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Abstract

We study a fundamental problem in optimization under uncertainty. There are n boxes; each box ¢
contains a hidden reward ;. Rewards are drawn i.i.d. from an unknown distribution D. For each
box 7, we see y;, an unbiased estimate of its reward, which is drawn from a Normal distribution
with known standard deviation o; (and an unknown mean ;). Our task is to select a single box,
with the goal of maximizing our reward. This problem captures a wide range of applications,
e.g. ad auctions, where the hidden reward is the click-through rate of an ad. Previous work in this
model (Bax et al., 2012) proves that the naive policy, which selects the box with the largest estimate
y;, 1s suboptimal, and suggests a linear policy, which selects the box ¢ with the largest y; — ¢ - 03,
for some ¢ > 0. However, no formal guarantees are given about the performance of either policy
(e.g., whether their expected reward is within some factor of the optimal policy’s reward).

In this work, we prove that both the naive policy and the linear policy are arbitrarily bad com-
pared to the optimal policy, even when D is well-behaved, e.g. has monotone hazard rate (MHR),
and even under a “small tail” condition, which requires that not too many boxes have arbitrarily
large noise. On the flip side, we propose a simple threshold policy that gives a constant approxima-
tion to the reward of a prophet (who knows the realized values z1, ..., z,) under the same “small
tail” condition. We prove that when this condition is not satisfied, even an optimal clairvoyant pol-
icy (that knows D) cannot get a constant approximation to the prophet, even for MHR distributions,
implying that our threshold policy is optimal against the prophet benchmark, up to constants. En
route to proving our results, we show a strong concentration result for the maximum of n i.i.d.
samples from an MHR random variable that might be of independent interest.

Keywords: optimization under uncertainty, auctions, order statistics, threshold policies.

1. Introduction

Suppose that you are given n boxes, with box ¢ containing a hidden reward z;. Rewards are drawn
independently and identically (i.i.d.) from an unknown distribution D. For each box i, you see
an unbiased estimate y; of its reward: nature draws noise ¢; ~ N(0, o;) with known o;, and you
observe y; = x; + €;. Your goal is to select the box with the highest reward z;. This fundamental
problem, originally introduced by Bax et al. (2012), captures a wide range of applications.
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The original motivation of Bax et al. (2012) is ad auctions. As a concrete example, consider
the following problem: there is a single ad slot for sale, and n advertisers. The platform knows
the advertisers’ bids by, ..., b,, and has access to a machine learning model which outputs click-
through-rate (CTR) predictions y1, ..., ¥y,. Such algorithms typically have different amounts of
data across different populations; therefore, there is different variance in the error of each y;. If the
platform chooses advertiser ¢, its profit will be b; - x;, where x; is the (true) click-through-rate of
advertiser ¢; the platform wants to maximize this profit. For the sake of exposition, let’s assume that
all bids are equal: b; = by = - -- = b,,. If x;s are drawn from a known distribution D, the platform
should just calculate the posterior expectation R;(y;) = E[X; | Y; = y;] for each advertiser 1,
and select the one with the largest R;(y;). If ;s are drawn from an unknown distribution D, this
calculation is, of course, not possible. Then, shouldn’t the platform just pick the advertiser ¢ with
the largest predicted click-through-rate v;?

Bax et al. (2012) prove that Naive, the policy that picks the box/advertiser with the largest
observation y;, is suboptimal when the noise ¢; is drawn from N (0, o;). Specifically, they consider
a family of linear policies. A linear policy with parameter c selects the box with the largest y; —c- 0;
for ¢ = 0 this corresponds to Naive. Bax et al. (2012) show that the derivative of the expected reward
is strictly positive at ¢ = 0; that is, the Naive policy is not optimal, even within the family of linear
policies. However, and this brings us to our interest here, no other formal guarantees are given. Is
the best linear policy, or even the Naive policy, a good (e.g., constant) approximation to the optimal
policy? Are there better policies, outside the family of linear policies?

1.1. Our contribution

Without loss of generality, we assume that o = (o071, ..., 0y, ) satisfies 01 < ... < o,,. Naturally, if o;
is large for almost all 7, no policy, including a clairvoyant policy that knows D, can hope to achieve
any non-trivial performance guarantees (e.g., perform better than picking a random box). We start
by making this intuition precise, i.e. quantifying “large” and “almost all.” An important quantity
for us will be E[Dn;n],l the expected reward of a prophet that knows the rewards z1, ..., z,. Our
definition of “largeness” for the noise is a logarithmic factor off of the reward of a prophet that can
only pick from a specific number of boxes.

Informally, given D, n and ¢ € [0, 1], we say that o has “large noise” if 0., the cn-th smallest
03, is at least Q(E[Dey.cn]). That is, some boxes are allowed to have very small noise, but enough
boxes ((1 — ¢)n) have noise at least Q(E[Dgp.cn]). Under this condition, we show that, even for
the case of a distribution D with monotone hazard rate (MHR),” even an optimal clairvoyant policy
(which knows D) has reward comparable to the reward of picking a box uniformly at random.
See Section 2 for the precise definitions, and Section 3 for the formal statements and proofs. We
henceforth assume that the environment has “small noise:” informally, the cn-th smallest o; is at
most O(E[D¢y.cn]). We first analyze the performance of known policies under this assumption.

We can show that the Naive policy, which selects the box with the highest reward, is not only
suboptimal, but that it can be made suboptimal for every distribution D (Theorem 18). Specifically,
given an arbitrary distribution D, there exist choices for n and o (satisfying the “small noise”
assumption) such that the optimal (non-clairvoyant) policy has reward at least E[D,,.,]/2, while
the Naive policy has a reward of at most 4E[D]. Our construction has a small number, ©(log(n)),

1. Dy, is the k-th lowest of n i.i.d. samples from D.
2. A distribution has monotone hazard rate (MHR) if

1—F(zx) - . . .
+ (x()‘) is a non-increasing function.
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boxes with large noise, with the remaining boxes having no noise. The intuition is that, with high
probability, a random large noise box is chosen by Naive, while picking among the no noise boxes
yields a reward of almost E[D,,.,,]. Selecting D such that E[D,,.,,] € O(nE[D]), we have that Naive
provides only a trivial approximation to the optimal reward. Similarly, linear policies (the family
of policies suggested by Bax et al. (2012)), can also be made suboptimal in a similarly strong way.
Given an arbitrary MHR distribution D, there exist choices for n and o satisfying a “small noise for
MHR” assumption, such that the optimal policy has reward at least a constant factor of E[D,,.,,], but
no linear policy gets expected reward more than a constant factor of E[D] (Theorem 25). By letting
D be the exponential distribution, we get a lower bound of Q2(log(n)) for the approximation ratio of
linear policies. Due to space constraints, these results are deferred to Section 5.1 and Section 5.2.

Theorem 25, the counter-example for linear policies, requires a delicate construction. En route
to proving Theorem 25, we show a lemma about the concentration of the maximum of n i.i.d. sam-
ples from an MHR distribution, which might be of independent interest. Order statistics of MHR
distributions satisfy the MHR condition (Barlow and Proschan, 1996). Additionally, MHR distri-
butions exceed their mean with probability of at least 1/e. Therefore, Pr [D,.,, > E[Dy.]] > 1/e.
We prove that D,,.,, does not exceed twice its mean with high probability: Pr [D,,.,, < 2E[D,,.,]] >
1- n31/5 (Lemma 8). The proof of this result is based on a new lemma (which again might be of
independent interest) which states that the (1 — 1/n)-quantile value of an MHR distribution D is
within a constant factor of E[D,,.,].

Combined, Theorems 18 and 25 show that, even if we know that D belongs to the (arguably
very well-behaved) family of MHR distributions, we need a new algorithm. At a high level, the
downfall of both Naive and linear policies is that they treat very different types of boxes in a virtually
identical manner: Naive does not take in the noise information at all, while linear policies utilize this
information in a crude way, and discount boxes with different order of noise using the same weight.
Intuitively, a good policy should identify large noise boxes and ignore them. However, a nontrivial
obstacle is that the definition of “large noise” is relative to D, which is unknown. In Section 4 we
propose our new policy that circumvents this issue. The policy is quite elegant: pick o ~ U|0, 1],
and run Naive on the « fraction of the boxes with the lowest noise. If a ¢ fraction of the boxes has

. . . E[Den:cn) . 2 o
low noise, and specifically, if o, < 52 ()’ then our policy gives a g approximation to E[D,.,],

the expected reward of a prophet (Theorem 15). Clearly, if c is a constant, we get a constant
approximation. Interestingly, our policy provides the same guarantees even in a setting with a lot
less information, where the o;s are unknown, and only their order is available to the policy.

For the case of MHR distributions that satisfy the (incomparable) “small noise for MHR” as-
sumption, we give an additional algorithm (i.e., for MHR distributions both algorithms are valid).
The policy itself has a slight twist: pick & ~ U[0, 1], and run Naive on the n® boxes with the lowest
noise (i.e. boxes 1 through n®). This time, we require that n® boxes (a lot fewer than cn) have

EDneincl {ypder these
184/21In(nc)

conditions (noting that these are the same conditions needed for the lower bound on linear policies
in Theorem 25), this version of our policy guarantees a ¢? /576 approximation to the prophet (Theo-
rem 16). For a constant ¢, our approximation to the prophet is again a constant, and we only require
n° boxes with bounded noise.

bounded noise. However, our bound on the noise is a lot smaller: o, <

Overall, ignoring logarithmic factors, our results provide a complete picture of when it is, and
when it is not, possible to provide positive guarantees (algorithms that give a constant approximation
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to the prophet) in our setting. See Section 2.1, in particular Figures 1(a) and 1(b), for a visualization
of the conditions required for the positive results to hold.

