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Considerable work has focused on optimal stopping problems where random IID offers arrive sequentially
for a single available resource which is controlled by the decision-maker. After viewing the realization of
the offer, the decision-maker irrevocably rejects it, or accepts it, collecting the reward and ending the game.
We consider an important extension of this model to a dynamic setting where the resource is “renewable” (a
rental, a work assignment, or a temporary position) and can be allocated again after a delay period d. In the
case where the reward distribution is known a priori, we design an (asymptotically optimal) 1/2-competitive
Prophet Inequality, namely, a policy that collects in expectation at least half of the expected reward collected
by a prophet who a priori knows all the realizations. This policy has a particularly simple characterization as
a thresholding rule which depends on the reward distribution and the blocking period d, and arises naturally
from an LP-relaxation of the prophet’s optimal solution. Moreover, it gives the key for extending to the case
of unknown distributions; here, we construct a dynamic threshold rule using the reward samples collected
when the resource is not blocked. We provide a regret guarantee for our algorithm against the best policy in
hindsight, and prove a complementing minimax lower bound on the best achievable regret, establishing that
our policy achieves, up to poly-logarithmic factors, the best possible regret in this setting.
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1 INTRODUCTION

In a wide class of sequential decision-making environments, the decision-maker observes a sequence
of random variables and decides on the most profitable time to take an action. Such scenarios,
which arise in a number of different domains including economics, statistics and operation research,
are the main focus of optimal stopping theory [11, 44]. One of the most studied problems in this area
is the Prophet Inequality. Here, a “gambler” observes a sequence of random “rewards” Xy, ..., X,
arriving in an arbitrary (or even adversarial) order. After observing the realization of each reward,
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the gambler has to choose whether to collect it and stop, or irrevocably reject it and continue to
the next reward. Assuming distributional knowledge on the rewards, the gambler’s objective is to
maximize the expected reward collected.

The first results in this area (Krengel, Sucheston, and Garling [31, 32]) established the existence
of a stopping-rule guaranteeing an expected reward of at least 1/2 - E [max; X;] — that is, half of the
expected reward collected by a “prophet”, who knows all the reward realizations from the beginning
and simply stops at the maximum. Soon after, Samuel-Cahn [43] showed that a remarkably simple
threshold-based policy which accepts the first reward in the order that is greater or equal to
median(max; X;), if such a reward exists, also achieves the above guarantee. Almost three decades
later, Kleinberg and Weinberg [30] show that the same guarantee holds by replacing the median of
max; X; with 1/2 - E [max; X;]. The above type of problems (and associated guarantees) have drawn
the attention of researchers from various fields [14, 37].

In this work, we initiate the study of the following dynamic prophet inequality setting: A gambler
observes a sequence of random IID offers for a single available resource and, at each time step,
decides whether to collect the observed reward, or to skip the round. However, once the gambler
collects a reward, the resource becomes “unavailable” (or “blocked”) and, thus, she cannot collect
or observe any other reward for a fixed and known number of subsequent time steps, known as
the “delay.” The gambler seeks to maximize her expected reward collected (“welfare”) within an
unknown time horizon. Our high-level goal is to design an optimal prophet inequality for the above
setting, even in the case where a priori distributional knowledge on the rewards is not assumed. In
that case, a parallel objective is to minimize the regret against the best possible prophet inequality.

The above natural model captures many applications in task-allocation, ride-sharing platforms,
online auctions, and matching platforms. As an example, consider a platform like Mechanical
Turk or Upwork that is used for matching workers to tasks. From the perspective of a specific
worker, when a new task arrives, the worker can choose to either work on this task and accept the
associated payment, or pass, depending on whether the payment makes the task worthwhile for
the worker. If the worker decides to accept the task, the worker must complete the task (and hence
is “blocked”) before accepting a new task. More generally, whenever tasks or assignments, rentals,
etc. are for a fixed duration (as in [22, 29]), our model applies directly.

1.1 Main challenges and our contributions

In this work, we distinguish between the “Bayesian” variant of our recurrent prophet inequality
problem, where the reward distribution is known to the gambler a priori, and the “learning” variant,
where the gambler starts without any information, other than the delay. We remark that in both
variants, the gambler is not aware of the time horizon of the instance. We now outline the key
challenges encountered and our main technical contributions.

Optimal prophet inequality for the Bayesian problem. In the first part of our work, we provide an
optimal prophet inequality for the Bayesian variant of our problem. Here, the main technical hurdle
is that, due to the complex dynamical patterns induced by the delay, the expected reward collected
by a prophet is hard to exactly characterize. Instead, we upper-bound the asymptotic prophet’s
expected reward by the solution of an infinite-dimensional linear program (LP), defined over the
space of probability distributions. By analyzing the KKT conditions of this formulation, we show
that the optimal solution is characterized through greedy waterfilling. This observation allows
us to construct a threshold-based policy, which computes a threshold as a function of the reward
distribution and the delay, and, then, accepts any element of reward larger than this threshold,
as long as the resource is not blocked. Specifically, given knowledge of the reward distribution
and the delay d, our policy collects (asymptotically and in expectation) at least a p(d)-fraction
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of the prophet’s expected reward, where p(d) = % ~ 1/2. As a crucial insight for proving this
guarantee, we model the resource availability as a time-homogeneous discrete time Markov Chain
(DTMC) with states {0, 1,...d}, each representing the number of rounds that need to pass until
the resource becomes available again. Using knowledge of the transition probabilities, which are
time-invariant as a function of the fixed threshold of our policy, we first compute the stationary
probability of the resource being available, and then we leverage a coupling argument in order to
lower bound the availability of any round. Finally, we prove that the competitive guarantee of our

prophet inequality is the best achievable by drawing a connection to a related bandits problem.

Regret upper bound for the learning problem. We then focus on the learning setting, where the
gambler is initially unaware of the reward distribution, and observes the realized rewards only
when the resource is available (i.e., not blocked). The objective here is to minimize the regret
measured relative to the best possible gambler’s policy. The naive extension of the policy from the
Bayesian setting — estimating the threshold of the Bayesian setting using an explore-then-commit
type strategy (i.e., use a sub-linear number of samples purely to learn the threshold) — will not work,
since estimating the threshold to a sufficiently high accuracy requires a linear number of samples
(which would incur linear regret under an explore-then-commit strategy). Instead, we exploit the
fact that our system is guaranteed to receive a linear number of samples (roughly #/d+1 samples
after ¢ time steps) as part of the state evolution, and continually update our estimated threshold
over time using these samples. This procedure, however, correlates the state of the system with the
estimate of the threshold, and thus poses an interesting technical challenge. Furthermore, modeling
the availability state via a time-homogeneous Markov Chain, as in the Bayesian case, is no longer
possible, since the transition probabilities of each round depend on the current trajectory through
the estimated threshold.

In order to overcome these difficulties and provide an upper bound on the regret of our learning
algorithm, we proceed as follows: As a first step, through an application of the “compensating
coupling” technique due to Vera and Banerjee [46], we are able to link the regret accumulated with
the error of the estimated threshold at each round. In order to control these errors, we establish that
our algorithm satisfies two properties: quality of the threshold estimator and sufficiency of samples.
In this direction, we provide “anytime” concentration guarantees for our estimator (namely, for
the case where the number of collected samples is random), and show that at any round ¢, the
algorithm has collected a linear in ¢ (and independent of d) number of samples. To achieve the
latter, we construct an “eager” (fictitious) version of our Bayesian prophet inequality, equipped with
a carefully chosen threshold. This threshold must be large enough to guarantee that (with high
probability) Q(t) samples are observed by time ¢, while simultaneously small enough such that,
after ©(log n) rounds, it will always be overestimated by the threshold of the learning algorithm
(with high probability). Under the last condition, and through a deterministic charging argument
on the coupled evolution of the two policies, we show that the number of samples collected by
the learning policy stochastically dominates that of the eager prophet inequality. The above ideas

culminate in a final regret guarantee of O (\/n -log n), where n is the time horizon.

Regret lower bound via time-aggregated suboptimalities. We provide a regret lower bound of
Q(Vnr/q’2), thus proving that the regret of our policy is optimal up to poly-logarithmic factors and
inverse scaling in d. Our construction has two main insights. (i) A fundamental difficulty in our
setting compared to the bandit setting is that our policies observe the offered reward before deciding
whether to accept or reject. This discrepancy invalidates several crucial steps in the standard
lower bound argument (see, e.g., [34, Theorem 15.2]) However, we show that, for the environments
considered in our lower-bound construction, any policy can simulate its decision of whether to accept
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or reject the reward before observing it. (ii) Even though the instantaneous regret of an algorithm
can potentially be negative (e.g., if the algorithm collects when the optimal policy is blocked), the
regret over properly-chosen time windows is always non-negative. Using this insight, we introduce
a technique we call time-aggregated suboptimality gaps, which allows us to obtain (up to small
additive terms) a regret decomposition of a similar form as in the stochastic bandit setting [34,
Lemma 4.5]. Taken together, these two insights allow us to reduce our lower bound construction to
that of a stochastic (two-armed) bandit instance.

1.2 Related work

Prophet inequalities and secretary problems. In addition to the original prophet inequality problem
[31, 32], numerous combinatorial extensions (where more than one reward can be collected, subject
to feasibility constraints) have been studied. Examples include the choose-k variant [2, 26], matroid
and packing constraints [9, 21, 30, 40], and (bipartite) matching environments [3, 18, 20, 25]. The
problem has been also studied under non-linear (submodular or subadditive) objectives [41]. We
remark that the type of feasibility constraints we consider in this work (i.e., where collecting a
reward invalidates the subsequent d rewards) does not fall into any of the above categories.

