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Abstract

We study the Pandora’s Box problem in an online learning setting with semi-bandit
feedback. In each round, the learner sequentially pays to open up to n boxes with
unknown reward distributions, observes rewards upon opening, and decides when
to stop. The utility of the learner is the maximum observed reward minus the
cumulative cost of opened boxes, and the goal is to minimize regret defined as
the gap between the cumulative expected utility and that of the optimal policy.

We propose a new algorithm that achieves (5(\/ nT') regret after T rounds, which

improves the O(nv/T) bound of Agarwal et al. [2024] and matches the known
lower bound up to logarithmic factors. To better capture real-life applications,
we then extend our results to a natural but challenging contextual linear setting,
where each box’s expected reward is linear in some known but time-varying d-
dimensional context and the noise distribution is fixed over time. We design an
algorithm that learns both the linear function and the noise distributions, achieving

O(ndv/T) regret. Finally, we show that our techniques also apply to the online
Prophet Inequality problem, where the learner must decide immediately whether
or not to accept a revealed reward. In both non-contextual and contextual settings,
our approach achieves similar improvements and regret bounds.

1 Introduction

Pandora’s Box is a fundamental problem in stochastic optimization, initiated by Weitzman [1978]. In
this problem, the learner is given n boxes, each associated with a known cost and a known reward
distribution. The learner may open a box at a time, paying the corresponding cost to observe a
realized reward. Based on the known distributions, the learner designs a policy that specifies the order
of inspecting boxes and a stopping rule for when to halt the process and select a reward. Weitzman
[1978] shows that the optimal policy computes a threshold (i.e., reservation value) for each box based
on its cost and distribution, and opens boxes in descending order of these thresholds until a stopping
condition is met. This model abstracts a wide range of sequential decision-making scenarios where
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information is costly to acquire and decisions must be made under uncertainty. For example, in the
hiring process, an employer interviews candidates one by one, where each interview incurs a cost
(e.g., time), and each candidate’s performance is drawn from a known distribution (e.g., candidate’s
profile). The employer must decide when to stop interviewing and make an offer, balancing the
expected benefit of finding a better candidate in the future against the accumulated cost of continued
search. Other real-world applications include online shopping and path planning [Atsidakou et al.,
2024].

While the classic Pandora’s Box problem and its variants have been extensively studied (see survey
[Beyhaghi and Cai, 2024]), recent work [Fu and Lin, 2020, Guo et al., 2021, Gatmiry et al., 2024,
Agarwal et al., 2024, Atsidakou et al., 2024] has started to explore settings where the reward
distributions are unknown. This line of work is motivated by practical scenarios where distributions
are unavailable upfront and must be learned through interaction. These formulations move beyond
the classical setting by requiring the learner to adapt based on observed outcomes. Prior studies have
considered probably approximately correct (PAC) guarantees, establishing the near-optimal sample
complexity Fu and Lin [2020], Guo et al. [2021], and regret minimization over a T-round repeated
game Gergatsouli and Tzamos [2022], Gatmiry et al. [2024], Agarwal et al. [2024], Atsidakou et al.
[2024]. In the basic regret minimization setting, the learner repeatedly solves a Pandora’s Box
problem at each round and observes the rewards of the opened boxes (a.k.a. semi-bandit feedback),
drawn from fixed but unknown distributions. However, even in this setting, a gap remains between the

Q(v/nT) lower bound of Gatmiry et al. [2024] and the best known upper bound of O(Un+/T) by
Agarwal et al. [2024], where U is the magnitude of the utility function that can be as large as n.

In addition to the fixed-distribution setting, prior work studied the online Pandora’s Box problems
with time-varying reward distributions, which better capture many real-world scenarios Gergatsouli
and Tzamos [2022], Atsidakou et al. [2024]. For example, in the hiring process, the distribution
of candidate quality may shift over time due to market trends or seasonal patterns. To model such
dynamics, Gergatsouli and Tzamos [2022] consider a setting where the rewards are chosen by an
oblivious adversary and show that sublinear regret is achievable when the algorithm competes against
a benchmark weaker than the optimal policy, obtained by imposing constraints on the set of boxes it
can open. Later, Gatmiry et al. [2024] showed that in the same setting, when the algorithm competes
against the optimal policy, no algorithm can achieve sublinear regret, even with full information
feedback (i.e., the learner observes the rewards of all boxes regardless of which policy is played). To
make the problem tractable while still allowing distributions to change over time, Atsidakou et al.
[2024] propose a contextual model where, in each round, the learner observes a context vector for
each box, whose optimal threshold can be approximated by a function of the context and an unknown
vector. Their approach reduces the problem to linear-quadratic online regression, which provides
generality but leads to a regret bound with poor dependence on the horizon 7. In particular, if the

function is linear, they achieve 9] (nT®/) regret bound with semi-bandit feedback (referred to as
bandit feedback in their work).

Motivated by these limitations, we address two main challenges in this paper. First, we close the gap
in the regret dependence on the number of boxes n. Second, we propose a new contextual model
that allows the reward distributions to vary over time, and under this setting, we achieve improved
dependence on the time horizon T'. Our contributions are summarized as follows, and further related
work is discussed in Appendix B.