1.2. Related Work

Bax et al. (2012), whose contribution we already discussed, and Mahdian et al. (2023), are the
two works most closely related to ours. Mahdian et al. (2023) study a very similar model to ours,
where the reward z; for each box i is not stochastic, but adversarial, and the noise distribution is not
N (0, 0;), but an arbitrary (known) zero-mean distribution A;. Mahdian et al. (2023) are interested
in finding policies with small worst-case regret, defined as the difference between the maximum
reward and the expected performance of the policy, where the expectation is over only the random
noise. A policy is then a constant approximation if its regret is within a constant of the optimal
regret; in contrast, for us, a policy is a constant approximation if its expected reward is within a
constant of the expected reward of the optimal policy/a prophet. Mahdian et al. (2023) show that in
their model as well, the naive policy which picks the box with the highest observation y; is arbitrarily
bad (in terms of regret) even in the n = 2 case. Similar to our results here, Mahdian et al. (2023)
show that there is a function # from random variables to positive reals, such that picking the box with
the largest y; — 0(A4;) is a constant approximation (in terms of regret) to the optimal policy. Note
that, in the case of our policy, this function is especially simple: 6(A;) = 0 if o; is small, otherwise
0(A;) is infinite. We note, tangential to this discussion, a phenomenon related to the naive policy
being suboptimal, both in the model studied here (the model of Bax et al. (2012)) as well as the
model of Mahdian et al. (2023): the winner’s curse (Thaler, 1988). In this phenomenon, multiple
bidders with the same ex-post value for an item estimate this value independently and submit bids
based on those estimates; the winner tends to have a bid that’s an overestimate of the true value.

Related to the problem studied here is delegated choice, introduced by Khodabakhsh et al.
(2024) with some recent work by Bowers et al. (2025). In delegated choice, the principal must pick
one of n actions, each of which has a stochastic reward x; without directly viewing the rewards.
They can choose a subset of these actions and delegate them to an agent, who views biased rewards
x; + b; and picks an action that maximizes biased reward. Our problem is closely related to the
case where the biases b; are also random variables. Another related problem is robust optimization,
where we seek solutions that are robust with respect to the realization of uncertainty; see Bertsimas
etal. (2011) for a survey.

Apart from the aforementioned settings, our problem bears some (superficial) similarity to the
area of algorithms with predictions; see Mitzenmacher and Vassilvitskii (2022); Balkanski et al.
(2024) for recent surveys. As opposed to our problem, predictions in this literature are not random
variables. Instead, the goal is to, given a prediction (side information) about the instance, design an
algorithm that is near-optimal when the prediction is accurate (consistency) and whose performance
degrades gracefully as a function of the prediction error, while retaining worst-case guarantees
(robustness). Finally, there has been a lot of work on the related problem of finding the maximum
(or the top k elements) given noisy information, see, e.g., Feige et al. (1994); Braverman et al.
(2016, 2019); Cohen-Addad et al. (2020).

Some of our results assume that D is MHR. MHR distributions satisfy numerous useful prop-
erties, see Barlow and Proschan (1996) for a textbook. In algorithmic economics, such properties
have been exploited to enable positive results for several problems, e.g., the sample complexity
of revenue maximization (Dhangwatnotai et al., 2010; Cole and Roughgarden, 2014; Huang et al.,
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2015; Guo et al., 2019, 2021), the competition complexity of dynamic auctions (Liu and Psomas,
2018), and the design of optimal and approximately optimal auctions (Hartline and Roughgarden,
2009; Daskalakis and Weinberg, 2012; Cai and Daskalakis, 2011; Allouah and Besbes, 2020; Gian-
nakopoulos et al., 2021).

2. Preliminaries

There are n boxes. The i-th box contains a reward x;. These rewards are drawn i.i.d. from an un-
known distribution D with a cumulative distribution function F’ and density function f. We assume
that D is supported on [0, c0). Rewards are not observed by our algorithm. Instead, nature draws
unbiased estimates, y1, . .., Yn, Where y; is drawn from a normal distribution with (an unknown)
mean x; and a known standard deviation o;. We refer to y; as the ¢-th observation. We often write
X, and Y; for the random variable for the i-th reward and i-th observation, respectively. Note that
Y; can be equivalently thought of as Y; = X; + ¢;, where the noise ¢; is drawn from N (0, o;). Our
goal is to select a single box ¢ with the goal of maximizing the (expected) realized reward.

Policies and expected rewards. Formally, a policy A maps the public information, the pair
(o,y),0 = (01,...,0n)and y = (Y1, ..., Yn), to adistribution over boxes. We write R4 (D, o, y)
for the expected reward of a policy A under true reward distribution D and observations y =
(y1,---,Yn), where the standard deviation of the noise is according to ¢ = (o1,...,0,), and
where this expectation is with respect to the randomness of A and the randomness of the rewards.
In order to evaluate a policy under a fixed reward distribution D we need to take an additional

expectation over the random observations y = (y1,...,yn). We overload notation and write
RA(D,o) =E, [Ra(D,o,y)] for the expected reward of a policy A under true reward distribution
D, where the standard deviation of the noise is according to o = (071, ...,0p).

Previous policies and benchmarks. Bax et al. (2012) consider two simple policies. The Naive
policy always selects the box 7 with the largest observation y;. A linear policy Linear,, parameter-
ized by a function v : R” x R™ — R, chooses the box 7 which maximizes y; — (o, y) - 0;.

We use the following two policies as useful benchmarks: the optimal clairvoyant policy, and
the prophet. The optimal clairvoyant policy for a distribution D, Optp, selects the box i with
maximum E [X; | Y; = y;]. Its expected reward in outcome y is precisely max; E [X; | Y; = y;]:
Ropt, (D,0) = Ey [maxie[n] E[X;|Y;, = yzﬂ Finally, the (expected) reward of a prophet who
knows 1, . .., T, is equal to E[D,,.,,], the expected maximum of n i.i.d. draws from D.

Formalizing “small” and “large” noise environments. Clearly, if o; is large for almost all
i € [n], then no policy can hope to get a non-trivial guarantee. Therefore, we intuitively need a
condition that captures the fact that we need small noise for enough boxes. In the following couple
of definitions, we formalize precisely what we mean by “small” and “enough.”

Definition 1 (Small noise) For any distribution D, any n and any c € (0,1], let S(p ,, ¢ be the set
n ; ]E[Dcn:cn]
of vectors o € Rl where at least cn values in o are small, namely at most TR Formally,

E DCTL:CTL
SDinye) = {oeR} oy < <opandoe, < 5[\/m} }.

For the case of MHR distributions, the following incomparable condition also suffices to guar-
antee strong positive results. We also use this condition in our lower bound on linear policies.
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Definition 2 (Small noise for MHR) For any MHR distribution D and any n, let S%)Hf 0 be the
E[Dpe.ne]

184/21In(ne)’

set of vectors o € R} where at least n® values in o are small, namely at most Formally,

MHR n E[D cnc
g < oK e <
S(D,n,c) {O' S R ’ g1 On al’ld On 1 ] ( c }

Ideally, whenever o ¢ Sp ) or o ¢ S(I\gﬂﬁc), we would like strong negative results for the
optimal policy. Our negative results are with respect to the optimal clairvoyant policy and hold even
for MHR distributions (so, very strong negative results), but our condition is a bit weaker than o not
being in the complement of Sp ;, .): We lose an extra /In(n)/ In(cn) factor. Under the following

“large noise” condition, we cannot do better than picking a box uniformly at random (Theorem 11).

Definition 3 (Large noise) For any distribution D, any n and any c € (0, 1], let LD nc) be the set
E[Dcn:cn]'m

of vectors o € R” where at most cn values in o are small, namely at most
+ In(cn)

]E[Dcn cn] \/F }

In(cn)

. Formally,

Lpney =10 €RY |01 <+ <oy and ocn >

We emphasize that all three definitions above are parameterized by a free parameter ¢, which
intuitively represents the fraction of “small noise” boxes. This means that a noise vector o may
satisfy a definition for multiple choices of c. For example, a zero noise vector satisfies Definitions 1
and 2 for all choices of ¢ € (0,1]. Observe a direct relationship between this fraction ¢ and the
magnitude of what constitutes “small noise” in all three definitions: if we only have a lower fraction
c of “small noise” boxes, then the ¢’s of these boxes also need to be substantially lower. This makes
sense intuitively: with a lower fraction of “small noise” boxes, we need these boxes to behave more
deterministically to extract better reward from them.

2.1. Visualizing our main positive results

Given the definitions so far, we informally restate and visualize our main positive results.

1. Theorem 15: For all distributions D, if & € S(p ;, ) for some ¢ € [1/n, 1], then the IgnoreLarge

2
policy obtains an expected reward of at least 55 times that of the prophet.

2. Theorem 16: For all MHR distributions D, if o € S%%ch) for some ¢ € (0,1], then the

IgnoreLargeExp policy obtains an expected reward of at least == times that of the prophet.

576

Let us first visualize the first result. For any fixed distribution D, number of boxes n, and

standard deviations o1 < - - - < o, sorted in non-decreasing order, we plot the two central quantities

in Definition 1 for S(D n,c): EJ};;&] and o.,. For any point ¢ where o, is below EJ%/%Z], if o lies

in §(p ) we obtain a positive result from Theorem 15 for that particular c.
In Figure 1(a), we chose D to be the standard exponential distribution, n = 10 000, and o; = 0

for all i < 1000 and 1 otherwise. We have that o, stays below S(p , ) for c up to 0.1, implying

01

that, by Theorem 15, Ignorelarge can achieve a approximation against the prophet.