Of particular importance is the IID case of the problem, where the rewards are drawn indepen-
dently from the same distribution. In their seminal work, Hill and Kertz [27] prove a (1—1/¢) ~ 0.632-
competitive prophet inequality for this setting, and conjecture that no policy can collect (in expec-
tation) more than a 0.731-fraction of the prophet’s expected reward. More than three decades later,
this conjecture was refuted by Abolhassani et al. [1] by proving the existence of a 0.738-competitive
policy. The state-of-the-art in this regime is a 0.745-competitive prophet inequality due to Correa
et al. [13], and this guarantee is known to be the best possible.

Recent work has also focused on designing prophet inequalities in the regime where the gambler
has access only to a limited number of samples from each distribution. A number of results have
been obtained in this setting, both for the IID case [12, 15], as well as for general distributions
[4, 8, 42]. However, access to limited number of samples usually entails competitive guarantees
that are far from the best achievable in the Bayesian setting.

The need for modeling reusable resources has motivated analogous models in the literature on
the secretary problem. In this setting, Fiat et al. [22] introduce the “temp secretary problem” (see
also [29]), where, every time a reward is collected, the resource becomes unavailable for a fixed
duration of time. However, since the elements in their setting arrive stochastically in continuous
time, this model is incomparable with ours.

Undiscounted reinforcement learning. The problem of regret minimization in undiscounted Rein-
forcement Learning (RL) has a rich and growing literature [28, 33, 38, 39, 45]. One distinguishing
feature of prophet inequality problems from RL is that rewards are offered before the policy decides
whether or not to accept, unlike in RL, where rewards are observed after an action has been selected.
Nevertheless, our problem can still be cast as a Markov Decision Process (MDP) with a (possibly
infinite) state space S = [d] U supp(D), where the states s € [d] encode the time left until the
resource is available, and the state v € supp(D) encodes that the resource is available and a reward
of value v is currently offered to the gambler. In the case that D has finite support, the regret upper
bounds generally depend on the size of the state space, and thus are far from optimal for our case.
While there is literature on the RL problem in the case when the state space is continuous, the
best-known regret upper bounds for this setting [33, 38, 39] have significantly worse dependence on
the time horizon n (in particular, n”* from [38], which can be improved to n”* [33] under additional
smoothness conditions on the distribution). Finally, the regret lower bounds in [28, 38] (in the
discrete and continuous MDP setting, respectively) simply show that there exists a “hard” instance
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where the claimed regret must be suffered. On the other hand, the lower bounds we present in our
paper are tailored to our specialized setting.

Online matching, assortment optimization, and revenue management. The notion of reusable
resources has also been studied in the context of online matching, assortment optimization, and
revenue management. In particular, in [23, 24] the authors study the problem of online assortment
optimization with reusable resources. Their model captures scenarios of arbitrary buyer arrival
order and multiple reusable resources, each associated to a specific capacity (i.e., maximum number
of parallel allocations) and stochastic delay. However, the reward associated with an allocation in
these settings is resource-dependent (and not buyer-dependent, as in our case) — a fact that makes
our model different in nature and our results incomparable. In [16], Dickerson et al. study the
problem of online bipartite matching, where the left-side (offline) vertices are reusable, while the
right-side (online) vertices arrive stochastically under some known distribution. Our setting can
be thought of as a variation of this model, where we have a single offline vertex of deterministic
delay (our resource), yet an infinite number of online vertices (and, thus, the LP-based algorithm
of [16] does not apply). In [35], Levi and Radovanovi¢ consider a similar problem in the context
of revenue management, where the number of buyer types is again assumed to be finite, and the
arrival rate of each type follows an independent Poisson process. Finally, in a different spirit, Chen
et al. [10] develop an online learning approach for maximizing the net profit in a service queue,
which is defined as the service fee (i.e., the price times the demand) minus the capacity cost (i.e.,
the available number of resources times the cost of a resource) and penalty of congestion (which is
a function of the number of resources and the demand).

2 PRELIMINARIES

Model. Let X1, X, ..., X, be a sequence of n rewards drawn IID from a non-negative reward
distribution D. At each round t, the gambler first observes the reward realization X; ~ D, and
then must decide whether to collect the reward or skip on it forever. Crucially, at each time ¢ when
a reward is collected, the gambler has to skip (without observing) the d > 1 subsequent rewards,
{Xt+1, - - -, Xt+a}, while the resource is unavailable. The goal of the gambler is to maximize the
expected collected reward relative to that of a prophet, who has infinite computational power and
knows a priori the reward realizations of all rounds. We assume that the gambler knows the delay
d, but does not know the time horizon n.

For the rest of this text, we denote by F (resp., f) the cumulative distribution function (resp.,
probability density function) of D. For any non-negative integer k, we denote [k] = {1,2,...,k}.
For any policy $, we denote by freep (t) the event that, during a run of P, the resource is available
at time ¢, i.e., no reward has been collected by # in the past d time-steps. When the policy is clear
from context, we abuse this notation slightly by referring to the event as free(t). We denote by
log(+) the natural logarithm. Finally, we use x < y (resp., x 2 y) to denote that y is greater than
(resp., less than) x up to constant factors.

Competitive guarantee and regret definition. Let ALG (resp., OPT) be the reward collected by an
online policy (resp., the prophet). For brevity, we use ALG (resp., OPT) for referring to both the
policy and the associated collected reward. The competitive guarantee of a policy ALG (which
knows the underlying reward distribution) is defined as the minimum ratio between the expected
reward collected by a gambler using this policy and that collected by the prophet over all possible
instances. Formally,

E [ALG]

=inf ——
PALG = 1N E[OPT]’

Proc. ACM Meas. Anal. Comput. Syst., Vol. 6, No. 2, Article 27. Publication date: June 2022.



27:6 Matthew Faw et al.

where the infimum is taken over all problem instances, including the distribution 9, the delay d,
and the time horizon n.

Due to information-theoretic reasons, there exist cases where no policy can achieve a competitive
guarantee greater than p. For these cases, using the prophet’s expected reward as a baseline would
inevitably lead to linear regret. Instead, for any p-competitive policy, we use the relaxed notion of
p-approximate regret (or, simply, p-regret), defined relative to a learning policy S as

Regretp(n) =p-E[OPT] - Z E[X; - 1{S collects X;}] . (1)

te[n]

Technical assumptions. In Sections 3 and 4, we assume w.l.o.g. that all the probability distributions
involved are continuous (i.e., they do not contain point masses). This is a purely technical assumption
and can be easily relaxed by convolving the given distribution and the obtained samples with
Gaussian noise of infinitesimally small variance.

For the case of known reward distribution (Section 3), we do not make any assumptions on the
distribution D (other than continuity). In the case of unknown distribution (Section 4), we make
the standard assumption in online learning settings that O has bounded support in [0, 1] (we note
that our results can be readily extended to the case of subgaussian distributions).

3 CONSTRUCTING AN OPTIMAL POLICY IN THE BAYESIAN SETTING

The main result of this section is a p(d)-competitive (asymptotically) prophet inequality for the
case where the reward distribution is known a priori, where p(d) = 2”5;_11 ~ 1/2, and d the delay
of the instance. In Section 5, we show that this guarantee is the best one can hope for against
a prophet who a priori knows all the reward realizations, and optimally solves the underlying
packing problem using infinite computational power.

We design a simple policy (see Algorithm 1) that computes a threshold 7 as a function of the
reward distribution D, and then accepts any reward that satisfies X; > r if and only if the resource is
available at time ¢. Specifically, given the c.d.f. F of D, the threshold is computed at the initialization
phase as 7 = F71(1 — 1/d+1).

Algorithm 1: Asymptotically optimal policy for the case of known reward distribution
1 Input: Reward distribution O with c.d.f. F and delay d;

2 Set threshold 7 « F! (1 — #);

3 fort=1,2,... do

4 Observe reward X;;
5 if X; > 7 and resource is available then
6 ‘ Collect X; and make resource unavailable for rounds t + 1,...,t + d;
7 else
8 ‘ Skip on X;;
9 end
10 end

The intuition behind the choice of the threshold in Algorithm 1 is simple: assuming an infinite
time horizon, the value 7 = F~!(1 — 1/d+1) corresponds exactly to the limiting case where the
algorithm is indifferent between collecting or not a reward equal to 7, since any option would not
affect its long-run average expected reward. As we can see, the threshold F~!(1 — 1/d+1) increases
naturally with d, quantifying in that way the fact that a larger delay requires a larger reward to
make the commitment worthwhile.
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In addition, one might expect that an algorithm equipped with an adaptive threshold (i.e., one
that changes as a function of time) would perform strictly better (since, e.g., the algorithm could be
less conservative towards the end of the horizon). While this is true in the finite horizon regime,
since we do not assume knowledge of the time horizon, it is unclear how to leverage such an
improvement. Moreover, our approach of simply choosing a fixed threshold comes at the cost of
only small additive losses in the competitive guarantee.

In the rest of this section, we prove the following result on the competitive guarantee of Algo-
rithm 1:

THEOREM 3.1. Let E [OPT] be the prophet’s expected reward. For p(d) = 2”5;_11 , the expected reward
of Algorithm 1 satisfies

E[ALG] > p(d)-E[OPT] —p(d)-(d+1) -E[X]- e-d-E[X] .

competitive guarantee  loss due to LP upper bound  loss due to mixing

As we show in the rest of this section, the p(d)-factor in the first term of the above bound is
the (asymptotic) competitive guarantee of our policy for instances of delay d. The second term
is the additive loss due to the LP relaxation (see (MP) below) we use as an upper bound on the
expected optimal reward, given that this relaxation becomes very loose when the time horizon
is small comparing to the delay. The use of this LP to motivate our algorithm is also the reason
why our asymptotic competitive guarantee does not match the best possible for the IID prophet
inequality, in the case where d > n. The third loss is due to the mixing of the Markov Chain we use
to lower bound the availability of the resource. Notice that the last two terms in the above bound
are vanishing as the time horizon goes to infinity.

