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with Nonparametric Demand Learning
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Abstract

We consider a firm (e.g., retailer) selling a single nonperishable product 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 information
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 convergence of optimal policies, we show
that the regret, defined as the average profit loss compared with that of the optimal solution
when the firm has complete information about the underlying demand, vanishes at the fastest

possible rate as the planning horizon increases.
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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 inventory 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 coordinating 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 paper, 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.



1.1 Related literature

Almost all early papers in joint pricing and inventory control, e.g., Whitin (1955), Federgruen and
Heching (1999), and Chen and Simchi-Levi (2004), among others, assume that a firm has com-
plete 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 distribu-
tion 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 ap-
proach 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 algorithms include
online convex optimization (Agarwal et al. 2011, Zinkevich 2003, Hazan et al. 2006), continuum-
armed bandit problems (Auer et al. 2007, Kleinberg 2005, Cope 2009), and stochastic approxima-
tion (Kiefer and Wolfowitz 1952, 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 proposed 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 prescribe 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 precisely

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 obtained 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 paper. Zinkevich (2003) and Hazan et al. (2007) present machine learn-
ing 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.

1.2 Positioning of this paper

The closest related research works to ours are Besbes and Zeevi (2015), Levi et al. (2007) and Levi
et al. (2010), 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. (2010) 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 paper 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 Levi et al. (2007) and
Levi et al. (2010) which, however, cannot be applied to our setting for determining inventory
decisions. In Levi et al. (2007) and Levi et al. (2010), dynamic inventory control is studied in
which pricing is not a decision and it is assumed (implicitly) 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 realizations.
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 random 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 distribu-
tion 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 paper 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) ob-

tain a convergence rate of T~ 1/2 (log T')? for their dynamic pricing problem, where T is the length of



the planning horizon. For the pure dynamic inventory control problem, Huh and Rusmevichientong
(2009) present a machine learning algorithm with convergence rate 7-/2. For the joint pricing
and inventory problem, we show that the regret of our learning algorithm converges to zero at rate
T-1/2, which is also the theoretical lower bound. Thus, this paper strengthens and extends the
existing work by achieving the tightest convergence rate for the problem with joint pricing and
inventory control. Omne important implication of our finding is that the linear demand approxi-
mation 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.

1.3 Organization

The rest of this paper is organized as follows. Section 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 paper concludes with a few remarks

in Section 5. Finally, the details of the mathematical proofs are given in the Appendix.

2 Formulation and Learning Algorithm

We consider an inventory system in which a firm (e.g., a retailer) sells a nonperishable product over
a planning horizon of T periods. At the beginning of each period ¢, the firm makes a replenishment
decision, denoted by the order-up-to level, y;, and a pricing decision, denoted by p;, where y; € YV =
[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. (2010). 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 leadtime 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 decision 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 paper 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
Dt(pt) = S\(pt) €, where 5\() is a strictly decreasing deterministic function and é,t = 1,2,...,T,
are independent and identically distributed random variables. In this paper, we shall study both
additive and the multiplicative demand models. However, the firm knows neither the function S\(pt)
nor the distribution function of random variable €. The firm has to learn from historical 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 [l,u], with [ > 0 for the case of

multiplicative demand.

To define the firm’s problem, we let x; denote the inventory level at the beginning of period
t before replenishment decision. We assume that the system is initially empty, i.e., 1 = 0. The
system dynamics are xy11 = Y — D, (p) for allt =1,...,T. An admissible policy is represented by
a sequence of prices and order-up-to levels, {(pt,y:),t > 1}, where (p, y;) depends only on realized
demand and decisions made prior to period ¢, and y; > ¢, i.e., (pg, 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
a E[D,(p:)] — hE[y; — Di(p))|" — BE[Dy(ps) — +), 1
s 2 (PELDAO] = HEly = Delpo]” ~ BELD(p) ~ w 1)
Yt = Tt -
where E stands for mathematical expectation with respect to random demand Dy(p;), and 2+ =
max{z,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 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 paper we assume the support of uncertainty €; 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 information in
which the firm knows A(-) and the distribution of &, it follows from (1) that, if (p*,y*) is the
optimal solution of each individual term

masx {pE(Dy(p)] ~ hEly — Dy(p)] " ~ VELD(p) " }. (2)

and that this solution is reachable in every period, i.e., x; < 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) using a slightly different but equivalent form. Taking
logarithm on both sides of Dy(p;) = A(p;)é, we obtain

log Dy (py) :logj\(pt)+log€t, 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

Dt(Pt) = A(pt) + €, t= ]., SN ,T. (3)

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[logé] = 0. If this is not the case,
ie., E[logé] = a # 0, then E[log(e~?&)] = 0, thus if we let A(:) = e?A(:) and & = e %¢, then
Dy(p) = Mpy)ér, and A(-) and & satisfy the desired properties.

For convenience, let € be a random variable distributed as €;. In terms of A(-) and ¢, we define
G(p,y) = pe*PE[e] - {hE [y — e + BE[*Pe — y]+} :

Then problem (2) can be re-written as

Problem CI: pergz}éy G(p,y) @
= T;IGE% {pek(p)E[eE] — ng)r}l {h[E [y — eA(P)ee]"’ +E [eA(p)ee . y]+} }



The inner optimization problem (minimization) determines the optimal order-up-to level that min-
imizes the expected inventory and backlog cost for given price p, and we denote it by 7 (e)‘(p)). The
outer optimization solves for the optimal price p. Let the optimal solution for (4) be denoted by

p* and y*, then they satisfy y* = 7(e*®").

The analysis above stipulates that the firm knows the demand-price curve A(p) and the distri-

bution 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 difficulty 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 realized 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, I5 > 0, and 0 < p <
2*3/4(ph — pl)IéM. To initiate the algorithm, it sets {p1, 11,912}, where p1 € P, 911 € YV, 912 € Y
are the starting pricing and order-up-to levels. For ¢ >1, let

i—1
. 1 .
Ii = LI()UZJ, 62 = p(2Ii,1)_Z, and ti == Z 2]k with tl == O, (5)
k=1

where | Ipv!] is the largest integer less than or equal to Igv®.

The following is the detailed procedure of the algorithm. Recall that x; is the starting inventory
level at the beginning of period ¢, p; is the selling price set for period ¢, and y; (> z¢) is the order-up-
to inventory level for period ¢, ¢t = 1,...,7T. The number of learning stages is n = [logv <§I—_O})T+1ﬂ ,
where [z] denotes the smallest integer greater than or equal to x.

Data-Driven Algorithm (DDA)



Step 0. Initialization. Choose v > 1, p > 0 and Iy > 0, and p1, 911, y12. Compute Iy = |[yv],
1 ~
61 = p(2Ip)” 1, and py + 6.
Step 1. Setting prices and order-up-to levels for stage i. For i = 1,...,n, set prices p,

t=t;+1,...,t; +2I;, to

pr="pi, t=ti+1,....t+1,
pe=pi+6, t=t+L+1,... t;+2I;

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

Y = max {g1, x4}, t=t;+1,...,t;+1;
y¢ = max {J2, 1}, t=t;+1L+1,...,t;+ 21,

Step 2. Estimating the demand-price function and random errors using data from

stage i. Let D, =log ﬁt (pt) be the logarithm of demand realizations for ¢t = ¢, +1,...,t; +

21;, and compute

. ti+21; 9
(Git1, Big1) = argrgin{ Z (Dt —(a— ﬁpt)) }7 (6)

’ t=t;+1

n = Dy — (&ir1 — Biv1pe), fort =t +1,...,t; + 21;. (7)

Step 3. Defining and maximizing the proxy profit function, denoted by Gi[ff (p,y)-

Define
ti+21; ti+21;
o {

5 3 1 1 . 5 +
Gz[jrll) (p,y) = peai+1*5i+1pﬁ Z e o7 Z <h (y _ eai+1*5i+1pent)
1

L=t +1 t=t;+1
< Gip1—Biy1p >+ > }
+b(e e —y .
Then the data-driven optimization is defined by
Problem DD:
A ti+21;
max GPP = max{ pediti PP _—_ e 8
o B2 GER(py) = may {p 5T > (8)
t=t;+1
ti+21; . A
— min L Z h (y _ edi+1—5i+1pem)+ +b (ediﬂ—ﬁiﬂpem _ y>+ )
vey (26 4,

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

Dit1, Ui = ar max GPP ,Y),
(pz-i-l yz+171) g(p,y)G’F'X)} i+1 (p y)

10



and set the second price to p;+1 + d;11 and the second order-up-to level to
Uiy1,2 = arg max GER (Biv1 + 0it1,9).

In case p;r1 + d;11 € P, set the second price to p;r1 — dii1.

Remark 2. When ;1 > 0, the objective function in (8) after minimizing over y € Y is unimodal

in p. To see why this is true, let d = e*+1~P#i+1P and thus p = % with d € D = [d,d"],
. N i+1

where d! = e®i+1=Bir1P" and P = ed+1-BFi+1P' Then the optimization problem (8) is equivalent to

& lOg d 1 ti+21; 1 ti+21;
i+l — _ | _ mi - _ AdeMm\ T Nt _ 2\ T
max {d (2 Z e ) min { o7, Z (h(y — de™)™ + b(de™ — y) )}} .