MHR . E[Dnc:nc]

(D) T8y/om(n)

Similarly, in Figure 1(b) we plot the two central quantities in Definition 2 for S

and o, for the same choice of D, n, and o;’s. Here, o, is below S(I‘%Hﬁ o) for c up to 0.75, im-
plying, by Theorem 16, that IgnoreLargeExp achieves a 057756 (better than 0.12/20) approximation

against the prophet.
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1.0 1.0
- T S(D,n,o) — Sl\éHch)
0.89 = | %en 0.81 — oy
0.6 0.61
04y | 0 0.41
0.21 021
0.0 ‘ ‘ ‘ ‘ ‘ ‘ 0.0 ‘ ‘ ‘ ‘ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
(a) Plot comparing o, and Sp ) for n = (b) Plot comparing o, and S%V[HRC) for n =
10000, and o; = 0O for all 7+ < 1000 and 1 10000, and o; = 0 for all = < 1000 and 1
otherwise. otherwise.

Figure 1: Visualizations of our main positive results.

2.2. Technical lemmas

Here, we present some definitions and a few technical lemmas that will be useful throughout the
paper. We often use the following lemma (Lemma 4) about the CDF of the standard normal distri-
bution, and a lemma (Lemma 5; proof is deferred to Appendix B) about the relation between the
expected maximum of @ and b i.i.d. samples from an arbitrary distribution D. We write Dy, for the
k-th lowest order statistic out of n i.i.d. samples, that is, D1., < Da., < -+ < D,y Throughout
the paper, ®(x) is the CDF of the standard normal distribution, and ¢(z) is the PDF of the standard
normal distribution.

Lemma 4 (Gordon (1941)) Forallt > 0, we have 1 — \/%%e*ﬁﬂ <P(t)<1-— fﬁile /2
Furthermore, this implies directly that for allt > 0, 1 — @ <O(t) <1-— td’f:)

Lemma 5 For any distribution D and integers 1 < a < b, @ > %.

The following definitions will be crucial in describing our lower bounds.
Definition 6 Let oY) = inf {z | F(z) > 1— L} be the (1 — L)-th quantile of a distribution D.

Definition 7 For a distribution D, let 57(7? ) = inf{z : E[D | D > 2] Pr[D > z] < %} be the
[ 1

smallest x such that the contribution to E[D] from values at least x is at most

Technical lemmas for MHR distributions. We prove the following technical lemma for the
concentration of the maximum of n i.i.d. samples of an MHR distribution, which might be of
independent interest.

Lemma 8 For any MHR distribution D and any n > 4, we have Pr[D,,.,, < 2E[Dy,.,]] > 1— nT1/5
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It is known that the maximum of i.i.d. draws from an MHR distribution is also MHR (Bar-
low and Proschan, 1996). This implies that the probability that the maximum exceeds its mean,
Pr Dy, > E[Dy.0]], is at least 1/e. In Lemma 8 we show that, in fact, this maximum concentrates
around its mean: it does not exceed twice its mean with high probability. We note that a related, but
incomparable, statement is given by Cai and Daskalakis (2011), who show that at least a (1 — ¢)-
fraction of E[max; X;] is contributed by values no larger than E[max; X;] - log(1), where the X;s
are (possibly not identical) MHR distributions.

Lemma 8 is an immediate consequence of the following two lemmas. Missing proofs are de-
ferred to Appendix B.

Lemma 9 (Cai and Daskalakis (2011); Lemma 34) [f the distribution of a random variable X
satisfies MHR, then for allm > 1 and d > 1, we have dag) > agfi.

Lemma 10 For any MHR distribution D and any n > 4, we have % < ag)) < %.

Proof of Lemma 8 We have afﬁ% < (Lemma 9) %a%p) <(Lemma 10) o@D, 1. Therefore,
» 1\" . 1
Pr[’Dn:n < 2E[’Dn:n]] > Pr[Dn:n < Oé’f’bg/)z)] = (1 — 718/5> Z(Bemoulll s inequality) | _ m

3. Negative results for large noise environments

Before discussing small noise environments, we show strong lower bounds for the optimal clairvoy-
ant policy (an optimal policy that knows D) in large noise environments, even under the assumption
that the distribution D is MHR. All missing proofs can be found in Appendix C.

Theorem 11 shows that, for an MHR distribution D, when o € Lp , ), then the optimal clair-
voyant policy is comparable to the policy that picks a random box. First, as we discussed in Sec-
tion 2, note that S(p ,, ) is almost, but not exactly, the complement of £(p , ); the complement of

]E[,Dcn:cn} -Vinn
In(en)

acterized by o’s containing at least cn values upper bounded by E{J%%’ implying that S(p , )

L (p,n,c) includes o where at least cn values in o are at most , while S(p ;, ) is char-

: : . Vinn 1 1 .
is a strict subset of the complement of L(p,, ) as ¢ < 1 (since 32 > Ton 5 1nn). This

leaves a gap (arguably insignificant, but a gap nonetheless) in our understanding. On the flip side,
our negative result holds against the (well-behaved) class of MHR distributions, even against the
strong benchmark of the optimal clairvoyant policy.

Theorem 11 There exists an MHR distribution D where E[Dy.;;] € w(E[D]) for k € w(1), such
that for all n > ny, for some constant ng, for all ¢ € [1/n, 1], and for all o € LD n,c) we have

Rop, (D, ) € O ( In(en) -E[D]) |

8
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One way to interpret this theorem is: given any constant target ratio o and any large enough
n, one can pick ¢ small enough (e.g. such that cn € O(1)) and o that satisfies the “large” noise
condition, such that the optimal clairvoyant policy is not « times better than the policy that picks a
box uniformly at random. The E[Dy.] € w(E[D]) is crucial in this theorem, since, for the theorem
to have bite, it must be that \/In(cn) - E[D] is a lot smaller than E[D,,.,,] the reward of a prophet.
We include the fact that E[Dy.;.] € w(E[D]), to highlight that the distribution is not trivial.

The distribution that witnesses Theorem 11 is the half-normal distribution D = |N(0,1)|. We
start by proving that this distribution is MHR, and bounding its expected maximum value.

Lemma 12 Consider the distribution D = |N'(0,1)|. D is MHR, and it holds that (i) E[D] = ,/ 2,
and (ii) % Vinn < E[D,.,] <3v2VInn, forn > 8.

Since order statistics are preserved under affine transformations, we get the following corollary.
Corollary 13 Forall o > 0, % covInn <E[|IN(0,02)|nn] < 3v2-ovInn forn > 8.

Towards bounding the optimal policy, we get the following bound on E[X; | Y; = y;].
Lemma 14 Let U, (y) = \/% + max {0, UQLH}, then E[X; | Y; = vi] < Uy, (y;) for all o; and y;.

We are now ready to prove Theorem 11.
Proof of Theorem 11 Let D = |N(0,1?)], and consider ¢ € L(p,, ) where, without loss of

. : E[Dcn:cn \ 1
generality, we have 01 < 09 < --- < o,. This means that 0., > # Note that the

expected reward of the optimal policy is at most the expected reward of the optimal policy that picks
2 boxes u and v where u € [1,¢cn — 1] and v € [cn, n], and then enjoys the rewards of both boxes.

The expected reward from choosing box wu is at most E[maxie[l’cn_u z;] < E[Denen]. The
expected reward from choosing box v is at most the expected reward of Optp conditioned on it
choosing boxes from cn to n, which in turn is at most max;cen n) E[X; | Y; = y;]. Therefore, the
expected reward from box v is upper bounded by:

E, | max E[X; |Y; = y]

i€[en,n]

S(Lemma 14) Ey [Gn[lax | Uo'i (yz)]
e|en,n

=E [ max Uy, (Xi +/\/’(070¢2))]

i€[en,n]

g(Uoi (y) is monotone) E [ max Uo'i (Xz + |N(0,0'12)’>‘|

i€len,n]

| >
:E[max \/7+ (Xz—i_g\[((]?az)’)
i€len,n] VT o; +1

X 727/—’- max 3
T  i€len,n] O; i€[cn,n] o

o |2 4 EINVO. D)

+E

3

O-C'I’L



AZ1ZZADENESHELI DANG MEHTA PSOMAS ZHANG

S(Corollary 13) E+M+ 1 3@@
Q Ocn

6v2-VInn
Ocn

E[Dcn:cen]-v/In(n)
(Ucn>Tn\)/7) E[D] + M

cn

IN

E[D] +

<

B E[Dcn:cn]
25

S(Lemma 12) E[D] + 6\/§ ‘16 E[Dcn:cn])2
E[Dcn:cn]

<2 15E[Dpicn].

Combining, we get Ropt,, (D, o) < 16E[Depen]. As

E[Denien] < 3v24/In(cn) = 3v/my/In(cn)E[D]

by Lemma 12, we have

Ropt,, (D, 0) < 16 - 3y/m\/In(cn)E[D] < 864/In(cn)E[D].

4. A threshold algorithm for selecting the best box in small noise environments

In this section, we propose a new policy, IgnorelLarge, and give sufficient conditions under which
IgnorelLarge’s expected reward is at least a constant factor of the expected reward of a prophet who
knows z1,...,x,. We will describe two versions of this policy. The first version works for all
distributions (including MHR distributions). The second one is a slight modification that works
only for MHR distributions, under a different condition on the instance. Without loss of generality,
we will assume that boxes are ordered in increasing o;, thatis, o1 < g9 < - -+ < oy,

* Ignorelarge: Pick o € [0, 1] uniformly at random. Return arg max; <; <y, ¥i-

* IgnorelargeExp: Pick a € [0, 1] uniformly at random. Return arg max; ;<o ¥i.

Note that « needs to be randomized since D is not known. Therefore, even if one knows that
ignoring large noise boxes works, without a reference frame for the variance and expectation of
Dn.r it is not clear whether a specific o; at hand is big or small, and hence which boxes should be
ignored. Picking o at random is a necessary ingredient to circumvent this issue.

In Theorem 15 we present our guarantee for arbitrary distributions. Intuitively, if there is a uni-
versal constant ¢, e.g. ¢ = 0.01, such that a ¢ fraction of the boxes have bounded noise (specifically,

E[Dcn:cn}

Ocn < W)’ then our policy gives a constant approximation to the reward of a prophet.

