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Abstract

This dissertation investigates the tactical dynamic pricing decisions in industries where sellers
sell multiple types of capacity-constrained products/services to their customers. Motivated
by operational frictions posed by business considerations, I develop dynamic pricing heuris-
tics that have both provably good revenue performance and nice features which can address
these operational frictions. The first essay studies how to do effective dynamic pricing with-
out too many price changes. In practice, many sellers have concerns about dynamic pricing
due to the computational complexity of frequent re-optimizations, the negative perception
of excessive price adjustments, and the lack of flexibility caused by existing business con-
straints. To address these concerns, I develop a pricing heuristic which is computationally
easy to implement and only needs to adjust a small number of prices and do so infrequently to
guarantee a strong revenue performance. In addition, when not all products are equally ad-
missible to price adjustment, my heuristic can replace the price adjustment of some products
by their similar products and maintain an equivalent revenue performance. These features
allow the sellers to achieve most of the benefit of dynamic pricing with much fewer price
changes and provide extra flexibility to manage prices. While the first essay assumes that
the sellers know the underlying demand function, this information is sometimes unavailable
to the sellers in practice. The second and the third essays study how to jointly learn the
demand and dynamically price the products to minimize revenue loss compared to a stan-
dard revenue upper bound in the literature. The second essay addresses the parametric case
where the seller knows the functional form of the demand but not the parameters; the third
essay addresses the nonparametric case where the seller does not even know the functional
form of the demand. There is a considerable gap between the revenue loss lower bound
under any pricing policy and the performance bound of the best known heuristic in the lit-
erature. To close the gap, in my second essay, I propose a heuristic that exactly match the
lower bound for the parametric case, and show that under a demand separation condition,
a much sharper revenue loss bound can be obtained; in my third essay, I propose a heuristic
whose performance is arbitrarily close to the lower bound for the nonparametric case. All
the proposed heuristics are computationally very efficient and can be used as a baseline for

developing more sophisticated heuristics for large-scale problems.
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Chapter 1 Introduction

Revenue Management practice has become a crucial component in firms’ operations in many
industries such as airlines, hospitality, fashion and ground transportation. In these industries,
sellers sell multiple types of capacity-constrained products/services to their customers during
a finite selling season. Often times, the capacity is fixed during the selling season, unused
capacity has little salvage value, and the customer demand is uncertain. In such scenarios
where the sellers need to match fixed supply with uncertain demand, dynamic pricing is
very useful: by adjusting the prices, the sellers can effectively influence how fast the demand
arrives over time during the selling season to better match supply with demand.

Although the idea of dynamic pricing is straightforward, implementing it effectively is
not an easy task. Indeed, for large-scale real-world applications where the sellers need to sell
many different types of products which may share common capacity constrained resources,
finding the optimal dynamic pricing policy is computationally untractable. Moreover, despite
the potential benefit of dynamic pricing, in practice some sellers still adopt a static pricing
policy due to the following operational frictions: (1) business considerations and constraints
may disallow too many price changes; (2) a dynamic pricing policy may be less useful than
a more static one when demand function is not perfectly estimated. Motivated by these
concerns of using dynamic pricing, in my dissertation, I develop effective dynamic pricing
heuristics to address these operational frictions.

The first essay studies how to do effective dynamic pricing without too many price
changes. In practice, many business considerations can make excessive price adjustment
undesirable or infeasible. For one thing, a seller may be unwilling to adjust prices too fre-
quently because excessive price adjustment may leave customers with negative perceptions
of the seller and affect long-term profitability. For another, a seller may not even be able
to adjust the prices for some of the product/services he offers due to contractual agreement
with certain segments of his customers. In this essay, I develop a family of pricing heuristics
called Linear Price Correction (LPC) to address how a seller should dynamically price his
products/services with price change restrictions. LPC is computationally easy to implement;
it requires only a single optimization at the beginning of the selling season and automatically

adjusts the prices over time, taking into account the restrictions on when and what price



can be adjusted. Moreover, under LPC, to guarantee a strong revenue performance, it is
sufficient to adjust the prices of a small number of products and do so infrequently. This
property helps the seller focus his effort on the prices of the most important products instead
of all products. In addition, in the case where not all products are equally admissible to
price adjustment due to existing business constraints, LPC can immediately substitute the
price adjustment of the original products with the price adjustment of similar products and
maintain an equivalent revenue performance. This property provides the seller with extra
flexibility in managing his prices.

The remainder of my dissertation addresses how to do effective dynamic pricing when
the underlying demand function is unknown and needs to be estimated. Since sellers may
have different levels of knowledge of the underlying demand function, I consider two cases
separately in my second and third essays. The second essay addresses the parametric case
where the seller knows the functional form of the underlying demand function but not the
exact parameters; the third essay addresses the nonparametric case where the seller does
not even know the functional form of the demand function. In both cases, the seller needs
to jointly learn the demand and dynamically price the products/services. Developing effec-
tive pricing policy is hard since the seller has to deal with the tension between learning the
demand function (exploration) and using an effective dynamic pricing policy based on the
estimated demand function (exploitation). Following the convention, my goal is to find pric-
ing heuristics that minimize sellers’ expected revenue loss compared to a standard revenue
upper bound in the literature. The lower bound of the revenue loss of any pricing policy
under either case is well-known in the literature, but there is a considerable gap between
this lower bound and the performance bound of the best known heuristic in the literature.
To close the gap, I develop several self-adjusting heuristics with strong performance bounds.

In my second essay, I develop a heuristic called Parametric Self-adjusting Control (PSC)
which combines maximum likelihood estimation and a self-adjusting pricing scheme. I show
that the revenue loss under PSC exactly matches the revenue loss lower bound. In addition,
I show that if the parametric demand function family further satisfies a separation condi-
tion, the seller can learn the demand function much faster due to a property which I call
passive learning. To tap into this nice property, I develop another heuristic called Accelerated
Parametric Self-adjusting Control (APSC), which combines a doubling re-estimation scheme
with a self-adjusting pricing scheme. I show that this heuristic can attain a much sharper
revenue loss bound when the separation condition holds.

In my third essay, I propose a heuristic called Non-parametric Self-adjusting Control
(NSC) which combines spline estimation, functional approximations and a self-adjusting

pricing scheme for the nonparametric case. I show that as long as the underlying demand



function is sufficiently smooth, the revenue loss of NSC can be arbitrarily close to the revenue
loss lower bound. My results suggest that in terms of performance, the nonparametric
approach can be as robust as the parametric approach, at least asymptotically. All the
proposed heuristics are computationally very efficient and can be used as a baseline for

developing more sophisticated heuristics for large-scale problems.



Chapter 2 Pricing with Minimal and
Flexible Price Adjustment

2.1 Abstract

[ study a standard dynamic pricing problem where the seller (a monopolist) possesses a finite
amount of inventories and attempts to sell the products during a finite selling season. Despite
the potential benefits of dynamic pricing, many sellers still adopt a static pricing policy due to
(1) the complexity of frequent re-optimizations, (2) the negative perception of excessive price
adjustments, and (3) the lack of flexibility caused by existing business constraints. In this
essay, | develop a family of pricing heuristics that can be used to address all these challenges.
My heuristic is computationally easy to implement; it requires only a single optimization at
the beginning of the selling season and automatically adjusts the prices over time. Moreover,
to guarantee a strong revenue performance, the heuristic only needs to adjust the prices of
a small number of products and do so infrequently. This property helps the seller focus his
effort on the prices of the most important products instead of all products. In addition, in
the case where not all products are equally admissible to price adjustment (due to existing
business constraints such as contractual agreement, strategic product positioning, etc.), my
heuristic can immediately substitute the price adjustment of the original products with the
price adjustment of similar products and maintain an equivalent revenue performance. This

property provides the seller with extra flexibility in managing his prices.

2.2 Introduction

Nowadays, Revenue Management (RM) practice has become very prevalent in many in-
dustries such as airlines, hospitality, fashion, ground transportation, and many others. (See
Talluri and van Ryzin (2005, chap.10) for more examples.) In a typical RM setting, the seller
possesses a finite amount of inventories and attempts to maximize his revenue by selling a
collection of products during a finite selling season. Often times, replenishment of inventory

is not viable during the selling season and the leftovers have little salvage value (e.g., empty



hotel rooms). There are two types of RM commonly found in practice: quantity-based RM
and price-based RM. In the first category, prices are fixed over the selling season and the
focus is on making a dynamic resource allocation. As for the second category, prices become
the key decision variables and the seller adjusts his prices as often as he wishes and sells
all products until stock-out. Although the two types of RM are not mutually exclusive,
market context and the seller’s value proposition may dictate which of the two is more ap-
propriate. In this dissertation I am primarily interested in price-based RM. (For a review of
quantity-based RM, see Talluri and van Ryzin (2005, chap.2).)

Pricing is, without doubt, one of the most important decisions that affect the seller’s
profitability. According to a study by McKinsey & Company, “Pricing right is the fastest
and most effective way for managers to increase profits” (Marn et al. 2003). The study
argues that a 1% price increase in a typical S&P 1500 company would generate an 8%
increase in operating profit, an impact which is almost 50% greater than that of a 1%
reduction in variable cost and more than three times greater than that of a 1% increase
in volume. Perhaps more strikingly, an annual report of the operating profit for airlines
and rental car companies in the US during 2009 reveals that a 1% increase in average price
improved total operating profit by up to 67% and 30%, respectively (Sen 2013). (Although
a 67% improvement in profit is arguably rather unusual, a moderate 8% — 25% increase via
dynamic pricing is not uncommon (Sahay 2007).) And yet, despite its apparent benefit,
dynamic pricing still poses several serious challenges. First, the complezrity of the required
large-scale optimization leads to prohibitive computational burden. To illustrate, a typical
major US airline operates thousands of flights daily and posts fares several months into
the future. Accounting for the number of different booking classes per flight, this can easily
translate into daily pricing decisions for millions of itineraries. Hotel industry is no exception.
Koushik et al. (2012) reports that a single run of price optimization at the InterContinental
Hotels Group (excluding the estimation time) takes about four hours to complete. Similarly,
Pekgun et al. (2013) also reveals that it takes about six hours for the Carlson Rezidor Hotel
Group to complete its price optimization once. Given the increased competition in many
industries where the prices of some products are now being adjusted even hourly (Rigby et al.
2012), this begs the question whether there exists a scalable pricing heuristic which can be
easily implemented in real-time.

Second, dynamic pricing typically involves frequent price adjustments of many products,
which may not be desirable for the firms. For one thing, even when full-scale dynamic
pricing tools are readily available, the seller may want to intentionally avoid excessive price
adjustments due to brand positioning and customer relationship considerations. Widely

accepted as it is in the airline industry, dynamic pricing suffers a considerable setback in



some other industries due to negative customers’ perception. For example, in hotel industry,
the most common criticism of dynamic pricing is that it treats customers unequally and
unfairly (Ramasastry 2005), and lab experiments confirm the unfairness perception of price
discrimination (Haws and Bearden 2006). Aside from the customers’ perception issue, fre-
quent price adjustments of many products may also not be feasible due to existing business
constraints, i.e., the seller may not have the flexibility to adjust the prices of some products
because of existing regulations and contractual agreement. For example, hotels often face
customers from the so-called negotiated segment and provide fized corporate rates for large
travel buyers such as IBM and HP (Koushik et al. 2012). Thus, hotels are practically forced
to provide a fixed price that cannot be adjusted over time to the negotiated segment while
at the same time are free to dynamically adjust the prices for other customer segments. This
situation is not unique to hotel industry alone. The practice of selective dynamic pricing,
which combines dynamic pricing of some products with fixed pricing of other products, is
not uncommon and can be found in many industries (e.g., with the exception of Sears, Ama-
zon.com, and Kmart, most retailers only change their prices daily on less than 10% of their
assortments (Rigby et al. 2012)). And yet, despite its common practice, I am not aware of
any work in the academic literature that rigorously analyzes the feasibility and effectiveness
of such approach.

The preceding discussions lead to several important research questions: (1) Can we con-
struct a pricing heuristic that is easy to implement and does not require frequent price
adjustments? (2) Can we adjust the price of only a small number of products in order to
mitigate customers’ negative perception while at the same time maintaining a decent rev-
enue performance? If such minimal price adjustment is possible, (3) how should we pick the
set of products whose prices are to be updated? Is there a simple rule that can be used
as a guidance? Moreover, in the case where the seller’s business constraints disallow him
to dynamically adjust the prices of some products, (4) can he still maintain an equivalent
revenue performance by dynamically adjusting the price of other products? If yes, which
other products should be used? In this essay I address all these questions. In particular, I
will construct a family of real-time heuristics which, depending on the firm’s need, can be

used to address any of the aforementioned issues.

Static price control and re-optimization. There is a rich operations management
(OM) literature on dynamic pricing. (For overviews, see Bitran and Caldentey (2003) and
Elmaghraby and Keskinocak (2003).) In the RM context, motivated by the well-known curse
of dimensionality of Dynamic Program (DP), many existing works have focused on the con-
struction of easy-to-use heuristics. There are two popular approaches that can be found in the

literature. The first is based on the so-called Approximate Dynamic Programming (ADP).



Some works along this line are Erdelyi and Topaloglu (2011) and Kunnumkal and Topaloglu
(2010). The second approach, which is closer to my work in this essay, is based on solv-
ing a deterministic analog of the original stochastic problem. One of the seminal works on
this approach is Gallego and van Ryzin (1997). The trade-off between the two approaches
is obvious. On the one hand, the sophisticated ADP requires more computational power
than the deterministic approach. On the other hand, while the former yields an “adaptive”
price sequence, which depends on sales realization, the latter only results in a determin-
istic (static) price. The good news is that static price control is asymptotically optimal
(Gallego and van Ryzin 1997). This may partly explain its decent performance, hence its
wide adoption, in many industries. Yet, a considerable amount of revenue is still lost. As
noted earlier, the main drawback of static pricing is that it completely ignores the observed
demand realizations and the remaining inventory levels. One potential way of utilizing
this progressively revealed information is to periodically re-optimize the aforementioned de-
terministic optimization. The impact of re-optimization in quantity-based RM has been
extensively studied in the literature (e.g., see Chen and de Mello (2010), Reiman and Wang
(2008), Secomandi (2008), Ciocan and Farias (2012), Jasin and Kumar (2012, 2013)). As for
price-based RM, Maglaras and Meissner (2006) is the first to show that re-optimizing static
price control guarantees at least the same asymptotic performance as static price without
re-optimization. Thus, although re-optimization does not necessarily result in a monoton-
ically increasing revenue, it cannot severely degrade revenue either. This is in contrast to
the potentially negative impact of re-optimization in quantity-based RM (Jasin and Kumar
2013). Chen and Farias (2013) analyze the impact of re-optimization in the presence of im-
perfect forecast for a single product RM. They show that a combination of re-optimization
and re-estimation yields a significant improvement in revenue. The paper that is perhaps
closest to ours is Jasin (2014). The author provides a tighter bound for the expected revenue
loss of the re-optimized static price control studied in Maglaras and Meissner (2006). This
confirms the theoretical benefit of re-optimization for a very general class of multi-product
and multi-resource RM. In addition, the author also proposes a simple pricing heuristic that
can be implemented in real-time. (See Section 2.5 for further discussions on this.) A parallel
but independent work by Atar and Reiman (2012) studies a continuous time version of the
same problem and shows that the problem can be reduced to a diffusion control problem
whose optimal solution is a Brownian bridge. The Brownian bridge structure motivates them
to develop a diffusion-scale dynamic pricing heuristic that has similar error correction terms
as the simple heuristic developed in Jasin (2014).

Although re-optimization is intuitively appealing and enjoys a good theoretical guarantee,

unfortunately, it is not always practically feasible. As previously discussed, even a single



optimization of a large-scale real problem instance can take hours to complete (Pekgun et al.
2013). This obviously serves as a bottleneck for the number of re-optimizations that can
be implemented in one day. A recent work by Golrezaei et al. (2014) in the context of
assortment optimization also highlights the same issue. The problem being re-optimized in
their setting is a linear program, which is considered by many as one of the most tractable
family of optimization problems. And yet, their simulation shows that the running time of
frequent re-optimizations can be 800 times larger than that of a single optimization. While
the resulting time-lag due to re-optimization may not be too detrimental for brick-and-mortar
stores who update their prices less frequently, it is clearly less feasible for online retailers
with more frequent price adjustments. In such settings, any proposed control must ideally

be implementable in real-time without unnecessarily invoking large-scale re-optimization.

The proposed heuristic. In this essay, I introduce a new family of dynamic pricing heuris-
tics, which I call Linear Price Correction (LPC). LPC only requires a single deterministic
optimization at the beginning of the selling season and can be implemented in real-time. In
addition, LPC only needs to adjust the price of a small number of products, admits a general
asynchronous update schedule, and allows update substitution among “similar” products.
Needless to say, it is also possible to couple LPC with occasional re-optimizations to further
improve its performance. All these properties taken together allow the seller to enjoy the
benefit of dynamic pricing while at the same time reducing the computational burden of
re-optimization and mitigating the negative effect of frequent price changes on customers’
perception.

The remainder of the essay is organized as follows. Section 2.3 describes the problem
setting and the asymptotic approach I take to analyze the performance of any dynamic
pricing heuristic. The proposed heuristic LPC is formally introduced in Section 2.4 where I
also discuss its minimal and asynchronous price adjustment properties which allow LPC to
achieve good performance by adjusting the prices of only a small number of products and do
so infrequently. In Section 2.5, I show the flexibility of LPC in choosing the prices of which
products to adjust by demonstrating how to achieve equivalent revenue performances by
adjusting prices of different sets of products that are “equivalent”. Section 2.6 uses numerical
experiments to show the strong performance of LPC and its modifications, and to illustrate
the managerial insights drawn from previous sections. Finally, Section 2.7 concludes. The

proofs of all my results are deferred to Appendix A.1.



2.3 Problem Formulation

Consider a multi-period and multi-product pricing problem where the seller sells a catalog
of n products (indexed by j), each of which is made up of a combination of m types of
resources (indexed by i) whose initial inventory levels are given by C' € R™. As is usually
the case, the number of products is much larger than the number of resources. Denote by
A = [A;;] the consumption matriz, whose element A;; indicates the amount of resource ¢
required by one unit of product j. Without loss of generality, I assume that the rows of
A are linearly independent. The selling season is finite and divided into 7" periods. At the
beginning of period ¢, the seller posts the price p; = (pt ;). The price then induces a demand
Di(pt) = (D¢ ;(pe)) with rate A(p;) = E[D:(p;)]. As is common in the literature, I allow at
most one customer arrival per period. Hence, the function A(p;) can also be interpreted as
the arrival probability in period ¢. Let r(p;) := p}, A(p;) denote the revenue rate in period
t, where p, indicates the transpose of p;. Let Q, and 2, denote the convex set of feasible

prices and demand rates, respectively. I make the following assumptions:

(A1) The demand function A(p;) : ©, — €2, is invertible, twice differentiable, monotonically

decreasing in its individual argument, and bounded from above by A.

(A2) The revenue function r(p;) = p, Mpi) = A, p(Ar) = r4(A) is continuous, strictly jointly

concave in ), and bounded from above by 7.

(A3) For each product j, there exists a turn-off price p2° such that if {p*} is any price
sequence satisfying pf — p3°, then I have \; (p*) — 0.

(A4) The absolute eigenvalues of V2\;(p;) and V?r(p;) are bounded from above by v.

Assumptions (A1) - (A3) are similar to the standard regularity conditions in the liter-
ature (Gallego and van Ryzin 1997). (Al) is a mild assumption to ensure basic analytical
properties of the demand rate. (A2) follows from the invertibility assumption in (A1) and
is needed to guarantee that the function r(.) has a unique, bounded optimizer. The revenue
functions under a vast class of demand models such as linear and logit demand satisfy these
assumptions. As for (A3), the existence of turn-off prices allows a seller to effectively shut
down the demand for any product whenever desirable. (A4) is easily satisfied in general,

especially for compact €,. The constants A, 7 and ¥ are independent of ¢.



The RM pricing problem. The optimal stochastic pricing problem can be written as:

T
(SPP): JSt¢ — max B > Di(py)
t=1

welly

<,

> ) Dt(p?)] st. A

t=1

where 11, is the set of all non-anticipating pricing policies and the constraints must hold
almost surely. Alternatively, by the invertibility of demand function, I can also use {\;} as
the decision variables and replace p; and Dy(p;) with p;(\;) and D;()\;) respectively. I then
replace the random variables in SPP by their mean and obtain a more tractable deterministic

formulation below.

T T
(DPP): JP = max Y r(\) st. Y AN <C o and A €Qy, Vi
t=1

t=1

Let {\P} denote the unique optimal solution to DPP. Correspondingly, I define pP :=
p(AP). Since demand is time-homogeneous, it can be shown that AP = AP := AP and
pP = pP := p? for all t. This explains the name static pricing. For analytical tractability, I

will assume that AP lies in the interior of Q. I formally state this assumption below.
(A5) There exist strictly positive constants ¢, and ¢y such that (AP —¢re, AP +ppe] C Q.

Assumption (Ab) essentially says that all products matter. It implies the optimal de-
terministic price is neither so low that it induces too many requests nor so high that it
completely shuts down the demand of some products. As a practical rule of thumb, if some
products are not profitable (i.e. )\]D = 0 for some j), they can be discarded from the catalog
and one can re-run the optimization. This helps the seller to focus on the products that

matter. Hence, (Ab) is not restrictive at all.

Performance measure and asymptotic regime. Ideally, one would like to define revenue
loss of any control 7 as the difference between the revenue earned under the optimal pricing
policy and the revenue earned under the control. Since the former is not easy to compute, I
resort to using an upper bound as an approximation. It is known that J5%¢ < jP¢. (This is
a standard result in the literature and is an immediate consequence of Jensen’s inequality. I
omit its proof.) Let R, denote total revenue earned under heuristic 7 throughout the selling
season. The expected revenue loss of heuristic 7 is then defined as: RL, = JP — E[R,].
Following Gallego and van Ryzin (1997), in this essay I consider a sequence of increasing
problems parameterized by § > 0. To be precise, in the 0" problem, I scale both the
length of selling season and the initial inventory levels by a factor of 6 while keeping all the

other parameters unchanged. Let T'(f) and C'(0) denote the length of the selling season and
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initial inventory levels in the §" problem, respectively. Then T'(f) = T and C(0) = 6C.
One may interpret the parameter 6 as the scale, or relative size, of the problem. (If C' is
normalized to 1, then 6 has an immediate interpretation as the size of initial inventory levels.
Alternatively, if T' is normalized to 1, the scale 6 can be interpreted as the size of potential
demands.) Notationwise, I will simply attach () as a reference to the §" problem. Observe

that the optimal solution of the scaled deterministic problem is the same as the optimal
solution of the unscaled one (i.e., AP(0) = AP and pP(0) = p?), so I have JP(0) = 0.JP.

2.4 Minimal and Asynchronous Price Adjustments

In this section, I will develop a pricing heuristic that adjusts the prices of only a small number
of products and admits a general asynchronous update schedule. I show that my heuristic
guarantees a strong asymptotic performance despite the fact that it only adjusts the prices
of a small number of products. This has an obvious managerial significance. For example,
at Chicago O’Hare airport, United Airlines operates more than forty routes to and from the
North East and another thirty or so routes to and from the West Coast and the Mountain
Area (see www.united.com). Assuming one fare class per flight, the company needs to price
approximately 40 x 30 = 1,200 itineraries from the North East to the West Coast and the
Mountain Area that make one stop at O’Hare airport. My result suggests that United only
needs to dynamically price 40 4+ 30 = 70 itineraries instead of 1,200. Moreover, the price of
these 70 itineraries can be adjusted asynchronously instead of simultaneously.

To introduce my heuristic, I start with a notion of a base. (This is the set of products
whose prices are to be adjusted under the heuristic. I will allow more adjustable prices in
Section 2.5.) A subset of products B is said to be a base if (1) it contains exactly m products
and (2) the products in B span the resource space, meaning the columns of matrix AV (p?)
that correspond to the products in B (by the same index) span the whole R™. Note that,
since the rows of A are linearly independent and VA(pP) is invertible, the rank of AVA(p?)
is m. So, there always exists at least one base. Let H be a real n by m matrix satisfying
AH = I, where [ is an m by m identity matrix. I call H a projection matrix and say
that a projection matrix H selects the base B if the rows of Vp(AP)H (by the same index)
that correspond to the products not in B are all zero vectors. As will be evident shortly, a
proper choice of matrix H is important to ensure that only the prices of the base products
are dynamically adjusted while the prices of the non-base products are never changed. The

following lemma establishes the existence of a projection matrix for any given base.

Lemma 2.4.1 For any base B, there exists a unique projection matrix H that selects it.
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The heuristic. Fix a base B and assume without loss of generality that B = {1,...,m}.
For each j € B, define v; = {t{ : 1 <1< K} to be the updating schedule for product j. (An
updating schedule can be viewed as a business constraint that prescribes when the price of
a given product is adjustable.) In particular, the I"* updating time is denoted by t{ and the
number of updates is K;. For convenience, I will write t) =1 and t]kj q=T+1. Let k=
max {k 1, < t} denote the number of price updates for product j by time ¢t. This setting is
very general: [ allow the price of each product in the base to be updated asynchronously (i.e.,
independently of the other products in the base). Let H be a projection matrix that selects 5.
For any set A C {1,...,n}, let B4 denote an n by n diagonal matrix with B! =1 ifi € A
and 0 otherwise. (This matrix helps select a set of rows of another matrix when it is left-
multiplied, e.g., B/Vp(AP)H is a matrix whose j** row is the same as the j* row of Vp(A\P)H
and all its other rows are zeros.) Define A(p;) := Di(pr) — E[Di(p)] = Di(pe) — A(pe) and
A{ = Zti*l As(ps), L =1,..., K;+1. The term A;(p;) can be interpreted as demand error

s=t
during periold lt and the term A{ can be interpreted as cumulative demand errors between
two subsequent updating times for product j. (For brevity, whenever there is no confusion,
[ will often suppress notational dependency on p; and simply write A;, D;, and A;.) Let Cy
denote the remaining inventory levels at the end of period ¢. The definition of my heuristic

is given below.

Linear Price Correction (LPC)

1. During period 1, set p; = p” ..

2. At the beginning of period ¢t > 1, do:

K .

<3 SAA)
a. First compute p, = p” — FEINp\PYH S
pute p; = p ; p(A7) ;T_t?+1

b. Set the price according to the following rule:
(1) If Cy—q > A7 for all j, and ps € Q, for all s < ¢, set pr; = prj;

(2) Otherwise, set p;; = p3°.

The idea behind LPC is to use static price p” as baseline prices and apply real-time
adjustment to only the prices of m products in the chosen base. The proposed adjustment
has an intuitive interpretation: If past demand realization is higher than expected (i.e., the
term A’s are positive), then LPC immediately increases future prices; if, on the other hand,
past demand realization is lower than expected, then LPC immediately decreases future
prices. To see that the given update formula only adjusts prices of base products, define
gle; == B/ Vp(A\P)HAA] and &le; = E/ Vp(A\P)HAA,, where e; is a vector with proper
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size whose j element equals one and any of its other elements equals zero. Note that I can

write p; as:

r . [ D k&

Dt by I=1 Tt 41
5 D R T
Dt,m Pm = D1t T—tm+1

D D

pt,m+1 perl
D D
pt,n | | pn |

Obviously, only the prices of the first m products are adjusted. Moreover, for each j € B,
if the current period ¢ is such that t{q <t< t‘lj for some [, then p; ; = p;—1 ;. So, the price of
product j € B in the periods between two subsequent updating times does not change. To
help the reader better understand the mechanism of this pricing heuristic, I give an example

below.

ExAaMPLE 1. Consider a network RM with 3 products and 2 resources. Without loss of
generality, I assume that B = {1, 2} is a base. Suppose that 3 = {2,5,...} and 75 = {4,5, ...}
(i.e., I want to adjust the price of product 1 in periods 2, 5, etc. and the price of product 2

in periods 4, 5, etc.). Assuming no stock-out, the price formula for the first five periods, are

given by:

r 7 [, D ] i T D & i T oD &
P11 Py P21 Py o1 P3a Py 1
P12 | = pgD ) D22 | = pé’ ) P32 | = P? )

| P1,3 L p:? i | D23 | | PgD i | P3,3 | PgD i

— —_ — 1 - _ - r D 51 £1+£1+£1 =
D1 PP — 7 D51 pr — (Til + 5 4)

2+ 2+ 2 2 2 2 2

Pa2 | = P? - §1T5_33§3 , and ps2 | = | p¥ — (% + %)

| P43 L Py i | P53 p?

General performance bound. I will now discuss the performance of LPC. I first provide
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a general bound that can be applied to arbitrary updating schedule and then I discuss its
implication for several specific schedules. For the sake of generality, I will allow the choice
of updating schedule to also depend on 6, i.e., v;(8) = {t/(§) : 1 <1< K;(#)}, j € B. Let
Ry, (0) denote the total revenue earned under LPC with projection matrix H and updating
schedules 5 := {7;(6)};es. Let ||.||2 denote the usual spectral norm of a matrix, i.e., || X|[3

equals the maximum eigenvalue of X’X. I state my result below.

Theorem 2.4.1 There exist positive constants ¥ and ¥ independent of @ > 1, the projection
matriz H that selects B, and the choice of updating schedules {v;(0)}jen such that

T(6)-1

JPN0) —E[Ruqps(0)] < U+ T > mm{1,va(AD)HA||§ U{(T(@),t)}
jeB  t=1
T(6)—1 ‘
+ Y Y win {1, [[VeOP) HA||, U(T(0).0)}
jeB =1

where the terms Ul(T,t) and UJ(T,t) are defined as

t—t 41 k! i t K J_ 4
+ L 1 t—t

kI . -1

Y Ak = R /110 SR ol S Ry S H
Y . 2 ACH) — : 2

(T-1) = (T -4 +1) TS S (= )

Ul(T,t) =

I want to stress: The above bound is very general. It characterizes the performance
of LPC for any given base and any given updating schedule!, either synchronous or asyn-
chronous. (The implications of Theorem 2.4.1 for specific schedules will be discussed below.)
Note that the bound is separable over the products in the base. This suggests that the
seller cannot compensate the lack of updating of one product in the base by applying more
frequent updates to the remaining product(s) in the base. If there exist multiple feasible
bases, the bound in Theorem 2.4.1 suggests that I use the base B and the corresponding
projection matrix H that minimizes ||[Vp(A”)H A||y. Although, in general, it is not possible
to explicitly characterize the “optimal” base products chosen by this selection rule, it turns
out that I can provide a very intuitive characterization of the “optimal” base product for

the case of single-resource RM.

n the setting of quantity-based RM, Jasin and Kumar (2012) also provide a bound for revenue loss
which depends on a general choice of updating schedule. However, they assume that the admission control
for all products must be simultaneously updated at the same time. In contrast, LPC allows each product
to have its own updating schedule. This level of generality, together with the non-linearity of the objective
function and capacity constraints, introduces non-trivial analytical subtleties which do not previously exist
in the analysis of Jasin and Kumar (2012).
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Lemma 2.4.2 Suppose that m = 1. Among all projection matrices that select a base, the
projection matriz H* that achieves the smallest ||Vp(AP)H Al|y selects the base that consists
of product j* = argmax;_; , ‘(AV)\(pD))j|.

The intuition of the above lemma is most easily explained if one considers a special
case of single-resource RM with A = [1,...,1] and separable demands (i.e., A\;j(p) only
depends on p;). In this setting, AVA(p”) becomes a row vector whose § element equals
the demand sensitivity of product j with respect to its own price, A’ (pf’ ). Thus, under LPC,
the optimal projection matrix selects the most price-sensitive product into the base. This can
be intuitively explained as follows: Among all products, product j* needs the smallest price
perturbation to correct the same demand error. Since I am using the deterministic model as
my performance benchmark, ideally, I would want to have a price trajectory that stays as
close as possible to the baseline price p”. This can be achieved by adjusting the product that
requires the smallest perturbation. As for the more general case of single-resource RM with
general demand and general capacity consumption matrix A, a similar intuition also holds:
one wants to pick the product whose price adjustment has the largest impact on capacity

consumption.

Special updating schedules. I will now apply the result of Theorem 2.4.1 to derive an
explicit performance bound for several special updating schedules that only adjust the prices
of base products and draw some managerial insights. I start with the most commonly used

update schedule where prices are being adjusted periodically according to some frequencies.

Corollary 2.4.1 (h-PERIODIC SCHEDULE) Fiz h(0) > 1 and define t](0) = t;(0) = 1 h() +
1 for all j € B. There exist positive constants W, \if, and ¥ independent of 0 > 1 and h(0) > 1
such that the expected revenue loss of LPC' is bounded by ¥ + \i/\/h(Q) + Ulog? 6.

Two comments are in order. First, if h(f) = T'(6), then the periodic schedule reduces
to static pricing and the revenue loss is O(v/). This bound is consistent with the result in
Gallego and van Ryzin (1997). If, on the other hand, h(f) = 1, the revenue loss is reduced
to O(log®#). Since LPC requires only one optimization followed by simple price updates, it
provides a significant improvement? over static pricing with negligible computational effort.
Second, although Corollary 2.4.1 assumes a synchronous schedule, it is not difficult to derive

a bound for an asynchronous periodic update schedule because the bound is separable in

2Since 6 represents the size of the problem, the percentage revenue loss under LPC is approximately
% x 100% whereas the percentage revenue loss under static pricing is about # x 100%. Numerically,
for a problem instance with initial inventory levels equal to 100, as in a typical airplane with 100 seats, my
experiments in Section 2.6 show a 2% improvement in revenue, which is quite significant for typical RM

applications.
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individual product. For example, one plausible asynchronous schedule would be to adjust the
prices of base products on weekly basis, but on different days of the week. The asymptotic
performance bound will remain the same as in Corollary 2.4.1. One caveat of periodic
schedule is that, in order to reduce the revenue loss to O (log2 0), a very frequent updates of
the prices of all base products (roughly ©(0) times) is required. But, per my discussions in
Section 2.2, this may not be practically feasible — or even if it is, it may not be strategically
desirable due to customers’ perception issue. To address this, below I propose two schedules

that still guarantee O(log? ) revenue loss albeit with much fewer price updates.

Corollary 2.4.2 (a-POWER SCHEDULE) Fiz o > 1. For all j € B, let t)(8) = to(d) = 1
and define 1(0) = t,(0) = {T(@) _ KO- sﬂ for 1 < 1 < K(6), where K(0) =

s=1

(kY8 5* < T(0), " s* > T(0)}. Then K(8) < ((a+ 1)T(0)Y D) and there exist

S

positive constants ¥ and ¥ independent of @ > 1 such that the expected revenue loss of LPC
is bounded by U + ¥ log® 6.

Corollary 2.4.3 (5-GEOMETRIC SCHEDULE) Fiz § > 1. For all j € B, let t}(6) = to(0) =
1, and for 1 > 1, iteratively define t](0) = t,(0) = [(Bfl)T(egHH(e)-‘ as long as t;-1(0) <
T(0). Let K(0) be such tfmt t;((e)(ﬁ) =T(0). Then, K(0) < 1+1logsT(0), and there exist
positive constants W and ¥ independent of 0 > 1 such that the expected revenue loss of LPC

is bounded by U + ¥ log* 6.

Corollaries 2.4.2 and 2.4.3 offer two interesting insights. First, by carefully choosing the
update times, one can use a small number of updates (only about fari updates with power
schedule and logs § updates with geometric schedule) to guarantee a (9(10g2 0) revenue loss.
Second, for both schedules, most of the updates happen near the end of the selling season.
This implies that the crucial moments for dynamic pricing is near the end of the selling
season instead of at the beginning, which suggests that the seller can perhaps apply static
price at the beginning of the season and only switch to dynamic pricing later. Needless to
say, although Corollaries 2.4.2 and 2.4.3 assume synchronous schedules, it is also possible to
use asynchronous schedules. For example, the prices of some base products can be updated
using power schedule and the prices of other base products can be updated using geometric
schedule. Again, since the bound in Theorem 2.4.1 is separable over the products in the
base, the O(log? §) bound still holds.

3My simulations show that the non-asymptotic performance of I-Power schedule is almost the same as
that of 1-Periodic schedule. This is very impressive since when # = 500, I-Power needs 44 adjustments
while I-Periodic requires 500 adjustments. For larger 6, the difference is even bigger.
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The impact of adjusting the prices of fewer, or more, than m products. Since
adjusting the price of all products may not be desirable, or even feasible, it is important to
understand the impact of restricting the number of adjustable products on revenue. Corol-
laries 2.4.1 - 2.4.3 partially answer this question by showing a surprising result that adjusting
the prices of only m products (in the base) is sufficient to guarantee a O(log” §) revenue loss.*
This is a powerful result because, in most RM applications, the number of resources m is
typically much smaller than the number of products n. In particular, it provides an impor-
tant managerial insight that the seller does not need to aggressively adjust the prices of all
products to benefit from dynamic pricing. The result on minimal price adjustment, however,
leads to two interesting questions. First, can one still guarantee the O(log®6) revenue loss
by adjusting the prices of fewer than m products? The answer is unfortunately negative and
the revenue loss under such scenario is of order v/ in general. To understand why this is
so, consider the case where demands are separable and A = [ is an m by m identity matrix.
Since this corresponds to an aggregate of m independent problems (e.g., m independent
one-stop flights), if one only dynamically adjusts the price of m’ < m products, then it is
equivalent to applying static price control to the remaining m —m’ problems, which is known
to have ©(v/0) revenue loss in general (Jasin 2014). Second, what is the incremental benefit
of adjusting the prices of more than m products? To answer this, I again consider the case of
a single-resource RM. (By minimal price adjustment property, I already know that one only
needs to adjust the price of one product to guarantee a significant improvement over static
pricing. The question is whether adjusting the prices of more products has a significant
impact on performance.) Let b = (AVA(p”))" and denote by b(; the i largest element (in
absolute value) of b. For k > 1, let Il denote the set of all non-anticipating pricing policies
that adjust the price of at most k products in each period. (If the price of product j is not
adjusted in period ¢ under 7 € Iy, then pf; = pf_, ;.) Then, the following result holds.

Theorem 2.4.2 Suppose that m = 1. There exist positive constants U and U independent
of 0 >1 and 1 < k <n such that

: Det \Ij 2
min {J”*(0) — E[R.(0)]} < ¥ + SR log= 6.

ell
Tk i=1 Y)

4Since I only have m resources, it seems “intuitive” that I should be able to perform well by adjusting the
prices of only m products. However, since adjusting the prices of only m products also affects the demands
for the other n — m products whose prices are not adjusted, it is not immediately clear what impact this
would have on revenue. My result is different from the so-called action-space reduction discussed in pg. 220
of Talluri and van Ryzin (2005). Under the action-space reduction scenario, one first computes the optimal
aggregate decision variable and then disaggregates this variable to recover the optimal price for each product.
However, there is no guarantee that this disaggregation will result in the adjustment of only the prices of m
products. In contrast, under my scenario, the prices of n — m products are never changed.
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The above performance bound suggests that the incremental benefit of adjusting the price
of an additional product decreases as the number of the adjustable products increases. To
see this, suppose that A = [1,..., 1] and demands are separable and identical across different
products with X;(.) = Ay(.) for all j. This implies p = p{ for all j and by = N (p{’) for
all 2. Then, the bound in Theorem 2.4.2 is of order %. Since the function 1/k drops
quickly for small k£ and slowly for large k, this suggests that it is not necessary for the
seller to adjust the prices of too many products to get most of the potential revenue. (See
Section 2.6 for numerical evidence of this observation in the multi-resource case. My results
show that the revenue improvement of adjusting the price of m products over static pricing is
about 80 —90% of the revenue improvement of adjusting the price of all n products, in most
cases. Moreover, in terms of revenue loss, while adjusting the price of m products reduces
the revenue loss of static pricing by about 1 — 1.2%, adjusting the price of n products only
further reduces the revenue loss by an additional 0.1 —0.2% in most cases. (See Table 2.2 in
Section 2.8.) Given that the average margins in RM industries are typically very small, only
about 3% (Irvine 2014), this highlights the practical significance of minimal adjustments for
real-world implementation.) In particular, if the seller wishes to adjust the prices of more
than m products to further increase revenue, then s/he only needs to consider adjusting the

prices of a few more products instead of all.

2.5 Equivalent Performance via Adjusting the Prices
of Other Products

Corollaries 2.4.2 and 2.4.3 in the previous section provide an important managerial insight:
Managers need to update the prices of only a small subset of their products, and do so suf-
ficiently rarely, to guarantee a strong revenue performance. Those results, however, assume
that only the prices of the same m products are updated throughout the selling season. Can
we do better? For example, why should we update the price of one product ten times and
the other products not at all if a major concern of some practitioners is that customers get
upset by frequent price changes? Can we reduce the number of price updates per product by
somehow distributing the required adjustments across different products over different time
periods (e.g., one price update per product for ten different products instead of ten price
updates for one product)? Also, what if the seller dictates that the price of some products
should not, or cannot, be changed either due to existing business constraints or contractual
agreements? Can we somehow re-assign the scheduled update for these products to other
“similar products”? As discussed in Section 2.2, although these questions have significant

practical relevance and are faced by many sellers, I am not aware of any existing work in the
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literature addressing these issues. In this section, I will discuss a generalization of LPC that
partially addresses these issues. My proposed heuristic provides important practical insights
on how to do equivalent pricing via adjusting the prices of similar products. To illustrate

the basic idea, I start with two examples.

ExaMPLE 2. Consider a single flight RM with n types of ticket. I assume that each ticket
only requires one seat and demands are separable. Note that VA(p”) is a diagonal matrix.
As Corollary 2.4.3 indicates, it is sufficient to adjust the price of only one type of ticket
O(log, #) times to obtain O(log® #) revenue loss. If I evenly distribute these adjustments
to all n tickets, the number of price updates per ticket is about [(log,#)/n]. It turns out
that this still guarantees O(log? ) revenue loss. Thus, dynamically adjusting one type of
ticket ©(log, #) times is equivalent to dynamically adjusting n types of tickets ©((log, 6)/n)
times for each. This has an important managerial implication. As an illustration, consider
economy seats. There are usually about 13 different fare classes for economy seats. Since a
typical US passenger flight has fewer than 500 seats and log,(500) = 8.96, by my previous
arguments, [ can either adjust the price of one fare class nine times or the price of any nine

fare classes once during the selling season.

ExAMPLE 3. Consider a network RM problem with 3 resources and 6 products and suppose
that

10 0 0 0 -2
AVA(PP) = 0 -1 0 -2 -2 0
0 0 -1 -2 0 -1

Obviously, B = {1, 2, 3} forms a base. Suppose that the previously prescribed schedule for B
is 11 ={2,3,5}, 72 = {3,4,5}, and 3 = {4,6}. Unlike in the previous example where I can
arbitrarily pick any nine products, here, the choice of “similar products” is more subtle. A
new set of products is similar to the original set of products if its corresponding columns (by
the same index) in AVA(p?) can linearly represent the columns in AVA(p”) that correspond
to the original set of products. In my example, this means that I can replace updating {2, 3}
in period 4 with {4,5}, or replace updating {3} in period 6 with {4,5}. T cannot directly
replace the price adjustment of product 3 in period 4 with product 4 because column 4 is
not parallel to column 3. But, since product 2 will be adjusted in period 4 under both the
original schedule and the new schedule, I can achieve an equivalent revenue by bundling the

price adjustment of product 2 and 3 in period 4 and substituting it with the price adjustment
of {2,4}.
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Equivalent pricing control. I now formally state the idea behind the preceding examples.
For clarity, I assume that B = {1,...,m} is a base and H is a projection matrix that selects
B. Let vp := {7;(0)}L, denote the existing updating schedule for base products. I will
show in this section that, for any equivalent schedule of vz (to be formally defined below), T
can construct a pricing heuristic that guarantees the same asymptotic performance as LPC
under vz. In other words, if the seller wants to modify the current price updating schedules
to a new one for strategic considerations, then I can provide a new pricing control that
guarantees an equivalent performance as long as the new updating schedule is equivalent to
the current updating schedule. Before introducing equivalent schedule, I first introduce the
concept of equivalent set: A set of products G C {1,...,n} is said to be equivalent to the
set S C B (mathematically, I write: G ~5 §) if the columns in AVA(p?) that correspond to
the products in § can be written as a linear combination of the columns in AVA(p”) that
correspond to products in G. (Note that, by my definition, G ~5 S does not imply S ~5 G.)
Let S; C B be a subset of products that are adjusted in period ¢ under v5. Let G; be one
of the (possibly) many sets that are equivalent to S;. I say that a price updating schedule
v is an equivalent schedule of vz if in each period t only products in G; are adjusted under
v. Let T'(yg) denote the set of all equivalent schedules of v5. T now define an equivalent
pricing control for any v € I'(y5). Let G, ~5 S; and denote by S; and G, the submatrices of
AV A(pP) whose columns correspond to the products in S; and G;, respectively. By definition
of equivalent set, there exists a |G;| by |S;| matrix Y; such that S; = G;Y;. For any such G;, S;
and Y;, I can construct a unique n by n matrix Q; = Q(Y;,G;, S;) as follows: its submatrix
with rows and columns not in G; U S; equals an identity matrix, its submatrix with rows in
G and columns in S; equals Y;, and any of its other elements equals 0. I call Q(Yy, Gy, Sp) a
transformation matriz because, from its construction, it uses the matrix Y; to transform the
price adjustment for products in S; into price adjustment for products in G,;. The following

lemma provides some important properties of Q(Y;, G;, S;).

Lemma 2.5.1 For any G, ~5 S; and any Y; such that Sy = GYy, let Q = Q(Yi, Gi, St).
Then, the following holds:

(1) AVAPRP)QuE® = AVA(P)E® = AVA(pP) E9VE-S0Q,;

(2) There exists a projection matriz H; such that Vp(A\P)H; = Q;Vp(A\P)H and the rows
in Vp(AP)H; that correspond to products not in G, U (B — 8;) are zeros;

(3) The rows in Q;ES*Np(AP)H that correspond to products not in G; are zeros.

Define Q,(7) := argming{||Q|]2 : @ = Q(Y, G, St), S: = GiY'} in each period ¢. (This

optimization problem turns out to be a convex optimization with linear constraints and can
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be efficiently solved off-line.) I am now ready to introduce the concept of equivalent pricing.
Let v be an equivalent schedule of the existing schedule vgz. Then, a pricing control 7 with
schedule y is said to be equivalent to an existing LPC with updating schedule ~z if, in Step
2a in the definition of LPC, it uses the following update formula:

J
m K

pe=p"=_> QuE'Vp(\")H

j=1 1=1

AN
T—t+1

for some Q; € Q;(7)® in each period ¢. (In light of part (3) of Lemma 2.5.1, the above update

formula guarantees that only adjustable products under « are adjusted in each period.)

EXAMPLE 2 (CONT'D). Consider again the single flight problem described in Example
2. Suppose that n = 3 and assume, without loss of generality, that B = {1} with the
corresponding projection matrix H = (1, 0, 0)’. Suppose that the seller originally plans to
periodically adjust the price of only product 1 at the beginning of every period using the

following update formula:

[ i | [P =S (W) A
t—1 AA
o | =07 =) VP H— = Y
s=1
| Pt3 L PgD J

To develop an equivalent pricing control, which alternates among the three products such
that the price of only one product is being adjusted in every period, I construct a sequence
of transformation matrices {Qy,} for each update time t; as follows. Let Q' be a 3 by 3
identify matrix. For j € {2,3}, denote by @’ the transformation matrix that transforms
the price adjustment of product 1 into price adjustment of product j. In particular, by the

construction of transformation matrix

0 0 0 0 0 0
/(D

@= o 0 0, @@= 0 10
00 1 fop 00

®Note that, given v € T'(y5), Q¢(y) may not be a singleton. However, as can be seen in the proof of
Theorem 2.5.1, the performance bound of an equivalent pricing control under v depends on @; only via
its spectral norm ||Q¢||]2. In particular, the smaller the norm, the smaller the revenue loss bound. This
observation motivates my definition of Q;(y) where [|Q4||2 is minimized. Since all matrices in Q;(7) have
the same spectral norm, my performance bound does not depend on the particular selection of Q; within

Qi (7)-
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For all [ satisfying [ = j (mod 3), set @;, = @’. The resulting equivalent pricing control is
then given by p; = p? —>'21 Q. Vp(\)H 4282 - Assuming no stock-out, the explicit formulae

of the price of all three products for the first five periods are:

[ P11 | I p? | [ P21 | [ p? —P&(Af))% | I P31 | [ p? —p&()\f))TA_ll |
P12 | = pQD ) P22 | = p? ) P32 | = pé’ - pé(&?)% )

| P13 L pgD J | P23 L pgD J | P33 | P3D |

[ p | [P Oy | (s | [ o =) — D)y |
Pa2 | = pg) - P/Q()‘zp)% , and Ps2 | = PQD - p’2()\§)) TA_22

| pas | Lo 05087y L pss | L Py — (A 75 |

Thus, in this example, I have shown how to adjust the prices of three products 7'/3 times

each instead of adjusting the price of one product 7' times using equivalent pricing.