3.1 Competitive analysis of Algorithm 1

Characterizing the expected maximum reward. The first observation while attempting to design a
competitive policy is that the prophet’s expected reward lacks a simple characterization. In order to
overcome this issue, we instead choose to upper-bound this reward by constructing the following
infinite-dimensional LP formulation:

[

maximize: n / x - q(x) dx (MP)
x=0

e 1
.t d —
s /x:o g(x)dx < i1
0 < gq(x) £ f(x), Vx=o.

In the above formulation, each variable g(x) can be thought of as the expected fraction of time the
prophet collects a reward equal to x. Intuitively, the first set of constraints suggests that the expected
fraction of time where the prophet collects any reward cannot be more than 1/(d+1) (asymptotically)
for any instance of delay equal to d. Further, the second set of constraints indicates that the expected
fraction of time a reward x is collected cannot be more than f(x), namely, the p.d.f. of D at x.

In the next lemma, we show that the formulation (MP) asymptotically yields an upper bound on
the prophet’s expected reward.

LEMMA 3.2. Let MP* be an optimal solution of (MP) and OPT be the reward collected by the prophet.
Then, it is the case that
d+1

MP* > |1 - ——
( n+d+1

) -E[OPT].
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By simply observing (MP), it is not hard to see that an optimal solution can be greedily computed
using a greedy waterfilling approach: Starting from x = co and moving towards smaller x, we set
q(x) = f(x) up until x = 7, where fx : q(x) dx = # Notice that for continuous distributions
(without point masses), such a r uniquely exists and is equal to 7 = F71(1 — #). By analyzing
the KKT conditions that follow from (MP), it is not hard to verify that the optimal solution ¢* has
a particularly simple form: ¢*(x) = f(x) - 1 {x > r}, and, thus, the optimal value of (MP) equals
n-E[X- -1{X >r1}].

LEMMA 3.3. For any continuous distribution D and t = F71(1 - ﬁ), the optimal solution of (MP)

equalsn-E[X - 1{X > r}].

Lower bounding the availability of the resource. In order to bound the expected reward collected
by Algorithm 1, we first lower bound the probability that the resource is available at any time t.
The key idea here is that, since the threshold for accepting a reward is fixed, we can associate the
availability state of the system to the evolution of a d + 1-state time-homogeneous MC, where each
state encodes the amount of time until the system is available. Through this link, we first compute
the probability that the resource is available when the MC is in stationarity, and then argue on the
availability of each round via coupling arguments.

LEMMA 3.4. Let {free #(t)} be the event that, at the beginning of time t, the resource is available to
Algorithm 1. We have that

Pr [free4(t)] = p(d) — (1 _ e—l)L%J '

PrOOF. In order to bound the probability that the resource is free, we study the evolution of a
Markov Chain (MC) on state space Q = {0,1,...,d}, with transition probabilities p,, -1 = 1 for
eachw € {1,...,d}, popg =Pr[X > 1] = ﬁ, and poo =1- #. Each state € Q represents the
number of time steps until the the resource is available to the algorithm, where state 0 implies that
the resource is already free. The state transition probabilities reflect the fact that, once blocked,
the resource is unavailable deterministically for the next d time steps, and, by construction of the
algorithm, a reward is collected with probability ﬁ only when the resource is available.

Since the above MC is aperiodic and irreducible, the (unique) stationary distribution can be
computed through the following system of balance equations:

d
;)n(w) =1 and () = 7@ = ... = a2d = (0
which gives 7%(0) = % = p(d) and 7*(w) = Tlﬂ for each w > 0.

Now, let P() (0, -) denote the ¢-step transition distribution of the MC initialized at state 0, since,
by construction, the resource is free at the first round. Observe that by the above construction, and
by definition of the total variation distance', we have

Pr [free(t)] = P4 (0,0) = 7*(0) + (p“-l)(o, 0) - ﬂ*(O)) > p(d) - HP<’—1> 09 -

Thus, in order to prove the claim of the lemma, it suffices to upper-bound the above total variation
distance. The first step is to use a standard upper bound on the total variation distance. By Lemma
4.11 in [36], for any time ¢, we have

”P(’) 0,) - 71'” < max HP“)(O, ) = PO, )“ . @)
vV seQ TV
!Recall that for any two probability measures p and g over a sample space Q = {0,..., d} we have ||p —qllry =

supacq [p(A) —q(A)].
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Let w* € Q denote the state where the above maximum is achieved. Recalling that
”P(t) (0,) = PY (o*, ~)“TV = inf {Pr [Z: # ;] : (Z;,Y;) a coupling of PV (0,-) and P (0", )} ,

we proceed by constructing a coupling in order to bound the total variation distance. Indeed, we
construct {Z,};_ and {Y;}}_; such that Zy = 0, ¥, = 0*. If Z; = w for some w > 0, then Zp; = 0 -1,
and similarly for Y,. At every time ¢, we flip a coin Ay, ~ Bernoulli (1/(d+1)). If Z, = 0, then Z;; =d
when A, = 1, and Z;y; = 0 otherwise. Crucially, we use the outcome of the same coin-flip to
determine the transition for Y;,; when Y, = 0. Under this construction, we have that once Z, = Y,
then Z,,p = Y4 for every £ > 0. We call this the stickiness property of our coupling. Additionally,
since every transition in the MC is deterministic except for at state 0, if h is the first time such that
Zp = Yy, then it must be the case that Z;, = 0.

We complete our claim using an amplification argument. Specifically, we first show a constant
lower bound on the probability of coupling on every length-d interval, and, then, use the Markov
property to “amplify” this bound.

Indeed, let us begin by showing (by induction on k) that, for any k > 0:

Pr[Zrqg # Yig] < (1 - e_l)k.

Now, the base case of k = 0 holds trivially, since the RHS of the above becomes 1. Now, suppose
that the claim holds at any fixed k > 0. Now, by the law of total probability, combined with the fact
that our coupling is sticky, we may decompose

Pr [Z(ks1)a # Yiksnya] = Z Pr [ Z(ks1ya # Yikenyd | Zka = 2 Yea = Y] Pr [Za = 2, Yea = 4] -
z#y€{0,....d}

Now, for any fixed 0 < z < y < d, by the Markov property and the structure of our Markov chain,
we have

Pr [ Zksnyd = Yikryd | Zka = 2 Yea = Y] = Pr [Z(kstya = Yikerya | Zdez = 0, Yearz =y — 2|
=Pr[Akarj =0V j € [2.9) | Zkarz = 0, Yearz =y — 2]

1 \¥F 1\
=[(1-— >|1-—] >e
( d+1) _( d+1) =€

where on the last line, we use the inequality log(1 — x) > = when x < 1. A symmetric argument
covers the case where y < z. Combining the above two observations with our induction hypothesis
and the stickiness property of our coupling, we conclude that

1\ K+
Pr [Zkinya # Yoksna| = Pr [ Ziesna # Yownya | Zea # Yea] Pr(Zea # Yeal < (1—¢7')",

as required. Therefore, by another application of the stickiness property of our coupling, we may
conclude that

-1
”P(t_l)((), ) =P (o, ')HTV <Pr[Z;y # Y] =Pr [Zt—l # Yt—laZI_%Jd # YL%IJd] <(1- e_l)l' 7 ,
as claimed. ]

Wrapping up: proving Theorem 3.1. With the above results in place, we are now ready to prove
Theorem 3.1.
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ProoF oF THEOREM 3.1. At any time ¢, for the expected reward collected by Algorithm 1 we
have

E [X; - 1 {X; is collected}]

E[X; 1{X; > r and free#(t)}]
= E[X; - 1{X; = 7}] - Pr[free#(t)]

SEX, - 1{X > 1}] p(d) ~E[X] - (1-e)LT],

where the first equality follows by definition of our policy, and the second since the availability
of the resource at time ¢ is independent of the reward realization X;. The inequality follows by
Lemma 3.4 and the fact that E [X; - 1 {X, > r}] < E [X].

Therefore, using the above, the expected reward collected can be lower bounded as

E [ALG] = Z E [X; - 1{X; is collected}]

te(n]
>p(d)-n-E[X-1{X>1}]-E[X] Z (1_6—1)L%J
te[n]
> p(d) -MP* —d-E [X] -iu—e—l)k
k=0

> p(d) -E[OPT] — p(d)(d+1) -E[X] —e-d-E[X],
where we used the facts that, by Lemmas 3.2 and 3.3, and since E [OPT] < n- E [X],

d+1

CE[X-1{X > =MP*">|1- ——
" [ Xz _( n+d+1

)E[OPT]2E[OPT]—(d+1)~E[X]. O

4 DESIGNING A REGRET-MINIMIZING POLICY FOR THE LEARNING SETTING

In this section, we study the problem of learning the (optimal) p(d)-competitive policy described
in the previous section, when the reward distribution is initially unknown. In particular, we design
a learning policy that estimates the threshold using the empirical distribution constructed from the
observed samples. Our goal is to prove a sublinear regret upper bound against the optimal Bayesian
prophet inequality of the previous section.

