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Abstract

We extend the model of Multi-Armed Bandit with unit switching cost to incorporate
a metric between the actions. We consider the case where the metric over the actions can
be modeled by a complete binary tree, and the distance between two leaves is the size of
the subtree of their least common ancestor, which abstracts the case that the actions are
points on the continuous interval [0, 1] and the switching cost is their distance. In this
setting, we give a new algorithm that establishes a regret of O(VAT + T/k), where k is the
number of actions and T is the time horizon. When the set of actions corresponds to whole
[0,1] interval we can exploit our method for the task of bandit learning with Lipschitz loss
functions, where our algorithm achieves an optimal regret rate of ©(T2/3), which is the
same rate one obtains when there is no penalty for movements.

As our main application, we use our new algorithm to solve an adaptive pricing problem.
Specifically, we consider the case of a single seller faced with a stream of patient buyers.
Each buyer has a private value and a window of time in which they are interested in buying,
and they buy at the lowest price in the window, if it is below their value. We show that
with an appropriate discretization of the prices, the seller can achieve a regret of O(TQ/ %)
compared to the best fixed price in hindsight, which outperform the previous regret bound
of O(T?/*) for the problem.

1. Introduction

Multi-Armed Bandit (MAB) is a well studied model in computational learning theory and
operations research. In MAB a learner repeatedly selects actions and observes their rewards.
The goal of the learner is to minimize the regret, which is the difference between her loss
and the loss of the best action in hindsight. This simple model already abstracts beautifully
the exploration-exploitation tradeoff, and allows for a systematic study of this important
issue in decision making. The basic results for MAB show that even when an adversary
selects the sequence of losses, the learner can guarantee a regret of ©(v/kT), where k is
the number of actions and 7" is the number of time steps (Auer et al., 2002; Audibert and
Bubeck, 2009; see also Bubeck and Cesa-Bianchi, 2012).

The simplicity of the MAB comes at a price. Essentially, the system is stateless, and
previous actions have no influence on the losses assigned to actions in the future. A more
involved model of sequential decision making is Markov Decision Processes (MDPs) where
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the environment is modeled by a finite set of states, and actions are not only associated with
losses but also with stochastic transitions between states. Unfortunately, for the adversarial
setting there are mostly hardness results even in limited cases (Abbasi et al., 2013).

Introducing switching costs is a step of incorporating dependencies in the learner’s action
selection. The unit switching cost has a unit cost per each changing of actions. In such a
setting a tight bound of ©(kY3T2/3) is known (Dekel et al., 2014a). Our main goal is to
extend this basic model to the case of MAB with movement costs, where the cost associated
with switching between arms is given by a metric that determines the distance between any
pair of arms. Such a model already introduces a very interesting dependency in the action
selection process for the learner. Specifically, we study a metric between actions which is
modeled by a complete binary tree, where the distance between two actions is proportional
to the number of nodes in the subtree of their least common ancestor. This abstracts the
case where the arms are associated with k£ points on the real line and the switching cost
between arms is the absolute difference between the corresponding points (actually, the
tree metric only upper bounds distances on a line, but this upper bound is sufficient for
our applications). Note that we do not assume that pairs of actions with low movement
cost have similar losses: our model retains the full generality of the loss functions, and only
imposes a metric structure on the cost of movement between arms.

Our main result is an efficient MAB algorithm, called the Slowly Moving Bandit (SMB)
algorithm, that guarantees expected regret of at most 6(\/@ + T/k). As we elaborate
later, this result implies that for k < T3 we can achieve an optimal regret é(TZ/ 3), and for
k = T3 we obtain an optimal regret rate of (:)(\/k:i ). It is worth discussing the implication
of our bound. The bound of (:)(TQ/ 3) for k < T'/3 is tight due to the lower bound of Dekel
et al. (2014a), which applies already for k = 2 actions. The bound of O(vVT) for k > T'/3
is tight due to the classic lower bound for MAB even without movement costs (Auer et al.,
2002). Surprisingly, for a large action set (i.e., k = T'/3) we lose nothing in the regret by
introducing movement costs to the problem! Another surprising consequence of our bound
is that there is no loss in the regret by increasing the number of actions from k& = 2 to
k = ©(T"/3) when movement costs are present.

The main application of our SMB algorithm is for adaptive pricing with patient buy-
ers (Feldman et al., 2016). In this adaptive pricing problem, we have a seller who would
like to maximize his revenue. He is faced with a stream of patient buyers. Each buyer has
a private value and a window of time in which she would like to purchase the item. The
buyer buys at the lowest price in its window, in case this price is below the buyer’s private
valuation of the item. (The seller publishes prices sufficient far into the future, so that the
buyer can observe all the relevant prices.) The adaptive price setting is related to the MAB
problem with movement costs in the following way. The prices are continuous (say, [0, 1])
and the reward is the revenue gained by the seller. The rewards are given by a one—sided
Lipschitz function (specifically, we receive the reward whenever we post a price which is at
most the private value, and zero otherwise). This allows us to apply our bandit algorithm
via discretization of the continuous space. The challenge, though, remains to control the
cost the seller pays which stems from the buyer’s patience.

The seller benchmark is the best single price. Using a single price implies that the buyers
either buy immediately, or never buy. The movement cost models the loss due to having
the buyer patient, which can be thought as the difference between the price of the item
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when the buyer arrives and the price at which it buys. (Note that there might be a gain,
since it might be that when the buyer arrives the price is too high, but later lower prices
make him buy. We ignore this effect for now.) Our main result is that the seller can use
our SMB algorithm and guarantee a regret of at most 5(T 2/ 3), using T 1/3 equally-spaced
prices. This is in contrast to a regret of 5(T3/ 4) which is achieved by applying a standard
switching cost technique together with a discretization argument (Feldman et al., 2016).

It is interesting to observe qualitatively how our algorithm performs. It is much more
likely to make small changes than large ones; roughly speaking, the probability of a change
drops exponentially in the magnitude of the change. Conceptually, this is a highly desirable
property of a pricing algorithm, and arguably, of any regret minimization algorithm: we
would like to slightly perturb the prices over time without a sever impact on the buyers,
and only rarely make very large changes in the pricing.

Finally, another application of our algorithm is for the case that we have continuous
actions on an interval, and the losses of the actions are Lipschitz. Our algorithm can
handle movement cost which are also Lipschitz on the interval. (We stress that in our
application the losses are deterministic and not stochastic.)

1.1. Related Work

With a uniform unit switching cost (i.e., when switching between any two actions has a unit
cost), it is known that there is a tight Q(k/3T2/3) lower bound for the MAB problem (Dekel
et al., 2014a), which is in contrast to the O(\/ﬁ ) regret upper bound without switching
costs.

Classical MAB algorithms such as Exp3 (Auer et al., 2002) guarantee a regret of
5(\/@ ) without movement costs. However, they are not guaranteed to move slowly be-
tween actions, and in fact, it is known that EXp3 might make Q(T) switches between actions
in the worst case (see Dekel et al., 2014a), which makes it inappropriate to directly handle
movement costs.