Performance result. For any updating schedule v € T'(y5), let Q € Q(v) := {{Q:}L; :
Q: € Qi(y)} denote a sequence of transformation matrices that correspond to v and let
RQ

Hoypyy
bound for equivalent pricing control under any updating schedule v that is equivalent to ~z.

denote the resulting revenue. The following theorem provides a uniform performance

Theorem 2.5.1 There exist positive constants ¥ and ¥ independent of @ > 1, the projection
matrix H that selects B, and the choice of updating schedules yg such that

T(0)-1

sup  sup {JPLO) —-E|RY. 9|t < v 4+ U min { 1, |[Vp(AP)HA||3UL(T(6),t)
WGF(’}’B)QGQ(’Y){ { o H j%[; ; { 1 }

T(0)-1

+ Uy > min {1, |[VpAP) HAIBUL(T(6), )}

jeB  t=1

where the terms U] (T,t) and UJ(T,t) are defined as in Theorem 2.4.1.
Observe that the bound in Theorem 2.5.1 is similar to the bound in Theorem 2.4.1. This
shows that, for any schedule v that is equivalent to the base schedule 7z, the seller can use

equivalent pricing to guarantee the same asymptotic performance as the LPC under the base

schedule 5. This result provides the seller with an extra flexibility to manage his prices.
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LPC with synchronous price adjustment of more than m products. Although
the LPC discussed in Section 2.4 allows for arbitrary asynchronous price adjustment, it
is restricted to adjust the price of exactly m products. Generalizing LPC to the case of
arbitrary asynchronous price adjustment of more than m products is not a trivial task and
beyond the scope of this essay. It is, however, possible to use equivalent pricing to develop a
version of LPC that synchronously adjusts the prices of k > m products. To illustrate how
to use equivalent pricing to do synchronous price adjustment for k& > m products, consider
the LPC discussed in Section 2.4 where the base is B and ~;(6) = v () for all j € B. Let G
denote a set of k > m products that span the resource space (i.e., the set of products whose
corresponding columns (by the same index) in AVA(p?) span R™). Since G ~5 B, I can
construct a transformation matrix ) as described above and apply equivalent pricing with

@ = Q for all t. The resulting price update formula is given by

ki

AA} AA}
Ao _ D Dyg__ 221 D
Dt D ;QVP()\ ) T—tl+1 ZVPA _tl+1

where the second equality follows from the second part of Lemma 2.5.1 with H being a
projection matrix such that the rows in Vp(A\P )f[ that correspond to products not in G
are zeros. Note that such pricing control has a practical implication: It provides the seller
with an extra flexibility to trade off the negative impact of excessive price adjustment with
the incremental improvement in revenue due to adjusting the price of more products. (See

Theorem 2.4.2 and numerical experiments in Section 2.6 for further discussions.)

The difference between LPC and LRC. As briefly mentioned in Section 2.2, Jasin
(2014) has developed a dynamic pricing heuristic which he calls Linear Rate Correction
(LRC), and it adjusts the price in period ¢ using the update formulap, = p ()\D - H 22;11 %),
where H is a projection matrix. To see the difference between LPC and LRC, first, note that,
since p(-) is not always separable, the prices of all n products under LRC must be simulta-
neously updated at the same time. (Even if the projection matrix H is chosen to select a
certain base, there is no guarantee that LRC will adjust the price of only the products in the
base.) Thus, minimal price adjustment of only m products is, in general, not possible with
LRC. Second, since p(-) is not always separable, there is no analog of the general LPC up-
date formula for LRC. This means that neither asynchronous update nor equivalent pricing
is possible with LRC, which may limit the applicability of LRC for real-world implementa-
tion (e.g., due to existing business constraints). Indeed, aside from the fact that LRC and

LPC are examples of linear control®, they are close only in the special case where the prices

6Linear control has been widely studied in engineering (Ben-Tal et al. 2009) and finance (Calafiore 2009),
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of all products are updated at the same time (e.g., the synchronous 1-Periodic schedule). In
that special case, the update formula of LPC can be viewed as a linearization of the update

formula of LRC. (The generic asynchronous LPC, however, is not a linearization of any form
of LRC.)

2.6 Numerical Experiments

In this section, I run several experiments to illustrate the theoretical results in Sections 2.4
and 2.5 as well as to highlight the applicability of my heuristic in practice and its managerial
implications. For my simulations, I use a multinomial logit demand with 10 products and 4
resources. (See Appendix A.2 for more detail.) I use "= 1 and C; = 0.1 for each resource i.
Note that, per my definition, the actual number of selling periods and initial inventory levels
are given by 67T and 0C, respectively. For example, § = 1,000 corresponds to a problem
instance with 1,000 selling periods and initial inventory levels equal to 100. I compare the
expected revenue loss under different heuristics for a wide range of ’s. In particular, since
typical RM firms sell about 100-1,000 inventories per season (e.g., mid-size airplanes have
about 100-500 seats and large-size hotels can easily have more than 1,000 rooms), I use 6
ranging from 500-10,000.

I denote by Static the static price control developed in Gallego and van Ryzin (1997),
and by LRC the linear rate control developed in Jasin (2014). As for my heuristics, I denote
by LPC-k the LPC that simultaneously adjusts the prices of £k > m products in every
period. (Recall that to ensure LPC adjusts at most k prices, I only need to find a proper
transformation matrix. I select the transformation matrix following the proposed guideline
in Section 2.4.) Correspondingly, I use RSC-k to denote the heuristic that adjusts the prices
of the same k products as in LPC-k via exact re-optimization of DPP in every period, with
an additional constraint that the prices of the unadjustable products remain the same as
the static price. In addition to the said heuristics, I also test two simple modifications of
LPC-k that only adjust the same £ prices and can improve the non-asymptotic performance
of the vanilla LPC-k. The first one is a projection-based LPC where, in each period, I apply
LPC update formula followed by a projection into [(1 — a%)p?, (1 + a%)p”]; 1 denote the

and has only been recently studied in operations management (Bertsimas et al. 2010, Atar and Reiman 2012,
Jasin 2014). In general, a linear control assumes the form of a baseline control plus a linear combination
of past system perturbations. (This explains the forms of LRC and LPC.) While most existing literature
on linear control focuses on finding a way to compute the optimal control parameters, my work explicitly
constructs a particular form of linear control, which has certain desirable properties, and proposes a particular
choice of parameters values that yields a strong performance guarantee. Needless to say, once the form is
assumed, it may be possible to apply standard techniques in the literature to optimize the parameters of
LPC. However, this is beyond the scope of this essay.
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resulting heuristic by Proa-k. If « is small, Proa-k is very similar to static price control;
if « is large, Proa-k is very similar to LPC-k. Per my discussions in Section 2.4, since I
am using static price as my benchmark, I would ideally like to have a heuristic whose price
trajectory stays as close as possible to the static price. However, since demands are random,
I must also allow some room for price adjustments to account for demand variability. This
motivates the use of projection as a way to control the intensity of price fluctuation. The
second modification of LPC-k is a re-optimization-based LPC, denoted by Hyb3-k, where I
re-optimize DPP at the first § updating times of the 2-Geometric schedule and apply LPC

in the remaining periods.

Experiment 1: Performance of LPC. Figure 2.1 illustrates the performance of LPC-
10 and other existing heuristics. Consistent with my asymptotic results, LPC-10 performs
much better than Static.” Figure 2.1 also shows that LPC-10 performs slightly worse than
LRC and RSC-10, which is not surprising because both LRC and RSC-10 are known to
have a slightly stronger performance guarantee of O(log#) than LPC (Jasin 2014). I want
to stress that although RSC-10 performs very well, it is also very time-consuming (see
Table 2.1). In contrast, LPC-10 is computationally very fast. Admittedly, there is still a
revenue gap between the “ideal but not implementable” RSC-10 and LPC-10. The question
is whether there is a cheap way to improve the performance of LPC-10 without resorting to
heavy frequent re-optimizations. It turns out that I can significantly narrow the gap between
RSC-10 and LPC-10 by simple modifications of LPC-10. The first plot in Figure 2.2 shows
that Pro30-10, which enforces the prices of LPC to fluctuate within a 30% band around
the static price, can reduce the revenue loss gap by almost a half. This indicates that a
simple projection can have a significant impact on revenue. (In general, I can also use
product-dependent o parameters and optimize them by running an off-line Monte-Carlo
optimization.) The second plot in Figure 2.2 further shows that Hyb8-10, which combines
LPC with only 8 optimizations, can reduce the revenue loss gap by more than 75%. This is
fairly impressive considering the fact that, even for small 6 = 500, RSC-10 already requires
500 re-optimizations. It highlights the versatility of LPC for practical implementation; in
particular, I can use LPC in combination with occasional re-optimizations in the case where

frequent re-optimizations is clearly not feasible.

"It is interesting to note that not all linear price controls are guaranteed to perform well. For
example, under 1-Periodic schedule, one intuitively appealing linear price control is p, = pP” —

;”:1 EiVp(\P\H 22;11 AA,. Similar to LPC, this heuristic also adjusts prices to compensate for ran-
domness in demand realizations. But, in contrast to LPC, this heuristic adjusts the price in a myopic
manner; it attempts to fully correct the errors made in the previous period in the next period. Although
this heuristic appears reasonable at first sight, my numerical experiments suggest that it is not even asymp-
totically optimal. This highlights that developing a linear price control that has strong performance is not

a trivial task.
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Experiment 2: Minimal price adjustment. In this experiment, I test the minimal ad-
justment property discussed in Section 2.4. The plots in Figure 2.3 show the comparison
between LPC-4 and RSC-/, as well as the two types of modified LPC with the same pro-
jection matrix as LPC-/. All these heuristics adjust the prices of the same m = 4 products.
(Note that LRC cannot be included in this comparison because it cannot adjust prices of
fewer than n = 10 products.) Similar to experiment 1, while RSC-/ performs very well, it
requires a lot of re-optimizations, which may not be feasible in practice. The two simple
modifications of LPC-4, Pro30-4 and HybS8-/, which are computationally much cheaper, can
attain a similar performance as RSC-4.

At the end of Section 2.4, I discussed the impact of increasing the number of adjustable
products on revenue performance. Figure 2.4 illustrates my theoretical results. (See also
Table 2.2.) The first plot in Figure 2.4 shows that, in comparison to Static that adjusts
no prices at all, allowing m = 4 adjustable products yields a significant reduction in rev-
enue loss. This is due to the minimal adjustment property of LPC. Beyond the initial four
products, although allowing more adjustable products further decreases the revenue loss, its
incremental benefit becomes much smaller. In particular, the plot shows that the impact of
allowing two additional adjustable products (see the gap between LPC-/ and LPC-6) cap-
tures almost half of the benefit of allowing six more adjustable products (see the gap between
LPC-/ and LPC-10). 1 observe the same phenomenon in the second plot in Figure 2.4 for
Hyb8 heuristics. This suggests that the managerial insights drawn from Theorem 2.4.2 still
hold in network setting: If the seller wishes to adjust the prices of more than m products to
increase revenue, then adjusting a few more products is sufficient to capture pretty much all

the potential benefit of adjusting all products.

Experiment 3: Equivalent pricing with business constraints. In this experiment, I
study a case where the seller has additional constraints on when and what prices to adjust.
[ assume that (1) the prices of products 5, 8 and 9 cannot be adjusted, (2) the prices of
products 2, 3, 4 can only be adjusted in the second half of the selling season, and (3) the
prices of products 6, 7, 10 can only be adjusted in the first half of the selling season. These
are plausible constraints motivated by practical applications. For example, products 5, 8
and 9 can be viewed as corporate rate rooms that cannot be adjusted over time. Products
2-4 and 6, 7, 10 can be viewed as special rate rooms for certain events (e.g., conference)
whose prices cannot be adjusted in a certain time window. Based on my discussions in
Section 2.5, LPC can be automatically adapted to this setting via equivalent pricing with an
original base of B = {1,2,3,4}; I denote this heuristic simply as LPC. Similar to previous
experiments, I can apply re-optimized static price control with the additional constraints

that certain prices cannot be adjusted in particular periods; I denote the resulting heuristic
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simply as RSC. It is also possible to use the modified LPC, which I denote as Proa and Hybk,
accordingly. Figure 2.5 shows that simple modifications of LPC, which is computationally
easy, can attain a similar performance as RSC which requires frequent re-optimizations and
may not be implementable in practice. This highlights the versatility of LPC for practical

implementation in the presence of business constraints.

2.7 Closing Remarks

In this essay, I consider a standard dynamic pricing problem and propose a new family of
pricing heuristics, which I call LPC. I show that LPC provides a strong improvement over
static pricing: The revenue loss is reduced from O(v/6) to O(log®6). In addition, it also has
desirable features that can be used to address practical concerns. First, LPC only requires a
single optimization and can be implemented in real-time, which makes it useful for solving
large-scale problems where other computationally intensive heuristics are not viable. Second,
LPC guarantees a strong revenue performance by adjusting the price of a few “important”
products infrequently. This helps address the issue of acceptability of dynamic pricing in
the eyes of customers due to excessive price adjustments. Third, LPC allows the seller to
maintain an equivalent revenue performance via adjusting the prices of other products. This
not only can be used to further reduce the number of required price changes per product, but
also provides an extra flexibility for the sellers to manage his prices in the presence of various
business constraints. My simulation results show that LPC not only has a good theoretical
performance but also works well numerically. Furthermore, its performance can be further
improved by simple modifications such as projection and occasional re-optimizations. To
conclude, I believe that my work provides novel managerial insights that make dynamic

pricing more applicable and practically appealing for real-world implementation.
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2.8 Tables

Table 2.1: Simulation time for RSC-10, LPC-10 and Hyb8-10
§ RSC-10 LPC-10 Hybs-10

500  8305.0 13.3 209.7
5000 87552.4 86.2 212.3

Typical running time measured in milliseconds for a single simulation for selected heuristics.

Table 2.2: Comparison of revenue loss (R.L.) and revenue improvement (R.I.)

% R.L. compared to revenue upper bound % R.I. over static pricing control. % R.I. of LPC-4
0 Static LPC-4 LPC-6 LPC-8 LPC-10 LPC-4 LPC-6 LPC-8 LPC-10 % R.L. of LPC-10

500  5.94% 5.19% 4.59% 4.23%  4.15%  0.79% 1.43% 1.82%  1.90% 41.6%
1000 4.22% 3.00% 2.61% 2.60% 2.28% 1.28% 1.69% 1.69%  2.02% 63.3%
2000 2.99% 1.72% 1.57% 1.43%  1.37%  1.32% 1.46% 1.61% 1.67% 78.6%
3000 248% 1.25% 1.09% 1.05%  0.99% 1.27% 143% 1.47%  1.53% 82.8%
4000 2.13% 0.98% 0.86% 0.82% 0.77% 1.18% 1.30% 1.34%  1.40% 84.1%
5000 1.94% 0.81% 0.70% 0.69%  0.65%  1.15% 1.26% 1.28%  1.31% 88.0%
6000 1.81% 0.67% 0.61% 0.55%  0.58%  1.16% 1.22% 1.29%  1.25% 92.5%
7000 1.64% 0.59% 0.54% 0.50%  047% 1.07% 1.12% 1.16% 1.20% 89.1%
8000 1.58% 0.55% 0.48% 043% 040% 1.04% 1.12% 1.16%  1.20% 87.2%
9000 1.42% 0.50% 0.42% 041% 0.39% 0.94% 1.01% 1.02%  1.05% 89.3%
10000 1.34% 0.45% 042% 0.39% 0.35% 0.90% 0.93% 0.96%  1.00% 90.0%
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2.9 Figures

Figure 2.1: Revenue loss under different
heuristics
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Figure 2.2: Improving LPC-10 using projection and occasional re-optimizations
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Figure 2.3: Improving LPC-4 using projection and occasional re-optimizations

2800 2800
—o— LPC-4 —o— LPC-4
2600 —*— RSC-4 2600| —*— RSC-4
—— Prol0-4 — — Hyb4-4
2400 —+— Pro30-4 2400{| —+— Hyb8-4
o 22001 o 22001
@ @
o k=]
$ 20001 2 2000
c c
H ]
© 1800 © 18001
° °
2 L
© 1600 g 16001
o =
& &
1400 1400 -
1200 1200
1000 - 1000 -
800 . . . . . 800 . . . . .
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
[¢] ]

29



Figure 2.4: Revenue impact of the number of adjustable products for LPC and Hyb8
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Figure 2.5: Improving LPC using projection and occasional re-optimizations
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Chapter 3 Pricing with Unknown Demand:

Parametric Case

3.1 Abstract

Consider a multi-period network revenue management (RM) problem where a seller sells
multiple products made from multiple resources with finite capacity in an environment where
the the demand function form is known but the exact parameters are unknown a priori (i.e.,
the parametric case). The objective of the seller is to jointly learn the demand and price
the products to minimize his expected revenue loss. It is widely known in the literature that
the revenue loss of any pricing policy in the parametric case is at least Q(\/E) However,
there is a considerable gap between this lower bound and the performance bound of the best
known heuristic in the literature. To close the gap, I develop several self-adjusting heuristics
with strong performance bound. For the general parametric case, my proposed Parametric
Self-adjusting Control (PSC) attains a O(v/k) revenue loss, matching the theoretical lower
bound. If the parametric demand function family further satisfies a well-separated condition,
by taking advantage of passive learning, my proposed Accelerated Parametric Self-adjusting
Control achieves a much sharper revenue loss of (’)(log2 k). All the proposed heuristics are
computationally very efficient and can be used as a baseline for developing more sophisticated

heuristics for large-scale problems.

3.2 Introduction

Revenue management (RM) has wide applications in many industries such as airlines, hotels,
fashion goods, car rentals, etc.. (Talluri and van Ryzin 2005) The common trait in these in-
dustries is that the seller uses a fixed amount of resources, which cannot be replenished during
the selling season, to produce products which are used to satisfy the uncertain demand. Any
unused resources have little salvage value when the selling season ends. Since the uncer-
tainty of demand only gradually resolves as customers with heterogenous willingness-to-pay

arrive over time, the seller needs to make important operational decisions to ensure that the
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products are sold to the right customer at the right time at the right price to maximize the
profit. One of such operational leverages that the sellers often use is dynamic pricing.

An effective use of dynamic pricing requires a good knowledge of the market response
to price changes. This requirement poses a practical problem because usually sellers do not
possess such information. Therefore, an important question that sellers need to address is
how to use dynamic pricing when the demand function is not perfectly known a priori. Since
demand estimation is always subject to estimation errors, one common approach the sellers
use in practice is to rely on frequent re-optimization. The idea is that the inaccuracy of
demand estimation can be mitigated out by frequent re-optimization. However, for most
RM applications, the problem being re-optimized is very large in size which makes frequent
re-optimization computationally difficult. Therefore, an important research question which
is both of theoretical interest and practical implications is how sellers should learn the de-
mand function and adjust price over time to achieve a good performance without necessarily
incurring a lot of computational burden. In this essay, I develop a joint learning and pricing

heuristic to address this question.

Dealing with computational burden. There is a large body of OM literature that
studies this dynamic pricing problem. It turns out that even for the simpler case where the
demand function is known, finding the optimal pricing policy is already computationally
difficult due to the curse of dimensionality of Dynamic Programming (DP). As a result,
most of the early work in this area focuses specifically on the simpler known demand case,
and develop computationally implementable heuristics instead of solving for the optimal
pricing control. (See Bitran and Caldentey (2003) and Elmaghraby and Keskinocak (2003)
for a comprehensive literature review for dynamic pricing with known demand functions.)
One popular approach is to develop heuristics using Approximate Dynamic Programming
techniques. (See Erdelyi and Topaloglu (2011) and Kunnumkal and Topaloglu (2010).) This
method can adaptively adjust the price over time according to the demand realization, but it
is still computationally intensive and may not be amenable for large scale problems. Another
stream of work is based on solving a deterministic counterpart of the original stochastic
problem. Some seminar works along this line are Gallego and van Ryzin (1994, 1997). They
propose the well-known static price control where the static price obtained by solving the
deterministic problem at the beginning is used throughout the entire selling season. However,
since this heuristic cannot adjust the price over time to account for the demand realization,
there is room for improvement. Indeed, one straightforward extension is to re-optimize the
deterministic problem over time to utilize the progressively revealed information on demand.
Maglaras and Meissner (2006) is the first to show that re-optimized static price control has

at least the same asymptotic performance as static price control without re-optimization. A
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recent work by Jasin (2014) proves a much tighter bound for the expected revenue for re-
optimized static price control and also develops a re-optimization free self-adjusting control
with comparable good performance. A follow-up work by Chen et al. (2016) develops another
simple self-adjusting control heuristic with similar performance and shows that in order to

get good performance, it is sufficient to adjust the prices of a small subset of all products.

Incorporating demand learning. Motivated by the fact that demand function is often
unknown in practice, the more recent literature on dynamic pricing has shifted the focus
to finding good dynamic pricing policies when the seller also needs to learn the underlying
demand function. The central tension is learning the demand function (exploration) and
using the optimal price based on the estimated demand function (exploitation). The more
time the seller spends on learning demand function by price experimentation, the less op-
portunity there is for him to fully tap the knowledge of the demand function he has learned.
However, if he spends too little time on exploration, he may end up with a poor estimation
of the demand function which limits the revenue he can earn during exploitation.

Learning demand is a crucial part of this problem and researchers either take a non-
parametric approach or a parametric approach for demand estimation. It has been proved
in the literature that the revenue loss of any feasible pricing control (the absolute revenue
loss to a clairvoyant optimal revenue) is at least Q(v/k) where k is the size of the problem.
(See Section 3.3 for more details on the asymptotic setting.) Therefore, a considerable size
of literature focuses on developing heuristics to approach this lower bound. In the non-
parametric case, the seller has no information about the structure of the demand function
other than some regularity conditions. Besbes and Zeevi (2009) is one of the first to inves-
tigate this problem in the single product setting. They propose a non-parametric heuristic
that attains a revenue loss of O(k%/4). A recent work by Wang et al. (2014) develops a more
sophisticated heuristic that achieves an improved revenue loss of (’)(\/Elogg/ 2 k). However,
their bound only applies to single product case where some special structure of the problem
can be utilized. It is not clear how to extend their heuristic to a more general setting where
the seller sells multiple products made from multiple resources. The only heuristic that can
be used in this more general setting is developed by Besbes and Zeevi (2012). However, the
performance bound of their heuristic deteriorates as the number of products increases.

The non-parametric case assumes no prior information about the demand function, but
in reality, sellers may have some useful knowledge of the structure of the demand function
based on their past experience and historical demand data. Motivated by this observation, in
this essay, I take the parametric approach in which the underlying demand function belongs
to a family of parameterized functions. The seller knows the functional form of the demand

function but doesn’t know the underlying parameters. Intuitively, the revenue loss bound
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of parametric case can be no worse than the non-parametric case since all non-parametric
heuristics can be used in a parametric setting. Surprisingly, the best revenue loss bound for
parametric approach in the literature is no sharper than that for non-parametric approach.
This gives rise to two important theoretical questions. Is there a heuristic that exactly
achieves the revenue loss lower bound ©(v/k) in the parametric case? Is the structural

information of the demand functional form useful at all?

Other related literature. Although the performance result for the parametric case is
limited, there is a stream of literature that discovers some nice results for a more stylized un-
capacitated problem where there is no inventory constraints. Broder and Rusmevichientong
(2012) study the general parametric demand family and propose a heuristic based on Max-
imum Likelihood Estimation (MLE) which achieves the lowest possible revenue loss bound
O(VE). They also show that if the demand function family satisfies the so-called well-
separated condition, the bound reduces to O(log k). Other researchers study linear or gener-
alized linear demand families and develop various kinds of heuristics based on Least Square
Estimation approach. Their work highlights the impact of information accumulation rate on
the expected revenue. (See den Boer and Zwart (2014), Keskin and Zeevi (2014), den Boer
(2014)). However, all these papers essentially ignore the inventory constraints which is
present in most RM applications. From a technical point of view, finding the optimal price
is much more straightforward in the uncapacitated problems than the capacitated problems
I study where decisions in different periods affect each other via the inventory constraints.
Note also that if the initial inventory is very large, the capacitated problem reduces to an
uncapacitated problem. Therefore, the problem I study is indeed more general than theirs.
It is worth noting that there are other approaches that tackle this uncapacitated problem.
For example, both Harrison et al. (2012) and Farias and van Roy (2010) take a Bayesian
approach to model the uncertainty of the underlying demand function. This approach can
be traced back to earlier economics literature where the importance price experimentation
is investigated. (See Rothschild (1974), McLennan (1984), Easley and Kiefer (1988)).
Although in reality the demand function may change over time, I do not address this issue
in this essay and only focus on the case when the underlying demand function is stationary.
There is some recent work in OM that looks into the demand learning problem in a non-
stationary environment (e.g., Besbes et al. (2015), Keskin and Zeevi (2016)). There is also
a fast growing literature of Convex Online Optimization in computer science literature that

studies a similar problem. I refer the readers to Hazan et al. (2016) for a literature review.

Proposed heuristic and contributions. For the general parametric case, I develop a
heuristic called Parametric Self-adjusting Control (PSC) that combines Maximum Likeli-

hood (ML) estimation with self-adjusting price updates, and derive an analytical perfor-
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mance bound. To the best of my knowledge, this is the first essay that develops a joint
learning and pricing heuristic in the network RM setting with parametric demand model.
I show that PSC is rate-optimal. To be precise, the revenue loss of PSC is O(v/k) (Theo-
rem 3.4.1), which matches the theoretical lower bound. In addition, I also show that if the
parametric demand function family satisfies the so-called well-separated condition which was
first introduced by Broder and Rusmevichientong (2012), then there exists heuristics that
can outperform the Q(\/E) lower bound. I develop an Accelerated Parametric Self-adjusting
Control (APSC), a variation of PSC, that attains a much sharper performance bound of
O(log® k) (Theorem 3.5.1).

My contribution is two-fold. On the theoretical end, I develop a heuristic for the most gen-
eral joint learning and pricing problem for the parametric case that achieves the best revenue
loss rate among all feasible controls. On the practical end, my re-optimization free heuristics
are computationally tractable, overturning the common impression that re-optimization is
a necessity to achieve good performance when the underlying demand is unknown. It also
highlights the applicability of self-adjusting idea in dynamic pricing problems, which can
provide guidelines for companies to develop more sophisticated dynamic pricing controls.

The remainder of the essay is organized as follows. [ first formulate the problem in
Section 3.3. I then introduce PSC and evaluate its performance for the general parametric
in Section 3.4. Next, I introduce the well-separated condition and APSC, and evaluate the
performance of APSC in Section 3.5. Finally, I conclude the essay in Section 3.6. All the
proofs of the results can be found in Appendix A.3.

3.3 Problem Formulation

Notation. The following notation will be used throughout the essay. (Other notation will
be introduced when necessary.) Denote by R, R, and R, the set of real, nonnegative
real, and positive real numbers respectively. For column vectors a = (ay;...;a,) € R", b =
(by;...;b,) € R™ denote by a = bif a; > b; for all ¢, and by a > bif a; > b; for all i. Similarly,
denote by Z, Z., and Z,, the set of integers, nonnegative integers, and positive integers
respectively. Denote by - the inner product of two vectors and by ® the tensor product
of sets or linear spaces. I use a prime to denote the transpose of a vector or a matrix, an
I to denote an identity matrix with a proper dimension, and an e to denote a vector of
ones with a proper dimension. For any vector v = [v;] € R, [|v||, := (3]]_, ;)P s its
p-norm (1 < p < oo) and, for any real matrix M = [M;;] € R™", [[M]|, := supy, =1 || Mv]],
is its induced p-norm. For example, ||M||; = maxi<j<n > o |[Mij|, ||M|]2 = the largest
eigenvalue of M'M, and ||M|| = maxi<i<n y 5y [My;]. (Note that [[M]|]; = [|M'||.) For
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any function f : X — Y, denote by ||f(.)||eo := sSupsex ||f(2)||oo the infinity-norm of f. I
use V to denote the usual derivative operator and use a subscript to indicate the variables
with respect to which this operation is applied to. (No subscript V means that the derivative
is applied to all variables.) If f: R" — R, then V,f = (g—jl; . %); if, on the other hand,
f=C(fi;...; fn) : R" -5 R™ then

9f ... Ofn
Ox1 Ox1
of ... O
OTn OxTn

The model. I consider the problem of a monopolist selling his products to incoming cus-
tomers during a finite selling season and aiming to maximize his total expected revenue.
There are n types of products, each of which is made up of a combination of a subset of
m types of resources. For example, in the airline setting, a product refers to a multi-flight
itinerary and a resource refers to a seat in a single-leg flight; in the hotel setting, a product
refers to a multi-day stay and a resource refers to a one-night stay at a particular room.
Denote by A = [A;;] € R™" the resource consumption matriz, which characterizes the
types and amounts of resources needed by each product. To be precise, a single unit of
product j requires A;; units of resource i. Without loss of generality, I assume that the
matrix A has full row rank. (If this is not the case, then one can apply the standard row
elimination procedure to delete the redundant rows. See Jasin (2014).) Denote by C' € R™
the vector of initial capacity levels of all resources at the beginning of the selling season.
Since, in many industries (e.g., hotels and airlines), replenishment of resources during the
selling season is either too costly or simply not feasible, following the standard model in the
literature (Gallego and van Ryzin 1997), I will assume that the seller has no opportunity to
procure additional units of resources during the selling season. In addition, I also assume
without loss of generality that the remaining resources at the end of the selling season have
zero salvage value.

Consider a discrete-time model with T decision periods, indexed by t = 1,2, ...,T. At the
beginning of period ¢, the seller first decides the price p; = (p1;...;pr,) for his products,
where p; is chosen from a convex and compact set P = ®?:1[]_ol,ﬁl] C R™ of feasible price
vectors. The posted price p;, in turn, induces a demand, or sale, for one of the products
with a certain probability. Here, I implicitly assume that at most one sale for one product
occurs in each period. This is without loss of generality since I can always slice the selling
season fine enough to guarantee that at most one customer arrives in each period. Let
A= {(2g; .. @) € R DY 2 < 1, and @; > 0 for all ¢} denote the standard (n — 1)-
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simplex. Contrary to most existing RM literature where it is assumed that the seller knows
the purchasing probability vector under any price a priori, in this essay, I simply assume that
it can be estimated using statistical learning approaches. Specifically, let A\(.;.) : P x © —
A" denote the family of demand functions where © is a compact subset of R? and q € Z,
is the number of unknown parameters. I denote by 6* the true parameters for the underlying
demand function!. Under the parametric demand case, the seller knows the functional form
of demand A(.;0) for any 6 € ©, but he does not know 0*. Let Ay := {\(p;0) : p € P}
denote the set of feasible demand rates under some parameter vector 6 € ©. I assume that
Ay is convex. (It can be shown that, under the most commonly used parametric function
families such as linear, logit, and exponential demand, Ay is convex for all § € ©.)

Let Di(pt) = (Dia(pe);--.; Den(pt)) denote the vector of realized demand in period ¢
under price p;. It should be noted that, although demands for different products in the
same period are not necessarily independent, demands over different periods are assumed to
be independent (i.e., D; only depends on the posted price p; in period t). By definition, I
have Dy(p;) € D :={D € {0,1}" : 377, D; < 1} and Eg- [Di(p:)] = A(py; 0%). This allows
me to write Dy(p;) = A(pe; 0%) + Ay(pe), where Ay(py) is a zero-mean random vector. For
notational simplicity, whenever it is clear from the context which price p; is being used, I will
simply write D;(p;) and As(p;) as D; and A; respectively. The sequence {A;}L, will play
an important role in my analysis later. The one-period expected revenue function under 6
is given by the revenue function defined as r(p;6) := p - A(p; 6). I assume that for all § € ©,
A(p; 0) is invertible (see parametric family assumptions below); so, by abuse of notation,
[ can write r(p;0) = p- A(p;0) = A - p(A;0) = r(X\;0). 1 make the following regularity
assumptions about A*(.) and 7*(.). (These are all standard assumptions in the literature and
are immediately satisfied by commonly used demand function families such as linear, logit

and exponential.)

PARAMETRIC FAMILY ASSUMPTIONS. There exist positive constants 7,v,v,w,v, v such that
for all p € P and for all 6 € O:

PL. A(;0) : P — Ag is in C}(P) and it has an inverse function p(.;0) : Ay — P that is
in C2(Ag). Ap;.): © — A" 4sin CH(O). For all \, N € Ay, |[p(X;0) — p(N;0)]]2 <
wl|A = X||a-

! Although I implicitly assume that the demand function is stationary, my heuristics can be extended to
accommodate some time-varying demand scenarios if the time-dependence of demand function has certain
structural form. For example, in the fashion industry, irrespective of the condition of the market, the seller
usually knows the fractions of the total sales that will be realized at multiple milestones over the selling
season. This can be captured by incorporating in my demand model additively a time factor which is a
known time-dependent fraction of an unknown total market size. Note that this model can be handled under
the current stationary estimation framework by treating the unknown total market size as an additional
parameter.
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P2. For all 1 < i,j < n, [IAp;0) = Ap;07)]l2 < wllf = 0%]l2, 152(p;0) — 52(p;07)] <

P3. [|7(:;0)||e < 7 and r(.;0) is strongly concave in X, i.e., —vI X V3,r(\;0) = —vl for
all A € Ay.

Pd. There exists a set of turn-off prices p;° € RN {oc} for j =1,...,n such that for any
p=(p1;---;pn), pj = p3° implies that \j(p;0) =0 for all 0 € O.

Assumptions P1 and P2 are fairly natural and are easily satisfied by many demand
functions, e.g., linear demand, logit demand, and exponential demand. As for Assumption
P3, the boundedness of 7(.; #) follows from the compactness of © and Ay and the smoothness
of r(.;0). The strong concavity of r(.;6) as a function of A is a standard assumption in
the literature and is satisfied by many commonly used demand functions such as linear,
exponential, and logit functions. It should be noted that although some of these functions,
such as logit, do not naturally correspond to a concave revenue function when viewed as a
function of p, they are nevertheless concave when viewed as a function of A\. This highlights
the benefit of treating revenue as a function of demand rate instead of as a function of price.
Assumption P4 is common in the literature. (See Besbes and Zeevi (2009) and Wang et al.
(2014).) In particular, the existence of turn-off prices p3° allows the seller to effectively shut
down the demand for any product whenever needed, e.g., in the case of stock-out. Additional

assumptions will be provided later.

Admissible controls and the induced probability measures. Let Dy, := (Dy, D>,
..., Dy) and pyy = (p1,p2, ..., p:) denote respectively the observed vectors of demand and
price realizations up to and including period ¢. Let H; denote the o-field generated by Dy,
and pp4. I define a control 7 as a sequence of functions 7 = (my,m,...,7r), where m is
a H;_i-measurable real function that maps the history Dy, to P U {p>}. This class of
controls is often referred to as non-anticipating controls because the decision in each period
depends only on the accumulated observations up to the beginning of the period. Under
policy m, the seller sets the price in period ¢ equal to pf = m(Dy.4—1;p14-1) almost surely
(a.s.). Let Il denote the set of all admissible controls. That is,

T
Iy = {7‘[‘ : ZADt(pf;H) < C and p] = m(Hi-1) a.s.} .
t=1

(Although the true underlying parameter is 6%, I define above the set of admissible controls

for any @ € ©.) Note that I require the capacity constraint to hold almost surely for all
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7w € Iy, which can be satisfied by using turn-off prices p> in case of stock-out. Let ]P’f’e
denote the induced probability measure of Dy, under admissible control = € Ily. For any
realization Dy, = dy,y := (dy,do, ..., d;), where dy = (d; ;) € D,s =1,...,t, I have:

t n (172?:1%,]') n
Pr(di) = [] (1—ZAj(p§;e>> [Tr G505 |,
j=1

s=1 j=1

where pf = 7s(d1.s-1). (By definition of A(p; ), the term 1—3"7 | A;(p]; #) can be interpreted
as the probability of no-purchase in period s under price p7.) For notational simplicity, I
will write P7 := P%” and denote by Ej the expectation with respect to probability measure

P;. Total expected revenue under 7 € Ily is then given by:

T
Zpt Dtpt7 ]

Whenever it is clear that the prices p;.; € P! are generated by an admissible control 7, it is
also convenient to write PY°(dy,) = [T'_,[(1— > Ai(ps; g)) =21 ) [Ti—1 A (ps; 0)%].

Maximum likelihood estimator. As noted earlier, the seller does not know the true
parameter vector 6*. But, he can estimate this parameter vector using statistical methods.
In this essay, I will focus primarily on Maximum Likelihood (ML) estimation. (The anal-
ysis of other statistical methods is beyond the scope of this essay.) The behavior of ML
estimator has been intensively studied in the statistics literature. It not only has certain
desirable theoretical properties, but is also widely used in practice. To guarantee the regular
behavior of ML estimator, certain statistical conditions need to be satisfied. To formalize
these conditions, it is convenient to first consider the distribution of a sequence of demand
realizations when a sequence of § € Z,, fixed price vectors p = (pV,p?,...,p@) ¢ Pa
have been applied. For all d;.; € D7, 1 define the distribution PP? as follows:

] g n (1-32521dss) n
PP(dig) = ] <1 - Z%’(ﬁ(s)ﬂ)) [TA @) 6)%

j=1 j=1
Let Eg denote the expectation with respect to P?»?. The PSC and APSC that I will

develop later use a set of “exploration prices” p in the first L periods and then use maximum

likelihood estimation to estimate the demand parameters. The exploration prices that I use
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need to satisfy the following conditions to guarantee the regular behavior of ML estimator:

STATISTICAL CONDITIONS ON EXPLORATION PRICES. There exist constants 0 < Ay <
Amax < 1, ¢y > 0, and a sequence of prices p = (W, ..., pD) € P such that:

S1. PPO() # PPY () whenever 6 # §';
S2. Foralld €eO,1 <k<gandl <j<n, /\j(ﬁ(k);ﬁ) > Amin and Z?Zl )\j(ﬁ(k);ﬁ) < Amax-

S3. For all 8 € ©, Z(p,0) = c¢l where Z(p,0) := [I,;(p,0)] € R is a ¢ by ¢ matriz
defined as
i 2

- 0 _
Ii,j (p7 0) - EZG) - 8089 IOg IPDP,Q(DL[]_)
i0Uj

I call p the exploration prices. Some comments are in order. S1 and S2 are crucial
to guarantee that the estimation problem is well-defined, i.e., the seller is able to identify
the true parameter vector by observing sufficient demand realizations under the exploration
prices p. (If this is not the case, then the estimation problem is ill-defined and there is no hope
for learning the true parameter vector.) The symmetric matrix Z(p, 6) defined in S3 is known
as the Fisher information matrix in the literature, and it captures the amount of information
that the seller obtains about the true parameter vector using the exploration prices p. S3
requires the Fisher matrix to be strongly positive definite; this is needed to guarantee that the
seller’s information about the underlying parameter vector strictly increases as he observes

more demand realizations under p. All the results in this section require assumptions P1-P4
and S1-S3 to hold.

Remark 3.3.1 [ want to point out that, given the demand function family, it is easy to find
such exploration prices. For example, for linear and exponential demand function families,
any § = n + 1 price vectors pV, ..., ptY) constitute a set of exploration prices if (a) they
are all in the interior of P and (b) the vectors (1;pM), ..., (1;p")) € R™ are linearly
independent. For logit demand function family, any ¢ = 2 price vectors py,ps constitute
a set of exploration prices if (a) they are both in the interior of P and (b) ]551) # ]5§2) for
all i = 1,...,n. The choice of exploration prices is related to the literature of optimum
experimental design. Although it is possible to “optimally” choose the exploration prices
using techniques in optimal experiment design, it is beyond the scope of this essay. Interested

readers are referred to Pzman (2013) for more details.

The deterministic formulation and performance measure. It is common in the
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literature to consider the deterministic analog of the dynamic pricing problem. Specifically,
for any 6 € O, define:

(P(0)) = max {ZT pi0): Y ANpi0) = C} :

t=1

T T
or equivalently, (P,(0)) = max {ZT Ai; 0) - ZA)\t = C} :
t=1 t=1

At€EAg

By assumption P3, P(0) is a convex program and it computationally easy to solve. (To
avoid triviality, I assume that for all § € ©, P(6) is feasible.) It can be shown that J2 is in
fact an upper bound for the expected revenue of any admissible control. That is, Ry < JP
for all 7 € Tly. (See Besbes and Zeevi (2012) for proof.) This allows me to use JP as a
benchmark to quantify the performance of any admissible pricing control. In this essay, I
follow the common convention and define the expected revenue loss of an admissible control
7 € [y« as p™ := J2 — RE.. Denote by p?(0) (resp. A”(6)) the optimal solution of P(6) (resp.
PA(9)). In addition, denote by u”(#) the optimal dual solution corresponding to the capacity
constraints of P(#). (Note that () is also the optimal dual solution corresponding to the
capacity constraints of Py(#).) Observe that P(6*) is equivalent to P defined in the sense that
NP(0%) = AP pP(6*) = pP, uP(0*) = pP, and JE = JP. Let Ball(x,r) denote a Euclidean

ball centered at x with radius r. I state my last parametric assumption below:
P5. (INTERIOR ASSUMPTION) There exists ¢ > 0 such that Ball(p?(6*),¢) C P.

Assumption P5 is sufficiently mild and is satisfied by most problem instances. Intuitively,
it states that the static price should neither be too low that it attracts too much demand
nor too high that it induces no demand. The same interior assumption has also been made
in Jasin (2014) and Chen et al. (2016).

Asymptotic setting. As briefly discussed in Section 3.2, most revenue management in-
dustries can be categorized as either moderate or large size. Thus, following the standard
convention in the literature (e.g., Besbes and Zeevi (2009) and Wang et al. (2014)), I will
consider a sequence of increasing problems where the length of the selling season and the
initial inventory levels are both scaled by a factor of k& > 0. (One can interpret k as the
size of the problem. For example, & = 500 could correspond to a flight with capacity 500
seats and k£ = 5,000 could correspond to a large hotel with capacity 5,000 rooms.) To be

precise, in the k' problem, the length of selling season and the initial inventory levels are

41



given by kT and kC respectively whereas the optimal deterministic solution is still AP (6)
and the optimal dual solution is still u?(6). Let p™(k) denote the expected revenue loss
under admissible control 7© € Ily« for the problem with scaling factor k. I am primarily
interested in identifying the order of p™(k) for large k. Intuitively, one would expect that
a better-performing control should have a revenue loss which grows relatively slowly with
respect to k. The following notation will be used throughout the remainder of the essay.
For any two functions f : R — R and g : R — R, I write f(k) = Q(g(k)) if there exists
M > 0 independent of k such that f(k) > Mg(k). Similarly, I also write f(k) = ©(g(k))
if there exists M, K > 0 independent of k such that Mg(k) < f(k) < Kg(k), and write
f(k) = O(g(k)) if there exists M > 0 independent of k such that f(k) < Mg(k).

3.4 General Demand Function Family

I am now ready to discuss my heuristic for the general family of parametric demand. My
main result in this section is to show that PSC is rate-optimal, i.e., it attains the perfor-
mance lower bound. It has been repeatedly shown in the literature (e.g., Besbes and Zeevi
(2012), Broder and Rusmevichientong (2012), Wang et al. (2014)) that, in the most gen-
eral setting, no admissible pricing control can have a better performance than Q(\/E), ie.,
p" (k) = Q(Vk) for all 7 € TI. This obviously poses a fundamental limitation on the perfor-
mance of any pricing control that I could hope for. An important question of both theoretical
and practical interest is whether this lower bound is actually tight and whether there exists
an easily implementable pricing control that guarantees a O(\/E) revenue loss. In the gen-
eral parametric setting with only a single product and without capacity constraints (i.e., the
uncapacitated setting), this question has been answered by Broder and Rusmevichientong
(2012). If, on the other hand, the resources have limited capacity (i.e., the capacitated set-
ting), Lei et al. (2014) recently propose a hybrid heuristic that guarantees a O(vk) revenue
loss. Thus, the question of the attainability of the lower bound in the single-product setting
has been completely resolved. As for the general parametric setting with multiple products
and capacity constraints, I am not aware of any result that guarantees a O(\/E) revenue
loss. The heuristics analyzed in Wang et al. (2014) and Lei et al. (2014) are not easily gen-
eralizable to multiproduct setting. (This is because their heuristics exploit the structure of
the optimal deterministic solution in the single-product setting. Unfortunately, no analogs
of such structures exist in the multiproduct setting.) Moreover, the analysis of multiproduct
setting with capacity constraints introduce new subtleties that do not previously exist in
the uncapacitated setting. A family of self-adjusting controls, i.e., Linear Rate Correction

(LRC), has been shown to perform very well in the capacitated multiproduct setting when
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the demand function is known to the seller (Jasin (2014)). Motivated by this result, I will
adapt LRC and develop a family of self-adjusting controls called Parametric Self-adjusting
Control (PSC) that can be employed in the unknown demand setting. I will show that PSC
attains the best achievable revenue loss bound for the joint learning and pricing problem. I

explain PSC below.

Parametric Self-adjusting Control. The idea behind PSC is to divide the selling season
into two stages: the exploration stage, where I do price experimentations using the explo-
ration prices, and the exploitation stage, where I apply LRC using the parameter estimate
computed at the end of the exploration stage. The exploration stage lasts for L periods (L
itself is a decision variable to be optimized) while the exploitation stage lasts for T'— L peri-
ods. Let Q € R™" be a real matrix satisfying AQ) = A and let 65, denote the ML estimate of
6* computed at the end of the exploration stage. For all ¢ > L+1, define A, := D, — Ap; éL)
Let C; denote the remaining capacity at the end of period t. The complete PSC procedure

is given below.

Parametric Self-adjusting Control (PSC)

Tuning Parameter: L

Stage 1 (Exploration)
a. Set exploration prices {pM, 5, ..., 5@}. (See below.)
b. Fort =1 to L, do:
-If C,_1 > 0, apply price p;, = pLEDI/ LI+ in period t¢.
- Otherwise, for product j = 1 to n, do:
- If product j requires any resource that has been depleted, set p; ; = p}°.
- Otherwise, set p;; = pi—1,;.

Stage 2 (Exploitation)
a. Compute the ML estimate éL given py.;, and Dy.p.
b. Solve the deterministic optimization P ,\(éL).
c. Fort=L+1toT, do:
- If Cy—1 > 0, apply the following price in period ¢

pen (- 3 220).

- Otherwise, for product j = 1 to n, do:
- If product j requires any resource that has been depleted, set p; ; = pj°.
- Otherwise, set p;; = pi—1;-

Please note that in the PSC the exploration prices that satisfy conditions S1-S3 are set
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as described in Remark 3.3.1 and, as I will show below, an optimal tuning parameter for
L is to set L = [vET]. In comparison to the original LRC, which uses p; = p(AP(#*) —
Zi;ll g—f: ;0*)2, since the underlying parameter vector #* is not known and the sequence
{A,} is not observable, I use 0, and {A,} as their substitute in PSC. Intuitively, one would
expect that if 6, is sufficiently close to 8*, then PSC should retain the strong performance of
LRC. This intuition, however, is not immediately obvious. It should be noted that while LRC
only deals with the impact of natural randomness due to demand fluctuations, as captured
in {A;}, PSC also introduces a sequence of systematic biases due to estimation error as
captured in {A,} (by definition, E7[A,] # 0). Thus, despite the strong performance of
LRC, it is not a priori clear whether linear rate adjustments alone, without re-optimizations
and re-estimations, is sufficient to reduce the impact of estimation error on revenue loss.

Interestingly, the answer is yes. In fact, PSC is rate-optimal.

Theorem 3.4.1 (RATE-OPTIMALITY OF PSC) Suppose that I use L = [VKT']|. Then,
there exists a constant My > 0 independent of k > 1 such that pP5¢(k) < Mk for all
kE>1.

