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We study a family of stylized assortment planning problems, where arriving customers make purchase
decisions among offered products based on maximizing their utility. Given limited display capacity and no a
priori information on consumers’ utility, the retailer must select which subset of products to offer. By offering
different assortments and observing the resulting purchase behavior, the retailer learns about consumer
preferences, but this experimentation should be balanced with the goal of maximizing revenues. We develop
a family of dynamic policies that judiciously balance the aforementioned tradeoff between exploration and
exploitation, and prove that their performance cannot be improved upon in a precise mathematical sense.
One salient feature of these policies is that they “quickly” recognize, and hence limit experimentation on,

strictly suboptimal products.
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1. Introduction

Motivation and main objectives. Product assortment selection is among the most critical
decisions facing retailers. Inferring customer preferences and responding accordingly with updated
product offerings plays a central role in a growing number of industries, especially for companies
that are capable of revisiting product assortment decisions during the selling season, as demand
information becomes available. From an operations perspective, a retailer is often not capable of
simultaneously displaying every possible product to prospective customers due to limited shelf
space, stocking restrictions and other capacity related considerations. One of the central decisions
is therefore which products to include in the retailer’s product assortment. That is the essence

of the assortment planning problem; see Kok et al. (2008) for an overview. Our interest lies in
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dynamic instances of the problem, where assortment planning decisions can be revisited frequently,
and consumer preferences for products are not known a priori, and need to be learned over the
course of the selling horizon. These instances will be referred to as dynamic assortment planning
problems. Here are two motivating examples that arise in very different application domains.
Ezample 1: Fast fashion. In recent years “fast” fashion companies, such as Zara, Mango or World
co, have implemented highly flexible and responsive supply chains that allow them to make and
revisit most product design and assortment decisions during the selling season. Customers visiting
one of these retailers’ stores will only see a fraction of the potential products that the retailer has
to offer, and their purchase decisions will effectively depend on the specific assortment presented
at the store. The essence of fashion retail entails offering new products for which no demand
information is available, and hence the ability to revisit these decisions at a high frequency is key
to the “fast fashion” business model; each season there is a need to learn the current fashion trend
by exploring with different styles and colors, and to exploit such knowledge before the season is
over.
Example 2: Online advertising. This emerging area of business is the single most important source
of revenues for thousands of web sites. Giants such as Yahoo and Google, depend almost completely
on online advertisement to subsist. One of the most prevalent business models here builds on the
cost-per-click statistic: advertisers pay the web site (a “publisher”) only when a user clicks on their
advertisements (henceforth, ads). Upon each visit, users are presented with a finite set of ads, on
which they may or may not click depending on what is being presented. Roughly speaking, the
publisher’s objective is to learn ad click-through-rates (and their dependence on the set of ads
being displayed) and present the set of ads that maximizes revenue within the life span of the
contract with the advertiser.

The above motivating applications share common features: (7) a priori information on consumer
purchase/click behavior is scarce or non-existent; (i7) products/ads can be substituted one for the

other, but may differ in the profit they generate, and demand for individual product/ad is affected
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by the assortment decision, which is subject to display constraints; (ii7) assortment decisions can
be done in a dynamic fashion.

The purpose of this paper is to study a stylized version of the dynamic assortment planning
problem that incorporates these salient features. Central to this study is the trade-off between
information collection (exploration), which leads to a clearer picture of demand, and revenue max-
imization (exploitation), that strives to make optimal assortment decisions at each point in time.
In this context, the longer a retailer spends learning consumer preferences, the less time remains
to exploit that knowledge and optimize profits. On the other hand, less time spent on studying
consumer behavior translates into more residual uncertainty, which could hamper the revenue
maximization objective.

To isolate the role assortment planning plays in balancing information collection and revenue
maximization, our stylized model ignores a variety of operational considerations, such as pricing
decisions, inventory replenishment, assortment sequencing and switching costs, availability of users’
profile information, etc; further discussion of these aspects can be found in Section 7. The main
salient feature that we build into our stylized model is limited display capacity, as such a constraint
is a defining feature of assortment planning problems (see Fisher and Vaidyanathan (2009) for a
discussion), and our work will elucidate the manner in which it impacts the complexity of the
dynamic assortment problem.

While our focus is on a revenue management objective via assortment decisions, we assume
that product prices are fixed throughout the selling season. Such an assumption is common in the
assortment planning literature and facilitates analysis. We note in passing that dynamic pricing has
been studied as a stand-alone mechanism in the context of choice-driven demand with limited prior
information (see, e.g., Rusmevichientong and Broder (2010)), but incorporating a pricing dimension
into our formulation would obscure insights regarding the role of assortment experimentation in
demand inference.

As stated above, our main focus is on learning consumer behavior via suitable assortment exper-

imentation, and doing this in a manner that guarantees revenue maximization over the selling
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horizon. For that purpose we consider a population of utility maximizing customers: each customer
assigns a (random) utility to each offered product, and purchases the product that maximizes
his/her utility. The retailer needs to devise an assortment policy to maximize revenues over the
relevant time horizon by properly adapting the assortment offered based on observed customer
purchase decisions and subject to capacity constraints that limit the size of the assortment.

Key insights and qualitative results. We consider assortment policies that can only use
observed purchase decisions to adjust assortment choices at each point in time (this will be defined
more formally later as a class of non-anticipating policies). Performance of such policies will be
measured in terms of the expected revenue loss relative to an oracle that knows the product util-
ity distributions in advance, i.e., the loss due to the absence of a priori knowledge of consumer
behavior. Our objective is to characterize the minimum loss attainable by any non-anticipating
assortment policy.

The main findings of this paper are summarized below.

(i) We establish fundamental bounds on the performance of any “good” policy (we formalize
this in Section 4). Specifically, we identify the magnitude of loss relative to the oracle performance
that any policy must incur, and characterize its dependence on: the length of the selling horizon;
the number of products; and the capacity constraint (see Theorem 1 for a precise statement).

(i) We propose a family of adaptive policies that achieve the fundamental bound mentioned
above. These policies “quickly” identify the optimal assortment of products (the one that maximizes
the expected single sale profit) with high probability while successfully limiting the extent of
exploration. Our performance analysis, in Section 5.2, makes these terms rigorous; see Theorem 3.

(iii) We prove that not all products available to the retailer need to be extensively tested: under
mild assumptions, some of them can be easily and quickly identified as suboptimal. In particular,
a specific subset of said products can be detected in finite time (i.e., independent of the length
of the selling horizon) with high probability; see Theorems 1 and 3. We show that our proposed
policy successfully limits the extent at which such products are offered (see Corollary 1 for a precise

statement).
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(iv) We highlight salient features of the dynamic assortment problem that distinguish it from
similar problems of sequential decision making under model uncertainty, and we show how exploit-
ing these features helps to reduce the complexity of the assortment problem.

The above results establish that an oracle with advance knowledge of customer behavior gains
only a relatively modest additional revenues relative to policies that do not have such prior knowl-
edge. To ensure this modest gap the policies in question must adhere to a critical rate of assortment
experimentation. An interesting feature of these policies is that they can limit exploration on a
certain subset of products (in particular, these products need only be offered to a bounded number
of customers independent of the time horizon). This result differs markedly from most of the liter-
ature on sequential decision making problems under uncertainty; see further discussion in Section
2.

The remainder of the paper. The next section reviews related work. Section 3 formulates the
dynamic assortment problem. Section 4 provides a fundamental limit on the performance of any
assortment policy, and analyzes its implications for policy design. Section 5 proposes a dynamic
assortment algorithm that achieves this performance bound, and Subsection 5.3 customizes our
proposed algorithm for the most widely used customer choice model, namely the Logit. Finally,
Section 7 presents our concluding remarks. Proofs are relegated to Appendix A and to an online
companion. Appendix B contains further details pertaining to some estimation methods used in

the paper.

2. Literature Review

Static assortment planning. The literature here focuses on finding an optimal assortment that
is held unchanged throughout the entire selling season. Customer behavior is assumed to be known
a priori, but inventory decisions are considered; see Kok et al. (2008) for a review of the state-of-
the-art in static assortment optimization. van Ryzin and Mahajan (1999) formulate the assortment
planning problem using a Multinomial Logit model (hereafter, MNL) of consumer choice. Assuming

that customers do not look for a substitute if their choice is stocked out, they prove that the
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optimal assortment is always in the “popular assortment set” and establish structural properties
of the optimal assortment and ordering quantities. In the same setting, Gaur and Honhon (2006)
use the locational choice model and characterize properties of the optimal assortment. In a recent
paper Goyal et al. (2009) prove that the static assortment problem is NP-hard when customers look
for a substitute if their choice is stocked out, and propose a near-optimal heuristic for a particular
choice model; see Mahajan and van Ryzin (2001), Honhon et al. (2009) and Hopp and Xu (2008)
for formulations considering stock-out based substitution.

Our formulation assumes perfect inventory replenishment (thus eliminating stock-out based
substitution) while considering limited display capacity. Fisher and Vaidyanathan (2009) studies
assortment planning under display constraints and highlights how these arise in practice. While the
single-sale profit maximization problem remains NP-hard under the perfect replenishment assump-
tion, Rusmevichientong et al. (2010) presents a polynomial-time algorithm for the single-sale profit
maximization problem when consumer preferences are represented using particular choice models;
hence at least in certain instances the single-sale problem can be solved efficiently.

Dynamic assortment planning. This problem setting allows revisiting assortment decisions at
each point in time as more information is collected about initially unknown demand/consumer
preferences. Caro and Gallien (2007), to the best of our knowledge, were the first to study this type
of problem, motivated by an application in fast fashion. In their formulation, customer demand for a
product is independent of demand and availability of other products, the rate of demand is constant
throughout the selling season and perfect inventory replenishment is assumed. Taking a Bayesian
approach to demand learning, the problem is studied using a dynamic programming formulation:
Caro and Gallien (2007) derive bounds on the value function, and propose an index-based policy
that is shown to be near optimal when there is some prior information on demand. Closer to our
formulation is the work by Rusmevichientong et al. (2010). There, utility maximizing customers
make purchase decisions according to the MNL choice model (a special case of the more general

setting treated here), and an adaptive algorithm for joint parameter estimation and assortment
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optimization is developed, see further discussion below. A different formulation is advanced by
Honhon et al. (2011) who study a dynamic assortment problem using the locational choice model.
Related work in dynamic optimization with limited demand information. Uncertainty
at demand-model level has been considered previously in revenue management settings, in the
context of dynamic pricing. Araman and Caldentey (2009) and Farias and Van Roy (2010), for
example, present dynamic programming formulations with Bayesian updating of initially unknown
parameters; see also Lim and Shanthikumar (2007). Closer to the current paper is the work by
Besbes and Zeevi (2009) that considers the dynamic pricing formulation in Gallego and Van Ryzin
(1994) when the demand function is initially unknown and no prior information is available. In
a slightly simpler setting, Rusmevichientong and Broder (2010) analyze the case where demand
is given by a parametric choice model. Roughly speaking, the latter two papers are instances of
online stochastic convex optimization problem (either with or without path-wise constraints). As
such, the methodology used to study them differs from the discrete and combinatorial nature of
the assortment decision problem.