3 T
Bi+1 P t=t1+1 t=t;+1

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

Git1—logd

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

i+1
that the objective function in (8) (after minimization over y) is unimodal in p € P.
Remark 3. In Step 3 of DDA, the second price is set to ;1 — 0;41 when pii1 +6;41 > p/. In this
case our condition p < 2_3/4(ph — pl)13/4 ensures that p;y1 — d;41 > pl, thus p;r1 — d;41 € P. This

is because, when p;1 > ph — d;+1, we have
Div1 — Gip1 > Pl — 20,41 > pl = 26; = p* — 2p(21p) V4 > ¢,

where the last inequality follows from the condition on p.

Discussion of algorithm and its connections with the literature. In our algorithm
above, iteration 7 focuses on stage ¢ that consists of 2I; periods. In Step 1, the algorithm sets
the ordering quantity and selling price for each period in stage i, 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, &;1— Bi+1p, of A(p) and computes a biased sample 7, of random
error €, for t =t; + 1,...,t; + 2I;. Note that 7; is not a sample of the random error ¢;. This is
because ¢, = Dy(p;) — A(p¢) and the (logarithm of) observed demand is D;(p;). However as we do

not know A(p), it is approximated by &;4+1 — Bi+1p, therefore

m = Dy(pe) — (Giv1 — Bivipe) # De(pe) — M) = &

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. 2001). Levi et al. (2007) and Levi et al. (2010)) apply SAA method in dynamic

11



newsvendor problems. The argument above shows that the traditional 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
¢; makes the inner loop optimization problem significantly different from Levi et al. (2007) and
Levi et al. (2010)), 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 GiD D (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; + d;,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 learning 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.
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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 = ((pt, y¢),t > 1) is
said to be consistent if (p¢, y:) — (p*,y*) in probability as ¢ — co. The average (per-period) regret
of a policy 7, denoted by R(m,T), is defined as the average profit loss per period, given by

T
|- )
t=1

Obviously, the faster the regret converges to 0 as T — oo, the better the policy.

R(m,T) = G(p*,y") — TE

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.

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 underlying 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(Tﬁl/ 2). We also present a numerical study to

illustrate its effectiveness.

Recall that the demand in period ¢ is Dy(p;) = A(pr)é. As A(p) is strictly decreasing, it has
strictly decreasing inverse function. Let A~!(d) be the inverse function of A(p), which is defined on

deld,d' = [X(ph), Ap! )]. We make the following assumption.

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

(i) The revenue function dA~1(d) is concave in d € [d',d"].

N (p)A(p)
V()

The first condition is a standard assumption in the literature on joint optimization of pricing

(ii)) 0 < < 2forpe [pl,ph]

and inventory control (see e.g., Federgruen and Heching 1999, and Chen and Simchi-Levi 2004),
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.
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i) Exponential models: A(p) = e~ m > 0.

k—mp

ii) Logit models: :\(p) = al-ieki—mp fora>0,m >0, and k —mp <0 for p € P.

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

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

and inventory decisions for the case with complete information.

Theorem 1 (Policy Convergence) Under Assumption 1, the DDA policy is consistent, i.e.,
(pt, yt) — (p*,y*) in probability as t — oo.

Theorem 1 states that both pricing and ordering decisions from the DDA algorithm converge
to the true optimal solution (p*,y*) in probability. Note that the convergence of inventory decision
yr — y* is stronger than the convergence of order up-to levels ;1 — y* and ¢;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 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 performance of
DDA policy is close to optimal. Our next result shows that DDA is asymptotically optimal in

terms of maximizing the expected profit.

Theorem 2 (Regret Convergence Rate) Under Assumption 1, the DDA policy is asymptoti-

cally optimal. More specifically, there exists some constant K > 0 such that

T

> G(pt,yo] < KT, (10)

t=1

1
R(DDA,T) =G(p",y") — TE

Theorem 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 optimal as T" goes to infinity.
Thus, even though the firm does not have prior knowledge about the demand process, the perfor-
mance of the data-driven algorithm approaches the theoretical maximum as the planning horizon
becomes long. In Keskin and Zeevi (2014), the authors consider a parametric data-driven pricing
problem (with no inventory 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 convergence
rate better than O(T~'/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
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or the distribution of the random error, and our algorithm achieves O(T -1/ 2), which is the the-
oretical 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.

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 ef=™P: k ¢ [k, k], m € [m, ], where [k, k] = [0.1,1.7], [m,m] = [0.3, 2],

ek—mp - -

2) logit ;<= k € [k, k], m € [m,m], where [k, k| = [-0.3,1], [m,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 ;1 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 parameters 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)

G(p*,y*)

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

x 100%.

1. In all the experiments, we set p' = 0.51,p" = 4,4 =0,4" =3,b=1,h = 0.1, [y = 1, and initial
price p; = 1, initial inventory order up-to level 11 = 1, g12 = 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 1 summarizes the results when the underlying demand curve is exponential, and Table 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%
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Table 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

c=0.1 1075 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

oc=0.2510.7 | 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

c=0351]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=20.5 | 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
0.75 14.08 11.11 8.12 5.57 6.49 4.22 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 4.22 3.21 2.22 2.34 1.62

and 14% compared to the optimal profit under complete information, in which DDA starts with no
prior knowledge about the underlying demand. When 7' = 500, the profit loss is further reduced
to between 5% and 8%. The performance gets better and better when T' becomes larger. Also, it
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 1 and 2 continue to hold for the additive demand model
Et(pt) = S\(pt) + € 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:

(') pA(p) is unimodal in p on p € P.

"

Sy g M(PAP)
(i) -1< ) < 1, for all p € P.

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 > 0, and (c) logit with \(p) =

k—m
TEs m > 0,eF < 3 for all p € P.

The learning algorithm for the additive demand model is similar to that of the multiplicative
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Table 2: Logit 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 6.80 5.62 4.35 2.30 2.63 1.63 1.26 0.89 0.85 0.63
c=0.1 |07 | 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
oc=0.2510.75 | 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
c=0351]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
c=05 |07 ] 1449 | 11.30 7.84 5.24 6.07 3.79 3.00 2.11 2.05 1.51
Uniform 0.5 21.20 | 15.29 9.51 6.20 7.16 4.46 3.36 2.39 2.29 1.72
0.75 | 17.46 | 14.63 | 10.44 6.97 8.74 5.35 4.81 3.63 3.38 2.73
Maximum 21.20 | 15.29 | 10.44 6.97 8.74 5.35 4.81 3.63 3.38 2.73
Average 14.67 | 11.14 7.54 5.07 5.91 3.66 2.88 2.02 1.99 1.46

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 demand error. Instead, the algorithm directly

estimates S\(p) using affine function and computes the biased samples of the random demand error

in each iteration.

4 Sketches of the Proof

In this section, we present the main ideas and steps in proving the main results of this paper. 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.

4.1 Technical issues encountered

To prove Theorem 1, we will need to show

E[(ﬁi-ﬁ-l - p*)ﬂ — 0, E[(ﬁi-u + 0iy1 — p*)2] — 0, as 1 — o0

El(y* — 9i+11)%] = 0, E[(y* — 9i112)%] = 0, asi— oo,
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where p* is the optimal solution of

ma Q(p. Ap) = mas {pe PE[] = 0D},

where J(A(p)) is defined as

— mi PN(IPNS ey AP) e _ 41T
J()\(p))—gg)rjl{hE[y eWPef] " 4 bE[e*Pef — y] }

However, both Q(,-) and J(-) are unknown to the firm because all the expectations cannot be com-
puted. To estimate J(-), in (8) of the learning algorithm we use the data-driven biased estimation
of

1 ti+21; ) + - +
JEE (Gipr = Piip) = mljf)l{ﬂ > <h (Z/ - 60”“_6””)6’“) +b (eo"'“_ﬁi“pem - y) > }7
ye i
t=t+1

and p;4+1 is the optimal solution of

ti+21;
DD/ A _ Qi1 —P DD A 5
max Q17 (P, &ip1 — Biy1p) = max{pe i1 P — Z e — Jii7 (Giy1 — 5i+1p)},
pEP PEP U=t +1

in which Qﬁ’? (+,-) 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 JE? (&1 — Biy1p) and J(A(p)) as
functions of p. In Ji[ﬁ) , the true demand-price function is 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 Jﬁrll) is not a sample average approximation, but a biased-sample average
approximation. The second challenge lies in the comparison of szff (p, Qiy1— Bi+1p) and Q(p, A(p)).
Since QZDJE is a function of Ji[ﬁ) that is minimum of a biased-sample average approximation, the
errors in replacing e; by 7; carry over to Qﬁ’? , making it difficult to compare (p;y1,9i+1,1) and
(Pit1 + dit1,Yit1,2) 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 A1, 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 (11). In Besbes and Zeevi (2015), p* is the optimal solution of

maxpep Q(p, A(p)), and pi41 is the optimal solution of max,ep Q(p, &iy1 — BAHlp), where Q(+,-)
is a known and deterministic function Q(p, A(p)) = pA(p). As Besbes and Zeevi (2015) point out,
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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 Q(-,) 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).