Theorem 15 For all c € [1/n, 1], for all distributions D, alln > 4, and all & € S(p . ¢), we have
RIgnoreLarge (D7 U) > % . E[Dnn]

10
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Proof of Theorem 15 Consider o € S(p 5, ) where, without loss of generality, we have 01 < o3 <

E Dsn:cn T
o < op. As 0 € S(p ) WE have o¢p, < S[T/Tn} Consider the event that |¢;| < 0;v/21nn for

all 1 < ¢ < cn. For any such box ¢, we have
Pr {|ez] < ai\/2lnn} =Pr [|N(0,UZ~2)\ < aNann}
=20 (\/2lnn) —1

1 1 1
>(Lemma4)2(1— ex (—-21nn)> —1
= rvain P\ 2
1

m/ﬂlnn’

—1—

and therefore

1 en s ; c 1
Prllel < o) /2 In H,Vi c 1,cn > (1 _ ) >(Bernoulhsmequahty) 1l— ——— >,
[’ il <o [ ]} - nvrlan/ Vrlnn — 2

(32
where the last inequality holds for all n > 4 > 647. Observe that, since 0; < ]P;[D;i\/% for all

i € [1,en], we can conclude that Prmax;cy o) |€i] < - E[Denien]] > 4. Conditioned on this
event we have x; — % “E[Denen) < yi < x; + % - E[Denien) for all ¢ € [1, enl; therefore, for all

k < cn, we have max;cy 3] ¥i > MaX;e(1 x) Ti — % -E[Denien]-
We analyze the performance of IgnorelLarge under this event. Recall that IgnorelLarge draws
« € [0, 1] uniformly at random, and then outputs arg MaX;c(1 on) Yi- There are two cases for ov:

Case o > ¢: we will lower bound the expected reward of IgnorelLarge by 0.

Case a < c: Ignorelarge is going to pick the box with the largest y; among the first an boxes. By
our observation, IgnoreLarge’s reward in this case is at least max;e(1,an) i — % - E[Densen)s
and therefore the expected reward of IgnorelLarge in this case is at least

2 o' 2
: E[Dcn:cn] >(Lemma 5 *E[Dcn:cn] -

E[Dan:an] - 5 fal c g : E[Dcn:cn]-

Therefore, conditioned on the event that max;c(j cn) |€i| < % - E[Dcnicn), IgnoreLarge’s expected
reward is lower bounded by

/C O B[ Demsen] — = - E[Denon] dt = = - E[Depsen]
azo c cni:cn 5 cn:cn o = 10 cn:eny -

When this event does not occur, we lower bound IgnorelLarge’s expected reward by 0. Combin-
ing everything together, IgnoreLarge’s expected reward is

2
E[Dcn:cn] >(Lemma 3 i : E[Dnn]

<
10 - 20

N | =

RIgnoreLarge (D; U) >
|

We only used the fact that the noise distribution is Gaussian to lower bound Pr {| €| < oiv2In n} .

Similar bounds on this quantity hold if the noise distribution is sub-Gaussian,® and therefore our

3. A distribution X is d sub-Gaussian if Pr[|X| > t] < 2exp(—t>/d?).

11
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guarantees carry through to this variation of the problem as well, with an appropriate definition of
the small noise regime.

For MHR distributions, the established condition (i.e. o € S(%ch)) required by Theorem 16
suffices. We can prove strong positive results using a different sufficient condition: if for some
universal constant ¢, such that n¢ boxes have bounded noise (and specifically, o;,c at most g%)
then our policy gives a constant approximation to the reward of a prophet. The number of boxes is
a lot smaller (n¢ versus cn), but the bound on the noise is also smaller: % versus %Dgi\/%z].

Therefore, the two theorems are incomparable.

Theorem 16 For all ¢ € (0, 1], all MHR distributions D, all n > eur and all o € S%%ch) we
have RIgnoreLargeExp(D ) 2 e E[Dnn]

The proof of Theorem 16 follows a similar structure to the proof of Theorem 15 and is deferred
to Appendix D. We note, however, that it uses the following useful lemma for MHR distribution,
which bounds E[D,,c.,c] as a function of E[D,,.,,].

Lemma 17 For any MHR distribution D, n > 4 and a > 1, E[Dpa.pa] < 4a E[Dy,.].
Proof of Lemma 17 Since n > 4 we have that n® > 4 for all @ > 1. Therefore,

1
E[Dna:na] (Lem 10 304(D) (Lem 9 3a OZ( ) (Lem 10) ia E[Dnn] < 4a E[Dnn]

5. Negative results for small noise environments

In this section, we show negative results for algorithms proposed by Bax et al. (2012), namely Naive
(Section 5.1) and Linear, (Section 5.2). All missing proofs can be found in Appendix E.

5.1. Warm-up: Negative results for Naive

Theorem 18 For every distribution D, all n > 46, and all ¢ < ”_Gm(”), there exists o* =
(07,...,00) such that 0 € S(p ), and
8E[D
Rnave(D,0") < EDy] - Ropt,, (D, o).

As an immediate consequence of Theorem 18, by picking a distribution D such that E[D,,.,] €
©(nE[D]), we get that Naive only gives a (trivial) n approximation to the optimal policy.

Corollary 19 For all n > 46 and ¢ < n—61n(n)

Ropt,, (D,07) € Q(n) Rnaive(D, o).

, there exists D and o € S(p ) such that

12
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Proof of Corollary 19 Consider the distribution D that takes the value 0 with probability 1 — 1/n,
n
and the value n with probability 1/n. Then, E[D] = 1, and E[Dy] = n- (1- (1-1)") >

n- (1 — 1). Applying Theorem 18 implies the corollary. |

€

Our construction of o* works as follows, where ¢, = 61nn and o} = 667(5”:”)\/ In n:

7

N 0 ie[l,n—cp
0—. =
op t€n—cy+1,n]

We refer to the boxes with o} = 0 as “exact”, while the boxes with o} = o3 as having “large noise.”
It is straightforward to confirm that 0™ € Sp (), for ¢ < %ln(") (according to Definition 1).

Theorem 18 will be an immediate consequence of two facts. First, intuitively, a large noise box
will have large ¢; with high probability, and therefore be selected by Naive, but its expected reward
won’t be much better than 4E[D] (Lemma 21). On the other hand, even the policy that selects the
best exact box gets reward at least %E[Dnm] (Lemma 20).

Lemma 20 For every distribution D, for all n > 46, Rop,, (D, 0*) > 1E[Dy.y].

Proof of Lemma 20 The optimal policy is at least as good as the policy that selects the box with the
largest y; among the exact boxes. Since x; = y; for these boxes, the reward of this policy is at least

n—-c n—6Ilnn 1
E[ancb:nfcb] Z(Lemma 2 71) . E[Dnn] - ]E[Dnn} >(n246) *E[Dnn]

n n 2

Lemma 21 For every distribution D, for all n > 22, we have that Ryaive(D, 0*) < 4E[D].

On a high level, our proof works as follows. Consider the event £* that X; < 67(32)":") for all
boxes i. We prove that conditioned on £*, Naive gets an expected reward of at most 3E[D]. On
the other hand, when £* does not occur, even if Naive performs as well as taking D,,., = max; X,
the contribution to the final expected reward is also upper bounded by E[D]. The second fact can

be shown directly from the definition of 57(}2)":”). For the first fact, we first show that with high
probability ¢; is not too small for some large box ¢ (Lemma 22); conditioned on £* and this event,
this implies that Naive picks a large noise box. It is also true that with high probability ¢; is not too
big, for any large noise box ¢ (Lemma 23). Additionally conditioning on ¢; being not too big for
every large noise box, we have that both the noise and the reward are not too big (and there is a box
with large noise). We can then upper bound the reward of Naive by the reward of a “clairvoyant”
policy which knows D, but is required to pick a large noise box; for this step, we need a technical
lemma (Lemma 24) that will also be useful in our lower bound for linear policies. In all other events,
we upper bound Naive by max; X;.

Lemma 22 With probability at least 1 — 7713’ € > 57(}2)":") for at least one large noise box 1.

Lemma 23 For any large noise box i, we have Pr [Ei < 12@(5”:”) Inn| >1-— #

13
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Lemma 24 For any non-negative and bounded random variable Z supported on [0, V| and any
o > 2V, we have that B[Z | Z + N (0,0%) = y] < 2E[Z] forall y < §

The proofs of Lemmas 22 to 24 can be found in Appendix E.1. Next, we prove Lemma 21.
Proof of Lemma 21 We define the following events.

» &1 be the event that ¢; < 125 (Drin)

In n for all large noise boxes j.
* & be the event that Y; < 185 (D) 10y for all large noise boxes j.
& be the event that €; > 57(3":") for at least one large noise box j.

* &) be the event that Y; > B (D) for at least one large noise box j.

Recall that £* is the event that X; < ﬂ (D) for all i € [n].
We first explore the relationship between these events. First, notice that if X; < Bf};’“"
€ < 12[3 (Drin) 1y n, we have that

) and

Yi=Xi+e < B0 41280 nn <1887 nn.

Therefore, & N E* C & N E*. Since X; > 0 for all i, £, occurs every time & occurs, i.e. £ C &),
and thus EoNE* C E,NE*. Therefore, E;NENE* C ETNESNE  orE NENE* D E NELNE™.

First, we will bound E[max X; | & N &, N E*] - Pr[&f N &, | £*], which is an upper bound on
the contribution of outcomes in £f N &, N E* to the overall expected reward of Naive. Since the
contribution of an event A to the expectation of a random variable (E[X |A] Pr[A]) is smaller than
the contribution of an event B to the expectation if A C B, we have

Elmax X; | & N & NE-PrE N &, | €] < Emax X; | & N & NE] - Pr[E N & | £7.