Our adaptive pricing application follows the model of Feldman et al. (2016). There, for
a finite set of k prices a matching bound of SN)(Tz/ 3) on the regret is shown. For continuous
prices they remark that their upper bound can be used to derive an 6(T 3/ 4) regret bound.
Our SMB algorithm improves this regret bound to 5(T2/ 3). There is a slight difference in
the exact feedback model between Feldman et al. (2016) and here: in both models when a
buyer arrives, the sell time is uniquely determined; however, in Feldman et al. (2016) the
seller observes the purchase only at the actual time of the sell, whereas here we assume the
seller observes the sell when the buyer arrives and decides when to purchase. We remark,
though, that as discussed in Feldman et al. (2016) all lower bounds derived there apply to
the current feedback model too.

There is a vast literature on online pricing (e.g., Balcan and Blum, 2006; Balcan et al.,
2008; Balcan and Constantin, 2010; Bansal et al., 2010; Besbes and Zeevi, 2009). The main
difference of our adaptive pricing model is the patience of our buyers, which correlates
between the prices at nearby time steps.

For the case of continuous prices and a single seller, when one consider impatient buyers,
a simple discretization argument can be used to achieve a regret of 5(T2/ 3), and there exists
a similar lower bound of Q(7T%3) (Kleinberg and Leighton, 2003). More generally, learning
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Lipschitz functions on a closed interval has been studied by Kleinberg (2004), where an
optimal ©(T%3) regret bound is shown via discretization. Our results show that even if
one adds a movement cost (which is the distance) to the problem, there is no change in the
regret.

There are many works on continuous action MAB (Kleinberg, 2004; Cope, 2009; Auer
et al., 2007; Bubeck et al., 2011; Yu and Mannor, 2011). Most of the works relate the
change in the payoff to the change in the action in various ways. Specifically, there is an
extensive literature on the Lipschitz MAB problem and various variants thereof (Kleinberg
et al., 2008; Slivkins, 2011; Slivkins et al., 2013; Kleinberg and Slivkins, 2010), where the
expectation of the reward of arms have a Lipschitz property. We differ from that line of
work. Our assumption is about the switching cost (rather than the losses) being related to
the distance between the actions.

The work of Guha and Munagala (2009) discusses a stochastic MAB, in the spirit of the
Gittins index, where there is both a switching cost and a play cost, and gives a constant
approximation algorithm. We differ from that work both in the model, their model is
stochastic and our is adversarial, and in the result, their is a multiplicative approximation
and our is a regret.

Approximating an arbitrary metric using randomized trees (i.e., k-HST) has a long
history in the online algorithms literature, starting with the work of Bartal (1996). The
main goal is to derive a simpler metric representation (using randomized trees) that will
both upper and lower bound the given metric. In this work we need only an upper bound
on the metric, and therefore we can use a deterministic complete binary tree.

2. Setup and Formal Statement of Results

2.1. Bandits with Movement Costs

In this section we consider the Multi-Armed Bandit (MAB) problem with movement costs.
In this problem, that can be described as a game between an online learner and an adversary
continuing for 7" rounds, where there is a set K = {1,...,k} of £ > 2 arms (or actions) that
the learner can choose from. The set of arms is equipped with a metric A(z, j) € [0, 1] that
determines the movement distance between any pair of arms ¢, j € K.

First, before the game begins, the adversary fixes a sequence /1, ..., {7 € [0,1]* of loss
vectors assigning loss values in [0,1] to the arms.! Then, on each round ¢t = 1,...,T, the
learner picks an arm i; € K, possibly at random, and suffers the associated loss ¢;(i¢). In
addition to incurring this loss, the learner also pays a cost of A(i,4;—1) that results from
her movement from arm 4;_; to arm 7;. At the end of each round ¢, the learner receives
bandit feedback: she gets to observe the single number ¢;(i;), and this number only. (The
movement cost is common knowledge.)

The goal of the learner, over the course of T' rounds of the game, is to minimize her
expected movement-regret, which is defined as the difference between her (expected) total
costs—including both the losses she has incurred as well as her movement costs—and the
total costs of the best fixed action in hindsight (that incur no movement costs, since it is

1. Throughout, we assume that the adversary is oblivious, namely, that it cannot react to the learner’s
actions.
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the same action in all time steps); namely, the movement regret with respect to a sequence
£1.7 of loss vectors and the metric A equals

T

T T
RegretMC(flzT, A) =E Z gt(lt) + Z A(’it, Z.tfl) — ZIE}EIII% Z ft(Z*) .
t=1 t=2 t=1

Here, the expectation is taken with respect to the player’s randomization in choosing the
actions %1,...,17.

MAB with a tree metric. Our focus in this paper is on a metric induced over the
actions by a complete binary tree T with k leaves. We consider the MAB setting where
each action ¢ is associated with a leaf of the tree 7. (For simplicity, we assume that k is a
power of two.)

We number the levels of the tree 7 from the leaves to the root. Let level(v) be the level
of node v in T, where the level of the leaves is 0. Given two leaves i and j, let Ica(i, j)
be their least common ancestor in 7. Then, given actions ¢ and j let dy(i,7) be the level
of their least common ancestor in T, i.e., d7(i,5) = level(lca(i,j)). The movement cost
between ¢ and j is then

Ar(i,j) = +29709) e [0,1] . (1)
Our first main result bounds that movement cost with respect to the given metric:

Theorem 1. There exists an algorithm (see Algorithm 1 in Section 4) that for any sequence
of loss functions {1, ...l guarantees that

~ T
Regretyc (b7, A1) = O <\/ ET + k) .

For k > T3 the theorem gives an optimal regret bound of 5(\/1{7) For k < T3,
we can extend a binary tree with k leaves by turning each leaf into a node whose subtree
is a balanced binary tree and we obtain a new tree with at most 273 leaves. We then
associate with each new leaf as its action the action induced by its parent at the level of
original leaves. One can show that the movements between the level of the original actions
is then controlled by O(T?/3) and we can then exploit this construction to achieve a regret
bound of G(T 2/3). In any movement cost problem with at least two arms of fixed constant
distance, a lower bound regret of 2-arm switching cost applies, hence we observe that these
rates are optimal for every k < T (Dekel et al., 2014a).

The proof of Theorem 1 is provided in Section 4 as a direct corollary of Theorem 4.

Continuum-armed bandit with movement cost. We can apply Algorithm 1 to the
problem of learning Lipschitz functions over the real line with movement regret associated
with standard metric over the interval. In this setting we assume an arbitrary sequence of
functions f1,..., fr: [0,1] — [0, 1] where each function f; is L-Lipschitz. i.e.,

[fe(x) = fi(y)| < Llz —y| Vayel01].
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Let x; be the action selected by the player at time ¢. The objective is then to minimize the
movement regret, defined:

Regretyc(fi.1, | Z fi(xe) + Z |zt — zeg1] | — mln Z fi(x

One application of our algorithm is a regret bound for Lipschitz functions:

Theorem 2. There exists an algorithm (based on Algorithm 1) that for every sequence of
L-Lipschitz loss functions f1,..., fr, with L = 1, achieves:

Regretyc(fir,|-]) = 5(L1/3T2/3) .

We emphasize that even without movement costs, there is an SNZ(TQ/ 3) lower bound in
this setting (Kleinberg, 2004); hence, the regret bound of Theorem 2 is essentially optimal.

Section 4.6 is dedicated to the proof of Theorem 2. We also note that the result, in fact,
holds for any metric A that is L-Lipschitz (for exact statement see Theorem 12).