Connection to the multi-armed bandit literature. The multi-armed bandit problem is one
of the earliest instances of the aforementioned exploration vs. exploitation trade-off. Introduced
in Thompson (1933) and Robbins (1952), in its basic formulation a decision maker seeks to max-
imize cumulative reward by pulling arms (of a slot machine) sequentially over time (one at each
time) when limited prior information on reward distributions is available. The dynamic assortment
planning setup can be viewed as a multi-armed bandit problem via the following analogy: each
arm corresponds to a feasible assortment, hence pulling an arm is the same as offering the assort-
ment to a consumer. Reward distributions are determined by the purchase probabilities, which
are initially unknown, and product profit margins. Application of standard multi-armed bandit
algorithms would result in a regret (we define this concept in the next section) of order—((g) log T),
where N is the total number of products available, C' is the assortment capacity, and T is the
length of the planning horizon. However, such an approach fails to incorporate two features that

separates dynamic assortment planning from the multi-armed setting: (i) assortment rewards are
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not independent (a key assumption in the classical multi-armed setting); and (i7) assortments are
not a-priori identical since product profit margins are not necessarily equal (see the discussion
below).

To address (i) it is possible to take advantage of the underlying reward structure. This is essen-
tially the approach in Rusmevichientong et al. (2010) where the authors exploit the connection
between the solution to the single-sale profit maximization problem, and the underlying model
parameters to limit the number of arms (assortments) worthy of consideration. In particular, they
identify order-IN arms among which the optimal one is found with high probability, and these arms
are fed to a standard multi-armed bandit algorithm. The proposed algorithm works in cycles, and
explores order-N? assortments on each of them. As a consequence, the overall procedure results
in a regret of order-(N logT)?. Alternatively, one can envision the dynamic assortment planning
problem as a multi-armed bandit problem with multiple simultaneous plays; each product con-
stitutes an arm by itself, and the decision maker can select multiple arms at each time. Indeed,
this is the approach in Caro and Gallien (2007) who use a dynamic programming formulation and
Bayesian learning approach to solve the exploration versus exploitation trade-off optimally (see
also Farias and Madan (2011) for a similar bandit-formulation with multiple simultaneous plays
under a more restricted class of policies). In this paper we show how one can restrict exploration
to at most order-N assortments, hence significantly reducing the combinatorial complexity ((g))
which would characterize the problem if standard bandit approaches were used.

Regarding (i7), note that in the bandit setting arms are ex-ante identical, hence there is always
the possibility that a poorly explored arm is in fact optimal (in their seminal work, Lai and Robbins
(1985) showed that any “good” policy should explore each arm at least order-logT' times). In the
assortment planning setting, arms (either assortment or products, depending on the arm analogy
being used) are not ex-ante identical, and revenue is capped by the products’ profit margins. In
Section 4, we show how this observation can be exploited to limit exploration on certain strictly
suboptimal products (a precise definition will be advanced in what follows). Moreover, the possi-

bility to test several products simultaneously has the potential to further reduce the complexity of
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the assortment planning problem. Our work builds on some of the ideas present in the multi-armed
bandit literature, most notably the lower bound technique developed by Lai and Robbins (1985),
but also exploits salient features of the assortment problem in constructing optimal algorithms and
highlighting key differences from traditional bandit results; this will become evident as we flesh

out our main results and return to discuss these connections in Section 7.

3. Problem Formulation

Model primitives and basic assumptions. We consider a price-taking retailer that has N
different products to sell. For each product i € N :={1,..., N}, let r; and ¢; denote the price and
the marginal cost of product 7, respectively. As mentioned in Section 1, we assume both prices and
marginal costs are fixed and constant throughout the selling horizon. For i e N, let w; :=7r; —¢; > 0
denote the marginal profit resulting from selling one unit of the product, and let w := (wy,...,wxy)
denote the vector of profit margins. Due to display space constraints, the retailer can offer at most
C products simultaneously. We assume, without loss of generality, that C' < N.

Let T to denote the total number of customers that arrive during the selling season, after which
sales are discontinued. (The value of T' is in general not known to the retailer a priori.) We use ¢
to index customers according to their arrival times, so ¢ =1 corresponds to the first arrival, and
t =T to the last. We assume a perfect inventory replenishment policy, and that the retailer has the
flexibility to offer a different assortment to every customer without incurring any switching cost.
(While these assumptions do not typically hold in practice, they provide tractability and allow us
to extract structural insights.)

We adopt a random utility approach to model customer preferences over products: customer t

assigns a utility U/ to product 4, for i € N U{0}, with

where ; € R denotes the mean utility assigned to product i, ¢},...,¢(] are independent and iden-
tically distributed random variables drawn from a distribution F, and product O represents a

no-purchase alternative. (See Section 7 for a discussion of an alternative utility specification.)



Saure and Zeevi: Optimal Dynamic Assortment Planning with Demand Learning
10 00(0), pp. 000-000, © 0000 INFORMS

Let p:= (f1,...,pun) denote the vector of mean utilities. We assume all customers assign g

to a no-purchase alternative; when offered an assortment, customers select the product with the
highest utility if that utility is greater than the one provided by the no-purchase alternative. For
convenience, and without loss of generality, we set pg:=0.
The single-sale profit maximization problem. Let S denote the set of possible assortments,
ie,S:={SCN :|S|<C}, where |S| denotes the cardinality of the set S C N. For a given assort-
ment S € S and a given vector of mean utilities u, the probability p;(S, 1) that a customer chooses
product ¢ € S is given by

p(So) = / Fla— ) dF(z— ),
T jeSuU{oI\{i}

and p;(S,u) =0 for i ¢ S. The expected single-sale profit (S, 1) associated with an assortment S
and mean utility vector p is given by
T(Sau) = szpz(swu)
ies

We let S*(11) denote the assortment that maximizes the single-sale profit. That is

S*(p) € argmaxr(S, p). (1)
Ses

In what follows we will assume that the solution to the single-sale problem is unique (this assump-
tion greatly simplifies our exposition, in particular our performance bounds. Such bounds can be
generalized to the case of multiple solutions, and we briefly indicate how one might do so in the
proof of Theorem 1 in Appendix A). We assume that the retailer can compute S*(u) for any vector
u; solving problem (1) efficiently is beyond the scope this paper.

REMARK 1 (On solving a special case). The MNL is by far the most commonly used choice
model in the literature. Rusmevichientong et al. (2010) present an order-N? algorithm to solve
the single-sale problem when such a choice model is assumed, i.e., when F' is assumed to be a
standard Gumbel distribution (with location parameter 0 and scale parameter 1) for all i € A'. The

algorithm, based on a more general solution concept developed by Megiddo (1979), can in fact be
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used to solve the single-sale problem efficiently for any attraction-based choice model (these are

choice models for which p;(S) =v;/(>" . s v;) for a vector v € RY, and any S C . See, for example,

JES
Anderson et al. (1992)).

The dynamic optimization problem. We assume that the retailer knows F', the distribution
that generates the idiosyncracies of customer utilities, but does not know the mean vector u. The
retailer is able to observe purchase/no-purchase decisions made by each customer. S/he needs to
decide what assortment to offer to each customer, taking into account all information gathered

up to that point in time, in order to maximize expected cumulative profits. More formally, let

(S; €8 :1<t<T) denote an assortment process, with S; € S for all t <T'. Let
z!:=1{ieS,, U/ >U!, je S \{i}u{0}}

denote the purchase decision of customer ¢ regarding product i € .S;, where here, and in what
follows, 1 { A} denotes the indicator function of a set A, i.e., Z! = 1 indicates that customer ¢ decided
to purchase product ¢, and Z! =0 otherwise. Also, let Z} :=1{U, > Uy, j € S;} denote the overall
purchase decision of customer ¢, where Z} =1 if customer ¢ opted not to purchase any product, and
Zt =0 otherwise. We denote by Z':= (Z{,Z1, ..., Z%) the vector of purchase decisions of customer
t. Let Fy =0((Su,Z2"%),1 <u<t)t=1,...,T, denote the filtration (history) associated with the
assortment process and purchase decisions up to (including) time ¢, with Fy = (). An admissible
assortment policy 7 is a mapping from past history to assortment decisions such that the associated
assortment process (S; € S : 1 <t <T) is non-anticipating (i.e., S; is F;_;-measurable, for all t).
We will restrict attention to the set of such policies and denote it by P. We will use E, and P,
to denote expectations and probabilities of random variables when the assortment policy m € P is
used.

The retailer’s objective is to choose a policy m € P to maximize the expected cumulative revenues

over the selling season

J(T,p) :=E, <Z > w Zf) .

t=1 ieEN
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If the mean utility vector p is known at the start of the selling season, the retailer would offer
the assortment that maximizes the single-sale profit, S*(u), to every customer. The corresponding

expected cumulative revenues, denoted by J*(T', i), would be

JN(T, ) :=Tr(S" (1), p).

This quantity provides an upper bound on expected revenues generated by any admissible policy,

e, J*(T,pu) > J™(T, ) for all m € P. Define the regret associated with a policy 7 to be

J™(T, )

anuy:T—;@qmﬁﬁ

The regret of a policy 7 is a normalized measure of revenue loss due to the lack of a priori knowledge
of consumer behavior, and it can be roughly thought of as the number of customers to whom
non-optimal assortments are offered over {1,...,7}.

Maximizing expected cumulative revenues is equivalent to minimizing the regret over the selling
season, and to this end, the retailer must balance suboptimal demand exploration (which adds
directly to the regret) with exploitation of the gathered information. On the one hand, the retailer
has incentives to explore demand extensively in order to guess the optimal assortment, S*(u),
with high probability. On the other hand, the longer the retailer explores, the less consumers will
be offered a supposedly optimal assortment; therefore the retailer has incentives to reduce the

exploration efforts in favor of exploitation.

4. Fundamental Limits on Achievable Performance

4.1. A lower bound on the performance of any admissible policy
We begin this section narrowing down the set of policies worthy of consideration. We say that an

admissible policy is consistent if for all u € RY

R™(T, )

2
Ta —>O’ ( )
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as T — oo, for every a > 0. In other words, the long run single-sale profit of consistent policies
converges to the profit generated by offering the optimal assortment, for all possible mean utility
vectors. (The condition in (2) restricts the rate of such convergence in T'.) Let P’ C P denote the
set of non-anticipating consistent assortment policies.

Suppose the retailer knows upfront the value of the components of u associated with products
in S*(u), while the other components remain unknown: we say a product is potentially optimal if
it cannot be discarded solely on the basis of such prior information; this means that a product ¢
is potentially optimal if there exists an alternative mean utility vector v € R for which product
i is optimal (i.e., i € S*()), and that coincides with the original one, p, on the components of
products in S*(u) (note that this definition does not consider changes in w, the vector of profit

margins). Define N (p1) as the set of potentially optimal products. That is
N(w):={jeN:jeS*(y) for some y € RY such that p; =~; Vi€ S*(u)}.

Similarly, we say a product is strictly suboptimal if it is not potentially optimal, i.e., if it can be
discarded as suboptimal based on partial knowledge of the mean utility vector; in other words,
these products would not be included in the optimal assortment under any alternative mean utility
vector among those that do not change mean utilities of products in S*(u). We define N := N\ N/
as the set of strictly suboptimal products (in a slight abuse of notation we drop dependencies on
1 when possible).

It is worth noting that this classification (potential optimality vs. strict sub-optimality) depends
on: (i) the vector of profit margins, which is observable at all times; and (i) mean utilities of
optimal products, which are initially unknown. Hence the retailer cannot separate these two classes
upfront with certainty.