By Lemma 23, Pr[&;] > (1 — #)Cb >1- 6711#. By Lemma 22, Pr[&] > 1 — % Therefore,

Pri&; N &) > Pr(&y] + Pr[&) —1>1-83n 49— L1 > 1 TIn Observe that, & and
&y are independent of the X;s, while £* only dependent on X;s. Therefore, £ N & and £* are
independent, and hence Pr[€; N & | £¥] =Pr[&1N&] > 1 — 71“” ,or Pri&5Né&y | €] < 7;#
Additionally, E[max; X; | £ N & N E*] = E[max; X; | £%], as 51 and &, are events regarding €;s
and therefore is independent of X;. Furthermore, E[max; X; | £*] = Elmax; X; | X; < Bg””’)] <
E[max; X;] = E[D,.,]. Putting everything together, we have

Elmax X; | € N &, NE-PrlElN &L | €] < Elmax X; | & N & NEY] - Prl& N & | €

Tlnn

S(Lemma 5) 7ln2n n - E[D]
n

< (n>22) E [D] )

Second, we will upper bound the contribution of outcomes in £{ NELNE* to the expected reward
of Naive. Note that in such outcomes, Naive must choose a large noise box, by the definition of &

14
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&; > ﬁg":") for some large noise box j) and £* (X; < ﬁg":") for all 7, and therefore the exact
boxes). Therefore, in such an outcome, the reward of Naive is at most the reward of an optimal
policy which also knows D, but is conditioned to pick a large noise box. When selecting box
such a policy makes expected reward E[X; | Y; = v;,E%, &1, &) = E[X; | Vi = yi, £*], where the
equality holds since X; is independent of Y}, for j # i, and £] N &) have less information about Y;
than {Y; = v;}. Let R;(y;) = E[X; | Y; = v;, £*]. The reward of an optimal policy which knows
D and is conditioned to pick a large noise box is then E, {maxie[n_cb+17n] Ri(y) | E1NENE *} .
We prove that R;(y;) < 2E[D] for all y; consistent with £ NE5NE*, which in turn implies an upper
bound of 2E[D] for the expected reward of Naive conditioned on in & N E5 N E*.

Consider any large noise box 4. Let X; = X; | X; < B(D”Z").“ Then, conditioned on & N &5 N

2
&*, for any realization of y, we note that R;(y;) = E[X; | {/l; =y, & =E[X; | X; + N(0,07) =
;. Furthermore, as y; is a realization conditioned on & N &, N £*, we have y; < 1857(3":") Inn.
Using Lemma 24 for V = ﬁf};”z") and o = 0}, = 6ﬁ$’“")\/h17n, we have E[X; | X; +N(0,07) =
yi] < 2E[X;] < 2E[X;] = 2E[D].

Overall, conditioned on £*, if £] N &} occurs, Naive’s expected reward is at most 2E[D]; other-
wise, the contribution to the expected reward is at most E[D]. Thus, the reward of Naive conditioned
on £* is at most

Pr[E] N &) | %] - 2E[D] + E[max X; | & N &, N EY] - Pr[E] N &, | €]
< 2E[D] + E[D] = 3E[D].

Finally, conditioned on £* not happening, the best Naive can do is D,,.,, = max; X;, whose expected

reward is E[D,,.,, | £*]. Therefore:
RNaive(D, o) < 3E[D] - Pr[€*] + E[D,.p, | £*] - Pr[E¥]
< 3E[D] + E[Dnn ‘ Dn:n > 5,(1€nn)] : Pr[Dn:n > /87(;]:2)”:”)}

<(Deﬁniti0n 7 BE[D] + E[Dnn]
= 2
n
-E|D
<(Lemma$) 3 (D] 4 "72[] < 4E[D].
n
|
Given all our lemmas thus far, the proof of Theorem 18 is straightforward.
Proof of Theorem 18 The theorem is implied by Lemmas 20 and 21. |

5.2. Negative results for linear policies

In this section, we give our negative results for linear policies. Recall that a linear policy parame-
terized by v : R” x R™ — R selects the box which maximizes y; — (o, y) - 0;.

Theorem 25 For every MHR distribution D, for all n > nyg, for some constant ny, there exists o*,
such that o* € S?gﬁl /5626) and for every function v : R™ x R® — R, we have

E0L) o 00

4. Equivalently, we can think of sampling from X; by sampling from X, until X; < ,Bfg"‘").

}BLinear—Y (D, 0-*) € O <

15
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An immediate corollary is that linear policies give, in the worst case, a logarithmic approxima-
tion, even for MHR distributions, by considering D to be the exponential distribution with parameter
A = 1, for which E[D,,.,] = 3211 + > Inn. Note also that E[D,,.,,] < Inn + 1 for all MHR ran-
dom variables (Lemma 36 in Appendix E.2), so the exponential distribution minimizes the ratio
in Theorem 25 (up to constants).

Corollary 26 There exists D, such that for all n > ng, for some constant ng, there exists o* €
8(1%351/5626) such that Rop, (D, 0*) € Q(In(n)) - Riinear, (D, o).

Our construction of o* works as follows. It contains one box such that ¢* = 0, a small number
of boxes with some small noise o, and the remaining boxes have large noise oy:

0 =1
of =05 i€2,¢5+1]
op 1€ [cs+2,n]

— ,1/5626 _ 37 EB[Degic, _ o (Pn—cgin—cs)
where ¢, = n!/%626 5 — g—ﬂﬁ, and oy, = 601 /10000 vInn. We refer to the first box as
the “exact box,” the boxes with o] = o, as “‘small noise” boxes, and the rest as “large noise” boxes.
One can easily confirm that o* € S(I%Hrlfl /5626)"

Next, we lower bound the expected reward of the optimal policy.

Lemma 27 For every MHR distribution D, all n > ng for some constant ng, Rop(D,0*) €
Q (E[Dp.n))-

Proof The optimal policy is at least as good as the policy that picks the box with the largest y;
among the small noise boxes. Consider the event that |¢;| < %as vInn for all small noise boxes %:

2
Pr| max |g| < £05 Inn
i€[2,es+1] 75

=Pr []N(O,Jgﬂ < \;gas\/ln n]

~ (Lemma 4) (2 (1 _ L 75 exp (_1 . i In n)) _ 1) “
N V2my/2Inn 2 5625

n1/5626
:<1_ 75 n—1/5625>
vVrlnn

Z(Bernoulli’s inequality) 1— 75 n1/56267 1/5625
mlnn
1
>1——.
Inn

16



REWARD SELECTION WITH NOISY OBSERVATIONS

When this event occurs, the reward from picking a small noise box 7 is at least y; — ‘7/—5503 Vinn,
and therefore the overall reward of picking from small noise boxes is at least max;—2 . ¢, +17; —

Q\fas v/In n. Noting that the noise and reward are independent random variables, we have:

Ropt(D,0™) > (1 — 1) . (E [ max X] 2;25\/@-%)

Inn i€[2,c541]

> (1 —~ lnln> : %E[Dcs:cs]-

> (Lemma 17) (1 _ 1> 1 1

E[Dn:n]
Inn/) 75 4. 5626
(n>¢606) 1 E[Dnn]

- 2000000

Our next (and final) task is to upper bound the expected reward of Linear.

Lemma 28 For every MHR distribution D, for all n > ng, for some constant ng, and for all -y, it
holds that Rinear, (D, 0™) < 8E[D].

The proof structure of Lemma 28 is similar to that of Lemma 21. We first prove that conditioned
on an event £*, Linear,’s expected reward is upper bounded, while the contribution to the reward of

other events is negligible, even if Linear., performs as well as taking max; X;. Here, £* is the event

cs:cC. Dn Ce:mn—c .. .
that X; < a(?/foofjo for all small noise boxes i, and X; < a! 11/10000 s) for all remaining boxes j.

Lemma 29 For every MHR distribution D, for all n > ny, for some constant ng, and for all v, the
expected reward of a policy Linear, conditioned on the event £* is at most TE[D].

To prove Lemma 29, we first consider a slightly different family of policies. Let LinearFixed,
be the policy that chooses the box with the largest y; — co;, where c is a constant independent of y
and o. We show that with high probability, all LinearFixed policies make poor choices. We can use
this fact to get bounds on the performance of Linear, (conditioned on certain events), since, fixing
y and o, Linear, is only as good as the best LinearFixed policy. We consider two cases on c: ¢ > 0*

and ¢ < 6*, where 0* = \/1“7".
We defer the proof of Lemma 29, and how it can be used to prove Lemma 28, to Appendix E.2.

Theorem 25 is a direct corollary of Lemmas 27 and 28.
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Appendix A. A technical lemma

The following technical lemma will be useful throughout this appendix.

Lemma 30 For a random variable Y = X + ¢, where € ~ N'(0,0?), it holds that E[X | Y = y]
is monotone non-decreasing in y.