2.2. Adaptive Pricing

We consider the following model of online learning, with respect to a stream of patient buyers
with patience at most 7. In our setting the seller posts at time ¢t = 1 prices p1, ..., pry1 for
the next 7 days in advance. Then at each time step t the seller posts price for the ¢t + 7
day ps+7 and receives as feedback her revenue for day ¢t. The revenue at time ¢ depends on
buyer b; and the sequence of prices p¢, pri1, ..., pti7 in the manner described below.

Each buyer by, in our setting, is a mapping from a sequence of prices to revenues,
parameterized by her value v; and her patience 7. The buyer proceed by observing prices
Dty - -+ Pt+r, and purchases the item at the lowest price among these prices, if it does not
exceed her value. Thus the revenue from the buyer at time ¢ is described as follows:

b .

min{ps, ..., peert  if min{ps, ..., prin} < vy,
7pt+7) = .
0 otherwise.

Note that at time ¢ the buyer decides whether it will purchase and when. Here, we assume
that the buyer also gets to order the good at day of arrival (at price and time decided by him
according to his patience and private value), thus the seller observes the buyer’s decision
at time t, namely the feedback at time t is given by by(py, ..., pi+7). We note that this
feedback model differs from Feldman et al. (2016) where the buyer buy at day of purchase.
However, we note that both lower and upper bounds derived by Feldman et al. apply to
our feedback model as noted there in the discussion.

Our objective is to construct an algorithm that minimizes the regret which is the differ-
ence between revenue obtained by the best fixed price in hindsight and the expected revenue
obtained by the seller, given a sequence by.7 of buyers:

T
Regret(by.7) max Z b:(p*, ..., p%) — E[Z b:(pt, . - - pt+7)] .
t=1

Our main result with respect to adaptive pricing is as follows:
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Theorem 3. There exists an algorithm (see Algorithm 2 in Section 5) that for any sequence
of buyers by, ..., bp with maximum patience T achieves the following regret bound:

Regret(by.7) = 5(?1/3T2/3) .

It is interesting to note that even though a lower bound of Q(7%3) stems from two dif-
ferent sources we can still achieve a regret rate of 5(T2/ 3). Indeed, Kleinberg and Leighton
(2003) showed that optimizing over the continuum [0, 1] leads to a lower bound of Q(7%/3),
irrespective of the patience of the buyers. Second, Feldman et al. (2016) showed that when-
ever the seller wishes to optimize between more than two prices, a lower bound of Q(T%/3)
holds for patient buyers.

In this work we deal with both obstacles together—patient buyers and optimization over
the [0,1] interval—yet the two obstacles can be dealt without leading to a regret bound
that is necessarily worse then each obstacle alone.

Our solution to the adaptive pricing problem is based on employing a MAB with move-
ment costs algorithm that allows small change in the prices. The reason one needs to em-
ploy an algorithm with small movement cost stems from the memory of the buyers: roughly
speaking, whenever the seller encounters a buyer with patience, the potential revenue of the
seller will be the revenue at time ¢ minus any discount price that buyer may encounter on
future days. Indeed, for the case of two prices, Feldman et al. (2016) constructed a sequence
of buyers that reduces the problem to MAB with switching cost: a step in demonstrating a
Q(T?/3) regret bound: thus a fluctuation in prices is indeed a cause for a high regret.

A full proof of Theorem 3 is provided in Section 5.

3. Overview of the approach and techniques

In this section we give an informal overview of the main ideas in the paper and describe the
techniques used in our solution. We begin with the main ideas behind our main result: an
optimal and efficient algorithm for MAB problems with movement costs. Later we continue
with the adaptive pricing problem, and show how it is abstracted as an instance of the
MARB problem with movement costs.

From continuum-armed to multi-armed. In our main applications, we consider ac-
tions that are associated to points on the interval [0, 1] equipped with the natural metric
A(z,y) = |r — y|. As a preliminary step, we use discretization in order to make the ac-
tion space finite and capture the setting by the MAB framework. That is, we reduce the
problem of minimizing regret over the entire [0, 1] interval to regret minimization over k
actions associated with the equally-spaced points K = %, %, ...,1}. Our challenge is to
then to design a regret minimization algorithm over A whose cumulative movement cost
with respect to the metric A(i,j) = |i — j|/k is bounded.

Our approach builds upon the basic techniques underlying the Exp3 algorithm for the
basic MAB problem, which we recall here. EXP3 maintains over rounds a distribution p; over
the k£ actions and chooses an action i; ~ p;; thereafter, it updates its sampling distribution
multiplicatively via psy1(i) o¢ ps() - exp(—nls(i)), where £; is an unbiased estimator of true
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loss vector ¢, constructed using only the observed feedback ¢;(i;). Specifically, the estimator
used by Exp3 is

= i, =i}, . :

Ui(1) = ———20,(1 Vie K.

+(0) pe() +(i)
A §imple computation shows that ¢; is indeed an unbiased estimator of £;, namely that
E[¢;] = 4;, and the crucial bound for EXP3 is then obtained by controlling a variance term
of the form E[p; - /7], and showing that it is of the order O(k) at all rounds ¢. This in turn
implies the O(vVkT') bound of EXP3.

Controlling movements with a tree. As a first step in controlling the movement
costs of our algorithm, one can think of an easier problem of controlling the number of
times the algorithm switches between actions in the left part of the interval, namely in
Ap = {%, ce %}, and actions in the right part of the interval, Ag = {% + %, ..., 1}. Indeed,
since each such switch might incur a high movement cost (potentially close to 1), any
algorithm for MAB with movement costs must avoid making such switches too often. In
principle, a solution to this simpler problem can be then lifted to a solution to the actual
movement costs problem by applying it recursively to each side of the interval.

The thought experiment above motivates our tree-based metric: this metric assigns a
fixed cost of 1 to any movement between the left and right parts of the interval-—that
correspond to the topmost left and right subtrees—and recursively, a cost of 2¢/k for any
movement between subtrees in level d of the tree. The tree metric is always an upper
bound on the natural metric on the interval, namely A(i,j) < %QdT(i’j) = AT(i,j), so that
controlling movement costs with respect to A7 suffices for controlling movement costs with
respect to the natural distance on [0,1]. While this upper bound might occasionally be
very loose,? the tree-metric effectively captures the difficulties of the original movement
costs problem with the natural metric over [0, 1].

Hence, we henceforth focus on constructing an algorithm with low movement costs with
respect to a tree-based metric over a full binary tree. To accomplish this, we will regulate
the probability of switching the ancestral node. Namely, if we denote by A4(i) the subtree
at level d of the tree containing action ¢, our goal is to design an algorithm that switches
between actions 4 and j such that A4(i) # A4(j) with probability at most 2-¢. This would
ensure that the expected contribution of level d in the tree to the movement cost of the
algorithm is O(1/k) per round. Indeed, switching between subtrees at level d (while not
making a switch at higher levels) results with a movement cost of roughly 2¢/k. Overall, the
contribution of all layers in the tree to the total movement cost would then be O((T'/k) log k),
as required.

Lazy sampling. Our challenge now is to construct an algorithm that switches infre-
quently between subtrees at higher levels of the tree. However, recall that typical bandit
algorithms choose their actions i1, ...,i7 at random from sampling distributions p1, ..., pr
maintained throughout the evolution of game. In order to guarantee that consecutive ac-
tions 7; and i;—1 will belong to the same subtree with high probability, the algorithm would
have to sample 7; in a way which is highly correlated with the preceding action 4;_.