In constructing bounds on achievable performance we will consider a subclass of potentially
optimal products, namely those that become optimal under some wunilateral change on their mean

utilities. Define

/\7::{2’6/\/ 21 €S (V) yi= (11, ey him1,V, fhit1s .-, py) for some v € R} .
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Potentially optimal products are, by definition, those that become optimal when alternative mean
utility vectors, differing possibly on several coordinates, are considered: for a product in N such

an alternative mean utility configuration differs from p only on its j-th component. (It follows that

NC).

We assume F' is absolutely continuous with respect to Lebesgue measure on R, and that its
density function is positive everywhere. This assumption is quite standard and satisfied by many
commonly used distributions. The result below establishes a fundamental limit on what can be

achieved by any consistent assortment policy. Recall that |S| denotes the cardinality of a set S CN.

THEOREM 1. For any m € P’, and any u € RY, there exist finite constants K and K', such that
R (T ) 2 K ([N 8" ()| /C) log T+ K,

for all T.

Recall that A is a subset of potentially optimal products, and N \ S*() is the result of removing
S*(u) from that set. Expressions for the constants K and K’ are given in Appendix A. Note
that if one were to treat each possible assortment as a different arm and appeal to standard
bandit-type algorithms, the regret would scale linearly with a combinatorial term of order- (g),
instead of the much smaller constant (‘/\7 \ S* (u)’ /C') appearing above. Theorem 1 also suggests
that when all non-optimal products are strictly suboptimal (and hence N=S *(u)), a finite regret
may be attainable. It is worth noting that A/ =N for Luce-type choice models, the MNL being a
special case (this also holds for other choice models under certain conditions). When this is not
the case, one can adapt our results to provide a tighter bound where the regret scales linearly with
(IN7\ 8%(u)| /C) for a set N C N such that N'C N’ CN.

REMARK 2 (Implications for design of “good” policies). The proof of Theorem 1, which
is outlined below, suggests certain desirable properties for assortment policies: (i.) potentially

optimal products are to be tested on order-logT customers; and (ii) product experimentation

should be conducted in batches of size C, and only on potentially optimal products. In addition,
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Theorem 1 does not impose a-priori constraints on the number of customers to whom strictly
suboptimal products are offered to. This suggests that strictly-suboptimal products may only be
tested on a finite number of customers (in expectation), independent of T'. This will be proved in
what follows (see Corollary 1).

4.2. Proof outline and intuition behind Theorem 1

The proof of Theorem 1 exploits the connection between the regret and testing of suboptimal
assortments. In particular, it bounds the regret by computing lower bounds on the expected number
of tests involving some potentially optimal products that are not optimal (those in N \ S*(u)): each
time such a product is offered, the corresponding assortment must be sub-optimal, contributing
directly to the policy’s regret.

To bound the number of tests involving non-optimal products, we use a change-of-measure
argument introduced by Lai and Robbins (1985) for proving an analogous result for a multi-
armed bandit problem. To adapt this idea, we need to address the fact that realizations of the
underlying random variables (i.e., product utilities) are non-observable in the assortment setting,
which differs from the bandit setting where reward realizations are observed directly. Our argument
can be roughly described as follows. By construction, any non-optimal product i € N is in the
optimal assortment for at least one alternative (suitable chosen) mean utility vector. When such
an alternative vector is considered, any consistent policy m must offer product ¢ to all but a sub-
polynomial (in 7') number of customers. If this alternative vector does not differ in a “significant
manner” from the original, a notion that is made precise in Appendix A, then one would expect
this product to be offered to a large number of customers under the original mean utility vector
. In particular, for a product 7 in N , the alternative vector differs from p only on the parameter

associated with product i: one can use this observation to show that for any policy 7
P {T,(T) <logT/K;} — 0, (3)

as T —o00, 1€ N , where T;(t) is the number of customers product i has been offered to up until

customer ¢t — 1, and K; is a finite positive constant. Note that this asymptotic minimum-testing
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requirement is inversely proportional to K, which turns out to be a measure of how close the
vector p is to a configuration that makes product ¢ be part of the optimal assortment. One can use
the above to bound the expected number of times non-optimal products in such a class are tested:

using Markov’s inequality we have that, for any i € N\ §* (),

T—o0 logT K;

The result in Theorem 1 follows directly from the above and the connection between the regret

and testing of suboptimal assortments, mentioned at the beginning of this section.

5. Dynamic Assortment Planning Policies

This section introduces an assortment policy whose structure is guided by the key insights gleaned
from Theorem 1. Our policy is based on the idea that performance of a product in a given assort-
ment, measured in terms of frequency of purchase, should provide information on the performance
of the same product in other assortments. More formally, one might recover mean utilities of prod-
ucts on a given assortment by observing the frequency at which products are purchased when such

an assortment is offered. With this in mind, we introduce the following assumption.

AssuMPTION 1 (Identifiability). For any vector p € RY such that Y, \ pi <1, there exists
a unique vector n(p) such that p;(N,n(p)) = pi, for all i € N'. In addition, p(N,-) is Lipschitz

continuous, and n(-); is locally Lipschitz continuous in the neighborhood of p, when p; > 0.

Note that, since F is absolutely continuous, any i € NV with p; = 0 might be regarded as infinitely
unattractive to consumers (i.e. n(p); = —00), and thus can be ignored. Under this assumption,
one can recover mean utilities for products in a given assortment from the associated purchase
probability vector. We exploit this when estimating the mean utility vector u: we first estimate
purchase probabilities by observing consumer purchase decisions; then, we use those probabilities
to reconstruct a mean utility vector that is consistent with such observed behavior. Note that the

Logit model, for which F' is a standard Gumbel, satisfies this assumption.
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5.1. Intuition and a simple “separation-based” policy

To build some intuition we first consider a policy that separates exploration from exploitation.
Assuming prior knowledge of T', such a policy first engages in an exploration phase, where [ N/C']
assortments, encompassing all products, are offered sequentially to order-logT customers ([n]
denotes the smallest integer larger than a real number n); the intuition for this scale comes from
Theorem 1. Then, an estimator for p is computed based on observed purchase decisions. Later, in
the exploitation phase, this estimator is used to compute a proxy for the optimal assortment, which
is then offered to the remaining customers. Define the set of test-assortments A := {Al, o Arvye }

used in the exploration phase, where
A;={({—-1)C+1,...,min{jC,N}}.

Suppose t — 1 customers have arrived: for each A; € A, we use p; ((A;) to estimate p;(A;, u), where

_ Zi_:l1 Z’ZJ 1 {Su - Aj}
21;11 1 {Su - Aj} 7

for i € A; U{0}, and p; (A;) =0 otherwise. Let p;(A;) := (p1+(A;),...,Pn+(A;)) denote the vector

Pii(4;) : (4)

of estimated purchase probabilities associated with test-assortment A;.

For i € N, we use [i;; to estimate p;, with

furi = (P (A7),

where A; corresponds to the unique test-assortment including product ¢, and (a); denotes the
i-th component of the vector a. The procedure above allows one to separate estimation across
subsets of products, as opposed to estimating all parameters simultaneously (which is computa-
tionally expensive for large problem instances). However, the procedure does not allow refining
parameter estimates using information collected from offerings beyond the exploration phase. Let
fig :=(fle s - - -, [ n) denote the vector of mean utility estimates. One can show that when Assump-
tion 1 holds, our method is an instance of maximum-likelihood estimation (MLE): see (Daganzo
1979, p.118). See further discussion of key features and possible limitations of our approach in

Section 7.
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The idea behind the separation-based policy is the following: when an assortment A; € A has
been offered to a large number of customers one would expect p,(A;) to be close to p(A;,u). If
this is the case for all assortments in A, by Assumption 1, one would also expect fi; to be close to
. The separation-based policy, summarized for convenience in Algorithm 1, is defined through a

positive constant x; that regulates the length of the exploration phase.

Algorithm 1: m; =n(k,T,w)

STEP 1. Exploration:

Offer each test assortment in A to [k;logT'] customers [Exploration]
STEP 2. Exploitation:

Compute estimate fi; :={fis1,..., N}

Offer S*(ji;) to all remaining customers. [Exploitation]

Performance analysis. This policy is constructed to guarantee that the expected revenue loss
during the exploitation phase balances that stemming from exploration efforts, which is of order-

logT. This, in turn, translates into an order-([/N/C'|logT') regret. The next result formalizes this.

THEOREM 2. Let m :=7(ky,T,w) be defined by Algorithm 1 and let Assumption 1 hold. There

exist finite constants K1 and %y, such that the regret associated with 7, is bounded as follows
R™(T, 1) < k1 ([N/C)log T + K,

for all T, provided that k1 > R;.

Constants K; and %; are instance-specific, but do not depend on the length of the selling horizon.
Proof of Theorem 2 elucidates that K, bounds the expected cumulative revenue loss incurred
during the exploitation phase, while ®; represents the minimum value of x; that makes such a
bound finite and independent of T'. The bound presented in Theorem 2 is essentially the one in
Theorem 1, with N replacing )./\7 \ S* (,u)‘ This indicates that: () imposing the right order (in T')
of exploration is enough to obtain the right dependence (in T") of the regret; and (i) achieving the

lower bound requires limiting the exploration on strictly suboptimal products.
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REMARK 3 (Selection of the tuning parameter x;). We have established that the lower
bound in Theorem 1 can be achieved, in terms of its dependence on T, for proper choice of k.
However, Theorem 2 requires «; to be greater than %,, whose value is not known a priori. In par-
ticular, setting x; below the specified threshold might compromise the performance guarantee in
Theorem 2. To avoid the risk of miss-specifying x;, one can increase the length of the exploration

phase to, say, |A| k1 (logt)**?, for any « > 0. With this, the upper bound above would read
R™(T,u) < k1 [N/Cl(logT)" ™ + K4,

for any k1, and the policy becomes optimal up to a (log7)“-term.
Next, we illustrate the performance of Algorithm 1 in two examples which consider the most

prevalent choice models in the literature, i.e, the Logit and Probit models.

Example 1: performance of the separation-based policy m; for an MINL choice model.
Consider N =10 and C' =4, with
w = (0.98,0.88,0.82,0.77,0.71,0.60,0.57,0.16,0.04,0.02),

1 = (0.36,0.84,0.62,0.64,0.80,0.31,0.84,0.78,0.38,0.34),

and assume {(!} have a standard Gumbel distribution, for all i € " and all ¢ > 1, i.e., we con-
sider the MNL choice model. One can verify that S*(u) ={1,2,3,4} and r(S*(u), u) = 0.76. Test-
assortments are given by A; ={1,2,3,4}, A, ={5,6,7,8} and A3 ={9,10}.

Example 2: performance of the separation-based policy m; for a multinomial Probit

choice model. Consider N =6 and C =2, with

w = (2.00,1.80,1.50, 1.40,1.20, 1.00),
11 = (0.20,0.30,0.35,0.45,0.50, 0.55),
and assume {¢!} have a standard normal distribution, for all i € A" and all ¢ > 1, i.e., we consider

the multinomial Probit choice model. One can verify that S*(u) = {1,2} and »(S*(u), ) = 1.39.

Test-assortments are given by A; ={1,2}, A, ={3,4} and A3 ={5,6}.
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Panels (a) and (b) in Figure 1 depict the average performance of policy m; for instances in Exam-
ples 1 and 2, respectively. In Example 1, parameter estimates are computed via n(p;(A4;)) using
the closed form expression for n(-) given in (6). In Example 2, 7(-) cannot be expressed in closed
form, and we use maximum simulated likelihood estimation (recall that when Assumption 1 holds
our method is an instance of MLE). Note that existence of an inverse mapping for the trinomial
Probit model is well known: see Daganzo (1979). Additional details on parameter estimation can
be found in Appendix B.