As a comparison, if I apply the same static price p, = p” (éL) throughout the exploitation
stage, subject to capacity constraints, then the optimal length of exploration stage is of the
order k2% and the resulting revenue loss is O(k%31og"® k) (Besbes and Zeevi 2009). This
underscores an important point that a simple and autonomous price update is sufficient to
reduce the revenue loss from O(k*?10g”® k) to O(kY/?). Let E(t) := ||¢* — ||, and define
e(t) := E7[E(t)?]"/2. The proof of Theorem 3.4.1 depends crucially on the following lemmas.

Lemma 3.4.1 (CONTINUITY OF THE OPTIMAL SOLUTIONS) There exist constants k > 0
and & > 0 independent of k > 0, such that for all 6 € Ball(6*,6),

0. pP(6) € Ball(pP(67), 6/2), Ball(pP(6), 6/2) C P and |\2(6) — \P(B)]]s < w[6" — O],
b. pP(.): © = R is continuous at 0*;

c. The capacity constraints of P\(0) that correspond to the rows {i : uP(0*) > 0} are

(2

binding.

Lemma 3.4.2 (BounDps FOR ML ESTIMATOR WITH I.I.D OBSERVATIONS) There exist
positive constants ny,1n2,ms independent of k > 0, such that for all § > 0, I have P"™(E(L) >
§) < 1 exp(—n,L6?) and e(L) < ns/v/L.

2Jasin (2014) uses Q = HA for some H satisfying AH = I.
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Lemma 3.4.3 (EXPLOITATION REVENUE UNDER PSC) Let § be as defined in Lemma 3.4.1.
Let ]%Psc(kz) denote the revenue under PSC during the exploitation stage. There exists a con-
stant My > 0 independent of L > 0 and k > 3 such that for all k > 3,

kT
3 r(AP(07);0°) — E7 [RPSC(k;)} < M, le(L)QkJ +
t=L+1

log k 1+ kP™ (E(L) > 9)
1 —P~(E(L) > 6) Lt AT P (E(L) > 6)

Some comments are in order. Lemma 3.4.1 means that the deterministic problem P(f,) is
similar to the deterministic problem P(6*) as long as the estimate 0y is sufficiently close to 6*.
In particular, the Lipschitz continuity of AP (6) is useful to quantify the size of perturbation in
the deterministic solution as a function of the estimation error. Lemma 3.4.2 is a typical sta-
tistical result that is needed to bound the size of the estimation error at the end of the explo-
ration stage. Lemma 3.4.3 is the key. It characterizes the trade-off between exploration and
exploitation by establishing the impact of the length of the exploration stage on the total rev-
enue loss incurred during the exploitation stage; this, in turn, helps me to determine the opti-
mal length of the exploration stage. I want to stress: The result of Lemma 3.4.3 is rather sur-
prising. To see this, note that, if the true parameter vector is misestimated by a small error e,
then AP(6,) is roughly € away from AP (6*) as suggested by Lemma 3.4.1(a). If the seller sim-
ply uses the static price p” (éL) throughout the exploitation stage, then the one-period rev-
enue loss is roughly r(AP (6%); 0%)—r(AP(0,); 0%) ~ Var(AP(0%);6%)-(A\2(0*)—\P(6)) ~ O(e),
which leads to a total revenue loss of O(ek). This is in contrast to the analysis in the un-
capacitated setting where YV r(AP(6*);0*) = 0 (because in this case A”(#*) is the global
unconstrained optimizer of 7();6*)), and thus a smaller revenue loss of order € is incurred
in each period, which yields a total revenue loss of O(e®k) (see Broder and Rusmevichientong
(2012)). This explains why the results in the uncapacitated setting are not directly applica-
ble to the capacitated setting. In PSC, I use a feedback correction mechanism (i.e., the term
— ZZ?L 41 %) that has the ability to mitigate the impact of systematic error € on revenue
loss. To further highlight the strength of self-adjusting price update, I report a numerical
simulation in Table 3.1. Let STA denote the control that uses the deterministic price in
the exploitation stage instead of adjusting prices using PSC’s price update formula. (This
control is the network RM version of the control in Besbes and Zeevi (2009).) Table 3.1
displays the revenue loss (RL) for PSC and STA and shows that PSC significantly outper-
forms STA. Finally, it should be noted that, although my analysis holds for all () satisfying
AQ = A, different choices of () may lead to a different non-asymptotic performance. In par-
ticular, from the proof of Lemma 3.4.3, it can be seen that the constant My is O(1+||Q][3).
Therefore, one approach to determine @ is to solve min{||Q||2 : s.t. AQ = A}. Note that
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this optimization is a convex program and A is known to the seller before the selling season;

thus, the seller can solve the optimal @) off-line very efficiently.

3.5 Well-Separated Demand Function Family

The joint learning and pricing problem studied in Section 3.4 is very general: It allows both
a general parametric demand form and an arbitrary number of unknown parameters. In this
general case, the problem is naturally hard not only because active price experimentations
are costly but also because, as it turns out, not all prices are equally informative. An exam-
ple of the so-called uninformative price can be seen in Figure 3.1. Intuitively, if the seller
experiments with an uninformative price, then he will not be able to statistically distinguish
the true demand curve from the wrong one regardless of the choice of the estimation pro-
cedure. Indeed, as pointed out by Broder and Rusmevichientong (2012), this is the reason
why one cannot improve on the Q(\/E) lower bound for revenue loss in general. To guaran-
tee a stronger performance bound than @(\/E), I need to impose additional assumptions on
the demand model. One condition that has been studied in the literature is the so-called
well-separated condition of the family of demand functions for a single product proposed
by Broder and Rusmevichientong (2012) (see Figure 3.1). They show that, for the case of
the uncapacitated single-product RM, if the demand function family is well-separated, the
Q(v'k) lower bound on revenue loss can be reduced to Q(log k). This is a significant improve-
ment in terms of the potentially achievable performance of an admissible pricing control. It
is not, however, a priori clear whether a similar result also holds in the more general network
RM setting with multiple products and capacity constraints. In what follows, I first provide
the definition of well-separated condition in multidimensional parameter space, and then I
discuss a heuristic called Accelerated Parametric Self-adjusting Control (APSC), which is
specifically designed to address this setting.

Well-separated demand. To formalize the definition of well-separated demand, it is con-
venient to first consider the distribution of a sequence of demand realizations Dq.; = di
under a sequence of prices pJ,, € P generated by an admissible control 7, which is defined

as

t n (1_2?:1d5,j) n
Prd) = PPY(d) = [] (1—2Aj(p§;9>> T2 0y
7j=1

Define W(Amin, Amax) == {p € P+ 201 Aj(910) < Anaes A (00) > Amin, = 1,...,n, for all 6 €
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©}, for some 0 < S\min < S\max < 1. I state the well-separated assumptions below. All the

results in this section require these additional assumptions to hold.

WELL-SEPARATED ASSUMPTIONS. For any 0 < S\min < S\max < 1, there exists ¢y > 0 such
that:

W1. For all p € W(Amin, Amax), PP?(.) # PP () whenever 0 # ' ;

W2. For all § € ©, p € W(Amin, Mmax), 1(p,0) = c;1 for I(p,0) := [I,;(p,0)] € R defined

as

2

0 0
TP | p,0 —FP | _
[[(p7 9)]%] E49 aelaej lOg P <D>:| E0 |: 891

mW@%mw%y
J

W3. For any pr.e = (p1, -+, 1) € W(hmin, Amax)’, log PP (Dy4) is concave in 6 on ©,

Assumptions W1 and W2 are the multiproduct multiparameter analogs of the well-
separated condition given in Broder and Rusmevichientong (2012). A necessary condition
for W1 to hold is that there is no “redundancy”. This means that the number of products
must be at least as many as the number of the unknown parameters. If the number of
products is strictly smaller than the number of unknown parameters (i.e. n < ¢), then I am
essentially trying to solve a system of n equations with ¢ unknowns, which may result in the
non-uniqueness of #. Note that W2 is analogous to condition S3 and it ensures that seller’s
information about the parameter vector strictly increases as he observes more demand re-
alizations under any p € W(S\min, S\max)- The last condition W3 requires the log-likelihood
function to behave nicely. This is easily satisfied by many commonly used demand func-
tions such as linear, logit, and exponential demand functions. Note that this well-separated
condition is not overly restrictive as it permits, for example general demand functions with
unknown additive market size (i.e., for each product j, its demand is \;(p) = a;+g¢;(p) where
the market size a; is unknown and g; : P — [0, 1] is a known function) and general demand
functions with unknown multiplicative market size (i.e., for each product j, its demand is
A\;i(p) = a;g;(p) where the market size a; is unknown and g; : P — [0, 1] is a known function).
For more examples of well-separated demand in the single-product /single-parameter setting,

see Broder and Rusmevichientong (2012).

Passive learning with APSC. Estimating the unknown demand parameters from a fam-
ily of well-separated candidate functions is considerably much easier than estimating the
unknown parameters in the general setting. As discussed earlier, in the general parametric

case, not all prices are equally informative. In contrast, under the well-separated condition,
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all prices are informative. This means that the demand data under any price will help im-
prove the estimation, and the seller can continue to passively learn the demand parameter
vector during the exploitation stage. The following result on ML estimation is the analog of

Lemma 3.4.2 for non-i.i.d observations when the demand function family is well-separated.

Lemma 3.5.1 (ESTIMATION ERROR OF ML ESTIMATOR WITH NON-I.I.LD OBSERVA-
TIONS) Fix some 0 < Xmin < S\max < 1. Suppose that an admissible control ™ satis-
fies ps = ms(D1.s-1) € W(S\min,j\max) for all 1 < s < t. Then, under WI1-W3, there
exist constants n4,ms,m6 > 0, such that Y6 > 0,P™(E(t) > 6) < nut? 'exp(—nstd?) and
e(t) < noy/[la— Dlogt + 1171,

Remark 3.5.1 The result derived in Broder and Rusmevichientong (2012) (Theorem 4.7)
can be viewed as a special case of ours. In particular, their result holds for the single product
and single parameter setting whereas my result holds for a multidimensional setting with
multiple products and multiple parameters. Although Hellinger distance and likelithood ratio
are the common arguments used in deriving bounds in both results, I want to point out
that the multidimensional parameter space is more complicated. To be precise, in the single
dimension case, all candidate parameters lie on a line. Therefore, if ML estimator 0, is &
away from 6%, then there are only two possibilities: Either 0, >0 +08 orb, < 0*—5. Thus
deriving the tail bound reduces to bounding the probability that, given the observations, the
likelthood of 6* is smaller than either of the two points: 0* — & and 0* + 9. In contrast, in the
multidimensional parameter case, if ML estimation error is larger than &, one needs to bound
the probability that the likelihood of 0% 1s smaller than any of an infinite number of points
that lie on the boundary of a multidimensional ball. This makes my extension nontrivial.
Another observation is that as the dimension of the parameter space increases, the bounds
deteriorate. This results in the different orders of regret bounds for the single parameter and
the multiple parameters cases. However, since the bounds do not deteriorate too much, I am
still able to attain a sharp performance bound for APSC when multiple parameters need to

be estimated.

Accelerated Parametric Self-adjusting Control (APSC) divides the selling season into
two stages similar to PSC: the initial exploration stage, which lasts L periods, and the
exploitation stage, which lasts T'— L periods. However, unlike PSC, which stops learning the
value of the underlying parameter vector once it exits the exploration stage, APSC continues
to incorporate passive learning during its exploitation stage. To do this, APSC further

divides the exploitation stage into small segments with increasing length (see Figure 3.2). Let
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t.,z=1,...,Z+1, be a sequence of strictly increasing integers satisfying t; = L,to = L+1,
tzi1=T,t, = [%1 + L for all z =2,..., 7, and let segment z contains all the periods
in (¢t,,t.1] = {t. + 1,t.+2,...,t.41}. (Note that when 7" and L are given, the sequence
of integers is uniquely determined. It is not difficult to see that Z, the number of segments
obtained under the procedure mentioned above, satisfies Z < [log,(T'— L +1)] < [log, T'].)
The idea is to re-estimate the parameter vector at the beginning of each segment and use
the new estimate to update the deterministic solution over time. The re-estimation periods
are spaced in a way that updates occur more frequently during the early part of the selling
season, when my estimate is still highly inaccurate, and gradually phase out as the estimation
accuracy improves. Once the parameter estimate is updated, ideally, the seller can update
his deterministic solution by re-optimization. However, recall that frequent re-optimizations
may still be computationally challenging for large-scale RM applications. To address this
concern, | propose a re-optimization-free subroutine to update the deterministic solution
at re-estimation points: (1) At the beginning of segment 1 (i.e., the beginning of period
L+1), solve the deterministic optimization problem P(f;) to obtain the exact deterministic
solution A2(6,); (2) At the beginning of segment z > 2 (i.e., the beginning of period ¢, + 1),
use Newton’s method (see more details below) to obtain an approximate solution of P(éz)
Since this procedure involves some subtleties, I discuss this subroutine below before laying
out the full description of APSC.

To better explain the intuition behind the subroutine, I first briefly review Newton’s
method for the multi-variate equality constrained problem. Let X be a convex set in R”, f
be a strongly concave function, and F' and G be a matrix and a vector, respectively, with
a proper dimension. I write down a nonlinear programming (NP) problem with equality

constraints and its Karush-Kuhn-Tucker (KKT) conditions below:
(NP) max {f(z): Fz=G}, (KKT) {V.f(z*)=F'u*, Fa* =G},
re

where (z*; u*) is the optimal pair of primal and dual solution. Since KKT conditions are
both necessary and sufficient for the prescribed setting, to solve NP, I only need to solve
the system of equations characterized by the KKT to which I will apply iterative Newton’s
method. To be precise, suppose that I have an approximate pair of primal and dual solution
(2; p2). Then, my next pair of solution is given by (2.41; pat1) = (22; p12) + (Ay; A,,), where
the Newton steps A, and A, are characterized by the following:
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Vi, +A) = Flu.+A,) Vi(x.)+ Vif(2)Ay = Flu.+FA,

Q

Flz.+A,) = G Fr,+FA, = G
-1
N A:v o —ng(xz) F' Vf(&?z) - F,,uz
A, | F 0 G — Fu,

The key result for Newton’s method is that it has a locally quadratic convergence rate,
i.e., there exists some positive constants v and & such that if ||z, — 2*||s <, then ||z, —
*||ls < ||z, — z*||3 (see Boyd and Vandenberghe (2004) for details). My idea is to tap
into this locally quadratic convergence of Newton’s method, coupled with the convergence
result of ML estimator in Lemma 3.5.1, to develop a procedure for obtaining a sequence of
solutions {\YT}Z | that closely approximates {\P(f,.)}2_,. To implement this, I need to
approximate P(f,.) with an equality constrained problem ECP(6;.) (to be defined shortly)
so that Newton’s iteration can be properly applied. Let C; — (AAP(6;,)); denote the amount
of slack for the it" capacity constraint in Py (6;, ) and define B := {i : C;/T—(AX?(8,,)); < n}
to be the set of potential binding constraints in P,(6*), where 1 is a threshold level to be
chosen by the seller. (Since I do not know which constraints are actually binding in P,(6*),
I use B as my estimate. It can be shown that the constraints in B coincide with the binding
constraints in P (6*) with a very high probability as k — oo if i is properly chosen. I address
how 7 should be chosen in Theorem 3.5.1 below.) Let B and Cp denote the submatrix of A
and subvector of C' with rows corresponding to the indices in B respectively. Similarly, let
N and Cy denote the submatrix of A and subvector of C' with rows corresponding to the

indices not in B respectively. Define the Fquality Constrained Problem (ECP) as follows:

ECP(f) max {7"(:15;(9): Bz = %}

reR™ T

Denote by 2P () the optimal solution of ECP(6). Note that if B coincides with the set of
binding constraints of Py(#*) at the optimal solution AP (6*), then not only z?(6*) coincides
with AP (6*), but also a stability result similar to Lemma 3.4.1(a) holds: there exist positive
constants 0, & such that for all ||§ — 0%||5 < &, ||zP(0) — AP(6%)|| = ||zP(0) — 2P (6%)]], <
K[| — 6*|]2. This means that ECP(6) closely approximates P (6*) when 6 is close to 6*. 1

define the Newton iteration for ECP(f,.) in segment z as follows:
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x4+ A, (2] [ -r B G—DBu
Newton, (z, ) := = +
12 + AM i ] i B O CB — Bz
e . [ _R+ RB'S'BR RBS '] [ G-Bu
e | ST'BR S-1 Cp — Bx

where R = [V2,7(2;0,.)]", G = Vyr(x;6,.), and S = BRB'. (This formula is derived using
the formula for Newton step in multi-variate equality constrained problem and the block
matrix inversion formula.) Let S, := A; N{AE€R": NA< Cy,BA=Cp}lorz=1,...,7.
[ can now state the Deterministic Price Update Procedure (DPUP) below which will be a
part of the APSC described later.

Deterministic Price Update Procedure

Tuning Parameter: n
For z =1, do: X
a. Solve Py(6;,) and obtain A" (6;,)
b. Identify B := {i: C;/T — (AX"(6,,)); < n} R
c. Set 2T := AP (0,,), i = (BB )" 'BV,r(z7T;0;,), and let AYT = 27T,

For z > 2, do:
a. Set (a7 yNT) := Newton, (xYT | uN1))
b. Let AN be the projection of 27 on S, i.e., A7 := argmin,g_|[z]" — A5

I briefly explain the intuition behind DPUP. Recall that my goal is to obtain an approx-
imate solution for each Py(6,.), z = 1,..., Z, without re-optimization. Since ECP(6;.) and
P,(6,.) are similar, the projection of 22(6,.) on . should be a very good approximation of
AP (ét) Therefore, if I can find a good approximation of z” (étz), say z,, then by projecting
z, on S,, I can attain a good feasible approximation of AP (étz). This is where I need to
apply Newton’s method to approximately solve each ECP(étz). In particular, segment 1
carries out two objectives: (1) I want to find the set of potential binding constraints B and
(2) T need to compute an initial pair of approximate primal and dual solution (z7; M) to
ECP(6,,). T use AP(6,,) as my initial primal solution #¥7. The approximate dual solution
pNT is computed using the formula proposed in Boyd and Vandenberghe (2004). (Naturally,
since Var(z2(6,,);0,,) = B'1iP(6,,) must hold at the optimal primal and dual solution of
ECP(0,,), this suggests that I use uN7 = (BB') BV, r(xN7;6,,).) For any later segment
z > 1, 1 first use (N%; uNT) as an initial feasible point for ECP(6,.) and apply a single
iteration of Newton update to obtain a much better (due to the locally quadratic conver-

gence of Newton’s method) approximate solution (zN7; uNT) of ECP(6,,). Then, I project
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2NT to S, to obtain a feasible solution, AN, to P,(6;.). By doing this, I manage to re-
place the full-scale re-optimization of P ,\(étz) into one Newton update and one projection. It
should be noted that, although it is theoretically possible to apply two (or more) iterations
of Newton update, it is asymptotically unnecessary due to the locally quadratic convergence
of Newton’s method. Indeed, I show that |[zN7 — AP(6%)||, = O(||0, — 6*||2). Thus, in
light of Lemma 3.4.1(a), N7 approximates AP (0*) as well as AP(6,.) in terms of the order
of approximation error. (See Figure 3.3 for an illustration of DPUP.) Below, I provide the
full description of APSC heuristic.

Accelerated Parametric Self-adjusting Control (APSC)

Tuning Parameters: L, 7

Stage 1 (Exploration)
a. Set exploration prices {p™M, 5, ..., p@}. (See below.)
b. Fort =1 to L, do:
-If C,_1 = 0, apply price p; = pLtE—Na/LI+D) in period ¢,
- Otherwise, for product j =1 to n, do:
- If product j requires any resource that has been depleted, set p; ; = p}°.
- Otherwise, set p;; = pi—1;.

Stage 2 (Exploitation)
For time segment z =1 to Z, do:
a. At the beginning of period ¢, 4+ 1, compute ML estimate étz
b. Use DPUP(7n) to obtain AT,
c. Fort=t,+1tot,, do:
- If Cy—1 > 0, apply the following price in period ¢

t—1 A
Ay,
pt3:p<>\i\7T— Z /16:12_3;815.2)7

s=t1+1

- Otherwise, for product j = 1 to n, do:
- If product j requires any resource that has been depleted, set p; ; = p}°.
- Otherwise, set p;; = pi—1,;-

Please note that in APSC the exploration prices that satisfy conditions S1-S3 are set as
described in Remark 3.3.1. Moreover, under the choice of L,n described in the following

theorem, APSC has a strong revenue performance as stated in the theorem below.

Theorem 3.5.1 Fix any € > 0. Suppose that I use L = |_10g1+5<kT)-| and n = 10g—6/4 L.
There exists a constant My > 0 independent of k > 3 such that pT3¢ (k) < M, [log' ™k +
(¢ — 1)log* k] for all k > 3.
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Remark 3.5.2 Broder and Rusmevichientong (2012) has established that, under the well-
separated case with one unknown parameter, the best achievable lower bound on the perfor-
mance of any admissible pricing control in the uncapacitated single product case is Q(log k)
and this bound is achievable by a heuristic called MLE-GREEDY. An open research question
1s whether this bound is also achievable in the more general case of capacitated network RM
with well-separated demand. My result gives a partial answer. I show that the revenue loss of
APSC is worse than O(logk) by a factor of log k. However, in the case where there is only
one parameter to estimate, the revenue loss of APSC is O(log'™ k). Since ¢ can be chosen
to be arbitrarily small, APSC almost attains the best achievable performance bound for the

special case with a single unknown parameter.

3.6 Closing remarks

[ study the multi-product/multi-resource dynamic pricing problem in the presence of in-
ventory constraint and unknown general parametric demand functions. I develop the PSC
heuristic which first learns the demand function parameter by price experimentation and
then adjusts the price over time according to the realized demand. The heuristic is compu-
tationally appealing since it only requires one estimation and one optimization. Surprisingly,
the heuristic has a very strong performance as its revenue loss rate is only (’)(\/E), matching
the best achievable revenue loss rate. This is the first heuristic for the parametric case that
attains the exact revenue loss lower bound for capacitated network RM problems.

I also study the case when the family of the demand functions satisfies a so-called “well-
separated” condition. Under this condition, demand parameter estimation becomes much
easier and the seller can now spend more time on exploitation. Indeed, I develop the APSC
heuristic, a modification of PSC, that reduces the revenue loss to O(log? k). APSC conducts
re-estimations according to a doubling schedule. Under APSC, the seller only needs to
conduct one optimization and O(log, k) estimations.

My results also suggest the wide applicability of self-adjusting idea in dynamic pricing
problems. This self-adjusting idea can be used as a guideline for the companies to develop
more sophisticated dynamic pricing policies in practice. Another surprising take-away it that
even if the demand function is unknown, re-optimization is not indispensable to achieving a

good performance.
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3.7 Tables

Table 3.1: Performance comparison of STA and PSC

Revenue STA PSC
k upper bd. RL(Std.) % of RL RL(Std.) % of RL
100 24970 9876 (48) 39.5% 7711 (82) 30.9%

300 74911 20133 (169) 26.9%  14323(205)  19.1%
1000 249702 45817 (443) 18.3%  29587(437)  11.8%
3000 749107 97342(1080)  13.0% 55633 (896) 7.4%
10000 2497023 223564 (2855)  9.0% 110542 (2012)  4.4%
30000 7491069 459024 (6274)  6.1%  205426(4683)  2.7%
100000 24970230 1035790 (14572)  4.1% 371655 (9497)  1.5%
300000 74910689 2174142 (31567)  2.9%  702589(21923)  0.9%

In this numerical example, I set n = 2,m =2, A = [1,1;0,2],C = [1;1]. The demand

model is a logit function, and [A;(p1,p2); Aa(p1,p2)] = (1 + exp(4 — 0.015p;) + exp(8 —
0.02ps)) ! [exp(4 — 0.015p;); exp(8 — 0.02py)]. For each heuristic, I vary the scale k from

100 to 300000 and run 1000 trials for each k.
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3.8 Figures

Figure 3.1: Uninformative prices (left) and well-separated demand family (right)

Purchase probability Purchase probability

o

True demand curve True demand curve

---------- Alternative demand curve 1 =-------- Alternative demand curve 1

————— Alternative demand curve 2 T —-—-— Alternative demand curve 2

Price Price

Note: For a general demand function family (left), there may be uninformative prices
where the true demand curve and alternative demand curves intersect. The seller cannot
statistically distinguish the true demand function from the alternatives when using those

prices. This phenomenon does not occur in well-separated demand function family (right).

Figure 3.2: Hlustration of APSC

Z =25
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oy F
1 oLt T
:¢1 2 I3 fs 5 #6
§Seg1 Seg2 Seg3 Seg4 Seg5

Note: In this example, the first L periods are dedicated to exploration and the remaining
periods are divided into five exploitation segments. The seller estimates the demand
parameters and optimizes for the deterministic solution at the beginning of period ¢; + 1.
The demand parameters are then re-estimated and the deterministic solution is updated
accordingly at the beginning of periods t5 + 1,3+ 1,4 + 1,¢5 + 1.
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Figure 3.3: Geometric illustration of DPUP for segment z = 2

2(Be,) = 2T =T

Note: In segment 2, step (a) is to apply Newton’s method to the previous approximate
solution zM" to obtain a better solution to ECP(6,,), i.e., z)'T. This solution may not be
feasible to PA(GAQ), so in step (b), #27 is projected on Sy, which is a ray in this example, to
obtain A7,
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Chapter 4 Pricing with Unknown Demand:

Nonparametric Case

4.1 Abstract

I study a multi-period network revenue management problem where a seller sells multiple
products, made from multiple resources with finite capacity, in an environment where the
underlying demand function is a priori unknown (in the nonparametric sense). The objective
of the seller is to simultaneously learn the unknown demand function and dynamically price
his products to minimize the expected revenue loss. For the problem where the number of
selling periods and initial capacity are scaled by k£ > 0, it is known that the expected revenue
loss of any non-anticipating pricing policy is Q(\/E) However, there is a considerable gap
between this theoretical lower bound and the performance bound of the best known heuristic
control in the literature. In this essay, I propose a Nonparametric Self-adjusting Control and
show that its expected revenue loss is O(k'/?T€log k) for any arbitrarily small € > 0, provided
that the underlying demand function is sufficiently smooth. This is the tightest bound of
its kind for the problem setting that I consider in this essay and it significantly improves
the performance bound of existing heuristic controls in the literature. In addition, my
intermediate results on the large deviation bounds for spline estimation and nonparametric
stability analysis of constrained optimization are of independent interest and are potentially

useful for other applications.

4.2 Introduction

Revenue management (RM), which was first implemented in the 1960s by legacy airline
companies to maintain their edge in the competitive airline market, has recently become
widespread in many industries such as hospitality, fashion goods, and car rentals (for more
detail, see Talluri and van Ryzin (2005)). The sellers in these industries face the common
challenge of allocating a fized capacity of perishable resources (e.g., seats in a jet, rooms in

a hotel, etc.) to satisfy wvolatile demand of products or services. If the seller fails to satisfy
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demand appropriately, a considerable amount of profit is at stake either due to the zero
salvage value of unused capacity or the loss of potential revenue. (For example, in the airline
industry, it is known that the benefit of using RM is roughly comparable to the airline’s
annual margin, which is about 4-5% of total revenue (Talluri and van Ryzin 2005).) Given
this, RM is aimed at helping the sellers to make optimal decisions such that the right product
is sold to the right customer at the right time and at the right price. One type of operational
leverage often employed by the sellers is dynamic pricing: By adjusting the prices over time,
the seller can effectively control the rate at which demand arrives so he can better match
demand with available resources.

Despite its known benefits (Talluri and van Ryzin 2005), the efficacy of dynamic pricing
hinges upon the seller’s knowledge of market’s response to different prices, i.e., the underlying
demand function. Unfortunately, in most (if not all) real-life applications, this underlying
demand function is not easily accessible to the sellers. Although many sellers have adopted
sophisticated statistical methods, the estimated demand function is inevitably subject to
estimation error, which in turn affects the quality of the sellers’ pricing decisions. The
negative impact of inaccurate demand estimation is further magnified in practice because
typical RM industries tend to have a large sales volume; thus, even small errors can lead to
a significant revenue loss in absolute term. Given this limitation, one pressing issue faced
by RM practitioners is how to dynamically price their products when the underlying demand
function is unknown a priori. This essay studies joint learning and pricing problem in a
general network RM setting with multiple products and multiple capacitated resources for
the nonparametric demand case. (By nonparametric, I mean the case where the seller does
not even know the functional form of demand. This is in contrast to the so-called parametric
case where the seller a priori knows the form of demand function (e.g., linear, exponential,
logit, etc.) and he only needs to estimate the unknown parameters (e.g., the intercept and
the slope of a linear demand function)). In this essay, I construct a heuristic control that
is not only easy to implement for large-scale problems but also has a provable analytical
performance bound. My bound significantly improves the performance bound of existing

heuristic controls in the literature.

Literature review. A large body of RM literature has investigated the canonical dynamic
pricing problem where the seller knows the underlying demand function. The prevailing
view is that, even in the case where learning is not in play, computing an optimal control is
already challenging to do. This is so because the common technique for solving sequential
decision problems, the so-called Dynamic Programming (DP), suffers from the well-known
curse of dimensionality. This curse of dimensionality is exacerbated in many RM industries

because the sellers typically have to manage the price of at least thousands of products on a
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daily basis. To illustrate, a typical major US airline operates more than a thousand flights
daily, each of which has more than ten different booking classes that are characterized by
different combinations of service level and purchase restriction. Since passengers book tickets
in advance, the airline needs to price not only the tickets for the same-day flights but also
those with departure dates several months in the future. All these factors put together can
easily translate into a daily pricing decision for millions of itineraries. Due to this challenge,
instead of finding the optimal pricing control, a considerable body of existing literature has
focused on developing computationally implementable heuristic controls with provably good
performance guarantee. (See Bitran and Caldentey (2003) and Elmaghraby and Keskinocak
(2003) for a comprehensive review of the literature.)

Within the canonical RM literature, some works have focused on developing heuristic
controls based on the solution of a deterministic pricing problem, i.e., the deterministic
counterpart of the original stochastic control problem, which is computationally much easier
to solve than the DP. This approach was first proposed by Gallego and van Ryzin (1994).
They develop a static price control by first solving a convex optimization problem at the be-
ginning of the selling season and then using its optimal solution as static price throughout the
selling season, subject to available resources. Although the proposed heuristic control is easy
to implement, its drawback is obvious: It ignores the observed demand realizations, which
leaves room for further improvement. One intuitively appealing idea that has been studied in
the literature involves frequent re-optimization of the deterministic pricing problem through-
out the selling season. Maglaras and Meissner (2006) show that the re-optimized static price
control (RSC) cannot perform worse than static price control without re-optimization (in
asymptotic sense). However, it is not immediately clear from their analysis alone whether
re-optimization actually guarantees a better performance (and if so, by how much). A recent
work by Jasin (2014) answers this question in the affirmative by showing that RSC does sig-
nificantly improve the performance of static price control (again, in asymptotic sense). While
existing literature has shown frequent re-optimization to be beneficial, its implementation
can be very time-consuming especially when applied to large-scale problems that often arise
in practice; this has motivated the development for computationally much easier yet equally
effective heuristic controls. For example, motivated by the optimal structure of the diffusion
control problem of the continuous-time dynamic pricing problem, Atar and Reiman (2012)
develop a re-optimization-free bridge pricing control that guarantees the same asymptotic
performance as RSC. An equally effective heuristic control is also obtained in Jasin (2014).
Motivated by the structure of the re-optimized prices under RSC, Jasin (2014) proposes a
real-time control, called Linear Rate Correction (LRC), that has a similar structure as the

bridge control and does not require any re-optimization at all. To be precise, LRC only
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requires a single optimization at the beginning of the selling season and automatically ad-
justs the price according to a pre-specified update rule throughout the remaining selling
season. Inspired by the strong performance of bridge pricing control and LRC in the setting
with known demand function, in this essay, I construct a nonparametric self-adjusting con-
trol akin to LRC and show that its asymptotic performance is very close to the theoretical
lower bound on the performance of any feasible pricing control in the setting with unknown
demand function. Below, I discuss the literature on joint learning and pricing.

There is a growing literature that studies joint demand learning and pricing problem.
Most existing works have combined a particular statistical learning procedure (e.g., Maxi-
mum Likelihood, Least Squares, etc.) with a certain dynamic pricing control (most notably,
the static price control). A central highlight in this literature is the trade-off between the
cost of learning the demand function (exploration) and the reward of using the “optimal”
price computed using the estimated demand function (exploitation). The longer the time the
seller spends on learning the demand function, the less opportunity there is to exploit the
knowledge of the newly estimated demand function. On the flip side, if the exploration time
is too short, it will result in a poor estimation, which yields highly sub-optimal prices. What
is the best performance that any non-anticipating pricing control can achieve in the setting
with unknown demand function? Suppose that I scale the length of the selling season and the
initial resource capacity by a factor of £ > 0. (The constant k can be interpreted as the size
of the problem. See Section 4.3 for more discussions on this.) One way to measure the per-
formance of a feasible control is to study the order of expected revenue loss which is defined
as the order (with respect to k) of the gap between the total expected revenue earned under
this control and a well-established deterministic upper bound. (See Section 4.3 for more
details on this performance metric.) It is widely known in the literature that the expected
revenue loss of any feasible pricing control in general is Q(v/k) (e.g., Besbes and Zeevi (2009),
Broder and Rusmevichientong (2012), Keskin and Zeevi (2014)). For the case of uncapaci-
tated RM, where there is no limit on the number of resources that can be used, this lower
bound has been repeatedly shown to be tight (e.g., Broder and Rusmevichientong (2012),
Keskin and Zeevi (2014)). As for the case of capacitated RM, most existing literature has
primarily focused on the setting of a single-product and single-resource RM (often called
single-leg RM due to the early application of RM in airline industry). Besbes and Zeevi
(2009) is among the first to investigate this problem under both parametric and nonpara-
metric cases. Their proposed heuristic control for the parametric case yields an expected
revenue loss of O(k?/3 log®® k) whereas their proposed heuristic control for the nonparamet-
ric case guarantees an expected revenue loss of O(k** log”® k). This suggests that there is

a considerable gap between the performance of parametric and nonparametric approaches.
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Recent works by Wang et al. (2014) and Lei et al. (2014) have managed to significantly
shrink this gap; they develop sophisticated nonparametric heuristic controls that guaran-
tee a O(VE log*® k) and O(Vk) expected revenue loss, respectively. Thus, for the case of
capacitated RM in single-leg setting, existing works in the literature have managed to not
only completely close the gap between the performance of parametric and nonparametric
approaches, at least in the asymptotic sense, but also show that the theoretical lower bound
of Q(Vk) is indeed tight.

The general network RM problem with multiple products and multiple limited resources
is more difficult to analyze than the single-leg RM. (In Section 4.5, I will explain why the
proofs and the arguments in the uncapacitated setting cannot be applied to the capacitated
setting. Moreover, the arguments in Wang et al. (2014) and Lei et al. (2014) for the single-
leg capacitated RM also cannot be applied to the more general network RM setting. This is
so because both Wang et al. (2014) and Lei et al. (2014) heavily exploit the special structure
in the single-leg RM. Unfortunately, no analogous structure is known for the network RM.)
To the best of my knowledge, the only paper that addresses the joint learning and pricing
problem for general network RM is Besbes and Zeevi (2012). They consider the nonpara-
metric case only and show that the performance bound of their proposed heuristic control
(i.e., so-called Algorithm 2 in their paper) is O (k"*+2/("+3) 10g"° k), where n is the number of
products. Note that the fraction (n+2)/(n+ 3) in the bound highlights the curse of dimen-
sionality for network RM since the performance bound quickly deteriorates as the number
of products n increases. If, however, the true demand function is sufficiently smooth (e.g.,
infinitely differentiable), this bound can be reduced; they propose another nonparametric
heuristic control (Algorithm 3) that guarantees a O(k?*3+<log"® k) expected revenue loss for
some € > 0 that can be arbitrarily small. As one can see, there is still a considerable gap
between the lower bound of Q(v/k) and the performance bound of O(k*3+¢1og®® k). My
proposed heuristic control in this essay significantly reduces this gap from k?/3t¢ to kl/2+e
(up to logarithmic terms).

I would like to note here that all the results discussed above for the joint learning and
pricing problem are derived for the setting where the seller can use a continuum of prices
drawn from a certain convex and compact set. This distinction is crucial as the complexity
of the problem changes as I switch from a continuum setting to the setting where the set of
feasible prices is finite. Besbes and Zeevi (2012) have also considered this finite set setting
and proposed a heuristic control (Algorithm 1) with a performance bound of O (k%3 10g"® k).
A recent work by Ferreira et al. (2016) improves this bound to O(v/k log k loglog k) by using
a Thompson sampling-based heuristic control. Note that although the best known perfor-

mance bound that I am aware of for the network RM with finite price set setting is already
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close to vk, it is not clear that the theoretical lower bound for this setting is still Q(v/k).
In fact, a recent work by Flajolet and Jaillet (2015) show that the UCB-Simplex control
they propose attains a logarithmic performance bound in a simpler setting where there is
only one capacity constraint (besides time). This seems to suggest that the lower bound
of the general network RM with finite price set setting could be as small as logarithmic.
More broadly, when the set of feasible prices is finite, the joint learning and pricing problem
is closely related to the bandit problems extensively studied in the Reinforcement Learning
literature (e.g., Lai and Robbins (1985), Auer et al. (2002a), etc.). This stream of literature
had not considered the inter-temporal constraints on actions over time (such as the capacity
constraint in the network RM setting) until only very recently (e.g., Badanidiyuru et al.
(2013), Badanidiyuru et al. (2015), Combes et al. (2015), etc.). Badanidiyuru et al. (2013)
is among the first to consider the so-called bandit with knapsack (BwK) problem. In BwK, a
decision maker has a fixed amount of resources and needs to accumulate rewards by sequen-
tially selecting from a finite set of arms whose reward distributions are unknown. Pulling
each arm stochastically depletes those resources according to an unknown consumption dis-
tribution of that arm, and the decision maker stops collecting rewards when he runs out of
resources. Note that the general RM with finite price set and unknown demand fits into
the BwK framework by treating each feasible price vector as a bandit and viewing time as
a resource with deterministic depletion rate. Badanidiyuru et al. (2015) show that the per-
formance lower bound of BwK is Q(v/k) and propose two heuristic controls that match this
lower bound up to logarithmic factors. While the network RM with finite number of feasi-
ble prices is a special case of the BwK problem, I would like to point out that the bounds
derived in Badanidiyuru et al. (2015) cannot be directly compared to the bounds derived
in all the RM papers discussed above since the quantification order used in evaluating the
asymptotic bounds are different. To be precise, Badanidiyuru et al. (2015) allow the under-
lying demand distribution to vary in k while existing RM works assume that the underlying
demand distribution does not vary as k scales; hence, both the lower and upper bounds
in Badanidiyuru et al. (2015) have weakly larger asymptotic order. (This phenomena is not
unique to Badanidiyuru et al. (2015) alone. For example, the gap in performance bounds due
to the use of different quantification orders also arises in the traditional bandit setting such as
in the logarithmic bounds of Auer et al. (2002a) versus the square-root bounds of Auer et al.
(2002b)—see page 50 in Auer et al. (2002b) for more discussions.) Finally, I want to point
out that, in order to derive the order of performance bound discussed above, the heuristic
controls developed for finite price setting are typically compared with a revenue upper bound
benchmark under the finite price setting while the heuristic controls developed for the con-

tinuum price setting are compared with a larger revenue upper bound benchmark under the
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continuum setting. Since the two upper bound benchmarks are different, with the former
being smaller than the latter, the heuristic controls developed under the two settings are not
easily comparable by simply looking at the order of their performance bounds as a function
of k. Moreover, one also cannot simply extend existing heuristic controls developed in fi-
nite price setting to continuum price setting since the performance bounds of these heuristic
controls (e.g., Badanidiyuru et al. (2013), Badanidiyuru et al. (2015), Ferreira et al. (2016))
deteriorate quickly as the number of the feasible prices increases. This is so because these
heuristic controls do not exploit existing relationship between expected demand value at
different price points and need to learn the expected demand value at most price points
separately, which is not very efficient if the number of price points is large.

Apart from the RM and joint learning and optimization literature, my work is also closely
related to Spline Regression in the statistics literature. A typical problem in statistics is to
estimate the mean response as a function of some input variables. (The demand learning
aspect of my problem is one such problem: my goal is to estimate the mean demand of
each product as a function of the prices of all products.) Spline Regression generates an
estimate in the form of a linear combination of spline basis functions (originally studied
in Applied Mathematics to approximate deterministic functions) and uses Least Squares
criterion to compute the corresponding coefficients. (See Gyorfi et al. (2002) for more details
on Spline Regression.) To the best of my knowledge, most existing literature on Spline
Regression is mostly concerned with the estimation accuracy of the response function; thus,
the typical convergence result for Spline Regression is limited to only the estimation error
of the response function itself. In my problem, estimation and optimization are intertwined
and it is crucial to understand how the estimation error affects the subsequent optimization.
This requires results on bounds of the error between higher order partial derivatives of the
response function and its spline estimate. To derive these bounds, deviating from the Spline
Regression approach, I generate my spline estimate by using a specific linear operator (i.e.,
L defined in Step 3 of Technical Details for Spline Approximation part (b) in Section 4.4.1)
instead of using Least Squares criterion. (I call my estimation method Spline Estimation to
differentiate my approach from Spline Regression. For more details on Spline Estimation,
see Section 4.4.1. 1 want to emphasize here that although I choose Spline Estimation in
combination with my optimization, this is only for the purpose of mathematical analysis.
In general, I suspect that the seller can also use other estimation schemes such as Spline
Regression, local polynomial approximation, etc. in lieu of Spline Estimation in my proposed
heuristic control and still enjoys a strong performance.) This linear operator, also known
as a quasi-interpolant in Schumaker (2007), is originally devised to analyze the error of

using spline functions to approximate a deterministic function. I generalize the analysis of
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spline approximation for deterministic functions in Schumaker (2007) to estimating response
functions using spline functions. I manage to not only derive large deviation bounds of the
estimation error of the demand function itself but also its partial derivatives, which are very

useful in analyzing my proposed heuristic control.

Contributions and the organization of the essay. My contributions in this essay

can be summarized in the following two points:

1. T develop a nonparametric control called Nonparametric Self-adjusting Control (NSC)
that can be applied to the general network RM setting with multiple products and mul-
tiple limited resources. I show that if the underlying demand function is sufficiently
smooth, the expected revenue loss of NSC is O(k'/?*log k) for some e > 0 that can
be arbitrarily small (see Theorem 4.5.1 in Section 4.5). This is the tightest bound of
its kind for the setting that I am considering (i.e., the continuum price setting): Tt
significantly improves the O(k%3+<log™® k) bound of Besbes and Zeevi (2012) and is
only slightly worse than the theoretical lower bound of Q(v/k). In a nutshell, NSC
is a combination of four elements: (1) Spline Estimation of the underlying demand
function, (2) linear approximation of the estimated demand function, (3) quadratic
approximation of the estimated revenue function, and (4) approximate self-adjusting
control akin to the one developed in Jasin (2014). In this essay, I show that although
each of these elements introduces its own error (and some of them are not even unbi-
ased), under properly selected tuning parameters, the cumulative impact of these errors
is asymptotically only slightly larger than @(\/E) This makes it possible to prove the
strong performance guarantee of NSC. Note that, per my discussions above, the first
element (i.e., using Spline Estimation to estimate the underlying demand function) is
only for the purpose of the analysis; in practice, the seller can still use other estimation
schemes in combination with the other three elements. Although the proper selection
of the tuning parameters will depend on the specific estimation scheme being used, I
suspect that the resulting heuristic control still enjoys a similar strong performance

guarantee.

2. In addition to contributing to the RM literature, my intermediate results in this es-
say also contribute to the more general statistics and optimization literature. For the
nonparametric estimation, I generalize the analysis of spline approximation for de-
terministic functions in Schumaker (2007) to the setting with noisy observations and
derive large deviation bounds for the estimation error of the function itself and its

higher order partial derivatives (see Lemma 4.4.1 in Section 4.4). These bounds seem
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to be new—although spline functions have been used in statistics, I am not aware of ex-
isting large deviation bound for higher order partial derivatives of the estimate—and
are particularly useful for my analysis because the resulting spline estimate is ulti-
mately used in the subsequent optimization phase in my heuristic control. Moreover,
the bound for partial derivatives also facilitates the stability analysis of the optimal
solution. Aside from the statistical error bound, for the analysis of NSC, I also need
to derive a nonparametric Lipschitz-type stability result for the optimal solution of
a perturbed optimization problem (see Lemma 4.4.2 in Section 4.4). This result also
seems to be new—although parametric stability analysis of optimization problem has
been intensively studied in the literature (see Bonnans and Shapiro (2000)), nonpara-
metric stability analysis is very rare. As of the writing of this essay, I am not aware
of any existing result on nonparametric stability analysis that can be directly used
for my purpose. Aside from its use in the analysis of NSC, my stability result is of

independent interest and is potentially applicable to other optimization problems.

The reminder of this essay is organized as follows. I first formulate the problem in
Section 4.3. My nonparametric approach is discussed in Sections 4.4 - 4.6. In particular,
Section 4.4 provides some preliminaries on spline approximation and nonparametric stability
analysis; Section 4.5 describes the proposed NSC and its performance bound (Theorem 4.5.1);
Section 4.6 provides the proof of Theorem 4.5.1. Finally, I conclude the essay in Section 4.7.

Unless otherwise noted, all the extra details of the proofs can be found in Appendix A.4.

4.3 Problem formulation

In this section I describe the problem setting, modeling assumptions, and the asymptotic
regime.

Notation. The following notation will be used throughout this essay. (Additional notation
will be introduced when necessary.) Denote by R, R, , and R, the set of real, non-negative
real, and positive real numbers respectively. For column vectors a = (aq;...;a,) € R",b =
(b1;...;b,) € R™, denote by a = b if a; > b; for all 4, and by a > b if a; > b; for all i.
Similarly, denote by Z, Z., and Z. . the set of integers, non-negative integers, and positive
integers respectively. For any a,b € Z with a < b, let [a,b] :== {a,a+1,...,b—1,b}. 1
denote by - the inner product of two vectors and by ® the tensor product of sets or function
spaces. I use a prime to denote the transpose of a vector or a matrix, an I to denote
an identity matrix with a proper dimension, and an e to denote a vector of ones with a
proper dimension. For any vector v = [v;] € R™, [|v[|, == (3]]_, [v;[P)}/P denote its p-norm
(1 < p < o0) and, for any real matrix M = [My] € R™", |[M]], := sup,, =1 |[Mv]],
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denote its induced p-norm. For example, ||M|]; = maxi<j<, Y ., |Myjl, ||M]||2 = the largest
eigenvalue of M'M, and ||M||o = maxi<i<n > _;—, [My;]. (Note that |[M]|]; = |[[M'||«.) For
any function f : X — Y, I denote by ||f(.)||ls = supger ||f(2)|| the infinity-norm of f.
I use V to denote the usual derivative operator and a subscript to indicate the variables
with respect to which this operation is being applied to. (No subscript V means that the
derivative is applied to all variables.) If f: R" — R, then V,f = (aa—jl; c 8‘%); if, on the
other hand, f = (f1;...; fn) : R = R™, then

Ofh ... Ofn
oz oz
ofi ... Ofn
an 8xn

Denote by C*(8S) the set of functions whose first st order partial derivatives are contin-

uous on its domain S, and by P*([a,b]) the set of single variate polynomial functions with
degree s on an interval [a,b] C R, e.g., P([0,1]) is the set of all linear functions on the
interval [0, 1].
The model. I consider the setting of a monopolist selling his products to incoming customers
during a finite selling season, aiming to maximize his total expected revenue. There are n
types of products, each of which is made up of a combination of a subset of m types of
resources. For example, in the airline setting, a product refers to a multi-flight itinerary
and a resource refers to a seat in a jet of a single-leg flight; in the hotel setting, a product
refers to a multi-day stay and a resource refers to a one-night stay at a particular room.
I denote by A = [A4;;] € R™™ the resource consumption matriz, which characterizes the
types and amounts of resources needed by each product (i.e., a single unit of product j
requires A;; units of resource 7). Without loss of generality, I assume that the matrix A has
full row rank. (If this is not the case, then I can first apply the standard row elimination
procedure to delete the redundant rows. See Jasin (2014).) Denote by C' € R™ the vector of
initial capacity levels of all resources at the beginning of the selling season. Since, in many
industries (e.g., hotels and airlines), replenishment of resources during the selling season
is either too costly or simply not feasible, following the standard model in the literature
(Gallego and van Ryzin 1997), I will assume that the seller has no opportunity to procure
additional units of resources during the selling season. In addition, I also assume without
loss of generality that the remaining resources at the end of the selling season have zero
salvage value.