2. For example, the distance between % — % and % + % according to the metric Ay is 1.
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Suppose that the marginals of the subtrees at some level d do not change between the
distributions p;—1 and py; namely, that the cumulative probability assigned to the leaves
of each such subtree by both p;_1 and p; is the same. In this case, we argue that we can
sample our new action 4; at time ¢, based on the preceding action ¢;_1, from the conditional
distribution pi(- | Ag(it—1)). In other words, if we think of sampling an action ¢ from p; as
sampling a path in the tree leading to the leaf associated with ¢, then for determining i; on
round ¢ we copy the top d edges from the path at time ¢ — 1, and only sample the remaining
bottom edges (those contained in the subtree A4(i;—1)) according to the new distribution
pe. Intuitively, this can be justified because the distribution of the top d edges in the path
leading to i; is the same as that of the top d edges in the path leading to i;_1, so we may
as well keep the random bits associated with them and only resample bits associated with
the remaining edges from fresh.

The lazy sampling scheme sketched above raises a major difficulty in the analysis: since
iy is sampled from a conditional of p; that might be very different from p; itself, it is no
longer clear that ¢; is distributed according to the “correct” distribution. In other words,
conditioned on p; (which intuitively is a summary of the past), the random variable i; is
certainly not distributed according to p;. Nevertheless, our analysis demonstrates a crucial
property of the distributions p; maintained the sampling scheme, which is sufficient for the
regret analysis: we show that for all subtrees A at all levels of the tree, it holds that

That is, even though i; is sampled indirectly from py, it is still distributed according to p;
in a certain sense.

Rebalancing the marginals. The lazy sampling we described above reduced the prob-
lem of controlling the frequency of movements in the actions i1,...,i7, to controlling the
frequency in which the marginal distribution of pq, ..., pr over subtrees is updated by our
algorithm. Next, we describe how the latter is accomplished (where the frequency of update
is exponentially-decreasing with the level of the subtree). To illustrate the technique, let
us consider an easier problem: instead of demanding infrequent updates for subtrees in all
levels, we shall only attempt to rebalance the marginals at the topmost level, with the goal
of making them being updated with probability at most 2= = 1/k. We will demonstrate
how the estimator E can be modified in a way that induces such infrequent updates at the
top level. Denote the left subtree at the top level by A (containing actions %, ceey %) and
the right topmost subtree by Ar (containing actions % + %, ..., 1). First, we choose

1-— % with probability d;
O' —
! 1 with probability 1 — 6.

Then, for A e {Ar, Ar} we set

Yo _ 7 Ot ped) i) :
(1) = (7)) — — 1o e 1tV VieA.
) == g(jeAmA)
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Here, /; is the basic EXP3 estimator discussed earlier. In terms of estimation, E is still an
unbiased estimator of the true vector 4;: since E[o;] = 0 it follows that E[/;] = £;,. However,
the added term has a balancing effect at the top level of the tree: a simple computation
reveals that if o, = 1 (which occurs with high probability), the multiplicative update of the
algorithm applied on the vector #; ensures that py(AL) = pre1(ArL) and p(AR) = pra1(AR).
In other words, with probability 1 — ¢, the cumulative (i.e., marginal) probability of both
subtrees at the top level is remained fixed between rounds ¢ and ¢ + 1.

The balancing effect we achieved comes at a price: for small values of § the magnitude
of Zt becomes large, as it might be the case that oy ¥ —1/. Nevertheless, it is not hard to
show that the variance term E[p; - /2] is bounded by O(k + 1/8). In particular, for § = 1/k
we retain a variance bound of O(k), while changing the marginals of the two top subtrees
with probability no larger than 1/k. As a result, by sampling accordingly from the slowly-
changing distributions p; we can ensure that the movements at the top level contribute at
most O(T'/k) to the total movement cost of the algorithm.

Evidently, the estimator described above only remedies the problem at the top level,
and the movement costs at lower levels of the tree might still be very large (effectively,
within each subtree the algorithm does nothing but simulating ExP3 on the leaves). Still,
using a similar yet more involved technique we can induce a balancing effect at all levels
simultaneously and ensure that the marginal probabilities of the subtrees at level d are
modified by the algorithm with probability at most 2~¢. The construction adds a balancing
term corresponding to each level of the tree in a recursive manner that takes into account
the balancing terms at lower levels.

From adaptive pricing to bandits. We now discuss how to reduce adaptive pricing
with patient buyers to a MAB problem with movement costs. We employ a reduction
similar to the one used by Kleinberg and Leighton (2003); however, the patience of the
buyers introduce some difficulties, as we discuss below. For now, we ignore the buyers’
patience and give the idea of the reduction in the simplest case.

Intuitively, in order to adaptively pick prices from the interval [0, 1] so as to minimize
regret with respect to the best fixed price in hindsight, we could directly apply a standard
MAB algorithm, e.g., EXP3, over a discretization A = {%, %, ..., 1} of the interval, treating
each of the k prices as an arm that generates a reward whenever it is pulled. Furthermore,
since the buyers’ valuations are not disclosed after purchase, the feedback observed by
the seller is very limited and nicely captured by the MAB abstraction. Since the buyers’
valuations are one-sided Lipschitz, the best price in A will lose at most O(T'/k) in total
revenue as compared to the best fixed price in the entire [0, 1] interval. Thus, provided an
algorithm that achieves 6(\/@ ) expected regret with respect to the best price in A, we
could pick k = ©(T'/3) and obtain the optimal O(T?/3) regret for the pricing problem.

Patient buyers and movement costs. A main complication in the above MAB ap-
proach arises from the buyers’ patience: the revenue extracted from a single buyer is de-
termined not only by the price posted by the seller on the day of the buyer’s arrival, but
also by prices posted on the subsequent days subject to the buyer’s patience. As a result,
if the seller change prices abruptly on consecutive days, a strategic buyer—that purchases
in the minimal price, if at all-—could make use of this fact to gain the item at a lower price,

10
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which lowers the revenue of the seller. Roughly speaking, the latter additional cost to the
seller is controlled by the absolute difference between the prices she posted at consecutive
days. Thus, the pricing problem with patient buyers can be reduced to a MAB problem
with movement costs, where the online player suffers an additional movement cost each time
she changes actions, and the movement cost is determined by the metric (absolute value
distance) between the respective actions.

The reduction sketched above is made precise in Section 5, where we also address an
additional difficulty stemming from the adaptivity of the feedback signal observed by the
seller: the latter is contaminated by the effect of prices posted at earlier rounds on the
buyers, and has to be treated carefully.

4. The Slowly Moving Bandit Algorithm

In this section we present the Slowly Moving Bandit (SMB) algorithm: our optimal algo-
rithm for the Multi-armed bandit problem with movement costs.

In order to present the algorithm we require few additional notations. Recall that in our
setting, we consider a complete binary tree of depth D = log, k whose leaves are identified
with the actions 1,...,k (in this order). For any level 0 < d < D and arm i € K, let Ay(7)
be the set of leaves that share a common ancestor with i at level d (where level d = 0 are
the singletons). We denote by Ay the collection of all k/2¢ subsets of leaves:

Ad:{{1,...,2d},{2d+1,...,2-2d},...,{k—2d+1,...,k}} vo<d<D.