In Examples 1 an 2 we solve the single-sale profit maximization problem via enumeration. Simu-
lation results were conducted over 500 replications, using x; = 20, and considering selling horizons
ranging from T = 500 to T'= 10000. Dotted lines represent 95% confidence intervals for the sim-
ulation results. Note that the regret in both panels seems to be of order-logT, as predicted by
Theorem 2. Also, note that policy m; makes suboptimal decisions on a diminishing fraction of
customers, e.g., in panel (a) it ranges from around 10% when the horizon is 2000 sales attempts,
and diminishes to around 2.5% for a horizon of 10,000. (Recall that the regret is directly linked to
the number of suboptimal sales.)

In the case of Example 1, one can show that N = {1,2,3,4} (see Section 5.3). We observe that,
by construction, in this setting assortments A, and As are offered to order-logT" customers, despite
being composed exclusively of strictly suboptimal products. That is, the separation algorithm
does not attempt to limit testing efforts over suboptimal products. Moreover, it assumes a priori
knowledge of the total number of customers, T'. The next section proposes a policy that addresses
these two issues.

5.2. A refined dynamic assortment policy

Ideally, a policy should offer suboptimal assortments to at most order-logT consumers, and those
assortments should not include strictly suboptimal products. Thus, such a policy should be able
to “identify” strictly suboptimal products when there is no information about the mean utility
provided by any of these products. We observe that, in general, there exists a threshold value,

w(p) <r(S*(p),p), such that
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Figure 1  Performance of the separation-based policy 71. The graphs (a) and (b) illustrate the dependence of
the regret on T for instances in Examples 1 and 2, respectively. Dotted lines represent 95% confidence

intervals for the simulation results.

N={ie N w <w(u)},

i.e., any product with margin less than this threshold value is strictly suboptimal and vice versa.
This observation follows from noting that products are ex ante differentiated only through their
profit margins, hence it is not possible for a potentially optimal product to have a lower profit mar-
gin than a strictly suboptimal one. One can use this observation in the design of test-assortments:

consider the set of test-assortments A := {Al, Ay }, where

Aj={iG-1ct1)s- - imingi N | 5

and () corresponds to the product with the k-th highest profit margin. Suppose one has a proxy
for w(p). One can then use this value to identify assortments containing at least one potentially
optimal product and to force the right order of exploration on such assortments. If successful, such
a scheme will limit exploration on assortments containing only strictly suboptimal products. Note
that in practice, w(p) must be computed numerically for most choice models. This procedure is
greatly simplified when N = N , so that assessing potential-optimality is equivalent to solving a

one-dimensional single-sale profit maximization problem.
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Next, we propose a policy that limits exploration on strictly suboptimal products, and show that
it performs well for any value of T'. The policy executes the following logic upon arrival of customer
t: using fi;, the current estimate of y, it solves for S, = S*(fi;), and computes the threshold value
w; = w(f1;). If all assortments in A containing products with margins greater than or equal to w;
have been tested on a minimum number of customers, then assortment .S; is offered to customer ¢.
Otherwise, we select, arbitrarily, an under-tested assortment in A containing at least one product
with margin greater than or equal to w;, and offer it to the current customer. (The term under-
tested means tested on less than order-logt¢ customers prior to the arrival of customer t.) Note that

this logic will enforce the correct order of exploration for any value of T

Algorithm 2 : m =m(ke,w)

STEP 1. Initialization:

Offer each test-assortment in A to a customer [Initial test]
STEP 2. Joint exploration and assortment optimization:
for customer ¢t do

Compute estimate fi; :={fiz1,...,n}, and w, =w(fy).

Set Ay ={A; € A:max{w; i€ A;} >w}. [Test-assortments]

if some A; € A, has been offered to less than x,logt customers then

Offer such A; to customer ¢. [Exploration]
else

Offer S*(f;) to customer t. [Exploitation]
end if

end for

This policy, denoted 75 and summarized for convenience in Algorithm 2, monitors the quality of
the estimates for potentially optimal products by imposing a minimum exploration frequency on

assortments containing such products. The specific structure of A ensures that test assortments do
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not “mix” high-margin products with low-margin products, thus successfully limiting exploration
on strictly-suboptimal products. The policy uses a tuning parameter k, to balance exploration
(which contributes directly to the regret), and the expected revenue loss in the exploitation phase.
Performance analysis. The next result characterizes the performance of the proposed assortment

policy. Recall that [n| denotes the smallest integer larger than a real number n.

THEOREM 3. Let m = 7(ke,w) be defined by Algorithm 2 and let Assumption 1 hold. There exist

finite constants Ky and R, such that the regret associated with m is bounded as follows
R™(T, 1) < ks ([|[N]/CT) log T + K>,

for all T, provided that Ky > Ro.

The performance guarantee in Theorem 3 manifests the correct dependence on both T" and N,
as per Theorem 1 (up to the size of the optimal assortment, and the difference between N and N ).
The result essentially shows that focusing exploration efforts on a set of products “rich enough”
to provide an optimality guarantee for the incumbent optimal solution, suffices for identifying the
optimal assortment with high probability. Note that the argument in Remark 3 remains valid in
regard to the selection of k,. Theorem 3 also states (implicitly) that assortments containing only
strictly-suboptimal products will be tested on a finite number of customers (in expectation). The
following corollary formalizes this statement. Recall that T;(t) denotes the number of customers

product ¢ has been offered to, up to the arrival of customer ¢.

COROLLARY 1. Let Assumption 1 hold. Then, for any assortment A; € A such that A; CN,
and for any selling horizon T

EW[E(T)] S K27
for all i€ A;, where K, is a finite positive constant independent of T'.

REMARK 4 (Relationship to bandit problems). The result in Corollary 1 stands in contrast

to typical multi-armed bandit results, where all suboptimal arms/actions need to be tried at least



Saure and Zeevi: Optimal Dynamic Assortment Planning with Demand Learning
24 00(0), pp. 000-000, © 0000 INFORMS

order-logt times (in expectation). In the assortment problem, product rewards are random variables
bounded above by their corresponding margins. Therefore, the contribution of a product to the
overall profit is bounded, independent of its mean utility. More importantly, this feature makes
some products a priori better than others. Such characteristic is not present in the typical bandit
problem, and the above result illustrates some of its implications.

Next, we illustrate the performance of the proposed algorithm for the examples of Section 5.1.

Example 1-continued: performance of the policy 75 for the MINL choice model. Consider
the setting of Example 1 in Section 5.1: in Section 5.3 we show that w(u) =r(S*(u), i), hence one
has that A" = A, U A3. Note that /= A;, thus one would expect Algorithm 2 to offer suboptimal
assortments to a finite number of consumers, independent of 7.
Example 2-continued: performance of the policy 7, for the Probit choice model. Con-
sider the setting of Example 2 in Section 5.1. One can check (numerically) that N/ = Aj. Since
test-assortment A, is suboptimal, but contains potentially optimal products, Algorithm 2 should
offer it to order-logT consumers.

Panels (a) and (b) in Figure 2 depict the average performance of policies 7, and 7, for instances
in Examples 1 and 2, respectively. Parameter estimation and single-sale profit maximization are
conducted as in Examples 1 and 2. The threshold value w(u) is computed through its closed form
expression for the case of Example 1 above. For the case of Example 2, one can show that A/ =N ,
thus computing A; requires verifying potential-optimality for only one product per test-assortment.
Such a step is conducted through numerical maximization and simulation. (Simulation is used
to approximate purchase probabilities, and numerical maximization is used to find an alternative
mean utility configuration that improves the optimal single-sale profit.).

Simulation results were conducted over 500 replications, using k; = ke = 20. Graphs (a) and (b)
compare the regret produced by the separation-based policy m; and the proposed policy 7, for
selling horizons ranging from 7' = 500 to 7' = 10000. Dotted lines represent 95% confidence intervals
for the simulation results. We observe that policy 7y outperforms substantially the separation-based

policy ;. In particular, for the instance in Example 1, 7; results in lost sales in the range of 2.5-10%
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(200-260 customers are offered non-optimal choices) depending on the length of selling horizon,
while for w5 we observe sub-optimal decisions being made only about 10-20 times, independent of
the horizon. This constitutes more than a 10-fold improvement over the performance of 7. Such
an improvement in performance can be explained as follows: 7, identifies that both A, and A;
contain only strictly suboptimal products, with increasing probability as ¢ grows large; as a result,
exploration efforts are eventually directed exclusively to the optimal assortment; since incorrect
choices in the exploitation phase are also controlled by m,, we expect the regret to be finite. This

is supported by the numerical results displayed in Figure 2.
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Figure 2 Performance of the refined policy 2. The graphs (a) and (b) compare the separation-based policy 71,
given by Algorithm 1, and the proposed policy 72, in terms of regret-dependence on 7', for instances

in Examples 1 and 2, respectively. Dotted lines represent 95% confidence intervals for the simulation

results.

5.3. A policy customized to the multinomial Logit choice model
In general, purchase probabilities depend on the offered assortment in a non-trivial way. With no
trivial way to combine information collected from offering different assortments, it is not clear

how to use data gathered in the exploitation phase efficiently. Next, we illustrate how to modify
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parameter estimation to include exploitation-based information in the case of an MNL choice
model. Note that Rusmevichientong et al. (2010) present an efficient algorithm for solving the
single-sale optimization problem in this setting. (As indicated previously, the results in this section
extend directly to Luce-type choice models.)

MNL choice model properties. Taking F' to have a standard Gumbel distribution (see, for

example, Anderson et al. (1992))

V:

pi(S,p) = —=—
L+ Zjes Vj

i€ S, for any S €S, (5)

where v; :=exp(;), i € N, and v := (vy,...,vy). For a vector p € RY such that >, p; <1, we

have that 7(p), the unique solution to {p; = p;(N, ), i € N'}, is given by

ni(p) = {ln (pi(l_zg'ej\/pj)il> pi >0, (6)

— Pi = 07
i € M. One can check that (5) and (6) imply that ' = N. Indeed, solving the single-sale optimiza-
tion problem in this setting is equivalent to finding the largest value of A such that
Z Vi(wi - A) 2 )\7 (7>
i€s

for some S € S, thus one can characterize the set of strictly suboptimal products as
N={ieN:w <r(S(u),n)}.

This implies that w(p) =7r(S*(u), u) for the MNL model.

A product-based exploration assortment policy. We propose a policy, denoted 73, customized
for the MNL choice model. The policy, summarized for convenience in Algorithm 3, maintains the
general structure of Algorithm 2, however parameter estimation is conducted at the product level.
As in the previous sections, the policy is defined through a positive constant k3 that regulates the
length of the exploration phase.

Suppose t — 1 customers have shown up so far. We use 7;, to estimate v;, where

Y zm{ie S}

D 4 1= =S 1€N, 8
T i {ies,) ®)
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and define (i, :=1In (v ;). The estimate above exploits the independence of irrelevant alternatives
(ITA) property of the Logit model, which states that the ratio between purchase probabilities of

any two products is independent of the assortment in which they are offered. That is,
AN Lal A ﬁ, for all products i,7 € N U{0}, for all S€S.