* For the online Pandora’s Box problem, we propose a new algorithm that achieves a regret bound
of O(v/nT), improving upon the O(Un+/T) bound by Agarwal et al. [2024] and matching the

known Q(v/nT) lower bound (up to logarithmic factors) [Gatmiry et al., 2024]. Our algorithm
builds on the optimism-based framework of Agarwal et al. [2024], but introduces a simple yet
crucial modification. Specifically, we first construct empirical distributions for each box using
the observed reward samples, and then shift probability mass to form optimistic distributions
that encourage exploration. In contrast to the fixed-mass shifting scheme used in Agarwal et al.
[2024], we adaptively reallocate mass at each point based on problem-dependent factors. As we
demonstrate below, this adaptive construction is central to enabling a more refined regret analysis.

» We extend these results to the contextual linear setting, where each box’s expected reward is linear
in some known but time-varying d-dimensional context and the noise distribution is fixed over
time. Our algorithm preserves the overall structure of the non-contextual case, but modifies the
construction of optimistic distributions to account for context-dependent variation. Since the reward



samples are no longer identically distributed, we adjust not only the probability mass but also
the observed rewards themselves in a value-optimistic manner to maintain optimism. While the
algorithm of Atsidakou et al. [2024] applies to our setting with O(n7/6) regret (see Appendix B),
we establish @(ndﬁ) regret. As long as d = o(T'/?), our algorithm yields a better regret
guarantee.

* Finally, we extend our algorithms and analytical techniques to the Prophet Inequality problem in
both non-contextual and contextual settings. In the non-contextual case, our algorithm achieves
O (v/nT) regret bound, which again improves upon the O (n\/T) regret bound of Agarwal et al.

[2024]. For the contextual linear setup, we also establish a (5(nd\/f ) regret bound. Due to space
constraints, all results and proofs for the Prophet Inequality problem are deferred to the appendix.

Technical Overview for O(v/nT) Improvement. Inspired by Agarwal et al. [2024], we decompose
the regret at any round ¢ by ), Term, ;, where Term, ; captures the difference in expected reward
when replacing the optimistic distribution of the i-th box, denoted by 5}’1-, with its true distribution
D;, while keeping all other boxes fixed. Agarwal et al. [2024] bound Term; ; by O(TV(&A}J, D,)),
where TV denotes the total variation distance. However, simply bounding Term, ; by the TV distance
results in O (n\/T) regret bound. To obtain a tighter bound, we take a different approach to handle
Term; ;. Let El (0¢, z) be the expected utility when using threshold vector o, and the i-th box has

a fixed value z. We then write Term; ; = fol (Fp,(z) — Fg, (2)) %Ri(ot; z) dz where Fp is the

cumulative density function of distribution D. Our main techniques to bound this term are as follows.
Technique 1: Bernstein-type Bound. Both our analysis and algorithm design are based on a
Bernstein-type concentration bound. In particular, our algorithm adaptively adjusts the probability
mass when constructing empirical distributions, guided by this bound. This introduces an extra
factor /Fp,(-) (1 — Fp,(+)) in the upper bound on |Fp, (-) — Fg, ,(+)|, where &, ; is the empirical
distribution constructed at round ¢ by assigning equal probability mass to iid samples from D,;.

Technique 2: Sharp Bound of %Ei(at, z). We show 1-Lipschitz and monotonically-increasing
properties for R;(o¢, z), which imply that 0 < %Ri(oh z) < 1. Moreover, when z is small, we
prove a sharper bound where %Ri (o¢, z) is bounded by the probability that the first i — 1 boxes have
values no larger than z.

Next, we apply the techniques above to obtain a sharper bound for Term;; = j;)l (FD(Z) -
th(z)) %Ei(at; z) dz. The high-level idea is as follows: when z is large, the Bernstein-type
bound for (Fp,(2) — Fg, (z)) contributes to a factor V/Fp,(2) (1 — Fp,(2)), which is small since

i

a large z implies a small 1 — Fp,(2); on the other hand, when z is small, we use the sharper bound

on %Ri(at, z) to obtain a tighter bound.

Techniques for Contextual Linear Case. We first build a virtual empirical distribution [)t,i for each
box ¢ at round ¢, by using all available noise samples from this box plus the mean of the current round.
This is virtual since we only observe non-i.i.d. reward samples, not the raw noises. To overcome
this issue, we introduce a value-optimistic empirical distribution ém‘ by using the linear mean model

to shift the observed samples to overestimate bm We then decompose Term, ; into three terms,
two of which can be handled in a similar way as in the non-contextual case. The remaining piece is

E.ve,[Ri(og,;2)] —E,_p, [Ri(og,; z)] which measures the mean estimation error. This term is

bounded by applying the 1-Lipschitz property of R; (o &, z) and contextual linear bandit techniques.

2 Preliminaries

In this section, we introduce online Pandora’s Box problem in both non-contextual and contextual
settings. Due to the limited space, the Prophet Inequality problem is deferred to Appendix A.

Online Pandora’s Box. In this problem, the learner is given n boxes, each with a known cost
¢; € [0,1] and an unknown fixed reward distribution D; supported on [0, 1]. The learner plays a
T-round repeated game where at each round ¢ € [T, the learner decides an order to inspect boxes



Algorithm 1 Generic descending threshold algorithm for Pandora’s Box

Input: threshold o = (01, ...,0,).
Initialize: Vi, = —o0. Let m; € [n] be the box with the i-th largest threshold.
The environment generates an unknown realization v = (v1, ..., vp).
fori=1,...,ndo
Pay ¢, to open box 7;, observe v,,, and update Vi,ax = max{Viax, Ur, }-
L If i = n or Vipax > 0, ,, then stop and take reward Vi ax.

and a stopping rule. Upon opening a box i, the learner pays cost ¢; and receives a reward v, ; € [0, 1]
independently sampled from D,. Once the stopping rule is met, she selects the highest observed
reward so far. The utility for the round is the chosen reward minus the total cost of opened boxes.