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 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
Mz)=Az) = N(2)z,  B(z)=-N(z), zeP. (13)

We proceed to prove (11) as follows:

Bl -] < E|( - pao). 66)] (14)
Comparison of problems CI and Bl
Lemma Al
o 5 o o B o oo R 2
+[B(60), B60) = Bisa (6G0), B60)) |+ [pisr (65, B@1)) = pisa | ) ] :
Comparison of problems Bl and B2 Comparison of problems B2 and DD
Lemma A5 Lemma A6 and Lemma A7

where the two new prices ﬁ(-, -) and pj+1 (-, -) are the optimal solutions of two bridging problems.

Specifically, we let To(a, ﬁ) denote the optimal solution for the first bridging problem B1 defined by

Bridging Problem B1:

+ +
1;16217;( {peaﬁpE [e€] - I;lelijl {hE {y - eo‘*ﬁpeﬁ] + bE {eo‘*ﬁpeE — y} }}, (15)

while p; 11 («, 8) denotes the optimal solution for the second bridging problem B2 defined by

Bridging Problem B2:

1 ti+21;
a—PBp | — €
(o & ) w0

b —t 1
1 t;+21;
—mi il _ pa—PBp e\t a—fp et _ +)
2&1}1}1{2& t;ﬂ (h(y e e)" +b(e et —y) }}
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Moreover, for given p € P, we let 7j(¢*P) denote the optimal order-up-to level for problem B1, and
Gi+1(e*7PP) denote the optimal order-up-to level for problem B2. By Lemma A2 in the Appendix,
the objective functions for problems Bl and B2 are unimodal in p after minimizing over y € Y
when 3 > 0.

Comparing (15) with (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 Bl by their sample averages, i.e.,
problem B2 is the SAA of problem Bl. Comparing (16) with (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; + 2I;, are used, while in
problem DD, biased error samples 7; are used in place of ¢;, t = t; + 1,...,t; + 21;. Furthermore,
note that the optimal prices for problems CI and B1, p* and T)(d(]ﬁi), i (ﬁz)), are deterministic, but
the optimal solutions of problems B2 and DD, p;11 (c(p;), B (pi)) and p;41, are random. Specifically,
Dit1 (d(ﬁi), B(ﬁz)) is random because €; is random, while p; 11 is random due to demand uncertainty
from periods 1 to t;y1. Hence, to show the right hand side of (14) converges to 0, we will first
develop an upper bound for ‘ p* —ﬁ(d(ﬁi), B (ﬁ,)) } by comparing problems CI and B1, and the result
is presented in Lemma A1. Since p;41(a(p;), B (p;) is random, we compare the two problems B1 and
B2 and show the probability that ‘ﬁ(d(ﬁi), B(ﬁz)) — Di+1 (d(ﬁi), B(ﬁz))| exceeds some 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 (ﬁz)) - ﬁi+1‘ exceeds some small number also
diminishes to 0. Finally, we combine these several results to complete the proof of (11). The idea
for proving (12) is similar, and that also relies heavily on the two bridging problems (Lemmas A6,
A7, and A8). 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, V. are large enough so that the optimal solutions p* and optimal y(eA(P)) over
R for given p € P for problem CI fall into P and Y, respectively; and for given ¢ € P, the optimal
solutions p(c(q), B (g)) and y(e&(q)*é (q)p) for given p € P over R, for problem B1 fall into P and
Y, respectively. Note that both problem CI and problem Bl 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@(07(,2), B(z))/az‘ < 1 for z € P. This condition reduces to Assumption 1(ii)
if the optimal solutions for problem CI and problem B1 satisfy the feasibility conditions described

above.

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

(i) 7(eM?) and y(ed(q)*ﬁu(q)p) are Lipschitz continuous on ¢ for given p € P, i.e., there exists

some constant K7 > 0 such that for any g1,¢2 € P,

[7(X) = ()| < Ki |y — gl (a7)

‘@(e&(m)—ﬁ’(ql)p) _ g(ed(qz)—ﬁ(qz)p)‘ < Ki|q1 — .- (18)
(i) G(p,7(e*®)) 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 p € P.
(v) The probability density function f(-) of & satisfies min{f(x),z € [, 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".

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 decisions, we continue

the development in (14) as follows:

E[(p* — pis1)’]
< E[( |~ p(a). 560)| + [P0, 56)) ~ i (660, B60)| + [pens (660, 55) ~ i) |
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where the first inequality follows from the expansion in (14), the second inequality follows from
Lemma A1, and the third inequality is justified by v < 1 in Lemma A1 and some constant Ko,
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 Eﬂp( B( )) — Pit1 (d(ﬁi),B(ﬁi))|z] in (19), by Lemma A5 one has, for some
constant Ky,
G Bra . e Sray ]2 teo 5m2 K2
E Up(a(pi),ﬁ(pi)) — Pit1 (@(Pi)vﬁ(pi))‘ } < Kz/o pe 11 ge = — (20)
AT?

And to bound E

o 2
|:ﬁz‘+1 (&(pi), B(pi)) —ﬁz‘+1‘ ] in (19), by Lemma A6 and Lemma A7, when i is
large enough (greater than or equal to i* defined in the proof of Lemma A7), for some positive

constants K5, Kg, and K7 one has

“|

Pi1 (&(ps), B(pi)) —ﬁz‘+1ﬂ

< E{Kg(\&(ﬁi) — G|+ |B(Bi) — Bisa| + |6(Pi + 6:) — G| + |B(B: + 6;) — ﬁi+1‘)2:|
Iﬁ(ﬁ -’
< E [KG (|5é(ﬁz‘) — Gi1 [ +1B(Bi) — Biral? +16(pi + 6:) — G| + 1B + 6;) — /3i+1|2>}
=)’
< K °. (21)
Substituting (20) and (21) into (19), one has
E[(p* — pit1)?] < <1 272> E[(p* —p:)%] + Ksli_%.
Letting 2£2° = 9, we further obtain
E[(pier - )2 < 01— ") + Ke Z VI <K Y P (22)

We choose v > 1 that satisfies v < 1, then there exists a positive constant Kjy such that
Zé;ﬁ Hj(v%)j < K9, therefore, for some constants K11 and Ko,

1

E[(pie1 — p")?] < Kii(v"2)' < Kpal; 2. (23)

Moreover, we have, for some positive constant K3,

[un

E [(pis1 + i1 — p*)?] < 2E [(Bis1 — p*)?] + 207, < Kisl; 2 — 0, asi—oo. (24)
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This completes the proof of (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 probability, we first

prove the convergence of order up-to levels (12). For some constant K14, we have

E [!y* - Qi+1,1ﬂ

< E[(‘y eA(P*)) — y(eA(ﬁiH))) + ‘y(e)‘(ﬁiJrl)) — y(eé(ﬁi+1)—5(ﬁi+1)ﬁi+1)
+‘y ﬁz+1) 5(ﬁi+1)ﬁi+1) y( &(pi)— E(Pi)ﬁi+l)
+‘§ ea pi)*ﬁu(ﬁi)ﬁiﬂ) — i +1( &(pi)— (ﬁi)ﬁi+1) + Gis1 (e&(ﬁi)*/}(ﬁi)ﬁiﬂ) — is1 1‘)1
< K14E[( ‘g(e)\(p*)) — e (pz+1)>’ + ‘y(e)‘(ﬁi+1)) _y(ed(ﬁi+1)—5(ﬁi+1)ﬁi+1) 2 (25)

Difference between p* and p;41 Zero

‘y a(pit1)— /B(pz+1)pz+1) _y( &(pi)— B(Pi)ﬁz‘ﬂ) 2

Difference between p; 41 and p;

i ‘@(ea@i)—ﬁ“(ﬁi)ﬁiﬂ) — G (3P=BBP)

o VP 2
+ ‘ng (ea(pi)—ﬁ(pi)piﬂ) _ Zji+1,1‘ )}

Comparison of problems Bl and B2 Comparison of problems B2 and DD
Lemma A8 Lemma A6 and Lemma A7

We want to upper bound each term on the right hand side of (25). First, it follows from (17)

that, for some constant Ki5 it holds
* 3 2 * A
E“y(e’\(p ) *@(6’\(’"“))‘ } < KisE [| p* = pisa [7].
By definition of &(p) and S(p) in (13) one has &(Pis1) — B(Pis1)Pis1 = A(Piy1), thus the second

term on the right hand side of (25) vanishes. For the third term, we apply the Lipschitz condition

on @(eé(q)*ﬁ(q)p) in (18) to obtain, for some constants K16 and K7,
]

By Lemma A8, we have, for some constants Kig and Kjg,

IN

E [)y(ed(ﬁi+1)_é(ﬁi+l)ﬁi+l) _ y(ed(ﬁi)_é(ﬁi)ﬁi+l)

Ki6E [| pit1 — i 7]

< KuE[(|p =0 P+ |0 —phisa [7)]-

E [‘y(ed(ﬁi)—ﬁ(ﬁi)ﬁi+1) y+1( a(pi)— 5(P1)Pz+1)

2 +oo
} < Kb [ 2etac< T
0

i
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and by Lemma A6 and Lemma A7 one has, for some constant Ko,

?|

< KyE [|07(15i) — &1 >+ |B(Bi) — B |? + |&Bs + 6) — Gaga | + [BDi + &) — Biga|?
1

< K20I7i§.

oA VPO 2
giJrl(ea(pi)—ﬂ(pi)piﬂ) _ QHLI‘ }

Summarizing the analyses above we obtain, for some constants Ko1 and Koo,
A 2
E [(y — Jit1,1) }
K21E[ | p* = Piv1 |+ | p* — pi |2 ] + Kot I,
_1
< Kxl,; ® (27)

— 0asi— o0,

[NIES

IN

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

we obtain

1
E [(Z/* - @Hl,z)z} < Kool * =0, as i — oo.

1

We next show that E[(y* — y)?] — 0 as t — oco. It suffices to prove this for (a) t € {t;11 +
1, .t + Ii+1}7 1=1,2,..., and for (b) t e {ti+1 + L1+ 1, ..t + 2Ii+1}; i=1,2,.... We
will only provide the proof for (a).