Indeed, the ITA property allows us to perform parameter estimation on subsets of products without
using pre-determined assortments (See Chapter 3 in Train (2009) for further details). In our case,
we perform separate estimation on each pair product/no-purchase alternative. As a result, all
information collected (both from exploration and exploitation phases) is used to construct the
parameter estimates. It is worth noting that a policy exploiting this feature might help correct errors
made in the exploitation phase faster than the previous type of policy; In particular, estimates of
expected single-sale profits for suboptimal assortments offered during exploitation are anticipated
to converge faster to their actual values, thus optimal products are likely to be identified as such
at earlier stages; see the discussion following Example 3.

Performance analysis. The next result characterizes the performance of the proposed assortment

policy.

THEOREM 4. Let 73 = (K3, w) be defined by Algorithm 3. There exist finite constants K5 and

Rs, such that the regret associated with 73 is bounded as follows
R™(T, 1) < ks (JN\S*(w)|) log T + K,

for all T, provided that k3 > R3.

Theorem 4 is essentially the equivalent of Theorem 3, customized to the Logit case, with the
exception of the dependence on the assortment capacity C' (as here exploration is conducted on a
product basis), and the dependence on the set /. The latter matches exactly the order of the result
in Theorem 1: unlike policy s, the customized policy 73 prevents optimal products from being

offered in suboptimal assortments. Since estimation is conducted using information arising from
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Algorithm 3 : 73 =m(k3,w)

STEP 1. Initialization:

Offer each product i € N by itself until a no-purchase occurs. [Initial test]
STEP 2. Joint exploration and assortment optimization:
for customer ¢ do

Compute estimates fi, := {fi1¢,...,fin¢} and set w, = r(S*(fu), fit)-

Set Ny ={ie N :w; >w,}. [Potentially optimal products]

if some i € N/, has been offered to less than k3logt customers then

Offer S € {i e Ny :T;(t) < rslogt} NS to customer ¢. [Exploration]
else
Offer S*(fi;) to customer t. [Exploitation]
end if
end for

both the exploration and exploitation phases, one would expect a better empirical performance
from the Logit customized policy. In particular, strictly-suboptimal products will be tested on a

finite number of customers, in expectation, as shown in the following corollary.

COROLLARY 2. For any strictly-suboptimal product i € N and for any selling horizon T
E.[T(T)] < K3,

for a positive finite constant K, independent of T .

Regarding selection of the parameter k3, note that the argument in Remark 3 remains valid.

Example 1-continued: performance of the MNL-customized policy 73;. Consider the setup
of Example 1 in Section 5.1. Note that S*(u) = A,, i.e. the optimal assortment matches one of the
test assortments. Moreover, one has that N'= S*(u). As a result, strictly suboptimal detection is
conducted in finite time for both policies 7 and 73, and hence any gain in performance for policy

T3 over Ty is tied in to the ability of the former to incorporate information gathered during both
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exploration and exploitation phases.
Example 3: performance of the MNL-customized policy revisited. Consider the setup of

Example 1 in Section 5.1, but when

w = (0.95,0.81,0.75,0.72,0.68,0.60,0.58,0.41,0.35,0.21),

1= —(2.83,3.96,5.50,2.90, 2.60, 2.80, 3.20, 4.27, 4.60, 2.78).

This corresponds to a setting in which all products are less attractive than the no-purchase alter-
native. One can verify that S*(u) ={1,4,5,6} and r(S*(u),u) = 0.147. Note that N/ =0, thus the
difference in performance between 75 and 73 emanates mainly from the manner in which informa-
tion collected during the exploitation and exploration phases is used.

Panels (a) and (b) in Figure 3 depicts the average performance of policies 7, and 73 for instances
in Examples 1 and 3, respectively. Simulation results were conducted over 500 replications, using
ko = k3 = 20, and considering selling horizons ranging from 7" = 1000 to 7' = 10000. Parameter
estimation is conducted according to (8), and single-sale profit maximization is carried out by
enumeration. The graphs compare the more general policy s to its Logit-customized version s, in
terms of regret dependence on T'. Dotted lines represent 95% confidence intervals for the simulation
results. In graph (a) one can see that customization to a Logit nets significant, roughly 10-fold,
improvement in performance of 73 relative to my. Overall, the Logit-customized policy w3 only
offers suboptimal assortments to less than a handful of customers, regardless of the horizon of the
problem. This provides “picture proof” that the regret (number of suboptimal sales) is finite for
any T in the case of Example 1, as predicted by Theorem 4. This also suggests that differences in
performance are mainly due to errors in the exploitation phase. This is reinforced by the results
in graph (b), where we see that the Logit-customized policy 73 outperforms the more general
policy sy, confirming that the probability of error decays faster in the Logit customized version.
Note that when all exploitation efforts are successful, and assuming correct strictly-suboptimal

product detection, the probability of error decays exponentially for the customized policy (73) and
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Figure 3  Performance of the MNL-customized policy 7s. Graphs (a) and (b) compare the more general policy
7o to its Logit-customized version 73, in terms of regret-dependence on T, for instances in Examples

1 and 3, respectively. Dotted lines represent 95% confidence intervals for the simulation results.

polynomially for the more general policy (m2); see further details in the proof of Theorem 4 in the

online companion.

6. Comparison with Benchmark Results

Our results significantly improve on and generalize the policy proposed by Rusmevichientong et al.
(2010), where an order-(NNlogT)? performance upper bound is presented for the case of an MNL
choice model. Their algorithm for solving the single-sale optimization problem identifies a small set
of assortments that contains the optimal one. In its dynamic formulation, the algorithm requires to
test order-IN? assortments to estimate the parameters allowing to identify such a set of candidate
assortments with high probability. Note that such a dynamic policy, which operates in phases, is a
more direct adaptation of multi-armed bandit ideas. Hence, it does not detect strictly-suboptimal
products nor does it limit exploration on them. In addition, their policy conducts exploration efforts
on order- N? test-assortments, and periodically increases the magnitude the exploration effort, while
neglecting information collected in previous exploration phases. The regret of our Logit-customized

policy is at most of order—‘ﬁ \ S *(u)’ logT', and we show that this cannot be improved upon.
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Consider again Example 1 in Section 5.1. Figure 4 compares the average performance of our
proposed policies with that of Rusmevichientong et al. (2010), denoted RSS for short, over 500
replications, using k; = ks = k3 = 20, and considering selling horizons ranging from 7" = 1000 to
T = 10000. The graph in (a) compares the separation-based policy 7; to the benchmark policy
RSS, in terms of regret-dependence on T'. The graph in (b) compares the separation-based policy
w1, the proposed policy m, and its Logit-customized version 73 in terms of regret-dependence on
T. A further detailed analysis of the results depicted in Figure 4 reveals that the regret of the
benchmark behaves quadratically with logT', as predicted. Panel (a) in Figure 4 shows that the
RSS policy offers suboptimal assortments to about 20 — 25% of the customers, while policy m;
never exceeds 10%, and that loss diminishes as the horizon increases to around 2.5%. Since policies
my and 73 limit exploration on strictly-suboptimal products, a feature absent in both RSS and in
the naive separation-based policy 7y, they exhibit far superior performance compared to either one

of those benchmarks as illustrated in panel (b) of Figure 4. Note that, unlike our Logit-tailored
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Figure 4 Comparison with a benchmark performance. The graph in (a) compares the separation-based policy
71 to the benchmark policy RSS, in terms of regret-dependence on 7. The graph in (b) compares the
separation-based policy 71, policy 72 and its Logit-customized version 73 in terms of regret dependence

on 7. Results in both panels are for Example 1.
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policy, the policy in Rusmevichientong et al. (2010) only uses the information collected during the
exploration phase for parameter estimation. The improvement in performance due to this feature
is illustrated in panel (b) of Figure 4. The overall effect is that policy 73 improves performance
by a factor of 200-1000 compared to RSS, and is able to zero in on the optimal assortment much

faster than the benchmark.

7. Discussion and Concluding Remarks

Summary and main insights. In this paper we have studied the role of assortment experimen-
tation in learning consumer preferences, by introducing a stylized model of dynamic assortment
planning. On the theoretical side, we have provided a lower bound on the performance of any
consistent policy, and showed that this lower bound can be achieved, up to constant terms, when
the noise distribution in the utility specification is known, and a product identification condition
holds. In particular, we proposed an assortment-based exploration algorithm whose regret scales
optimally in the selling horizon T', and exhibits the “right” dependence on the number of possible
optimal products when said optimality is reached via unilateral deviations in the mean utility
vector (e.g. under Luce-type models).

The problem studied in this paper, and outlined in Section 3, can be viewed as a multi-armed
bandit problem by means of the following analogies. First, each assortment might constitute an
arm, hence one faces a variant of a multi-armed bandit problem with a combinatorial number of
arms. Note though that arm distributions are not independent and not a-priori indistinguishable,
as is the case with traditional bandit formulations. Second, each product might be viewed as an
arm, hence one faces a variant of a multi-armed problem with multiple simultaneous plays where
arms are not a-priori indistinguishable (due to differences in profit margins). Our main results
clearly demonstrate the inefficiency of using standard bandit methods within the former view,
while elucidating ways to overcome the obstacles present in the latter view.

On the more practical side, our results suggest how to quantify the “right” amount of informa-

tion one should collect on consumer preferences, so that revenue loss due to exploration balances
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with that stemming from errors during exploitation. Our results highlight the importance of lim-
iting information collection by “quickly” identifying and ceasing exploration on products that are
unlikely to be members of the optimal assortment.

Limitations and future research. As indicated in Section 4.1, the lower bound in Theorem 1

can be tightened when A/ 7é./\~f . The resulting bound, however, might not be proportional to |N ,
which suggests even tighter bounds might be developed.

Our proposed parameter estimation method is based on MLE, thus it inherits the associated
advantages and shortcomings (e.g., asymptotic efficiency yet potential for small sample bias). One
can extend the results in this paper to different estimation procedures as long as consistency is
preserved: see Lemma 1 in proof of Theorem 2. In particular, provided that a guarantee similar to
that in Lemma 1 holds. Such a result provides finite-sample confidence intervals for the estimation
error. It is worth noting that the result does not rely on properties of MLE.

An important extension to our model is considering alternative mean-utility specifications. Stud-
ies in fields such as Marketing and Economics usually postulate that mean utilities are driven by
product specific features. In such a setup, the retailer would strive to recover a part-worth vector.

Another important area for future research is relaxing assumptions pertaining to the operational
environment, especially that of perfect inventory replenishment. Practical inventory considerations
play an important role in settings such as fast fashion and display-based online advertisement; the
motivating applications considered in Section 1. An additional important extension is to consider
settings where product prices must be selected as well (for simplicity, assume prices take values in
a finite set). In this regard, the work of Rusmevichientong and Broder (2010) provides an initial

exploration of this possibility, though absent inventory or assortment considerations.

Appendix A: Proof of Theorem 2
We prove the result in 3 steps. First, we compute an upper bound on the probability of the estimates deviating
from the true mean utilities. Second, we address the quality of the solution to the single-sale problem, when

using estimated mean utilities. Finally, we combine the above and analyze the regret. For purposes of this
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proof, let P denote probability of random variables when the assortment policy m; is used, and the mean
utilities are given by the vector . With a slight abuse of notation define p; := {p;(4;,p) : 4; € As.t. i € A},
forie N, and p:=(p1,...,Pn)-
Stepl. Define T7(¢) to be the number of customers A; has been offered to, up to customer ¢ — 1, for 4; € A.
That is,

t—1

D= 1{S,=A;} ,j=1,...,|Al
u=1

We will need the following side lemma, whose proof is deferred to Appendix D.