Let us denote the empirical c.d.f. based on samples Y, ..., Y; as I?s(x) = % o 1{Y; < x}. We
denote Qs (p) = inf{x : Iz:s(x) > p} as the empirical quantile function based on s samples drawn
from the distribution. For convenience, we assume that for zero samples, we have @0 (p) = 1. Recall
that, in this setting, we assume that the distributions are bounded in [0, 1] and, thus, this choice
forces the algorithm to reject the first reward almost surely.

With this notation in place, we are ready to present Algorithm 2, the learning variant of Al-
gorithm 1 presented in the previous section. Let N; be the number of samples available at the
beginning of round ¢ (and before observing the realization X;). Here, at each time t, the gambler
constructs the empirical distribution F; N, using N; observed samples, and computes the empirical
threshold 7y,, where 7, = Qs (1 — 1/d+1). Then, if it is feasible, it accepts the reward X; if and only if
X; > ?Nr'

We are interested in upper-bounding the regret of Algorithm 2 with respect to an asymptotically-
optimal online policy, which in our case corresponds to the p(d)-approximate regret. The remainder
of this section is devoted to proving the following regret guarantee for Algorithm 2:
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Algorithm 2: Learning policy for the case of unknown reward distribution

1 Input: Delay d;
2 fort=1,2,... do

3 if resource is available then
4 Construct the empirical distribution F N, using N; samples (# of samples observed);
5 Set threshold 7y, « QN[ (1- ﬁ),
6 Observe reward X;;
7 if X; > 7y, then
8 ‘ Collect X;, and make resource unavailable for rounds t + 1,...,t + d;
9 else
10 ‘ Skip on X;;
1 end
12 else
13 ‘ Skip the round (without observing X;);
14 end
15 end

THEOREM 4.1. For any distribution D bounded in [0, 1], and delay d, the p(d)-approximate regret
of Algorithm 2 for n rounds can be upper-bounded as

Regret, ;) (n) < \/n-logn+d®log(n).

4.1 Regret analysis of Algorithm 2

We now present the regret analysis of Algorithm 2. By definition of regret and the fact that
Algorithm 1 is a p(d)-competitive policy (asymptotically), it suffices to measure the difference in
total expected reward between Algorithm 1 and Algorithm 2. This provides an upper bound on the
regret, as defined in Eq. (1), modulo an additive O(d) loss following by Theorem 3.1. In the rest of
this section and for simplicity, we refer to “regret” as the difference in expected reward between
the two algorithms.

Recall that Algorithms 1 and 2 operate in the same manner, except for the fact that the latter uses
an empirically constructed threshold as a surrogate for 7 = F~1(1 — 1/(d+1)) at each round. As a first
step in our analysis, we provide a simple upper bound on the regret using the compensated coupling
technique due to [46]. This allows us to associate the regret of each round to the estimation error
of our empirically constructed threshold. In order to control the estimation error of each round,
we provide “anytime” concentration results for the estimator used by Algorithm 2, and we prove
strong (high probability) lower bounds on the number of samples collected the beginning of each
round. The desired regret upper bound follows by combining the above results.

Compensated Coupling. Let us use A and L for any reference to Algorithm 1 and Algorithm 2,
respectively. By leveraging the technique of compensated coupling [46], instead of arguing on the
regret between A and L directly, we first introduce a family of auxiliary (fictitious) policies $; in
order to facilitate our analysis. More specifically, for each time t € [n], we denote by #; a policy
that follows the decisions of £ for the first t time steps (including t) and, after that, follows the
decisions of A. Using the above definition, it becomes clear that P, = A and P, = L.
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LEmMMA 4.2. The difference in expected reward between Algorithms 1 and 2 can be upper-bounded as
E[ALGa] ~E[ALG[] < )" Pr[X; € [n,7) U5 7y,)] .
te[n]

Proor. By using the definition of #;, we can express the expected difference between ALG #
and ALG / as a telescoping sum:

E[ALGa - ALG[] =E| )’ (ALGp,, —ALGp,)| = > E[ALGp,, —ALGp].  (3)

teln] te[n]

For any fixed t, the reward collected by policies $;_; and P; running on the same sample path
can differ only if the two policies take a different decision at time ¢ (since, otherwise, they follow
exactly the same trajectory, by construction). Recalling that 7y, is the estimated threshold by policy
L at time ¢, P;_; and P, deviate at time ¢ only if X; € [7n,, 7) U [7,7n,).

For any t, by the above discussion, we have that

E [ALGp,_, — ALGp,| =E[(ALGp,_, — ALGp,) 1 {X; € [Tn,.7) U [, 7n,) }]
=E|[(ALGp,, - ALGp,) (L{X; € [ty D)} + 1 {X; € [t Tn)})] . @)

Let us denote by ALGp () the reward collected by some policy # at time ¢’. In the above
expression, consider the case where X; € [7n,, 7). In this case, policy $; collects the reward X; (and
becomes blocked until time ¢ + d + 1), while $;_; rejects it. Thus, we have that

E [(ALGyp, , — ALGp,) 1 {X; € [Tn,. 7)}]

=E

1 {Xt S [?Nt,f)}l

(Zn: ALGp, (1) - Zn: ALGp, (1') - X,

t'=t+1 t'=t+d+1

n—d n n
<E ZALGpH(t’)+ Z ALGgp, (1)) - Z ALGgp, (t')

(t’:t+1 t'=n—d+1 t'=t+d+1

1 {Xt € [?NI,T)}l .

Consider now any time t < n —d — 1. Given that X; € [?Np 7), we know that the resource is
available at time t+1 for ;_;, and at time t+d+1 for P,. Thus, since the two policies coincide with A

fort’ > t+1, by a simple translation, it is easy to see that E [Z;’;‘fﬂ ALGgp, (1)1 {X; € [t'N,, 1)}] =
E [ n ALGyp, (1)1 {Xt € [N, ‘[)}] for any t (note that when t > n—d—1, both expressions are

t'=t+d+1
0, since the summation range is empty). Further, since the rewards are bounded in [0, 1] and at most

one reward can be collected on any interval of d rounds, we have that 3.7, .. ALGp, (t') <1,
deterministically. Combining these observations, we conclude that, for any ¢,

E [(ALGp,_, = ALGp,) 1 {X; € [Ty, )}| < Pr[X; € [Tn,.7)] . (5)
By a similar line of reasoning as above, it is easy to see that
E [(ALGp, , = ALGp,) 1 {X; € [r,7Tn,)}| < Pr[X; € [r.7n,)] - (6)

The proof follows by combining Egs. (3) to (6). o

The above lemma implies that, to upper-bound the regret of Algorithm 2, it suffices to control
the error probability Pr [X; € [7y,,7) U [1,7y,)] for any ¢ € [n].
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Quantile estimation via the empirical distribution. For the rest of this section, for any number of
samples s, we define:

\/log (%/s,) +log (s - (s + 1)) 1
€ = an =—.
2s s2

Under this notation, we can show the following result:

LEmMMA 4.3. Let N; denote the number of samples collected by Algorithm 2 up to, but not including,
time t, from distribution O with c.d.f. F. Let X; ~ D be a sample drawn at time t independently from
the past observation history. Then we have that

Pr [Xt € [tn,,7) U [7,7N,) and N; = m] <em+Om+ml

where Ty, is the empirical threshold computed using N; samples.

We give the proof for Lemma 4.3 below; first, we establish some intermediate inequalities which
are useful in proving this result.
Our proof relies on the well-known Dvoretzky—-Kiefer-Wolfowitz (DKW) inequality [19]:

THEOREM 4.4 (DVORETZKY-KIEFER-WOLFOWITZ INEQUALITY). Given s samples from a distribution
with c.d.f. F, for any € > 0, we have

Pr |sup |I::S(x) —F(x)| > €| <2-exp(—2s-€?).
x€R
Given that the number of observed samples at each round is a random quantity, we can leverage
standard techniques to convert Theorem 4.4 into the following “anytime” bound on the concentra-
tion of our estimator around its mean:

LEMMA 4.5. Given a random number N; of samples from a distribution with c.d.f. F, for any
m € [t — 1], we have

Pr [sup FN, (x) —F(x)| > ey, and Ny > m] < Om.

xeR

Proor. The proof follows essentially from a union bound over the possible values of N;, combined
with Theorem 4.4. Indeed,

LE

w.

(x) - F(x)) > en, and N; > m] = Pr | N,

S

=sand sup

o=
.|

R - F(o)| > es]

T
- 3

r |sup

M

Fs(x) —F(x)) > €

x€eR

-1
log (2/s5,) +log (s - (s + 1))
< . 96 .
< Z 2 - exp ( 2s ( 2
s=m
-1
1
< Os -
e *os(s+1)
< Om,
where the second inequality follows by Theorem 4.4, and the last since s is decreasing in s and
Z‘l‘S)il s(sl-i-l) =1 o
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Using the above “anytime” version of the DKW inequality we are able to prove Lemma 4.3,
through which we can bound the probability of policy £ making a different decision from A when
L has collected at least m samples:

Proor oF LEMMA 4.3. Consider a random sample X; ~ O drawn independently from the past
observation history. Let us denote

N; = {sup

xeR

FN[(x) —F(x)) < ENZ}.