The inventory order up-to level prescribed from DDA for periods ¢t € {t;41+1,...,ti41+ Liv1}
is 9i+1,1. This, however, may not be achievable for some period ¢. Consider the event that the
second order up-to level of learning stage i, y; 2, is achieved during periods {t; +I; +1,...,t; +21;}.
Since A(p")l < Dy < X(p')u, it follows from Hoeffding inequality? that for any ¢ > 0,

ti+21; ti+21; 2§2
Po Y Di=E| > D —¢ >1—exp<— - - ) (28)
t=t;+1;+1 t=t;+ ;41 Ii()\(pl)u - )‘(ph)l)2
Let ¢ = (A(pY)u — A1) (I;)? (log I;)? in (28), then one has
ti+21; ~ ~ ) L 1
PS> D> LE[Dyyra] — A@)u = A1) (1)% (log I;)? p > 1 — 7 (29)
t=t;+1;+1 i

By regularity condition (iii), E [Dy,4+1,+1] > 0, thus when i is large enough, we will have

SHEDyara] > (0Hu = 36" (1) (og 1)

41f 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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Hence it follows from (29) that, when i is large enough, we will have

1 1
Pe D D> SHE [Dirn] p > 1= 2. (30)
t=titli+1 ‘
Define event
ti+21; 1
Ar={w: > D> S LiE [Dti+ri+1] ¢
t=t;+1;+1
then (30) can be rewritten as
1
P(A) > 1— —.
I

Note that when ¢ is large enough, %IiIE [Dy,+1,41] > 3" — ', which means that on the event A, the
accumulative demand during {¢; 4+ I; +1,...,t;+2I;} is high enough to consume the initial on-hand
inventory of period t; 4 I; +1 and g; 2 will be achieved. Therefore, for t € {t;11+1,...,tix1+Liv1},
vy will satisfy v € [Ui 2, Yit1,1) if Git1,1 > Ui2, and y¢ € [Jiy1,1, Us,2) otherwise. Thus,

E[(y' —90)?] = P(ADE[(y" — y0)*[Ar] + P(ADE[(y" — y)?] AS]
< max (B[~ 3:2)" B[ — o))} + o (o)

As shown above, E [(y* — g)i72)2] — 0 and E [(y* — g)i+171)2] — 0 as ¢ — oo. Hence it follows from
1/[1-2 —0as?— oo that E [(y* - yt)Q] —0forte{tiz1+1,...,tix1+ Liz1} as i — oc.

Similarly one can prove that E [(y* —y)?] — 0 for t € {tiy1 + Liy1 +1,... tiy1 + 2[i11} as
i — oo. This proves E[(y* — 3¢)?] — 0 when ¢ — co. And again, since convergence in probability is
implied by mean-square convergence, we conclude that inventory decisions 3 of DDA also converge

to y* in probability as t — oco. This completes the proof of Theorem 1.

4.4 Proof of Theorem 2

We next prove the second main result, the convergence rate of regret. By definition, the regret for
the DDA policy is

R(DDA,T) = %E

> (G y) - Gl yt)>] :

t=1
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‘We have

T
E > (G, y") - Glon )
=1
n ti+1;
< E Z ( Z (GW*,y") — G(Di, Gin) + G(Dir Gin) — G(pe, vr))
=1 t=t;+1
ti+21;
+ Z (G, y*) — Gpi + 0, §i2) + G(Pi + 6, i2) — G(pm%)))]
t=t;+1;+1
= E ZL’(G(p*, y*) — G(pi, 9i1) + G0*,y") — G(pi + 6, @1,2))]
i1
n ti+1; ti421;
+E Z Z (G(Di, Gi,1) — Gt ye)) + Z (G(pi + 6i,Gi2) — G(peye)) | | 5 (31)
=1 t=t;+1 t=t;+1;+1

where n is the smallest number of stages that cover T, i.e., n is the smallest integer such that

2Ip Y7, v* > T, and it satisfies log,, (gI_OiT+ 1) <n < log, (;]I_OiT—i— 1) + 1. The inequality in (31)

follows from that the right hand side includes 21 Y7 v periods which is greater than or equal to
T.

The first expectation on the right hand side of (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 in (23), (24), and (27). The second
expectation on the right hand side of (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 chal-
lenges in evaluating the regret. We note that in Huh and Rusmevichientong (2009), a queueing

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(pi, 9i,1) in (31), we first apply Taylor 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*, (X)) — G (pi, 5(eXP))) < Koz (p* — pi)*. (32)

Noticing that y(e)‘(f’i)) maximizes the concave function G (ﬁi,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 (pi, 5(XP)) — Gy, 9i1) < Koa(7(eXP)) — g:1)". (33)
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In addition, we have

E |@(e*®) - gi1)?]
< E[(‘g(ex(m)_y( &(pi) =B (p:)pi

+ ’y(e&(ﬁi)_é(ﬁi)ﬁi) _ g(eé(ﬁiq)—ﬁv(ﬁi,l)pi)

_|_)y &(Pi-1)—B(BHi-1 )z)_gi(e&(ﬁi—l)—é(ﬁi—l)ﬁi) + gi(eé(ﬁi—l)—ﬁ(ﬁi—l)ﬁi) — Ji1

(800 ~BB)Bey _ g oBim) =iy [

IN

_l’_

<
<

KQE’EHy(e i)y — (e3P = (pz)pz) ? ‘

)]
i (e3Bi-1)=BBi-0biy _ Ji1 2}.

This is similar to the right hand side of (25) except that ¢ + 1 is replaced by i. Thus, using the

R o < .12
—i—’y &(hi—1)—B(BHi—1 )z)_gi(ea( 1)=B(Bi—1 )pi)

_l’_

same analysis as that for (25), we obtain
X 1
B[ (5(eX®) - 5i.1)?| < Kool 3 (34)

for some constant Kog.

Applying the results above, we obtain, for some constants Ko7, Kog, and Kag, that
E[G(p*y") — G(Bir9i1)]
= ]E|:(G(p*’y(€>\(17*))) — G(ﬁi,g(ek(ﬁi)))) + (G(ﬁiaﬂ(ek(ﬁi))) _ G(ﬁi,@i,l))]
K27( (p* — i) +E[( (eP0)) —@71,1)2})

(Kw 2+ Karl, >

IN

IN

_1
= Kol 3,

where the first inequality follows from (32) and (33), and the second inequality follows from the

convergence rate of pricing decisions (23) and (34).

Similarly, we establish for some constants K3, K31 and K3, that

E[G(",y") = Goi + 0 Gi2)] < Ko (E [0 = pi = 0] + E | 5(XP) = i2)?] )
1
< < p _pz +2512] +K31Ii_21>
1
< Kzl 3.

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

equal to some number ¢*.
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Consequently, we have, for some constants K33, K34 and K3ss,

E | (GO y") — Gpiniia) + Gp*y™) — G(pi + 0i, 8i2)) L
=1

n 1 i*
= Y KsL 3L+ (G, y") — Gi in) + G*,y") — G(pi + i, i2) ) Ti
i=i"+1 i=1

" 1
= Y Kl +Ks

i=i*+1
"o
< Kszy 17+ Ka
i=2
1 1
210)2v2 no
v2 — 1
11
< me(vlogv(z,olvT+1)+1_1)% K
v2 — 1
1
S K35T§’ (35)

where K31 = S, (G0, y*) — G(pi, §i1) + G0*, y*) — G + 6, 5i2)) Ii-

We next evaluate the second term of (31), i.e.,

n ti+1; ti+21;
ED Y. (Goidin) = Gonw) + > (G + 66 6i2) — Gloew)) | |- (36)
=1 t=t;+1 t=t;+1;+1

Recall from DDA that p; = p; fort =t;+1,...,t;+; and p = p;+6; fort = t; + L;+1,...,t;+21;,
and DDA sets two order-up-to levels for stage i, ;1 and ¥;2, for the first and second I; periods,
respectively. The order-up-to levels may not be achievable, which happens when x; > ¢; 1 for some
t=t;+1,...,t; + I;, or xy > y;o for some t =t; + I; +1,...,t; + 2[;. In such cases, y; = x;. If
the inventory level before ordering at the beginning of the first I; periods (in period t; + 1) or at
the beginning of the second I; periods (in period t; + I; + 1) of stage ¢ 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.