Contextual Linear Pandora’s Box. This setting extends the above by allowing each box’s distribu-
tion to vary across rounds. Specifically, each box i € [n] is associated with a known cost ¢; € [0, 1],
an unknown parameter ; € R?, and a fixed unknown noise distribution D; with zero-mean, supported
on [—1, 1] At the beginning of each round ¢ € [T, the learner observes a context z;; € R? for each
box i € [n]. These contexts {x; ; };c[n] can be chosen arbitrarily by an adaptive adversary. Based on
these contexts and past observations, the learner then decides an inspection order and a stopping rule
to open boxes. Different from the non-contextual setup, upon opening box ¢, the learner observes the
reward vy ; = 1y ; + f4,; Where p ; = Q;Fxm € [4, 4] is the mean and 7, ; is a noise independently
drawn from D;.? That is, the reward is drawn from the [0, 1]-bounded distribution Dy ; = pi1; + D;
which shifts D; by the context-dependent mean i ;. Following standard assumptions in contextual
linear bandits, we assume that [|6;]|, < 1 and ||z ||, < 1forall ¢, 1.

Optimal Policy and Regret. To measure the performance, we compete our algorithm against
the per-round optimal policy. For both settings, the optimal policy at round ¢ is the Weitzman’s
algorithm [Weitzman, 1978] which operates with the distribution Dy = (Dy1,...,Dy ). In the
non-contextual setting, the distribution is fixed across rounds i.e., Dy = D = (Dy, ..., D,,), and thus,
we will retain the notation D; in the following. More specifically, Weitzman’s algorithm proceeds by
computing a threshold o, for each box 4, which is the solution of E;.p, ,[(z — 0/;)+] = ¢; where
(z)+ = max{0, .Z‘} Then the algorithm inspects the boxes in descending order of o; ; and stops as
soon as the maximum observed reward so far exceeds the threshold of the next unopened box.

To formally define regret, we introduce the following notations. For any product distribution D =

(D1,...,Dp),letop = (0pa,-..,0p.,) denote the optimal threshold vector, where each op ; is
the solution of E,.p,[(x — op,i)+] = ¢;. For any threshold vector o = (01, ...,0,) € [0,1]™ and
reward realization v = (v1,...,v,) € [0,1]", we use W(o;v) C [n] to denote boxes opened by

Algorithm 1. Further, we define the utility function and expected utility function respectively as:

R(o;v) = iEIVr[}E(Lc}r(;v) v; — iewz(;v) ¢i, and R(o;D)=E,.p[R(o;v)].

With these definitions, the optimal expected utility is R(op,; D;) since when v ~ Dy, the set
W (o p,;v) corresponds to the boxes opened by the Weitzman’s algorithm. Let o; € R™ denote
the threshold vector selected by the algorithm at round ¢. Throughout the paper, all our algorithms
follow Algorithm 1 using oy as input at round ¢, and thus the expected utility our algorithm at
round t is R(oy; Dy). The cumulative regret in 7' rounds Reg,- is then defined as follows: Reg, =

E [ZtT:l R(op,; Di) — R(o+; Dt)}, where D; = D for the non-contextual case.

3 O(v/nT) Regret Bound for Non-Contextual Pandora’s Box

In this section, we first present Algorithm 2 for the non-contextual Pandora’s Box problem and the
main result, and then discuss the analysis.

The boundedness assumptions on the noise and mean ensure that rewards lie in [0, 1], which avoids re-
deriving standard results under a different scaling. Our results readily extends to sub-Gaussian rewards. We refer
readers to Appendix C.7 for details.



3.1 Algorithm and Main Result

While Algorithm 2 is inspired by the principle of optimism in the face of uncertainty, its application
differs from that in the classic multi-armed bandit setting, such as in the Upper Confidence Bound
(UCB) algorithm [Auer et al., 2002]. In bandit problems, optimism is typically applied to the mean
reward of each arm. In contrast, the Pandora’s Box problem requires learning the entire distribution
of each box, particularly its cumulative distribution function (CDF). We follow a similar idea to
Agarwal et al. [2024], but employ a different approach in the construction of an optimistic estimate
of the distribution. The threshold o, is computed from this optimistic distribution, which implicitly
ensures optimism in the algorithm’s decisions. More formally, we begin by introducing the notion of
stochastic dominance.

Definition 3.1.1 (Stochastic dominance). Let D and E be two probability distributions with CDFs

Fp and Fg, respectively. If Px..g(X > a) > Py.p(Y > a) forall a € R, we say that E
stochastically dominates D, and we denote this by E >=gsp D.

For any two product distributions D = (Dy,...,D,)and & = (&1,...,&,), weuse € =sp D to
indicate that &; »gp D; for all ¢ € [n]. Let m, ; be the number of samples for each box ¢ at round ¢
and let ¢;(j) be the round that the j-th reward sample of box i is observed by the learner. We define
empirical distribution and optimistic distribution as follows.