LEMMA 1. Fiz j <|A| and i€ A;. Then, for anyn>1 and e >0

(e

for a positive constant c(e) < co.

t—1

(Aj, ) 1{S, = A;} > €T (1), T’ (t) > n} < 2exp(—c(e)n),

u=1

For any vector v € RN and set A C N define |v||4 = max{v; : i€ A}. Consider € >0 and fix ¢t > 1. By
Assumption 1 we have that for any assortment A; C A
1= fuella; < E(E)llp = Dell 4, (9)
for some constant 1 < k(e) < oo, whenever ||p —p,[|4, <e. We have that, for n > 1,
P{llp—iulla, > e, T'(#) 2 n} = P{llp—fulla, > €, [p—Dilla, > €, T(t) > n} +
P{[l— filla, > €, [p—pella, <e, T(t) =n}
< P{llp—pilla, 2 €, T7(t) 2n} +

]P{HM fiella; > €, lp = Della; <e, T(t >n}

—
INE

P{[lp—pella, =€, T7(t) > n} +

P{llp—pella, > €/r(e), T7(t) > n}

< 2P{|lp— pilla, > €/w(e), T7(t) > n}
< 23" P{Ini(A;, 1) — pucl > €/w(e), TV (1) 2 )
v 2_21@{ S (2~ pul A ) L{S: = A} > T9 (B)e/m(e)

Ti(t) >n}

INE

2[A;|exp(—c(e/r(e))n), (10)
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where (a) follows from (9), (b) follows from the definition of p;;, and (c¢) follows from Lemma 1.

Step 2. Fix an assortment S € S. By the Lipschitz-continuity of p(S,-) we have that, for ¢t > 1,
max {|p;(S, ) —pi(S, fue)| - i € S} < Klp— fuells,
for a positive constant K < oo, and therefore

[7(S, 1) = (S, )| < [Jwlloe K Cllpn—= fiels- (11)

From here, we conclude that

(S (fie), ) 2 7(S™(fie)s fir) = lwlloo K Cllpe = fia|

S*(fut)

2 (5™ (1) fin) = [wlloo K Cllps — fu|

S*(fut)

> 7(S" (1), ) = 2[|wlloe K Cllpe = fiell (5% (yus=(in))-

As a consequence, if || — ] (s (myus=(as)) < (2[|w]|so K C) 716 (pe)r(S* (1), pe) then S* () = S*(ji;), where 6(p)
is the minimum (relative) optimality gap (see (13) in proof of Theorem 1). This means that if the mean utility
estimates are uniformly close to the underlying mean utility values, then solving the single-sale problem
using estimates returns the same optimal assortment as when solving the single-sale problem with the true

parameters. In particular we will use the following relation:

{5 (1) # 5" (1)} S { Nl = el s+ yos= ey = Cllwlloe K C) 6 (u)r(S™ (1), 1) } - (12)

Step 3. Let NO(t) denote the event that a non-optimal assortment is offered to customer ¢. That is NO(t) :=

{S; # S*(u)}. Define & := (2|wl|oe K C)7*(p)r(S* (), ). For t > |A| [r1log T one has that

@ . ®)
P{NOt)} < P{llt— fuell(s- sy =€} < D P{lu—frella; &, T/(t) > h1log T} < Y 2| A;| T/,
AjeA AjeA

where (a) follows from (12) and () follows from (10). Considering x1 > ¢(£/x(£))~* results in the following

bound for the regret:

T T
RY(T,0) < 3 PINOW} < [ A [mlogT]+ 30 30 2], 1 rae(e/eie)
t=1 t>] Ak log T A;€A

< |A‘ k1 logT + ONTLI—r1e(€/r(8)

= [N/Clk1logT + K4,

where K; =2N. Setting &, = c(£/k(€)) ™! gives the desired result. [ ]
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Appendix B: Parameter Estimation for the Probit Model

When idiosyncratic shocks to consumer utility are normally distributed purchase probabilities are given by

psw=[ T e-n)s—p)ds

> jeSU{0I\{i}

where ®(-) and ¢(-) corresponds to the distribution and density of a standard normal random variable.
Unfortunately, the integral above does not have a closed form and must be approximately numerically. In
our numerical experiments we approximate such an integral through simulation.

Given the empirical probabilities p;(S), S € A, the average log-likelihood associated with p is

LL(p)= > $:(S)logpi(S, ),

iesu{0}

Since purchase probabilities cannot be computed exactly, we replace p; (S, p) with its simulated counterpart.

In MLE we look for the value of p that maximizes LL. For that, we check the first order conditions

OLL(y) ) L Op,(S,) |
On: jESZu{O} it )pj(& w) Ouy

One can solve the system above using the Newton-Raphson method. However, such a method requires access
to the Jacobian and Hessian of LL, which are not available in closed form. In our numerical experiments we

approximate these quantities numerically. The Jacobian of LL requires approximating

w:/ z H O(x — py) ¢(x — ps) dow — pip; (S, ) i €S,
Hi T jeSu{0}\{i}
and
Op;(S, 1) N o
]6/11 / H @(x_#h)Cﬁ(I—Mi)Qﬁ(I—uj)dx j,zeSWAJ.

°° heSu{0}\{i,j}

Derivatives for po(S, 1) follow from the fact that purchase probabilities sum up to one. The effort required
to approximate the integrals above is essentially that of approximating the purchase probabilities. (In our
numerical experiments we compute both of them simultaneously.) One can show that the same holds true

for computing the Hessian of LL: for example, one has that

” i Sv - 0 i S .
PO " TT e ota—m)do—2m 20 2 s s ies
e o jeSU{0h\{i} Hi

thus one can approximate the Hessian, Jacobian and log-likelihood function efficiently using Monte Carlo
simulation.
In our experiments we used a sample of size 50,000 to approximate each integral, and used importance

sampling to enhance the precision of our approximation: in particular, we use approximations of the normal
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CDF to approximate the integrals above as a sum of properly weighted components. We used incumbent
parameter estimates (those computed in the previous estimation cycle) as a starting point for Newton-

Raphson, and used convergence tolerance parameter of 1076.
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Online Appendix Companion to Optimal Dynamic

Assortment Planning with Demand Learning

Appendix C: Proof of Main Results

Proof of Theorem 1. The lower bound is trivial when A = §* (1), so assume S* (1) C N. For i € N define

T;(t) as the number of customers product i has been offered to, before customer ¢’s arrival,
t—1
Ti(t):=>» 1{i€S,}, t>1.
u=1
Similarly, for n > 1 define ¢;(n) as the customer to whom product i is offered for the n-th time,
t;(n):=inf{t>1:T;(t+1)=n},n>1.

Forie N \ S*(u), define I'; as the set of mean utility vectors for which product ¢ is in the optimal assortment,

but that differs from p only on its i-th coordinate. That is,

Tio={yeRY :vi#p,v=n YieN\{i},ieS(y)}.

We will use EY and PY to denote expectations and probabilities of random variables, when the assortment
policy m € P is used, and the mean utilities are given by the vector ~. Let Z;(u||y) denote the Kullback-Leibler

divergence between F'(- — p;) and F(- —;),

Li(plly) = /jo [log (dF (z — i) /dF (x — 7)) dF (2 — ps).

This quantity measures the “distance” between P* and PY. We have that 0 < Z;(ul|y) < oo for all v # p,

i€ ./\7\ S*(p). Fix i e N and consider a configuration v € I';. For n > 1 define the log-likelihood function

n

£in)i= Y [1og(@P (U™ = ) [dF (UL — 7))

u=1

Note that £,() is defined in terms of utility realizations that are unobservable to the retailer. Define d(n) as

the minimum (relative) optimality gap when the mean utility vector is given by n € RY,
8(n) :==inf {1 —r(S,n)/r(S*(n),n) >0: S eS}. (13)
Fix a € (0,1). For any consistent policy m one has that for any € > 0,

RY(T,y) = 0(v)EZAT - Ti(T)}
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_ (176) o) il . — €) 10, i
> 6(0) (T - F o owT ) B (1) < (1 oy T/Z ()}

and by assumption on 7 R™(T,~) = o(T). From the above, we have that

Py {T(T) < (1 - €)log T/Ly(ully)} = o(T*1). (14)

Define the event

b= {10 < F Do LT < (1- oy T}

From the independence of utilities across products and the definition of 3;, we have that
Pi{st= [
wEPB;

— [ T erw:—)

wWEBi y=1i€8,

- [ I

weBi y1ies, i Hi)

_ / T (Ufi(")*%)dpu
wep; o AF(US™ —p) T

_ / (LT (D))

Y

exp(—(1 - a)log T)PY {3} .
From (14) one has that PY {5,} =o(T>~!). It follows by (14) that as T'— oo
P {8} <PL{B} /T —0. (15)

Indexed by n, £;(n) is the sum of finite mean identically distributed independent random variables, therefore,

by the strong law of large numbers (SLLN).

(D) 1< Z;
lim sup max {ﬁl(n) =n} < (z(li';)) P a.s.,

i.e., the log-likelihood function grows no faster than linearly with slope Z;(u||7y) . This implies that

limsup P {31 <n, L;(1) >nZi(ully)/(1—€)} =0.

n—o0

In particular,

Jim P {Ti(T) < I(z-l(ullev)) logT, L,(Ti(T)) > % logT} =0.
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Taking a < € small enough, and combining with (15) one has that

. (1—¢) }
lim P2 <T(T) < logT') p =0.
i {0 < e )
Finally, defining the positive finite constant H! :=inf {Z(u||vy) : v €T}, it follows that

lim P2 {T,(T) > (1 - €)log T/H/)} = 1.

For i € N, let T, denote the largest T > 0 such that P* {T;(T) > (1—¢)logT/H!} < 1/2. By Markov’s

inequality, and letting € shrink to zero we get
EX{T(T)} = (2H}') " logT, (16)

for T > T,. By the definition of the regret, we have that for any policy = € P,

RY(T,p) > (B |3 Pr1{s, £ s*uo}]
ERTIEND S AN
i€EN\S* (1)

where (a) follows from the non-optimal assortments contributing at least d(u) to the regret, and (b) follows
by assuming non-optimal products are always tested in batches of size C, considering only products in N.
Thus

NS AS Y SN\ s WA} 25 Y Yifiest=5 Y T

PEN\S* () u=1 PEN\S* (1)

Combining the above with (16) we have that

RY(Tp) 26 = [ 30 @HI™ | logT + 8T,

PEN\S* (1)

Ql=

for all T, where T := ||T;|x. Taking K := §(p) min, g g.(,) {(2H}')"'} and K':=§(u)T gives the desired
result.
We now comment on the fact that the reasoning above extends to the case when |S*(u)| > 1. Note that

(16) remains valid for products in N\ NV*, where N* :={i e N':i € S for some S € §* ()} and
S*(p) :=argmax {r(S,u): S€S}.
In particular, one has that

Srsgs iz 1SN 20} =2 S Sgiest=4 Y ),

PeN\N* u=1 PEN\N*
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The result follows from the bound on the expectation over T;(T') for products in NAN~. |
Proof of Theorem 3. The proof follows the arguments in the proof of Theorem 2. Steps 1 and 2 are
identical.