We start with the analysis of the first I; periods of state ¢, i.e.,

ti+1;

E Z (G(Bi, Gi,1) — G(pe, yr))

t=t;+1
A main issue with the analysis of this part is that, if z;,41 > ¥;, then g; 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 .
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1
Consider the accumulative demands during periods ¢; + 1 to t; + {I Z-QJ. If these accumulative

1
demands consume at least zy,+1 — ¢;, then at period ¢; + {IﬁJ, 7; will be surely achieved. Since

ApM) < Dy < M(ph)u for t = 1,...,T, by Hoeffding inequality, for any ¢ > 0 one has

1 1
tit+ VZJ tit+ {Ii’J

Pe Y D >E Dy| —Cp>1—exp|—7— . (37)
t=t;+1 t=t;+1 {IfJ (S\(pl)u — Aph)1)?

Let ¢ = (S\(pl)u — )\(ph)l) <{I}J > : <log {I}J ) 5, then it follows from (37) that

L e s (2] o)
- (38)

By regularity condition (iii), E [Dy,+1] > 0. Thus, when ¢ is large enough, say greater than or

I

equal to some number **, we will have

1 B (Dl - G- 3000 ([

S
=

|
7 N
et
o
0]
—
Ky
][
| I
~~_
AV
N =

1
{IfJ E[Dy1) > y" —y' > x40 — G
Based on (38), we define event Ay as
1
ti—&—{I?J

Ay =14 N D@{I}JE[DW](

t=t;+1

>
)
’BN
N~—
N
\
>
—
=
>
S~—
o~~~
N~—
7N
—_—
~
TN
[
~_
[ NI
N
—_
o
(F
—
I~
[ I
[
~_
[ NI
—
L
Nej
SN—

Then (38) can be restated as

On the event As, the inventory order up-to level 3; will be achieved after periods
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NI

{ti +1,...,t+ {IZ- J} By (40), we have

ti+1;
E [ Z (G(Di, 9in) — G<pt7yt))]

t=t;+1

ti+1; titli
= P(A)E ! Z (G(Ps, ip) — G(pt,yt))‘Ag + P(AS)E ! Z (G(Pi> hi1) — G(ptvyt))‘/@]
t=t;+1 t=t;+1
N 1 hol
< max{h,b}(y" —y) {IfJ tT 2 max{h, b}(y" — y')1;
If
< 2 max{h, b}(yh — yl)fi%7

where the first inequality follows from, for periods t =¢; + 1,...,t; + I;, that
\G(Bi» 9i1) — Gwe, )| = |G Bis Gi1) — G(Bir ye)| < max{h,b}(y" —y'),

2
and P(A5) <1 / {Izl / 2J . Similarly, for large enough i that is greater than or equal to i**, we can
establish

ti+21;
E| > (G@i+0idi2) — Glpeye)) | < 2max{h,b}(y" —y)I7.
t=t;+I;+1

N |=

Based on the analysis above, we upper bound (36). Let K35 = 22:1 max{h, b}(y" — y")I;, it

can be seen that there exist some constants K37 and K3g such that

n ti+1; t;+21;
E> LY. (Goidin) = Glonw) + > (G + 66, 6i2) — Glpe,yr)
=1 t=t;+1 t=t;+1;+1
7 n 1
< Y max{h,b}y" — )i+ Y 4max{hb}(y" —y))I;
i=1 i=i** 41
1 1. .n
192(1 — (v2
< K+ dmax(h by - g 200
1—wv2
1. n+l
< Kze+ Ka7(v?)
v—1 i
< Kag+ Koo e D
< KggT%. (41)

By combining (35) and (41), we conclude
1
R(DDA,T) < T <K35T% + KggT%) < KgoT 2
for some constant K39. The proof of Theorem 2 is thus complete.

30



5 Conclusion

In this paper, 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 the average demand changes in price (other
than the fact that it is decreasing) and on the distribution of uncertainty in demand. This paper
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~1/2).

There are a number of follow-up research topics. One is to develop an asymptotically 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 learning algorithm for dynamic pricing and stocking decisions for multiple products

in an assortment.

Acknowledgment: The authors are grateful to the Department Editor, the Associate Editor, and
two referees for their constructive comments on an earlier version of this paper, that have helped

to significantly improve the clarity and exposition of this paper.
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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

(i), B(p:))-

Lemma A1l. Under Assumption 1, there exists some number v € [0,1) such that for any p; € P,

we have

p* = B(a(0), B5) | <7 1p* - il

Proof. First we make the observation that

p* =p(a("), B(p*)). (42)
This result links the optimal solutions of CI and B1 with parameters &(p*), 3(p*), and it shows
that p* is a fixed point of;T)(d(z), B(z)) = z. To see why it is true, let

G(p, \(p)) = pe*PE[e] — ng)r} {hE ly — e’\(p)eerr + bE [e/\(p)é — +} . (43)
y

Then Assumption 1(i) implies that G(p, A(p)) is unimodal in p. Assuming that G' has a unique
maximizer and that p(a(z), B(z)) is the unique optimal solution for problem B1 with parameters
(a(z), B(z)), then (42) follows from Lemma A1 of Besbes and Zeevi (2015) by letting their function
G be (43).

When the optimal solution y over Ry for problem CI for a given p falls in ), p(«, ) is the
maximizer of pe® PPE[e€] — Ae® PP, where A = min,{hE[z — e|* + bE[e¢ — 2|7} is a constant.
Thus p(«, 5) satisfies

(1 - Bp(e, B))Ele] + AB = 0.

Letting a = &(z), 8 = B(z) and taking derivative of p(a(z), ,5’(2)) with respect to z yield

dp(a(2),5(2)) _ X'(z) _ N'(2)A(2)
dz X)) (V(=2))?

dp(a(2).8(=))

By Assumption 1(ii), we have — ‘ < 1 for any z € P. This shows that

P(atr), B) = B, A) | < 71" = pil.

dp(a(2).5(2))

where v = max,cp e ’ < 1. This proves Lemma Al. a
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To compare the optimal solutions of Problems B1 and B2, we need several technical Lemmas.
To that end, we change the decision variables in B1 and B2. For given parameters « and 8 > 0,
define d = e* 7, d € D = [d', d"] where d' = @ PP" and d" = ¢*=BP'. Then problem B1 can be

rewritten as

max {da_lOng[ee} — min {hE[y - des]—i_ + bE [de® — Z/]+}}

deD B yey
Define
W(d,y) = hE(y — de) " + bE(def —y) ™ (44)
and
— a—logd € . T Oé—lOgd € A7 =
G(a, B,d) = diE[e ] —min W(d,y) = diE[e ] - W(d,y(d)), (45)

B yey B

where 7(d) is the optimal solution of (44) in ) for given d. Let F'(-) be the cumulative distribution
function (CDF) of €€, then it can be verified that

7(d) = dF ! (bih) , (46)

where F~!(-) is the inverse function of F(-). Also, we let d (a, 3) denote the optimal solution of

maximizing (45) in D.

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

a—logd 1 ti+21; 1 ti+2I; N N
m{d F (21 2 ) “wip g 3 (hlr-ae)" e ) >}}

t=t;+1 t=t;+1
Let
ti+2lz
T 1 €t + €t +
Witi1(d,y) = YA (h(y —de ) + b(de — y) ), (47)
Y t=t;+1
and
ti4-21I
~ a—logd [ 1 "<’ -
Giti1(a,B,d) = d 3 & (21 €€t> —Hg}WiH(day)
U1 Y
ti+21;
a—logd [ 1 ~ 5
=g (2[ ) = Wi (d §(d)), (48)
U=t +1

where ;1 (d) denotes the optimal solution of Wiy1(d,y) in (47) on V. Let diy1 (a,3) be the
optimal solution for Gy 1(-,-,d) in (48) on D. Also, let ;%1 (d) denote the optimal order-up-to
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level for problem B2 on R} for given p € P (here the superscript “u” stands for “unconstrained”).

Then
ti+21;

y N b
yi+1(d):m1n{deﬂ: YA Z ]l{etﬁeJ}ZM}; (49)

L=t 41
where 1{A} is the indicator function taking value 1 if “A” is true and 0 otherwise. It can be
checked that

isa(d) = min {max { G, (4).4' } 4"} (50)
Since §;41(d) is random, it is possible for §;41(d) to take value at the boundary, y" or 3.

We first compare the profit functions defined for the two problems (44), (45), and (47), (48).

To this end, we need the following properties.

Lemma A2. If 3 > 0, then both G(o,3,d) and éi+1(a,6,d) are concave in d € D, and both
G(a, B,e*PP) and Giy1(a, B,e*PP) are unimodal in p € P.

Proof. It is easily seen that W (d,y) and Wi ,(d,y) are both jointly convex in (d,y), hence
minyey W(d,y) and min,ey W;i1(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 Gjy1) is concave when
5> 0.

The unimodality of G(a, 3,e*?P) and Gy, 1(a, B8, e*PP) follows from the concavity of G and
Git1, and the fact that e* PP is strictly decreasing in p when 8 > 0. O

The following important result shows that, for any given d, W (d, 5(d)) and W;1(d, i11(d)) are
close to each other with high probability.

Lemma A3. There exists a positive constant K49 such that, for any & > 0,

v {Icrlla”g ‘W(d’ y(d)) = Wiz (d, Qi+1(d))‘ < K40€} > 1 — 4e 218,
€

Proof. By triangle inequality, we have

max ‘W(d, 7(d)) — Wi (d, Gi1(d)) ‘

deD
S max ‘W(d, 7(d)) — Wit (d, ?(d))‘ + max ‘WiJrl (d,5(d)) — Wit (d, §i+1(d))’ - (51)

In what follows we develop upper bounds for maxgep [W(d, 5(d)) — Wit1(d, 5(d))| and
maxgep [Wit1(d,5(d)) — Wis1(d, Git1(d))| separately.