The selling season is divided into T' discrete periods, indexed by ¢t = 1,2,...,T. At the
beginning of period ¢, the seller first decides the price p; = (p1;...;pr,) for his products,
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where p; is chosen from a convex and compact set P = ®?:1[]_ol,]31] C R™ of feasible price
vectors. The posted price p;, in turn, induces a demand, or sale, for one of the products with
a certain probability. Here, I implicitly assume that at most one sale for one product occurs
in each period. (I have made this assumption and chosen to focus on discrete time model
to simplify the presentation of the analysis. My analysis can be easily extended to either a
discrete-time model with bounded demand arrivals in each period or continuous-time model
with Poisson arrivals.) Let A" := {(z1;...;2,) € R"|>" 2, <1, and x; > 0 for all i}
denote the standard (n — 1)-simplex. Let A*(.) : P — A""! denote the induced demand rate
or purchase probability vector; 1 also call A*(.) the underlying demand function. Contrary
to most existing RM literature where it is assumed that the seller knows A*(.) a priori, in
this essay, I simply assume that this function can be estimated using statistical learning
procedures. Let Ay := {\(p) : p € P} denote the convex and compact set of feasible
demand rates and let D;(p;) = (D1(pt); - -3 Dien(pe)) denote the vector of realized demand
in period ¢ under price p;. It should be noted that, although demands for different products in
the same period are not necessarily independent, demands over different periods are assumed
to be independent (i.e., D; only depends on the posted price p; in period t). By definition,
Lhave Dy(p;) € D:={D: >}, D; <1,D; € {0,1} for all j} and E [Dy(p;)] = \*(p;). This
allows me to write D;(p;) = A*(pe) + A¢(pe), where Ay(p;) is a zero-mean random vector.
For notational simplicity, whenever it is clear from the context which price p; is being used,
I will simply write Dy(p;) and As(p;) as D; and A; respectively. The sequence {A;}7, will
play an important role in my analysis later. Define the revenue function 7*(p) := p - A*(p)
to be the one-period expected revenue that the seller can earn under price p. It is typically
assumed in the literature that \*(.) is invertible (see the regularity assumptions below). T
can then write 7*(p) = p- A*(p) = p*(A) - A = r}(\) to emphasize the dependency of revenue
on demand rate instead of on price. I make the following regularity assumptions on A*(.),
r*(.) and r3(.):

REGULARITY ASSUMPTIONS. There exists positive constants 7, v < v such that:

R1. A\*(.) : P — A« is in C3(P) with Lipschitz continuous second order partial derivatives,
and it has an inverse function p*(.) : Ax- — P that is in C*(Ay+);

R2. There exists a set of turn-off prices p;° € [gj,ﬁj] for 3 =1,....n such that for any
p=(p1;---;pn), pj = p3° implies that \j(p) = 0.

R3. ||r()]|e <7, 73(.) is strongly concave, and all the eigenvalues of V*ri(\) are between
—v and —v for all A € Ay-.

Assumption R1 is fairly natural and is easily satisfied by many popular demand functions
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such as linear, logit, and exponential functions. Assumption R2 is common in the literature.
(See Besbes and Zeevi (2009) and Wang et al. (2014) for similar assumptions.) Its purpose
is to allow the seller to effectively shut down the demand for any product whenever needed,
e.g., in the case of stock-out. (The existence of such turn-off prices follows naturally when
one considers truncated demand functions. It is also possible to consider an unbounded set
of feasible prices instead of the compact set I assume above, with a potentially infinite turn-
off price; in such setting, my results still hold.) As for Assumption R3, the boundedness of
r3(.) follows from the compactness of Ay« and the continuity of 75(.). The strong concavity
of r3(.) is a standard assumption in the literature and is satisfied by many commonly used
demand functions such as linear, exponential, and logit functions. It should be noted that
although some of these functions, such as logit, do not naturally correspond to a concave
revenue function when viewed as a function of p, they are nevertheless concave when viewed
as a function of A\. This highlights the benefit of treating revenue as a function of demand
rate instead of as a function of price.

In addition, following Besbes and Zeevi (2012) and the literature on nonparametric es-
timation, I will assume that the function A\*(.) has a certain level of smoothness. Let s
denote the largest integer such that |8“1""’“”)\;'f(p) Jopit. .. E)pg"| is uniformly bounded for
all j € [1,n] and 0 < aq,...,a, < 8. I call 5 the smoothness indez. 1 make the following

smoothness assumptions:

NONPARAMETRIC FUNCTION SMOOTHNESS ASSUMPTIONS.

N1. 5> 2.

N2. There exists a constant W > 0 such that for all j € [1,n] and p € P and integers
0<ai,...,a, <5, I have FLmAW oy

opyt...0pEn —

The above assumptions are fairly mild and are satisfied by most commonly used demand
functions, including linear, polynomial with higher degree, logit, and exponential with a
bounded domain of feasible prices. I note that very similar assumptions are also made in
Besbes and Zeevi (2012). More broadly, this type of smoothness assumptions are commonly
made in the nonparametric estimation literature in statistics (see, for example, Gyorfi et al.
(2002)). The smoothness index s indicates the level of difficulty in estimating the corre-
sponding demand function: The larger the value of 5, the smoother the demand function,
and the easier it is to estimate its shape because its value cannot have a drastic local change.
Admissible controls and the induced probability measures. Let Dy, := (D, Do,
..., D) and pyy := (p1,p2, -..,pr) denote respectively the observed vectors of demand and

price realizations up to and including period ¢t. Let H; denote the o-field generated by
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Dy and py,. 1 define a control 7 as a sequence of functions m = (7,79, ..., mr), where m
is a H;_1-measurable real function that maps the history Di;_1 and py;_1 to ®?:1[]_)j, Dl
This class of controls is referred to as non-anticipating controls because the decision in each
period depends only on the accumulated information up to the beginning of the period.
Under control 7, the seller sets the price in period t equal to p] = m(D1.4—1,p1.4-1). Let 11

denote the set of all admissible controls. That is,

T
II:= {71' : ZADt(pf) =< C as., and p] = Wt(Htl)} .

t=1

Note that, even though the seller does not know the underlying demand function, the
existence of turn-off prices p{°, ..., pp° guarantees that the capacity constraints can be satis-
fied if the seller applies p© for product j as soon as the remaining capacity is not sufficient
to produce one more unit of product j. Let P, denote the induced probability measure

under an admissible control 7 € 11, i.e.,

t (172?:1 dsvj) n

]Pﬁ)\r*,t(dlzt) = ]Pﬁ)\r*’t(Dlzt = dl:t) = H (1 — Z )\;(p;r)) H )\;k(p;r)dsg ’
Jj=1 j=1

s=1

where pT = my(dy.s—1) and ds = [ds;] € D for all s = 1,...,t. (By definition, the term
1 — 2?21 )\;f(p;r) can be interpreted as the probability of no-purchase in period s under
price p7.) For notational simplicity, I will simply write P%. ;. as P7. and denote by EJ. the
expectation with respect to the probability measure PY.. The total expected revenue under
m e is R = BLIST, pr - Di(p)).

The deterministic formulation and performance metric. The following optimization

is the deterministic analog of the original stochastic pricing problem:

T T
D . * . *
J7 = max {;T (pe) : ;AA (pe) = C},

T T
or equivalently, J” := max {Z (M) - ZA)‘t < C}.
t=1 t=1

At GA)\*

By assumption R3, the second optimization above is a convex program and can be effi-
ciently solved. (To avoid triviality, I assume that both optimizations are feasible.) It can be
shown that JP is in fact an upper bound for the total expected revenue under any admissible
control. That is, R™ < JP for all 7 € II. (See Besbes and Zeevi (2012) for more details.)
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This allows me to use J? as a benchmark to quantify the performance of any admissible
pricing control. In this essay, I follow the standard convention and define the expected rev-
enue loss of an admissible control 7 € IT as p™ := JP — R™. Since r}(.) is strongly concave,
by Jensen’s inequality, it can be shown that the optimal solutions of JP are static, i.e.,
pe = pP and A\, = AP for all ¢, where p? and AP can be obtained by solving the following

“one-period” optimizations, respectively:

C
D . * . * ~
P) 17 = max {7“ (p): AXN(p) = T},
d, (Py) 7P = () Ar < &
and, 2 r = gj&\iﬁ Ty : =T

Note that p” = p*(A\P) and TrP = JP. Moreover, the optimal dual variables that
correspond to the capacity constraints in P are the same as the optimal dual variables that
correspond to the capacity constraints in Py; I denote these dual variables as pu”. Let
Ball(z,r) denote a closed Euclidean ball centered at x with radius r. I state my fourth

regularity assumption below:
R4. (INTERIOR ASSUMPTION) There exists ¢ > 0 such that Ball(p?, ¢) C P.

Assumption R4 is sufficiently mild. Intuitively, it states that the static price should
neither be too low that it attracts too much demand nor too high that it induces no demand.
A similar interior assumption has also been made in Jasin (2014) and Chen et al. (2016).
Asymptotic setting. Following the convention in the literature (e.g., Besbes and Zeevi
(2009) and Wang et al. (2014)), in this essay, I will consider a sequence of increasing problems
where the length of the selling season and the initial resource capacity are scaled by a factor
of k> 0. To be precise, in the &k problem, the length of the selling season and the initial
capacity are given by kT and kC, respectively. (One can interpret k as the size of the
problem. For example, in single-leg setting, C' = 1 and k& = 50 could correspond to a small
jet with capacity 50 seats and k& = 500 could correspond to a large jet with capacity 500
seats.) The optimal solutions for P and Py in the & problem are still p” and AP; the
optimal dual solution corresponding to the capacity constraints in P and P, is still u”.
But, the deterministic upper bound becomes JP(k) = kTrP = kJP. Let p™(k) denote
the expected revenue loss under an admissible control 7w € II for the problem with scaling
factor k. I am primarily interested in identifying the order of p™ (k) for large k. (Intuitively,
one would expect that a better heuristic control will have an expected revenue loss that

grows more slowly with respect to k.) The following notations will be used throughout the

70



remainder of the essay. For any two functions f : Z,, — R and g : Z,,+ — R, I write
f(k) = Q(g(k)) if there exists M > 0 independent of k such that f(k) > Mg(k). Similarly,
[ write f(k) = O(g(k)) if there exists K > 0 independent of k such that f(k) < Kg(k).

4.4 Supporting technical results

In this section, I present some technical results on spline estimation and nonparametric
stability analysis of a perturbed optimization problem, and I will also introduce a quadratic
programming approximation of P. I will use these technical results in the analysis of NSC in
Section 4.5. As noted in Section 4.2, many of these results are of independent interest and

can potentially be used in different application areas.

4.4.1 Spline approximation

I first describe the problem of approximating a deterministic function from noiseless ob-
servations using spline approximation and then I will discuss the problem of estimating a
function from noisy observations. Spline functions have been widely used in engineering to
approximate complicated functions, and their popularity is primarily due to their flexibility
in effectively approximating complex curve shapes (Schumaker 2007). This flexibility lies
in the piecewise nature of spline functions—a spline function is constructed by attaching
piecewise polynomial functions with a certain degree, and the coefficients of these polyno-
mials are computed in such a way that a sufficiently high degree of smoothness is ensured
in the places where the polynomials are connected. More formally, for all [ € m, let
p, =T < @ < Tpg < Tpap = P be a partition that divides [}_QI,@] into d + 1 sub-
intervals of equal length where d € Z,,. Let G := ®]",G, denote a set of grid points,
where G, = {x; f;rol. I define the function space of tensor-product polynomial splines
of order (s;...;s) € R™ with a set of grid points G as S(G,s) = ®},S5/(G,s), where
Si(Gi,s) == {f € C*([p,p]) : [ is a single-variate polynomial of degree s — 1 on each
sub-interval [z, 21;41), for all i € [0,d — 1] and [x; 4, Z1.441]}. One of the key questions that
spline approximation theory addresses is the following: Given an arbitrary function f that
satisfies N1-N2| find a spline function g* € S(G, s) that approximates f well. Among the vari-
ous approaches, one of the most popular approximations is using the so-called tensor-product
B-Spline basis functions (Schumaker 2007). This approach is based on the key observation
that S(G, s) is actually a linear space of dimension (s + d)™. This means that there exists
a set of (s + d)" basis functions (this set is not necessarily unique) such that any function

in S(G, s) can be represented by a linear combination of these basis functions. I choose to

s+d,...,s+d

use tensor-product B-Spline basis functions, denoted by {Ni, i, (z1,...,7,)}; 557772, as
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the set of basis functions. These functions are defined formally in the Technical Details part
(a) below. Given the basis functions, for any spline function g € S(G, s), there exists a set
of coefficients {c¢;, ;. }ffjls;;il such that g(x) = Zf;dl - Zf:fl CiyoinNiy i () for all
x € P. Therefore, the problem of finding ¢g* is reduced to the problem of computing the
coefficients for representing ¢*, which I address below in the Technical Details part (b). For

a more comprehensive discussion of this approach, see Schumaker (2007).

Technical Details for Spline Approximation: The B-Spline Approach

(a) Tensor-product B-Spline Basis Functions.

Step 1: For each [ € [1,n], define an extended partition Gf = {y;}2:1¢, where

Yi="""=UY,s = 210, Yl,s+1 = L1,1, - Yls+d = Tidy Yl,s+d+1 = * = Yi2s+d = Tl,d+1-

Step 2: For i, € [1,s + d],l € [1,n], define the tensor-product B-Spline basis function as
Niyoan(@n,ooxn) =115, N7, (1), where

15-0tn

(_1)S(yl,i+s - yl,i)[yl,ia . 7yl,i+s](xl - y)i_1> if Yii <0 < Ypits

N, lfi(xl) =
0, otherwise

for all @; € [p,, pi] for all | € [1,n] and for all i € [1, s + d], where

(71 — y)+ = max{0,7; — y}, and [t1,...,t,11]f(y) is the 7" order divided difference of a
single variate real function f over the points t; <ty < --- < t, <1,y defined as follows
(see Definition 2.49 and Theorem 2.50 in Schumaker (2007) for more discussion):

[t el F) =D f(t;)

r+1 :
i=1 Hjil,j;éi(ti - tj)

(b) Calculating the Linear Coefficients.

Step 1: For [ € [1,n],7 € [1,s+d], let

_ e S e Vi
Tig = Yii + (Yies — yz,i)s_—l and  f;; = Z (5 1)

v=1

3o 0y 0(0),  for j e L4,

Liyg

where ¢, (t) = Hi:(t — Yitr), Y (t) = er;i(t — Tir)s Yrin(t) = 1.
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Step 2: For any f € C°(P), define a set of linear functionals {v,; : C°([p,, ;i]) — R}?:’slzil

as:

s

f(@r, ooy, T Tty - )

Vl,if = Zﬁl,i,j[TlJ,l,. ey Tl f Zﬁlld Z ) - s 11,0, s y L 7
i=1 r=1

s= 1375T(Tl1r les)

where f is viewed as a single variate function of x; here, and the second equality follows by
Theorem 2.50 in Schumaker (2007) (note that for any given ! and ¢, 7;1,..., 7, s are

pairwise distinct). Define another set of linear functionals {~;, . ,zn}s+d’ o ¢ such that

%lznf = V1,1 © Y2y """ © ’Yn,inf,

where 7;;, is understood as being applied to f as a function of x;. By the construction of

Vi, basic algebra yields:

s Jn

Vi f i Z Z Z f 7-1 z1,r17"‘7Tnin,Tn)H7=1 6l’il’jl
115 77’71 .

J1=1rm=1 n=1lrp=1 l 1 sl 1517517(7—1”,7”1 Tl,il,sl)

Step 3: Define a linear operator L; : CO([QI,@]) — Si(Gy, s) as
Lof(z) = S5 (v N, Npi(zp), for all I € [1,n]. Similarly, define a linear operator
L:CP)—S(G,s) as

s+d s+d
‘Cf(mlw"a Z Z Yi1,.. 7'Ln 117 -0 (x1>"'7xn)'
11=1 in=1

Note that L =L, 0 Ly0---0 L,, where this composition of linear operators is understood

as L; being applied to a function of z;.

Step 4: Set g* = Lf.

Spline approximation with noisy observations. I now discuss the estimation of
demand function A*(.) using spline approximation under noisy observations. Let G =
{(Tivjes - Tming) =01 € [1,s+d], 51 € [1,s] for all | € [I,n]}. Note that the constants
{7i,.. ﬂn/\]}s”l’ ’S,Zd,l depend on Ai(.) only via Aj(p),p € G. So, if the seller could observe
the demand rate of product j under prices in G, he could construct an approximation of \%(.)
using a linear combination of tensor-product B-splines. In my problem, the seller cannot
observe A\i(p) for p € G, but only its noisy observation D;(p) = Ai(p) + 4. To address this,

I use empirical mean as a surrogate for A (p) and propose the following Spline Estimation
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algorithm to estimate the demand.

Spline Estimation

Input Parameters: Lj,n,s; Tuning Parameter: d
Algorithm:

Step 1: Estimate \*(p) at points p € G. For each p € G
a. Apply price p Ly times
b. Let S\(p) be the sample mean of the Ly observations.

Step 2: Construct spline approximation.
a. For all j € [1,n] and 4; € [1,s 4 d], | € [1,n], calculate coefficients CZI . as:

Lin

s 7 s Jn X
Cj _ E : 21 : . E : §n: )‘j(Tl,ilﬂ“lv s >Tn,inﬂ“n) H?:l ﬂl:il:jl
Tl yeeesbn Hn i .
=1

j1=1r1=1 Gn=1rp=1 s1=1,s;%7 (Tlﬂ'lﬂ”l - Tl,il,sl)

b. Construct a tensor-product spline function A(p) = (A1 (p); .. .; An(p)), where

~ s+d s+d '
)= - i Nivan (D).
11=1 in=1

Note that the algorithm above conducts Lo := Lo(s + d)"s" samples. The idea of Spline
Estimation is as follows. In Step 1, I apply each p € G as many as Ly times and calculate
its empirical mean S\(p) In Step 2, I approximate the underlying demand function \*(.)
using a spline function. In particular, I use a modified version of B-Spline approach by
replacing the actual function value \*(p) (p € G) with its empirical mean A(p). Note that
my estimation approach is different from the so-called Spline Regression (see Gyorfi et al.
(2002)). While Spline Regression uses Least Squares to compute the linear coefficients for
each of the spline basis function, I use the empirical means at sample points and a specific
linear operator (originally devised and analyzed in the deterministic approximation theory
of spline functions, see Schumaker (2007)) to compute the linear coefficients. I choose to
use Spline Estimation in my heuristic instead of Spline Regression because it allows me to
use existing results on Spline Approximation Theory to derive the large deviation bounds
for Spline Estimation in Lemma 4.4.1. I suspect that similar results also hold for Spline
Regression. Let a A b = min{a, b}. The following lemma shows how well A .) approximates
(L)

74



Lemma 4.4.1 Set d = [(Ly/?/log k)Y +7/D7 and let Ly > log® k be a positive integer that
may depend on k. Suppose that s > 2. There exist positive constants ¥, for each r €

[0,(s —2) A 3] and K independent of k > 1 such that for all j € [1,n] and r; € Zy,1 € [1,n]
satisfying >, ri = r, the following holds:

g

The condition Ly > log® k implies (logk/ \/LO)ZST/Q — 0 as k — oo. This means that

the difference between the r*" order partial derivatives of the underlying demand function

SAS—T

) S+n/2> < Kexp(—log?k). (4.1)

0p71"1 e 8p’,;" vV L()

aT<A;<.>—Xj<.>>H .- (ﬂ

and the spline approximation is uniformly small with a high probability for large k. When
r = 0, my bound becomes a large deviation bound for the function estimate itself and
is similar to the known bound for Spline Regression. (Suppose I set s = 5 and re-write
my bound in a Hoeffding-type form, see Remark 4.4.1 below. Integrating the right hand
side with respect to x over R, I obtain the oo-risk of Spline Estimation which is of order
(1/ \/i_o)%/ (25+n) * This is to be compared with the well-known 2-risk of Spline Regression
which is of order (y/log Lo/Lo)?/?*™) see Corollary 15.1 in Gyorfi et al. (2002).) I want to
stress that the large deviation bound for the function estimate itself is not sufficient for my
purpose. Specifically, I need additional large deviation bounds for the first and second order
partial derivatives of the estimated demand function, as in Lemma 4.4.1, in order to conduct

a stability analysis of the deterministic optimization problem P in my analysis later.

Remark 4.4.1 (Interpreting (4.1) as a Hoeffding-type Error Bound) Hoeffding-type
error bounds commonly appear in statistical estimations. Informally, they relate a measure
of estimation error (e.g., 2-norm of the parameter estimation error in parametric models)

with the number of samples Ly in the following way:
P(Error > z) < C exp(—CyLoz?),

for some constants Cy and Cs that are independent of x and Ly. Note that, in Hoeffding-type
of inequality, the right hand side converges to zero as x tends to zero and the variable x shows

up as a quadratic term in the exponent. In contrast, when I write (4.1) into a similar form,

I obtain
- ( o (X;() = X))

opy*...0pr

2s+n

>x> < Kexp(—, Lywir),

o
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_ _ 2sj—n
where W, = W, ***7" Due to the well-known curse of dimensionality in nonparametric func-

tion estimation, the right hand side of my inequality does not tend to zero as fast as a typical
Hoeffding-type inequality (i.e., v* > wrsr when o is small). Moreover, the convergence rate
on the right hand side also depends on model parameters. In particular, it is decreasing in
n and r, and is increasing in 5. This makes intuitive sense: as the problem dimension n
increases, estimation becomes more difficult; as the order of derivative r decreases or as the
smoothness index § increases, the underlying demand function (or the partial derivative of
the underlying demand function) becomes smoother and is easier to estimate. The conver-
gence rate 1s increasing in s when s < § because higher s allows more flexibility in spline
approzimation. Interestingly, when s > s, the convergence rate actually decreases in s. This
15 possibly due to the fact that, when s is higher than smoothness index s, the extra flexibility
introduces unnecessary complexity (i.e., redundant linear coefficients to be estimated), which

leads to more sampling.

4.4.2 Stability analysis

In this subsection, I first present a nonparametric stability result for a class of optimiza-
tion problems, and then apply this result to the perturbation analysis of my deterministic

optimization P. Consider the following non-linear optimization problems:

(NP) max {f(z): Ug(z) <V} and (NP(5)) max {f(x): Ug(x)jV—d}.

zeX zeEX

where X’ is a convex compact subset of R”, f: X — R and g : X — R™ are both twice con-
tinuously differentiable functions, f : X — R and § : X — R" are continuously differentiable
approximations of f and g, § € R™, V € R™, and U is an m by n non-negative matrix that
has full row rank. Let z* and #; denote the optimal solution of NP and NP (J) respectively
(i.e., if they are feasible). I state a useful stability result.

Proposition 4.4.1 Suppose that the following conditions hold:

(i) g(.) has a twice continuously differentiable inverse function g=*(.) : ¥ — X where

YV :=g(X) is a conver compact subset of R™;
(ii) f(g7'(.)) : Y — R" is strongly concave;
(i1i) NP is feasible;
(iv) x* is in the interior of X.
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Then, there exist 6 > 0 and K > 0 such that for all §, f() and §(.) satisfying ||Ug(.) —
Ug(.) + 6)|eo < 8, NP(6) is feasible and

|27 = Tl < K(H(Vf(-)—Vf(-))’\looﬂ\g(-)—9(-)Hoo+\|5|\oo)~

The above result can be viewed as a Lipschitz-type stability result for a family of non-
parametric optimization problems. Per my discussions in Section 4.2, although stability
analysis of parametric optimization problems has been intensively studied in the literature
(e.g., Bonnans and Shapiro (2000)), stability results for nonparametric optimization prob-
lems are very rare. (See Remark 4.4.2 for a brief discussion on the relationship between
Proposition 4.4.1 and existing results on parametric stability analysis.) In my case, since
the original unperturbed optimization can be transformed into a convex optimization, I can

use a convexity argument to establish Proposition 4.4.1.

I now apply Proposition 4.4.1 to my deterministic optimization problem P. Using the
spline approximate S\(p) derived in Section 4.4.1, I can formulate an approximate optimiza-

tion of P as follows:

peEP

(P) 7:= max {f(p): Aﬂ(p)jg}

where 7(p) = p - A(p). Let p” denote an optimal solution of P if it is feasible and let
2D = X(ﬁD ). The following lemma follows directly from Proposition 4.4.1 and provides a

characterization of p”.

Lemma 4.4.2 Suppose that s > 3. Then, there exist constants § > 0 and K > 0 such that
if IN() = A|leo < 0, P is feasible and ||p” — pPlla < K(|IN() = A)|lso + [[(VA*(.) —
VAL oo)-

Lemma 4.4.2 means that if demand estimation error is small, P is feasible and its optimal

solution p” lies in close proximity of p”. This observation is crucial for my analysis later.

Remark 4.4.2 (On Proposition 4.4.1 and Existing Parametric Stability Results)
The existing Lipschitz stability result of the optimal solution of a parameterized optimization
problem (e.g., Theorem 5.53 part (a) in Bonnans and Shapiro (2000)) can be viewed as a
special case of my nonparametric Lipschitz-type stability result in Proposition 4.4.1. Let
UCRYqeZiy, be a compact parameter set. Suppose that the objective functions f and

f come from a family of parameterized functions {f(;u)}uew where f(.) = f(;ug) and
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f() = f(.;v) for ug,v € U. Also, suppose that the constraint functions g and § come from
a family of parameterized functions {g(.;u)}uey where g(.) = g(.;ug) and g(.) = g(.;v) for
ug, v € U. For simplicity, assume 6 = 0. In the perturbation analysis of parametric optimiza-
tion problems, f(.;.) and g(.;.) are typically assumed to be twice continuously differentiable,
which means that [|[(Vf(;u0) — V(50)) ]|l = O||uo — v||eo) and ||g(;u0) — g(. = v)]|eo =
O(||uo — v||eo). Applying Proposition 4.4.1 to this setting immediately yields Theorem 5.53
part (a) in Bonnans and Shapiro (2000).

4.4.3 An approximate quadratic program

In this subsection, I introduce a quadratic program approximation of P. (This will be useful
when I discuss my heuristic in Section 4.5.) The idea is simple: I approximate the objective
of P with a quadratic function and its constraints with linear functions. My objective
here is to show that if the parameters of the quadratic and linear functions are correctly
chosen, the resulting quadratic program will have the same optimal solution as P and it will
possess some very useful stability properties. To begin with, I first linearize the constraints
of P. Since the capacity constraints form an affine transformation of the demand function, I
will simply linearize the demand function. For any a € R", B € R"*" let By,..., B, be the
columns of B and define 0, = (a; By;...; B,) € R™*+"_ where the subscript ¢ stands for linear
demand. 1 denote a linear demand function by \(p; 0,) = a+ B'p. Next, I discuss a quadratic
approximation for the objective of P. For any £ € R, F € R", G € R™", let G4,...,G,
denote the columns of G and define 8, = (E; F;Gy;...;Gy) € R™*+7+1 where the subscript o
stands for objective. 1 denote the resulting quadratic function by ¢(p;6,) = E+ F'p+ %p’ Gp.
Finally, let 6 = (0,;6,) € R2"*+27+1 For any § € R2"°+27+1 5§ ¢ R™ T can define a quadratic
program QP(6;6) as follows:

(QP(5:0)) rgg{q@; 0,): ANpi0) 5%—5}.

If T choose the parameters 6 and 0 carefully, QP(#;d) can be a very good approximation
of P. Specifically, let 0* = (a*; B};...; B}), where B* := V\*(p”) and a* := \P — (B*)'pP.
Define an n by n symmetric matrix H* := B*V?*r{(\P)(B*) — B* — (B*)'. Then, one can
verify that

PNpY). PN

AR | 4.2
OpiOp; Op;Op; (4.2)

H5 = —(uj;)'(B*) 7'\, where uj; =

) )
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(See Appendix A.4.4 for derivation.) Let 8% = (E*; F'*; G7;...; G) where
1
B — §(pD>/H* D7 F* =g — H* D7 G* = B*+(B*>,+H*,

and let 0* := (0%;07). Note that QP(6*;0) is a very intuitive approximation of P since the
function A(p;0) = a* + (B*)'p = AP + (B*)'(p — pP) can be viewed as a linearization of
A () at pP. (Since VA*(p”) is invertible as implied by R1 and R4, I can write p(\; ) =
p? + ((B*))"Y(XA — AP) as the inverse demand function). Note also that the gradients of
the objective function and the constraints in QP(#*;0) at p? coincide with those in P.
By Karush-Kuhn-Tucker (KKT) optimality conditions, it can be shown that the optimal
solution of QP (0*;0) is the same as the optimal solution of P. I formally state these results
in Lemma 4.4.3 below. Let p? () and () denote the optimal primal and dual solutions

of QP(8;0) respectively (if they exist), and let AP (0) = A(pP(6);4,).

Lemma 4.4.3 There exist constants k > 0,w > 0 and § > 0 such that, for all 6, €
Ball(0%,6), 6, € Ball(6%,8) and & € Ball(0,0), the following results hold:

(a) B is invertible and ||(B") 7|2 < w;

(b) Forallp € P and for alli,j € [1,n], ||\(p;0,)—X(p; 05)|]2 < w||0,—0F||2 and |g—;‘j(p; 0,)—

O\j * *
o (D 07)| < wl|0, — 072

(¢) For all \, N € X(P;0,), |lp(A\;0,) — p(N;0,)|]2 < w||A — N||2;
(d) q(p(.;0,);0,) is strongly concave.
(¢) PP =pg(07), A = \§(0%), u” = g (07);

(f) QP(0;0) is feasible and has a unique optimal solution. Moreover, p¥ () € Ball(pg (6*), ¢/2),
Ball(p5’(0), ¢/2) € P, [lpg (0") = pF’ (O)ll2 < K(]|6" = 0l]2 + [[3]]2), [1A5'(6") = AP (O)||> <
k([|0* — 0||2 + ||9]|2), and the constraints of QP(0;0) that correspond to the rows
{i : gy (0%) > 0} are binding.

Note that Lemma 4.4.3 part (f) not only establishes Lipschitz continuity of the opti-
mal solution, but also provides additional results regarding the properties of the capacity
constraints at the optimal solution. These play an important role in deriving a sharp per-

formance bound of my heuristic.

79



Remark 4.4.3 (On the Quadratic Revenue Function Approximation) Note that, as
the equation below shows, q(p;0%) can be viewed as the revenue function under the approzi-

mate linear demand function plus an additional correction term:

q(p;0;) = §(pD)/H "+ (a —HpD)+§p’(B +(B*)' + H")p
* * 1 *
= p(a*+ (B)p)+=(p—p")H*(p—p")

2
* 1 *
= 0] + 5 ="V H (= "),
where (p; 0F) == p - N(p; 07) is the natural revenue function under the approzimate linear
demand function. I add a correction term above in order to ensure that if I do a change of

variables p = p(X; 0F) to change the pricing decision to demand rate decision, the resulting

objective function is actually the second order Taylor’s expansion of r3:
qa(p(X; 67); 65)
1 / * *
= r(p(X6)):6) + 5 (p(X: 07) — PV H* (p(X: 67) = p7)
1
= X"+ ((B)) A= A") + A= APV (B)TH(B7)) (A = A7)
/ *\/\ — / *\/\ — ]' / *
=N+ ((B7)) A= A7) = A= A7V (B)) (A = A7) + 5 (A = APY VI (A7) (A = A7)
1
= NP7+ (A= APY(BY) I 4+ S (A= AP) VA (AT) (A = A7)
= OP) + = APV (P 4+ (BY) ) + (0= APV (AP) (A - A7)
= i)+ VPV = A7) 4 S (A= APV TP (P)(A - A). (4.3)
Hence, in light of R3, q(p(\;60);0%) is strongly concave in X. This observation is important

because it allows me to use the general result in Proposition 4.4.1 to derive perturbation result

for the optimal primal and dual solutions of QP (8;§) (see condition (ii) in Proposition 4.4.1).

4.5 Main result

I am now ready to describe Nonparametric Self-adjusting Control (NSC) and discuss its
asymptotic performance; the proof of this result is given in Section 4.6. NSC consists of an
exploration procedure and an exploitation procedure. The exploration procedure uses the
Spline Estimation algorithm discussed in Section 4.4.1 to construct a spline approximation

A(.) of the underlying demand function A*(.). This function A(.) is then used to construct
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a linear function A(.; éL) that closely approximates A(.;6*) in the neighborhood of p? and
a quadratic program that closely approximates P. During the exploitation phase, I use the
optimal solution of the approximate quadratic program as baseline control and automatically
adjust the price according to a pre-determined price update rule. Further detail will be
provided below. Recall that Ly is the duration of the Spline Estimation algorithm. Let
C; denote the remaining capacity at the end of period t. Let 6 = (éo;éb), where 6, :=

N

(d;Bl;...;Bn),éo = (E;F;él;...;Gn) for
B:=VAp"), a:=\A—BpP°, E = %(ﬁD)’EVD, F=a— HpP,
GI:B—FB/‘FE[, and]:I:[]:]ij]

PMBP)  PN(P)

where H;; := —a), B~'AP and @;; := S
’ ! ’ Ipidp; OpiOp;

(From Section 4.4.2, p” is an optimal solution of 15.) My proposed NSC heuristic is given

below.

Nonparametric Self-adjusting Control (NSC)

Input parameters: n,s, Tuning Parameters: d, L,

Stage 1 (Exploration Phase 1 - Spline Estimation)
a. Fort =1 to fLOAT:
-If Gy < Aj for some j=1,...,n,set p,j =p forall j=1,...,n.
- Otherwise, follow Step 1 in Spline Estimation algorithm.
b. At the end of period Ly A T, do:
- If Ly > T, terminate NSC.
~If Ly < T and Ci, < Aj for some j=1,...,n:
- For all t > Lo, set p;; =pj° forall j =1,...,n.
- Terminate NSC.
~If Ly < T and Ci, = Ajforallj=1,... ,n
- Follow Step 2 in Spline Estimation algorithm to get A(.).
- Go to Stage 2 below.

Stage 2 (Exploration Phase 2 - Function Approximation)
a. Solve P and obtain the optimizer pP.
b. Let § := C/T — Cy, /(T — Lo).
c. Compute a, B, E, F',G,H and 0 = (0,;40,).
- If B is invertible, go to Stage 2(d) below.
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- Otherwise, for t = Lo+ 1 to T":
- Cyy = Ajfor j=1,...,n, apply p, = p”.
- Otherwise, for product j =1 to n, do:
-Gy < Ay, set pyj = pie.
- Otherwise, set p;; = pi—1,-
d. Solve QP(6;4) for its static price p?(0).

Stage 3 (Exploitation)
For t = Lo+ 1 to T
- Compute: f, = pf (6) = Vap(AP(8);6,) - S0}, A, where
A, =D, — Apy; éL)
-Ifp, e Pand Cy_y = Aj for j =1,...,n, apply p; = p.

- Otherwise, for product j =1 to n, do:
SIfC < Aj, set Dt = p;o

- Otherwise, set p; ; = pi—1;-

I now explain the main ideas behind NSC. The exploitation part (Stage 3) of NSC is
motivated by LRC heuristic developed in Jasin (2014), which (roughly) uses

t—1
Ay *
b = p* <>\D _ E T s) , where Ay = Dy(p:) — X" (pr)
s=1

and has a strong performance guarantee in the setting of known demand function. In my
setting, the demand function \*(.) is unknown (hence, the inverse demand function p*(.) is
also unknown) and the sequence {A;}L, is not observable. If T still wish to use LRC, an
intuitive fix is to replace A\*(.) and {A;}L; with their best estimates. This motivates the use
of Spline Estimation in Stage 1 to compute an approximate demand function ;\() However,
although \(.) can approximate \*(.) well by tapping into the smoothness of \*(.), the piece-
wise nature of spline functions and the shape of the spline basis functions imply that 5\()
may not be invertible, i.e., :\() may not admit a well-defined inverse demand function. But,
this is crucial since LRC uses p*(.) to adjust the prices. This motivates me to use demand
linearization in Stage 2. The objective of Stage 2 is to construct a linear function that closely
approximates the linearization of the true demand function A\*(.) around p? and construct
a quadratic program that closely approximates P around its optimal solution p”. I choose
to use linear approximation of the demand function and quadratic approximation of the
revenue function because, by Lemma 4.4.3 part (e), the optimal solution of the constructed

approximate quadratic program coincides with the optimal solution of P if the parameters
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are chosen to be (6*,0) (see Section 4.4.3 for more discussions). Although #* is unknown
to the seller, I can utilize the spline approximation 5\() to construct parameters 6 that
closely approximate #*. To see why this is so, note that if Ly is carefully selected, the
spline estimation procedure yields a spline function A(.) that closely approximates A\*(.),
together with its first and second order partial derivatives (by Lemma 4.4.1), with a very
high probability; this in turn indicates that any optimizer p° of P lies in a close proximity
of pP (by Lemma 4.4.2). Since 0* (resp. 0) can essentially be viewed as a function of p”
(resp. pP), M (pP) (resp. A(p")) and its first and second order derivatives evaluated at
p? (resp. pP), this suggests that 6 = (éo; 91) is a good approximation of 0* = (6%;6¥). It
is worth stressing that Spline Estimation is crucial for determining reasonably good linear
demand and quadratic revenue function approximations. As mentioned above, among all
possible approximate linear demand functions, only those that are linearized at a point close
to pP are effective. (Similarly for the revenue functions.) To find a point that is close to p”
(i.e., pP in my NSC) via optimizing the approximate deterministic pricing problem, I need
to use Spline Estimation to get an approximate function that uniformly approximates the
underlying demand function well.

Finally, after obtaining A(.; éL), I replace p*(.) and A, in LRC with p(,; 91) and A,. This
leads to the price update formula in Stage 3:

R o t—1 A,
b= 07 0) = Vap(WF(0):0) - D

S=£0+1

~

It is natural to expect that if A(.;6) approximates A*(.) well, then NSC should retain the
strong performance of LRC, this intuition is not immediately obvious and requires a mathe-
matical justification. Note that, in addition to demand randomness, there are at least three
sources of errors that affect the performance of NSC: (1) errors from functional estimation
(i.e., due to estimating \*(.) with A(.)), (2) errors from function approximation (i.e., due to
demand linearization and quadratic approximation), and (3) errors from systematic biases
due to the terms {A,}Z,. (In LRC, the perturbation term > '_1 A,/(T — s) is unbiased
because ET.[A;] = 0. In contrast, in NSC, the perturbation term ZZ;EOH A (T — s) is
biased because Ef.[A;] # 0. This means that I am systematically introducing new biases in
each period. It is not a priori clear what kind of impact these biases will have on revenue
performance.) Thus, despite the strong performance of LRC in the known demand function
setting, it is not a priori clear whether self-adjusting alone, without re-optimizations and
without re-estimations during Stage 3, is sufficient to reduce the impact of these errors on

expected revenue loss. Interestingly, the following result states that the performance of NSC
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is close to the best achievable (asymptotic) performance bound.

Theorem 4.5.1 Suppose that [ uses > 4, Ly = [(KT)+n/2/Qs+n=2) (Jog (K T))2stn=4)/(2s+n=2)]
and d = ((L(l)m/log(kT))l/(er”/m. There exists a constant My, > 0 independent of k > 3
such that for all s > 4, I have

pVC(k) < Mykztems9) 1og kb where e(n,s,s) =3 (%)

Some comments are in order. First, unlike the heuristic proposed in Besbes and Zeevi
(2012), which requires the knowledge of 5, NSC does not require the knowledge of the
smoothness index s. This is practically appealing because it is usually difficult to guess
the smoothness index of a function when the function itself is unknown. Second, since
most commonly used demand functions such as polynomial with arbitrary degree, logit, and
exponential are infinitely differentiable (i.e., s can be arbitrarily large), for any fixed € > 0,
I can select integers s > (n + 2)/(4¢) — (n — 2)/2 such that the performance under NSC
is O(kY/**€logk). Theoretically, this means that the asymptotic performance of NSC is
very close to the best achievable performance lower bound of Q(\/E) Third, despite the
systematic biases it introduces, self-adjusting control in Stage 3 (surprisingly) plays a vital
role in guaranteeing the stated performance bound. To illustrate, consider the case where §
is arbitrarily large. Suppose that I only apply static price p; = p?(é) throughout Stage 3,
subject to capacity constraints. Then, under the optimally tuned Ly and s, one can show
that the resulting expected revenue loss is O(k*3*€log k), which is significantly worse than
the bound in Theorem 4.5.1. This underscores the importance of self-adjusting price update
in reducing the expected revenue loss from O(k*3*<logk) to O(k'/?**“logk). Finally, to
further validate the theoretical result in Theorem 4.5.1, I conduct a simple numerical study
with two types of products and two types of resources. Table 4.1 shows that NSC performs
well: For problems with a wide range of k, its relative revenue loss (i.e., p™(k)/JP(k)) is
about 3 - 8% lower than the relative revenue loss of Algorithm 3 in Besbes and Zeevi (2012).
To implement NSC for large-scale problems, the main computational burden lies in solving
the nonlinear optimization P because S\(p) is stitched together by many (not necessarily
concave) multinomial function. (In fact, Algorithm 3 in Besbes and Zeevi (2012) also suffers
from this computational complexity. Moreover, I would also like to point out that, in contrast
to local polynomial approximation used in Algorithm 3 in Besbes and Zeevi (2012), my spline
approximation is globally differentiable and is more amenable to optimizations.) Thus, for
problems with many different types of products and resources, one may want to optimize

an approximation of P that is computationally more tractable. The question of which
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approximation should be used is an important and practically relevant one; however, it is

beyond the scope of the current essay and I leave it for future research pursuit.

Remark 4.5.1 (On the analysis of uncapacitated vs. capacitated RM) Per my dis-
cussions in Section 4.2, most existing literature on joint learning and pricing focus on the set-
ting of uncapacitated RM where there is no limit on the number of resources that can be used.
In such setting, it has been repeatedly shown in the literature that the Q(Vk) lower bound
is actually tight for both single product and multiple products settings (see Besbes and Zeevi
(2009), Broder and Rusmevichientong (2012), Keskin and Zeevi (2014)). The presence of
capacity constraints makes the problem significantly more challenging. To see this, note that,
if I mis-calculate pP by e (i.e., I use p? = p? +¢€), by the strong concavity of r3(.) and
Lipschitz property of demand, r*(pP?) — r*(pP) is approzimately on the order of € in the
uncapacitated setting (because Vr*(pP) = 0 due to pP being the unconstrained optimizer
of 7*(p)). Thus, the expected revenue loss during T periods is O(T€?). In contrast, in the
P)—r*(p”)
of €, which implies that the expected revenue loss during T' periods is O(T€). This is the

capacitated setting, Vr*(pP) # 0 in general. This means that r*(p is on the order

reason why the analysis in uncapacitated RM is not directly applicable to capacitated RM.

Remark 4.5.2 (Applying NSC in deterministic demand arrival case) Although my
NSC is designed for the stochastic demand case, it can be readily adapted and applied in
the deterministic demand case as well. In this case, there is no random noise in demand
observations, so one can simply set Lo = 1 in the Spline Estimation subroutine. The other
tuning parameter d needs to be adjusted accordingly. Specifically, given Lo =1, for any s > 4
and d, the estimation error of the demand function and its first order partial derivatives are in
the order of € := O(d~*"=Y) by a similar analysis as in Step 1 in the proof of Lemma 4.4.1.
The expected revenue loss during the exploration stages is in the order of the number of
prices being tested, i.e., O(d™), while the expected revenue loss during the exploitation stage
is O(€’k). Hence, the expected revenue loss throughout the selling season is O(e_ﬁ +€%k),
which is minimized at € = k™ TeroEn=z Thus, by setting d = k‘Wlﬁ—?, the performance
bound of NSC for deterministic demand is O(/{;m) This means that when the demand
function is sufficiently smooth (i.e., s = 00), for any € > 0, I can choose s large enough so
that the performance of NSC in the deterministic demand setting is O(k®). This highlights

the fact that stochastic and deterministic demand cases have different complexities.

Remark 4.5.3 (On my demand linearization approach) Although the estimated spline

function is not used in the exploitation stage once the function approximations (i.e., linear
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demand approximation and quadratic revenue approzimation) are conducted, I would like to
re-iterate that Spline Estimation is crucial in NSC' as it ensures that the demand function is
linearized at a point that is sufficiently close to pP so that the resulting function approzima-
tions are reasonably good. Other demand linearization approaches have been proposed in the
literature as well. For example, in the single product without capacity constraint setting, by
using the simple structure of the optimal price A(p*) +p* N (p*) = 0, Besbes and Zeevi (2015)
propose a simpler and more direct demand linearization approach that works well in their
setting. This approach is unlikely to work in my multiple products with multiple capacity
constraints setting because the optimal solution pP does not permit the same simple structure
anymore; instead, it is characterized by the KKT conditions (i.e., one needs to compare a

combinatorial number of KKT points to find p” ).

4.6 Proof of Theorem 4.5.1

In this section, I provide a complete proof of Theorem 4.5.1. I first discuss an outline of
the proof, together with the key ideas and key lemmas, in Section 4.6.1 and then I fill in
the remaining details in Sections 4.6.2 - 4.6.4. Throughout this section, I fix 7= NSC and
assume that 7= 1 (this is without lost of generality).

4.6.1 Key ideas and outline of the proof

The proof of Theorem 4.5.1 uses a combination of large deviation arguments, stability anal-

ysis, and stopping time arguments. Below, I divide the proof into three parts.

Part 1

In this part, I argue that, if k is large, ||6* — |, is small with a very high probability. This
result allows me to use the perturbation result in Lemma 4.4.3 when analyzing the revenue
loss later (in Part 3). Let e(Lo) = (log k/+/Lo)(("9)=2/(st1/2) and define £ := {||0* — 0||5 <
Mse(Lo)}, where M, is as defined in Lemma 4.6.1 below.

Lemma 4.6.1 There exist constants My, M3 > 0 independent of k > 1 and Lo such that if
Lo > log®k and s > 4, then PL(||0* — ]y > Mae(Lo)) < Ms/k.

The complete proof of Lemma 4.6.1 is given in Section 4.6.2. Here, I simply provide
some basic intuition behind the proof. The proof uses Lemma 4.4.1 and Lemma 4.4.2. In
particular, recall that Lemma 4.4.1 indicates that, with a very high probability, the spline

function A(.) closely approximates the underlying demand function A*(.) both in terms of
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the function value and its first and second order partial derivatives when s > 4 and s > 2.
This result together with the nonparametric perturbation result in Lemma 4.4.2 establishes
that p” is very close to p” with very high probability. But then, the first and second order
derivatives of A\(.) evaluated at pP also closely approximate those of \*(.) evaluated at pP.
Note that by construction, 6* (resp. é) can essentially be viewed as a function of p” (resp.
), M*(pP) (resp. ApP )) and its first and second order derivatives evaluated at p” (resp.
). Hence, 6 closely approximates 6* with a very high probability.