Intuitively, N; is a “nice sampling” event when the empirical c.d.f. has been sufficiently well-
estimated. Under this notation, we obtain the following decomposition:
Pr [Xt € [Tn,,7) U [7,7N,) and N; > m]
<Pr [Xt € [7N,, 1) U [7,7N,) and N; > m | Nt] +Pr[-N; and Ny > m],
where the inequality follows by upper-bounding Pr [ V;] and Pr [Xt € [tn,, 1) U [7,7N,) | =Ny and N, > m]
bylil. order to bound the first term above, notice that the event {X; € [7n,, 7) U [z, 7n,)} is equivalent
(by our assumption of continuity of F(-)) to the event {F(X,) € [F(7n,), F(r)) U [F(7), F(7n,))}
By definition, F(7) = 1 — p(d). Further, assuming MV, it follows that |I?Nt(?Nz) — Fn, (?Nt)| < en,-
By definition of 7y, we know that FNt (zn,) = (1 = p(d)) € [0,1/N,) almost surely. Therefore, since
7, is computed before observing the sample X;, we have that
Pr[X; € [Ty, 7) U [1,7y,) and N; > m | Ny
=Pr [F(X;) € [F(7v,). F(r)) and N; > m | N, T, < 7] Pr [y, < 7| NV
+Pr [F(Xt) € [F(r),F(7n,)) and N; > m | Ny, 7N, > T] Pr [?Nz > | Nt]
<Pr[F(X;) - (1-p(d)) € [~en,,0) and N; > m | Ni, 7w, < 7| Pr (7w, < 7| Ni]
+Pr [F(Xt) —(1-p(d)) € [0,en, +/N,) and N; = m | Np, Ty, > T] Pr [?N, > 7| Nt]
< €m+ mil,
where in the last inequality we use the fact that F(X;) is uniformly distributed in [0, 1], when X; is
drawn independently of N (¢) and 7y,

The proof follows by combining the above inequalities with the fact that Pr [-N; and N; > m] <
8m, which follows by Lemma 4.5. O

Sufficiency of samples. With Lemma 4.3 in place, to upper-bound the regret through (4.2), it
suffices to find a sufficiently strong lower bound on N;.

By noticing that any policy observes at least one sample every d + 1 rounds, the following
deterministic lower bound on the number of samples obtained is immediate:

FAacT 4.6. For any instance of delay d, for the number of samples collected by the policy at the
beginning of round t, we have N; > L%J.

As it turns out, simply using Fact 4.6 to lower bound N; would yield an unnecessary dependence
on the delay parameter d in our regret upper bound. To see that this dependence is unnecessary, let
us first consider the following simpler question: how many samples does a policy A’ with a fixed
threshold 7’ = F~! (1 — 1.5/(d+1)) “typically” collect? Using the same arguments as in Lemma 3.4,
it is straightforward to verify that the stationary resource availability distribution induced by
A’ satisfies 7/(0) = (d+1)/(2.5d+1), and, thus, A’ collects a linear and independent of d number
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of samples in expectation. Moreover, by appealing to a particular form of the Azuma-Hoeffding
inequality [17, Corollary 5.20], we can show that this occurs not only in expectation, but also with
high probability:

LEMMA 4.7. Let N| denote the number of samples available at the beginning of round t to the
policy which uses as threshold T = F~'(1 — 15/d+1), initialized in an arbitrary availability state
Sy € {0,...,d}. Then, with probability at least 1 - 6,

log(1/s)
2(t—1)

N/ >|[p'(d)—¢*-d (t-1)-¢°-d,

where p’(d) = (d+1)/2.5d+1.

Notice that algorithm A’ described above can be thought of as an “eager” version our Bayesian
policy, which collects rewards more frequently than Algorithm 1. The key-idea is that we can view
the threshold set by this eager policy (after a small number of rounds) as a high-probability lower
bound on the estimated threshold used by Algorithm 2. As long as this high-probability event
occurs, we can show that, by reasoning about a coupled version of A’ and Algorithm 2, the latter
collects more samples than A’ (up to a small additive loss). Using these insights, we are able to
establish the following key result:

LEmMA 4.8. Let N; denote the number of samples available to Algorithm 2 at the beginning of round
t. Then, with probability at least 1 — 8, for any timet > ty := 2(d + 1)3 log(4n/s),

log(?/s)

o ’ _ 3.
Nz N(1) = p() =€ dy 5= s

(t—ty—1)—€>-d,

where p’(d) = (d+1)/2.5d+1.

Proor. Recall that we use L to refer to Algorithm 2. For the sake of this proof, we define
A’ to be a policy that follows the decisions of £ up to (and including) time #, and then uses as
a fixed threshold the value 7/ = F~! (1 - 1.5/(d+1)) for the remaining time steps. Thus, the two
algorithms have the same availability state (i.e., number of rounds until the resource is available) at
the beginning of time #, + 1.

The high-level idea behind our proof is the following: first, using the weak lower bound of
Fact 4.6, we show that between rounds 1 and #;, algorithm £ has collected enough information
so that its empirical threshold always overestimates that of A’ in rounds #; + 1 to t — 1. Then,
using a deterministic charging argument we show that, under the above assumption, the number of
samples collected by L between rounds t, + 1 and ¢ — 1 is lower bounded by that of A’. Finally,
using Lemma 4.7, we provide a high-probability lower bound on this number of samples collected
by A’ (and, hence, by L) between rounds #, + 1 and ¢ — 1.

Let us denote by N[, 1,1 (resp., N[’thtz]) the number of samples observed by £ (resp. A’) between
rounds t; and t; (including t; and t;). Using this notation and recalling that N; (resp., N;) is the
number of samples collected by L (resp. A’) at the beginning of round ¢, we have that

Pr [N; < N(t)] =Pr [Ny, + Nigyere-1) < N(8)] < Pr[Npggar—1) < N(B)],

where the inequality follows by the fact that N, and N[, .1,-1] are non-negative integers. Hence,
to prove the lemma it suffices to show that Pr [N[tﬂﬂ’t_l] < N(t)] <94.

Let us denote G, = 1 {?N[, > T’} as the indicator of a “good” event at time ¢ — namely, that the
threshold 7y, used by £ overestimates 7/ = F ~1(1 - 1.5/(d+1)). Further, for any t, > t;, let us denote
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by Gli1,1 = ﬂ?: H G, the event that G, is true for all rounds ¢ € [t;, t;]. Then, by using the above
definitions, we have that

Pr [N[t0+1,t—l] < ﬂ(t)] =Pr [N[t0+1,t—1] < N(1), _‘g[t0+1,t—1]] +Pr [N[t0+1,t71] < N(t)ag[toﬂ,tfl]]
<Pr [_‘g[toﬂ,t—l]] +Pr [N[t0+1,t—1] < N(1), g[t0+1,t—1]] .

(4) (B)
In the rest of this proof, we upper-bound each of the terms (A) and (B) above by g

1

Upper-bounding term (A). We first note that, for r = F~! (1 — 2= ), we have

~

Pr [—g[toﬂ,t_l]] < Pr [?N, < T']
f=ty+1

—_

~
- %

< Pr [F(Zv,) < F(7')]
¢ 1

I
~
+

0
-1

= > Pr|F(Ev,) - B (@) < F(2) = F(@) + F(2) - B ()|

f=ty+1

~

~

Now, by definition of 7y,, we know that I?N, (tn,) = 1 —1/(a+1) for every ¢. Further, by definition of
rand 7/, F(t’) — F(r) = —1/2(d+1). Thus, combining these facts with the above, we conclude that

t—1
Pr [Glrps1e-1)] < Z Pr [F(?N,) - Fn,(7n,) <

{=to+1

)

1
2(d+1)
t—1

< Pr | sup
Z [xER

{=ty+1

-1
< Z 2exp (— (
f=ty+1
é
< -
2
where the third inequality follows by Lemma 4.5 combined with N, > | (¢-1)/(d+1) ], by Fact 4.6. The

last inequality follows by our choice of t.

Fu, (x) - F(x)( >

2(d+1)

f—1 1
ﬁJ)z(dH)Z)

Upper-bounding term (B). The first step to upper-bound term (B) above is to compare through a
deterministic charging argument the number of samples collected within rounds ¢y + 1 to t — 1 by
L with that of A’.

Let us fix any sequence of realized rewards X, for £ € [1, t—1], which satisfies the event G|/ +1,:-1]
(recall that for fixed realizations the trajectory of L is deterministic). We argue that in any such
realization, it holds Niz1,,-1] < N , namely, algorithm L collects at least as many samples
as A’

Let w; (resp., w;) be the availability state of algorithm L (resp. A’) at round ¢, namely, the number
of rounds until the resource becomes available again. Recall that, by definition of A’, the two
algorithms meet at round ¢, + 1. Further, we call some round ¢ a meeting point if the two algorithms
meet at state @, = @, = 0. Then, it suffices to show that between two consecutive meeting points £
and £, the number of samples collected by £ cannot be less than that of A’.

’
[to+1,t-1]
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Suppose the two algorithms reach a meeting point #. First, we note that as long as none of the
algorithms collects a reward, the difference between the numbers of observed samples does not
change. Second, by definition of G4, +1,-1], the threshold of £ cannot be smaller than that of A’
for any ¢ € [ty + 1, — 1] and, hence, if £ collects a reward at time ¢, so must A’. Now, suppose at
some meeting point ¢ € [ty + 1, — 1] algorithm A’ collects a reward and £ does not. Then, if £
does not collect any reward until the next meeting point (where A’ returns to state 0), then £ has
trivially observed more rewards than A’ between the two meeting points. In the opposite case, let
v be the number of rounds after #; where £ observes rewards while A’ is blocked. This creates
an excess of v in the samples collected by £ compared to A’. Now, notice that in order for this
excess to decrease, it has to be that A’ stays at state 0, while £ is blocked. However, every time
the excess decreases by 1, algorithm £ comes one step closer to also being available (thus leading
to a new meeting point). By the above argument, it is easy to verify that the excess in number of
samples of L against A’ can never become negative.