For any d € D and y € ), we define z = y/d. Then, from (46), the optimal z to minimize
W(d,dz) is
[ () — b
= = )
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Moreover, we have
W(d, 5(d)) = W(d, dz) = d(hE(z — ) 4 bE(ef — z)*),

and

~ ~ 1 t;+21;
Wit1(d,y(d)) = Wit1(d,dz) = d<2[ Z <h(§ — e6t)+ + b(€€t _ z)*)) (52)
Y t=t;+1

Fort € {t; +1,...,t; + 2I;}, denote
Ay = (RE[zZ — e“]" + bE[e — 2]1) — (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,
| tid2 | tid2
P{dh oL Soa> dhg} :IP{ oL Soa> g} < 2¢4ig% (53)
t=t;+1 t=t;+1
which deduces to
P {glefg( ‘W(d, 5(d)) — Wit (d, y(d))‘ > dhg} < 2 A€, (54)

This bounds the first term on the right hand side of (51).

To bound the second term in (51), we use
1 2I;
F(m):%tzlﬂ{qux}, x € [l,u]

to denote the empirical distribution of e, For 6 > 0, we call F'(z) a 6-estimate of F(2) (= b/(b+h)),

or simply a f-estimate, if

<0. (55)
It can be verified that
. b - n _
P {F(z) < 9} - P{F(z) < F(z) - 9}

- P{F(z) _F(z) < —9}

< 6—21102
where the last inequality follows from Hoeffding inequality. Similarly, we have

e b —21,62
< W
P{F(z)>b+h+¢9} < e
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Combining the two results above we obtain
P! |F(z) - b gl s geane
b+h| ™ - '

Let A3(6) represent the event that F/(Z) is a f-estimate, then the result above states that

P(A3(0)) > 1 — 221", (56)
For d € D, let Z;11(d) = g”Tl(d) and Z}' | = gy*é(d), then it follows from (49) that
1 ti+21; b
E?Jrl—min{eej — l{eetgeej}z}.
21; t=t;+1 b+h

And it follows from (50) that
l h
Zit1(d) = min {max {E}ﬂrl, Z} ) yd} .

By §% 1(d) = d 2% ;, we have W;11(d, %1 (d)) = Wit1(d,d 2%1). In the following, we develop
an upper bound for Wi, 1(d, dz) — Wi, (d, dz}!, ) when F(.) is a f-estimate.

First, for any given d € D, if 7 < Z}!, |, then it follows from (52) that

21;

. d &
Wint(d,dz) = o= 3 [b(e —2) {2 < e}

b =1

b —2)1{z < e < 5y} + h(z - e)1{e <7}

2I;

< o2 (e —2) 1z, < e}

t=1
(3t —2)1{E < e < 2} +(E - e)1{er <3}, (57)
where the inequality follows from replacing e in the second term by its upper bound z, ;, and

21,

T d € U U €
[ble — 21 13 < e}

Wipa(d,dz,) =
Fh(E — € HE < € < Z}+h(E — e T{e <7}

b(e” — z2i%))1{z, < e} +h(z —e?)1{e” < E}}’ (58)

\Y
NS
M

with the inequality obtained by dropping the nonnegative middle term. Consequently whenz <z},
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we subtract (58) from (57) to obtain

Wig1(d, dz) — Wi (d, dzi' )

< d(b(E 2D = F(E) + b — 2)(F(EL) = F2) + bz - 240 F ()
= d(z4 —2)(~(h +b)F(Z) +b)
< d(z, —7)(b+h)e, (59)

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

Similarly, if Z > z, ;, then
~ d 21
Wina(d d2) = o7 Z[ 2)1{Z < et}
Hh(Z — e {EY ) < e < T} + h(Z— ) 1{e” < zg;l}]

—2)1{z < e}

INA
EMES
-
M5
rm
N

Fh(Z = Z)L{ER < e <2} R - e e* < 24|, (60)

where the inequality follows replacing e in the second term by its lower bound z}, ;, and

21;
T ~u d - €t ~u - €t
Winild, dzhy) = of > [b(e — )z <}
Fh(ett — ) 1{E < et <7} h(E, — )1 < 5}
> Z[b FOUE < e+ b3 — e <280}, (61)

again the inequality follows from dropping the nonnegative second term. Subtracting (61) from
(60), we obtain

Wi+1(d, dE) Werl(d dz H—l)

< (b~ 21 - FE) + h(z = 240)(F(E) - PELD)) +(E - 20 PGEL))
= d(z -2 ((h+D)F() —b)
< d(z - )b+ Wb, (62)

where the last inequality follows from F(z) < s +h + 60 when F(-) is a 6-estimate.

The results (59) and (62) imply that, when F(-) is a f-estimate, or (55) is satisfied, it holds
that
Wit (d, dz) — Wiy (d, dz,) < d|z — 24| (b + h)6.

39



As demand is bounded, dz}!, ; is bounded too, hence it follows from dz € Y that there exists some

constant K41 > 0 such that d!f — égﬂrl‘ < Ky41. Thus

Witi(d,dz) — Wip1(d, dzj'y ) < Kq1(b+ h)6.
Since z}!, | is the unconstrained minimizer of Wis1(d,dz), it follows that
Wiy1(d, dz) — Wiy1(d, dZi11(d)) < Wig1(d, dz) — Wita(d, dz) < Kar(b+ h)6.
As this inequality holds for any d € D, it implies that, when F () is a f-estimate, or on the event
As(0),
I;leag{ﬁ/i“(d, dz) — Wiz (d, déiH(d))} < Kn(b+ h)b. (63)
Letting # = £ in (63) we obtain
P {r&ag (W,-H(d, dz) — Wiz (d, d,zm(d))) < Kb+ h)g}
> P(A3(¢))

> 1 - 2e i€

where the last inequality follows from (56). This proves, by noting Wi 1(d, 5(d))—Wiy1(d, §i1(d)) >

0 as Ji+1(d) is the minimizer of Wi+1 on Y, that

P {Iélea’g( ‘ (Wiﬂ(d, y(d)) — Wi (d, gi+1(d))) ‘ < Ka(b+ h)f} >1-2e72 0 (64)

Applying (54) and (64) in (51), we conclude that there exist a constant K49 > 0 such that for any
¢ > 0, when I; is sufficiently large,

P {?%()W(dyy(d)) — Wit (d, ?]z‘+1(d))‘ < K40§} > 1 2e 2 _9e7 1 > e
S

This completes the proof of Lemma A3. Il
Having compared functions W and W41, we next compare G with éi+1.

Lemma A4. Given parameters o and 3, there exist a positive constant Ko such that, for any
£>0,

P{rgllqe%( ‘é(aaﬁ7d> — Gis1 (a,,@,d)‘ > K42€} < e 21i€,
€

Proof. For any d € D, similar argument as that used in proving (53) of Lemma A2 shows that,

1 ti+21;
IP’{ Ele] — (21 Z e€t>

Y=t +1

for any £ > 0,

S g} Z 1 - 6_4Ii£27
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where o = y/Var(e®). Let * = maxgep o= E)g d'd then we have

a —logd a —logd 2l
P<m ——Ele®] —d———— E €
{dea% d B %] —d B (2[ ‘ >

»
t=t;+1

1 ti+2I;
IF’{T* E[e®] — (21 Z eet> Sr*f}

t=t;+1
> 1 i€ (65)

Hence, it follows from (45) and (48) that, for any d € D and £ > 0,

v

v

Y

v

>

]P’{rna ‘é( ,B,d) — z+1(04 B, d)‘ < (K40+7“*)§}

deD

a —logd a—logd [ 1 2l
P A2k ] —W(d,5(d)) ) — (dZ—22%( = ) —Wiy1(d, §it1(d
{Ifeag 3 €] (d, y( ))) ( 3 <2L‘ t;ﬂe > +1(d, Giva ( )))’
< (Ko + 7’*)5}
ti+21
a—logd a—logd/ 1 ' = = -
I[D E €l _ . €t _ . .
{rggd (] —d—3 (%t >« ) + max| W(d, () Wz+1<d,yz+1<d>>‘
< (Kyo + 7“*)5}
tz+2I’L
P< max da—logd €] _da—logd 1 e )| < e,
deD ﬁ 21; Ml
and max W(d,y(d) — Wit1(d, g]iH(d))’ < K40£}
ti+21
a—logd a—logd/ 1 '
I—P{maxd [ ]—d ( Z €€t>‘>7’*§,
deD ,3 2Iit il
or 1y V(AL 3a) = Wi (0 (@) > Ko}
ti+21;
a —logd a—logd [ 1
1-P ST 0CE e —d—22( — “ *
g2 1) - P2 (g 3 )| > e
t=t;+1
P (0, 310) ~ Wia (5 )] > Kot |
1— 6741,.52 _ 46721@2
1 — e~ 20i€?

where the last inequality follows from (65) and Lemma A2. Letting K49 = K40 + 2r*c completes
the proof of Lemma A4. O
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For any ¢ > 0, we define event

Ay(6) = {w max‘ (o, 8,d) — Gy (e, B, d)‘ < K42§}. (66)

deD
Then Lemma A4 can be reiterated as P(A4(€)) > 1 — 5e~ i€’

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 B1. Since I; tends to infinity as ¢ goes to
infinity, this shows that the probability that the two solutions, p(c(p;), 5(p:)) and pi1 (&(5;), B(B:)),

are significantly different converges to zero when the length of the planning horizon 7' increases.