In the remainder of this part, I first discuss some observations that follow from Lemma 4.6.1
and then use these observations to define a constant €2y, which will be used in Parts 2 and
3. (As will be clear later, the problem behaves nicely and the prerequisite of Lemma 4.4.3
is satisfied when k& > ;. This sets the stage for the analysis in Parts 2 and 3.) Four ob-
servations are in order. First, note that, as k becomes large, the probability of £ tends to
one. Second, €(Lg) — 0 as k — oo under the condition that Ly > log® k, and this condition

is satisfied for all sufficiently large k because my selection of Ly implies

s+n/2 2s5+n—4

k2sn— 2(10g k) Setns < Ly < 2k25+n 2(log k) 25n=2 (4.4)

and log® k is smaller than the left hand side of (4.4) for large k. In light of Lemma 4.6.1,
this observation means that if k is large, 6* and 0 can be arbitrarily close with a very high
probability. By (4.4), I have the following bounds for €(Lg) as well:

5—2

—2
SA5—2 log k) 25“"” 2 (log k) 25+n 2
2 2s+n E L < . 45

( VE Loy = \ Uk (45)

Third, by definition of Ly and my choice of d in Theorem 4.5.1, I can bound

Ly = s"(s+d)"Ly < s"(s+1)"d"Ly < s"(s+ 1)"2”+2k281t1n—2 (log k) Qi(if?, (4.6)

where the second inequality follows from (4.4). The above inequality implies Ly/k — 0 as
k — co. So, there exists a constant Qg > 0 such that for all & > Qq, I have Ly < k/2.
Fourth, there exists a constant My > 0 independent of k > €y such that for all £ > Q,

ol = HC_ 1, (kC' — LyC) — (kC — AXF D)) A D, — 4O
2 k—Lolly k— Lo k— L
2 2
< <||Ae||2+||0||>f < 2(||Aells + ||C[2) s"(s + 1)"2" 2 (log k/Vk) =52
< 2(||Aells + [|Cll2) s"(s + D)2 (log k/VE) =552 < Mie(Lo)?
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where the first inequality follows because I~/0 < k/2 for k > Qg and T have at most one arrival
per period, the second inequality follows from (4.6), and the last inequality follows from
(4.5).

Let § be defined as in Lemma 4.4.3. Putting together the four observations above, I
conclude that there exists a constant €2; > 0 independent of k such that for all £k > ; the
following holds:

PL(E) > 1— Myfk > 1/ (47)
Conditioning on &, ||0* — 8|, < Mae(Ly) < 6; (4.8)
16]]2 < Mye(Lo)? < 6. (4.9)

Inequality (4.7) indicates that I only need to focus on the revenue loss on the event £.
Inequalities (4.8) and (4.9) are crucial; they ensure that, for £ > €, conditioning on &, the
prerequisite of Lemma 4.4.3 is satisfied and the perturbation bounds therein can be used to

analyze the performance of NSC.

Part 2

In this part, I define a stopping time 7 and analyze its properties. This will be crucial for my
analysis in Part 3. In particular, it helps me to quantify the amount of revenue loss under
NSC during the exploitation phase. (Stopping time argument is also used in Jasin (2014).
However, unlike the arguments in Jasin (2014), which assume known demand function, here
[ also need to deal with estimation errors, approximation errors, and systematic biases.) 1
first define 7 and state its properties in Lemmas 4.6.2 and 4.6.3. For clarity, I delay the
complete proof of these two lemmas in Section 4.6.3 and only discuss the intuition here. Let
7 be the minimum of k and the first time ¢ > Ly 4 1 such that the following condition () is

violated:

(1) > S(t), where ¢ :=\/e(Ly), S(k):=o00 and Vt e [1,k—1],
S) = ||y 25|, +

A
k—s

(Recall that A, = A, 4+ A*(p,) — A(ps:0,).) The purpose of condition (1) is to guarantee
that p; is not too far way from p? (é) (see the pricing formula in Stage 3 of NSC) before
7 and the cumulative deviation of the actual demand realizations from the target average

demand is not too large before 7. Let €2; and £ be as defined in Part 1. I state two lemmas.
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Lemma 4.6.2 Suppose that Ly > log® k. There exists a constant Qs > Q independent of
k > 1 such that for all k > Qs and all sample paths on €, p, € P (i.e., py = pr) and C; = A;
forallj€[1,n] andt € [Ly+ 1,7 — 1].

Lemma 4.6.3 There exists a constant Ms > 0 independent of k > 1 such that, for all
k> Qy, I have EL [k — 7|E] < Ms(e(Lo)*k + €(Lo) "t logk + €(Lo)™2).

Lemma 4.6.2 essentially says that, when k is sufficiently large, everything behaves “nicely”
before the stopping time 7 on £. As will be clear in Part 3, this enables me to explicitly
characterize the cumulative revenue loss under NSC before 7. After 7, NSC may end up
charging the turn-off prices (i.e., due to stock-out) and the characterization of p; becomes
less tractable. Fortunately, Lemma 4.6.3 implies that ET.[k — 7] is small for large k (i.e., 7 is
large). So, by regularity condition R3, I can simply bound the per period revenue loss after
7 with 7.

The complete proof of Lemma 4.6.3 is deferred to Section 4.6.3. For now, I provide the
main intuition and highlight how my argument differs from that in Jasin (2014). Note that,
since Ef. [k — 7|€] = S5 P5. (7 < t[€), the proof of Lemma 4.6.3 boils down to computing
a bound (for each t) for the conditional probability P%. (7 < ¢|€). Roughly speaking, this
is equivalent to analyzing the probability that S(s) is smaller than the threshold v for
Lo+ 1< s <t Note that S(t) can be bounded as follows:

t t A
§ : A + } : N (ps) — A(ps; 0.) + 1
— k—s - k—s E—t
s=Lo+1 9 s=Lo+1 2
random noise systematic biases

S(t)

where the random noise comes from the stochasticity of demand and the systematic bias
comes from the estimation error due to Spline Estimation and demand linearization. The
systematic biases term does not appear in Jasin (2014); here, it is the primary driving force
of the order of Ef.[k—7|&]. In the proof, I use Markov’s inequality and integration inequality
to bound that term. Note that in order to derive a tight bound using Markov’s inequality,
I need to make sure that the order of |[A\*(ps) — AM(ps:8,)||2 is small enough. It turns out
that, for all s < 7, the definitions of 7 and 1 ensure that p, is very close to p”; moreover,
since A(.;07) is a good approximation of A\*(.) in the neighborhood of p”, A(ps; 6*) is very
close to A\*(ps) as well. This observation together with Lemma 4.6.1 further implies that,
conditioning on &, for all s < 7, the order of ||\*(ps) — A(ps; 0,)]|2 = O(e(Ly)) (see derivation
in (4.44) for more details) is sufficiently small. However, for s > 7, p, is not guaranteed

to be sufficiently close to p? and the order of [|A*(ps) — A(ps;0,)|]2 could be as large as
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©(1), which will blow up the Markov’s bound I derive. (Although the spline estimate A(.) is
uniformly close to \*(.), its linear approximation A(.;6,) is not always close to A*(.), except
for prices that are sufficiently close to p”, see (4.44).) This means that I cannot use Markov’s
inequality directly on 7 as it is defined in (f). The culprit here is the term S(¢) which, by
definition of A, includes the summation of many systematic biases terms that may turn out
to be very large. To address this, I introduce another stopping time 7 as the minimum of &

and the first time ¢ > Lo + 1 such that the following condition (11) is violated:

(11) Y > S(t), where S(k):=o0 and V¢ € [1,k — 1],
X A (ps)—=A S;éL
S(t) = HZZ:iOH % + ZZ:ZOH %s(p) Lis<ry|] + ﬁ

‘ 2

I prove in Lemma 4.6.3 (see Section 4.6.3) that 7 actually equals 7 on every sample path,
but 7 is easier to work with because the term S(t) in the stopping criterion only involves

one systematic bias term that may be large (i.e., (A*(p;) — AM(p+;6.))/(k — 7)). The desired

result can then be attained by Markov’s inequality and integration inequality.
Part 3

Finally, I analyze the revenue loss of NSC as a function of k. Here, I collect the results from
Parts 1 and 2 and use standard arguments to “count” the revenue loss incurred throughout
the selling season (see, for example, Jasin (2014)). If & = O(1), the revenue loss can be
bounded by a constant; if k£ is large, all the useful properties of 7 and &£ derived above
(Lemmas 4.6.1 - 4.6.3) hold and I can use them to analyze the revenue loss of NSC. I
break down the revenue loss of NSC into three parts: (i) revenue loss incurred during the
exploration stage, (ii) revenue loss incurred during the exploitation stage before 7, and (iii)
revenue loss incurred during the exploitation stage after 7. Since the length of the exploration
stage is Lo, by R3, I can bound (i) with Lo7. As for (ii) and (iii), I derive an upper bound
by conditioning on & and £°¢. Since P7.(€°) is very small for large k, the majority of the
revenue loss comes from the expected revenue loss conditioning on €. This means that,
roughly speaking, (iii) can be bounded by 7 E%.[k — 7|€]. The remaining work is to carefully
bound (ii) conditioning on £ using Taylor’s expansion.

Let Q := max{€Qy, O, Q3}, where (2, is as defined in Part 1, {25 is as defined in Lemma 4.6.2,
and (23 is a constant independent of k such that e(Ly) < 1 for all & > Q. If & < Q,
p" (k) < 7Q = O(1). So, I can focus on the case k > 2. Let RT denote the revenue earned

in period ¢ under policy 7, and let R”(k‘) = Zf: i1 1% denote the revenue earned dur-
ing the exploitation stage. For notational brevity, T will simply write Ay = A*(p;). Let
A; == RT —r*()\). Note that {4, f;£0+ | is a martingale difference sequence with re-
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Thus, by R3 and Optional Stopping Time Theorem, I have

spect to filtration {H; f;_iloﬂ.
Ay = —EL[Y i Ad + EX[A;] = EL[A;] < 7. Therefore, for k > €,

1 ~
B EK* [ZZ:Lo—‘rl

p" (k) can be bounded as follows:
Lo T—1 k
prk) = EL D (P=R)+ Y. (P =m0 —A)+ > (PP —RY)
t=1 t:i0+1 t=1
T—1 k

< FLo+7+EL | Y (P =) + > (P = RY)

t=Lo+1 t=r
T—1 k
= f(1+Lo)+EL | Y (PP =)+ (rP = RY) | £°| P.(£9)
t=Lo+1 t=r
T—1 k
H+EL | D0 (P =) + > (PP = RY) | €] PR.(€)
t=Lo+1 t=r
[ 1 k
< 7(1 4 Lo) + 7kP5.(£°) + EL. (F" =)+ > (" —Ry) | £
| t=Lo+1 t=1
[ T—1
< (14 Lo) + 7kP}.(£°) + ET. (r? =i (W) | €] +TEL[k— 7+ 1|&]
| t=Lo+1
T7—1
< (24 Myt Lo+ BLlk—7|E) +BL | D (7P —miw)|€] (4.10)
t=Lo+1

where the last inequality follows because kP%.(E¢) < Mj by Lemma 4.6.1. To bound the

second term in (4.10), I use Taylor’s expansion. Note that, by R3,
r? =13 (M) = ri(A7) = () < VIR(A7) - (A = A) + %HAD = M3

I will show in Section 4.6.4 that there exist constants Mg, M7 > 0 independent of k > )

such that
T—1
EL | Y VRO - (W =N\ | €| < Mg (1+ e(Lo)’k + e(Lo) " log k + €(Lo) %) ;(4.11)
t=Lo+1
_ T—1
gEg* ST = MJE| €] < My (logk + e(Lo)?k) (4.12)
t=Lo+1

91



Combining (4.5)-(4.6) and (4.10)-(4.12) with Lemma 4.6.3, I conclude that there exist
constants Mg, Mg > 0 independent of £ > €2 such that for all £ > €, I have:

pr(k) < Mg (€(L0)2k3 + e(Lo)_1 logk + €(Lg) ™2 + FE0>

SA5—2

2s+n—2 SAS—2

log k Boins sAs—2 VE \FT? 2(sA5—2) k 2s+n—2
M k 2 sTn 1 k Ee— 2 s+n PR
i ( K ) e os (logk> 2 gk

25—sA5+n

+ Mg [778”(8—1— )n2n+2k25+n 2(10g k;)25+n 2] < Myk 2stn-2" log k.

IN

Letting My = My + 7$) completes the proof of Theorem 4.5.1.

4.6.2 Part 1: Proof of Lemma 4.6.1

Define F := F; N F,, where

Fio= {[lp” = p"[l2 < Coe(Lo)},
or(\; )
Fy = {‘31311-—31’” < Cre(Ly),Vj € [Ln],r €0,2],11 € Zy, 1 € [1,n], S 17‘1—7“}

Cy is a positive constant to be chosen later and C := max{W, Uy, ¥y} (recall that Uy, ¥y, U,
are the constants discussed in Lemma 4.4.1). Let ® := max{®, Py}, where &; > 3, Py > 3
are constants to be chosen later. I first derive an upper bound for ||#* — 6|, conditioning
on F for k > ®. (Unless otherwise noted, in what follows, I will simply assume that F is
satisfied and k > ®.)

By R1 (i.e., Lipschitz continuity of the second order partial derivatives of A*(.)), the
compactness of P, and the continuity of A(.) (note that s > 4 > 2 implies A(.) € C(P)), there
exists a constant Cy > 0 such that, conditioning on F, for all r € m, r € Zy,l € m
satistying S 1 =7, p € P, and j € [1,n], I have:

(X (p"”) = X;(B?))
Oopy*...0p»

< Cyllp? — P2 < CoCoe(Ly) and  |\j(p)| < Co. (4.13)
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So, the following two inequalities hold:

I P7) = X))l < ValXeP) = X))
e PXNGP) _ONGP) | PNGP)  oGP)|
Y apzap] OpiOp; OpiOp; OpiOp;

02 )\* 82)\*
0p10pg 8p18pj

PN () 9PN()
3pzé’p] Op;Op;

IN

— Ull2 = \Z
b o

\/2nCEC3e(Lo)? + 2nCe(Lo)? = e(Lo)\/2nC3CE + 2nC2. (4.15)

IN

Let ||.||r denote the Frobenius norm. By similar arguments as above, there exists a

constant C'5 > 0 independent of k such that:

ONGP) | ONGP) | ONGP) NG|

B*—Bl|lp =
I I \ ; ; Op; Ip; Ip; 9p;
~ 2
~, [N P () o)
< 2 ‘ : 3y
\ Zl ]Zl Ip; ZZI ]Zl (919] p; || _
< \/202C3C3e(Lo)? + 2m2Che(Ly)? < Cie(Lo). (4.16)

I now derive a bound for ||[H* — H||,. To do this, I need to first find a bound for
|B!]>. Let Omax(X) and opmn(X) denote the maximum and the minimum eigenvalues
of a symmetric real matrix X, respectively. Since B* = VA*(p”) is invertible, B*(B*)’ is
positive definite; so, 6* := opax(B*(B*)) > 0 and ¢* := o (B*(B*)’) > 0. Moreover,
since C3e(Ly) — 0 as k — oo, by (4.16), there exists ®; > 0 such that, for all £ > &,
|B* — Bl < ||B* — B||r < Cs¢(Lo) < 0*/(4y/5*). Therefore, for all v € R™ with [|v||, = 1,

vW'B'Bv = (B — B*+ B*)(B— B*+ B*)v
= o/(B"YB*v+v'(B*)(B - B*)u+ (B — B*)B*v +v'(B — B*)'(B — B*)v
o = 2[[o|3|B* 2| B = B*|l. > ¢ —2V5"a"/(4Va") = a*/2.

v
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This means that oy, (B'B) > 0*/2 > 0. Since (B'B)~! = B-Y(B1Y,

1Bl = /s B1UBY) = \/own( B'B) < /20 (4.17)

By telescoping, I can bound

[Hy = Hyl = |(uf) (BY) A (07) — @l BAGP))
< J(ugy) (BTN (07) = (ufy)'(BY) TAG)|
+ () (BY)IAGY) — () BTAGP)| + [(ufy) BTABY) — g B~ AG)|
< gl 1857 Iz [ (07) = AB”)] 2
+ gl 1B Ml (1B = Bllz [|B7[2 [[X(5)1l2
= [lug; = gl [1B7H[2 [[ABP)]]: (4.18)

where the last inequality follows because (B*)~' — B~! = (B*)"'(B — B*)B~'. I now bound
the three terms on the right hand side of (4.18) one by one. For the first term of (4.18), by
(4.14) and the definition of F5, I have:

[l 12 [(B) Ml (07) = AB7) ]2
< gl (B7) (1N (B7) = X @)1z + A7) = AE)l2)
< Mgl (B7)HI2(ViCaGoe(Lo) + v/ max {JINj(.) - Aj()llee})

-----

< gl 2| 1(B*) ]2 (v/nCaCoe(Lo) + \/_016(L0)) = O(e(Lo))-
For the second term of (4.18), by (4.13), (4.16) and (4.17),

[l ol [(B) Il B* = Bllal B2l A1l
< il 2I1(B*) ~H2Cse(Lo) v/ 2/ a7 v/nCa = O(e(Lo))-

For the last term of (4.18), by (4.13), (4.15) and (4.17),

s — @isl 1ol B I2NAG?)|2 < e(LO)\/2nch§ +2nCty/2/a*/nCy = O(e(Lo)).

So, |H}; — H;j| = O(e(Ly)) and there exists a constant Cy > 0 independent of k > 1 such
that

|H —H|ly < B~ Hllp = /S, Yoy [Hy — Hyl? < Cae(Lo).  (4.19)
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Using similar arguments as above, by telescoping and (4.14) - (4.19), there exist constants
Cs, Cg, C7, Cg > 0 independent of £ > 1 such that on F I have

la* —alla < [N (") = A@”)||2 + [|(B")p” — B'B" |2
< N ") = X B2 + A (B7) = ABP) ]2
+|B*|l2[p” = 8”12 + |15 ]]2]|B* — B2

< VnCyCoe(Lg) + V/nCie(Lo) + || B*||2Coe(Lo) + (31, p7)*Cse(Lo)
IE* = Ells < ||3(0° — pP)Y H*pP|l2 + |3 (6°) H*(pP — pP)||2 + |3 (5°) (H* — H)pP| |2

< (XL BHYA|H||2Coe(Lo) + (301, PF)Cae(Lo) = Coe(Lo), (4.21)
|F* = Fll; < la* —alla + [|H*||2|[p” = 5°||2 + || H* — H||2||5"]]

< Cse(Lo) + ||[H*[|2Coe(Lo) + (3o, D) /*Cue(Lo) = Cre(Ly), (4.22)
|G* = Gl|lr < 2||B = Bl|lp+ ||H* — H||p < 2Cs¢(Lo) + Cae(Lo) = Cse(Ly). (4.23)

Putting (4.16) and (4.20) - (4.23) together, for all £ > ®, I obtain:

10° = 0ll2 < la* —alla + [|B* = Bllp + [|E* = Ella + || = Fll2 + [|G* = G|

where Cy := C3 + C5 + Cs + C7 + Cs. Let My = Cy + 1. Since F implies £ (i.e., because
110 — 0]|5 < Mae(Lg) on F), I can bound:

PT.(£9) < PL(F°) < PL(FY) + PL(FS). (4.25)

I will now bound each P%, (FY) and P7.(F5) separately. Note that

PL(F5) < > > Y 1@;:( arézf")ia?;g)) ZC1€(L0))

=1 r=0 r>0,3>77_ ri=r

ZR:ZQ: YK ( a"(X() = N() - <10g k) iilé)
A* 71 T — T

j=1 r=0 ”2072?:1 r=r 8])1 ce e apn A /LO

nn+1)(n+2) K

I 4.2

= 2 i’ (4.26)

IN
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where the first inequality follows by the definition of F, and the union bound, the sec-
ond inequality follows by the definition of C} and €(Lg), and the last inequality follows by
Lemma 4.4.1. To compute a bound for P{. (F¥), first note that

PL. (FT) = PL. (Fy | F2)PR- (F2) + PR (F7 | F5) P (Fs) < PL.(Ff N Fp) +PL.(Fs).  (4.27)

So, it suffices that I find a bound for P{.(F{NJF3). By Lemma 4.4.2, there exist constants
5,Cho > 0 independent of k& > 1 such that if ||A\*(.) — A(.)]|sc < 0, then

167 = 5"l < Cuo(lIX*() = A0 oo + 1I(VA*() = VAL)) l]o0)

= Chosup [N (p) = AMp)|loe + Crosup [[(VA*(p) = VA(D)) ||
pEP pEP

oM (p)  ONilp)
Op; op;

= Cjpsup max A (p) — \;(p)| + Crosup max Z

peEP Jj=1,., n peEP 1=1,..., j=1

..... 0 =30l Cio s 3| 2500 - 25

IA
0
o
Iz
o
"
=~

3=1 o
) n X)) o)
< MBEPYE P 42
< 010 IIlaX [A5() — J()HOO—}_OIOJZ_;iE,&%n Op; Ip; 0 )

Since Cye(Lg) — 0 as k — oo, there exists a constant ®5 > 0 such that, conditioning on
Fo, for all & > & > dy, [|N*(.) — 5\()||oo = max;—i,.n ||)\;() — /~\]()||oo < Chre(Lgy) < 6; so,
(4.28) holds. Let Cy = C19C1(1 4+ n). Then, for all k£ > &,

P. (Ff N Fa) = PR ({llp” — #°[l2 > Coe(Lo)} N 7:2)
() ON()

,,,,,,,,,,, 8pj apj oo} o 01001 L +Tl LO )
< P3. (j_HllaXn{|)‘g<> - )\](')Hoo} > Cre(Lo > +ZP>\ <4_ )))) n{ 5pj apj > C1e(Lo) })
* Y 1ng> +n/2 a)\* ) 85\1() (logk) i/;
< P |AS() — A o > + PY. | ||—— > W
Z <| Ol > 0 (£ ) ZZ ( S o (R

< n(n + 1)K /k,

where the first inequality follows from (4.28), the third inequality follows since log k/+/Lg < 1
for Lo > log3 k and k > ® > 3, the last inequality follows by Lemma 4.4.1.
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Let M3 = max{®,n(n+1)(n+ 3)K}. Putting all the bounds together, for £ > ®, I have
PL(EY) <nn+ 1)K/k+nn+1)(n+2)K/k=n(n+1)(n+3)K/k < M;/k.

As for £ < &, by definition of Mj, P1.(£°) < 1 < ®/k < Ms/k. This completes the

proof.

4.6.3 Part 2: Proofs of Lemma 4.6.2 and Lemma 4.6.3

Let Ay := A (p;) and A= Apy; 01) I prove Lemmas 4.6.2 and 4.6.3 in turn.

Proof of Lemma 4.6.2: Let Qy = max{Q, K, Ky, K3}, where € is as defined in the
last paragraph of Part 1 in Section 4.6.1 and K, K5, K3 are positive constants to be defined
later. Throughout the proof, I will implicitly assume that £ is satisfied. I first highlight four
inequalities (see (4.29) - (4.32)) that will be useful for the proof. Let §,%,w be as defined
in Lemma 4.4.3 and ¢ as defined in R4. First, recall that ||0, — 0[] < [|0 — 6%||]» < & and
110, — 0%]]2 < 1|6 — 6*]|> < § by (4.8), and ||d]]» < & by (4.9). Thus, in light of part (f) of
Lemma 4.4.3,

15 (6%) = pF O)]l2 < ¢/2. (4.29)

Second, since wi) = w+/€(Lg) — 0 as k — oo (recall that logk/v/ Lo < 1 for k > 3 since
Lo > log® k), there exists a constant K > 0 such that, for all & > K,

wi) < ¢/4. (4.30)

Third, note that R4 implies A” = Are = 0 for some A\, € R. Hence, there exits a
constant Ky > 0 such that, for all £ > Kj, ¥ < Ay (because ¢ := y/€(Lg) — 0 as k — 00)

and
AP@B) = AP = AD0") +AR(0) = NP —||AR(0) — A5 (0)]]2e
= AP — k(][0 = 0]|2 + [|6]]2)e

= AP — kMye(Lo)e — kMye(Lo)’e = Ape, (4.31)

where the first equality and the second inequality follow by part (e) and (f) of Lemma 4.4.3
respectively, and the last inequality follows by (4.9) and the definition of £.
Finally, Eo/k — 0 as k — 00. So, there exists a constant K3 > 0 such that, for all
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k Z K37
C;, = kC —LyAe »= Ae. (4.32)

The rest of the proof follows by induction. Fix some k& > €. If 7 < [:0 + 1, there is
nothing to prove. Suppose that 7 > Ly + 1. Note that Pio+1 = Di,41 because C; = Ae (by
(4.32)) and p;, ., = pP(h) € Ball(p?, ¢/2) C P (by (4.29)). Hence,

Cioon = Ci,—AD; . =Cp — ANP(0) — AA;

= (b= L= 04 (30) - 2
- A
ST S o oo
2
> (k—Ly—1)Ae (¢ — kA_LL—OO*_ll ) > Ae, (4.33)
2

where the first inequality follows since AAP(0) < kC/k —§ = Ci,/(k — Lo) (recall that
AP (6) is feasible to QP(6;4)), the second inequality follows by (4.31), the third inequality
follows from the fact that ¥ < A\j, for £ > Qs > Ky, and the fourth inequality follows by the
definition of 7 in (f). Since A is non-negative, CE0+1 =~ Ae = Aj forall j € m This is
my induction base case. Now, suppose that Cs = A; and p; € P for all j =1,...,n for all

s € [f/o +1,t—1]and t — 1 < 7. If t > 7, I have finished the induction. Otherwise,

|

where the first equality follows because by the definition of p(.,6,) I have V p(X;6,) = (B')™*
for all A, the first inequality follows by Lemma 4.4.3 part (a), the second inequality follows
by (1), and the last inequality follows by (4.30). Combining (4.29) and (4.34), I have p; €

R R t—1 AS t—1 AS
ﬁt_péD(e))‘L: By —|| <w > — gwg%, (4.34)

S:izo—‘rl 2 S:Lo—‘rl 2
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Ball(p?,3¢/4) C P. By the same arguments as in (4.33),

G = Cj, _Zs Lo ADs = O, — Zs Lo+1 A(S‘ +As)
s—1 A
J— ~ D 9 v A
= Cj, — Z Al NP@h) - ~ — A
s=Lo+1 v=Lo+1
k R t ~ sz
Y AO) — D A - D s
s=t+1 s=Lo+1 v=Lo+1
k t A
. k—1t)AA
_ ANP(0) — <—S
Z >‘5 (9> Z k—s
s=t+1 s=Lo+1
LA
= (k—t)Ae | A\, — Z k_ss = Ae = A,
s=Lo+1 )

for all j € [1,n]. This completes the induction.
Proof of Lemma 4.6.3: Fix &k > (5. Recall that I have defined at the end of Part 2 in

Section 4.6.1 an auxiliary stopping time 7 as the minimum of k and the first time ¢ > Ly + 1

such that the following condition (}7) is violated:

(11) ¢ > S(t), where S(k):=o0 and Vt € [1,k — 1],

t t

. A, (As — As) 1
S(t):: Z /{7—$+ Z T1{5<T} +m

s=Lo+1 s=Lo+1 9

where 1 is as defined in the definition of 7 in (). I first show that 7 = 7 almost surely. If
T =1 < k, by definition of 7, ¢ < S(t') and ¢ > S(t) for all t < ¢’. So,

t t N
N A, (s — As) 1
Si) = AN _—
(*) st 2 s Les|| i
s=Lo+1 s=Lo+1 2
t t N
A, (s — As) 1
- ks > s || T =W
s=Lo+1 s=Lo+1 2

for all t<t'. But, this implies 1) < S(#') and ¢ > S(t) for all ¢ < ¢/, which means that 7 = ¢'.
If 7 = k, immediately I have S(t) = S(t) for all ¢ < k. Moreover, since, ¢ > S(t) = S(t) fo
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t < k, I must have 7 = k = 7. Define the following two terms:

n ~
~ As = )\s_>\s
0= 3 2| wa gp- 3 Ty

S=[~/0+1 2 S=[~/0+1

Since S(t) < S,(t) 4+ Ss(t) + (k —t)~" and 7 is non-negative, I have:

k-1
. : w‘ )
El.[k—7|€] = EL[k— PL.(7T <tl€) < PT. max {S.(s)} > =&
Lk rle) = B §j,x 8 < 3P (s (500) 2 |
S Y )
+) PL{ _max {Si(s)}>—|E)+ ) PL 4.35
,:_Zl * <E0+1§s§t{ ()} 2 ' ) Z ( —t = 4 > (4:35)
Note that {S,(t)2 f:_iloﬂ is a submartingale with respect to {H,}* — L 41 S0, I can bound

the first term after inequality in (4.35) as follows. For t < k — 1,

Pg*(max {S,(s ’ ) = Pg*(max {5.(s)%} > — i

Fo+l<s<t Lo+1<s<t 16

)

1 . B 2
AR (Eoﬂiiﬁsr“f} > 1—6)
32 1. 32 1A
< EEA*[S()} ¢2E*[;(k_s§2
32 2 2 128
= @5hk—02+k—t]§¢%k—w’ (4.56)

where the second inequality follows by Doob’s submartingale inequality and (4.7), the third
inequality follows beacuse ET.[ALA;] = 0 if s # ¢, the fourth inequality follows by integral
comparison and the fact that ||A||3 < 2, and the last inequality follows because k — ¢ > 1.
Thus, there exists K5 > 0 independent of k > )5 such that

gﬁ”“* ( max {S,(s)} >

Lo+1<s<t

e

k—
128 1
‘5) ¢— :E 21ng = K5€(L0) ! lOg k,

where the equality follows by the definition of ¢ in (f). I now bound the second term in
(4.35). By Lemma 4.4.3 part (b) and (4.8), there exists a constant K, > 0 independent of k
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such that, for all k£ > Qs > ¢, I have:

H>‘s_5‘5H2 = ||\ (ps) _)‘(p55éL)H2
< [N (ps)ll2 + [[A(ps; 02 + [[A(ps; 607) — A(ps; 0.)] |2
< ValIX (Wse + VRGO +wd < Ky, (4.37)

Conditioning on &, for s < 7, I can derive a sharper bound, i.e., ||As — Al < woe(Lo)
for some constant wy independent of k (see (4.44) for the derivation). Now, observe that the

following holds:

PT. <~max {55(5)}2%'5) — P, <§5(t)2%‘8> < Op [S;(t)‘*‘s}

Lot+1<s<t i
4
16 : H)\S - 5\SHQ]'{S<T} d H)\s - 5\SHZ]-{SZT}
_ g
Pt Z k—s + Z k—s &
s=Lo+1 s=Lo+1
t { 4 ¢ “ 4
128 H>‘s — /\SH21{5<T} 128 H)‘s — )\S||21{S:T}
< —EL. | +—EL €
= 2 F—s MR 2 s
s=Lo+1 s=Lo+1
L 128uie(Lo) g k: | 128 K4
w4 w4 —t
4 21 4 k 4 1\*
= 128wje(Lo) log* ( — ) + 128K e(Lo)* ( (4.38)

where the first equality follows by the monotonicity of S,(t), the first inequality follows
by Markov’s inequality, the second inequality follows since (a + b)* < 8a* + 8b*, the third
inequality follows by (4.37) and (4.44), and the last equality follows since ¢ = \/TO Note
that Zt ! log® (%) < slk; so, there exists a constant Kg > 0 independent of k > Q) such
that:

k—1 k-1 k‘ k—1 4
P7. [ max {S,( < 128wie(Lo)? 1o 4( )+128K4 (Lo) ™2 ( )
S rr (e (5.0 2 5]e) < Yrmsieroriont (i 0y

Lo+1<s<t = =

S K6 (6([/0)2]{3 + E(Lo)_Q) .

The third term of (4.35) can be bounded as follows:

k—1 _ 1 1/} _ 1 w -
> P (mzz‘ 5) = ZIP’* (ﬁ-Z) = 4/ = 4de(Lo)™ V2

Putting the bounds for the three terms in (4.35) together, I conclude that there exists
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a constant Ms > 0 such that, for all & > Qo, I have EL.[k — 7|€] = EL[k — 7|&] <
Kg,E(LQ)_l log ]{3+K6€(L0)2]€—|—K66(L0)_2—|—4€(L0)_1/2 < M5(E(L0)2k’—|—€(LO)_1 log ]{'—FE(L())_Q).

4.6.4 Part 3: Derivation of (4.11) and (4.12)

For simplicity, I suppress the dependency of €(Lg) on Ly and simply write €(Lg) as € through-
out this section. Recall that I define \; := A\*(p;) and A= A(p; éL) in Section 4.6.3. Also,
by Lemma 4.6.2, for all £ > )y and all sample paths on &,

. - A A
Moo= Apsb) = A0 - > — for all t < 7. (4.39)

These will be used multiple times in the derivation of (4.11) and (4.12).

Derivation of inequality (4.11). Note that Vri(AP) = V,q(p(A\P;07);67) by (4.3)
and \J(6*) = AP by Lemma 4.4.3 part (e). So, I can write: Vri(A\P) .- (AP — )\;) =
Vaa(OR(6°);62):65)- (NB(6) — ) = i (7Y AR (6°) — AP () + AP (B)— Ay + hy— \,), where
the last equality follows by the Karush-Kuhn-Tucker(KKT) optimality condition. Therefore,
for all £ > ), the first term of (4.11) can be broken into two parts:

d

ES. [, 0 VrAP) - (02 = A)

t:f/0+1

= BX. |02, B0 (AR (8) — AP(0))| ]
FEL [ ST, OV AGP ) = A+ Ao = 2| €] (4.40)

By Lemma 4.4.3 part (f), for all sample paths on &, the set of constraints of QP (6*; 0) that
have non-zero optimal dual variables are binding at the optimal solution AP (6) in QP(6;6).
This implies that the first expectation after the equality in (4.40) is zero because, for all i,
either I have 1;(60%) = 0 or (AN (6%)); — (ANP(8)); = 0. As for the second expectation, by
(4.39) and the definition of A, (i.e., A=A+ N\ — S\t), I can write:

ES. | S0y B0 YAOP(0) = A+ A — A €]
T—1 t—1 X
, AA, "
=EL | Y ud(07) AN - A, €
t=[~/0+1 S:izo—l-l

T—1 T—1
—t—-1 ~
= EL | > ug(07)AA|E| +EL | Y (T——1> pd (0°Y AN, | E| (4.41)

- - k—t
t=Lo+1 t=Lo+1
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Since {At is a martingale difference sequence with respect to {’Ht

t= L +1 t= L +1’
B | S0, 15 (07 A €]
MO (0*)A T s - T c
B (Bh (Sl &) - B[S0 A ] B0
< ROy ae M E) o arery e, (4.42)

P (€)

where the first inequality follows from EL.[3.7_} A = ELD 0 Ad = EL[A;] (by
Optional Stopping Time Theorem) and the fact that |A;| < e, and the second inequality

follows by Lemma 4.6.1 and (4.7). The second term of (4.41) can be bounded as follows:

7—1

T—t—1 oA X
EL | Y <ﬁ—1) w07y AN, | €
t:f/0+1
[ 7—1 X
AA
< T . D/ px\/ t
< EX | (B=7+1) | (07) Z L1 3
| t=Lo+1
[ T—1 A
< B |G-+ |lB@)lL k| Y 2| | e
| t=[~/0+1 2
< O||ug (09)|], 1All2 (B [k —7]E]+1)
< lig ()2l All2[ M5 (K + ¢ Hog k 4 ¢72) + 1]. (4.43)

where the third inequality follows by (1), and the fourth inequality follows by Lemma 4.6.3
and the fact that 1 = \/e(Lg) < 1 for k > Q > Q3. Putting together (4.40) - (4.43) yields

ES. | i VIROP) - (P = )

8] < Mg(1+ €k + e logk +€7?)

where Mg = 2(1 + M3)uf (0%) Ae + || (67)[2]|All2 (1 + Ms).

Derivation of inequality (4.12). By definition, \(p; 0) = X*(p?) + (VA*(pP)) (p: — pP).
Since M*(py) = N (pP) + VAP (pr — pP) + (pe — pP)' V2N (€)(pr — pP) for some & € P
and supg.p I (pe —pD)’VQ/\*(f)(pt — P)||2 < kollp: — pP||3 for some kg > 0 (by R1 and the

compactness of P),

[N (pe) = M O)l2 < ol lpe — p”II5-
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So, conditioning on &, for all ¢ < 7, I have:

A=Al = 1IN (pe) — Ape; 6,)]]2
< 1IN () = AMpis 6l + 1IN P13 67) = Api; 6,)]]
< kollpe — PP I3 + wMae
= kollpe — p§(0) + p§(0) — pf (0[5 + wMae
< 2kl — p§ ()13 + 260l |p§ (6) — pg (07113 + wse
< 2llpe — p5 (O)113 + 2k05>(10]]2 + |16 — 67[]2)° + wae
< 2kowtp? + 2koR% (Mye® 4+ Mae)* + wMye < wpe

where the second inequality follows by Lemma 4.4.3 part (b) and the definition of £, the

fourth inequality follows by Lemma 4.6.2 (i.e., p; = p; for ¢t < 7) and Lemma 4.4.3 part (f),

and the fifth inequality follows by (4.9), (4.34) and the definition of £. Now,

T—1

1 . A
SEL | Y INP@) - MBI
t=£0+1
[ T—1 T—1
<EL | ) IO -MBIE|+EL | Y M= MlBIE
_t=[~/0+1 t=i0+1
[ T—1 t—1 A T—1
= E}. Z | Z k—_sSH2|5 + EX. Z A — MlI3 1€
_t=l~/0+1 8=E0+1 t=£0+1
2
T—1 t—1 t—1 N
™ As ||/\s B )‘8||2
<2EL | > (I Y I+ > R £
t=l~/0+1 8=i0+1 S=[~/0+1
T—1

+E5- Z 1A — M3 1€

t:EQ+1
- . _ 2
ETr \ 1|y§i||2 +2E7 Zl P E| + wike
_IP’” M k—s ' k—s 0
t=1 s=1 t=1 s=1
-1 -1 o 1A, || k=1 /t—1 2
>\* 27..2
<oy S U, z(zk_ ) e
s= t=1 =
<SZZ +2w 2Zlog ( )—i—w%er
t=1 s=1

< 8logk + 5w§e2k = Mlo(logk; + €%k),
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where the third inequality follows from (4.44), the fourth inequality follows by (4.7) and the
fact that ET.[ALA;] = 0 if s # ¢, and the last two inequalities follows by integral comparison
and the fact that Y1 log®(2) < [Flog®(£)dt < slk.

The derivation of inequality (4.12) is completed by noting that

T—1

v T * 2
5 EX >IN = M5 €
t:f/()-‘rl
T—1 ) T—1 .
<SOEL | Y NGO = A O E] +0EL | DY IA0) - M| €
t=Lo+1 t=Lo+1
. 2 ! .
< okEf. | (k1" = il + w9l M OB | ST 10— MIB|E
t=Lo+1

< 20k (KM€ + k*Mje') + 20Myo(log k + €°k)
< 20Myglog k + (20Myo + 20k* M3 + 20K*M3)e*k = My (log k + *k)

where My := 40Myo + 20k> M3 + 20k>M3. The second inequality follows by Lemma 4.4.3
part (f), the third inequality follows by the definition of £, (4.9) and (4.45), and the fourth
inequality follows by the fact that e < 1 for £ > Q > Q3.

To summarize, the proofs of Lemma 4.6.1 in Section 4.6.2, Lemma 4.6.2 and Lemma 4.6.3
in Section 4.6.3, and the derivation of (4.11) and (4.12) in Section 4.6.4 fill in the gaps in
the outline in Section 4.6.1. This completes the proof of Theorem 4.5.1.

4.7 Closing remarks

I study the problem of joint learning and pricing in a general capacitated network RM prob-
lem with multiple products and multiple limited resources. I develop a heuristic called NSC
that combines Spline Estimation, linear approximation of the estimated demand function,
quadratic approximation of the estimated revenue function, and self-adjusting price updates.
I show analytically that if the underlying demand function is sufficiently smooth, the revenue
loss under NSC is O(k'/**logk) for any fixed ¢ > 0. This is the tightest bound of its kind
and is very close to the known theoretical lower bound of Q(\/E) My result suggests the
applicability of self-adjusting controls in dynamic pricing problems. Moreover, in proving my
main result, I derive large deviation bounds for spline estimation and prove a nonparametric
stability result of the optimal solution of a constrained optimization problem. These results

are of independent interest and are potentially useful for other application areas.
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4.8 Tables

Table 4.1: Revenue loss of Algorithm 3 in Besbes and Zeevi (2012) and NSC

Algorithm 3 in Besbes and Zeevi (2012) NSC
k Revenue loss  Stdev  Relative revenue loss(%) Revenue loss Stdev  Relative revenue loss(%)

500 5331 53 52.6 4681 11 46.2
1000 10490 114 51.8 8823 46 43.5
2000 20307 214 50.1 17320 85 42.7
3000 30074 300 49.5 26647 240 43.8
4000 39167 392 48.3 34421 289 42.5
5000 48922 466 48.3 40796 307 40.3
6000 57804 522 47.5 49578 477 40.8
7000 65459 594 46.1 57310 605 40.4
8000 74990 688 46.3 62319 640 38.4
9000 82891 721 45.4 70797 800 38.8
10000 89703 734 44.3 75179 814 37.1
100000 500623 2972 24.7 426665 8173 21.1
1000000 3173343 17856 15.7 1829065 40502 9.0
10000000 20342474 68912 10.0 8105010 26139 4.0

In this numerical example, I set n = 2,m =2, A = [1,1;0,2],C = [0.1;0.1]. The true
demand function is a logit function, and [A1(p1, p2); A2(p1, p2)] = (1+exp(0.4—0.015p;) +
exp(0.8 — 0.02p2)) ™! [exp(0.4 — 0.015p;); exp(0.8 — 0.02p,)]. For ease of performance
comparison, I use s = 4 for both Algorithm 3 in Besbes and Zeevi (2012) and NSC. I
vary k from 500 (a capacity level of 50 for each resource) to 10000000 (a capacity level
of 1000000 for each resource) and run 1000 trials for each k. The fourth and the seventh
columns correspond to the relative revenue loss for the corresponding heuristic 7 defined

as p"(k)/J7 (k).
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Appendix

A.1 Proofs of Results in Chapter 2

A.1.1 Proof of Lemma 2.4.1

Throughout, I use superscript j and subscript i to indicate the j* column and the i** row of
a matrix respectively. Define A := AVA(p?). By definition, a base must span the resource
space which has rank m, so it must contain at least m products. Without loss of generality,
suppose that B = {1,2,...,m}. The matrix [A! A%... A™] is invertible and I can define its
inverse U = [A! A%2... A™]71. T now construct an n by m matrix U as follows: U; = U; for
i=1,...,mand U; = 0 otherwise. Observe that AVA(p?)U = AU = I. Let H = VA(p?) U.
Since only the first m rows of Vp(AP)H = U are non-zeros and B = {1,2,...,m}, I conclude
that H selects B. To show the uniqueness of H, I use contradiction. Suppose not, then I
have at least two n by m matrices H # H that select B. Let U = Vp(A\P?)H,U = Vp(\P)H.
Since Vp(AP) is full rank and H — H # 0, I conclude that U — U # 0. Since the last n —m
rows of U and U are all zero vectors, I conclude that U; # Uz for some 1 < ¢ < m which

contradicts with the uniqueness of the inverse of A.

A.1.2 Proof of Theorem 2.4.1

The key to the proof lies in the definition of a stopping time 7(#) for each of the #** problem,
which can be roughly interpreted as the time when the first stock-out of any of the resources
occurs. I use a martingale argument to derive an upper bound of the expectation of the
remaining length of the selling season after 7(), namely E[T(f) — 7(6)]. The main idea of
the proof is to consider the revenue loss incurred before and after 7(6) separately. I show
that both of them are in the order of E[T(6) — 7(#)]. Therefore, our primary task is to
obtain an upper bound of E[T'(0) — 7(6)]. The basic outline of the proof is as follows: (1) I
show that, under some conditions, the resource consumption error can be explicitly written
as a function of past demand errors, namely A,’s; (2) I introduce some technical conditions

and define a stopping time 7(#). This can be roughly interpreted as the stock-out time of
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the first depleted resource. I then compute an upper bound for E[T'(8) — 7(0)]; (3) I break
down our analysis of revenue loss into two parts, before and after period 7. Not surprisingly,
the latter is in the order of E[T(f) — 7(0)], thanks to the bounded revenue assumption in
(A2). The rest of the proof shows that the revenue loss before 7(f) is also in the order of
E[T(0) — 7(0)].

Without loss of generality, assume 7" = 1. Then T'() = 6. For notational clarity, I
suppress the dependency on 6 whenever there is no confusion. Fix a projection matrix H

that selects B. I proceed in several steps.

STEP 0
I present a well-known result in linear algebra without proof. I will use this result several

times.

Lemma A.1.1 For any real symmetric n by n matriz S, there exists an n by n orthonormal
matriz Q € R™ x R™ such that Q7'SQ = A, where A = diag(0, . ..,0,) is a diagonal matriz
whose elements are the eigenvalues of the matrix S. In addition, for any vector v € R™, I

have: v'Sv < maxi<;<p |6i] - v'v.

STEP 1
In this step I derive an explicit formula for resource consumption error.

Define 0, := AA,, § .= AA], and ¢, := > e EiNp(\P)H Zfil 67/(0 —t] +1). (I follow
the convention that if the lower limit of a summation is bigger than the higher limit, then

the sum is zero.) By Taylor’s expansion,
1
A= AP — V/\(pD)Et + §€;V2)\(77t)€t7 YIS [pDapD — €, (46)

where, by a slight abuse of the notation, I use

52V2>\1(77t)€t
GQVQ)‘(%)Q = )
e, V2N, () e

and V?2)\; is the Hessian matrix of \;(p;). (Formula (46) holds if A; lies in the interior
of Q. I will address this in STEP 2.) Since H is the projection matrix that selects B.
By definition, there exists an invertible m by m matrix M such that Vp(A\P)H = [M'0']’
and AVA(pP”) = [M~1|...], where the latter holds because AVA(pP) Vp(A\P)H = AH = I.
Define M7 to be a square matrix whose j** row is the same as M while the other rows are

zeros. By definition, M75] = &e;, where e; is a column vector with a proper size whose j
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element is one and the others are zeros. I can write ¢, as:

m K MIS) ge
€ = Zj:l Zl%ﬁ{il _ ZJ 1Zl 1y ltyjrl

0 0

Because AVA(pP) = [M~1|...], T have AVA(pP)E’Vp(AP)H = M~ M which allows me

to write the following identity as long as A; lies in the interior of €2,:

]'

“ o/ 1
D D D 172
AN — ANP = —AVA(p );Efvpx HZTHJFEAQV Ane  (47)
LM
- _M ZZ —tj 4 1 +5 AGtVQ)\(nt)
7j=1 [=1
- M iz e, + L Adv2a(m)e
a ot +1 2 e
7j=1 [=1

STEP 2

I define a stopping time 7 and give an upper bound for E[# — 7]. Recall that in (A4), T
assume that the absolute values of the eigenvalues of the matrices V2);,j = 1,...,n are
bounded above by v. Let A, = AP — ¢re and ) = min {w’, ¢’2}, where

P min {¢y, oy} min { A\, } }
v mm{max{v,z-prDmoo}’max{nAeHoo,z-HM1r|oo} '

One can directly verify that ¢» > 0. Define a stopping time 7 to be the minimum of § and

the first time when any of the following conditions is violated.

(E1) ¢ > 55

Zs 1(53 Zl 1g- tg+1>‘7Vj=1,...,m;

2
3
‘Z] 1Zl 1g_ ltfj_l‘ 27

(B2) ¢ > 75 3,

2
ge]
E3 w>HZ] lZl 1y lt]—i-lHQ.

The three conditions listed above are somewhat technical and not easy to interpret.
However, they are just stronger conditions of the two conditions below which have more

obvious meaning.
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(E1*) X\s € AP — dre, AP — ppe] C Qy, Vs <

(E2%) C, > 0,

where C; denotes the remaining inventory at the end of period ¢. The first condition states
that all the target demand rates under LPC up to period ¢ (including t) are feasible, so are
the corresponding prices. The second condition states that no stock-out happens by the end
of period t. Per our discussion in STEP 1, (E1*) ensures the validity of expression (46) and
(47). In addition, (E2*) ensures that all the demand requests up to period ¢ are satisfied, so
the dynamics of the resource consumption can be fully expressed by the demand error A,’s.
Hence, under (E1*) and (E2*), I can track the inventory levels by explicitly quantifying
them using past demand errors. (I emphasize that the purpose of (E1)-(E3) is simply for
analytical tractability.) The following lemma reveals the connection between (E1)-(E3) and
(E1%)-(E2%).

Lemma A.1.2 [ have: (E1)-(E3) = (E1%)-(E2*). In other words, (E1*)-(E2%) hold when
t<rT.