The SMB algorithm is presented in Algorithm 1. The algorithm is based on the mul-
tiplicative update method, and in that sense is reminiscent of the EXp3 algorithm (Auer
et al., 2002). Similarly to Exp3, the algorithm computes at each round ¢ an estimator Zg to
the true, unrevealed loss vector ¢; using the single loss value ¢;(i;) observed on that round.

As discussed in Section 3, in addition to being an (almost) unbiased estimate for the
true loss vector, the estimator Zt used by SMB has the additional property of inducing
slowly-changing sampling distributions p;, that allow for sampling the actions i; in a way
that the overall movement cost is controlled. This is achieved by choosing at random, at
each round ¢, a level d; of the tree to be rebalanced by the algorithm using the balancing
vectors Zt,d- For reasons that will become apparent later on, the level d; is determined by
choosing a random sign o; 4 for each level d in the tree and identifying the bottommost level
with a negative sign, namely

dy =min{0 <d <D :0,4 <0}, where oyp = —1.

Then, as we show in the analysis, the terms lld defined using the signs o 4 have a balancing
effect at levels d > d;.

A major difficulty inherent to our approach, also common to many bandit optimization
settings (e.g., Dani et al., 2007; Alon et al., 2015; Bubeck et al., 2016), is the fact that the
estimated losses E(z) might receive negative values that are very high in absolute value.
Indeed, the balancing term /; 4 corresponding to level d is roughly as large as 2¢/p(i;), and
might appear with a negative sign in Zt Algorithm 1 resolves this issue by zeroing-out the

11
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estimator E whenever it chooses an action whose probability is too small, which ensures
that the Et,d terms never become too large. We remark that the standard approaches used
to resolve such issues (the simplest of which is mixing the distribution p; with the uniform
distribution over the k actions) fail in our case, as they break the rebalancing effect which
is tailored to the specific multiplicative update of the algorithm.

Initialize p1 = u, dg = D and ig ~ py; fort =1,...,T":
(1) Choose action i; ~ pi( - | Ag,_,(it—1)), observe loss ¢ (i)

(2) Choose 0, ...,0tp—1 € {—1,+1} uniformly at random
(3) Compute vectors £y, ..., ¢ p—1 recursively via
. ]l{Zt = Z}
ft,o 1) = p Ci(it)
2 pe(7) (&)

Zt’d(l) = —1 log 2 Lj)»ein(:bkat,dfl)zt,dfl(j)

(4) Define B; = {i € K : p;(Aq(i)) < 297 for some 0 < d < D}

and set
> 0 if it € Bt;
=3 D-1 = .
leo + 2o Otdlea otherwise
(5) Update:
) e~ (i)
pe+1(i) = pili)e VieK

Z§:1 pe(j) el i)

Algorithm 1: The SMB algorithm.

The following theorem is the main result of this section. Theorem 1 is an immediate
corollary.

Theorem 4. For any sequence of loss functions {1, ...,¢p, The SMB algorithm (Algo-
rithm 1) guarantees that

log k

Regret({14) = O < + nTklog k> .

In particular, by setting n = 1/VEkT the expected regret of the algorithm is bounded by
O(WTklogk). Furthermore, for the metric A1 (see Eq. (1)), the expected total movement
cost of the algorithm is E[Y]_y Ar(ir,it_1)] = O((T/k)logk).

The rest of the section focuses on proving Theorem 4. We begin by stating a useful tech-
nical bound that we use throughout our analysis to control the magnitude of the balancing
vectors {; 4. For a proof of the lemma, see Section 4.5 below.

12
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Lemma 5. For allt and 0 < d < D the following holds almost surely:
— 1 Aql
0 < q(i) < {“e d H1+ath VieK. (2)
h=0

In particular, if oy, = —1 then EM =0 for all d > h.

One useful Jimplication of the lemma is that, since & 4 = 0 for all d > d;, we can express
our estimator Et in the following equivalent form:

di—1
b= Zt,o — Zt,dz + Z lip (3)
h=0

4.1. Rebalancing the marginals

Our first step is to show that the marginals of the distributions p; over subtrees of actions
are not modified by the algorithm with high probability, as a result of adding the balancing
vectors £ 4.

Lemma 6. For all d > d; we have that pi+1(A) = pi(A) for all Ae Ay.

For the proof, we require the next technical result about the balancing vectors Zt,d
computed by the algorithm.

Lemma 7. Ifoy9=... = 0449-1 = 1 then:
Zpt( —nl,a(1) Zpt —nl,a(0) VAeA,,
€A €A

~ = d-17
where Ly g = Lo + X_oCtn-

Proof. The proof proceeds by induction on d. For the base case d = 0, the claim follows
trivially as Zg 0= Zt 0- Next, we assume the claim is true for some value of d > 0 and prove
it for d + 1. Pick any A € Ay.1 and write A = Ay U Ay where Aq, Ao are disjoint sets from
Ag. Notice that the vector Et 4 is uniform over A; and As, namely /; d(i) = ca, forallie Ay
for some c4, > 0, and similarly £; 4(i) = ca, for all i € Ay for some c4, > 0. Hence, we have

Z pu(i)eMrari() = Z pi(i)eMea(®) g=nle.a(d)

€A €A
= e NCA Z pt(i)e_nzt,d(i) + e CAy 2 pt(i)e—nft,d(i)
i€Aq i€As
— eMCAy Z pe(i)e Meald) 4 gmmea, Z py(i)eald)
€Ay €Az
= Z pt(i)e—ﬂzt,d(i)e—ﬂzt,d(i)
€A
= Y plige et
€A

13
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where the third equality uses the induction hypothesis. On the other hand, by the recursive
definition of 4 411 and the fact that gt’d_l,_l is uniform over A, we have

7, P (i (1+0¢.q); —2n#,
Zpt 6 —nlt,av1(i — —n( Otd t,d( Zp 77td )'
€A zeApt €A

Combining both observations, we obtain

Zpt e —nly,q41(i Zpt e 0l 41 (3)
€A €A

which concludes the inductive argument. |
We can now prove Lemma, 6.

Proof of Lemma 6. It is enough to prove that p;+1(A) = pi(A) for all A € Ay, as each
set in Ay for d > d; is a disjoint union of sets from Ayg,.

Observe that if i, € B, (see Algorithm 1 for the definition of B;) then Et = 0 and the
claim is certainly true as p;1 = p¢ in this case. Thus, We henceforth assume that i; ¢ By,
in which case £, = thd 0 .d, wWhere ﬁt Ay = lo+ Zh o L7, 1 (recall Eq. (3)). Now, pick any
Ae Ay, and j € A. Since Et’dt( i) = cy for all i € A for some c4 > 0, and using Lemma 7 we
obtain

e pe()) 7, . () Pe(D) i a, ()
e MCA — e Mta (1) — 2 o M (Y) 4
2 (4) 2 n(4) “

On the other hand, from & = 04, — 74, it follows that e (@) = e=nra.() je=nea for all
i€ A, and by Eq. (4) we have

icAD e nftdt()
S pili) )i ) _ uieA te(zZCA —
€A

In words, the multiplicative update does not change the probabilities of the sets in Ayg,,
hence pri1(A) = pe(A) for all Ae Ay, as required. [ ]

4.2. Lazy sampling

Our next step is to show that the sampling scheme employed by Algorithm 1 is valid and
gives rise to low movement costs on expectation. Specifically, we would like to show that
in a certain sense, the action ¢; on round ¢ is distributed in expectation according to the
distribution p;, even though it is sampled from a conditional of p; in a way that is highly
correlated with the preceding action i;_1. Furthermore, we will show that the correlations in
the sampling scheme are designed in a way that the expected movement between consecutive
actions is small. These properties are formalized in the following lemma.