» Empirical distribution &, ;. For each box ¢ € [n], we use m;; ii.d. samples {vy, (j)yi};‘":‘f
to construct & ; with respect to the underlying distribution D; by assigning each sample with
probability mass # Specifically, F, , (z) = -1 Z;n:tf I{vy, ;) < x} forall z € [0,1].

me,q

 Optimistic distribution g’t,i. Let L = 4log(2nT?/5). The CDF of EAM is constructed as follows:
1, T =1;

Fg (z) = maX{O,thyi(x) . \/2Fs,,,i(x)(1_th,i(x))L B L} C0<z<l. €))

m i me, i

As verified in Lemma C.1.4, the construction in Eq. (1) ensures that Fyg (+) is a valid CDF. We

denote & = (&1,...,&n) and & = (&,17 . ,f:'t,n). This type of construction has been previously
used in [Guo et al., 2019, 2021], but our use differs substantially in the analysis. The following
lemma shows that the optimistic product distribution stochastically dominates the underlying product
distribution.

Lemma 3.1.2. With probability at least 1 — 6, for all t € [T], we have & =sp D.

It is noteworthy that our approach to constructing the optimistic distribution is more adaptive than
that of [Agarwal et al., 2024]. In particular, Agarwal et al. [2024] move a fixed amount of probability
mass, approximately 1/,/m; ;, to the maximal value that D; can take. In contrast, we adjust the
CDF based on a data-dependent confidence interval, resulting in a more fine-grained and adaptive
optimistic distribution. As stated in the following theorem, this construction results in a tighter regret
bound.

Theorem 3.1.3. For Pandora’s Box problem, with 6 = T~ Algorithm 2 ensures Reg; = (5(\/ nT).

Again, our bound matches the Q(+/nT') lower bound of Gatmiry et al. [2024] up to logarithmic
factors. It is worth noting that their lower bound is proven under the easier full-information setting
and thus applicable to our setting.

Remark 3.1.4 (High-probability regret bound). Under regret metric Zthl (R(op; D)—R(oy; D)),

our proposed algorithm also achieves a high-probability bound of 6(\/ nT') via two modifications
only in our analysis. We refer readers to Appendix C.6 for details.

3.2 Analysis

In this subsection, we sketch the main proof ideas for Theorem 3.1.3 and summarize the new analytical
techniques. We start by leveraging a monotonicity property for Pandora’s Box problem, established
by Guo et al. [2021]: for any distributions D, E, if E =gsp D, then R(og; E) > R(op; D). Since



Algorithm 2 Near-optimal algorithm for Pandora’s Box

Input: confidence ¢ € (0, 1), horizon 7.
Initialize: open all boxes once and observe rewards. Set m; ; = 1 forall i € [n].
fort=1,2,...,Tdo
For each ¢ € [n], construct an optimistic distribution (‘:’m according to Eq. (1).
Compute ¢ = (01, . - ., 0¢,n) Where oy ; is the solution of E, ¢ . [ (x — Ut,i)+] = ¢;.
Run Algorithm 1 with o; to open a set of boxes, denoted by ;, and observe rewards {ve,i}ies,-
Update counters my11, = my; + 1, Vi € By and myq1,; = my;, Vi & By

the algorithm uses threshold o, = og, at each round ¢ and Lemma 3.1.2 shows ét >sp D, the regret
at round ¢, denoted by Reg(t), is bounded as

Reg(t) i= E [R(op; D) — R(ow:&) + R(oi3&) = R(ows D)| < E[R(ow: &) - Riow: D)] .

For simplicity of the exposition, without loss of generality, we assume that oy 1 > 042 > -+ > 04 p.
Following Agarwal et al. [2024], we define

Ht,O = ét, and Ht,i = (Dl, tee ,Di, (‘jt,i+17 te 7£t,n) for all t, i. (2)
Therefore H; , = D so that

R(01;€) — R(o1; D) = > R(0y; Hiio1) — R(ou; M), 3)
i=1
The decomposition in Eq. (3) breaks the reward difference into a sequence of steps, where each step

replaces one coordinate of the optimistic distribution with its true counterpart, thereby allowing for
isolation of the effect of each individual coordinate change.

Let E;; be the event that box 7 is opened under the threshold o, and let E ; be the corresponding
complementary event. We define (); ; as the probability that o, opens box 2 given the true product
distribution D. Using the same argument as in [Agarwal et al., 2024], we have that

E [R(Gt; Ht,i—l) - R(Ut; Ht,z’)}
= E[Qt,i (EINHt,l—l [R (Ut; I’) | Ea-t7i:| - ]EyNHt,i, [R (Ut; y) | EUf,,i]) ] . (4)

Terms ;

The key step is to carefully bound Term, ;, and this is where our analysis fundamentally diverges
from Agarwal et al. [2024]. Before presenting our analysis, we explain below why the previous

analysis fails to achieve the O(v/nT) regret bound.

5(U n\/T) bound of Agarwal et al. [2024]. In the analysis of Agarwal et al. [2024], if the product

distribution D is discrete, then they bound Term, ; < O(U - TV(D;, étz)) (cf. [Agarwal et al., 2024,
Lemma 1.3]) where U is the upper bound of the absolute value of function R and could be as large as
n. Therefore,

T T

Reg; = > Reg(t) < Y E|R(0;&) ~ Rloy; D)| <U ZT: Zn: O (E |Quv(Di, &) )

t=1 t=1 t=1 i=1

Since their algorithm moves probability mass by a fixed amount, approximately (5(1 //my,;) for
each distribution 4, a simple calculation gives TV(D;, étz) < 4] (1/,/m;), which in turn implies that

i n o
R <O|U-F § § Q1 <O\U- ,|E E . <& JT 6
g7 < =1 i1 mt7i1> - nt 1;1Qt,‘| (lln Z) 3)

where the second inequality follows from the standard analysis of optimistic algorithms (e.g., [Slivkins,
2019]), and the last inequality uses the fact that Z?:l Q¢ < nfor all £. It is noteworthy that



> i1 Q¢ = 1 appears in multi-armed bandit problems since only one arm is played in each round.
However, in the problems we consider, there is a chance to open all boxes in one round.