The next lemma provides an upper bound of E[§ — 7] as a function of updating schedule
{v };n:1

Lemma A.1.3 Let U](T,t) and UJ(T,t) be as defined in Theorem 2.4.1. Then, there exists

a constant U, independent of 0 and the choice of the projection matriz H such that:

>

m 60-—1

E[0 —7(0)] < @Z <min{1,

j=1 t=1

!Vp()\D)HAﬂi Uf(@,t)} + min {1, |

Although the two lemmas above are crucial and their proofs are quite subtle, I defer the

details for now and focus on the main thread of the proof.

STEP 3

[ analyse the revenue loss incurred by LPC. Let R;(p;) denote the revenue collected in period
t under the posted price p;. S0, Ryp = Sov_y Ri(p). Define A, := Ry(p;) — E[Ry(p)|F] =
Ry(p1) — r(p;). Since pP is the optimal solution to DPP, JP¢ = pP’ X\(pP) = r(pP). This
yields
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JDEt - E [RHKYB]

IN

IN

JDet —E

Z Ry (pt)

T—

(T(pD) - Rt<pt)) +E Z (T(pD) - Rt<pt))

t=1 t=1

\ghi

(T(PD) - Rt(pt)) +E 27"(1917)]

t=1 t=T1

T—1

(]

> (r@”) = Ri(py) | +TE[0 — 7+ 1].

For t < 7, by Taylor’s expansion at p”, I have r(p;) = r(p”) — Vr(p?)e; + 1€,V (ps)es

for some p; € [p”,pP —€]. So, the first term after the last inequality above can be bounded

as follows:

T—1

Z (r(®”) — Re(pr))

t=1

E

IN

[7—1

Z (T<pD) —r(ps) — At)

[ t=1

[T7—1 1 -

Z (Vr(pD)et — 56;V2r(pt)et — At)

| t=1

[7—1 1 [r—1 -

Z Vr(AP)YVARP e | — §E Z V2ri(p)e | — E Z Ay

| t=1 L t=1 t=1

[7—1 [7—1

S VrAWVAR)e | = SE D aViri(p)ea| —E | A,
Lt=1 i

L t=1

where the third equality holds by the chain rule Vr(A\P) VA(pP) = Vr(pP) and the last
inequality follows because E [A;] < E[R,(p;)] = E [E[R,(p.)|7]] < . Note that {A}/_, is
a martingale with respect to the natural filtration and 7 is bounded, so E [Z:Zl At} =0 by

the optional stopping theorem. Therefore, I only need to derive upper bounds for the first

two terms above, which will be the primary focus of STEP 4 and 5.

STEP 4

I derive an upper bound for E [327_ Vr(AP)VA(pP)e;]. Let 7 and p denote the duals

associated with the inventory constraints and the constraints \; € €2, of DPP respectively.

Note that neither depends on #. By assumption (A5), the optimal solution of DPP is
interior. As a result of Karush-Kuhn-Tucker (KKT) optimality condition, I have Vr(AP) =
m'A (note that 4 = 0 by complementary slackness). Thus, E [37_ Vr(A\?)VA(pP)e] =
E 372 " AVA(pP)e,]. By definition of ¢, and AVA(p?)E/Vp(A\P)H = M~ M/ (see STEP
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1), I can write

= LA VER:
E Z Vr(/\D)V/\(pD)et] = Z Mt Z
t=1 1=

= o 0—t +1
m Tl k
= MY R |3
j=1 | =1 =1 _t+1
kﬂ
m ) T—1 0—T+1 .
= 7M1y ME 1—— ). 48
; ;< 9—t?+1> W

The last term (48) can be further broken down into two parts as follows:

-
m ) T—1 0—T+1 .
MY MIE 1—-————— &+ 1—1-(5, ot b,
, _1m ) T*l’vj 7' T—|—1]
= @MY ME|[6, 4400+ 6| =6, + 40+ Z -
o kr 4 = KL — t—l—l
< MY ME |5, c e 1+Z§J
j=1 o
/ —lm j T+1~‘
B | (MY M (6 +5Tl+z tf+1 . (49)

Since ) 7", M7 = M, by definition of J, and 6] (see STEP 1), I can write

K,
M~ ZMJE 5t + - +571+Z(5J =7 M~ ZMJE = 7E

Jj=1 -t

T—1
>
s=1

T—1
> 551 .
s=1

Observing that {31, A}Y_, is a martingale and 7 is bounded, E[>.7_, A, = 0 by
optional stopping theorem. Also, the elements in 7 and A are all nonnegative. This implies
that 7' AE[A,] = m' AE[E[A,|7]] < 7’A)e. Thus, the first term in (49) can be bounded by

7—1 7—1 T
m'E Z d,| = AE A;| < 7'AE Z Ay | + 7' Ade = 7' Ae). (50)
s=1 s=1 s=1
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As for the second term in (49), I have the following:

/ -1 . 7 T+1
B ||M ;M by oo 1+Z —tﬂ+1
o 1 " j ) T+1 =5 '
SR Zl Syt Z s
=
B _ + 1)
< 1 J -7 A e
—ﬂ-E HM Hooj:nllva)’(m Stkz'__l +Z —tj—|—1 €
[ 7—1 k§ =i
=7E ||| M~ max J L
H H =Leam ] ’ ;g_t{+1
A\ ' Ae)
<7'E TL(Q—T—l—l)] < 7T29 E[0—1+1], (51)
where the last equality holds because
= i éj T+1 f
j l _ ¢ J AL
A Y i e + : 52

and the second to the last inequality results from the definition of ¢, the condition (E1)
used to define 7, and the fact that min{AA }e < AX;. Combining (50) — (51), I get:
E | ) Vr(AP)WApP)e] < 7'AeX + in’'AeAE[§ — 7+ 1].

STEP 5
T—1 4

I now derive an upper bound for —1E [3777) €,V?r(p)e;] as follows:

;i

B[Ny e <ump i,

J
t=1 ||j=1 I=1 _t+1

T—1
Z €;V2rt(pt)€t

t=1
1

1
—-E
2

T—1
Z €;v27’t(pt)€t] S
t=1

2

IN

2

where the second inequality follows from Lemma A.1.1 and assumption (A5), and the last

inequality follows from condition (E2) in the definition of 7.
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STEP 6
Putting together results in STEP 1 - 5 proves Theorem 2.4.1. T only need to prove Lemma
A.1.2 and A.1.3 which I do below.

Proof of Lemma A.1.2. I need to show that if ¢ < 7, then (E1*) and (E2*) hold. I first
show that (E1*) holds:

m K
e
&V A(n)er| < veee = ve ZZ —glt]:—l < min{¢r, ¢y} e.
j=1 1=1 )

The last inequality follows from (E3) in the definition of 7. In addition, I also have

& &le;
\vo\ D — ) e < AVH\ T
H (p )EtHoo ;; —t]+1 = H ( ;; —t]+1

j
= HV)\(]?D)HOO-_maX Zeg—l < ||[VAGP ZZ flfg
- = B j=1 1=1 _t +1

< U |[VAGP)|, < 5 min {r. o)

2

By combining the two inequalities above with (46), I get

< ||VAGP ethH’%Ae;v%(m)et < min {61, 6v} e

A = AP < [VAQR et|+‘ A,y )ey

So, (E1*) holds. I next show that (E1)-(E3) imply (E2*). Since (E1)-(E3) imply (E1*),
I know formula (46) holds for all s < ¢. As a result, the resource consumption error for-
mula (47) also holds. Define CP := C — 22:1 AMNP. Then, the remaining inventory at the

end of period t satisfies

t t
Cp > C=) AD;=C =D ADA A+ XN+ N A7) =CP = > AA+ X, —\")

s=1

by R UL S
= OF — 0s — M~ : + — AV \(ns)es

Pm L 22 gy e m)

5= j=1 I=1
t m Kl ge 1

> CcP— Mt e, — L — =) ALVEA(,)es] - 53

t 5:1; £le; 1210_75?_"1 2; (1) (53)




Because {\”} is the optimal solution to DPP, I know that it must satisfy inventory
constraint. So, CP = C' — Y\ ANP > 3°°_ . ANP. Since I also have A? > \re, it must

hold that CP > Zgth ANP > ANL(6 —t). As for the second term in (53), by (E1), I have

K2

M_lzzm: ggej_ZQ Ele

J
s=1 j=1 o 0—ht 1

HM—lH ZZ fjej Zggi ‘e

J
j=1 s=1 =1 _tl+1

IN

o0

A
=
I
&
™
]
>
@

.....

A
|
<
B
|
\H;
o
A
E
B
|
N
A\
|
Q
>

For the third term in (53),the following holds by Lemma A.1.1.

1 t
3D ALTAAm)e,
s=1

1 o 1 :
< 514222 ‘E;VQ)\(%)%’ < éAﬁez:;e'ses

2

_ = S {lej
- Avez Z; e

< SAe(0— 1) < 3 |l dell o8~ )i < L0~ 1) < LOP.

Combining the two bounds above with (53), I get C; > 0. So, (E2*) holds.

Proof of Lemma A.1.3. Let 77 denote the minimum of § and the first time ¢ such that
condition (E1) is violated for j™ resource. Also, let denote 7;, i = 2,3, denote the minimum
of 6 and the first time ¢ such that condition (Ei) is violated. Note that, by definition,
7 = min{(min; 77), 75, 73}. Since 7 is nonnegative, E[7] = ffé Pr(r > t). So, I can write
E[f — 7] = 6 — E[r] = Y./_} Pr(r < t). Since 7 < t can only happen if either 77 (for some
j) or 75 or 73 gets hit by time ¢, by sub-additivity property of probability, I can bound:
Pr(r <t) < Z;n:1 Pr(r] <t)+ Pr(m < t)+ Pr(ry < t). So, it suffices to derive a bound

for each component after the inequality. I do this in turn.

STEP 1
I derive an upper bound for Pr(7/ < t),j=1,...,m. Fix t. For each j =1,...,m, I define
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a hitting time 7/ to be the minimum of ¢ and the first time v < ¢ such that ¢» < |S7|, where

(& +oted
kJ J
0—t’ +1+2110tj+1’ lgvgtk{ 1

) k) +1
SI =
5] + +£J
1) ] < <
\ BT Zl Lo tJ+1’ t vt

I now state a lemma which reveals the connection between 7/ and 77, see STEP 4 below

for proof.
Lemma A.1.4 Pr(r/ <t) < Pr(# <t).

Observe that for any given ¢, {S,},_; is a martingale with respect to the natural filtration
{F,}._,. Hence, {|S,|}'_, is a submartingale. By Doob’s submartingale inequality and
identity in (52), I have

gjj ) o + 5] k] >
. ) ;
a =1
( j j ] 27 )

IN

J
min 1, —E L — L
(U8 0—t ZQ—HH

where the last equality holds because E[¢/¢I] = 0 for s # v, E[éf{gu] = 0 for | # w, and
E[¢/¢]] = 0 for 5 > ti:{ and [ < k/. Now I want to estimate the expectations in the upper
bound above. I start with the term (£7)2. By matrix norm inequality, (€1)° < 37 (€1)* =
(MAA,) (MAA,) < [[MA|[; ALA, = [[Vp(\P)HA|[; ALA, < [|[Vp(AP)|[; [1H|[3 [|All; ALA
Taking expectation on both sides and using E[A} A;] = Var(4A;) < 1 (due to the assumption
that at most one customer arrives in each period) yields E[(£2)?] < |[Vp(AP) H2 IIH||3 [|All3.
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-1

By definition, & = Zrtj &2, So I have
) -1 t1—1
E {(55) } = Y B (@] <[V HA|lL Yo BIAAL < [[VpO)HA|] (6~ 1)
§= t 1 §= t 1

2
[vpoymalls

Putting the inequalities together, I obtain that )" | Zf;f r(r] <t) < > Zt , min { 7

STEP 2
[ derive an upper bound for Pr(m, < t). Since HZ] 1 Zl 1 &eo;

0—t]+1
2
&
clude that for all v < ¢, ;2 Y )zy DY Zfil > Ly
Therefore, by Markov’s inequality, the following holds

‘ >0and v > 0, I con-

2
Z] 12[ 19 tj—i-l

2

v m Kl g1
v ~ e
Prim <) = Pr{max ;03| S o] oy
- s=1||j=11=1 " s )
, 2
o t m kb éje‘
< Pr L > )
| )
2
o t m kﬁ ge 2
< min<{1 L2
502" || o=

2

~\ 2

m K - 2 m ¥ E
_Goi YR : [<l)]
2SS | < =S8 () | <Sh e

<
) j=1 1=1 j=1 I1=1
m By
< \V4 )\D HA 2 l -1
H p( ) szzzllz;(g_tg_i_ly
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As a result, I obtain

V HAH2 t M —tl

0—1 m 0 _
Srrnsn < 3 mind1 Yy S
t=1 =1

j=1 t=1 =1

m 0 — D
— Z min 1,UHVP(A )HAHQ Ug(@,t) )
j=1 t=1 ¥

STEP 3
I derive an upper bound for Pr(73 < t). Observe that for all j, {Zil

0
7 .
- 1S a mar-
0— t]-l-l} -1

2 : 21°
E e k.J {e .
tingale. Since HZ] 121 13 ltjjrl ‘ = <Zz 1 9= H+1> {HZ] 121 13 lt]j,—l ‘2} is
t=1

also a submartingale. So, by Doob’s submartingale inequality and arguments in STEP 1,

2 2
m k 5 m
e 1 fe
Pr(r3 <t) = Pr nggtx lel —ltjj_|_1 > ) SEE lez —ltjj—t—l
2 J ! 2
) 11V AD JHAJ, "
< min< 1,
JZ”ZI tﬁ + 1
As a result, the following inequality holds:
0—1 m 6-1 HVPO\D)HAHQ k] Py
Pr(m; <t) < min ¢ 1, z Ll
2P < 2.0, TR DY
U AVHA[L
= ZZmin{l,va( ) HQU{(@,t)}.
j=1 t=1 v

STEP 4
Putting together all the results in STEP 1-3 completes the proof of Lemma A.1.3. The last
thing to do is to prove Lemma A.1.4 from STEP 1. I do this now.

Proof of Lemma A.1.4. It suffices to show that for all v < ¢, if 7§/ = v occurs, then 7/ < v

occurs as well. By definition of S, this is immediately true if ti ; <wv <t So, I only need
t

to check the case 1 < v < tij — 1. Assuming 1 < v < tij — 1, by definition of (E1) in STEP
t t
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1, 7{ = v means

which imply that o < | 4 NS | _gi|
ply that ¢ < 3 ZQ_ 1531

So, 7/ < v and hence Pr(7] <t) < Pr(# <t).

A.1.3 Proof of Lemma 2.4.2

I will prove a more general result of picking the best k prices. For any v € R"™ define ||v]|o :=
{i:v; #0}]. Let a= A", 2 = Vp(A\P)H, b = (AVA(pP))". Since m = 1, a,x,b are all vec-
tors in R". The optimization problem ming{||[Vp(AP)HA||s : AH = 1,||Vp(\P)H||o < k} is
equivalent to min,{||za’||3 : ¥’z = 1, ||z||o < k}. Since za’ax’ is a rank one matrix, its maxi-
mum eigenvalue is just its trace. So ||zd/||3 = tr(zad'az’) = tr(z'zad’a) = ||z||3||al|3. Note also
that the equality constraint is equivalent to ||b||2]|x||2 cos(b, z) = 1, where cos(b, x) is the co-
sine of the angle between vectors b and x. Therefore, as long as ||z||2 = 1/(]|b||2 cos(b, x)), the
equality constraint can be satisfied. So the problem becomes min,{||a||2||b||5% cos™2(b, z) :
|z|lo < k}.Let by denote the i largest element in absolute value in b, then the optimal
solution z* is parallel with a vector b* which has the exact same elements as b in the k

largest elements in absolute values but zeros in other elements. The optimal objective value

. k _
is lal 5325 0G) ™

A.1.4 Proof of Corollary 2.4.1

I compute, part by part, the bound in Theorem 2.4.1 under periodic price update schedule.
Without loss of generality, I assume that 7" = 1. For notational clarity, I suppress the
dependence on @ whenever there is no confusion. I start with the summation over U7 (6, t).
First of all, I have

S 1mm{1,HVp<AD>HAH§ U1<9,t>} < max{1, |[Vp(AP)HA|[3} S5, 302} min {1,U7(6,1)}
I bound the summation after the inequality as follows: » 7" 12 1 mln{l Ui (9 )} =

hk ti—t hk t t
my,- 1m1n{ 5+ 1(eltl;1l)2} myo, 1m1n{1 Za e+ (9 tkkalZ +fktmdx} <
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my | mm{ (92_’;)2 + ﬁ} . The first equality follows since I update the price of the m
products at the same time. The first inequality is the integral approximation and the last in-
equality follows from the fact that 0 < t—k, h < h. Now define ¢* — {9 — ﬁJ. I make further
approximation of the inequality above by breaking down the summation over t into two parts,
before and after ¢*: 77" Zt Tmin {1,U,(0,t)} <m [fl o= I)Q dx + f1 s—dr+0— t*}

m (9 = + log (9 t*) +0— t*) <m (1 +3vh + log 9) where the first inequality follows from

the integration approximation and the third inequality follows from the fact that 1 < vh <
0 —t* < vh+1. Now I compute the summation over UJ(6,t). Similarly, it suffices to bound

the following: 77" 1Zt 1mm{l Ul (6 0,1)} < mzt 1m1n{1,ﬁzzzl (ﬁ—l—ﬁ)}.

Again, I break the summation into two parts and use integral approximation:

m 6—1
) min{1,U5(6,¢)}
j=1 t=1
[t -1 t+1
h 1
< gk
< m Ze—t/ ((e_x)2+9_x> dr + 6 t]
t*—l
1 0—1
< - g%
=" Z( 0t 1) +6’—t—110g(6’—t—1>)+6 t]

h -1 h = 1 0—1
< _n o I ey _
= m (9—t*)2+/1 (9—x—1)2dx+;6—t—1Og<9—t—1)+9 !

< m<2+2\/ﬁ+log9+log29),

log 9:1*) t*—1 10g(7€7i )
S =t ETdis

where the last inequality holds because Z i 1 7 t 7 log ( i 1)

log 6 + log? 6.

A.1.5 Proof of Corollary 2.4.2

I assume without loss of generality that 7' = 1 and suppress the dependence on 6 for
brevity. Note that K(0) is well-defined since Zle s is strictly increasing in k£ and is
unbounded as k — oo for all & > 1. Since § > % s > K**/(a + 1), T have
K < ((a+1)0)Y@*+) T now analyze the performance bound. I first derive bound for the sum-
mation over U7 (6, t). Similar to the proof of Corollary 2.4.1, it suffices to bound the following:
> e Zf;ll min {1, Uj 0,t)}. By definition, for 1 <! < K, L have § —t,+1 > Zfz_llﬂ s* >
(Rt )o?) > (Kbt ) addition, I also have that for 2 <[ < K, t;—t,_; < (K —14+2)*+

a+1 = 2otl(a+ )
1 <2(K—-l+2)* andforl =1,t1—ty < 0+1— 25:1 s*—1 < (K+1)* < 2(K+1)*. Then, for
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t <0—1,since k, < K, T have U/ (0,t) < Zkt“ 9“ tltle)Q < fﬂrl Z(K*(l;2);fg‘;i)+2222a+2 = (a+

1)292c+3 5 Tz Hence, 3770 ) 2opmy min{ LU (0,8)} < 307 (1430, U1 (0,4)) <
a 2a+3 l+1 a 222a+3
mm S 200K ~ 142 T (8 <mom X 2K - L2 i (s <
o K—-142 a
m + m(a + 1)220H4 3K W < m+mla+ D20 ey < omo+m(a +
1)23°t log K. Since K < ((a + 1)6 )a+1 > S min{1,U{(6,1)} < m(l + 23t og(a +
1) + 23¢+41ogh). As for the summation over U3 (6,t), I have > Zt Tmin{1,UJ(8,1)} <
m o ~0-2 6—2 62 0—2 77j
m+Zj:1 Dot Ug (0.t) < m+2j:1 > 9it Zs:l Ui (0,s) < m+2j:1 > i1 ﬁ =1 Ui(0,s) <
m(1 + 23+ log(a + 1) log 6 + 25 log? 6).

A.1.6 Proof of Corollary 2.4.3

I assume without loss of generality that T'= 1 and suppress the dependence on # for brevity.
I first show that K < 14 loggf. Note that since {t;} are strictly increasing integers,
so K is well defined and by definition of ¢; I have tx_; < 6 — 1. By definition, I have
ty > [(B—=1)0+t1]/B,500—t; < (0—t;_1)/B < /B Therefore, 0 —1 > tx > 0—0/551
which implies that K < 1+ logg 6. I now analyze the performance bound. By definition, I
have t; < [(8—1)0+t,-1]/B+1, so I have the following useful bound which will be used a couple
of times later: for | < K, (x) 4=zt < {0 D0ru1)/brll—ty _ (B-DO-t1tD+l < 95

0—t;+1 — 9—{[(5—1)9+tl_1]/6+1}+1 0—t;_1
I derive an upper bound for the summation over Uj(6,t) first. Similar to the proof of

Corollary 2.4.1, it suffices to bound the following:
=ty 1 28 — 1
m -1 __ . j = Uk B
2o 2 min {1, UY(0,1)} < m; - * 219—>
-1
L1 — 1 —tp, +1 28 -1
_.|_ -
m; 000ty + 1) ;0—t1+1
0—1 ky
25 — 1 26— 1
m ; Z ot + 1)
0-1 ki
(26— 1) <1oge+zzg_tl+1)

t=1 [=1

IN

IN

IN

Where the first and the third inequalities follow from (x). Note that S0-1 ST, r—— tl = =

1 t K—1 06—t
Z Ly~ — tl+1 Z i ej+;+1 =3 7 < K —1 <logg 0. Hence, I
have ZJ 1 Zt ; min {1, Ui (6,1) )} <m 25 1) (log 6 +logs 0). Now I approximate the sum-
mation over UJ (6, 1) as follows: > S mln{l Uj(0,t)} < my 0| 91t - GQﬂtlJil <

m(28 — 1) logflogs 6.
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A.1.7 Proof of Theorem 2.4.2

I use a slight modification of LPC with synchronous 1-Periodic Schedule as follows: fol-
low the LPC heuristic but uses p; = p? — Vp(A\P)H Zi:l fT‘f;, where H is a projection
matrix. Call this heuristic 7. Pick an H that satisfies ||[Vp(AP)H||o < k. Then I have
my € ll. Following a similar argument as Theorem 2.4.1, there exist positive constants
¥ and ¥ such that JP¢ — E[R,, ()] < ¥ + U||[Vp(A\P)HA|[3log?6. By the proof of
Lemma 2.4.2, if T minimize ||[Vp(AP)HA||; subject to AH = 1 and |[Vp(A\P)H||o < k,
the optimal projection matrix H* attains ||[Vp(AP)H*A|3 = |la]|3(35 1b%l )~1. There-
fore, minyen, {7 — B[R, (0)]} < JP' — B[Ry,,.(6)] <  + U(XL, 12))  log? 6, where
T — fal 3

A.1.8 Proof of Lemma 2.5.1

By the construction of Q(Y;, G;, S;), it is straightforward to verify that AVA(pP)Q,E® =
AVA(PP)EB = AVA(pP)E9YBE=5)Q,; holds. (See Figure A.1 for an illustration.) This
proves (1). For (2), construct H; := VA(p?)Q;Vp(AP)H. Note that H, is a projection matrix
since AH; = AVA(PP)Q:Vp(A\P)H = AVA(pP)Q:EPVp(A\P)H = AV(pP)EEVp(\P)H =
AVA(PP)Vp(AP)H = I where the second and the fourth equality follows by the fact that
only the first m rows of Vp(AP)H are nonzero. Note also that Vp(AP)H; = Q;Vp(A\P)H
So, to verify that rows in Vp(AP)H; that correspond to products not in G, U (B — S;) are
zeros, | only need to verify it for Q;Vp(AP)H. For any j ¢ G, U (B — &), either (a) j € S
and j ¢ G;, or (b) j ¢ BUG,. In case (a), the result holds since the j* row of Q; is a zero
vector. In case (b), the only nonzero element in row j of Q; is the j element, but the j
row of Vp(AP)H is a zero vector. This proves (2). Finally, since the only nonzero elements
in Q,F° are in the submatrix consisting of rows in G; and columns in S;, I conclude that
the rows in Q,E°*Vp(AP)H that correspond to products not in G, are zero vectors. This
completes the proof of (3).

A.1.9 Proof Sketch of Theorem 2.5.1

The proof of Theorem 2.5.1 follows the same outline of the proof for Theorem 2.4.1 with
three nontrivial twists.

1) Resource Correction Equivalence. I first show that in terms of error correction, equwa—
lent pricing is “equivalent” to LPC. In particular, let & = > 7" Zz 1Qt]E Vp(\P)H 51— o t7+1

For simplicity, disregard the second order term of Taylor expansion of A;, then I have exactly
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Figure A.1: Illustration of Lemma 2.5.1 part (1)
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the same capacity error below as (47) in the proof of Theorem 2.4.1:
m ki AAJ
AN = AN = —AVAQPP)E = =) Y T AVARP)Qu B/ Vp(A\P) H ———
= ! T—t+1
m K AN
= =) D AVAPP)E V() H —=—
m k] éj
e
— _M—l L™
22T

where the third equality follows by Lemma 2.5.1 part (1).

2) A uniform upper bound of ||Q;||5. For any set Z C {1,...,n} and any m by n matrix
M, let M? denote the submatrix of M that consists of columns j € Z. Then, for any
pair of Z; C {1,...,n},Z, C {1,...,n} I write Z; ~ I, if (AVA(p"))"* and (AVA(p?))*
expands the same subspace of R™ and |Z;| = |Z,|. Note that Z; ~ Z, implies that there
exists a unique |Z;| by |Z;| invertible matrix Y (Z;,Z;) such that M* = M%2Y (T, 7). Let
Q = sup{||Q(Y(T1,T5),Z>,T0)||? : T, =~ I,}. Note that @ is bounded because there are
only finite pairs of Z;,Z, that satisfy 7, ~ Z,. In addition, @ only depends on AVA(pP). I
now claim that for any B, 5,7 € T'(5),t and Q € Q:(7), ||Q||3 < Q. This is because, by
definition, for any set of products S; C B being adjusted in period ¢ under 7z, and any set
of G; being adjusted in period t under schedule v € I'(vg), G; is equivalent to S; and there

exists a set G, C G, such that G, ~ S;. Without loss of generality, assume G, corresponds
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to the first |S;| elements in G;. Then construct a |G| by |S;| matrix Y; whose submatrix
with rows in G; and columns in S; equal Y (S;, G;) and remaining elements equal 0. Then,
by optimality, I have that for any Q; € Q;(7), ||Q:||2 < ||Q(Y:, Gi, S))||2 < Q.

3) Bounding E[T — 7]. Note that in the proof of Theorem 2.4.1, I have (E2): ¢ >

T S e and (E3): ¢ > ehe;. Now, because the price deviation becomes &, T redefine (E2)
and (E3) by replacing €; by €;. Then the rest of the argument in the proof of Theorem 2.4.1
holds except that the argument and the bound in Lemma A.1.3 will be slightly different. In
particular, the bounding of 7, 73 requires extra care. Let 4y (7', 7) denote the j'-th row j-th

column element of the matrix @ o Then, the bound in STEP 2 of Lemma A.1.3 becomes:

Pr(mp, <t) = Pr <I£lil§( T €/ $Es > 77/1> <P ( Zg’ €5 > ¢>
7 t n m 2 o
_ pr TTJ Zl Z Z Qe th]—fll >y
s= i’=1 \ j=1 I=1
' T) n m kKl t] j ] gl 2
< min 1,m;E 2 ZZI —t]—i-l

Note that I have,

_ 24 2
n mkqwjf LI ’“qj(yj)ﬁ
B3 (S90S ) | <m0

ji=1

7’1

ks
m ("7 )&/
< E Z(Z myr—
_7’_1 = 1
n 8 o @) (@) ] & [ en AN
= m t =m E tl > :
BRI R PR e e
m M |QuEVPOP) HARE A t]
< ! : (APYHA =
- m;; (T =t +1)? <m;lleva H2 ] +1)?

where the first equality follows because VI # I, E[{:l] 5{,] = 0 by the martingale property. With
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the inequality above, I conclude that:

iPT(TQSt) < Zme{l, ; Hv (APYHA|2U4(T, t)}

j=1 t=1
moQ

FY > min{L, [[Vp(A?) HA|SUS(T )}

7j=1 t=1

IN

max{1,

I use a similar argument to modify STEP 3 in Lemma A.1.3.

n m k
(7' 9)E
Pr(r3 <t) = Pr (mgg(g;gvzlﬁ) = Pr [ max Z ZZ 7 l1 > ¢
v< o<t _ n
j'=1 =1 [=1
m k:
Jsz
S > )
< Pl maen 0> > )
3'=1j=1 =1
noom (B g, Jél
3 t
< wnd1 2|53 (S 2
/17 1

The above inequality implies that:

m T-1 27 A
Setmzn < Y S uin {1 w0 g
—1 j=1 t=1

2 m
< max{l,m—Q Z
=1

5 min {1, [|Vp(A\")HA[ |30 (T 1)} .
=1 t=

T-1
1
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A.2 Simulation Parameters in Chapter 2

In all the experiments, I have 10 products and 4 resources. I use a multinomial logit demand

(i.e., Adri = exp(a; — bipri) /(1 + 37— exp(a; — bjpr;))) with the following parameters:

/
a = [ 05 04 03 04 05 03 02 04 06 08 } ,
/
b = [0.015 0.020 0.020 0.015 0.020 0.025 0.015 0.020 0.020 0.020] ,

1 0 0 0 1 0O O 1 1 o0 0.1
1 1 1 1 0.1

A = 0 0 0 0 0 0 and C =
0o 0 1. 0 0 1 1 1 0 O 0.1
o 0 01 0 0 1 0 1 1 0.1
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A.3 Proof of Results in Chapter 3

In this section, I first provide some known results for the Maximum Likelihood Theory
and the Newton’s Method. I then prove the results in Chapter 3. All the proofs of other
supporting lemmas which are used to prove Lemma 3.4.3, Lemma 3.5.1 and Theorem 3.5.1
are deferred to Section A.3.8.

A.3.1 Results for the Maximum Likelihood Theory and the New-
ton’s Method

Theorem A.3.1 (TAiL INEQUALITY FOR MLE BASED ON IID SAMPLES, THEOREM
36.3 IN BOROVKOV (1999)) Let © € R? be compact and conver, and let {P? :  C O} be a
famaly of distributions on a discrete sample space Y. Suppose Y is a random variable taking

value in Y with distribution P?, and the following conditions hold:
(i) P £ P whenever 6 # ¢';
(ii) For some r > q, supgcg Eo[||Valog P! (Y)|[5] = v < oo;
(iii) The function 6 — \/W is differentiable on © for any Y € Y;

(iv) The Fisher information matriz, whose (i, j)'" entry is given by By [—%;9_ log IP’G(Y)] ,
100;

1s positive definite.

IfY1,Ys, ... is a sequence of i.i.d. random variables taking value in Y with distribution P?, and
0(t) = arg maxgce [1,_, P’(Y}) is the mazimum likelihood estimate based on t i.i.d. samples,
then, there exist constants n, > 0 and n, > 0 depending only on r, q, P? and © such that for
allt > 1 and all § > 0,P9(||0(t) — 0||5 > 6) < ny exp(—tid2).

Theorem A.3.2 (QUADRATIC CONVERGENCE OF NEWTON’S METHOD FOR CONVEX
UNCONSTRAINED OPTIMIZATION PROBLEMS, SECTION 9.5.3 IN BOYD AND VANDENBERGHE
(2004)) Suppose g(z) is a concave function whose unconstrained optimizer is x*. Let
{x)}2  be a sequence of points obtained by Newton’s method. Assume there exist posi-

tive constants m, M, L such that
(i) [[V2g(2) = VigW)ll2 < Ll|z = yll2, and

(ii) —M1T <X V?g(z) < —ml.
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Then, there exists constant n = min{1,3(1 — 2a)}m?/L where a € (0,0.5) such that if
Vg™l <n, then |[Vg(z* D)l < ][ Va(z™)][3.

A.3.2 Proof of Theorem 3.4.1

Throughout the proofs of this section, I fix 7 = PSC and assume without loss of generality
that 7 = 1. Let L = [v/k]. For k > 3, the total expected revenue loss under PSC is:

log k 14+ kP™ (E(L) > 0)
R RS S EY)

p"(k) < Li+ My |e(L)*k +

where the inequality follows because the revenue function in each period is bounded be-
tween 0 and 7 and also by Lemma 3.4.3. Since, by Lemma 3.4.2, kP™(E(L) > 6) <
kny exp(—n202[vk]) — 0 as k tends to infinity, there exists a constant K > 3 such that
for all k > K, I have kP™(E(L) > 0) < 1 and (1 —P"(E(L) > 4))~* < 2. So, for all k > K,
I can bound

My 77% k
VAL
< WEkF + My Vk + 2MoVk + 2MyVk + 3MgVk
< (2F + Myn2 + TMo)VE,

P (k) < [VE]F+ + 2Mglog k + My [Vk] + 3M,

AN

where 73 is as in Lemma 3.4.2. Asfor k < K, I have p™(k) < K7. The result of Theorem 3.4.1
then follows by letting M; = max{K7, 27 + Mn? + TMy}. This completes the proof.

A.3.3 Proof of Lemma 3.4.1

I will prove each part of the lemma in turn. Let § = min{d;, do} where §; and J, are strictly

positive constants to be defined shortly.

Proof of part (a). This is an immediate corollary of Proposition 4.4.1. Note that, by
assumption P2, I have [|A(p; 07) — A(p; 0)llsc < [[A(p;607) — A(p:0)[|2 < wl[0" — 0[|2 and
1(VA®: 07) = VAD;0))'[|oo = maxicicy D7, [ 555 (03 0) — G5(p:607)] < nwl[0” — 6], for all
0 € ©,p € P. Hence, [|A(:;6%) — A(;;0)||sc = sup,ep [|AD;0%) — AMp; 0)]oc < w||6* — 6]|2 and
(VMG 6) — VAG )Y [loe = subpep (VA 87) — VA 0)Y|loo < nol}6” — 6l]s. Therefore,
by Proposition 4.4.1, ||p”(6*) — pP(0)||sc < nMgw]||0* — 0]]. Let 61 = ¢(2n*?Mgw)~!. For

all 6 satisfying ||6 — 0*||, < & < 61, I have ||pP(6%) — pP(0)]]2 < n'/?||pP(0*) — pP(0)|]0 <
n?2Mgwd, < ¢/2. Hence, pP(0) € Ball(p?(6*),¢/2). Since Ball(p?(0*),¢) C P by P5, I
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conclude that Ball(p?(6), ¢/2) C P.
Since A(.;0*) is continuously differentiable with respect to p € P as implied by P1, and
P is compact, there exists a constant K > 0 independent of k£ > 0 such that

IAP(07) = APO)l: = |IM@"(07);0%) — A" (0): 0)]]2
< AEP(07):07) = AP (0); 092 + [[A(P(0):0%) — Ap” (0); 0)2
< K||p”(07) = p"(0)]2 + wl[0” — 0]]2
< (w+ 0K Mgw) |16 — 6|2,

where the second inequality also follows by P2. The result follows by letting k = w +
n3/2K Mgw. Part (a) is proved.

Proof of part (b). Since P,(f) is a convex program for all § € ©, by the Karush-Kuhn-
Tucker optimality condition, V r(AP();0) = A’uP (). By my assumption, A has full row
rank. Thus, there exists some m by n matrix A such that u”(0) = AV\r(AP(6);6). Since
the right hand side is continuous at 6*, I conclude that p”(.) is continuous at 6* as well.
Part (b) is proved.

Proof of part (c). Let = miny ;< {p(6%) : 1P (6*) > 0}. Since p”(.) is continuous at 6*
by part (b), there exists d; > 0 such that ||u”(0) — " (6%)||2 < p for all 6 € Ball(6*,d,). This
means for 6 € Ball(6%, ), I also have pP () > 0 whenever P (6*) > 0, which implies that the
corresponding constraints in P(6) are binding due to Karush-Kuhn-Tucker condition. Part

(c) is proved.

A.3.4 Proof of Lemma 3.4.2

The proof of Lemma 3.4.2 is a multiproduct extension of Lemma 3.7 in Broder and Rus-
mevichientong (2012), and is based on a well-known result in Maximum Likelihood Theory.
I state this result in Theorem A.3.1 (see Section A.3.1).

To apply Theorem A.3.1 to my setting, I simply need to verify conditions (i)-(iv). First,
note that © is a compact subset of R? and D? is a discrete-valued sample space. Conditions
(i) and (iv), they are immediately satisfied because of S1 and S3. As for conditions (ii) and
(iii), recall that

129



Vo log PP’ (Drg)||, =

q [ n n n
> (1 -3 Ds,j) Vo log (1 = N6 9)) +Y  D.;Valog A (5); 9)]
s=1 | Jj=1 j=1 J=1

q
>

s=1

IN

Vi log (1ZAJ ), 9)

+§;va10ng@<5>;9>|\2> .
]:

2

By Assumption P1 and S2, for all 1 < s < gand 1 < j < n, \;(p¥;.) € C}(O) and is
bounded away from zero, and 37, A (p);.) € CL(O) is also bounded away from one. These
imply that ||V, log (1 =D A (P, )) |2 and ||Vglog A;(p;)|]2, 5 = 1,...,n, are both
continuous functions of § for s = 1,..., ¢ and are, due to compactness of ©, bounded. So, (ii)
follows. As for (iii), note that PP(D;.;) is continuous in  and it is also bounded away from
zero. (In fact, PP(Dy.5) > (A% (1 — Amax)]? by S2.) So, 6 — /PPP(D; ;) is differentiable on
© for all D4 € Di. 1 have thus verified all the conditions of Theorem A.3.1.

I will now use Theorem A.3.1 to prove Lemma 3.4.2. A direct application of Theo-
rem A.3.1 leads to P™(E(L) > §) < mexp(—n2Ld?). Also, since €(L)*> = E™ [E(L)?*] =
JCPT(E(L)? > x)de = [[TPT(E(L) > Va)de < [;°me P de = n1/(n2L), the result
follows by taking 13 = \/m )

A.3.5 Proof of Lemma 3.4.3

Fix 7 = PSC. Without loss of generality, I assume that T'= 1. Let A denote the event that
E(L) < 6. 1 first define a stopping time and show some useful properties of this stopping
time on the event of A. Let A\ > 0 be such that A\;e < C. Define ¢y = %
and define the cumulative demand at the end of period t as S; := Zizl D,. Let 7 be the

minimum of k£ and the first time ¢t > L + 1 the following condition is violated:

i

Let C} denote the available capacity level at the end of period ¢. I denote by A o=

AP(0,) — S i:+1 . SS the demand rate that the seller believes he induces in period ¢, and by

A 1= )\(p()\t, HL), 0*) the actual induced demand rate upon applying price p(j\t; éL) in period

t

SL - L/\Le

(C1) ¥ > P

2

t. Note that, by definition, I can also write A\, = A(p(\;;07); 01). T state two useful lemmas.

Lemma A.3.1 For sample paths in A, I have C; = 0 and A € Ng, forall L+1<t<T.
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Lemma A.3.2 There exists Ky > 0 independent of k > 3 such that for all k > 3

E"[k—7|A] < Ko

log k

1-P(E(L)

> 0)

+e(L)’k+ L] .

Lemma A.3.1 essentially says that, on A, the remaining capacity C; is always positive

and the price p(j\t; éL) is always feasible before 7, and Lemma A.3.2 establishes a bound for
the expected remaining time after 7. Define r?(6*) := r(A\P(6*);0*) and let RT denote the

revenue earned during period ¢ under policy 7. Let A; := RF — r(\s; 0%). T have:

k

> 20— E Rk

t=L+1

ET('

ET('

VAN

Eﬂ'

IN

Eﬂ'

ET('

T—1

S© (PO =Ry + > (rP(07) - RY)

Lt=L+1

7—1

2.

7—1

7—1

k

t=1

(TD<(9 ) —r(A; 0F

Lt=L+1

Z (r?(0%) — r(A\y; 0"

Lt=L+1

Z (r?(0*) — r(\; 6*

T—1

2.

Lt=L+1

(rD(H ) —r(A; 0F

Lt=L+1

Z
Z
Z

Z

7—1
> A

t=L+1

P (A) + FKPT(AS) —

+ FkP™(A°) + 7

+ 7+ 7kPT(E(L) > 6).

t=L+1

The first inequality follows because 7 is the upper bound on revenue rate for each period,

which is also the maximum possible revenue loss for a single period on average. As for the

second inequality, note that {At}f:_Ll 41 1s a martingale difference sequence with respect to

{H)E el +1- Thus, by the Optional Stopping Time Theorem, I have —E" [

—E" [Zt L+1

terms in (54). By Taylor expansion and P3,

Eﬂ'

T—1

> (P07 —r(6)

t=

L+1

<E

T—1

t=L+1

A) =

] +E™ [A ] < 7, so the second inequality holds. I now analyze the first two

T—1

t=L+1
+7 (E™ [k — 7| A] + 2)

k

t=1

+>(rP(0") - RY)

D Vr(AP(07);67) - (A7) — \)
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By Lemma A.3.1, \, = )\D(éL) QZS L+1 kASS € A;, before 7. Also, recall that, by
definition, At =D, — 5\t =N+ N — )\t. So, I can write the first term in (55) as follows:

.
:

[ -1
—E" | Y 42074 <)\D(0*) S W Y At>

B | S0 VrOP(09):0) - (0P(0) — \)

t=L+1

| t=L+1
[ -1 t—1 AA

—FE7 D p*\/ AD * _ADA s —AA
ZM(9>< AT(07) A(GLHSLHk_S t)‘A]

Lt=L+1

—E" i 1P (6% (A)\D(Q*) —AAD(éL)>‘A]

| t=L+1

T—1 t—1 AA
+ET| Y uP(07) (Z — AAJ‘A]. (56)
t=L+1 s=L+1

By Lemma 3.4.1(c), for all sample paths on A, the set of constraints of P(6*) that have
nonzero optimal dual variables also have nonzero optimal dual variables in P(éL) and are
thus binding at the optimal solution A?(f;). This implies that the first expectation in (56)
is zero because, for all i, either I have pP(6*) = 0 or (ANP(6%)); — (ANP(0,)); = 0. As for

the second term of (56), I can further write:

T—1 t—1 AA .
E™ | pP(07) > < > P AAt>‘A]
t= L+1 s=L+1
==t -
Z pP (07 AN Al +ET| ) (ﬁ - 1) P (6*)Y AN | A
t=L+1 t=L+1 a

Since {A;}}~},, is a martingale difference sequence with respect to {H,};=} ., I can
bound:

Z p” ) AN | A

t=L+1
(9*
E™
IFJTr

Do 1 LHEPT(E(L) > 9)
WO A T B D S )

AC

T—1
> A

t=L+1

S A

t=L+1

]P)TI‘(AC)}

IN

132



where the inequality follows because E7[37_} g =EY S A] - ETA;] < e (by
Optional Stopping Time Theorem) and the fact that |A;| < e. As for the second term, note
that, by (C1) in the definition of T,

T—1

T—t—1 "
- - D/ pn* CAZ&
> () weyad,

t=L+1

A

< E"|(k—7+1)

~

7—1
7 AA
uPoy Y

.

k—t
- 7—1 ‘&
s * i
< B (k=7 + 1) [[12@)]], 1Al | Y = «4]
i t=L+1 2

< P 6)

|, I[All2 (7 [k — 7] Al +1).

Putting this together with Lemma A.3.2, for the first term in (55), I have:

.

+ e(L)?*k + L +

S VP06 - (A7) - A)

t=L+1

E7T

1+ kP"(E(L) > 0)

log k >
1—-Pr(E(L)>9) |’

= K [1 —P(B(L) > J)

where the constant K, = u?(6*) Ae + (1 + Ko)w||uP(6%)]]2||Al|2 is independent of k > 3.

I now bound the second term in (55). Note that

_ T—1
v T *
Ve Y INP0) - M A]
t=L+1
T—1 9 -1 2
< SET Y — T Dipx\ _ 3
< 0B | Y (At M| VA + BT Y H/\ (") — A 2‘,4]. (57)
t=L+1 t=L+1
Since Ay = A(p(A;01); 0%) and A, = A(p(\; 01); 1), by P2, I have
T—1 . . )
TET Y A= MBI < oRET(07 - Oul3| Al < wlkRET[||6" —6Lll3] < vw’e(L)%k
t=L+1
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(By definition of A, E7[||0* —0,||2| A] < E[||0* —

0.12].) As for the second term in (57),

7—1 R 2
_ 7T Dp*x\
vE | Y | - A A]
t=L-+1
7—1 -1 A 2
T D/ pn* D) il
= GET| Y |WE) -0 +Q Y || | A
t=L+1 s=L+1 9
, ) [ 1 1A 2
_ T D (n* D) n u 5
< o || - | 4] + mieier| 35 %) 14
| t=L+1 |[s=L+1 2
—1 1A 2
_ 2 2 - 2w 5
< 20k%€(L)°k + 20||Q|5 E Z Z k—s A (58)
t=L+1 [|s=L+1 2

where the second inequality follows by Lemma 3.4.1(a). Using At =D, — ;\t = A+ N — S\t,

I can bound the second term in (58) as follows:

—1 || -1 ] 2

s AS
E D> ) —|| |4
t=L+1 | |s=L+1 9
e O s SN 2 | S 2
< 2E | Y| Y — Al +2E7 | > 1Y —
t=L+1 | |s=L+1 9 t=L+1 | |s=L+1 9
[ k-1 t—1 2] k=1 t—1 2
2 A wE(L)
< s | S| 2 | 3 (5 2R L
Pr(A) t=L+1 s:L+1k_S t=L+1 \s=L+1 k—s
[ k-1 t—1 i k—1 t—1 2
9 A, VE™[W2E(L)?| A
A P o= (IS S S
Pr(A) | t=L+1 s:L+1k_S 2] t=L+1 Ls=L+1 k—s
M k=1  t—1 2 k—1 t—1 2
2 [A]]5 we(L)
S AP e LD DN DD e
Llt=L+1s=L+1 t=L+1 \s=L+1
16
< — log k + 6w?e(L)?k 59
= 1P (E(L) > 9) ogk + 6w e(L) (59)

where the second inequality holds by the law of total expectation and P2, the third inequality

follows by first expanding the square of the sum and then applying Cauchy-Swartz inequality

to the cross-terms, the fourth inequality follows by the orthogonality of martingale differences
{As} and E™[E(L)?A] < €(L)?, and the fifth inequality holds by integral approximation. In

particular, the first term after the fourth inequality
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Aslla < D[l + [1All2 < 2 and 32077 St e < Dicp iy < 1+ logk < 2logk

(recall that & > 3) whereas the second term can be bounded using the following integral

comparison:
k—1 t—1 2 k—1 /t—1 2 k—1 ‘ 2 k—1
1 1 1 k
< < ds)| < log? [ ——
> () < S(Sih) <X ([ ehn) < X ()
t=L+1 \s=L+1 t=1 \s=1 t=1 t=1
k—1 k
< log2k—|—/ log? <m> dt < log*k +2k < 3k, (60)
) _

where the last inequality follows because log? k < k for k > 1.

Thus, for the second term in (55), I have

log k

A 1 —-P(E(L) > 9)

k-1
> IR = A3

t=L+1

E’TI'

< Ky [ +e(L)2k} :

N S

where Ky = tw? + 20k% + 320|Q||3 + 12w?0||Q][3. Combining all results together, I conclude
that

Dp* x| por log k ) 1+ kP (E(L) > 0)
S P B[] < ll_Pﬂ(E(L)>5)+€(L)k+L+ R ]

where My = Ky + Ky + 7Ky + 37. (Note that the last term in (54) can be bounded by
7(1+ kP™(E(L) > 6))/(1 —P™(E(L) > 0)).) This completes the proof of Lemma 3.4.3.