By the above analysis, for every fixed sample path where G[; 11 ;1] holds, we have that N[;41,-1] <

N[It0+1,t—1] and, thus

Pr [N[to+1,t—1] < N(1), g[l‘oﬂ,t—l]] < Pr [N[,tn+1,t—1] < N(), g[toﬂ,t—l]] < Pr [N[,to+1,t—l] < N(t)] )

Now, by applying Lemma 4.7 for é/2 (which allows A’ to start from an arbitrary state) for

t—(to+1)+1 =t -t rounds, we get that Pr [N[Itg+1,t—1] < N(t)] < ‘g, which concludes the

proof. O

Putting it all together. Given the result of compensated coupling in Lemma 4.2, together with
Lemmas 4.3 and 4.8, the proof of Theorem 4.1 is immediate:

Proor oF THEOREM 4.1. By Lemma 4.2, it suffices to bound Pr [Xt € [7n,,T) U [1, ?Nt)] for each
time t. Now, by Lemma 4.8, and taking t, = 2(d + 1)3 log(4n/s), if we have that t > t; := (tp + 1) +
3 5
2”;}?#, then with probability at least 1 — 8, N; > ¢'(d)/2 - (t — t;). Combining this insight with

Lemmas 4.2 and 4.3, it follows that, setting m; = #'(d/2 - (t — ),

n
Regretp(d)(n) <t + Z (Pr [Xt € [7n,, 1) U [7,7N,) and N; > mt] +Pr[N; < mt])

>t

n
t1+n-§+Z(emt+m;1+5mt)

<

>t

n—t

V[ [2(log(P'(d?/2 - s2) + log(s(s + 1))) 2 4
<t+n 5+Z \/ > (d)s +p’(d)s+p’(d)232
2 .
<t+n-6+ 2 (log(P'(@%/2 - n?) +log(n(n+1))) - n
el

2

27
/(d)Z

* gy (1 logm) + o
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Therefore, recalling our choices of t, and t;, and choosing § = 1/, we conclude that

log(2n?) 1 e
Regret (4 (n) < 4 @ n+2(d+1)° (1 + @@ + @0 (@ log(4n?)
+ 2 (1 + ;) + 2—7[2
p'(d)]  3p'(d)?

< /n-log(n) +d°log(n),

as claimed. m]

5 UNCONDITIONAL HARDNESS AND REGRET LOWER BOUND

In this section, we study the tightness of the upper bounds presented in Sections 3 and 4. Specifically,
we first show that the policy we provide for the Bayesian setting achieves (asymptotically) the
optimal competitive guarantee. Then, we show that the p(d)-regret upper bound we provide for
learning this optimal policy has an optimal dependence in the time horizon up to poly-logarithmic
factors.

5.1 Unconditional hardness

Our upper bound on the asymptotic competitive guarantee is based on the following construction:

HARD ENVIRONMENT: For any fixed € > 0 and delay d > 1, we consider a discrete reward
distribution, such that X = 1 (“small”) with probability 1 — €, and X = X, = 1 + ﬁ (“large”) with
probability €. The time horizon is n.

The following result implies that our Bayesian policy of Section 3 achieves the best possible
competitive guarantee (asymptotically). Interestingly, this result has been proven in the setting of
contextual blocking bandits [5], which is related to our setting, when the distribution is discrete
and has a small finite support. For completeness, we provide a proof of this result in Appendix C.

THEOREM 5.1 (UNCONDITIONAL HARDNESS, [5]). For any e > 0 and delay d > 1, there cannot exist

a (p(d) + €)-competitive algorithm for the asymptotic case of our problem, where p(d) = z‘f;rll.

5.2 Regret lower bound

We now turn our attention to the regret against an optimal gambler’s policy. We are able to show
the following lower bound on the regret guarantee.

THEOREM 5.2 (REGRET LOWER BOUND). For any learning policy and any d > 1, there exists an
environment with delay d such that the regret of that policy is at least Q (Vn/a®?).

For any delay d > 1, time horizon n > 1, and parameter € € (0, 1/(d+1)), the proof of Theorem 5.2
relies on the construction of the following two environments:

ENVIRONMENT &; (resp., &,): We consider a discrete reward distribution, such that X = 1 (“small”)
with probability 1 — 1/(d+1) + € (resp., 1 — 1/(d+1) — €), and X = Xpax = %‘TI (“large”) with probability
= — € (resp., 77 +€).2

It is not hard to see that, at any round ¢, and for our chosen environments, any policy can be
viewed as choosing to play one of the following two natural “strategies,” which apply both in

environments &; and &; (we make this point clear in the following paragraph):

20ne might notice that the regret upper bound in Theorem 4.1 assumed all rewards were on the interval [0, 1], while here,
the rewards are on the interval [1, 3] (since (2d+1)/d < 3). This discrepancy is no issue, however, since is straightforward to
show that Theorem 4.1 continues to hold (up to constant factors) as long as the rewards are upper bounded by a constant.
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STRATEGY S (resp., Sy): If the resource is available at time ¢, accept any reward (resp., accept
only the reward Xyax = %jl) Otherwise, skip the round.

One key difficulty in proving Theorem 5.2 is that, unlike in standard bandit lower bounds, our
policies observe each reward before making the decision of whether or not to accept it. However, a
crucial insight is that, for the environments &; and &; considered in the lower bound construction,
we may assume w.l.o.g. that any policy decides before observing the reward whether to play strategy
S or S; at each round. While this assumption is not generally true, it holds for our choice of &,
and &;. In order to see that, we first note that, for the purpose of lower bounding the regret, we can
assume that the player knows a priori the support of the reward distribution (which is common in
both environments). Further, since the large reward X = X0y = 2‘{7“ is always collected by both
S, and S, (if the resource is available), any algorithm can be characterized by the probability of
playing according to strategy S; or S; at each round. Thus, since this decision produces a different
outcome only when the subsequent reward is small (that is, X = 1), any algorithm can simulate
this decision before the observing the next reward.

Collected rewards. It is convenient to consider the asymptotic expected time-averaged reward
collected by an (asymptotically) optimal® policy, which we denote as:

— 1
E [ALGDO] = lim sup - Z E[X; - 1{X; > r and free(t)}] . (7)
n—c L .p N e

Let us denote by Regret,, ;4 (n;E;) the regret of a policy under environment &;. Note that, as a
consequence of Lemmas 3.2 and 3.4, and since the rewards offered at each round are at most a
constant, the regret in environment &; can be lower bounded under this notation as:

Regret, g (n;E;) > n-E [ALc;] ~E| > X - 1{ALG collects X,}| - O(d). ®)

te(n]

In the next Lemma, we characterize the asymptotically-optimal policy for each of our environ-
ments.

LEmMMA 5.3. The asymptotically-optimal policy for environment &, (resp., ;) is to play strategy
S, (resp., Sz) at every time step. Further, the asymptotic expected time-averaged reward collected by
these policies is

1-¢€ _1+e-y(d,e)

and B [ALG;] SRS AL LY
&, d
1

Note that y(d,€) > 1 foreveryd > 1 and e € (—ﬁ, 1)

E ALG’;,] -
&1

1+d
1+d( i +e)

where y(d, €) =

Time-aggregated suboptimality gaps. Another main difficulty in proving Theorem 5.2 is that,
unlike in standard bandit lower bound arguments (e.g., [7]), the instantaneous regret can be
negative. In particular, whenever an algorithm collects the large reward, the optimal policy’s
expected instantaneous reward is smaller than this value.

However, the key insight is that even though a policy might instantaneously be better than the
expected optimal policy, the resource becomes blocked for the next d time steps and, thus, the policy
becomes unable to collect (or even observe) the associated rewards. Therefore, instead of considering
what the optimal policy collects instantaneously, we consider what it collects cumulatively over
this d + 1-time window, so that the regret over this interval is no longer negative.

3Note that, as a consequence of Lemma 3.2, there exists an asymptotically optimal threshold-based policy. Hence, we may
restrict our attention to threshold-based policies, which accept a reward only it is greater than some threshold 7.
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LEmMMA 5.4. Let A; € {S1, Sz} be the strategy chosen by an algorithm A at time t, and denote by
Ts,(n) = Y11 1{A; = S; and free #(t)} the number of times over a time horizon n where strategy S;
is played while the resource is not blocked. Then, the regret in environment &; can be lower bounded as

Regret, o (.81) = Ay, E [Ts, ()] + Ag! B [Ts,(m)] - 0(@),

where A y is the time-aggregated suboptimality gap corresponding to the regret incurred by the
algorlthm for playing strategy S; in environment &;, where:

A% = (d+1)-E [ALG, | - E [X],
8,‘ 8,’

Ag"z]E[ALG;]Pr[ —1]+((d+1)E[ALG ] max) Pr [X = X -
2 & &i &i

In particular, A'g & -0=A%, and

S 5

e-d+e?-(d+1) _0(e) and A‘gzze-d—ez-(d+1)

=0(d-e).
1+d St 1+d(F5 +e) (d-e)

&1 _
Ag =
With this regret decomposition in place, we are now ready to prove Theorem 5.2.

Proor oF THEOREM 5.2. Using the time-aggregation insight from Lemma 5.4, together with the
fact that the algorithm deterministically collects 7/(d+1) samples over n time steps (i.e., Ts, (n) +
Ts,(n) > n/(d+1)), we may obtain a regret lower bound in a similar manner as in the stochastic
bandit setting (see, e.g., [34, Theorem 15.1]). In particular,

Regretp(d)(n; &)+ Regretp(d)(n;é’z)
> A E [Ts,(m)] +AS E [Ts,(n)] - O(d)
1 2

zAﬁ;E

Ts,(n)1 {TSZ (n) >

n &, n
)] 48 B T {0 < s ] -ow

mln{AS1 Asz}n n n
~zavo (B[ mvm) B [e e < m@)) 0w
min{Ag‘i, Agz tn

W exp (—DKL (Ef [] | gf ['])) - 0(d),

where the first inequality follows by the fact that A ! =0 fori € {1,2}, and the second by the fact
that T, + Ts, > 1/(d+1), since the resource is avallable for at least #/(d+1) rounds. Finally, the third
inequality follows by the Bretagnolle-Huber inequality [6].

