZ(2),
Z(z 4 u)
Z(z)

The following analysis follows in parallel as that in proof of case (1) in Proposition
IV.3.

(2) If |C| = 0, then (4.59) is the same as (4.60), and the standard MLE result
in Borovkov (1998) Theorem 36.3 can be directly applied. Combing (1) and (2),
Proposition IV.7 is thus proved. 0
Proof of Theorem IV.6. We evaluate the regret of the proposed policy as follows:

R(T) = ZE ", y",2) — G(pe yi, 2)]

T
= ZE (0", v",2) = Gp, e 2)] + > BGOD",y",2) — G(ps, y1, 7))
t=I+1

S ZE p Z/ Z G(ptayt7z>]

Exploration Regret

T
+ Y E[GO,y"2) - )]+ Z IG(D,9,2) — G(pe, ye. 2)|] -
t=I+1 t=I+1
Regret from Eggimation Error Regret from Missir?gr; Inventory Targets

(4.61)
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Similar as developing (4.42), the first part in (4.61) is bounded by

I
STEIGW", v, 2) — Glpeynz)] < 1 (a|p" — p| + max{b,h} |y —3/|) < KT,

t=1

(4.62)
By Proposition 2,
P{||z — 2| > €} < Kyge 157

therefore the second part in (4.61) is bounded as

T T K.
Z E [G<p*7 y*u Z) - G(ﬁ7 :ga Z)] S Z % S K78T§
t=I1+1 t=I+1

In Proposition Al, let n = 2, and the third part in (4.61) is upper bounded by
KsT'/?. Combing the above analyses for the three parts of regret, we finish the proof
of Theorem IV.6. O

Appendix B

Next we present Hoeffding inequality, which we include for convenience and it can
be found in Hoeffding (1963) (and see Levi et al. (2007) for applications in inventory
control).

Hoeffding Inequality. Let A,..., A; be independent random variables and S, =
2221 A;. Assume that A;i = 1,...,1, are almost surely bounded, i.e., P{A; €
[al,ah} = 1. Then, for any € > 0,

1?7

2 2
P{S; <E[S] + e} > 1 —exp [ , (4.63)
i:l(a? - GDQ
and
2¢2
P{S; > E[S]] —¢} > 1 —exp | ——; . (4.64)
iz (@] — ap)?
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