Lemma 8. For allt and 0 < d < D the following hold:
e for all Ae A; we have

14
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e with probability at least 1 — 27+ " we have that Ag(is) = Aq(it_1).

Eq. (5) is central to our analysis below, and virtually all of our probabilistic arguments
involving the random variables i; and p; will be based on this property. We remark that if
we were to sample i; directly from the distribution specified by p;, then Eq. (5) would have
been trivially true. However, the i; are sampled from a conditional of p; that might be very
different from p; itself; nevertheless, the lemma shows that Eq. (5) still continues to hold
under the skewed sampling process.

Lemma 8 also implies the slow-movement property of the algorithm: at the high levels
of the tree, where the subtrees are “wide”, the actions i; and i;_1 are very likely to belong
to the same subtree. The probability of switching subtrees increases exponentially with the
level in the tree: at the lower levels, where the subtrees are “narrow”, subtree switches may
occur more often as the movement cost incurred by such switches is low.

Proof of Lemma 8. The second statement is true since we pick i;+1 ~ pi(i | Ag,(3¢)), so
that Ag(iz41) # Ag(is) can occur only if d < dy. This happens with probability 2~ (¢+1).

Next, we show Eq. (5) by induction on ¢. For ¢t = 1 the statement is true since i; ~ pj.
For the induction step, condition on d; and fix any d > d; and A € A;. By Lemma 6 we
have that p;(4) = pi+1(A). Also iy € A if and only if 4,41 € A, since d > d; implies that
iy € A if and only if Ay, (ix) € A and Ag, (iz+1) = Ag,(it). Hence, we have

E[]l{it+1 e A} dt] _ E[]l{it e A} dt] _ E[]l{z‘t € A}] _q, (©)
pr+1(A) pi(A) pe(A)
where the last equality holds true since d; depends solely on oyy,...,0,p—1 which are
independent of i; and p; (note that this equality then holds for any set A, regardless of the
fact that A € Ay).

Next, we consider any d < d; and A € Ay. Let A’ € Ay, be the subtree such that A < A’,
and recall that iz41 ~ pry1(i | Ag,(i)). Hence,

]l{it+1 € A} . / :| |: ]l{iﬂ_l € A} . ’ ] 1
E| 2 A e A e dy| = E e A prosdy| = ——— .
[ pa(A) |15 Pt (A Aprpa (A7) |15 P S| = A
(7)
Since i; € A’ implies that 7,1 € A’, we have
1{i,1€ A . L1 € AY | .
E[m dtapt+1:| = E{]l{zt-i-l e A} E{{P;E(A)} ive A prya, dt] dtupt+1:| .

(8)

Taking Eqgs. (7) and (8) together and taking the expectation over p;;1, we obtain that for

every d < dy:
E|:]l{’it+1EA} dt] :E[]l{it+1ej4/} ‘dt:| _ 7
pi+1(A) pre1(A)
where last equality follows from Eq. (6) as A’ € Ay,.
To conclude, we showed that for all d we have:

Taking the expectation over d;, we obtain the desired result. |
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4.3. Bounding the bias and variance

Next, we turn to bound the variance of the loss estimates 7, and the bias of their expectations
from the true loss vectors. These bounds would become useful for controlling the expected
regret of the underlying multiplicative updates scheme.

We begin with analyzing the bias of our estimator. The following lemma shows that
our estimates are “optimistic”, in the sense that they always bound the true losses from
below, yet they do not overly underestimate the losses incurred by the algorithm. The proof
is somewhat involved, as a result of the “bad events” B; under which the estimated loss
vectors Zt are being zeroed-out, thereby introducing biases into the estimation.

Lemma 9. For all t, we have E[0;(i)] < ¢;(i) and E[¢,(i)] < E[p: - &] + nklog, k.
Proof. Observe that, by Eq. (5) of Lemma 8,

E[7s0(i)] = “)E{]l{zw:)}] 0.

We now prove that E[¢; o(@)] < E[¢0(i)] for all 4, which would imply the first claim. By
construction we have E[Et( ) |ive Bl] =0< [éto( ) | iz € By]. Also, since E[oy 4] = 0 and
ot,q is independent of 7; and Et,d (the latter only depends on oy, ...,0¢4-1), we have

D—1
E[é; | it ¢ Br] = E[leo | it ¢ Be] + Z [otal E[lra | it ¢ Be) = E[lio | it ¢ Be] . (9)

Together, we obtain E[Et’o(l)] < E[lio(i)] as required.
Next, to bound E[£;(i;)] observe that E[p; - £; | iz € B;] = 0 and, similarly to Eq. (9),
Elp: - 0 | it ¢ Bi] = E[p; - lro | i & Be] = E[l(it) | iv ¢ By] -
Denote B¢ = P[i; € By]. Then

E[4:(ir)] = BE[C:(it) | iv € Be] + (1 — B)E[Ee(ii) | it ¢ By
< B+ (1= B)E[p: - by | ir ¢ By]
=B +Elp - 4] ,
where for the inequality we used the fact that £,(i;) < 1.
To complete the proof, we have to show that §; < nklog, k. To this end, write

D—-1

Plis € B] < ). Plpi(Aalir)) < 2] .
d=0

Using Eq. (5) to write

1{i, € Ag(i) } k k
E -
L?t Aq(ig)) ] Z \Ad [ pe(Aq(i) ; Ad 2d

together with Markov’s inequality, we obtain

P[pt(Ad(it)) < zdn] - P[w > 261177] < % 2ty = kny .

We conclude that 8, = P[i; € By] < nklogy k, as required. [ |
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Our next step is to bound the relevant variance term of the estimator E

Lemma 10. For all t, we have E[p; - 2] < 2klog, k.

Proof. Observe that

0 i) < (Eto Zdtdﬁtd ) :

Since E[ot 4] = 0 and E[oy 40y 4] = 0 for all d # d’, we have for all ¢ that

D—1 D-1
E[67(i)] = B[Go()] + . B[ 4(0)] <2 ). E[F
d=0 d=0

On the other hand, for all d we have by Lemma 5 that

2o < S (i) i € Ag(i)} ﬁ(l +opp)?

p ° < .
i nlAg Ll
1 d—1
= Tla+on)?
pi(AGey L1+ o)

_ 1 1{i; e Ag(i)} d=1 o
i—Zl [Aa(D)] pe(Aa(i)) }[[0(1+ )

Since i; is independent of the o, and recalling Eq. (5), we get

]l{’Lt € Ad
E
Z\Ad [ pe(Aq() }H Lt oun)”

Together with Eq. (10), this gives

k

D-1
Elpr- 71 <2 ). Elp; - 77 ] < 2klogy k.

4.4. Concluding the proof

(10)

= 2d|¢4d‘ =k.

To conclude the proof and obtain a regret bound, we will use the following well-known
second-order regret bound for the multiplicative weights (MW) method, essentially due to

Cesa-Bianchi et al. (2007) (see also Alon et al. (2015) for the version given here).

completeness, we give a proof of this bound in Section 4.5 below.

Lemma 11 (Second-order regret bound for MW). Let n > 0 and let cq, . ..