A.3.6 Proof of Lemma 3.5.1

[ first illustrate the idea using Figure A.2. Note that F(t) > € is equivalent to the event
that ML estimator 6, is in the outside of the ball V := Ball(6*,¢). In addition, under the
concavity assumption of the log-likelihood, 6, # Ball(6*, €) implies that at least one point on
the surface of a hypercube S, which is centered at 6* and is a subset of V', has a larger log-
likelihood than the log-likelihood at 6*. The probability of this event is a valid upper bound
of P"(E(t) > €). However, the challenge is that there are a continuum of such potential
points. The idea of the proof is to consider a grid of points on the surface of that hypercube
S, and the granularity of the grid is set to be fine enough so that any point on the surface of
that hypercube can be closely approximated by one point on the grid. I will show that the
existence of a point on the surface of S with a higher log-likelihood than the true parameter

vector 6* is extremely unlikely. I now rigorously prove this lemma.
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Figure A.2: Geometric illustration of Lemma 3.5.1

Grid points

Note: This illustrates the case when there are two parameters to estimate (¢ = 2). V
denotes the disk (ball) centered at 0* with radius e. Note that the event of ||6* — ;|| > €
corresponds to the event when 6, lies in the exterior of V. In this example, the surface of

the rectangle(hypercube) S consists of four edges.

Step 1

Fix some 0 < /N\min < :\max < 1. First, I will show that for all D € D, for all p € W(S\min, :\max)
and for all § € ©, Vylog P??(D) is jointly continuous in # and p. Recall that Vylog PP’ (D) =
((0/06,) log PP?(D); .. .; (8/90,) log P (D)) where for all 1 < k < n,

ologP?’(p) (1= j1Dj)log (1 = 2= Al > (Z O )
aek

00, 1— Z’L Aj(p; 0)

Djlo ONj(p; 0
+Z £l 0) 24(00)

Since A;(p;.) € C}(O) and A(,;6) € C*(P) by P1 and the denominators are strictly greater
than zero, Vylog ]P”l”’e(D) is jointly continuous in 6 and p.

Step 2

Since © and W(S\min, S\max) are compact, D is finite and Vg log IP’?’Q(D) is jointly continuous
in 0 and p for all D € D, there exists a constant ¢, > 0 independent of 6, p, D such that
for all & € ©, p € W(Amin, Amax), and v € RY satisfying ||v||s = 1, VglogP??(D) - v < ¢,.
Therefore, for any v, |[v]]s = 1, if p* € W(Amin, Amax) for 1 < s < ¢, then I have:

t
VologPT?(Dyy) v = Z Volog PP (D,) v < cyt. (61)

s=1
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Now, fix € > 0 and consider a hypercube S € R? centered at the origin with edge
2¢/\/q. Let 0S denote the surface of S, its area is given by c,(e/,/q)?" for a constant ¢,
that depends only on ¢. Cover S with a set of identical hypercubes in R?~! with edge
2n (see Figure A.2 for an illustration) and denote by N the number of cubes needed to
cover 8S. Then, N = (¢/(y/qn))"*. Let v; € dS,j = 1,..., N denote the center of those
2n—cubes. These points constitute a set of grid points on the surface. Then for any x € 95,
min;—; . v ||z — vj|l2 < /qn. By W3, I have that for any 6’ € S +6* and any j =1,..., N,

1og 7Y (D) — log PP 4" (Dyy) < Volog Py T (Dyy) - (0 — 6 — ;)

Let j*(0) = argmin;_; y||0 — 0% — vj||2. T then have

.....

0%+ g1
"

log P}* (Dy.) — log Py’ D) < ¢otl|0 = 07 = vj (o) ll2 < cov/ant. (62)

where the first inequality follows by (61). The following is the key argument for this proof:

{He} — 0[]y > e}

€
C 0, — 0% > —}
{ioc—ory =
C { ]P’”e (Dyy) > log PP (Dlzt),for some v with ||v]|e = \/Lé}
C {log PYY T (D) + g /ant > log PR (Dyy), for some v with [[v]]e = 76}
C U, {1og PP (D1 + cp/ant > log BT (Dy) }

= UYL, {Z] (vj, D14) > exp(—cg\/qnt)}

where Z7 (u, Dy.y) == PP T(Dyy) /PF? (Dyy) is the likelihood ratio for any u € © — #*. The
first inclusion follows by norm inequality, the second inclusion follows by the concavity of
the log-likelihood function and the definition of ML estimator, the third inclusion follows by
(62), the fourth inequality follows because by definition j*(6* +v) € {1,..., N} for all v. I

state a lemma below.

Lemma A.3.3 Fix some 0 < :\min < S\max < 1. Suppose that an admissible control w
satisfies ps = ms(D1.5-1) € W(;\min,j\max) for all 1 < s < t. Then there exists a constant
cn > 0 such that for all m and for allu € © — 0*, E™[\/ZT (u, D1.;)] < exp(—cn||u|[3t/2).
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By Lemma A.3.3, the following holds

N

P" <]|ét — 0|2 > 6> < Z]P’ﬂ (Z] (vj, D1s) > exp(—cg/qnt))
j;1
< > exp (@) E” [ ZZT(UjaDlzt)}
=1
Sy (Sl
= 2 2

IN

g—1 2
t c t
() e (-5 =)
Van 2q 2

where the second inequality follows by the Markov’s inequality, the third inequality fol-
lows by Lemma A.3.3, and the last inequality follows because N = (e/(/qn))?"' and

..........

. — 2t con/qe
P" (||9t —0%|[2 > e) <mind g Tt exp (20 4 Co/1 :
2q 2
Note that when e < 1, exp((—cre®q 't + ¢41/q€)/2) < exp(cg\/q/2) exp(—cre*qt/4). Note
also that when e > 1, there exists M > 0 independent of € such that exp((—cpe’q 't +
cg\/€)/2) < exp(—cpelq~t/4),Vt > M. With these two observations, I consider two cases

below.
Case 1: t > M. In this case, I have P" <||9t — 0|2 > e) < 7ut? texp(—nste?), where 7y =
¢~ Y/2 max{1, exp(cg(/q/2), and 05 = cpq~ ' /4.
Case 2: t < M. Let  be the largest distance between any two points in ©. (f < co because
© is bounded.) Then, I claim that for this case, P7 <Hét —0*]2 > e) < Mttt exp(—nste?)
where 75 is defined as in Case 1 and 7, = exp(n;M6?). The claim is true because: if
e> 0, P (||ét — O]y > 6) — 0, so the bound holds; if ¢ < 4, P (||ét — 0[]y > e> <1=
Ny exp(—ns M%) < nyt9~t exp(—nste?).

Combining the two cases above yields P™ <||ét —0%[]2 > 6> < min{1, nyt? " exp(—nste?)}
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where 74 = max{7y,74}. Hence,

B (16— o8] = [ P (16~ 1 2 ) s
0

= / min { 1,7t exp (—nstz) } da
0

2(g—1)logt

o t t
/ ! da:—l—/ nat? ' exp Bt exp UL
0 2(q—1)t10gi 2 2
n5

2(q—1)logt o t
M5t 2(q71)tlogt 2
5

2(q—1)logt N 2ny

VAN

Nst Nst
2max{1l,n4} (¢ —1)logt+1
B M5 t

where the fourth inequality holds because for all x > %, mtilexp (—BF) < 1. 1

complete the proof by letting s = /2 max{1,n4}/ns.

A.3.7 Proof of Theorem 3.5.1

I first state an analog of Lemma 3.4.1(a) for ECP(6) below.

Lemma A.3.4 Suppose that B coincides with the set of binding constraints of P(0*) at the

optimal solution. There exist 6 > 0 and & > 0 independent of k > 0 such that for all
6 € Ball(¢",3), [[«"(6%) — 2”(8)||> < &[|6* — O]]-.

The proof of Lemma A.3.4 is similar to the proof of Lemma 3.4.1 and so is omitted. I

now proceed to prove Theorem 3.5.1 in several steps.

Step 1

Fix m = APSC and let &k > 3 throughout the proof. Throughout this section, I will assume
that 7 = 1. (This is without loss of generality.) Set L = [(logk)'*<] and n = (log k)~/*.
[ first show that the set of binding constraints of P(6*) at the optimal solution can be
correctly identified with a very high probability. Let & = {C; = (AXP(6));, i ¢ B} U{C; >
(AXP(0%));, i € B} denote the event that the i capacity constraint is wrongly classified.

(The event &; is a union of two events: either the i’ constraint is actually binding but not
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included in B or it is not binding but is included in B.) By definition of 7,

P"(Ci = (ANP(0)i i ¢ B) = P (Ci= (AN(0"));, C; = (AX(B,,))i > n)

P ((AXP(6%) = AXP(01)); > )
P (k]| Al E(t:) > n)

2
U
< — - <

where the first inequality follows by Lemma 3.4.1(a), the second inequality follows by

IN

Lemma 3.4.2, and the last inequality holds by definition of ¢; and 7. Define s := min{C; —
(AXP(0%)); - C; — (ANP(6%)); > 0,i = 1,...,m}. Since s does not scale with k, there exists
a constant )y > 0 such that n < s/2 for all k£ > Qq. So, for k > g, by Lemmas 3.4.1(a) and
3.4.2, I can bound:

P (C; > (ANP(0%));, i € B) = P (Ci > (ANP(07))i +3s, q-(mf’(étl))ign)

IN

P ((ANP(8) = ANP(97)i = 5 = )
P (kl|AILE(1) 2 s — 1)

(s — 77)2) ( 1 8> Ite
71 exp (—772t1 — < mexp | ———5 g log Tk .
2| All3 4k2(| Al|3

Putting the above two bounds together, for k > €2, the probability of wrongly identifying

IA

IN

the binding constraints can be bounded as follows:

PT (U™, &) < [P™ (C; = (ANP(67));, i ¢ B) +P™ (C; > (ANP(67)),, i € B)]

M

=1

< o (—pon™s) e (o) 09

Step 2

Let 7 be the minimum of k£ and the first time ¢ > ¢; + 1 such that the following condition
(C1) is violated: ¢ > ||S21_ 41 - Setare||, " where 1 is as defined in the proof
of Theorem 3.4.1 and A, = D, — )\(ps,Qtz) for s € (t.,t,41] and 1 < z < Z. Define

A={Nr,EN {E(tz) < min{é, (logt,)"/*}, for all ¢, < 7'}, where 0 = min{4, 4, ¢/(2wr)}
and 0 and ¢ are as defined in Lemma 3.4.1 and Lemma A.3.4 respectively. (Event A can be

interpreted as the event where all binding constraints are correctly identified and the size of

all subsequent estimation errors are sufficiently small.)
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Note that for t, < 7, AP(6*) € A, on A. This is because |[p(A”(6*); 0,.)—p(\L(8,.):0,.)|]2 <
Wl AL () =NP(0,)||2 < wr||0*—=0,_||2 < ¢/2, where the first inequality follows by P1, the sec-
ond inequality follows by Lemma 3.4.1(a) and the fact that 6 < 4, and the last inequality fol-
lows since & < ¢/(2wk). I then have A\P(6*) € Ay, since p(\P(6%):6,.) € Ball(pP(6,.), $/2) C

P, where the last inclusion follows by Lemma 3.4.1(a). The two important lemmas below

establish the approximation error of DPUP and some important properties of the stopping

time 7.

Lemma A.3.5 There exist positive constants v and & independent of 0 € © such that if

127(60) — 227, |l2 <, then [|27(6) — 227 ]2 < &[] (6) — 22715

Lemma A.3.6 There exist positive constants 0 < S\min < S\max < 1, Qq, and constants I'y
and ['s independent of k > Qy, such that S\min < Amins /N\InaX > Amax, and for all k > €y and

all sample paths on A:
(a) [|zP(0,.) — 2V7T||3 < Ty(logt.) ™/ fort. <.

(b) Cy = 0, py € Ball(p?(6"),7¢/8) € W(Amin, Amax) and Ay € Ny for all t € (t.,t.41] N
[tl, T).

(c) EW[HUUD(étz) — 2|3 1g.on | Al < T/t

Lemma A.3.5 essentially establishes a uniform locally quadratic convergence of the New-
ton’s method for solving ECP (8, ) for all z, which is used for proving Lemma A.3.6(a) and (c).
Lemma A.3.6(a) and (c) establish the approximation errors between 237 and the determinis-
tic optimal solution 7 (;, ). Note that Lemma A.3.6(b) states that p; € Ball(p? (%), 7¢/8) C
W (Amins Amax) for all t; < ¢ < 7. In addition, for ¢t < t1, p, € {pV, ..., 5D} € W(Amins Amax)

due to S\min < Amins S\max > Amax and S2. Therefore, the condition for Lemma 3.5.1 is
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satisfied. There exists a constant {2 > max{{, 2, } such that, for all & > Qs,

RPT(A) < kY [PR(E() > §) + PT(B(L) > (logt) | + kP™ (U,E)

IA

Z
A t
k a1 —nst.0%) + (— il )} + kP (U,E;
;mz {exp( 5 ) P\~ ogt.): (U2, &)

[ log k)1+es? log k)1+e
2k (log, k) | exp <_M> +exp <_ns(og ) )

IA

— || + kPT(ULE
2 2(log k)* ()

[ 14e 52 145
Yelog, K) |exp <_M> 4o <_M)l

IN

2 2

2
n < 72 8 . 1
*ommk [exp (‘ﬁ2||§1||§“0g’“)1+2> exp (‘—4,{22||A||§(10gk)1+)} < 3

where the second inequality follows by Lemma 3.5.1, the third inequality follows by a combi-
nation of 7,171 exp(—nst.6%/2) — 0 and 9yt~ exp(—nst.(logt.)"92/2) — 0 as k — oo, t, >
t; > (log k)™ for z > 1, and Z < [log, k] < 2log, k, the fourth inequality follows by (63),
and the last inequality follows because the formula after the fourth inequality goes to zero as
k — oco. Note that the above inequality also implies P™(A) > % when k& > €)y. Define U, :=

N2 o ]
e (S0 £2) and @ = YL (s)%, where @(s) = no/[(q — 1) log - + 1]/
for all s € (t.,t.11]. By Lemma 3.5.1, E7[||0, — 6*|31 | A] < €(t)%. The following result

is useful to derive my bounds later.

Lemma A.3.7 Under APSC, there exists a constant K3 > 0 independent of k > 1 such
that ¥, < K3(1 + (¢ — 1)logk) and ®. < K3[1 +logk + (¢ — 1)(log k)?].

Step 3

Let K = max{Qo,,$,3}. If &k < K, the total expected revenue loss can be bounded
by K7. So, I will focus on the case & > K. By the same arguments as in (54) and (55),
pr(k) < L + Zf:tl-i-l TD(9*) —E [Rw(k)] and

k

Y P07) - E [fﬂ”(k)]

t=t1+1

7—1 _ T—1
*\/ * v e *
< ET| D pPE)AN0) - M) A| +SET | Y IIAD(Q)—MISI
t=t1+1 t=t1+1
+ FrE"[k—T1|A] + 27 + TKPT(A°) (64)
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Note that on A I have puP (0*) ANP(6*) = uP(0*) ANNT (because BAP (6%) = Cy = BANT
and pP(0*); = 0 for all i € B by KKT conditions). Therefore, similar to the proof of
Lemma 3.4.3, I can bound the first term in (64) with K E™[k — 7 + 1|.A] where K, :=

1P (0) Ae 4 | |” (0)]|2] [ Al |2 is independent of k > K.

As for the second term in (64), recall that \, = A — QY
mand rate that the seller believes he is inducing during period ¢ where z(t) is the unique
integer z such that t € (t., tz+1] Note that (57) still holds. I can bound two term in (57)

] = 03T BT w0, — 07[[3 1ery A} <

respectlvely using: vE™ [Zt il 1A — A2
pw? S 141 €(1)? < Tw?®, (by P2), and

T—1
DI = Adl3| A

t=t1+1

7—1 T—1 t—1 N
A
< 27E7r )\D 9* _)\NT 2 27E7r S
< 2v Z [IAN(07) = A llz| A| +20 Q Z — A
Lt=t1+1 _ t=t1+1 s=t1+1 2

[ —1
WE™ | Y [IAP(07) = ANI13] A

<
Lt=t1+1 i
—1 t—1 2 - t—1 2
A WE 1{S<’T}
20/|Q|2 | ET E™
ol [z | ¥ 5 2l vwr | 3 A
t=t1+1 | |s=t1+1 2 t=t1+ s=t1+1
T—1
< ET | > IAP(07) - AN A]
t=t1+1
[ 4]
- L1 JET WP E(5) 1 eery| A
+20)|Q|[3 PW logk+ Z > P—
t=t1+1 | s=t1+1
T—1
< 2ET | Y IAP(07) = ANDIBA| + 20/|QI3(3210g k + w?T,)
t=t1+1
T—1
< Ks(Ue+logh) +20E" | Y [|AP(67) = A3 ]
t=t1+1

for some constant K5 > 0 independent of £ > K (the second and the third inequalities follow
by the same argument as in (58) and (59) and recall that K > 3), and the fourth inequality
follows since E™ [ E(s)?1{,<r3| A] < €(s)%. 1 now analyze the last term of the above. Note
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that, on A, I have for all t < 7

IAZ07) = X ll, < PO =2, + 1A% — 2261,
< 20AP(07) - 225,
— 2‘|ID<9* o NT}‘
B R Ry RS

where the second inequality follows because AP (6*) lies in S, where mi\g is projected
into (note that on A, (1) 0, , € Ball(§*,¢/(2wk)) for t < 7 which implies that, as shown
previously, AP (0*) € Aétz(t)’ and (2) the binding constraints of P(6*) at A\P(6*) are correctly
identified which means that BAP(6*) = Cp and NAP(6*) < Cy) and the equality follows
because AP (0*) = 2P (6*) on A due to the strongly concavity of the objective and the fact

that AP(6*) is an interior solution. By Lemma A.3.4

T—1 k—1
S 12267 — 20 B A| = 30 B[R0 b Bl | 4] < 70,
s=t1+1 s=t1+1

Furthermore, by Lemma A.3.6(a) and the fact that t,, — ¢, < 2t, for all z, I have

T7—1 k—1
§ ||1,D(9tz(5>> z(s ||2 ] = E E" [HJ;D(etz(s)) z(s ||21{s<7-} "4]
s=t1+1 s=t1+1
z T
2
< N (toer — )2 < 27T, < 4D logy k.
= Z:1( +1 )tz = 2 = 2 1089

Combining the inequalities above, the second term of (64) can be bounded as follows:

Ugr
2

>IN - At||§] < W, + K5(U, + logk) 4 407*®, 4 1601, log,

t=t1+1

< Kg(1+logk+ (¢ — 1)log* k)

for K¢ = (tw?+ 40i* + K5) K3 + K5+ 160 T'y. To bound the third term in (64), the following

lemma is useful.

Lemma A.3.8 There exists a constant K; > 0 independent of k > K such that for all
k> K, E'k—1|A] < K;(logk+ L).
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Combining all the above and recalling that L = [(log k)!™¢], for all k > K, I have:

ot

p"(k) < 2F(log k)™ 4 (K4 + 7)(E™[k — 7| A] + 1) + Kg(1 +logk + (¢ — 1) log* k) + §F

< (277+K4+77+K6+g77) [1+(10gk>1+e+<q— 1)10g2]€}

< Ksl(logk)™ + (¢ — 1) log® k],

for some constant Kg independent of £k > K. The result of Theorem 3.5.1 follows by using
M2 = max{fK, Kg}

A.3.8 Proof of Supporting Lemmas

Proof of Lemma A.3.1. Asin the proof of Lemma 3.4.3, I assume without loss of generality
that T = 1. First, note that N € Ay, is equivalent to p; € P. Consider sample paths on
A. If 7 < L+ 1, then there is nothing to prove. Suppose that 7 > L 4+ 1, T will use
an induction argument to establish the result. Since F(L) < § on A, by Lemma 3.4.1(a),
Ball(pP(01),2) C P. Fort = L+ 1, ||pry1 — p°(01)|]a = 0 < 2, 50 pr1 € P and hence
ALyl € AéL' In addition, I also have:

Cry1=C,—ADpyw = kC—-AS,— A <;\L+1 + AL—}—l)

k@—Lc+LC—A&—A(W@g+AHQ
(k—L—1)C+LC—AS, — AAp
(k—L—1)A\e+ LA e — AS;, — AN,
SL—L)\Le_ AL—H )

1Y

1Y

(k_L_DA<Me_k—L—1 kL1

SL — L)\Le

— I — _
- (]{3 L 1)A</\Le Hk‘—L—l

= (k—L—1)(\p — ) Ae
= 0

2

(recall that S, = S°._, D) where the first inequality follows because A" (0L) = C, the
second inequality follows because AA e < C by definition of Ay, the fourth (strict) inequality
follows by (C1) and Ae > 0, and the last inequality follows by the definition of ¢). This is
my base case. Now, suppose that Cy > O,;\S €Ny, foralls=L+1,L+2,...,t—1, and
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t—1< 7. If t > 7, I have finished the induction. If, on the other hand, ¢t < 7,
| P
=L+

where the first inequality follows by p, = p(\;01),pP(0r) = p(A\P(0.,);6.) and P1, the
second inequality follows by (C1) and the last inequality follows by the definition of . So,

< ||| <

2

ERSS

p=p"00)|| < wliQll

by Lemma 3.4.1(a), I still have p, € P and hence A € Ay, . As for the remaining capacity

level Cy, by similar argument as before, I have

t t
Ci=Cp— > AD, = kC—48, - Y A(A+A,)

s=L+1 s=L+1

= kC —tC +1C — AS; — Z A(AD 0,) —

s=L+1

t . s—1 AA
= (k—t)C+LC—AS,— ) (AAS— > - )
s=L+1 veir1 v Y
t R s—1 AA
= (k—t)AXe + LANe — AS] — Z (AAS— - )
5= L+1 ver 1 TV
— LA
_ (k—t)A()\Le—SL oL ALS Z T )
s=L+1 s
SL—L)\Le
= (k—t)A )\Le—‘—
( k 2 5= L+1k_8

= (k=1 A\, —)e
= 0.

This completes the induction.

Proof of Lemma A.3.2. Asin the proof of Lemma 3.4.3, I assume without loss of generality
that 7= 1. Because 7 is non-negative, I can write E™[k — 7| A] = k — S_i—) P™(1 > t|A) =
" P7(r < t]A). T now bound P™(r < t|A). By the union bound, I have

SL—L)\Le
PT(r <t = P —_— >
rei = = (e {252+ 2 5] o)
A, 0 Sp — LAze Y
< T > 7 us > L
—P(m 2 i —QA)“P’ (m s 1,73
v= 2
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I first bound the first term in (66) below.

S Av w
T > 7
F (Lfllgg{ﬁ Z k—uvl|| — 2 A)
v=L+1 2
1/)2 - ||)‘v_5‘v||2 w
<P & 7w 7wl 5 7
- Lfllgzit k’—v - 16 A +P Lff2§gt ;1 k—wo — 4 A
2

1 N ( 1A — AHﬁ

< o P™ | max > _— | + P Z
Pr(A) phissst|| 42 k—vl| T 16 A ks 16
~ 2

16 o i A, +§E,<i|m—Mw A

— PP (A) _ S ks , 2 S ks
2

SR N IS VEIIA — A3
— IPT(A) [s=L+1 (k—s)? P2 s=L+1 k=

16 4 4 16 | 2w?e(L)? ) k 2
< L w?e(L)? (]
< P (A Lk—t)ﬁk—t]*w[(k—t)? rardbi e (1) ) |-

where the first inequality follows by the definition of A,, the triangle inequality of the norms

and union bound, the second inequality follows by the law of total probability for the first

term and the monotonicity of max-operator for the second term, the third inequality follows

by the Doob’s sub-martingale inequality for the first term and Markov’s inequality for the

second term, the fourth inequality follows by the orthogonality of martingale differences for

the first term and Cauchy-Schwartz inequality for the second term, and the last inequality

follows by E"[E(L)?A] < ¢(L)? and the same integral approximation bound as in (59).

As for the second term in (66), I can apply Markov’s inequality and get:

. Sp—Lhe|| _ ¥ o (11SL = Lagell; _ ¢*
- - > = < -
P <1H<l?§t k—s 2_2’A> = F ( (k—1)? 4 A
< | 11SE — )
< -
< max{l w2E a=nE A
4n(1—|—/\L)2L2

<
< max{l, wQ(k—t)z ,

where the last inequality follows because ||S; — LApe||, < ||Le + LArel||, = v/n(1 + Ap)L.
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Putting all the bounds together, I have for all k£ > 3:

E™k —7|A] < %{ 10 [ LI }+16 [Mww%(m?l@g? (L

— (Pr(A) [(k—1)? k—t] | (k—1t)? k—t
k—1
477,(1 + )\L)2L2 }
+ max{l,
— V2 (k —t)?
. 128 — 1 +32w2e(L)2§ 1 +32(JJ26(L)2§ | k
= UPT(A) Skt S (EnE =\
k—L—1
An(1+ A )2L2
+ n(24k— Lt)Z +L
— 2k —t)
128 64w? ., 96w? An(1+ Ap)?
< m(l—Flng)—i- e e(L) +?E(L) k + <T+1> L
256 log k 160w? ., 4n(1+4 Ap)? )
< 22 _ L A )L
S PIEED -9 P >k+< v

where the third inequality follows by integral approximation. The result follows by letting

2
Ko =28 4 1002 4 ]nQ4d) 4,

Proof of Lemma A.3.3. Recall that D = {D € {0,1}" : 377 | D; < 1}. T define the

conditional Hellinger distance as follows:

2
HE (01,05, D D1 1) = 3 (\/Mﬂl(DADu_l) - \/IP:’%(DADM_Q) |

Dt €D

I state a lemma and postpone its proof to the end of this subsection.

Lemma A.3.9 Fiz some 0 < /N\min < S\max < 1. Suppose that an admissible control w
satisfies ps = ws(Dy.s—1) € W(S\mm,j\max) for all 1 < s < t. Then there exists a positive
constant ¢, such that HT (01,05, Dy|Dy.s—1) > cp||01 — 62]|5 for all 61,05 € ©.

For u € © — 0%, define Z(u, Dy|Dyy_1) = PP T (Dy|Dyy_y)/Pr? (Di|Dyy_y). Using
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Lemma A.3.9, I can derive a bound for its moment below:

Z Pﬂ9*+U(Dt|D1t 1)

_ P (D,|Dy.,
P;? (Dy|Diyy) (Drl D)

E [\/ng(u, Dt|D1:t_1)} —

DieD
= S BT (DD )BT (DD )
DyeD
- 1_ HT(6",0" + u, Dy| Dyy—1)
2
< exp (_Hf(@*,@* +;7Dt’D1:t1)) < exp (_ChH;H%) .

The result of Lemma A.3.3 can now be proved by repeated conditioning: by definition,

| ]

- o

104 \/Ztﬂ—l(ua Dl:t1):| exp <_w)
L it

p <_%> )

Proof of Lemma A.3.5. Fix # € ©. Note that ECP(#) is a convex optimization with

linear equality constraints. Let mp denote the number of columns of B, and define F' to

E”[ ng(u,Du)] _ E" E”[ 77 (u, D)

IN

IN

This completes the proof.

be an n by n — mp matrix whose columns are linearly independent and BF = 0. (In case
there are multiple matrices that satisfy this condition, pick any one of them.) Then {z :
Bx =Cp/T} ={z:2=Fz+ i,z € R*""™8} where 7 satisfies B = Cp/T. Hence, ECP(0)
is equivalent to an unconstrained optimization problem max,cgn-mp g(2;0) := r(Fz + ;0)
in the sense that there is a one-to-one mapping between the optimizer of ECP(6) 2P ()
and the optimizer of the unconstrained problem 22(6): (1) zP(0) = FzP(0) + %, and (2)
2P(0) = (F'F)'F'(zP(0) — #). In addition, by Section 10.2.3 in Boyd and Vandenberghe
(2004), if a feasible point of ECP(6) ) and a feasible point of the unconstrained problem
2*) satisfy 2®) = Fz(®) 4 & then the Newton steps for ECP(#) (to obtain a new feasible
point z(**1) and the unconstrained problem (to obtain a new feasible point z**)) coincide
in the sense that 9 = Fz(*+D 4 2 This relationship enables me to analyze the behavior
of ¥ by studying z*) whose convergence behavior is characterized by Theorem A.3.2 (see
Section A.3.1).
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Before applying Theorem A.3.2, I first show that the conditions in Theorem A.3.2 hold.
Note that since Ay is compact, the linear transformation of it, Zy := {2z : 2 = (F'F) "' F'(x —
7)), € Ny} is also compact. Also note that since p(.;0) € C*(Ay) by P1, r(.;0) € C*(Ay)
and g(.;0) € C*(Zy). Hence condition (i) holds: there exists some constant L such that
11V2.g(2;0) — V2, g(y;0)|]2 < L||z — yl||o- Denote by min(.), Omax(.) the smallest and the
largest eigenvalues of a squared matrix. Since V2, g(z;0) = F'V3,r(Fz+2;0)F and —MT <
V2, r(Fz+2;0) < —mlI by P3, I conclude that (i) holds: —M1I < V2 _g(z;0) < —ml where
M = M0 (F'F) and m = moy,(F'F). Then, by Theorem A.3.2, I have that there exists
a constant 77 = min{1, 3(1 — 2a)}m?/L for some a € (0,0.5) independent of € such that
if ||V.g9(z®;0)|]2 < 7, then [|V.g(z*;0)|], < 2£||V.g9(z*);0)||3. Note that by strong
convexity of g(50), M7Y|V.g(2;0)|]2 < ||z — 2P(0 )||2 < 2m~|V.g(z;0)||2- Also note that
for v = Fz+a, |lv —2P(0)]l2 < [|Fll2]lz — 2P (0)||2 and ||z — 2P (0)] |2 < [|[(F'F) "' F||2|2 —
2P (0)|]2. Therefore,

[ — 2Pl < |||z = 22(0)]]2 < 2m7 Y|Pl Vag (2" 0)]]
< Lin”?||Fllal[Vog(z";0)I13 < Lin 2 M| F|2||™ = 2P (9)]13
< L M| F|Ja||(F'F) " F|[3]la™ — 2P (0)]13

Let v =n and & = Lm~2M||F||o||(F'F)~*F'||2. Note that they are both independent of

(k+1) _ .NT (k) _ NT

0. The result follows by letting x xz, " and z

Proof of Lemma A.3.6. Let Oy = max;—;_4{V;}, where V;’s are positive constants to be
defined later. I prove the results one by one.

(a) Let & = max{k,k} where x and & are defined in Lemma 3.4.1 and Lemma A.3.1 (see
Section A.3.7) respectively. Let I'y = max{1,4%*}. I proceed by induction. If ¢; > 7, there
is nothing to prove, so I consider the case when t; < 7. Note that by DPUP algorithm,
aNT = \P(6,,) and zP(6*) = AP(6*) on A. Thus, when t; < 7 I have

22 B) = 218 = 12" (0n) = X (00|

~ ~ 2
(112 (01) = (") ]2 + [[A°(0*) = X°(0:,)II2)
S 4/2}2E(t1)2 S Fl(logtl)_é

IN

where the last inequality follows by the definition of A. This is my base case. I now do the
inductive step. Suppose that t,_; < 7 and |[#P(6,. ) — N5 |12 < Ty(logt,_q) /2. If t, > 7
there is nothing to prove. If £, < 7, then I need to show that ||z (6. )=z V7|2 < I'y(logt, )~/
also holds. Let V; > 0 be the smallest integer satisfying [(logV1)™¢] > €?. Then, for
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k> Q> Vi, I have

N 2 A 2 N 2 N
o2 @) =25 < 8P @) = 22|+ 3[[2"07) — 2(0r.0.) P ry) —
2 2
32 3K2 3
=+ =+ <
(logtz)Z (lOth,1)2 (logtz 1)2
372 372 3T,
(logt-)s  (logvis)s  (log v/iu)?
1
< 3[R*+2:(R*+T -,
< [FL G 1)] (log 1.)

where the second inequality follows by definition of A and induction hypothesis, the third
inequality follows because t._1 > % > /I, > /t; = \/W > e when £ > O >
Vi. Let Vo > Vi be such that for all £ > V5 and z = 1,..., Z, the following holds: (1)
(logt.)/? > 3y72 [R? + 292(R* 4+ I'1)] and (2) 9¢* [R? + 2/2(R?* + Pl)]2 (logt,)™/? <1<T,.
(Recall that v and ¢ are the constants for the locally quadratic convergence of Newton’s
method defined in Lemma A.3.5.) Inequality (1) ensures that ||zP(6,,) — zN7% ||, < v for all
k > Qy > V5 and inequality (2) ensures, by the locally quadratic convergence of the Newton’s
method, that [|zP(6;,) — 2N7T]|2 < €2||2(,.) — xN7||4 < T'y(logt,) /2. This completes the
induction.

(b) First, I claim that there exist 0 < Ain < Amaxe < 1 such that (1) Amin < Amin and
Amax > Amax, and (2) if p; € Ball(p?(0*),7¢/8) for t € [t; +1,7), then p; € W(Amm, )\max) for
all 1 <t¢ < 7, which will be used to prove Lemma A.3.6(c). If this is true, then Lemma 3.5.1
can be used to bound E(t,) as long as t, < 7. I now find such A mins Amax below.

I first consider p € Ball(p?(6*),74/8). Define V,, := Ball(p?(6*),7¢/8) (note that by my
notation, V), is a closed ball) and Vi(0) := {z € Ay : © € A(p;0),p € V,}. Also, define
Op,:={peP:|lp—p")|2 < ¢} (note that this is an open ball) and O,(0) := {z € Ay :
x € A(p;0),p € O,}. Note that V,, C O, C P by P5. This implies that V3(0) C O(6) C Ay.
In addition, since p(.;€) is continuous in A by P1 and O, is an open set, O,(f) is an open
set. Therefore, O,(0) lies in the interior of Ay, and hence, V() C O,(#) also lies in the
interior of Ag. This implies that for any § € ©, A\uin(0) := infyey, mini<j<, Aj(p;0) > 0
and Apax(0) = sup,ey, 51 Aj(p;0) < 1. Since © is compact and Ayin(0) and Apay(6) are
continuous functions, there exists some #',6” € © such that supycg Amax(0) = Amax(¢') < 1
and infgee Amin(0) = Amin(0”) > 0. Hence, for all p € Ball(p”(6*),7¢/8) =V}, and for all 6,
1=> 751 A(p;0) > 1 —supgee sup,ey, Z?:l Aj(p;0) = 1= suppee Amax(0) = 1= Amax(0') > 0
and \;(p; ) > infgece inf ey, mini<j<p, Aj(p; 0) > infpee Amin(0) > Amin(0”) > 0 forall 1 < j <
n. Set Apayx = max{ Amax, Amax(0) } Auin = min{ Apin, Amin(0”)} where Apax and Ay, are as
defined in S2. Note that by S2, for p € {pV),...,p @} 1~ Z] A0 0) > 1= Apax > 1— P
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and A;(p;0) > Apin > Amin for all 1 < j <n and for all # € ©. This completes the proof
of the claim: if ¢ < ¢, then p, € {pV,...,p"M} C W()\mm,)\max); if t4 <t < 7, then
pe € Ball(pP(6*),76/8) € W(Amin, Amax)-

Note that )\, € A4, is equivalent to p; € P which is immediately satisfied if p, €
Ball(p?(6*),74/8) C Ball(pP(6*),¢) C P (the last inequality follows by P5). This means
that I only need to show C; = 0 and p;, € Ball(p?(0*),7¢/8) for t; <t < 7. Let V3 >V,
be such that for all k > Vs and z = 1,...,Z, (2T + 3k) (logt.)"* < ¢/(8w). I now
prove the result by induction. If 7 < ¢; + 1, then there is nothing to prove. Suppose that
T > t; + 1. Since E(t;) < é on A, by Lemma 3.4.1(a), pP(6,) € Ball(p?(6*),$/2). For
t =t +1, I then have ||p,, 41— pP(0%)||2 = ||pP(01) — pP(0%)||2 < ¢/2, 80 pi, 41 € P. In addi-
tion, similar to Lemma A.3.1, I also have Cy, 41 = kC — LC'+ LC — ASp — AT —|—At1+1) -
(k—L—1)C + LC — AS;, — AN, 41 > 0 where the first inequality follows by the fact that
ANNT <O and the second inequality follows by the same argument as in Lemma A.3.1.
This is the base case. Now suppose Cs = 0,p, € W(S\min, S\max) for all s <t — 1 for some
t—1<7witht—1€][t,, t,41). If t > 7, there is nothing to prove. So I only need to show
that C; = 0,p; € W()\mm,/\max) when ¢ < 7. Note that when ¢t < 7, T have t, < ¢t < 7.
Hence, by definition of A, I have

Ipe = PP (@)l < llpe — (ANT'@Z)II2+IIP(AiVT;étZ)—pD(étz)llerllpD(étz)

PP (7))
< ol S 2 2 0) — 9P E): 0l +
s=t1+1
< %+wHA§VT—AD(etz)|2+§g§+§+§:%b

where the second inequality follows by Lemma 3.4.1(a) and the fact that E(t.) < & on A,

the last inequality results from the following inequality
,

a:iVT—a: (6,52) —|—2Hx 6,52 —a:D(G*)
2
< 2y/Ti(logt,)™ 1 + 3RE(t.)

< (2\/F_1+3R> (logt,)™1 < L)

8w

)

IN

[ =A%)

L+ HAD (°) — AP(6,.)

.

IN

(67) = A" (6..)

2

where the second inequality follows by (65) and the fourth inequality follows by the definition
of A. Hence, p; € Ball(p”(6*),7¢/8). For C;, by a similar argument to Lemma A.3.1, I have
Cy = kC —tC+1tC — ASL, — Zstlﬂ ANY sztl+1k”v+A) (k—t)C + LC —
AS, - t1+1(AA S il Ao o (), ThlS completes the induction.
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(c) Let V4 > V3 be such that 27¢% (58" [8ny + 4(q — 1)*(log t.)?]/(n2t.) + 2Ty /(log t.—1)2) <
Lforallk > Vjyand z = 1,..., Z, where I'y = max{1,4k?n3}, 4 and 75 are as in Lemma 3.5.1.
Again, I show by induction. For z = 1, I have:

E™|2”(00) — 2" 5L <y Al = E[l|27(0:,) = AP ()51 13<5y | A]
< 2E7[[¢"(0r) — " (0|31 <[ Al + 2E7[[A7(01y) — AP (07) 5112y A]

< 4R*2 s < E,
t1 t1
where the second to the last inequality follows by Lemma 3.4.2. This is my base case. I
now do the inductive step. Suppose that E7[||z?(8;,) — 2N7||314, <] A] < Dat;! holds for
s = z — 1, I need to show that same thing holds for s = z. Then, for £ > Q; > V,, I have:

N 2 R 4
[H (6:.) iVTH 14 <r) A} §52E7r [HI'D(QtZ) —$iV_CF1H21{tZ<T} .A]
4 N 4
< 2752{E”“ 0,.) — 2P 9*)H21@<T} ,4] +E“[Hx’3(¢9*)—xl)(9tz_l) Lit<n) A]
[l
2 — 4T 4 — 4T 4 Fl FQ
< 2T€* S RET[E(t,) l{tz<7}|A] + REQ[E(t,—1) l{tzq}].A] + <
(log tz—1>2 tz_l
< o7 {87}4 +4(q — 1)*(logt,)? " 8ns + 4(q — 1)2(logt2,1)27{4 N Iy 2F2}
= n2t2 nat: (logt.—1)2 t.
5R* (8 4(q — 1)*(log t,)? or,r 1
< o7¢? “[774+(612 )*(logt:)"] o 11
N5tz (logt,_1)z ) t
1 Ty
< — < —
t t

where the first inequality follows by Lemma A.3.6(a), the third inequality follows by Lemma A.3.4,

Lemma A.3.6(a) and the induction hypothesis, and the fourth inequality holds because
Lemma A.3.6(b) shows that p,s € W()\mm, )\max) for s < 7 which means that the condition
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for Lemma 3.5.1 is satisfied, so

E" [E(t)'1ycry| Al
< P ([|6, — 0%|]3 > z) d
< [ F (-l a)a

< / min {1, nat? ! exp (—n5t\/5)} dx
0

2(g—1)logt

[ e [ () oo (25 )
4(q — 1)*(logt)? +n4/’;ff exp (_77575\/5) i
(

242 2(q—1) log ¢\ 2 2
3 q = g )

4(q — 1)%(log t)? o0 t
< (q ggog ) +774/ exp (_775 \/5) de
M5t 0 2

84+ 4(g — 1)*(log t)?

- 3t

IN

This completes the induction.

Proof of Lemma A.3.7. I first derive a bound for ®.. By definition ¢, = [(t,41 —L)/2]+L
for 2> 1,s0t,— L > (t,41 — L)/2. This implies that ¢t,,; —t, < ¢, for all z > 1. For z =1,
I also have ty —t; = 1 < L = t;. Recall that Z < [log, k| < 2log, k. Thus, I can bound ®,

as follows:

k-1 Z Z

B B qg—1)logt, +1
(I)E = 6(5)2 = Z(tz+1 — tz)G(tz)Q < Z(terl — tz> 7]2 ( )tz
s=t1+1 z=1 z=1
< 15Z[(q—1)logk + 1]

< K[l +logk + (¢ —1)log? k]

for some positive constant K¢ independent of £ > 1.

I now derive a bound for .. To do that, I first show that there exists a constant K > 3
such that for all £ > K, T have (1)(logk)'*¢/k < 1/19, (2)Z > 3 and (3)tz_» < k/3. Note
that as k — oo, [ have (logk)'*/k -0, Z - occand t,y1 — L —oofor 2 =2—-2,7—1,Z.
This implies that t, — L = [(t,41 — L)/2] < 2(t,41 — L)/3 for z = Z —2,Z — 1,Z when
k is large. Therefore, there exists a constant K > 3 such that for all £ > K, I have
(logk)'*</k <1/19, Z >3 and tz_5 < £ (tz41 — L) + L = £k + 2(logk)' e < &

Since &(t,) = ngy/[(¢ —1)logt. +1]/t. < n6\/q, 1 conclude that for k < K, ¥, <
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k(kne\/q)* < K*ngq. I now focus on the case when k > K. Note that,

k—1 —1 (s) 2 k—1 tz—o  _ 2 k—1 —1
(z k) < 22( k) a Y (3
1 \s=ti1+1 t=ty_o+1 s=ty_o+1

(67)

Since tz_5 > k/4 (vecall that ¢, < 2t, and tz1 = k), Thave é(s) < g /4[(q — 1) logk + 1]/k
for all s >tz 5. So, for all k > K, the second term in (67) can be bounded by

2
k—1 t—1

8n2[1 + (¢ — 1) log k] 1
k Z Z k—s

t=tz_o+1 \s=tz_o+1
815[1 + (¢ — 1) log ]
k

<

3k < Kgo[l + (¢ —1)logk]

for some positive constant Ky o = 2472 independent of & > K, where the first inequality
follows by a similar argument as in (60) and k£ > K > 3. As for the first term in (67), for all

k > K, I have
k—1 tz_o 2 tz_o ,( ) 2
€ElS
2 < 2k —
(X2 - (z ,H)
t=t1+1 s=t1+1 s=t1+1
2
Z—
< Z toy1 —t, 14 (¢ —1)logt,
1 - tz+1 tz
g 2
< Z lop1 — 1+ (¢—1)logk
1 - tz—i—l tz—i—l
k2 oek [ [ \/Td
< 4 1 -1 —
< dkng[l+ (¢ — 1) log k] [ o\ %

2
V2 ) 2
< %%U+40—Ubgﬂ<———ﬁiL> < Kya[l+ (g —1)logh]

where Ky, = 1672 logz(%). The second inequality follows by Lemma 3.5.1. The third

inequality follows because t.y1 < 2¢,. Note that the function f(x) = m is decreasing

when x < % Since tz_ o < g, the fourth inequality holds by integral approximation. The
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fifth inequality follows by

[ e - f/ (ot vE)

VE—1 <210g(ﬂf_1)
\/_ VE =iz, VE o

Thus, I conclude that there exists some positive constant Ky independent of £ > 1 such
that ¥, < max{(Kg1 + Ky2)[l + (¢ — 1)logk], K®n2q} < Ky[l + (¢ — 1)logk]. T complete
the proof by letting K3 = max{Ke¢, Ky }.

IN

Proof of Lemma A.3.8. The proof of Lemma A.3.8 is very similar to that of Lemma A.3.2,
with some nontrivial twists. Per the proof of Lemma A.3.2, I only need to bound P (7 < t|.A).
Note that I have

P™(r < t|.A)
SL - L)\Le > ||/\v - 5\v||21{v<7‘}
< 4 _  — = >
< P (LE%?S)S{H k — k—v Z k—v z Y| A
v=L+1 v=L+1
S; — L\se ¥ ~ A, Y
< 4 _ > = T g > L
< P (ng?e(gt k—s 2_2‘A>+P <LJIrrllE§l§§t kE—wvl|| — 4 A
ZS X = AolloLpery _ ¥
s — >
+P <Lfllg<i§<tv: “ k—wv — 4 A
dn(1 + )\L)QL2 16 4 4
< 1
8 max{ I R G 7V [y el
js: ||)\v - 5\v||2]-{v<1'} 1/}
T = > —_
+P <Lirllg§§tv: - k—wv — 4 A (68)

where the last inequality follows by the same argument in Lemma A.3.2. T now bound the
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last term in (68):

2

16 [ < VE A — AlBLey A
ka A) <5 > —

s=L+1

2

16 d \/EW[H)‘S - ):SH%]'{T<S}|A] \/E’T[H)\S — ):SHg]_{T:S}LA]
< | > +
i k—s k—s
s=L+1
. 2 _ ,
2 (5o VEIR ARl ) s (o VETIA Ml 4
= g2 Rt k—s 02 ~ —_p
2 t 2 \/—
- 32@;} ( kﬁ(S)) 2 (Z V2 ol 1, S}|,4>
w s=L+1 - w s=L+1
2
32w2 ¢ g(s) 128 1
< —
G (Zk o ()

where the first inequality follows the same argument as in the proof of Lemma A.3.2, the
fourth inequality follows by Lemma 3.5.1 and the fact that for any two points z1, 25 € A" L1

have ||z; — x5||2 < 2, and the last inequality follows because by Cauchy-Schwartz inequality,

LB A\ : 1 L 1 1 2
(Z l[fis}’ ]> s(Z (k_sy)(Z E[1{TS}IA]>§(k_t)2+k_tsk_t

s=L+1 s=L-+1 s=L+1

Finally, I have for all k > K > Qy > 3,

256 log k 4n(1+ Ap)’
E [k —7|A] = ZIP”(T<t!A)_ R IP”T((;Eg(L)>5)+( n(; ) +1)L

32w2’§<z )2 1282( )

s=L+1

256 log k 4n(1+ Ap)?
< = = +1)L
P 1=PT(E(L) > 9) ( Y2

2
64w2§<t1 é(s) ) 64w2§ €(t)? +128§< 1 >
t=1 sL—i—lk_S Y2 (k—t)2 = \k—t

512 An(1+ Ay 64K3w q 128w22q 128
< ¢2 log k + <—¢2 —I—l)L—i— e log k + e + e
< Ki(logk+ L
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where K7 = 640/1% + 64 K3w?q/v? + 128w?n2q/v? + (4n(1 + A1) /¢ + 1), the first inequal-
ity follows by a similar argument as in Lemma A.3.2, and the third inequality follows by
Lemma A.3.7 and the fact that €(t) < 16./q.