Step 3. Let NO(¢) denote the event that a non-optimal assortment is offered to customer ¢, and G(¢) the

event that there is no forced testing for customer ¢. That is,
NO() = {8, # 5" (W)}
G(t) := {T7(t) > rkplogt, j < |A| such that [[wl]|a, > w(f)}. (17)
Define ¢ := (2||w]|oo K C) 76 ()r(S* (1), ). We have that

() )
P{NO(t), Gt)} < P{llp— fuell(s=gus=ay >, G(t)}

< P{llp—fiells<gy) > &, G) } +P{llp — fiells+an) > €, G(1) }

(©)] )
< S P{lu—fulla, > € TV > malogt) +

JrA;NS* (fue)#0

S P{llp—iulla, >¢ G}

JrA;NES* (n)#D

©
< S 24O N Pl ulla, > €, GO}

3:A;NS* (jie) 70 J:A;NES* ()70

where: (a) follows from (12); (b) follows from the fact that w; > w(v) trivially for all ¢ € S*(v), for any vector
v € RY; and (c) follows from (10).

Fix j such that A; N.S*(u) # 0. For such an assortment we have that
P{lu—fulla, > €, GO} < P{lu—fulla, > €, T(0) > alogt, G} +
P{T’(t) < kologt, G(t)}.

The first term on the right-hand-side above can be bounded using (10). For the second one, note that
{T7(t) < kalogt, G(t)} C {|Jwlla, <w(ite), G(t)}. Let i € RN be such that ji; = p, for all i € S*(p1) \ S* (),

and fi; = fi,; otherwise. We have that

5oy <€} € (8% (). i) < (8" ().} € {wlla, > (i)}

{Hﬂ_ﬂt|

where (a) follows from (11), and (b) follows from noting that f makes S*(u) optimal, hence products in

A; N 5*(p) are potentially optimal under j,. This implies that {||wl|a, <w(fi)} C {llpp— fells= ) > €}, e,

]P’{Tj(t) < Ko logt, G(t)} < ]P’{HwHAj <w(ii), G(t)}
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< P{llp—fulls=a) > €, G@)}

< Y Blluula, >€ GO

ket ANS* (i) #0

< Z 2|Ak|t*0(§/ﬁ(§))ﬁz’
k:ApNS*(ae)#0

where the last step follows from (10). Using the above we have that

P{NO(t),G(t)} < Z 2| A, | ¢eE/Ema

JiA;NS* () #0

Z 2| A, | e/ m©)m2 4 Z 2| Ay | teE/ R )2
JjrA;NES* (u)#D k:ApNS*(fg)#0
< 202(2 + C)t—c(ﬁ/ﬁ(ﬁ))ﬁz. (18)

On the other hand, we have that

P{NO(t), G(t)}< Y P{S,=4;,GH)}+ Y. P{S,=4;,G()}.

j1||w”AjZW(H) jZHwHAj<w(u)

For the first term above, we have from the policy specification that

Y > P{S.=4,, G} <[N/C](ralogT+1). (19)

u=1s w4, >w(n)

To analyze the second term, fix j such that [Jw||4, <w(), and define L(t) as the last customer (previous to
customer t) to whom the empirical optimal assortment (according to estimated mean utilities) was offered.
That is
L(t):=sup{u<t—1: G(u)},
with G(u) given in (17). Note that L(t) € {t — ||A| k2logt],...,t — 1} for t > 7, where T is given by
Ti=inf{u>1:log(u— ||A|rzlogu))+ k3" >logu}.
Consider t > 7 and u € {t — ||A| k2 logt],...,t —1}. Then
P{S.= Ay, G(tF, L(t) =u} < P{lwlla, 2 (), G(t)°, Glu)}
< B{G(u), NO(w)} + B {wlla, > (i), G, Glu), NO(u)*}
< P{G(u), NO(u)} + P{G(u), NO(u)*, N(jin) # N (1)} +

Plllwlla; = w (i), Glu), NOw)®, M) = N(p)}- (20)

The first term in (20) can be bounded using (18). For the second, let & € RY be such that 7; = i, ; for

1€ S8*(n). Then, for any S € S, one has that

r(S*(),0) —r(S,v) > r(S*(v),r) —r(S,D)
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(8" (w),v) =r(5,7) = |l KC||p = fu

S* ()

(ST (), v) =r(S,v) = 2wl KCllpp = fu

S*(u)s

where v € RY is such that v; = u, for i € S*(u) and v; = J; otherwise. The last two inequalities make use of

(11). Define
§:=(2||lw||KC) " inf {r(S*(v),v) —r(S,v) v RN, v; = p, for i € S* (), SNN (1) #0} > 0.

We conclude that {N(f,) CN(n), NO(w)°} C {|lp— fi

s+ >0, NO(u)°}. Repeating the argument

above, one has that {A(u) C N (@), NO(u)} C {|lp — fi

s+(u) >0, NO(u)°}, where
0:=(2||lw||« KC) " sup {inf {r(5*(v),v) —r(S,v): S#£S*(V)} ;v €RY , vy = p; for i € S*(u)} > 0.
Define § :=min {4,6}. (Note that § > 0, provided that {i € V" : w; =w(u)} =0.) One has that

P{G(w), NOW)", N() £ N ()} < Bl i

se() =0, TF(t) + 1> kologt, Vi st A, NS () #0}

< > P{llp—fuulla, =6, TH(E) +1 > kalogt}
k:ApNS*(u)#0

© D getormtonne,

where (a) follows from noting that T%(t) > T"(u) > kalogu > kalogt — 1 for k such that A, N.S*(u) # 0,

(b) follows from (10), and D is a positive and finite constant. For the third term in (20), define the event

Ei={llwlla; = wlis), G(u), NO(u)*, N(j,) = N(n)}-
P{E} = P{=, 5" (i) = 5" (n)} + P{=, S"(fu) # S (1)} -
From the arguments leading to the bound for the second term in (20), one has that
P{Z, 8" (fu) = 8™ (n)} < Dt~/
On the other hand, one has that
P{E, S () # 5" (1)} < P{E, 8" (f1) # 8™ (n), M) N S*(fue) = 0} +
P{E, S (f1) # S (1), N(p) N S"(fu) # 0} . (21)

For bounding the first term above, note that N (1) N.S*(f,) = 0 implies that T*(t) > ko logt — 1 for all k such

that A, N.S*(fi;) # 0. Thus, the arguments leading to (18) imply that

P{E, 5" (0)#5" (), N ns (@) =0y < > P{ln—julla, > T5() > wologt —1} +

k:ApnS*(fu)#0
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Z P{|lp— fuella, > &, T*(t) > ko logt —1}
k:ApNS*(pn)#0
< D/t—C(i/fi(é))w)

for a finite and positive constant D’. For the second term in (21), note that
{S*W)NN () #0, v e RN such that v; =i, Vi€ S* (1)} C {llfte — plls= ) >0}
hence, one has that

P{Z, S*(fu) # S (1), N(10) N S (jie) £ 0} < P{J|jie — pllows™ (1) > 8, TH(E) > alogt — 1, Yk s.b. AN S* (1) £ 0}

IA

S P{lljt— pllwAr > 8, TH(t) > rplogt — 1}
k:ApNS* () #0
< D”t—c(é/ﬂ(é))ﬂz,

for some finite and positive constant D", where the last inequality follows from (10). Putting the bounds

above together, (20) becomes
P{S,=A;, G(t)°} < D"t ¢,

for some finite and positive constant D", where £ := min {¢(€)/k(€), ¢(6)/k(8), ¢(8)/k(8)}. The bound above,

and those in (19) and (18), imply that for ko > €1, one has

~

R™(T,p) < Y _P{NO(®), }+ZIP’{NO G(t)°}

t=1

< ) P{NO(t),G(t)} +

~

-
i
—

> P{S,=A;, G(t)°} +

Jillwlla; 2r(S*(u).n)

> P{S,=A4;, G(t)°}

Jillwlla; <r(S*(u).n)

MS iMH &MH

IA

C?(2+4 C)u&/"E)r2 L TN /C (ko log(T) + 1) +

o

g i

1

Z Z D///t—fmz

t=1j:flwlla; <r(S*(w).n)

(a) _
< [|J\/'| /C'kalogT + Ko,

for a finite constant K, < oo, where (b) uses the summability of the series implied by (20). Taking %o > £t

provides the desired result. |
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Proof of Corollary 1. Fix i € N, and fix j={k <|A| : i € A, }. We have that

EL[T(T)] <7+ XT: PINO(t), G()]| +P[S. = 4;, G(t)°]
t=7+4+1
K27

IN

for a finite constant K5, where we have used the summability of the series implied by (20). This completes
the proof. ]
Proof of Theorem 4. The proof is an adaptation of the one for Theorem 3, customized for the MNL choice
model. However, we provide a explanation version of each step with the objective of highlighting how the
structure of the MNL model is exploited.

Step 1. We will need the following side lemma, whose proof is deferred to Appendix D.

LEMMA 2. FizieN. For anyn>1 and ¢ >0 one has

(e

for 5 €{i,0} and a positive constant c(€) < co.

-1

~E{Z'})1{i€S.}

ZGEU%TKﬂ>n}<2MM e()n),

Consider € >0 and fix t > 1 and i € N. Define 9 =1/2(1 + C|lw||o)': one has that po(S, 1) > 2p, for all

S €S. For n>1 define the event =:= {|v; — 0, > €, T;(t) > n}. We have that

‘z V2 €S} .>€zx02n}

}P’{}_}P’{

L Zu1{ieS,}
B {‘z ZGiesy o
- Z“l{zeS }
tZ(ZEf—lE{ZS})l{Z’GSu} <:QTi(t)aTi(t)Zn}+
IP{ ti Ze —E{Z:V)1{i€ S} ngi(t),Ti(t)zn}
¢ IP{ i(Z? — Zgvi)1{i € S, }| > eoTi(t) , Ti(t) Zn} +2exp(—c(o)n)
< P{ ti(Z?—E[Zé‘])l{iESu} >e0/2Ti(t), Ty(t) Zn} +
P{ i(Z“—E[Z“])l{lES } >69/(2vi)Ti(t),E(t)zn}+2exp(—0(9)n)

< 2exp(—c(eo/2)n) + 2exp(—c(ep/(2v;))n) + 2exp(—c(o)n).

where: (a) follows from Lemma 2 and from the fact that

-1

Z )J1{ie S,}

5] > oT;(t),
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when |Y07Y (Zy —E{Zy})1{i € S,}| < oTi(t); and (b) follows from the fact that EZ* = v,EZy, for all u > 1

such that i € S, i € M. For € > 0 define
¢(€) :=min {c(eo/2), c(ee/(2|vl[x)), c(0)} -
From above we have that for e >0
P{vi — 71| > €, To(t) > n} < 6exp(e(e)n), (22)

for all i e V.