Proof of Lemma 30 Let A(y) = [z - f(z) - fa(y—2)dzand B(y) = [5° f(z) - fv(y — x) dz,
then E[X |Y =vy| = %. We first compute the derivative of far(y — x):

dfiny—=) _d( 1 exp L. (y—x>2
dy dy \ ov/27 2 o
1 ox _1 (y—x>2 -y
o2 P 2 o o2

ZfN(yfm)'%-

Let C(y) = [¢° x* - f(x) - fx(y — ) dz. The derivative for A(y) is
22 (/°° @) Ity =)o)
_/ 7 f(@) Py =) P do

2(C(y) y-Aly)-

g

The derivative for B(y) is

di?—;‘;(/”f@)_m(y_x)dx)
_/ fa ) x;yd:c

Finally, the derivative for E[X | Y = y] is

TEx |y =)= 22

dy B(y)
_ dé;) By) — 4G - A)
a B(y)?
(F W) -vAw)) - B - (Z (AW) —yBW) - AW)
a B(y)?
_ B(y)Cy) —yAy)B(y) — Aly)* + yA(y)B(y)
(0B(y))?
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Since (z - f(x) - far(y — 2))* = (f(2) - fwr(y — 2))- (fQ f(z) - fxr(y — x)), the Cauchy-Schwarz

inequality implies that B(y)C (y) > A(y)?. Therefore @ AR[X|Y =y] = %W >0. |

Appendix B. Deferred proofs from Section 2

Proof of Lemma 5 It is sufficient to prove that E[i’“k] > E[D’;:i’““] for all integers k > 1, or

4 k+1
f01+(m) dx > fl%i) dx. For all t € [0, 1], we have

SNt zktt e (1-1)> ' > k(1 —t)tF & 1 —t" > k(" — ")

' i=0
1— tk 1— tk—‘rl

ek+1—(k+1)tF >k -kt o >
Lok D2 E o htl
Letting t = F'(x) and integrating both sides, we get our desired result. |

Proof of Lemma 10 We will heavily use the fact that order statistics of MHR distributions are also
MHR (Theorem 5.5 on page 39 of Barlow and Proschan (1996)):

Lemma 31 (Barlow and Proschan (1996)) For any MHR random variable X and any integers
1<k <n, Xi., is MHR.

Define CZ(,D) = inf{x | F(x) > p} as the p-th quantile of D. We also use the following result
from Barlow and Proschan (1996) (Theorem 4.6 on page 30):

Lemma 32 (Barlow and Proschan (1996)) Let X be MHR with mean p. If p <1 — % then

In (L
W <1>M§§gx>_(1p>ﬂ
I—-p

p
For the lower bound, we ﬁrst observe that Pr[D,,.,, < aﬁf’)] = Pr[D < a%p)]" =(1-2)m,
where with n > 4 we get 256 < (1- l)" < 1. Therefore (81/"2% < « (D) < {1/””) From

Lemma 31, we know that D,y is also MHR. Since 3 256 <1/e <1-1/e, we can invoke Lemma 32

on ({1 5z and ¢ We have o) > ({7520 > —In(1 = 81/256) - E[Dpip] > § - E[Dpo).
For the upper bound, we have aq(@ < Can "< —W -E[Dpn] < g -E[Dp:n)- |
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Appendix C. Deferred proofs from Section 3

Proof of Lemma 12 E[D] = /2/7 is a standard property to the half-normal distribution (and can
also be confirmed by computing the mean of a folded-normal with parameter . = 0 (Leone et al.,
1961)).
For the MHR property, it suffices to show that % is an increasing function. Note that its
/ _ 2
derivative is fD(x)((ll _I;Z((Z)));fD(I) , S0 we need the numerator to be non-negative.

As fp(z) = \/gexp (_TI?> = 2¢(x) and Fp(x) = erf (%) = 2®(z) — 1, the numerator is

fp(@)(1 = Fp(x)) + fp(2) = —22¢(2)(2 — 28(2)) + 4¢* (2) = 4¢(2) (6(x) — 2(1 — ®(x))),

where the last quantity is non-negative as ¢(z) > 0 and by Lemma 4, proving our claim.
Finally, since D is MHR, we use results from Section 2.2 to bound E[D,,.,,]. Observe that

Fp(vInn) = 2&(VInn — 1)

S(Lemma4) 211 = L@ exp <1 . lnn) —1
V2rl+1Inn 2

1_\/7 vinn
B 7 nl/2(1+Inn)

1
<l--
n

where the last inequality holds for all n > 8. Therefore, aﬁ’) > v/Inn, which implies

E[Dn:n] Z(Lemma 10) % Inn.

Similarly,
Fp(vV2lnn) =2®(vV2Inn —1)
1 1 1
> (Lemma 4) o (1 SN S (am)) 1
- V2r+/2Inn P2
1 \/7 1
B T nyv2Ilnn
>1- 2,
n
Therefore, aSLD) < v/21Inn, which means E[D,,.,,] <temma10)3,/9\/Inn, [ |

Proof of Lemma 14 Let’s first compute E[X; | ¥; = y;] exactly. We have E[X; | V; = y;| =
Jo% @ (@) - faro,02) (v — ) da
15" fo(@) - fno,02) (Wi — @) da

o0 0 /2 —z? 1 —(y; — )?
| ol@) fvioon i~z do = [ \ﬁexp< : )O_ mexp< (*”20? ) ) do

. We transform the numerator.
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Let’s focus on 2 +(y’ z)2:

g;

2+ (yZ - x>2 = (z03)* + yi — 2y + 2°

a; 0-2

7

2
(m,/af + 1) — 2y + Y}

2
g;

Mo)? =24 A+ (5) + 92 (1- )

2
a3

=253, E

_(etA=4/o? +1) (

g;

Observe that A and p only depends on ¢; and y;. Therefore, coming back to the previous integral:

) . Ar— 1)
/0 fD(x)'fN(O,a?)(yi_x)dxzJﬂr/o exp( 3 (( xgi > —|—p)) dx

e p/Q)\f 1 [(fo—3% 2
= / exp | — = dx
Vo )\al 2 Ao

e p/QAf/

Calculated similarly, we have

A2

o0 e‘p/2)\\/§ oo
/0 x-fp(x)'fN(o,af)(yi—ﬂc)dx—ﬁ/o x'fN(ﬂ(%y)(m)dUC

Therefore

157 @ fo(@) - faro,02) (Wi — ) da
1o~ fo(@) - faro,02) (i — @) da

i W Ja- fN(ﬁ (%)2) (z) dx

EX; Y, =wy] =

A2’

fN()\§7(%)2) (z) dx

Mfoo
0

T )
e fN(%(% 2) (z) dx
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2
This last quantity is the mean of the normal distribution ( s ( - ) ) truncated to [0, co)

\/U?Jrl
(as A = 1/022 + 1). From Johnson et al. (1994) (Chapter 13, Section 10.1), we can conclude that

¢ ()
i i °+1 g;
E[Xi | Yi=y] = o+ A C—
CO I ) o2 +1
O /01.2—&—1 '
Finally, we move on to the bound proposed in the statement. Let’s first consider the case where
y; > 0. In this case, Uy, (y;) = \/j+ QH Observe that ¢(z) < forall z, 1 — ®(x) > % for
all x <0, and < 1forall o; > 0 Therefore,

\/02—1-1 -

. = . . 9
EXi |Yi=y]= oot — ¥ T VT (w).
1_@( —yi ) JZ2+1 oy +1 T
0'“/01,24-1

If y; < 0, we use the property that E[X; | V; = v;] < E[X; | ¥; = 0] (this is due to the

monotonicity of E[X; | Y; = y;]; see Lemma 30): E[X; | Y; = ;] < E[X; | Y; =0] < U,,(0) =
Uffi(yi)' n

1
V2T

Appendix D. Deferred proofs from Section 4.

Proof of Theorem 16 Consider o = (01,09,...,0,) € S%VIHR) where, without loss of generality,

wehave oy <09 <---<o0,. Aso € S?gﬁ%, there exists a constant ¢ = ¢(p ) € (0, 1] such that
0_ c < ]E[Dnc:nc}
= 18v2elnn’
Consider the event that |¢;| < o;v/2clnn for all 1 < i < n°. Following the same analysis as
the proof of Theorem 15, for any box i € [1,n¢], we have

Pr “el\ < ai\/2clnn] =Pr [|el| < Gi\/2lnnc}
=Pr [[N(O,o?ﬂ < UZ‘\/QIHTLC}
=20 (V2Innt) - 1

1 1
(Lemma 4) _ . ¢ —
22 (1= oo (g 2] ) -1
1
= 1 _—
ncVerlnn

and therefore

c

1 n
PﬂMSmV%mmWEWMHEO_(vI>
n cminn
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ne
>(Bemoulli’s inequality) 1—

ncerlnn

where the last inequality holds for all n > eer.
Since 0; < % for all i € [1,n°], we can conclude that Primax;c(i ne) |6 < %8 .

1
>77
-2

E[Dpene]] > 4. Conditioned on this event, for all i € [1,n¢], we have z; — & - E[Dpepe] < y; <
T+ Tls - E[Dpene]; therefore, for all & < n¢, we have MaX;e(1, k] Yi > MaX;e[1 k) Ti — é -E[Dpene].

We analyze the performance of IgnorelLargeExp conditioned on this event. Recall that the algo-
rithm draws o ~ U0, 1], and then outputs arg mMax;c(y po] Yi- We consider two cases for o

Case a > c: we will lower bound the expected reward of IgnoreLargeExp by 0.

Case o < ¢: IgnorelLargeExp is going to pick the box with the largest y; among the first n® boxes.

By our observation, |gnoreLargeExp’s reward in this case is at least max;e[y 0] i — % -
E[D;e.nc], and therefore the expected reward of IgnoreLargeExp in this case is at least E[ D00 | —
5 - E[Dpeune]. By Lemma 17, since £ < 1, we have E[Dyeine] < %€ - E[Dya:pe]. Continuing
our derivation, the expected reward of IgnoreLargeExp is at least
o
4¢

1
E[Dn“:n“] - 'E[,Dncznﬁ] > 4 : E[Dnesnc] - § : E[,Dn‘f:nﬁ]-

Therefore, conditioned on the event that max;e( e le;| < % ‘E[Dye:ne], IgnoreLargeExp’s expected
reward is lower bounded by

/C @ E[Dyene] — » - E[Dpeme] dov = — - E[Dyernc]
—_— copc| — — - c.pnC o= — - c.ncl|.