Proof of Lemma A.3.9. Note that, for any 6,,60, € ©,0; # 65, by Fatou’s lemma, I have

2
W P (Di| Dyy1) — Wﬁ’@”(thlzt_l))

. . ng<0/79”)Dt‘D1:tfl) o . .
L Vi L 1 LA D) 17—
2
(\/ BFY (Dy| Dygy) — \/ 7 <Dt|D1;t_1>)
N .
> ), liminf AT
D:eD
HF (01,02, Dy| Dy
— t( 1,Y2, t| 21.t 1) > 07 (69)
161 — 0a][3

where the last inequality follows by W1. Let o(.) denote the smallest eigenvalues of a

real symmetric matrix. If I now set #; = 0y = 6, since \/ Pf’e(Dt|D1:t_1) is continuously

differentiable in 6, there exists 6 on the line segment connecting ¢ and 6” such that

ng(@/) 0//7 Dt|D1:t—1)

lim inf

0'50,0""—0 |6 — 6"||3
. o [ e 7
> — ’ . _
> 3 gt | (V7 0A00) 5

_ .. @ —-0"y (0 iy 0 iy ! u
= Dzwo}fgﬁwia ||9, — 0//“2 20 \/Pt (Dt|D1;t—1) 20 \/]P)t (DtlDlzt—l) ||9’ — 9//“2
. . 8 7'('79~ a 7'1',9~ /
> éeg%pgeg ((%\/Pt <Dt|DM_1)) (%\/Pt (Dt|Du_1)) )
o I o [0 '
= Z [o ((%\/]P’t ’Q(Dt|D1:t1)> <%\/Pt ’B(Dt|D1:t1)> )

D.eD

o ((GP7 (D D1 1)) (5PF (DD 1)) )
AP7"(Dy| Drs1)

a o a T , u
=12 C ((%bgﬂ% ’%DADLH)) (%bgm ’G(Dt|Dm>> ) P7?(Dy| Dy_1)
D

where the first inequality follows by Fatou’s Lemma as in (69) and the Mean Value Theorem,
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and the third equality follows because

D PT(Dy| Diy-1)
2\/BF* (D) D)

0 [ox
%\/Pt ’G(Dt|D1:t—1) =

(by chain rule) and the last two inequalities follow by the definition of Fisher information and
W2. To prove Lemma A.3.9, it suffices to show that, for any 6,, 0y € ©, H] (01,02, Di|D1.4-1)/||01—
05||% > ¢, for some ¢;, > 0 independent of 61, 60,. (If §; = 6, the ratio is to be understood

as its limit.) Suppose not, since the ratio is always non-negative, there exists two sequences

07 — 01,08 — 60y such that liminf, ., HF (07,05, Dy| Dy 1)/]|07 — 05|35 = 0. But, this
contradicts with (69) when 6, # 6, and with (70) when 6; = 6,. This completes the proof.
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A.4 Proofs of Results in Chapter 4

A.4.1 Proof of Lemma 4.4.1

Let 0, := (py —g_ol)/(d+ 1). The proof of Lemma 4.4.1 depends on two important lemmas,

which I first state and prove later:

Lemma A.4.1 Define X := ®]_[0, 7] where 0 < z; <1 foralll € [1,n]. Let f : X — R be
a function that satisfies N1-N2. Let s be a positive integer and 5 be as defined in N1. There
exists g € @ PEN=Y(0,7)]) such that for any r € [0,s A5], and any r, € Z,,1 € [1,n]
satisfying >, r =1, the following holds

where C,,, > 0 only depends on n,r and W is as defined in N2.

O(f—9)()

Oxy'...0xn

SAS—T
<C,.W L max {i‘l}] ,
oo =1,..., n

Lemma A.4.2 Supposes > 2. Let L, {y.; ?:’21?31, {5l,i,j}?:’81—;iij:1 and {N;,

be as defined in the Technical Details for Spline Approzimations in Section 4.4.1. The fol-

in ( ) }S+d7s+d

i1=1,....in=1

-----

lowing properties hold:

a. Lf = [,Yf € @, P ([p,nl)-

b. Foralll € [1,n],i € [1,s+d],j €[L,s], I have |Bri;| < (Wrirs — yi)? ™ < (s8)7 7L

c. Foralli,€[l,s+d],l €[l,n], anyr € [0,s —2] and any r, € Z4,l € [1,n] satisfying
Sy =1, Niy i () is nonnegative and O"Ny, ;. (p)/(Opt...0pir) = 0 for all

P& R (Y Yiy+s)-
d. S SN ()| =1 for allp € P.

e. Fiz anyr € [0,s—2] and any r, € Zy,l € [1,n] satisfying >, =r,

H@?’Ni1 ,,,,, in ()
ot ... Oprn

S Cr,s |:Z_I{lil’1 {5l}:|

o0

where C,. s > 0 is a constant that only depends on r and s.

I first discuss the meaning of the two lemmas above. Since a spline function is essentially

a sequence of local polynomial functions attached together, to understand its approximation
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accuracy, I need to first answer the following question: Suppose that I use a polynomial
function g to approximate a deterministic function f on a small region, how does the ap-
proximation error depend on the smoothness index of f, the degree of g, and the size of the
region? Lemma A.4.1 derives a bound for approximation error as a function of these factors.
Lemma A.4.2 summarizes some useful properties of the spline function constructed using the
B-Spline approach (see Section 4.4.1 for more details). I now proceed to prove Lemma 4.4.1.

Let K' = max{K;, Ky, K3} where the constants K; is defined below and K, K3 are
defined later in Step 3 (below (82)). Let K = exp(log® K’). Since Ly > log*k, d — oo as
k — o00. So there exists a constant K; > 3 such that for all k¥ > K; and for all [ € m,
250; < 1. This observation allows me to invoke Lemma A.4.1 later. Note that for k < K,

the desired result holds because for any = > 0,

(

Hence, in the remaining of the proof, I will focus only on the case when k > K'. I proceed

0"(A5(p) = As(p)
Opi*...0prn

H > :1:) < 1= K exp(—log> K').

in several steps:

Step 1

My objective in this step is to compute an upper bound for

Fix some i, € [s,s +d] for all I € [1,n], j € [1,n] and r € [0,(s —2) A 5. Define

o"(As() = Ni()
Opy*...0prn

o0

0"(X5(p) = X ()

0"(LX;(p) = X (p)
Opit...0pmn '

opy'...0pmr

_ |7 —m;<p>>'

71
op}*...0p» (71)

I now bound the terms after the inequality separately.

Bounding the first term in (71). Let X = ﬁgl,._f . Since 258 < 1 for k > K' > K;,

Jn

by Lemma A.4.1, there exists g € ®@p_ P91 ([p,» m]) such that for all p € ﬁ;l ;. and
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r €0, (s — 2)As],

0" (X;(p) — 9(p)) e
< 2
| < OV | 8
o SAS—T
< G, W(2s)" erllax {pz dgl}} , (72)

where C),, is a positive constant that only depends on n and r. Note that for all i, €
[Zl — s+ 1,51] and for all r, € [1,s], I € [1,n], I have (714045 Thinsm) € F[gl’n_rn. Thus,

,2

there exists a constant Cy independent of k such that for any 4; € [i; — s+ 1,3, [ € [1,n)],
the following holds:

*
|Vitosin Ae = Yiroin |

< ES: f: zs: Z Hl 1 Bl AT |/\ (Tl 11,710 0 0 7Tn7in17’n) - g<7—1,i1$17 s 7Tn77;n77'n)|
o R P ITe TL e, (T — Thins,)

2 IT, (6:8)
l
< Z Z Z Z H = 1 5 /S Jz 1 |)‘*(7_1 1T e 7Tn7in77"n) - 9(7_17i177“17 ce 77—n7i7b77“7b)
11 (00

J1=1r=1 Jn=1rp=1

71
= Z Z e Z Z 52(27:1 ]l_n)|>\;(7—1,i1,r17 s aTn,in,rn) - g(Tl,il,rly s aTn,in,rn)|

Ji=1r=1 in=17r,=1
s+52\" . i B-p 11 G
< (ns—n) SAS Yy <
< ( 5 ) s CroW(2s) [lilllaxn { ] }} S Jens (73)

where the first inequality follows by the definition of v;, ;,, the second inequality follows by
Lemma A.4.2 part (b), and the third inequality follows by (72). Then, for any p € H;

U1yeenin?

I have:

0" (LN (p) — Lyg(p)) AR 0" Ny (p)
‘ ot . oprr ‘ S B B ‘W

i1=1 in=1
i1 in
. " Ni,....in (D)
S SIS S TR L
. ~ . < pl e pnn
i1=11—s+1 In=1tn—5+1
CO . < - SnCOCr,s . ﬁl - ]_Dl -
< ds/\gcrs {Hll’m?n{(sl}] < dsNs Lr{llr{n{ 2d
< 25CCh L min {p —pl}} =, (74)
=1,...,n -
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where the equality follows because, by Lemma A.4.2 part (¢), "Ny, 4. (p)/(Op*...0pir) =0
for p ¢ @, (Y14, Yii,+s), the second inequality follows by (73) and Lemma A.4.2 part (e),
and the third inequality follows since d + 1 < 2d.

Putting things together, by Lemma A.4.2 part (a) (note that s A5 < s), (72) and (74), I
have the following inequality for all p € H; ;-

I"(Ni(p) — LA (p)) ‘ <
Opy*...0prn

9"(A;(p) — 9(p))
Opy* ...0prr '+

J"(g(p) — Lg(p)) ‘ N
Opy*...0prm

" (Lyg(p) — LN (p)) ‘
opi*...0prr

SAS—T —r
= T . n = 1
< Cn,rW |:2S g%}il{pl _]—)l}:| +2's OOCT‘,S |:l Hll,lrl? {pl - Bl}:| ] SN
Cy

S T (75)
for some C independent of k. Since the right hand side of (75) does not depend on Wy ln,
the inequality holds uniformly for all p € P.

Bounding the second term in (71). Deﬁnef 77777 = MaXi<ry, oy <s A (TLivirys -+ o5 Trginar ) —

;\j(ﬁ,z‘l,m Toin r)|} and &7 o= maX1<i1,...,zn§s+d{§fl

------

|/yi1 ----- Z'nA; Cj ..... in‘
< zs: Z zs: Z Hl 1 ﬁl KN |/\ (7—1 1,71 0 0t 7Tn,in,rn) - /N\j(Tl,il,rla v 7Tn,in,rn)|
ji=1r=1 Jn=1rp=1 Hl 1 Sl 1,517 (Tl 11,7 Tl,il,sl)

IN

s g1 s Jn
n s ~
Z Z e Z Z SQ(ZZZI dr=n) |)\;k (Tl,il,rp s 7Tn,in,rn) - )\j(Tl,il,Tla s 77—n,in,7“n)|

J1=1r=1 Jn=1rp=1
2\ N
< s+ts SQ(ns—n) J '
— 2 UL yeeny in "

So, for all p € H; _; , there exists constant Cy > 0 independent of k and i1,...,1, such

-----
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that

. A J"Ni,...in (D)
ST S N =] ‘m

i1=1 in=1

op}*...0p»

ar(m;wp)—ixp))‘ SR

— Z Z ‘%1 ..... z‘n)\;_cgl ..... zn‘

i1=11—s+1 in=tn—s+1

2\ 1 —r
o <s 23 ) 2s=meic |:l:Hlli{ln{51}}

L+s ! 2ns ¢j : ﬁl_]—)l -
(55°) e | mn {75

= 277"Cs (14 5)" 5™ [l_nllin {ﬁl - Bz}} gd = Co’d", (76)

,,,,,

IA

IN

where the second inequality follows by Lemma A.4.2 part (e) and C, ¢ only depends on r
and s, the third inequality follows since d + 1 < 2d.

Note that the right hand side of (76) does not depend on i1, ..., i,, (76) holds uniformly
for all p € P. So, by (71), (75) and (76), I conclude that there exists C5 independent of k
such that

‘ a"(N5() = A ()

Py oply HOO " rep

< _ max { sup {
8<01,0in <s+d pEHgl """ in
C , 1 :
< (ds/\;r + CijdT> < 03 (ds/\gr + 5]dr) : (77)

0" (Xi(p) — A;(p))
opy*...0prn
d"(N;(p) — LA (p)) ‘
Opi*...0p»

0"(LX;(p) — A (p))
Opi*...0prm

Step 2

I now analyze the term &. Note that & = max,g |\5(p)—X;(p)| where G := {(T1i1503 - -3 Tainjn) :

i € [1,s+d],j € [1,s],¥l € [1,n]} is as defined in Section 4.4.1. So, for all z > 0, I can
bound

P (max )~ 509 2 7)< P (maxCist) = 509 2 2] + P (max{50) = K00} > ) (78)

pEG pE

I now bound the two terms after the inequality separately. For x > 0 and ¢ > 0, since
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|§| = s"(s+ d)", the following holds:

P (max{ﬂj (p) = Aj(p)} = x) =

peG

<

"

tmax{\;(p) = A;(p)} > tm)

peEG

exp(—tz)E {exp <t max{\;(p) — A;(p)}>]

peG

exp(—tx) > E [exp (t04() = 35(0))) |

pE_C;

exp(—tx)s"(s + d)" max {E [exp <t(5\j (p) — Aj(p)))] } . (79)

peEG

Note that there exists a p* € G such that the expectation E [exp (t(S\j (p) — A*(p))>:| in (79)

J

attains its maximum. So, for all 0 <t < Ly,

mas {1 e (103 ) ~2500) ]}

peG

IN

<

E [exp (t(ij(p*) - A§<P*)))]
esp(-050) {B o 1 Bty |
exp(—tX5(p)) {1 — NP+ A7) e <LL) }

s o s o () )

exp(—tA;(p")) exp (AS* (v")Lo i% (Lio) j)
exp (A;(p*)Loi% <Lio)3>

exp (A5 (p")t*/Lo) < exp(t*/Ly), (80)

where the second equality follows because S\j (p*) is the average of Ly independent Bernoulli

random variables with success probability Ai(p*) and the last inequality follows from the
fact that 372, (1)~ (t/Lo) < (t/Lg)” Sl =D < (t/Ly)*. Hence, by (79) and (80),

forall 0 <t < Ly,

P (max(y) - X)) 2 ) < exp(t/Lo — to - logls" s ). (81)

pEG
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Following similar arguments, for all 0 < ¢ < L, there exists some ¢* € G such that

P (max05(0) (00} 2 0) < exp(t0) [max (B [oxp (05 — )] | 75+

peG pEG
(_1)j t g n n
i (L_()) )] s"(s+d)
< exp(Ni(q")t? /Lo — tx)s" (s + d)"

< exp(t?/Lo — tx + log(s"(s + d)™)). (82)

< exp(—tz) [exp(ﬂ;(q*))exp (A}f(q*)LoZ

j=1

Pick = 4Ly (s + d)"/2s"/?log k and t = Loz/2. I now show that under this choice of z
and t, the inequalities (81) and (82) hold for large k, i.e., t < Lo when k is large. Recall that
I have set d = [(Ly/%/log k)Y/+7/27 . Since Ly > log®k, for k > 3, T have L/*/logk > 1.
This implies that

(L(l]/Q/log o)V (stn/2) < g < Q(Lé/Q/log o)/ (s4n/2), (83)

I then have that for all £ > 3, the following holds

4logk nn _4dlogk nonon v o (logk Fny2
v = g < AR <a it (EE) T o ek
LO LO LO

Hence, there exists a constant Ky > 3 such that for all £ > Ky, > 3, I have x < 2 and hence
t = Lox/2 < Lgy. The following inequality holds for k > Kj:

P (gﬂ‘ > 4L52d% (s + 5%)% log k) <P (gﬂ' > 4L525% (s + d) % log k:)

— P (maxl36) 5 (0)] 2 4L, 25E (s + @) og )
peG
2

L
< 2exp (_x 1 0) s"(s+d)" = 25"(s+d)"exp (—4s"(s + d)" log® k)

< 25"(s+d)"exp (—2s"(s + d)") exp (— log? k’) < Ksexp (— log? k) . (84)

where K3 = sup,so{rexp(—z)} is a positive constant, the first inequality follows since
s+d < (s+ 1)d for d > 1, the second inequality follows by (78), (81) and (82). Let
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W, = Cs(1 4 27/277+2(s + 52)™/2) which is independent of k (Cs is defined in (77)), then

v, > C 4+ 221 2(g 4 §2)2
(\/Lo ’ [ VLo G\ Vh

1 4logk non
Cs <dsA§_T + \/% (s +s%)3di+ ) , (85)

v

where the first inequality follows since log k/ L(1)/2 < 1 and the second inequality follows by
9"(N;(p) — Aj(p)) || >0, <log k) +n/2>

(83). So,
IED 7
( Opy*...0p» VLo

1 4log k n n
=F ( ‘ = Gy (ds/\E—'r - \/Ol;i (s + 52)2d2+r)>
0

1 . 1 4log k noong .
=P <CS (ds/\s—r +§]dT) = Cs (dS/\S—r + \/l% (s+s%)2dz" ))

. 4] n n
<P (sﬂ @ik d¥(s+s >2) < Ky exp(—log? k) < K exp(—log? k),
0

where the first inequality follows by (85), the second inequality follows by (77) and the fourth
inequality follows by (84). This completes the proof.

0"(X5(p) = X ()
Opy'...0pmn

Proof of Lemma A.4.1: For k € Z, ,, define Z" := {a = (a1;...;a,) : a; € [0, k], for all | €
[1,n], and 31, a; = k}. Define g(z) = l(:/\(f) ! Y aezr hy(2,0,a) for all x € X where

yl
: Vy e X.
h/ (:E y? ) al.clz,l . awan H Y y G

=1

It is straightforward to verify that g(.) € ®%,P***71([0, 7;]). For some k € [0, s A 5|, consider
any a = (a1;...;a,) € IF, any x,y € X, any r € [0, k], and any 7, € Z_,1 € [1,n] satisfying
Yoy =r. If ap < ry for some | € [1,n], O"hs(z,y,a)/(0x]"...0x]r) = 0. Hence, the
following hold:

"hs(z,y,a)
Oxit ... 0z

U ) [T, et (86)

al ’I‘l)!

{ 0, if ay <1,V €|[1,n];

k—r
W — .
< T (ar=r)! [l_maxn{xl}] , otherwise,

aaaaa

é)wal .Oxy

where the inequality follows by N2, 7, < 1 and ;—r; > Oforalll € [1,n], and >, | (a;—1;) =
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k —r. So, for any r € [0,s A 5] and for any 7, € Z,1 € [1,n] satistying > " 1 =7,

[ZU=90) _ U0 5, |t
ozt ...0xI || zex | Ot ...0xln | — s mwex Oxi'...0xmn
r 7 SAS—r Z 1
< W | max {7} T o
- = — |
_l 1,...,n i n aeshs lel(al Tl).
a >, VIE[l,n]
r 7 SAS—r F
1 (sAS—1)!
= W | max {7} —_ Z —_—
= — ! n |
=L (sAN5—r1)! S e IT-, w!
w €24 VIE[1,n]
r 78NS ns/\g—r
=W zgllaxn{xl} (sA5—1)!

where the first inequality follows by the Lagrangian remainder formula, the second inequality
follows by (86), and the last inequality follows by the multinomial theorem. The result follows
by letting C.,, = supys, n*"/(k —r)! < n"/n! < co.

Proof of Lemma A.4.2: Recall that N}, (.) are defined in Section 4.4.1 as the building
blocks of the tensor-product B-Spline basis functions. Let D?, D], D? respectively denote
the o' order derivative, right derivative, left derivative of a single variate real function. I

first state some known results of spline functions that will be used to prove Lemma A.4.2.

Theorem A.4.1 (THEOREM 6.18 IN SCHUMAKER (2007)) For any l € [1,n], L;f = f
for all f € P*~X([p,, ;i)

Theorem A.4.2 (LEMMA 6.19 IN SCHUMAKER (2007)) Foralll € [1,n],i € [1,s+d],j €
[1, 8], 1Brigl < Wrivs — yra) ™" < (s8)77

Theorem A.4.3 (THEOREM 4.17 IN SCHUMAKER (2007)) Let s > 1. Fiz |l € [1,n]

and iy € [1,s+d]. Suppose yii, < Yrirs- Then Nf (o) > 0 when pp € (Yo Yui+s), and
NP (o) = 0 when pr & (Y, Yrirs]- At the end points of (i, Yuiy+s),

(—1)kFshg DiN,fil (y14,) = 0 E=0,1,...,5—1—
=0

<_1>87w’il+sDﬁNl€il (yl,il+5) k= 07 17 R 1- Viij+s

where py;, = max{j : yii, =,--.,= Yriy+j—1} and V45 = Max{J : Yrij4s = » = Ylij+s—j+1}-
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Theorem A.4.4 (THEOREM 4.20 IN SCHUMAKER (2007)) Fizl € [1,n] andi; € [s,s + d].
For all JURS [yl,izvylﬂ;l‘*‘l)? Z:;ll:il—‘rl—s levl (pl) =1

Theorem A.4.5 (THEOREM 4.22 IN SCHUMAKER (2007)) Fizl € [1,n]. Suppose that k
and p; are such that yi. < pp < Y1, and define 0, k.5 = Win{(Yr,o15 — Y1) * Yriy < Yo <

Uik < Ykl < Yotj < Yi+s), for j € [1,s]. Suppose 0 > 0 and 6y ks—041 > 0. Then

|D N;

l7il

o _ (s=1)! o o (s=1)!
(pl)‘ S Fs,a/(qul 5l,il,k,sfq) where Fs,a — (s—o—1)! |_0'/2J S 2 (s—o—1)!"

I now proceed to prove each part in Lemma A.4.2 one by one.

Proof of part (a)

Note that £L =L, 0Ly0---0L,. For any [ € ®7:1P8_1[Ql,151], I can apply Theorem A.4.1
iteratively n times to obtain Lf = Ly0---0L,f =Ly0---0L, 1f =---= f, where L;f is

understood as applying £; to f which is viewed a single variate function of p;.

Proof of part (b)
This follows directly from Theorem A.4.2.

Proof of part (c)

By my definition of {y;; 7:,215’::117 Hii, = Vig+s = L forall l € [1,n] and i; € [1,s + d]. Hence,

by Theorem A.4.3, for any [ € [1,n], 4, € [1,5+d] and 7, € [0,s — 2], N}, (.) is nonnegative
and DNy (pi) = 0 for all py € (yii, yriy+s)- Hence Ny

re[0,s—2] and any 7, € Z,1 € [1,n] satistying Y ;" r =7,

is nonnegative and, for any

n

O" Ny, i (p) n
s = [ | DN () = 0
opy* ... Opi 11 L (1)

=1
for all p ¢ ®7, (Yi4,, Yii,+s), where the second equality follows since r; <r < s — 2.

Proof of part (d)

Let Hiy i, = @ 1[Yii,, Yri,+1) for any i, € [s,s+d],l € [1,n]. By Theorem A.4.4 and
the fact that {Nllzn()}f;fls; ¢ are all continuous functions (because s > 2), I have
Zf}l:iﬁl_s e Zf}::inﬂ_s Ny,...w,(p) =1 for p € H;, ;.. Moreover, by Lemma A.4.2 part
(c), Num() is nonnegative and Nil,...,in(p) = 0for p = (p1;...;pn) ¢ ®?:1(yl,il7yl,il+s)-
Fix some i, € [s,s+d], | € [Lin]. Forallp € H; ;. S5 37 Ny, . (p)] =

pin? 2ain=1 in=1
ij:dl “e e iji Ny i (p) = ZZ;ZEIH_S ‘e Z:}’;:znﬂﬂ Nuy....wn(p) = 1. The result follows
since the equality holds for all 3, € [s, s +d],1 € [1,n], and P = Ust®=5t .

11=8,...,In =8 11y-e5bn’
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Proof of part (e)

Fix r € [0,5 — 2], and consider any r; € Zy,[ € [1,n] satisfying ;" 1, = r. Since N, (.) €
¢ ([ppil) and vy < 1 < s — 2, DING, () = DNp, () = D" N, (pr) for all pi € [p, il
Fix some i; € [s,s+d] for all [ € [1,n]. Suppose that p; € [yi4,Yii+1). Then, if 1, = 0,
|D" Ny ()| = NS, (p)] <1 =2° (8801)1 6 where the inequality follows by Ijemma A42
part (d). Otherwise, 7, > 1, and s —r; > s —7 > 2 > 1. S0 014, ks—q > O > 0 for all
q=1,...,r (recall that d;;, 1, is as defined in Theorem A.4.5). Then, by Theorem A.4.5,
|Drlleil (pl)| < 2n (s 8”1)1)15—7"1

Now, for any p = (p1;...50n) € P, if ;i € (Yi4,, Yr4,+s) for all [ € [1,n], the following

holds,

0" Ni,....in (D)
opy'...0pmw

H |D" NG, ()] < Hzrlﬂ&—” <92 {%r L:nlnnn{&}} -

i (s—m—=1V" = |(s=—r—=1!] [i=1.,

Otherwise, there exists some Iy such that pi, & (Yo, Yi,i,+s)- By Lemma A.4.2 part (c),

s—r—n [|i=1,.,

-----

opy*...0p»

0" Ni,....in (D)

So the result follows by letting C, s = 2"[(s — 1)!/(s —r — D)™

A.4.2 Proof of Proposition 4.4.1

I first show the feasibility of NP (). Define h(.) = f(g7(.)) : ¥ = R and h(.) = f(g7'()) :
Y — R". By condition (i), h(.) is strongly concave. Also, define 6(y) := (g~ (y)) — v.

Consider the following two optimization problems:
(NP,) max {h(y): Uy=V} and (NP,(©)) max {B(y) C Uy +Ud(y) =V — 5}.
ye ye
Note that NP, is equivalent to NP and N~Py((5) is equivalent to NP(8). Thus, y* := g(x*)
is the optimal solution to NP, and Uy* < V. Since g~'(.) is continuous by condition (i)
and x* is in the interior of X by condition (iv), y* is in the interior of ) and there exists
a constant ¢ > 0 such that y* — ¢e C Y. Let § = min;{p(Ue);} (note that since U

does not have zero rows and all its components are non-negative, § > 0). I claim that if
|Ug(.) —=Ug(.) + d|e < 0, then y* — de is a feasible solution of NP,(8). To see this, simply

170



note that

|US() + 6]l = sup Ug(g~ () — Uy + 0l = sup UG(g~ (y)) — Uglg™ ' (y)) + 6|

= sup|U3e) — Ugla) + dll = 1090~ U3() + 0
So, U(y* —qge)+U(§(y* —g¢e)+6 2 Uy* —oUe + HUS(.)—i—(SHOOe < Uy* +de—opUe =V,
where the last inequality follows by the definition of § and the fact that y* is feasible to NP,.
This proves that NP, () is feasible. Thus, NP(¢) is feasible. Since the feasible region of
NP, (0) is compact and A(.) is continuous, NP,(8) has an optimal solution. Let g5 denote
an optimal solution of NP, (d) (note that §; may not be unique).
I now proceed to derive a bound of ||y* — ¥s||2, which will be used later to obtain the
desired bound for ||z* — Z5||2. To bound ||y* — ¥s||2, I will use the optimal solution of an

auxiliary optimization problem below:

(NP}'(3))  max {h(y) L Uy+Us(y) <V — 5} .
ye

The above problem has the same feasible region as l\ny(é), so it is feasible. Let y§*

denote an optimal solution of NNPZx(é). Since [|y* — Usll2 < |ly* — v5®ll2 + [lv§® — Usl|2, to

bound ||y* — ¥s||2, I only need to bound ||y* — y§*||2 and ||y§® — ¥s|[2. To derive an upper

bound of ||y* — y§*||2, I need to use the following lemma (the proof is given later).

Lemma A.4.3 Consider the family of perturbed optimization problems below:

(NP,(e)) max {h(y): Uy =V +e¢}.
ye
Suppose that h(.) is strongly concave and twice continuously differentiable, ) is a convex
compact set, U 1is a non-negative matriz and has full row rank, and the optimal solution
of NP,(0) lies in the interior of Y. If y*(€) is an optimal solution for NP,(e), then
lly*(0) — y*(e)|]2 < Kll€||oo for some K > 0 independent of €.

Note that the assumptions of Lemma A.4.3 hold (i.e., h(.) = f(g~*(.)) is twice continu-
ously differentiable because f(.) and g~'(.) are both twice continuously differentiable. Also,
as shown earlier, the optimal solution of NP, (0), y*(0) = y*, is in the interior of }). By the
strong concavity of h(.), y¢* is the unique optimal solution of NP, (—¢ — Ud(yg*)). Thus,
by Lemma A.4.3, there exists a constant K; > 0 independent of f ,J,0 such that

ly" = v5%l: < FUS(y5") +6lloe < Ka([|U]ocl19() = G()|oo + [[8]]oc)- (87)
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I now derive a bound for ||gs — y§*||2. Since NPZx(é) and NP, () have the same con-
straints, g; is feasible for NNPZ:B(5) and yg* is feasible for NP,(5). By the strong concavity
of h(.), there exists a constant v > 0 depending only on A(.) such that

~ axr axr ~ axr U ~ axr axr U ~ axr
h(gs) < h(ys") + Vh(ys™) - (55 = v5") — 511 — o5 3 < h(ys ) = 5155 — 5 5, (88)

where the last inequality follows because Vh(y§®) - (g5 — y§*) < 0 (otherwise, y§* cannot be
the optimal solution of N~PZI(5)) Note also that h(y%*) < h(§js). Combining this with (88),
by Mean Value Theorem, I have

%Hﬂa =l < (R = Ry = [1(Gs) — h(@s)] < (VR(E) — V(€)Y (45" — )
< (VA = VRO Nell85 = 45l < 1I(VAC) = VR [oollFs — 5572,

for some & € Y. This means that ||gs — y§*||2 < 2[[(VA(.) — Vh(.))||se- Combining this with
(87),

IN

[y = v M2 + [1ys" — Bsll2
_ 2 .
Ei[lUlleellg() = (oo + Killd]loo + 11 (VA() = VA()) oo

Ki||Uloollg () = g()lloo + Kil[0]]0 + %H(Vgl())’l!ool!(vf(-) ~ V()69

Y™ — Usl|2

IN

IN

where the last inequality holds because VA(y)—Vh(y) = Vg @) [V (g (1) =V (g (y))]
for all y € ). This means that the following inequality also holds:

2 — ],
<Vallg™ ") = g7 8l < VAV Y lolly” = Gislloe < VAN (Tg™ O laclly* = Gl
< VAll(Vg~ ()Y Il (Kluvuoonm G0l + Kalliloe + 219 O) eI (V1) - vf<.>>'r|oo>
< K((V() = VIOV oo + [190) = 50)lloe + 18]10);

where K = /nl|(Vg™ () ||oo (K1 U]l + K1 + 2{[(Vg(.))'||s0). This completes the proof.

Proof of Lemma A.4.3. I claim that there exists € := min{é;, &} > 0, where €, & are
strictly positive constants to be defined later, such that, for all ||¢||o < € ||y*(0) —y*(e)|]2 <
Ki||€]|so for some K; > 0 independent of e. Note that, if this claim is true, Lemma A.4.3
can be proven as follows. Define [ := sup,, ,.cy |[y1 — 2|2 and let Ky =1/€. Then, for all ¢
with ||€]|eo > € ||y (€) — y*(0)]]2 < I = K€ < Ksll€]|oo. So, Lemma A.4.3 follows by letting

K = max{Ki, K»}. I now prove my claim.
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I first introduce two optimization problems whose optimal solutions are closely related to
y*(0) and y*(e). The first optimization problem is almost identical to NP,(0) except that
the domain is R™ instead of V:

(NP,) max{h(y): Uy=<V}.
yeR™

To define my second optimization problem, first note that, since U has full row rank, there

exists an n by m matrix H such that UH = I. For any ¢ € R™, by a change of variables

= 2+ He, I can transform NP, (¢) into an equivalent optimization problem below:

NP, he(z): Uz XV},

(NP.()  mas {h(z): Uz=V)

where h(z) := h(z + He). Two important observations are in order. The first observation
relates y*(0) to the first optimization problem NP, whereas the second observation relates

y*(€) to the second optimization problem NP, (e).
Observation 1: y*(0) is the unique optimal solution to NP,,.

Suppose that this is not true. Then, there exists § # y*(0) satisfying Uy < V such
that A(gy) > h(y*(0)). Let d = (g — y*(0))/||g — y*(0)||2. Since y*(0) is in the interior of
Y, Uy*(0) = V and Uy*(0) + Ud||g — y*(0)||2 = Uy =< V; so, for sufficiently small ¢ > 0,
94(t) == y*(0) + td is a feasible solution for NP, (0). Note that, by the strong concavity of
h(.), h(y*(0))+Vh(y*(0))-(g—y*(0)) > h(g) > h(y*(0)). This means that Vh(y*(0))-d > 0.
Hence, for sufficiently small ¢ > 0, h(g4(t)) = h(y*(0)) + tVh(y*(0)) - d + O(t*) > h(y*(0)).
However, by the strong concavity of h(.), y*(0) is the unique optimal solution of NP, (0).

A contradiction is found. Hence, Observation 1 holds.

Observation 2: There exists € > 0 such that for all € with ||€|| < €, NPy(€) has a unique
optimal solution y*(€) and z*(€) := y*(¢) — He is the unique optimal solution of NP,(e).

I now prove Observation 2. Since y*(0) lies in the interior of Y, there exists a constant
¢ > Osuch that {z : ||z —4*(0)||ec < ¢} C V. Let & := min;{¢(Ue);}. Note that & > 0 since
U is non-negative and has full row rank. Moreover, for all € with ||¢||o < € < &, ¥*(0) —¢e €
Y is a feasible solution of NP, (¢) because U(y*(0) — ¢e) XV —odlUe <V — e <V +e.
This means that NP, (¢e) has a unique optimal solution y*(e) (because its feasible region is
convex, compact, not empty, and its objective function h(.) is strongly concave). Hence, by

definition of NP, (¢), z*(¢) is its unique optimal solution. So, Observation 2 holds.

To bound ||y*(0) —y*(€)]|2, I first derive a bound for ||y*(0) — 2*(€)||o. Let & 1= ¢/||H||so-
Then, for all € with ||€|| < € < &, since |[y*(0) + He — y*(0)||oo = || HE||oo < || H||oo]|€]]oo <
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6, y*(0) + He € Y. This means that y*(0) is feasible for NP_(¢) and h(y*(0)) < h(z*(¢)).
Note that z*(e) € R™ is also feasible for NP,, so

h(z*(€))

IN

* * * * v * *
h(y™(0)) + Va(y™(0)) - (7(6) = y7(0)) = 5I=7(€) =y (0[5
* v * *
< h(y'(0) = 5l1z°(0) =y (013 (90)
for some v > 0 that only depends on A(.). The first inequality follows by the strong concavity
of h(.) and the second inequality follows because VA(y*(0)) - (2*(e) — y*(0)) < 0 (otherwise,

y*(0) cannot be the optimal solution of NP,). Note also that, for all € with ||¢|| < € the
following holds

Sl (0 =y (013

IN

h(y*(0)) — h(2"(€)) — he(y*(0)) + he(2"(e))
(Vh(&1) — Vhe(&1)) - (y7(0) — 27(¢))

< [VA(&1) = VAd(&)leolly™(0) = 27(€)]|o

< ||Vh(&) = VR(&G + He)llso[y"(0) — 2% (e)]2

= |IV*h(&) Hell|ly*(0) — 2" ()2

< Kol [Hlloolelloo[[y™(0) = 2"(€)] 2 (91)
for some & € Z,& € Z where Z := {z : ||z — y||oo < ¢ for some y € Y} and Z = {z :

|2 —7||so < ¢ for some z € Z} are both compact and convex, and Ky := sup,z || V2h(2)]|s
only depends on A(.). The first inequality of (91) follows by (90) and h(y*(0)) < he(z*(€)).
The first equality of (91) follows by the Mean Value Theorem and the fact that y*(0) € Z and
2*(e) € Z (the latter inclusion holds because, since z*(€) € Y — He, there exists a y € ) such
that ||2*(€) — Ylloo = ||Hé||oo < ||H||0of < ||H||oo€2 = ¢). Similarly, the second equality also
follows by the Mean Value Theorem and the fact that & € Z C Z and &+ He € Z (the latter
inclusion holds since & € Z and ||& + He —& oo < ||H||oof < ||H||oof2 = ¢). Note that (91)
is equivalent to ||2*(€) —y*(0)|]2 < 207 Ko||H||so||€]|oo- Let K1 = 207 Ko||H||oo + || H||2v/7-

Then, for all € with ||¢||oc < €, I can bound:

ly™(e) =y"(0)[[2 = [["(e) + He = y™(0)[]2 < |[z7(€) — 5™ (0)[|2 + [[H[]2]]€]|2
< 207 Kol | Hl|oolleloo + [ H [21le]|2 < Ki]e]]o-

This proves the claim I stated at the beginning and completes the proof of Lemma A.4.3.
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A.4.3 Proof of Lemma 4.4.2

I now prove Lemma 4.4.2 using Proposition 4.4.1. Let g(.) = X(.),3(.) = A(), f(.) =
(), f() = #(), U = AV = C/T,§ = 0,X = P,y = Ay.. Note that r*(.), \*(.) are
twice continuously differentiable by P1 and #(.), A(.) are continuously differentiable since
M) € C52(P) and s —2 > 1. Also P is convex and A is nonnegative with full row rank. I
first verify the conditions (i) - (iv) in Proposition 4.4.1. By P1, A*(.) has a twice continuously
differentiable inverse function p*(.), and A,- is assumed to be convex, so (i) holds. By R3,
ri(.) == r*(p*(.)) is strongly concave, so (ii) holds. By R4, P is feasible and its optimal
solution p? lies in the interior of P, so both (iii) and (iv) hold. For any p € P, I have

1(Vr(p) = Vi) lle = I(X*(p) + VA (P)p — AMp) — VAD)D)| |
< () = A@) oo + 1P (VA" (0) = VAD)) ||
< A () = A®)lloo + 1P|l (VA () = VAD)) [
< nfA () = Ao + (212 2)IVA () = VAL ] |oo-

Therefore, by Proposition 4.4.1, there exists §; > 0 and K; > 0 such that for all 5\()
satisfying ||AN(.) — AX()||oo < 01, P is feasible and

IN

K1([[AN () = AN e + [[(V77() = V(1)) llso)
< Ki[(n+ [[As) X () = A0l + (212 BOII(VAT() = VAC) (o]
< KN = A0l + V() = VA llso)

1" = "l

where K = Ki(n + ||Alloe + 31—, 1) is independent of A(.). Let & := &,/||A||c. Since
IIAC) = X()|]os < & means that [|[AX(.) — AXN()||es < ||A]|osd = 81, the result follows.

A.4.4 Derivation of the equality (4.2)

22X (P). L PAeP)

[
Recall that uj; := [ o o

]. Note that the following identity holds:

Hj = [BV(A\°)(BY)],; = [B"+ (B

_ ii ONL(p") Pri(AP) ON (pP) | 0N (P7) N oN; (p")

ij

(92)
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Note also that r*(p) = p’A\*(p) = r3(A*(p)). Taking its second order derivative, I have

2% (D 2 D D 2 *
Op;Op; 8pi 8)\k8)\l 6p] (3)\l 8pzé?pj

I=1 k=1
Prep?)  _ oND) | N Z”: p PN (P”) ) (94)
OpiOp; Ip; ﬁpz Opidp;

Hence, combining (93) and (94) with (92), I have H; = > (p] — ara(/\/\lD))aZ;\)ZéZ’:) =

(u* ) (pP — Vri(AP)). Note that \*(pP) + VA*(pP)p? = Vr*(p?) = VX*(pP)Vri(AP), so

”LJ

— Vri(AP) = =V X*(pP) 7!\ (pP) = —(B*)~'A\P. Hence, H = —(u;f‘j)’(B*)_l)\D.

A.4.5 Proof of Lemma 4.4.3

I will prove each part of the lemma in turn. Let § = min{dy, s, 03,04, 05}, & = max{ry, Ko},

where 01, ..., 05 and k1, ko are strictly positive constants to be defined shortly.

Proof of Parts (a)-(c)

Let omax(X) and oyin(X) denote the maximum and minimum eigenvalues of a symmetric
real matrix X, respectively. Since B* = VA*(pP) is invertible, B*(B*) is positive definite;
50, 0 1= Omax(B*(B*)") > 0 and ¢* := omin(B*(B*)) > 0. Define §; = o*/(4y/*) > 0.
Note that, for all §, € Ball(6*,9), ||B— B*||s < ||B— B*||r < ||0,—07||» < 6 < ;. Therefore,
for all v € R™ such that ||v||; = 1, I have:

vB'Bv = v'(B— B*+ B*)(B— B*+ B*)v
= o (B*)B*v+v(B*)(B— B*)v+ v (B — B*)B*v+v' (B — B*)(B— B*)v
> o = 2/plBIBYILIB - B*l: > o —2Ve* o /(4V5") = a*/2.

This means that o, (B'B) > ¢*/2 > 0 and B is invertible. Since (B'B)~! = B~}(B~!Y,

1(B) Iz = Vomax(B~H(B~1)') = V/oum(B'B)™ < /2/0.

By definition, A(p;6,) = a+ B'p, \(p; 6;) = a* + (B*)'p, 52(p;6.) = Byj, 5(p; 6;) = B;; for
all i,7 € [1,n], and p(A\;0,) = —(B")"ta + (B')~'\ (recall that B is invertible). So, for all
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p € P and \, N € \(P;6,),
A 0.) — A 00)[l2 < la—a”[[2+ [[(B = BY)[|2[lpl]2

< la—a’lla+[I(B—B)llr <Zﬁ?>
=1
noo\ 2
1+ (Zﬁ?) 10, = 07112,
=1

N

<
apZ(p;Qb)—apj(p;@) = |Bi; — Bj;| < 1|0, — 6|5, and
lp(X;6,) —p(N30)] = [[(B) T A =X < [[(B) 7 HlA =Xz < V2/a*[|A = N2

The results follow by letting w = max{1+ (>_,_, P 23, \/2/c*}.

Proof of part (d)

To prove that q(p(.;,);0,) is strongly concave, I need to show that its Hessian, B~'G(B’) ™!,

is negative definite. Let &y = ||G*||o. For all 8, € Ball(6},9), ||, — 0%||2 < & < 2, SO

1B =Bl < [|[B"=Bl|lr<0 (95)
I1G"=Gll: < [|G"=Gllr <o (96)
1G]l < NGz + G = G[l2 < [IG7[]2 + 02 = 2[|G"|2. (97)

Recall that, by Lemma 4.4.3 part (a), B is invertible and ||B7!|y = |[(B’)7!||s < w. So,

(B G (B")) ™ = BT'G(B) |2

=I((B")' =BG ((B)) " + B UG = G)(BY)) "+ BGU(B)) " = (B) 2

< (B = BTHRIGA((B)) e + 1BH/1G* = Gl |((B*)) ]2
HIBTHRIGIAI((B7)) ™ = (B) ]2

< 1B Hol1B* = Bl BHNG 1 ((B)) " 2 + [ B7HIIG™ = Gll2[1((B*)) 2
HIBTHLAGI[(BY) 1B = B2l B~

<IBENB) (1B Gl + 1+ 2/G7 |l B~ ]2)0

< w[[(B) (1B 2G|z + 1+ 2[|G*[]2w)d

< (9,

for some C' > 0 that only depends on 6* and w. The second inequality above holds because
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(B*)™! — B~! = (B*)"Y(B — B*)B~! and the third inequality follows from (95)-(97).
By (4.3), (B)7'G*((B*))™! = VZri(AP). So, oma((B*)71G*((B*)')™') < —v by R3.
Let 03 = v/(2C). Then, for all v such that ||v||, = 1,

VBTGB e = (BTGB e (BTGB) T - (BTG (BY) e
< oual (BTGB + IBTGE) T - (8976 (BY)

v+ C0 < —v+C = —v/2.

IN

This means that B~'G(B’)™! is negative definite and, thus, q(p(.;6,);6,) is strongly concave.

Proof of part (e)

Consider the following optimization problem:

(QP(0;9)) AeI}\l(%};%b) {q(p()\; 0,);0,): AN =X % - (5} .
This problem is equivalent to QP(0; ), except that it optimizes over A instead of p. Recall
that, by Lemma 4.4.3 part (d), q(p(.;6,);0,) is strongly concave; so, QP(#;9) is a convex
program and, if it is feasible, it has a unique optimal solution that is characterized by the
KKT condition. Since P, is a convex program and has a unique optimal solution AP € Ay,
by the KKT conditions, I have:

Vri(AP) = A'p® Vaa(p(AP;07):05) = A'p®
(AP — €Y P =0 which, by (4.3), implies (ANP = Syl =0
pP = 0, AN < § pP = 0,ANP = £

Since AP = \(p”; 07) € A\(P;67) is feasible to QP (0*;0), by the sufficiency of KKT condi-
tions for optimality in a strongly convex program, A\ and p” are also the unique optimal
primal and dual solution of QP (6*;0). Hence, p” = p(A\;67) is also the unique optimal
solution of QP(#*;0). This proves that AP = A\J(6*), u? = pf(0*) and p” = pf(0*).

Proof of part (f)
The proof relies on Proposition 4.4.1. Let g(.) = A(.;6%),5(.) = A(;0,), f(.) = q(;0%), f(.) =
q(;6,),U =AYV =C/T, X =P,Y = XP;0). 1 first verify conditions (i)-(iv) of Proposi-

tion 4.4.1. Since A(.;07) is linear and B* = VA*(pP) is invertible, it has an inverse function

p(.; 6F) that is linear and, hence, twice continuously differentiable. Moreover, the set A(P; 67)
is convex because P is convex and convexity is preserved under affine transformation. So, (i)

holds. By (4.3) and the fact that 73(.) is strongly concave, q(p(.;0}); 6?%) is strongly concave,
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so (ii) holds. As shown earlier, p” is the optimal solution of QP(#*;0) and it is in the interior
of P, so (iii) and (iv) hold. Therefore, by Proposition 4.4.1, there exists some constant > 0
such that if || AX(;; 8) — AX(;;6,) + 8]|se < &, then QP(6;0) is feasible and there exists some
constant K independent of § such that the unique optimal solution of QP(6;4) (i.e., p¥(0))

satisfies the following:

g (0%) — p5 (0)]2
< K (I(Va(:05) = Va(500)) lloo + [IAC507) = A(50) oo +110]]00)

K (sup{[|(F" +p'G" = F = p'G)||c} + sug{HA(p; 07) = AP 0)loc} + H5Hoo>
pe

sup{||(F" +p'G" — F—p’G)'HQ}Jrsug{HA(p; 0,) — Ap; 6,)|]2} + |!5||oo)
pe

IA
=
/\@/\/_\
M
)

< K(|F - Fl!2+sup{!|pH HIG - GHz+WH92‘—9LH2+!|5Hz)
< K(|IF - Fl!2+(21 1PD)YIG = Gllr + wl|6; = 0,12 + [|9]]2)
< K (14 (2L DY) 1165 = 0ol |2 + Kwl167 — 6,112 + K]]0]]

< w1 (16" =8|z + [19]]2)

< w([10% = Oll2 +[10]]2),

where k) = K(2 4 (31, 59)/? + w). Let 64 = min{6/2,/(2wl|A||2), ¢/(6k)}. Then, for
0, € Ball(9¥,6) and 6 € Ball(0,4), I have
A 00) =AM 00) + lloe < suD [[AM: 67) = AA(P; 00)|oo + [10]]ec
pe

< sup [[AA(p; 07) = AXp; 02 + [[0]]2 < wl[A[l2]10] = 6.]]2 + [[0]]2

peP

o S
< wlAll20+0 < wl[Allods+ 01 < Wl Allag——r + 5

20[[All2

Moreover, p?(0) € Ball(p§ (6*), ¢/2) because

1po (0%) = p5 O)ll2 < w([10" = Olla +[1d]l2) < w07 = Oull2 + (165 — 0ol |2 + [[6]]2)
< 3kd < 3kdy < 2k0/(6K) = ¢/3 < ¢/2.

Since Ball(py(6*),¢) € P (by R4 and pf(0*) = pP), Ball(pf(0),$/2) C P. Let ry =
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2k1||B*||2 + w. I have:

1A (O7) = AT Ol = [[A(po'(07):67) — A5’ (0): 60,)]]2
< Ao (07):67) = A5 (0); 67)12 + 1A (p5"(0):67) — A5’ (0); 60,)] ]2
< 1B|l2lpg (67) — 5’ (O)l]2 + wl|0" — 02
< (ml|B[l2 +w)[|6" = b]l2 + £1] | B"[[2]0]]2
ra([67 = Oll2 + [[0]]2)
< w([[6" = O]z +110]]2)-

I will now show that the constraints of QP (6; ) that correspond to rows {i : yf;(6%) > 0}

are binding. Since QP (6; ) is a feasible convex program, by KKT condition, Vq(p(A\2(0);6,);0,)

A'uP(0). By my assumption, A has full row rank. So, there exists some m by n ma-
trix A such that u?(@) = AVyq(p(A\P(0);0,);0,). Since the right hand side is jointly
continuous in (0;6) at (6*;0), p¥(f) must also be continuous in (6;5) at (6*;0). Let
po= min<i<, {pg:(0%) = ps(6*) > 0}. By continuity, there exists d5 > 0 such that
15 (0) — 1 (07)||2 < p for all @ = (6,;6,) and § satisfying |6, — 6;]|2 < 05, ||6o — O3]|2 < 05
and ||6]]2 < &5. Since, by definition, § < ds, for all § = (6,;6,) and § satisfying ||0, — 07| < 9,
110, — 03]|2 < 0 and |[6]|> < 0, L have uf;(0) > 0 whenever 1;(6*) > 0; so, the corresponding
constraints in QP (6; §) are binding due to the KKT condition that (AXP () — <) P (6) = 0.
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