For

et € R be real

vectors such that c¢i(i) = —1/n for all t and i. Consider a sequence of probability vectors

qi,.-.,qT € AL deﬁnedbyqlz(%,...,k) and for all t > 1:

qt( )e 770t( )
Z?:l qt(]) e_nct(j)

qr+1(i) = Vielk].
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Then, for all i* € [k] we have that

T T

ZQt Ct — Z ('*)<lo7g7k+772qz:'0?-

We now have all we need in order to prove our main result.

Proof of Theorem 4. First, we bound the expected movement cost. Lemma 8 says that
with probability at least 1 — 27 (4+1) | the actions 4; and 4;_; belong to the same subtree on
level d of the tree, which means that A(it,4;_1) < 2%¢/k with the same probability. Hence,

! od R logs k
.. . 2
E[A (i, 14-1)] < dz_lo 3 P [A(’Lt,zt 1 } Z:: % Ton

and the cumulative movement cost is then O((T'/k)logk).
_ We turn to analyze the cumulative loss of the algorithm. We begin by observing that
0(i) = —1/n for all t and i. To see this, notice that ¢, = 0 unless i; ¢ By, in which case we
have, by Lemma 5 and the definition of By,
0 < lrq(i) < 2 <! vo<d<D
x d\) X —— S — ~ )
b pe(Aa(ie))
and since #; has the form ; = Zt,o—i—z;il’:ol by p— 0y g, (vecall Eq. (3)), we see that 0(i) = —1/n.
Hence, we can use second-order bound of Lemma 11 on the vectors ¢; to obtain

T T log k T
IRREDNAE 0 +0 ) o7
t=1 t=1

t=1

for any fixed i* € [k]. Taking expectations and using Lemmas 9 and 10, we have

T T
log, k
E'Z Et(it)] ~ S 0() < 2227 4 oyThlogy k .
- - n
t=1 t=1

Choosing n = 1/v/Tk, we get a regret bound of O(v/Tklog k). [ |

4.5. Additional technical proofs

Here we give a proof of our technical lemma bounding the magnitude of the balancing terms
Et,d'

Proof of Lemma 5. We will prove the claim by induction on d. For the base case d = 0,
Eq. (2) follows directly from our definitions and the fact that 0 < ¢,(i) < 1 for all i.
Next, we prove that Eq. (2) holds for some d assuming it hold for all d < d. Since
(1+ at,d,l)it,d,l(i) > 0 for all 7 by the induction hypothesis, the recursive definition of an
implies that

Ly pe(d) _
Feali) > n1g< 2 pt<Ad<j>>> v

JjeAq(i)
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Furthermore, the definition of Zt,d together with the convexity of —logx and Jensen’s in-
equality give

= . pt(j) 2 .
) <1 Ud_l)jeAZd:(z‘) pt(Ad(j))gt’d_l(j)

1{i; € Aq(i)} — o
= T nAa) jeAZ()pt<Ad1 U” )

1 Aq(
= {Zte d }H1+Uth,

where in the second inequality we used the induction hypothesis. This concludes the induc-
tive argument. |

Finally, for completeness, we give a proof of Lemma 11 being central to our regret
analysis.

Proof of Lemma 11. The proof follows the standard analysis of exponential weighting
schemes: let wy(i) = exp (— 7725 1¢5(1)) and let Wy = >, wy(i). Then ge(i) = wy(i)/Wy

and we can write

Wivt o wer1(9)

Wi : Wi

wy (i) exp(—nci(i))
Wi

[l
[

@
Il
—

qi(i) exp(—nci(i))

I

@
Il
—_

a(i) (1 —nee() + n’e(i)?)

)
‘Mw

@
Il
—_

*1—772% i)ee(i +?722(h i)e(i)?
i=1

where the inequality uses the inequality e < 1+ z + 22 valid for x < 1. Taking logarithms,
using log(1 — z) < —z for all z < 1, and summing over ¢t = 1,...,T yields

Wril s v
log === < 27 1 (=na(@)enld) + 17 a(i)en(i)?) -
Wi t=1i=1

Moreover, for any fixed action i*, we also have

Wi wT 1( d
log —— >1lo a —logk .
T g ———— t; g
Putting together and rearranging gives the result. |
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4.6. Learning Continuum—Arm Bandit with Lipschitz Loss Functions

In this section we turn to show how to reduce the problem of learning Lipschitz functions to
MAB with tree-metric movement costs. Specifically we aim at proving Theorem 2, which
follows directly from the following statement,

Theorem 12. Setk = L*3T'3 andn = 1/v KT'. Consider a procedure that receives actions
from Algorithm 1 and returns as feedback ft( ) then for every sequence of L-Lipschitz loss
functions f1,..., fr and an L-Lipschitz metric A, we have that:

Regretyc (frr, A) = 5(L1/3T2/3) .
In particular, the result holds for L > 1 and A(xy, x44+1) = |2y — Tp41].
Proof. First note that for every z* € [0,1] we can find = = {1, 2,...,1} such that fi(z) —
fi(z*) < L/k = LY*T='/3 hence

T
Z (fe(z) = fi(z*)) = LA/3T2/3
t=1

Therefore if we can show that the regret against every z* € {%, %, ... 1} is bounded by
O(L'3T?3) we obtain that the same regret bound is true for every z € [0, 1].

Next, we apply Algorithm 1 on the a fully balanced tree where we associate with the
leaves {1 ,k} the actions {1,%...,1}. One can then show that =4l ]‘ < A7(iyj). We
then obtaln by Theorem 4 that for every x € {1,2...,1}

T
1%2&@4 mmZﬂ O(nkT) = O(L'3T%3) .
t=1

As to the second term in the regret we obtain that

T T T
.. ~ T ~
E[Z A(ﬂ:t,xtﬂ)] < LZ |z — xpq1]| < E[L Z A7 (igyige1) | = O <Lk:> — O(L1/3T2/3) .
t=1 t=1 -1
Taken together we obtain that
T T
ﬂZMm+ZAmmﬂl—nm Zﬁ O(L'AT2/3) . m
t=1 t=1 xe{k, ’1}1& 1

5. Online Pricing with Patient Buyers

In this section we present our reduction of adaptive pricing with patient buyers to a MAB
with movement costs.

The reduction is presented in Algorithm 2 and uses our algorithm for MAB with move-
ment costs (Algorithm 1) as a black-box. The algorithm divides the time interval T into
7 blocks and updates the price on T = T/7 time steps. At each time step ¢ the algorithm
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publishes a fixed price for the whole block of 7 consecutive days. Then, as feedback, the
algorithm receives the mean revenue for those days, which we denote by

1
rilfz % Z bk(pkw'wpk-l-?) .
k=(t—1)7+1

Thus, we can consider the algorithm as an online algorithm over T rounds: where at each
round ¢ the algorithm announces a fixed action p),; (the price for the next 7 days) and
receives at the end of the round as feedback ;. Note that prices are always announced 7
days in advance, as required. Dividing the horizon into 7'/27 blocks ensures that buyers see
at most two different prices. This in turns lead to a reduction to the case 7 = 1.

Next, as discussed briefly in Section 3, the main difficulty in reducing the adaptive
pricing problem to MAB, which Algorithm 2 overcomes, is in that the feedback function is
not only a function of the current posted price (which is in fact the price tomorrow) but
also of past prices. For example, for 7 = 1 the revenue at time ¢ is a function of p; and p;1,
where only ps11 needs be posted at time ¢t. Algorithm 2 overcomes this issue by employing
techniques from Dekel et al. (2014b) for handling adaptive feedback. The tools developed
there allow regret minimization when feedback is taken only in time steps when the price
is fixed for a period of time.