In outcomes outside this event, we can lower bound IgnoreLargeExp’s expected reward by 0.
Combining everything, IgnoreLargeExp’s expected reward is

11 c?
RIgnoreLargeExp(Dy U) Z 5 : E : E[Dncznc] Z(Lemma 17 5% . E[Dnn]

Appendix E. Deferred proofs from Section 5
E.1. Deferred proofs from Section 5.1

Proof of Lemma 22 Formally, this event is maxX;e [, ¢, 41,1 € > 67(5"‘”). We have

Pr max € > 6(?":") =1—-Pr max € < ﬂaz)nm)
i1€[n—cp+1,n] n i€[n—cp+1,n] n

=1-Pr [N(0,03) < 85]"

Ch
=1-Pr|N(0,0%) < % }
L ( b)_6\/lnn
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Ob

6lnn
>1-—Pr {N(O,ag) < 6]

Using the fact that Pr [N (11, 0%) < z] = ®(*£), where ®(z) = \/% J* . e ¥/t is the CDF of
61
the standard normal distribution, we have that Pr [maxie[n_cbﬂm] € > ﬁfg’“")} >1-9 (%) "

Since ¢ (%) < 0.6 we have

Pr|  max > BT > 1 ((0.6)2)P > 1~ (e)glnn >1- %
|
Proof of Lemma 23 Note that as ¢; ~ N(0, %) and o, = 657(32)":")@ we have
Prle; < 1257(3":") Inn] = Prle; < 2vVInn - o3)]
= &(2VInn)
>(Lemmad) 3 _ \/127_2\/% -exp(—2Inn)
1 1

=1- 221 n2v/Inn

|

Proof of Lemma 24 Slightly overloading notation, let f(x) be the PDF of Z. Let A(y) = fOV x-
@) fxly — ) dzand B(y) = [y f(2) - frly — x) da, then E[Z | Z + N(0,0%) = y] = 5.
From Lemma 30 we know that E[Z | Z + N(0, 0%) = y] is monotone non-decreasing in .

Letr = 7. Consider y* = % =0-5.Aso > 2V orr > 2, we then have y* > o > V, which
implies that for(y* — V) > fa(y* — z) for all z € [0, V]. We then have the following bound on

Ay"):
.
A = [ fa) - iy =) d

Vv

< / v f(z) fnly* — V) da
0

—E[Z] fn(y* — V)

=E[Z] ~ 1% exp (-i (y = V>2> .

Recalling that y* = o - 5 and that V' = 7, we have:

Aly") = U\}%E[Z] . exp (—; (g - i>2>
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Meanwhile, for B(y*), we have

1%
B') = | f@)- iy ) do
S0 2V [ 1)ty o
= 0 N

1%
= Ivw")- [ f@)da
= fn(y")
1 1 /y*\?
C oV2r xp <_2 <U> )
1 1
ov2m  exp(r?/8)’

Therefore A(y*) < 2E[Z] - B(y*), and thus E[Z | Z + N(0,0?) = y*] = ggz 3 is at most
2E[Z]. Since E[Z | Z + N(0,0?) = y] is monotone non-decreasing in y (Lemma 30), we can

conclude that E[Z | Z + N (0,0?) = y] < 2E[Z] forall y < y* = % u

E.2. Deferred proofs from Section 5.2

Our goal is to prove Lemma 29. To make the presentation cleaner, we define the following events.
Definition 33 Let
* &1 be the event of maxc(p ¢, 1) €i < 9;%.

* & be the event of maxc|c, 12, € — 0" 0p > 0p.

&} be the event of maxg(c, 12,0 Yi — cop > oy forall ¢ < 6*.

Dr—cgin—c
* &3 be the event of maxc|c, 42y € < 12047(11710336" ) Inn.

,anc nm—c
o &4 be the event of max;gie, 12.n) Yi < 18047(11/10080 ) nn.

. cs:C ,anc m—c,
Recall that £ is the event that X; < a(?/foosoo for all small noise boxes i, and X; < al 1,1/10000 s)

for all remaining boxes j.
We first show some technical lemmas.

Lemma 34 For all n > ny, for some constant ngy, Pr[&;] > 1 — 1—

nn
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Proof of Lemma 34 Observe that ¢; are values drawn from (0, 02). We then have

0*os

] =Pr [N(O,ag) < rs

37
9*
-3 —
(37)

0*os
P o<
: Le[g}?s)il} ‘=37

n1/5626

1/5626
>(Lemmad) [ 1 Lwe){p (_1 . 1lnn> !
N V27 v/Inn 2 2738
> (Bernoulli’s inequality) | 37 n1/562671/5476
- VmVInn
>1-
- Inn

1

Lemma 35 For all n > ng, for some constant ng, Pr[€] > 1 — -

Proof of Lemma 35 Observe that ¢; are values drawn from A/(0, o). We then have

Pr| max ¢ — 0% > oy
i1€[cs+2,n]

:1—Pr[ max ¢ < 0%cp + oy
i1€[cs+2,n]

=1-—Pr {N(O,Uf) < 0oy + oy
=1—(®(0" + 1)) "
>1- (a(vae))"”

emma 1 \/50* *
> - <1 - \/72?2(9*)2 +1 exp(—(0 )2)>

] n—cs—1

>(Bern0ulli’s inequality) 1— 1
- n_1 +Inn Inn
L+ 5 5= ng1 ©XP (_T)
=1 1
o 14+ vn 1 +Inn
2 o1 Inn+1
1

>1-—

Inn

Lemma 36 For any MHR distribution D supported on [0, 00) and for all n > 1, we have

E[Dpn] < (Inn + 1) - E[D].
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Proof of Lemma 36 The lemma is an immediate consequence of the following result from Barlow
and Proschan (1996) (Corollary 4.10 on page 33):

Lemma 37 (Barlow and Proschan (1996)) If X;, i = 1,...,n, are MHR' random variables with
mean ; and cdf F;(.), and G;(z) = 1 — exp(—x /), then:

/OOO 1 —i:f[lFi(w)dx < /OOO 1— Z:f[lGl(x)dw

Applying this result for the case of F'(x) = F;(x) for all i, we have that

[e'e] o8} __x n 1
E[Dn:n]:/o l—F"(a:)dxg/O 1= (1— e ) =B[D] )" -
=1

Using the fact that 37 1 < In(n) + 1, we get the lemma. [

Lemma 38 Foranyn > 1 and m > 2, we have

15(Inm + Inn + 1)E[D]

]E[Dnn ’ Dnm > agr?nm)} : Pr[Dn:n > Q(Dn:n)] <
2m

m

Proof of Lemma 38 We use the following result from Cai and Daskalakis (2011):

Lemma 39 (Cai and Daskalakis (2011)) For any MHR distribution D and any m > 2, we have

60@(»,?)
E[D|D > oP)].Pr[D > alP)] <
m

Since order statistics of MHR distributions are also MHR (Lemma 31), D,,.,, and (Dy.p ) mmem =
Drm:nm are MHR. Then, by Lemma 10 we have that

5
agnD":") < Z E[Dnmnm] (1)
Towards proving the lemma, we then get
25y GalP)
E[Dpn | Duin > aF0)] - Pr[Dpyy > alPrin)] <(bemma %)
m
< (Equation (1)) g, 5  EDnmnm]
4 m
<(Lemma 36) 15(ln(nm> + 1) . E[D]
- 2m
_ 15(In(n) +In(m) +1) E[D].
2m
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Lemma 40 For all n > ng, for some constant ng, for any large noise box 1,

m—c, 1
s S)lnn} >1- 2

(Dn—
nl/10

Pr {YZ < 18«

Proof of Lemma 40 The proof is similar to that of Lemma 23. Note that as ¢; ~ N(0,07) and
op = 667(5’“")\/ Inn we have

Prle; < 1267(1?“") Inn] = Prle; < 2vVinn - o))
= ®¢(2VInn)

1 1
>(Lemmad) 1 _ NN exp(—2Inn)
1 1
= 1 ey —
227 n2v/Inn
>1- s

n2’

Lemma 41 IfE* N &1 occurs, for all ¢ > 0%, LinearFixed, does not choose a small noise box.

Proof of Lemma 41 Consider any ¢ > 6*. Observe that Y7 — co] = X; > 0. We show that
conditioned on & N £*, we have MaX;e[2,c,+1] Y; < 6*cs. We first note that from Lemma 8, we
have Pr[D..,.., < 2E[D,,.c.]] > 1— = = l—m >1-— W Therefore, by Definition 6,

A
2E[D.,.c.] > agffg)g%%. Then, conditioned on both £; and £*, we have that for any small noise box
i
0*os _ 3660*0 n 0*os

. 0*c
Y, = X. . _(Definition 33) (Degics) s
iTAiras “ * 37 37 37

n1/10000 37

< 2E[D,,.c,] + = 0%0,.
Therefore, conditioned on £ and £*, we have MaX;c(2 ¢, +1] Y; —col < 0%0s —cos < 0, ie.
Y1 — cof > Y; — maxep ., 41) Yi — co; and hence LinearFixed. does not choose any small box .
|

Lemma 42 [fE* N & N ES occurs, for all ¢ < 0%, LinearFixed, chooses some large noise box.

Proof of Lemma 42 Consider any ¢ > 6*. Observe that conditioned on &), max;c(c, 42 Yi —
CO; Z(Deﬁnition 33) Tp.
From Lemma 8, we have Pr[D,_.., < 2E[D,,...]] >1— =z =1 — 7711/56126_3/5 >1-— 7711/110000.