Let H, = (A1, X1, Ry, ..., An, Xy, Ry) be the sequence of action-observed sample-collected rewards
produced by an n-round interaction between the learning policy and the environment. Denote p
(resp., p”) as the Radon-Nikodym derivative of Prg, [:] (resp., Prg, [-]). Under this notation, we
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p(Hn)
P |

[10 ( p(A: | Hi—)p(Xy | Hi—1, A)p (R | Hi—1, Ar, X3) )]
P (Ar | H-)p'(Xe | Hi, A)p’ (Re | Hyo, A, Xy)

p(X; | Hi-1,Ay) )]
E |log| —————=
= & [ & (P'(Xt | Hi-1, Ar)

<n-Dyx (p(X) [ p'(X)).

where the first equality follows by definition of KL-divergence and the second by Bayes’ rule. The
third equality follows by noting that (i) w.l.o.g., the policy decides on an action (or a distribution
over actions) before observing the reward and (ii) the collected reward is a deterministic function
of the history and current action and sample. The fourth inequality follows since the sample X; is
either (a) not observed in either environment (an occurrence which is completely determined by
the hisory H;_), or (b) drawn independently from the environment’s distribution.

Since the KL-divergence is upper-bounded by the y2-distance, we get that

4¢?
(mr+e)(1-z -9
where the final inequality holds assuming that 0 < € < m. Finally, by combining the above
bounds, we have that

have that

D (g (11 Br [-])

I
Sdes

E
&1

Il
~
Sl S
—

D, (p(X) | p"(X)) < x* (p(X) 11 p(X)) = <16-(d+1)- €,

min{Afg;, Agi} ‘n
4(d+1)

Regretp(d)(n;(‘)l) + Regretp(d)(n; &) = -exp (-16(d +1) - €’ n) - O(d).

Noting that € < m, the expressions from Lemma 5.4 imply that min{A(lz) , Afgzl)} > 2-¢/7. There-

fore, taking € = 4\/@1”_1)” (which satifies € < m, since w.lo.g,n>d > % for d > 1), we then
have that

e_lx/ﬁ
56(d + 1)3/2

Hence, there must exist an environment with regret at least Q (\Fn/dS/ 2). O

Regret,; (n; E1) + Regret,, ;) (n;E2) > - 0(d).

CONCLUSION AND FURTHER DIRECTIONS

We introduced and studied a practical variant of the IID prophet inequality problem where, once a
reward is collected by the decision-maker, she loses her ability to collect or observe any reward for a
fixed number of rounds. For the Bayesian case of our problem, we designed a simple threshold-based
prophet inequality and proved its asymptotic optimality. For the learning case, we showed that
the empirical estimate of the threshold from the Bayesian setting has a sufficiently high accuracy,
and that using this estimate as a threshold achieves sublinear regret. Moreover, by introducing a
notion of time-aggregated suboptimality gaps, we were able to reduce a specific instance of our
learning problem to that of a two-armed bandit problem, allowing us to prove a lower bound on
regret which matches our upper bound up to poly-logarithmic factors.

Our work leaves behind a number of interesting open questions. One natural extension of our
model is that of stochastic delay of known distribution (possibly correlated with the rewards). We
remark, however, that in the case where the delay realization is not observed by the gambler before
taking an action, there is no policy with non-trivial competitive guarantee against a prophet which
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knows all reward and delay realizations a priori. Another natural extension is to multiple (identical
or not) reusable resources. For the identical case, while the problem can still be modeled as an LP
(similarly to (MP)), it is unclear to us if its optimal solution can still motivate the construction of an
efficient (or even threshold-based) algorithm. Finally, it would be interesting to show if there is any
advantage a learning policy might receive by observing samples at every round, independently of
the resource availability. Notice that since, by Lemma 4.8, our policy collects Q(t) samples at time
t with high probability, any such difference should come from the deterministic guarantee on the
number of samples available. Identifying the actual dependence on the delay parameter is by itself
an interesting direction.
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A CONSTRUCTING AN OPTIMAL POLICY IN THE BAYESIAN SETTING: OMITTED
PROOFS

LEMMA 3.2. Let MP* be an optimal solution of (MP) and OPT be the reward collected by the prophet.
Then, it is the case that

d+1

MP* > [1 - ————
( n+d+1

) -E[OPT].

ProoF. Let §(x) = % Yy f(x, X; € OPT), where by OPT we denote both the total reward and
the set of rewards collected by the prophet, and f denotes the joint density of a reward X; ~ D
and the outcome of 1 {X; € OPT}. For the expected prophet’s reward, we have:

E[OPT] = Z /mx~f(x,Xt € OPT)dx

=0

=n-/ x-EZf(x,XtEOPT)dxzn-/ x - G(x)dx.
X n J X

=0 teln =0

For the second set of constraints of (MP) and for any x, we have

0<(x) = %anf(x,X, € OPT) < %anf(x,x, € OPT) + f(x,X, & OPT) = f(x).
t=1 t=1

Finally, for the first set of constraints, we have

o 1 [ 17 n 1 d+1
G(x)dx = — ,X; € OPT)dx < — < 1 ,
‘/X;Oq(X) x n; xzof(x ¢ € )x n’rd+l-‘ d+1( * n )

_n_

7 +1-| elements can be collected.

where we use the fact that for time horizon n and delay d, at most [

-1

By the above analysis, it follows immediately that the solution g(x) = (1 + d—:l) 4(x) for each
x is a feasible solution to (MP) with objective value (1 - %ﬁl) - E [OPT]. This concludes the
proof. O

LEMMA 3.3. For any continuous distribution D and tr = F71(1 - ﬁ), the optimal solution of (MP)

equalsn-E[X - 1{X > r}].

Proor. Let A, (resp., ry) be the dual variable corresponding to constraint g(x) < f(x) (resp.,
q(x) = 0) of (MP) for each x > 0. We denote by k the dual variable corresponding to constraint

fxio q(x)dx < ﬁ.
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The following formulation is the dual of (MP):

minimize: / T F(x)dx + —— (DMP)
=0 d+1
st k+A,—re < n-x Vx>0
Aoty 20 Vx >0
Kk > 0.

Lett = F7' (1- d+1) where F is the c.d.f. of D. Note that by continuity of D, we have that
/x: f(x)dx = d+1' We consider the following assignment: (i) We set q(x) = f(x) for all x > 7, and
q(x) = 0, otherwise. (ii) We set Ay = n-x —n -t for x > 7 and A, = 0, otherwise. (iii) Similarly, we
setry=0forx > rand r, = n- 17— n- x, otherwise. Finally, (iv) we setk = n - 7.

For the above assignment, the primal objective becomes

n~/xoox-q(x)dx=n-/xmx-f(x)dx=n~E[X-]l{XZT}].

=0 =T

Similarly, the dual objective becomes

[ee) K (]
/xZOAx-f(x)dx+m—n~ xT(x—r)'f(x)dx+n~d_'_1

=n-/ x- f(x)dx—n- T/ f(x)dx—n- d:—l
=n-E[X -1{X >1}],

where in the last equality we use the fact that fx O:T f)dx = 77 +1, by definition of 7.
Now that strong duality is established, it suffices to verify the Karush-Kuhn-Tucker (KKT)
optimality conditions. The associated Lagrangian is defined as

Lo == [ x-qeidrs [ a0 ds

=0

+i (/=0 q(x)dx — #) - -/:0 re - q(x)dx.

It is easy to verify that the above assignment satisfies primal and dual feasibility. Further, for any
x > 0, it can be verified that

dL(q, A x, 1)
9q(x)
In order to verify the complementary slackness conditions, for each x > 0, we have
Ax - (q(x) = f(x)) =0,
since A, = 0 if and only if g(x) < f(x). Similarly, for each x > 0, we have ry - g(x) = 0, since r, = 0

for any x > 7, where g(x) = f(x).
Finally, we have

([ et )= [ - 1) -

since fxiorf(x)dx = #. o

=nx—Ay,—k—ry=0.

Hence, it follows that I::s(?s) <1- ﬁ + . Further, by construction, F (15) 21— Combining
these two bounds proves the claim.
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B DESIGNING A REGRET-MINIMIZING POLICY FOR THE LEARNING SETTING:
OMITTED PROOFS

LEMMA 4.7. Let N| denote the number of samples available at the beginning of round t to the
policy which uses as threshold T = F~1(1 — 1.5/d+1), initialized in an arbitrary availability state
Sy € {0,...,d}. Then, with probability at least 1 - 6,

log(1/s)

N/ z|p'(d) - ¢ -1

(t-1)-¢€-d,

where p’(d) = (d+1)/2.5d+1.

PrOOF. Let us denote by A’ the fixed-threshold policy with threshold 7/ = F~1(1 — 1.5/d+1). We
show this result by proving that N, satisfies the averaged Lipschitz condition, which implies that
we can apply the Azuma-Hoeffding inequality [17, Corollary 5.20].