Step 2. Consider two vectors v,7 € RY, and define ©:=Inv and 7 :=In7. From (7), for any S € S one has

ies
> ms(w; —7(8,)) = r(8,0) = Cllwl| v —nls
i€s
> nswi = (r(8,0) = Cllwl|wcllv =nlls) = 7(S,8) = Cllwl|w v —nls
i€s
This implies that
r(8,17) 27(5,0) = Cllwllw|ln —v|s. (23)

From the above we conclude that

{8 () # 5" (f1e) } C {H’/_ A

st (us= () = 2lwllC) 1o (w)r(S™ (1), 1w}, (24)

where with a slight abuse of notation §(v) refers to the minimum optimality gap, in terms of the adjusted
terms exp(p).
Step 3. Let NO(¢) denote the event that a non-optimal assortment is offered to customer ¢, and G(¢) the

event that there is no “forced testing” on customer ¢. That is

NO(t) := {S; #S*(n)},

G(t) := {Ti(t) > r3logt, Vi e N such that w; > r(S*(fi,), fic)} -
Define ¢ := (2||w]|oo C) 70 (v)r(S* (1), ). We have that

(@)
P{NO(t), G(t)} < P{|lv—"0u]l(s=(uyus=(ay >&5 G(t)}

< Pl = ills-any > € G) ) +P{[lv — 1]

s+ > &, G(t)}
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< > P{lvi— i > € Ti(t) 2 malogty+ Y P{ly,— 0] > €, G(t)}
i€S*(fit) i€S* (1)
(c) _
< 60t "8 4 Z P{lv; — ;4] > &, G(t)}
1€S5* (1)

where: (a) follows from (24); (b) follows from the fact that w; > r(S*(n),n) for all i € S*(n) and for any

vector 7 € RY (see Step 2 above); and (c¢) follows from (22). Fix i € S*(p). We have that
P{lvi— 0] > & G)} < P{lvy — 04| > &, Ti(t) > k3logt} + P{G(¢), Ti(t) < k3logt}.

The first term above can be bounded using (22). Regarding the second one, note that {G(t), T;(t) < k3logt} C

{wi < T.(S*(ﬂt>’ﬂt)}7 and that

w; —7(S* (), 1)o(v)/2 > r(S*(p), 1) (1 =d(v)/2)

A
Ve

P(S" (1), i) — 0]l o C v — 2]

S*(fit)»

where (a) follows from the definition of d(v), and (b) follows from (23). The above implies that

{wi <T(S*(ﬂt)7ﬂt)} g {”V_ZA/tHS*(ﬁt) > f}, i'e'7

PATi(t) <rslogt, G(t)} < P{w; <r(S"(fu), 1), G(8)}

< P{llv=iills-ay > €, G(t)}

< Y Pl - > ¢, G1)}
JE€S*(fit)

< GCt*rﬁsE(&)’

where the last step follows from (22). Using the above we have that
P{NO(t), G(t)} <6C(1+ C)t~"+%), (25)
From here, we have that

P{NO(t), G(t)°} < > P{iesS,,G(t)} + > P{ieS,,G(t)}
irwy <r*(S*(n),u) irw; 2% (S* (n),1)

(a) _
< > P{icS,,Gt)}+ [N|(rkslogT+1).+

iw;<r*(S*(p),p)

> P{ie S, G(t)}

i€5* (n)
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where (a) follows from the specification of the policy. Fix ¢ such that w; < r(S*(u), 1), and define L(t) as the
last customer (previous to customer t) to whom the empirical optimal assortment, according to estimated

mean utilities, was offered. That is
L(t):=sup{u<t—1:G(u)}.
Note that L(t) € {t — [Nkr3logt]|,...,t — 1} for t > 7, where 7 is given by
T:=inf{u>1:log(u— [Nkslogu])+r3" >logu}.
Consider t > 7 and u € {t — [ Nkr3logt],...,t —1}. Then
P{ieS,, Gy, L(t) =u} < Pw,>r(S (), i), G(1)°, L(t) =)
< P {2 (8" ). ) G0, Gl))
< P{G(u), NO(u)} +P{w; = r(S"(jin), fu) , G()", G(u), NO(u)}
< 6C (1 + C)u"s%E) 4

P{w; > r(S™(fu), f1e) , T;(t) > k3logt Vjie S*(n)},

where (a) follows from {L(¢t) =u} C{G(u)}, and (b) from (25) and the fact that offering S*(u) to customer
u implies (from G(u)) that T;(u) > k3logu and therefore (from ¢ > 7) that T;(t) > k3 logt, for all j € S*(u).

From (23) we have that
r(S7(p), fie) —wi 2 (S (), 1) — lwllooCllv = Dl s+ () — wi-

Define 4 := inf {(||w||C) ™! (1 —w,;/r(S*(1), 1)) >0 : i € N'}. From the above, we have that

{wi > 7(8* (fue), )} © {wi > 7(S* (1), 1)} S {llv = il 5=y > (5™ (1), 1) } -

Define & := 67(S*(p1), 1), and the event = = w; > 7(S*(fi,), fi.) , T;(t) > kzlogt Vj € S*(u). It follows that

P{=} < P{|lv—i4|ls(u) >0, T;(t) > rglogt Vj € 5" (1)}
< Y P{jui—ina| > 8, Ti(t) > ks logt}
i€5* (n)
< 60t "8,

Using the above one gets that, when 3 > ¢(£)™?

P{ieS,, G(t), L(t) =u} < 6C(1+ C)u"3E 4 60t r3c®



Saure and Zeevi: Optimal Dynamic Assortment Planning with Demand Learning
12 00(0), pp. 000-000, © 0000 INFORMS

< 60(1 —+ C)(t — I_NK3 logtJ )—ngé(é) + GCt—ng,E(S).
Since the right hand side above is independent of u, one has that
P {Z S St 5 G(t)c} S 60(1 + C)(t — I_NK/B logtJ )—n35(5) + 6CVt—f@3E(S)7 (26)

for all ¢ € M such that w; <r(S*(u),n), and t > 7.
Now fix 7 € S*(u), and consider t > 7, u € {t — | Nkzlogt],...,t — 1} and k3 > ¢(£)~'. Then
P{ie S, G¥)°, L(t)=u} < P{Ti(t) <rslogt, G(t)°, L(t) =u}
(a)
< P{T;(t) < k3logt, G(u)}
< P{G(u), NO(u)} + P{T;(t) < kzlogt, G(u), NO°(u)}
(®) -
< 6C(1+C)u"=e®

< 6C(1+C)(t— | Nrglogt]) "),

where (a) follows from {L(t) =u} C{G(u)}, and (b) from (25) and the fact that offering S*(v) to customer
u implies (from G(u)) that T;(u) > k3logu and therefore (from t > 7) that T;(t) > r3logt. Since the right

hand side above is independent of u, one has that
P{ieS,,G(t)} <6C(1+C)(t— | Nrzlogt|) "), (27)

for all i € S*(u) and ¢t > 7.

1

Considering 3 > max {¢(£)~", ¢(0) '} results in the following bound for the regret

R™(T,v) < > P{NO®),G(t)}+ Y P{NO(t), G(t)°}

(a) > _ _
< 6C(1+C) Y #7950 + [N\ S (n)| rs(log T+ 1) + 7+
t=1

6C A US™ ()] 32 (1 O) (5 4 (¢ = | Nsglog £]) 579) + ¢+a70®

t=1
®) —
< [N\S™ ()| kslog T+ K,
for a finite constant K3 < oo, where (a) follows from (25), (26) and (27), and (b) uses the summability of the
series, implied by the terms in (25), (26) and (27). Taking %3 > max {¢(£) ", &(6) "'} provides the desired
result. ]

Proof of Corollary 2. Fix i € /. We have that

E.[T(T)] < 7+ Y PNO(t), G({t)] +Pli € S, , G(t)]

t=7+1
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SK3<OO,

for a finite constant K3, where we have used the summability of the terms in (25) and (26). This concludes
the proof. |

Appendix D: Proof of Auxiliary Results

Proof of Lemma 1. Fix i € N. For 6 > 0 consider the process {M,(0) : t > 1}, defined as

M,(0) := exp (Z {8, = A;}[0(Z —pi(Aj, ) — ¢(9)]> ;

where

¢(0) :=log E{exp(0 (Z;" — pi(A;, 1))} = —0pi(A;, p) +1og(pi(A;, ) exp(0) + 1 — pi(A;, p)),

and A; € A such that ¢ € A;. One can check that M, () is an F;-martingale, for any 6 >0 (see Section 3 for

the definition of F;). Note that

exp (az 1{S, = A} (2 — pi(Ay, 1)) — e>> — /ML, (20) exp (Z 1{S, = A,} (6(20)/2 - ee>> C@)

Let x; denote the event we are interested in. That is

Xi = {Z(Zf —pi(A;, 1)) 1{S. = A;} =T (t)e, T’ (t) > n} :

u=1

Let 9(t) denote the choice made by the ¢-th user. Using the above one has that

t—1

P{x:} (;) E{exp (921{Su:Aj}(Zf—pi(Aj,,u)—e)> ; Ti(t) Zn}

1 1/2
® (E{Mtl(%)}]E {exp (Z 1 {(u) = 1} (6(20) - 2ee>> T2 n})

-1 - Lz
(;) (E {exp (Z 1{v(u) =i} (¢(20) — 296)) s T(t) = n}) ’

where: (a) follows from Chernofl’s inequality; (b) follows from the Cauchy-Schwartz inequality and (28); and
(c) follows from the properties of M,(#). Note that when e < (1 — p;(A;, 1)) minimizing ¢(0) — fe over 6 >0

results on

pi(Aj’u)(]‘ 7pi(Aj7N) 5)) >0,

0" :=log (1 +

with

c(€) :==¢(20)/2 — 0" < 0.
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Using this we have

IN

{Z (ZF —p)1{S.=A;} > T’ (t)e, T?(t) zn} \/E{exp(—2c(e)Ti(t)); T;(t)>n}

< exp(—c(€)n).

Using the same arguments one has that

P {Z (28 —p)1{S. = A} < T (t)e, T/ () > n} < exp(—c(e)n).

u=1

The result follows from the union bound. |
Proof of Lemma 2. The proof follows almost verbatim the steps in the proof of Lemma 1. Fix ¢ € V. For

6 > 0 consider the process {Mtj 0):t> 1}, defined as

(Zl{ZES} s (S ) - w()}) je i),

where

1. (0) = logE {exp(0(Z} — p;(Su, 1)) }

= logE {exp(—0p;(Su, 1)) (exp(0)p; (Su, ) +1 —p;(Su, 1))} -

One can verify that M () is an F,-martingale, for any 6 >0 and j € {i,0} (see §3 for the definition of JF,).
Fix j € {4,0} and note that
t
exp (ez 1{i € 8,1 (22—, (S i) - e>> = /3 20 exp <Z 1{i e 5,}(61(20)/2— ee>> @)
u=1

Put

{Z =i u,,u))l{ieSu}>T,~(t)e,Ti(t)>n}.

u=1

Let 1(t) denote the choice made by the t-th customer. Using the above one has that

P{x,} E{exp <9il{i63u}(zj‘—pj(5u,u)—6)) ;Ti(t)Zn}

u=1

-1 12
0 (E{M{_l(%)}E {exp (zl{wm SRR 29@) TIOE n})
- =t 1/2
9 (za{exp (Zl{wu)j,iesu}wz(w)m))m(ﬂzﬂ}) ,

where; (a) follows from Chernoft’s inequality; (b) follows from the Cauchy-Schwartz inequality and (28); and

(¢) follows from the properties of M (8). Note that ¢(-) is continuous, ¢?(0) = 0, (¢?)(0) = 0, and ¢?(0) — oo
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when 6 — oo, for all s >1 . This implies that there exists a positive constant c(e) < oo (independent of n),

and a 6* > 0, such that ¢7(26%) —26*e < —2¢(e) for all s > 1. Using this we have that

IP’{ Y (Z} —pi(Susp)) 1{i € 8.} > Ti(t)e, Ti(t) > n} < VE {exp(—2¢(e)T;(t)); T, (t) > n}

1

< exp(—c(e)n).
Using the same arguments one has that

P {Z (Z —pi(Su ) 1{i € S} < =T (t)e, Ty(t) > n} <exp(—c(e)n).

u=1

The result follows from the union bound. [ |