Refined analysis for O(v/nT) bound. To get the O(v/nT) regret bound, it suffices to show

Reg(t) < (;)v(\/zi Q1.i/my ;) since

where the second inequality follows from the Cauchy—Schwarz inequality, and the last inequality
results from the bound ), ; Qy,;/m¢; < O(n). For any threshold o € [0, 1]" and z € [0, 1], define

Ei(o—; Z) = EINHt,q‘, [R (J; (:L'la ey L1, 25 Tig 1y - 7171)) | Eaﬁi] . (6)
Based on these definitions and the fact that F,, ; is independent of ¢-th box’s reward, we write
Term;; =K, ;4 [ﬁi(at; z)} —E..p, [Ei(at; z)} .

The following lemma is a key enabler for our refined analysis of both problems.

Lemma 3.2.1 (1-Lipschitzness and monotonicity). Consider the Pandora’s box problem. For all
t € [T), i € [n], the function R;(oy; z) is 1-Lipschitz and monotonically-increasing with respect to z.

Since R;(oy; z) is 1-Lipschitz with respect to z, the map R;(oy; z) is absolutely continuous on [0, 1],

which implies that it is differentiable almost everywhere in [0, 1} By the fundamental theorem of

calculus, for any z € [0, 1], we have that R;(oy; ) = R;(0y;0) + Iy & D Ri(0y; 2) dz. Then it is
straightforward to deduce that

e /01 <1 - Fg”(z)) %Ei(at; z) dz — /01 (1— Fp,(2)) %Ei(O’t; z) dz
:A%mmww@enia@ww

1 Ot,it+1 0 ~
< / Fp,(2) = Fs, (2)| dz+ / (FDi(z)—Fg”(z)) S-Rilon2) dz,
i ) ; ) .

tit1

At,i By,

where the inequality holds since R;(o¢; z) is 1-Lipschitz with respect to z and thus its derivative is
bounded in [—1, 1] almost everywhere. Here, we decompose Term, ; into two parts A; ; and By ; to
isolate contributions from different value regions, enabling a problem-dependent analysis that yields
a sharper regret bound. An advantage of this analysis is to avoid using [Agarwal et al., 2024, Lemma
1.3], which incurs a linear dependence on U. Indeed, we have

1 1
Aps < / |Fp, () — Fr, ,(2)| dz + / Fe, () — Fy, (2)] d2

tit1l tit1

— F, )(1—F L
cof /‘ ¢% (1~ Fp,(z d+/' ¢&1 &x»d
mt,l Ot,i+1 O't i1
§O<z>+¢umu%HmL+¢u—em@ﬁnn>
My Mg M q

<O<Vu—mmmﬂnw+ L>7
miq meq

where the second inequality bounds |Fp,(z) — Fg, ()| by a Bernstein-type Dvoretzky-Kiefer-
Wolfowitz inequality (cf. Lemma C.1.2 in Appendix C.1) and bounds |Fg, , (2) — Fg, ()| by the




construction Eq. (1); the third inequality bounds 1 — Fp,(z) < 1 — Fp,(0¢i+1), and an analogous
inequality holds for 1 — Fp¢, ,(2) since z > 0y ;41; the last inequality replaces Fg, , (0 i41) with
Fp,(0t,i+1) by paying a term of the same order (cf. Eq. (19)).

To handle the term B, ;, instead of bounding the derivative by one as before, we introduce the
following lemma which more tightly bounds the derivative by the probability that the first ¢ — 1 boxes
have values no larger than z, conditioning on opening box .

Lemma 3.2.2. Suppose that 0,1 > 042 > - -+ > 0. Pandora’s Box problem satisfies

0 ~
0< &R o4;2) < HFD )/Qti, Yz€[0,0041).

7<i

For shorthand, define af = [[,, Fp,(2). By Lemma 3.2.2 and some calculations (deferred to

Appendix C), we have that
o Ne=vo=g
B < . (2) ‘ 0
0 " t,i

< [ (1F0e) = Fe )]+ [P0 - P, )

5(9(% @/¢ (1 Fp( ))ﬁdz),

where the second inequality follows from a?_; < aat i“ < af‘i = @4, forall z < oy 441, and
the last inequality repeats the same argument used to "bound Ay tobound |Fp,(2) — Fg, ,(2)| and
|Fe, (2) — Fe, . (z)], respectively.

FDi(Z)_F:‘f

Plugging the above bounds of A, ; into Eq. (3) and Eq. (4), the regret contribution of { 4; ; }; at round
t (omitting L /m, ; and some constant) is bounded by

Z Qt,i\/(l _FD;LU%’H_I))L < Z Qt,i(l _ FDi(O't,i+1)) Z % < Z %’
icln) i

i€[n] 1€[n] M i€[n] M, i

where the first inequality follows from the Cauchy-Schwarz inequality, and the second inequality fol-
lows from Z Qt i(1=Fp,(01+1)) < 1. Indeed, since Q¢ ; = a; "} and 6,1 > 04 9... > O,

we have that Qt i < a;"3*", whichin turn yields the telescoping sum >, Q;; (1 — Fp, (04,141)) <
Sicy (@i —al" ’“) <1

Similarly, the regret contribution of {By;}; at round ¢ (omitting L/m; ; and some constant) is
bounded by

1
> [ vamma M s [ S e —a)
i€[n] 0 1€[n]

where the first inequality uses the Cauchy-Schwarz inequality and the second inequality uses the tele-

scoping sum and a? < 1 for all i, z. Hence, the cumulative regret is bounded by O /> Qri/me ;).
Combining all the results completes the proof of Theorem 3.1.3.