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

P{[7 (d(0), B0)) = pis (6(0), B@))| = Kaggh } < 5710
for some positive constant Kys.

Proof. To slightly simplify the notation, for given parameters o and (3, in this proof we let

@(d):é(a,,@,d), é(d) - H—l( B, )7 E:d(a’ﬁ)’ d:di—i-l (avﬂ)'
By Taylor’s expansion,
G(d) = G(d) + G (d)(d —d) + G—@@Z —d)?, (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 ), it follows from (45) that G(d) = d#E[ee] — Ad, where A = min, {hE(z — ee)+ +
bIE(eE — z)+} > (0 is a constant. Thus, we have

é”(d) _ _EB[ZE]‘

Since A(+) is assumed to be strictly decreasing, it follows that (-) is bounded below by a positive

number, say @ > 0. On § > @, let mingep gl = m and it holds that m > 0, then it follows from
(67) that

G(d) < G(d) — %(& _d)2 (68)
Now we prove, on event Ay (§), that
G(d) — G(d) > —2Ky5¢ (69)



We prove this by contradiction. Suppose it is not true, i.e., G(d) — @(J) > 2K 49&, then it follows
from (66) that

G(d) - G(d)
= (G(d) - G(d) + (G(d) — G(d)) + (G(d) — G(d))
> —Ku2€ + 2K 498 — Ky2€
0.

This leads to G(d) > G(d), contradicting with d being optimal for problem B2. Thus, (69) is
satisfied on A4(&).

Using (68) and (69), we obtain that, on event A4(§),

e 4K
d—d|* < —2¢,
m
or equivalently, for some constant Ky,
|d—d| < K3

Let g(d) = %, then p(a, B) = g(d) and pi+1(a, ) = g(d). Since the first order derivative of

g(d) with respect to d € D is bounded, there exist constant K45 > 0, such that on A4(), it holds
that

[Bler, B) = Piva (e, B)] = |9(d) — g(d)| < Kus|d — d| < Kaa x Kas€?.

Letting K43 = K44 X Kys, this shows that for any values of « and 8 > a,

~ l _ )
Pﬂﬂwﬁ%ﬁmﬂmﬂNSKm@}zPLM@»21—5eﬂﬁ.
Substituting o = &(p) and 8 = B (p), we obtain the desired result in Lemma A5. 0

Lemma A6 shows that (@41, Biv1), (&(p:), 3(p:)) and (&(p;+0;), B(ps+6;)) approach each other

when 7 gets large.

Lemma A6. There exists a positive constant Kyg such that

E (|&(p:) — Gia]? + [B:) — Bisa|* + [6(Bs + 6;) — Qi | + |B(Bi + 8;) — Bi+1’2:| < 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;
1 1 2 1
Bipn =7 > e, Bi= 7 > e
U=t 41 U t=ti41Li+1
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Recall that &;41 and /Bi-i-l are derived from the least-square method, and they are given by

A(Pi) + A(pi + 0;) n Bi, +B, 5 2+ 5

CAYZ‘+1 = 9 9 Bz-i—l 2 (70)
A ADi+0:) —A(pi) 1
Bit1 = — ( 5, ) ~ 3 — (=Bt + Bipy)- (71)
Applying Taylor’s expansion on A(p; + J;) at point p; to the second order for (71), we obtain
A . 1 1
Bit1 = — <>\/(pi) + 2>\"(¢]i)5i> - E(_Bil—i—l +B)
o1
= Bpi) - 5”(%’)5 5 ( B}ii + By, (72)

where ¢; € [p;,p; + ;]. Substituting Bit1 in (70) by (72), and applying Taylor’s expansion on
A(p; + 0;) at point p; to the first order, we have

. . 1 B |+ B? Y
Giv1 = Mpi) + 5/\'(%)52' + % — XN (i) <pz' + 2)

1 1 . 0
+ (—2)\”(%)5@- =3, —(=Bl, + BH—I)) <pz' + 2>
B} |+ B? 1
Tl T L 2y 5,
2 2)\ (pl)él
1 " 1 2 A~ 51
=52 (qi)di — 5*( Bjii+ Bi) ) (5i+ 3 ) (73)

1
= api) + 5/\/(%)5@‘ +

where ¢; € [ps, pi + 04].

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

P{|-Bl|> ¢} <272, P{[B}] > ¢} <207
Hence,
P{|-Bl|+|B%,| > 26} <P{|-BhL,| > ¢} +P{|BZ,| > €} < 4e 21,
Therefore,
P{|=Bly+ Bla| <26} 2 P{|-Bly| + [Bl| <26} 2 1 — e
Similar argument shows
P{|Bl + B?| <26} > 1 —4de 21,
Since X () and \’(-) are bounded and §; converges to 0, from (73) we conclude that there must

exist a constant K47 such that, on the event ’BZ“ + Bz+1’ < 2€ and ’_Bilﬂ z+1‘ < 2¢, it holds
that

i = () < Kir (84 5 +€)
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Therefore,

P{la—al < K (5 £4€)} 2 B{IBL + B2 <26 |-BL |+ B2 ] < 26}

1—8e 2hi€,

\Y]

which implies

2
P{V%H —a(p)]? < K (5? §2 +¢ )} 1—8e2h€,

From (72) we have

P{{ﬁi-‘rl _B(ﬁz){ < Kyg <52 -+ g)} >1-— 46—211.52’

which implies

~ o 2 )
]P){‘/Bi—s—l - /8(151”2 < K50 (52 §2)} 1— 467211‘5 .

Following the development of (74) and (75), we have

52

2
P {l@m — A + 6)|* < K <53 : +52>} — 8e 2,

and

2
{}ﬁzﬂ B(pi + d; )‘ < Ksg (52 §2>} _ ge—2h€2

Combining(74), (75), (76), and (77), we obtain

P{’&iﬂ = AP+ [P - B(ﬁi)‘Z + | Gigr — A + 6:)° + |Biyr — B(pi + 5i)|2

< Ks3 (52 + =

> 1 24e720€

K -t L
P{ < 524 + K55) (|a(pi) — G| + Bi) — Bisa|?

(75)

(76)

(77)

(78)

&P + 6;) — @i + BB + ) — Bia]* — K535¢2> > 52} < 24e—2hE"
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Therefore,
Ks4 a2 e A2 sl f 2 A A2
Bl =2 + K <|04(Pi) — Qip1|" + [B(Di) — Biva|” + |&(Pi + 6i) — &ia]” + |B(Di + 0i) — Bit1]
—K5353>]
Ksq R T T A 12 L 15(e A2 1B A2
= 5t Kss) E [!a(pz') — &i1]” +|B(Bs) — Biva|” + |a(pi + 0i) — dig1|” + |B(Di + 6i) — Bit1] }

K —1
_ (524 + K55> K535i2
7

IN

—+o00
/ 24e ik ¢
0

12
I

Hence one has

E |[a(pi) = Gisa [ +18(5) = Bisa 4160 + 05) = @ia? + 1B(i + 6) = Bia?

12 (K ! K
< (I- + <5524 +K55> K535i2> <534 +K55>

< Kyl 2. (79)

N

This completes the proof of Lemma AG6. O

Lemma A7 bounds the difference between the solution for problem B2, p; i1 (d(ﬁi), B (ﬁi)), and
the solution for problem DD, $;;;. Comparing the two problems, we note that there are two
main differences: First, problem DD has an affine function with coefficients &;41 and BHI , 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 Ksg and ¢* such that for any ¢ > i* one has

A

Pit1 (&(pi), B(p1)) _ﬁi-i-l‘ > Ko (|&(pi) — G| + |B(5:) — Bis1]

+a(pi + 6i) — iga| + [B(pi + 6i) — B¢+1\)} < %
P{ i1 (a(5:), B(pi)) — ’Qiﬂ‘ > Kse(|a(pi) — Giga| + |B(Di) — Biri |
@i + 6:) — G| + | BB + 6;) — 3z+1})} < I§

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; = p; fort =¢; +1,...,t; + I;
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and ps = p; +0; for t = t; + I; +1,...,t; + 21;, logarithm demand data Dy, t = t; + 1,...,t; +

2I;, and two sets of parameters (aq, 1), (a9, B2), define Cflz;ﬂil(al,ﬂl) = (Ct;+1s---,Ct+1,) and
i+21;
:=t7;2+17;+1(a27 52) = (Cti+1i+17 KRN Ct—ﬁ-?]i) by
G = Di— (o1 —Bipt) = Api) + e — (1 — Bipi), t=t;+1,....;t:+ I

G = Di—(ag—Poapt) = APi +6) + & — (o — Ba(pi +0:), t=t;i+Li+1,....t;+2I;.