The algorithm draws (31, ..., f7 unbiased Bernoulli random variables, and this sequence
determines the switches in prices and updates. The algorithm posts a new price only on
rounds where 8; = 0 and 511 = 1, and invoke the update rule of Algorithm 1 only on rounds
where S;y1 = 0 and By = 1. Note that these two events never co-occur, and further the
algorithm exploits the feedback only on days prior to a switch, thus guaranteeing that the
feedback is always on days when prices are fixed throughout the present and future block.

Parameters: horizon 7', and maximal patience 7
Initialize, T = T/(27), k = 71/3’ n=2/VTk
Initialize an instance B of SMB(k,7)

Draw i.i.d. unbiased Bernoulli r.v. Bo,..., 87
Sample i1 ~ B, set p}j = i1/k
Announce prices p1 = p2 = ...,pr = pj

Fort=1,...,T
(1) If By = 0 and By41 = 1, sample 4,41 ~ B; otherwise set 4,41 = 44

(2) Set pfp.y = ids41/k and announce prices: pgi1 = --- =
Pi+1)7 = PQH
(3) Collect revenues 7_jyz41,-- -, 77 and set
1 7
i) == >
T _
k=(t—1)7+1

(4) If Bey1 = 0, Bry2 = 1, update B with feedback f; =1 — r}(p})

Algorithm 2: Adaptive pricing with patient buyers.
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Relying on these techniques, we construct an algorithm that produces a sequence of
prices with low regret if each buyer b; would observe price p;. However, in our setting, a
buyer may buy at a consecutive time steps; the additional cost we suffer is bounded by the
potential cost of switching to lower prices, namely, by the movement cost of the algorithm.

The remainder of the section is devoted to proving Theorem 3. We begin by establishing
additional notation required for the proof. We will denote the expected revenue from the
buyers at each block as follows:

(t+1)7T

1
by (ptvpt+1 = Z by (ks - -+ s Prtry) -
k=tT+1

Note that since the blocks are of size 7, each buyer can see at most prices that are published
on the next block, hence pj 1, either equals p} or p; ;. In turn, this means that the expected
revenue is indeed a function of p} and pj,; alone.

We will further denote the expected revenue from buyers if they observe only the price
at time of arrival as follows:

(t+1)T

Z bk ptv"’vp;t) :

k=tT+1

ﬂH'—‘

First, we are estimating the performance on the subsequence of rounds where the algo-
rithm exploits the received feedback.

Lemma 13. Let 51,..., 07 be a sequence of unbiased Bernoulli random variables, denote
= {t € [T] : 5t+1 = 07/825-"-2 = 1}7

and denote the elements of S in increasing order S = {ts, <ts,,...,< ts‘s‘}. For any price

p*e {%, %, ..., 1}, Algorithm 2 enjoys the following guarantee:

—=2/3
[th ~bu(p) | = 0T,
teS

and

S| ~ a3

Dok, = ot | =0T .

=1
Proof. For each sequence of buyers by, ..., by, define a sequence of loss functions /1 ..., (7

according to:

First note that for every ¢ € S we have p; = p, ;. The algorithm, in turn, announces the
same price p; for all days: {(t — 1)7 + 1,..., (¢ + 1)7}, hence the revenue obtained from
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buyer by, for every (t — 1)7 + 1 < k < ¢7 is given by by(p}, p}). Hence, the feedback used to
update the algorithm B at round ¢ is

1 tr tr 1 _
ft=1—7“£=1—; Z, bi(pks - pra7) =1 — Z, ;bk(p£)=€t(zt).
k=(t—1)7+1 k=(t—1)7+1

In words, we have shown that at every step t € .S, Algorithm 2 receive action i; and return
to Algorithm 1 as feedback ¢;(i;). Thus Algorithm 2 applies Algorithm 1 on the sequence
of losses {{;}tes. As a corollary we have that:

[th —bi(p}) ] [Zzt ) — Le(iy)

teS teS

s] — O(nk|S)) .

Taking expectation over S and noting E[|S|] = 1T we get that

[Z b;(p bt pta)

teS

—oT?.

As in Section 4.6, note that if we associate with the prices the corresponding actions on
the tree we obtain that |p} — pj. ;| < A7(i,741) hence we obtain as a second guarantee
that the movement cost of the algorithm is given by

S| S| S|

E| > It = by | S| =B D] #li, =it || S| <E| Y] $AGk, i) | S| =OFIS]) -
s=1 s=1

s=1
Again taking expectation over S we get that

S|
Bl Y I, —sh 1| =0 (4T) .
s=1

Next, we upper bound the regret over the expected regret over the blocks of buyers, by:

Lemma 14. For every p* € {1, %,...,1} we have that
T Bl
Z — by(pts pi11) 4]E Ebt — by( Pt)] +E Z Pt — Pt |
t=1 teS s=1

Proof. First note that for every p* we have

E[Z bt(P*)] !Z b:(p*)Ber2(1 — 5t+1)] .

teS

Since the Bernoulli random variables are independent of b; and p* we get that

T
E[th(ﬂ*)] [Z by(p*)Br+2(1 —ﬂtﬂ)] ZiE[th(P*)l : (11)
t=1

teS
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Similarly we have that

E[Z bt(ﬂ%)] =

teS

T
1 _
pt ﬁt+2 1 - 5t+1 = - Z b pt )

,p

I\M'ﬂ

where the equality holds since pj is independent of ;11 and B;42. We can bound by (pt, pj 1) =
bi(pt, pt) = [P} = Pial- Hence by(pf, pi1) = b(p}) — |pi — piyal, and we obtain:

I MH\

T
by(p, pre1) | = E Eb() |0t — Pl
=1

[10; — Pisal]

= 4E| ) bi(p}) | —

T
- 2,E
t=1
|S]
[2 :Ots pts 1 ’ (12)

where last equality is true since, we have that p; = p},; unless p;_; € S in which case we

have that p; ; = p, = pj, for some s and p;,; = p;_,,. Taken together with Egs. (11)
and (12) we obtain the desired result. [ |

We are now ready to prove the main result of this section.

Proof of Theorem 3. First, for any p € {%, ..., 1}, by employing Lemma 14 we have the
following;:

T &
th —bi(pt,- s praz) ] Z D1 (bips- ) = bilprs s pri))
=1 t=(t'—1)7+1
T JR—
=7E Z t(p) — be(ph: pri1)
t=1
— T B E
<GB 2 Bilp) —buo) | +TE| Y loh, — ol |
tesS s=1

Next, for any p* € [0,1] there exist p € {1,...,1} such that p* > p and by(p*,...,p*) <
be(p,...,p) + +. Hence, for every p* € [0,1] we obtain that

T T
Z b (p*, ..., p") — E[Z b:(pt; - - - Pt+r)]
t=1 t=1

S|

[th — by pt)] +7E| Dot — ot | | +O(F) -
teS s=1

»JM\H
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By Lemma 13 we now obtain

=0 <\/Tk:T+ % - i) = O(F'PT¥3) |

T T
Z bt(ﬂ*, e 7P*) - E[Z bi(pt, - - -, pr+7)
t=1 t=1

and using our choice of k£ gives the result. |
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