Z LQtii,
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4 5(ndﬁ) Regret Bound for Contextual Linear Pandora’s Box

In this section, we present Algorithm 5 (in Appendix D) for the contextual linear Pandora’s Box prob-
lem. While our algorithm inherits the main structure of Algorithm 2, it introduces key modifications
to ensure optimism, which is critical in the contextual setting. To ensure the optimism, we need to
construct an optimistic product distribution which stochastically dominates the underlying product
distribution D, for each round ¢. In the non-contextual case, the optimistic distribution is constructed
by using iid samples to first construct empirical distribution and then move the probability mass.



However, due to context-dependent shifts, this strategy no longer applies. To address this, we leverage
the fact that the shift in each box’s distribution is determined by a fixed but unknown vector 6;.

Mt 4
j=1
ztti(j),i = Nt,(j),s T He,i» Since they can be treated as my ; iid samples drawn from Dy ;. However,
the learner never directly observes the noise sample 7, ;) ;. To overcome this, we maintain an

A natural idea here is to construct empirical distribution by using samples {zz ) ) where

estimation é\“ at each round ¢ by using ridge regression on past observations. Specifically, for
each opened box i € B;, we make the following updates: 6;; = V;;-l Zs<t:i68§ Zs,iVs,; Where
Vii=1+ Zs<m63 xwle Let X denote the context space. By the analysis of linear bandits (e.g.,

[Abbasi-Yadkori et al., 2011]), for each box i € [n], there exists a known function 3¢ : X x (0,1) —
R+ ¢ such that with probability at least 1 — 4, for all z € X and all ¢,

! (6; — @_U) < Bi(z,d), where B! (z,0) = O (||913HV;11 ) Vlog(né—1) + dlog(1 + T/d)) .

With a confidence radius of 6, we construct a value-optimistic empirical distribution £, ; by assigning

each of the following with equal probability mass m,_ 1

i

éfi(j)yi := min {1, V4, gy, — LCBL (01,4, 4,(j),i) + UCBL (0,15, 24,) } @)

Optimistic debiased noise sample Optimistic estimated mean

where for any context z € X', any failure probability 6 € (0, 1), and any 6 € R?

UCB!(0,z) :== 2" 0 4 Bi(x,8), and LCBL(0,z):=zx'60 — pi(z,d). (8)
The construction of & ; is value-optimistic because 2; ()i > zfi( i holds. If one has m; ; samples
at round ¢ for box ¢, then &, ; stochastically dominates the empirical distribution constructed by using
samples {z;5 ) Z};n:tl Then, for each box ¢, we construct the optimistic distribution &; ; by moving a
small amount probability mass for the value-optimistic empirical distribution &; ; so that it dominates
the true distribution (the detailed construction of f‘t,i and the proof are deferred to Appendix D).

Lemma 4.1. With probability at least 1 — 6, for all t € [T, & =sp D.

Once the optimism is ensured, we prove the following regret bound for Algorithm 5 in Appendix D.

Theorem 4.2. For contextual linear Pandora’s Box problem, choosing § = T~ for Algorithm 5
ensures Reg, = O(ndv/T) regret bound.

While the algorithm of [Atsidakou et al., 2024] applies to our setting with 4] (nT5/6) regret, The-
orem 4.2 gives a v/T-type regret bound in the contextual linear setting, which is better whenever
d = o(T"/3). The tightness of O(nd+/T) remains an open question. In the contextual linear bandit

setting with ; = --- = 6,,, the known lower bound is Q(d\/f) [Dani et al., 2008]. Our setting
however requires learning a separate noise distribution for each box, and we conjecture that this
makes the linear dependence on n unavoidable, even when all boxes share the same 6.

Analysis. As Lemma 4.1 ensures that f:’t >sp D, for all ¢, we follow the same argument in the
non-contextual case to arrive at Eq. (4). The decomposition of the main term in Eq. (4) slightly
differs from that of the non-contextual case. We introduce an empirical distribution Dt,i for the
decomposition, which is constructed by assigning equal probability mass m, 2-1 for each {z;E (j)’i};l:t’f.
Notice that conditioning on history before ¢, Dyisa product distribution. Then, conditioning on the
history before ¢, for any ¢, the main term is rewritten as

Term; ; = EZNSM {Ei(at;z)} —E.ne,, [Ei(at; z)} +E.e,, [Ei(at; z)} - EZNﬁM {Ei(ot;z)}
O n
+E. .p,. [Ei(at;z)} —E.~p,, [ﬁi(at;z)] .

(1)




Here, term (I) captures the error of optimistic reweighting, which arises from shifting probability mass
in the empirical distribution &, ; to construct the optimistic distribution 4‘:’“ . Term (III) quantifies the
estimation error between the empirical distribution lA)t,i and the true underlying distribution D;. Both
can be bounded in a similar way as in the non-contextual case. It thus remains to handle (II), which
captures the error incurred by the optimistic value shifts. One can show that

™Mt 4 Mt i

an = mlt A Z (E(Uﬁ 240 i) — E(Ut;zti(j),i)) < % Z
5T j=1 5 j=1

where the inequality uses 1-Lipschitz property (see Lemma 3.2.1). Following standard linear bandit
analysis (e.g., [Abbasi-Yadkori et al., 2011]), the total regret incurred by (II) for all boxes is bounded
by (omitting constant)

t 2ot
Pti(5),i T At ()il

IALE Z\zt o] | <308 [0 Bens s
==l | t=1 i=1 bt
The first summation term can be bounded by
T n mr,; _
ZZE QB (24,0 < O ZE me{l H:ct (J)ZHv—l SO(nd\/T),

l,i

t=1 1

-
I

where the last inequality applies the Cauchy—Schwarz inequality followed by the elliptical potential
lemma [Abbasi-Yadkori et al., 2011, Lemma 11]. The second summation term can be bounded
similarly. We refer readers to Appendix D for the omitted details.