Then, we define a function H;+1 by

— I; i+2I;
Hi+1 (p7 e Blpa :;1;4-1 ((,Yl, ﬁl)? Cf:t?+[i+1(a27 52)> (80)
1 t;+21; 1 ti+21;
_ ar—pip_~ Gt mind _ ooa—=Bip Ce\ T ar=pip G o\ T
= pe*t™H o7 Z et grg}l{2li Z (h(y e TPIPeS) T 4 p(eM TIPSt — ) )}

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

Consider the optimization of H;,1, and let its optimal price be denoted by

- I; i+21;
p((alaﬁl)y (0525B2)) = argI;le%g(Hi-i-l <pa eal 51p7<§1:—£+1(a17/81)7 f:—;i2+[i+1(a27/82)> (81)

and its optimal order-up-to level, for given price p, be denoted by

ti+21;
1
y(earﬁlp7 (o1, B1), (a2752)) = argmin{ — Z (h(y _ eoerlpeCt)Jr + b(eaﬁmpeés _ y)+) .(82)
yey | 21;
t=t;+1
Similar to Besbes and Zeevi (2015), we make the assumption that the optimal solutions
p((al,ﬁl), (a2,ﬁ2)) and y(eal*ﬁlp, (a1, B1), (ag,ﬂg)) are differentiable with respect to aq,as and
51, B2 with bounded first order derivatives. Then, p((al, B1) (e, Bg)) and y(eo‘l_ﬁ”’, (a1, f1), (az, 52))
are both Lipschitz and in particular, there exists a constant K57 > 0 such that for any oy, ag, o), o)

and f1, B2, 81, 85, it holds that

[p((ar. B)(az, B2)) = p((ah, B (b, 33))| (83)
< Ksr(lar — o] + 181 = Bil + oz — ab| + |82 — 55 ).
(e 77, (0, ). (e, o)) = (P07, (0, B1), (0, B5) | (84)

< Ksr(Jan — o] + (81 = Bil + oz — ab| + |82 — ] ).

The optimization problem (80) will serve as yet another bridging problem between DD and B2.
To see that, observe that when a3 = as = &;41 and 1 = B = Bi+1, problem (81) is reduced to
the data-driven problem DD. That is,

i1 = p((Gir, Bis1), (Gis1, Bis1)). (85)
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On the other hand, when ay = &(p;), 51 = B(ﬁi), ag = a(p; + 0;), B2 = B(pi + i), we deduce from
the definition of &(-) and S(-) that for t = t; + 1,...,¢ + I;, we have
G = Di = (a1 = Bapr) = Api) + e — (&(pi) — BB)p:) = e, (86)
and for t =¢;, +I; +1,...,t; + 21;, it holds that
Ge = Dy — (a2 — Bope) = ABi + 6:) + e — (i + 8) — B(Bi + 6:) (b + 81)) = ex. (87)
This shows that when the parameters are (&(p;), B(ﬁl)) and (&(p; + 6;), B(pi + 8;)), problem (81)
is reduced to bridging problem B2. This gives us
i1 (&(D:), B(5)) = p((&(pi), B(B1)), (&(pi + ), B(pi + 7)) (88)
The two results (85) and (88) will enable us to compare the optimal solutions of the data-driven
optimization problem DD and bridging problem B2 through one optimization problem (81).
In Lemma A6, letting £ = (2I¢)_%(log 21})% in (78), we obtain
]P’{ |6(P:) = Qir[” + 1B(Bi) — B[P + |&(Bi + 6) — Qi1 [* + BB + 6:) — By (89)

1

< Ks3 <Ii_2 +(21,) "% (log 2;) + (21;) " (log 210) }

> 1- 3
2 T
This implies

P{16(51) — Gos1] < (3K53)3 (21) 75 (l0g21)%, |3(5) — Bia| < (3Ksa)> (21) 7 H(log20)3,  (90)
G(Pi +81) — ] < (3K50)? (20) 7H (log 200)7, |8(pi + 6i) — B | < (3Kza)® (21) 7% (log 21) |

> 1-

Sl oo

For convenience, we define the event As by

1

(log2I;)2, (91)

S

A 11 1oy o 1o
As = {w t|a(pi) — Qi < (3Ks3)2(21;) "4 (log 214) 2, [B(pi) — Bita| < (3Ks3)2 (21;)
605 +6) = G| < (3Ksa)3 (20)~H (log 21)3, |B(pi +8) — Bia| < (3Ksa) (20:) 7 (log21,) }.
Then by (91) one has

P(A3) < (92)

oo

When (1 > 0, similar to Remark 2 and Lemma A2, one can verify that H; (-, -, -, ) of (80) is

unimodal in p thus its optimal solution is well-defined. Define

i* = max { log,, %}0, min {Z ‘ (3Ks53)2(21;) "1 (log 2I)2 < 1]’)%171)1 B(p)}}, (93)
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where we need ¢* to be no less than log, 57 to ensure that (2[07% (log 2Ii)% is decreasing on ¢ > i*.
When i > i*, it follows that 8;11 > 0 on As;, 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 (85), (88) and (83). From equations (82),
(86), and (87), we conclude

it (e&(ﬁi)—ﬁ(ﬁi)ﬁm) _ y(ed(ﬁi)_é(ﬁi)ﬁwrl, (&(p7), B(ﬁi)), (&(pi + 62), B(p: + 5))),
and it follows from the DDA policy that
Uit11 = y(ed”ﬁ&*lﬁ”l, (@it Biv1), Qi1 Bi—i—l))-
Then, similar analysis as that in the proof of (83) can be used to prove (84). O

To prepare for the convergence proof of order-up-to levels in Theorem 1, we need another
result. Recall that y(ea—ﬂp) and ;1 (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’{ ‘@(6&(@)—5(@)17) — Yit1 (e&(ﬁi)—ﬁv(ﬁi)l’)‘ > Kssé} < 9p—4iE?

Proof. For p € P, the optimal solution for bridging problem B1 is the same as (46), @(e&(ﬁi)_B(ﬁi)p).
Thus

(5 —B(p (5 —B(p b
7 (ea(pi)—ﬁ(m)p) — MPi)=B(Pi)p p—1 <b - h> ] (94)

For given p € P, we follow (49) to define g’ (ed(ﬁi)_ﬁ (ﬁi)p) as the unconstrained optimal order-up-

to level for problem B2 on R, then it can be verified that

ti+21;
NN AN 1 b
U a(p:)—BP)p\ — & (B:)—BBIP 1; € . € €
yi+1<€ P pp)—e P ppmln{eﬂ. 2Iit§+1ﬂ{€t<eﬂ}>b+h}, (95)

and, similar to (50), we have
Yit1 (ed(ﬁi)_'é(ﬁi)p) — min {max {gy_’_l(e&(ﬁi)_é(ﬁi)p)’ yl} yh} ‘

It is seen that
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Now, for any z > 0, we have

P {F<g;l+1 (ed(ﬁi)*é(ﬁi)ﬁwrl) e*(d(ﬁi)*ﬁu(ﬁi)ﬁiﬂ) -3 —’Ii - < —Z} (97)
- P {g;{i_l (ed(ﬁi)—é(ﬁi)ﬁwﬂ) 6_(&(ﬁi)_5(ﬁi)ﬁi+l) < F! (b-ﬁ - z)}

IN
=
—N—

[\
B[~
=+ ~+
Ie
+ =
o 5
=
—
a
&
IN
|
—
N
S
+
>
|
N————

where the first inequality follows from (95). Since E []l {e“ <Fr! (L - z) }] = 2 we
apply Hoeftfding inequality to obtain

1 & b b
P¢— 1{et <F 1 — — I L B P (Eo
{ﬂi 2 {e . <b+h Z)} (b+h z)‘z}‘e
t=t;+1
Combining this with (94) and (97), we obtain

P { P <@z~“+1 (caP-F@20n) e—(d(m)—é(ﬁi)mH)) _r <y G e—(c“«(m)—é(ﬁoml)) < _Z}

< 6—411-22'

(98)

Similarly, we have

P {F <g;¢+1 (e&(ﬁi)_é(ﬁi)ﬁi-‘rl) e_(&(ﬁi)_é(ﬁi)ﬁi-‘rl)) _F <y (ed(ﬁi)—/é(ﬁi)ﬁi-s-l) e—(&(ﬁi)—g(ﬁi)ﬁi+1)> > Z}

< 6_4Iiz2.

(99)

From regularity condition (v), the probability density function f(-) of e satisfies r = min{ f(x),z €
[[,u]} > 0. From calculus, it is known that, 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 (98) and (99), for any & > 0, we obtain

C

v
)

vV
=
/—/_\/—;H/—/‘\

' P (Zm | (e800-H00000) e—(d(m)—é(pi)ﬁiﬂ)) _F (y (ca0-Apomen e—(&(ﬁi)—é(ﬁi)ml)) ‘ > 5}

]

7 (ea<m>—é<m>m+l) e~ (@B =B@E)pi1) _ (ea<m)—é(m>m+1) o~ (60 —=B(Bi)pit1)

~U
Yiv1

(ed@i)fé(ﬁi)ml) _g (ea(ﬁi)—émﬁm) ‘ > Leat)-BGopin g}'
r

50



Let K58 = maxp,epp,, eP %e&(ﬁi)*fé(ﬁi)ﬁ”l, then Ksg > 0. We have

i

and Lemma A8 follows from the inequality above and (96).

gz?l+1 (ed(ﬁi)—ﬁ(ﬁi)ﬁi+1> —y (ed(ﬁi)—é(ﬁi)ﬁi+1) ‘ > KBSf} < 26_4]i£2,

o1