3/5
CS/

Therefore, 2E[D,,...] > aff;;;g;%. Then, conditioned on £* N &, we have that for all i € [2, ¢5+1]:

Deyies) , 070
Yi=Xi+e< 0‘511/1000% + :

o* 360* o*
< 2E[D.,...] + Ts _ s 4 7

37 = 37 37 37~ 0w

Furthermore, we can show that 6*c, can be upper bounded. From Lemma 31, we know that
Da:q is MHR for any a > 1. Then, by Lemma 10 we have that
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,ancs:nfcs 1
05511/10000 ) > 3 'E[(Dn—cstn—cs)n1/10000;n1/10000] (2)
Therefore,
ancs:nfcs
Op = 604,(11/10000 : Inn
~ 1
>(Equation (2)) ¢, gE[D(nfcs)~n1/10000:(nfcs)~n1/10000] Inn
5)
> iE[D(n,cs)_n1/10000:(n,cs).n1/1oooo]
>(65:n1/5626) gE[DcS:cS]
= 0%0s,. 3)

Putting everything together,

max Y; —co; = max{Y1, max Y;—cos}

i€[1,cs+1] 1€[2,cs+1]
< max{X;, max Y;}
1€[2,cs+1]
Definition 33 ,ancsznfcs
S( cfinition 33) max{a;uloooo )7‘9*0'5}
< Op,
where the last inequality follows from 6*cs < o by Equation (3) and that ai?}%%"‘cs) <
op = 6a;?71‘0835”_°‘“)\/ Inn. Therefore, maxcic, 12, Yi — €0} > maXe[i e, 41 Yi — o], and

so LinearFixed. chooses a large noise box.
|

In essence, Lemmas 41 and 42 say that if various combinations of the above events occur,
LinearFixed, policies make bad choices. We can now prove Lemma 29:
Proof of Lemma 29 We first explore the relationship between the events defined in Definition 33.
First, note that & C &5: if MAaXic(c,+2,n] € — 0*oy, > oy, then for all ¢ < 8* we have

max Y; —cop,= max (X;+¢)—cop> max € — 070y > 0.
i€[cs+2,n] 1€lcs+2,m) i€[cs+2,n]
. Dn—c n—c,
Second, note that £* N & C &, or E* N E C £* N &5 if max;epe, 490 Xi < 047(11/10080 +) and
'ancs:nfcs
MaX;e (e, +2,n] € < 120421/10000 )ln n, then
max Y;= max X;+¢
i€[es+2,n) i€[cs+2,n]
< max X;+ max ¢
i€[cs+2,n) i1€[cs+2,n]
(Dn—CSCn—Cs) (Dn—ﬂsﬁn—CS)
< Q110000 + 120 /0000 Inn

(DPr—cgin—cs)
1805”17108(310” .

IN
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Ultimately, we have £,NENEZNE* C EINENELNE*, orEENENENE* D E NELNELNE .
We now bound E[max; X; | & N & NEZNE*]-Pr[& N ESNE;L | £, which is an upper bound
on the contribution of outcomes in £&; N 5 N £ N E* to the overall expected reward of Linear.,.

Efmax X; | & N & N &L N &Y - Pr{E N &GN &L | €7
< E[maxXi ’ E1N&ENEs ﬂg*] -Pr[El N&ENE; | 5*]

By Lemma 34, Pr[Sl] > 1—1—. By Lemma 35, Pr[&] > 1— . Using Lemma 40, Pr[é’g] (1-

12 yres—l > 1 Therefore by a union bound, Pr[Slﬁé’Qﬂé’d] > 1_ﬁ_ﬁ > 1—— Observe
that &1, &, and 53 are independent of the X;s, while £* is only dependent on Xs. Therefore
E1NEyNE; and £* are independent, and hence Pr[&1NENEs | £ = Pr[&1N&NEs] > 1— hm,
orPri&1N&NE | ] <y 3 . Additionally, E[max; X; | &1 N & N & N EF] = Emax; X; | £,
as &1, &, and &3 are events regardlng ¢;s and therefore independent of X;s. Finally, E[max;
&*] < E[max; X;] = E[D,.,), as £ is an event which upper bounds X;. Putting everything
together:

Efmax X; | & N & NE N &Y - P& N &N E, | €7
< E[maXXi ’ E1N&EyNEs ﬂg*] -Pr[é’l N&ENE; | 5*]

<3 E[D,.]

Inn

3
<(Lemma 36) (1 NE[D
< = (lnn+ DE[D]

< 4E[D).

Next, we will upper bound the contribution of outcomes in £ N &), N £ N E* to the expected
reward of Linear,. Note that in such outcomes, for every ¢; > 6* and ¢ < 6%, LinearFixed,,
does not choose a small noise box (Lemma 41) and LinearFixed., chooses some large noise box
(Lemma 42). Hence, in such outcomes, Linear., does not choose a small noise box. Therefore, in
such an outcome, the reward of Linear, is at most the reward of an optimal policy that knows D,
but is conditioned not to pick a small noise box. When selecting box ¢, such a policy has expected
reward E[X; | Y = v;,E%, 61,85, E5]. We first observe that E[X; | Y, = v;,E%,61,8),&5] =
E[X; | Y; = y;, £, E5] as &) regards ¢; of all small noise boxes j, which are never picked in this
policy. Secondly, E[X; | Y; = v;,&5,&3) = E[X; | Y; = y;,£¥] as X is independent of Y, for
J # i, and & N &4 have less information about Y; than {Y; = y;}.

Let R;(v;) = E[X; | Y5 = v;,£*]. The reward of an optimal policy which knows D and is
conditioned not to pick a small noise box is then

Ey max Rz(yz) ’ &N gé N (c/‘é ne*

1€{1}U[n—cp+1,n]

S%@PW%PMwﬂiﬁmﬂ]&@H&ﬂ%m%my
teln—cp+1n

=0 R[X, | & NENENE)+Ey | max  Ri(y) | E1NENESNE”

i€[n—cp+1,n]
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:E[Xl ‘ 5*}+Ey - max Rz(yz) lglﬂgéﬂgéﬂg* ,
i€n—cp+1,n]

where the last inequality holds since &1, &2, and &3 are events regarding small noise and large noise
boxes, and hence is independent of X;.

Consider any small noise box i. Let X; = X; | X; < afl?;g—ogg;)”—%). Then, conditioned on
&1 N &, N ES N E™, for any realization of y, we note that R;(y;) = E[X; | V; = v;,&*] = E[X; |
X; +N(0,0?) = y;]. Furthermore, as y; is a realization conditioned on & N &, N EL N E*, we have
yi < 18 rsesn=c) In . Using Lemma 24 with V = 85" and o = 0y, = 6% roe =) Vi,
we have E[X; | X; + N (0,0?) = y;] < 2E[X;] < 2E[X;] = 2E[D]. As this is true for any small
noise box ¢ on any realization of y, we then have

Ri(y)) | &xn&NESNE

y max
1€{1}J[n—cp+1,n]

<E[X; | &+ E, max  R;(y) | E1NENELNE”

1€[n—cp+1,n]
/ancsznfcs
< E[Xl ’ X1 < a£L1/10000 )] + Ey[2E[DH
< E[Xi] + 2E[D]
= 3E[D].

Overall, conditioned on £*, if & N &5 N &4 occurs, Naive’s expected reward is at most 3E[D],
while otherwise, the contribution to the expected reward is at most 4E[D]. Therefore, the reward of
Naive conditioned on £* is at most 7E[D]. [

With Lemma 29 at hand, we can prove Lemma 28.
Proof of Lemma 28 We decompose £* as £1 N &5, where £ and & are two independent events

defined as follows. & is the event that X; < af}f;;;;gg for all small noise boxes i € [2,¢5 + 1]. &

(Dn—cs:n—cs)
1/10000

is the event that X; < « for all remaining boxes j.

n

Dcs:cs DCS:CS
Observe that Pr[&] = Pr [maxl-e[lcsﬂ] X; > ail/woog} =Pr[D.,.c. > agll/woo())] = W.
Similarly, Pr[€5] = —7i555. Therefore, Pr[E¥] = P[] U &) < Pr[ef] + Pr(5] = 755
Next, we upper bound the contribution of £* to the overall reward of Linear,. Overloading
notation, let RLinea,W (D, o™ | ?) be the expected reward of Linear., when E*occurs. Then, we have

RLinearn, (D,o" | ﬁ) : Pr[ﬁ] < E[max X; | ‘STK U 57;] ) Pr[?f U 575]

g(ﬂz

= (El max X; | & | +E
1€[2,c5+1]

max X; |EFUE| +E

1€[2,c5+1] i€[1,n)\[2,cs+1]

max XHSTUE;])-Pr[fUS]
U &)
Dcs:cs Dn—cs:n—cs Ox ox
= (E [Dcs:cs | Degie, > 0‘7(11/1000%] +E {ancs:nfcs | Dn—cyin—cs > 0‘21/10000 )D -Pr(er U &)

DCQ:CS Dn—cs:n—cs
E [Dcs:cs | Degies > 017(11/'10002)] E [ancs:nfcs | Dn—coin—c, > 0421/10000 )}
2 n,1/10000 + n1/10000 ’

X. | & - Pr|&F
. A Z"%D e

IN
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B | Desies Pevies >0 | (Deyies) (Deyie)
Note that 721710000 =E {Dcstcs ’ Degicy > anl/wooo} -Pr [Dcsics > anl/wooo} , and
similarly for the second term. Applying Lemma 38 here (noting that D,., is MHR for all a > 1;

see Lemma 31), we have:

Ep) < =20
4

Dcs:cs
E [DCS:CS | Deyicy > 04,(11/1000())} < 15(ln(n1/10000) + ln(cs) +1)
1, 1/10000 = 97, 1/10000

(ancsznfcs)

E |:/anc n—c, |anc m—cg > 1 :|
.. s s s s~ 1/10000 EID
Similarly, —/15000 < %, for an overall bound of R jnear, (D, 0" |

E¥) - Pr[&¥] < 2(% - @) = E[D]. Putting everything together, we have

RLinearﬂ, (D,0") = RLinearW (D,o" | £F) - Pr[&F] + RLinearW (D,o" | ﬁ) ) Pr[ﬁ]
E(Lemma 29) 7]E[D] + E[D]
= 8E[D].
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