5 Conclusion and Future Work

In this paper, we propose new algorithms for the Pandora’s Box problem in both non-contextual and

contextual settings. In the non-contextual case, our algorithm achieves a regret of (5(\/ nT') which
matches the known lower bound up to logarithmic factors. For the contextual case, we design a

modified algorithm that attains O(nd\/> ) regret. We further extend our methods and analysis to the
Prophet Inequality problem in both settings, achieving similar improvements and regret bounds. Our
results also elicit compelling open questions:

1. Minimax regret for Prophet Inequality. We establish an upper bound of (5(\/ nT") for Prophet

Inequality problem, while Gatmiry et al. [2024] proved a lower bound of Q(+/T), leaving a
\/n-gap. In fact, Jin et al. [2024] show that the optimal sample complexity of Prophet Inequality

is O (}2), independent of n, which suggests that a simple explore-then-commit strategy achieves
an n-independent regret upper bound of o (T?/3). Whether (5(\/?) is achievable remains open.

2. Tighter regret for contextual linear case. In the non-contextual case, our bound scales as /7,
while in the contextual linear setting, it grows linearly with n. Can this dependence be improved?
It also remains unclear whether the linear dependence on the dimension d is improvable.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: We provide clear motivations for the research questions in the introduction
section and explicitly itemize our contributions, outlining how we address and resolve these
challenges throughout the paper.

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

 The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It s fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: In this paper, for the contextual model, we only study the linear structure of
rewards for both Pandora’s Box and Prophet Inequality problems.

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

¢ The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?
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Answer: [Yes]

Justification: All assumptions are clearly stated in Section 2 and we defer the proof to
Appendix.

Guidelines:

» The answer NA means that the paper does not include theoretical results.

 All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
4. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [NA]
Justification: This paper is theoretically oriented. There are no experiments.
Guidelines:

* The answer NA means that the paper does not include experiments.

* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code
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Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [NA]
Justification: This paper is theoretically oriented. There are no experiments.
Guidelines:

* The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized

versions (if applicable).

Providing as much information as possible in supplemental material (appended to the

paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [NA]
Justification: This paper is theoretically oriented. There are no experiments.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [NA]
Justification: This paper is theoretically oriented. There are no experiments.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)
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8.

10.

* The assumptions made should be given (e.g., Normally distributed errors).

* It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

* It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [NA]

Justification: This paper is theoretically oriented. There are no experiments.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]
Justification: We have reviewed NeurIPS Code of Ethics and commit to it.
Guidelines:

e The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).
Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]

Justification: In the introduction, we highlight that our research can benefit sequential
decision-making problems, modeled by Pandora’s Box and Prophet Inequality. We do not
foresee any negative societal impacts arising from this work.

Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.
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» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: This paper is theoretically oriented and does not release any data or models.
Guidelines:

» The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [NA]
Justification: This is a theory-oriented paper with no experiments or code.
Guidelines:

* The answer NA means that the paper does not use existing assets.

* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

 For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.
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* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: This is a theory-oriented paper. There are no new assets introduced.
Guidelines:

* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]

Justification: This is a theory-oriented paper. There are no experiments or research with
human objects in this paper.

Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]

Justification: This is a theory-oriented paper. There are no experiments or research with
human objects in this paper.

Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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16. Declaration of LLLM usage

Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used
only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]

Justification: This work does not involve LLMs as any important, original, or non-standard
components.

Guidelines:

* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

¢ Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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Algorithm 3 Generic threshold algorithm for Prophet Inequality

Input: threshold o = (01, ...,0,).
The environment generates an unknown realization v = (vy, ..., vy).
fori=1,...,ndo

Open box ¢ to observe v;.

If v; > o; or i = n, then stop and take reward v;.

A Problem Setting of Prophet Inequality

Online Prophet Inequality. In this problem, the learner is given n boxes, each with an unknown fixed
reward distribution D; supported on [0, 1]. The learner plays a 7T-round repeated game where at each
round ¢ € [T, the learner inspects boxes in a fixed order. Upon opening a box i, the learner receives a
reward v; ; € [0, 1] independently sampled from D;. Then, she needs to decide immediately whether
to accept this reward and stop the process at round ¢ or discard this reward and open the next box.
The utility for the round is the chosen reward.

Contextual Linear Prophet Inequality. This setting extends the non-contextual one, and the
assumptions on reward distributions and boundedness are the same as Section 2.

Optimal Policy and Regret. To measure the performance, we compare our algorithm against the
per-round optimal policy. Let Dy = (D 1, ..., Dy ,,) be the product distribution of boxes. The optimal
policy for Prophet Inequality in round ¢ is also a threshold policy, in which the threshold for each box
i, denoted by o7 ; is derived from a reverse/backward programming.