To begin, let S; € {0,...,d} denote the availability state of A’ at the end of round ¢, where
Sy € {0,...,d} is arbitrary. To begin, let us observe that, by the same arguments as used in
Lemma 3.4,

t—1
E[N] =) E[1{s, =0} 2 p'(d) (t-1)-¢*d, )

where p’(d) = (d+1)/(2.54+1). We aim to prove that N satisfies the averaged Lipschitz condition with
parameter e® - d, that is, for any time s € {0,...,t — 1}, and for any states w, 0’ € {0,...,d}, we
will show that

|E[N:1S,....S,

s=1

Si=w| -E[N;[S),....8,_.S. =]

t
=D B[L{S =0} S5, S8, =] ~B[1{s] =0} |S},....8 ;.8 =]

<ed-d

Let us denote 51’ as the process which follows S/ for the first s — 1 time steps, and is at state ' at time
s, and evolves according to the analogous coupling as was considered in the proof of Lemma 3.4.
Then under this notation, and as a result of Lemma 3.4, we have that

|E[Nt|S’,...S' Si=w| —E[N;|S),....8,_.S. =]

YPs=1 s YYs—1> Vs

S/ =0} - ]1{5’—0} Sl,...,S. 1,5;=w,~;=w’]

SZEH]I{S{:O}—]I{ - HlSO,..,SS bSi=0.8 =0

t
D L

1=s

IA

<eé-d,

where the first inequality follows by the triangle inequality and Jensen’s inequality, the second
follows since if one of S or S is not 0, then S; # S/, and third follows by the same arguments as in
Lemma 3.4.
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Hence, by applying (9) together with Azuma-Hoeffding [17, Corollry 5.20], we conclude that

i /(t—l)log(l/é))l
2
R e

as claimed. ]

Pr|N/ <p'(d)-(t—1)-¢

<Pr

C UNCONDITIONAL HARDNESS AND REGRET LOWER BOUND: OMITTED
PROOFS

THEOREM 5.1 (UNCONDITIONAL HARDNESS, [5]). For any e > 0 and delay d > 1, there cannot exist

a (p(d) + €)-competitive algorithm for the asymptotic case of our problem, where p(d) = %.

Proor. For any fixed € > 0 and delay d, we consider a discrete reward distribution, such that
X =1 with probability 1 —€,and X = Xy = 1+ % with probability €. The time horizon is assumed
to be infinite, thus we focus our attention on maximizing the expected average reward.

It is easy to see that any optimal policy can either (i) collect any observed reward, if the resource
is available, or (ii) collect the reward only if X; = Xpn,x. Clearly, since Xpax > 1, no optimal policy
skips the reward Xy, if it is possible to collect it. For the policy of case (i), we can easily verify
that the average expected reward is equal to ﬁ (€Xmax + 1 — €). For the policy of case (ii), notice
that when the resource is available, a reward is collected with probability € (that is, if X; = Xax)-
By analyzing the underlying Markov Reward Process, it is easy to see that the expected average
reward of the second policy is exactly equal to € - Xmax * 7 +1de, where d is the probability that
the resource is available. For X .« = 1 + d , we can see that both pohcles have exactly the same
average reward, which is equal to E [ALG] = /4. Thus, the expected average reward that can be
collected by any gambler in the above instance is exactly 1/d.

We now turn our attention to the prophet’s expected average reward. Given that the analysis
of E [OPT] is hard, we instead lower bound the prophet’s expected reward by considering an
approximate prophet that computes a possibly suboptimal solution given knowledge of the reward
realizations. For k € Z, we divide the time horizon into blocks of k(d + 1) consecutive time steps.
At each block, the approximate prophet operates as follows: (a) if all the rewards of the block are
1, the prophet greedily collects any reward within the block starting from the first time step. On
the other hand, (b) if there exists a reward X,y within the first (k — 1)(d + 1) + 1 time steps of the
block, the prophet collects only this reward within the block. For simplicity, we assume that in any
other case the prophet collects no reward from the block. We remark that in the above algorithm,
the resource is always available at the beginning of each new block. In this setting, the expected
average reward of the approximate prophet is

E[OPT'] = k(d1+ 3 ((1 —)F) ke (k=1)(d+1) +1)e(1 - e)<k—1><d—l)xmax)
_ (1-eF@ 1 (k=11 [ 4 1
=T+ +(1 k k(d+1))(1 © (”3)'

Now, by setting k = 2[0(¢™!)] and taking the limit for € — 0, the expected reward collected by
the approximate prophet becomes E [OPT’] = 1/(d+1) + 1/d. Therefore, the competitive ratio of this
instance can be upper-bounded by

E[ALG] E[ALG] Ya d+1

E[OPT] ~E[OPT] ~ Jam+ya za+1 PP
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]

LEMMA 5.3. The asymptotically-optimal policy for environment &, (resp., &;) is to play strategy
S, (resp., Sz) at every time step. Further, the asymptotic expected time-averaged reward collected by

these policies is
1—¢ 1+e-y(de)

P ,

E ALG;] - and E[ALG ]
81 62

1+d

where y(d, €) = (A1)

Note that y(d,€) > 1 foreveryd > 1 and e € (—ﬁ, #).

Proor. We can easily observe that, when the policy is initialized in the available state, by always
playing under strategy S; it collects a reward exactly once every d + 1 time steps. Thus, at any time
t = k(d + 1) for some integer k > 0, in environment &;, by playing under strategy S; the algorithm
collects

_ 1 1 _(d+1)(1-¢)
E[Xk(dﬂ)]—l (1 d+1+e)+Xmax (d+1 e)— 7 .

Similarly, when the policy plays in environment &; under strategy S, once it reaches stationarity*,
at each time t it collects

1-€e-y(d,—¢)
Xmax * Pr [Xt = Xmax] CTTE (0) = 45
&1 d
where 7g, (+) is the stationary distribution of always playing under S, in environment &;, and
y(d, —€) = —*4 > 1 (since € € (0, /d+1)).
1+d( 7€)

Therefore, noting that the rewards collected in environment &, have exactly the same expression
after replacing € with —e, the (asymptotically) optimal policy for &; (resp., &) is to play S; (resp.,

S») at every time step. Using the above expressions, we thus have that
—€ 1+e-y(d, 6)

d

B [ALG;] - and [ALG ]
1

as claimed. ]

LEmMA 5.4. Let A; € {S1, Sz} be the strategy chosen by an algorithm A at time t, and denote by
Ts,(n) = 271 1{A; = S; and free 7 (t)} the number of times over a time horizon n where strategy S;
is played while the resource is not blocked. Then, the regret in environment &; can be lower bounded as

Regret,, 4 (1;E;) = AY E [Ts,(m] + AY E [Ts,(m] - 0(a),

where A y is the time-aggregated suboptimality gap corresponding to the regret incurred by the
algorzthm for playing strategy S; in environment &;, where:

Agiz(d+1)-‘]§[m;]—E[X],

i

2

=E [ALG;] Pr[X=1]+ ((d +1)E [ALG;] —Xmax) Pr[X = X ] -
Si 81‘ 8,’ 8i

4Note that, by Lemma 3.4, and since Xmax < 3, the expected reward collected by always playing under strategy S, in
stationarity and initialized as deterministically available, over any time horizon, differs at most by O(d). Thus, when
considering the asymptotic time-averaged reward collected by this policy, it suffices to assume it is stationary.
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. 81 — — 82
In particular, Agl = 0= A, and

e-d+e?-(d+1)
1+d

e-d—e*-(d+1)

1+d(d+1 +e)

Proor. Recalling the lower bound for the regret from (8), in order to prove the claimed bound, it
suffices to show that

[ALG ] > E[X: - 1{ALG collects X,}] = A% 2 [Ts, ()] +A§;“1§ [Ts,(n)] - O(d).

te[n]

Ag; = =0(e) and Af;f = =0(d - e).

Notice that, without loss of generality, at every round ¢, the algorithm can decide on a strategy
A; € {81, S, } regardless of whether the resource is available or not. Hence, we may decompose the
inner terms of the LHS as

E [ALG;] - 2]8-2, [X; - 1 {ALG collects X;}]

-E [ALG;] B[1{A; = S}] - E [X;] E [1{A; = Sy, free(1)}]
&E; &; &
+E [ALGZ;,] CE[1{A, =80 X, =1}] = 0-E [1{A, =S5, X, = 1, free()}]
8,‘ 8,‘ 81‘

+B [ALG;] B [1{Ar = 82X = Xanax}] = Xonax B [1{Ar = 82, X = X, free (1)}

Now, at this point, one might be concerned that some of the terms could be negative. For example,
at the time when the algorithm plays S, and collects Xpax, the asymptotically-optimal policy only
collects E[m;] < Xmax- However, observe that in that case the algorithm cannot collect any
reward for the next d time steps. Meanwhile, the asymptotically-optimal policy collects E[m;]
at every time step. Applying this observation to the first and third terms above, and assuming that
t < n—d, we may rewrite the above in the following manner:

E [m;] —E[X; - 1 {ALG collects X; }]
= ((@+ DB [ALCL, | ~E[X1) BI1 {4, = S, free (1))]
+(B [m;] ~0)B[1{4; = S,,X, = 1,free(n)}]

+ ((d +1)E [m;] - Xmax) E[1{A; = S5, X; = Xpnay, free(£)}] .

Recalling that the choice of A;, as well as the availability of the resource at time t is independent of
X}, and summing the above expression over all ¢ € [n], we obtain

S E [ALc;] ~E[X, - 1{ALG collects X,}] = AZE[Ts,(m)] + AZE[Ts,(n)] - O(d),
te[n]
where the additive loss of O(d) corresponds to the final O(d) rounds for which the time-aggregation
arguments above may not (necessarily) apply. Finally, observe that, using the expressions for
E[ALG;] from Lemma 5.3, it is easy to verify that Agi =0= Agz and that

A(gl_e-d+~~sz-(d+l) and A& = € d-¢e*-(d+1)

Sz 1+d St 1+d(Z+e)
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