Definition A.1 (Optimal Threshold on D). Let 0}, = Ex.p, , [X]. Fori=n—1,...,1, let
Uf,i = EXNDt,z[ma’X{X’ O—;iJrl}]'

The optimal policy at round ¢ is to run Algorithm 3 with threshold vector of. In fact, the optimal
threshold of box ¢ computed from Definition A.1 is equal to the expected reward obtained by running
Ofis---»0f, directly from box ¢ [Gatmiry et al., 2024].

More formally, similar to those definitions in Pandora’s Box setting, for any product distribution
D = (Dy,....,Dy),letop = (0p.1,...,0Dp,n) denote the optimal threshold vector, where each op ;
is the threshold calculated by reverse programming. For any threshold vector o = (071, ...,0,) €
[0, 1]™ and realization v = (vy, ..., v,) € [0, 1]™, we use S(o;v) € [n] corresponds to the box where
Algorithm 3 stops. Further, we define the utility function and expected utility function, respectively:

R(o;v) = vg(o), and R(o; D) = Ey.p[R(o;v)]. )

With these definitions, the optimal expected utility is R(o p,; D;) since when v ~ Dy, S(op,;v) €
[n] corresponds to the box chosen by the optimal policy. Let o, € R™ denote the threshold vector
selected by the algorithm at round ¢. Throughout the paper, all our algorithms in the Prophet Inequality
setting follow the general structure outlined in Algorithm 3 using o, as input at round ¢, and thus the
expected utility of our algorithms at round ¢ is R(o; D;). The cumulative regret in 7' rounds Reg
is then defined as

T
Regy =E ZR(UDﬁDt) — R(oy; Dy) |

t=1

where D; = D for the non-contextual case.

B Related Work

The Pandora’s Box problem, introduced by Weitzman [1978], has been extended in various directions,
including matroid constraints [Singla, 2018], correlated distributions [Chawla et al., 2020, Gergatsouli
and Tzamos, 2023], order constraints [Boodaghians et al., 2020], and settings without inspection
[Fu et al., 2023, Beyhaghi and Cai, 2023]. The Prophet Inequality problem was first studied by
Krengel and Sucheston [1977], Samuel-Cahn [1984], with subsequent generalizations to k-selection
[Alaei, 2014, Jiang et al., 2022], matroid constraints [Kleinberg and Weinberg, 2012, 2019, Feldman
et al., 2021], and online matching [Gravin and Wang, 2019, Ezra et al., 2022]. These works typically
assume known distributions and focus on achieving constant-factor approximation guarantees.
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A growing body of work has begun to study online variants of the Prophet Inequality and Pandora’s
Box problems [Guo et al., 2019, Fu and Lin, 2020, Guo et al., 2021, Gatmiry et al., 2024, Agarwal
et al., 2024]. In the PAC setting, Fu and Lin [2020], Guo et al. [2021] establish a sample complexity
upper bound of O(% ) for Pandora’s Box, matching the known lower bound up to logarithmic factors,
where € denotes the desired accuracy. Guo et al. [2021] further develop a general framework for
learning over product distributions, which applies to both problems and yields a sample complexity
of O(Z%) for Prophet Inequality as well. Later, Jin et al. [2024] provide a near-optimal sample
complexity O(E%) for Prophet Inequality, which removes the linear dependence on n. For the regret
minimization problem, Gatmiry et al. [2024] establish O(n3+/T) regret bound for Prophet Inequality
and @(n“ﬁ) regret bound for Pandora’s Box under a constrained feedback model, where the
learner observes only the final reward without knowing which box produced it. Subsequently, Agarwal
et al. [2024] introduce a general framework for monotone stochastic optimization under semi-bandit
feedback, achieving @(n\/f ) regret for both problems. All these works assume a fixed but unknown
product distribution. Moreover, despite this progress, the best known regret bounds for both Prophet
Inequality and Pandora’s Box under semi-bandit feedback remain at (’j(n\/T ), which falls short of
the known lower bounds [Gatmiry et al., 2024].

To better capture the dynamics in decision-making scenarios, Gergatsouli and Tzamos [2022] study
the Pandora’s Box problem in the adversarial setting where the reward of each box is chosen by an
adversary and obtain sublinear regret bounds by comparing the algorithm against a weak benchmark.
Later, Gatmiry et al. [2024] show that in the same setting, when the algorithm competes against the
optimal policy, no algorithm can achieve sublinear regret, even with full information feedback. To
make the problem tractable while still allowing distributions to change over time, Atsidakou et al.
[2024] explore a contextual Pandora’s Box model where in each round, the learner observes a context
vector for each box, whose optimal threshold can be approximated by a function of the context
and an unknown vector. They provide a reduction from contextual Pandora’s Box to an instance of
online regression. Their algorithm suffers a (’)(T5/ 6) regret bound if the threshold can be linearly
approximated. We note that their algorithm for the linear case also applies to our setting (see the
discussion below), but our algorithm enjoys (’)(nd\/f ), which is improves on the aforementioned
bound whenever d = o(T"/3).

Discussion of [Atsidakou et al., 2024]. Here, we show how the algorithm proposed by Atsidakou
et al. [2024] can be applied to our setting. Their work makes the following realizability assumption.

Assumption 1 (Realizability of [Atsidakou et al., 2024]). There exists w1, ..., w, € R and a
Sunction h such that every time t € [T'] and every box i € [n], the optimal threshold for distribution
Dy ; is equal to h(w;, x} ;), i.e., of ; = h(w;, x4 ;) where x} ; is a context vector of box i at round t
and '
XNED,,J [(X - 0:,i)+] = ;.
Below, we show that in our setting, the optimal threshold can be realized by a linear function
h (that is, h(a,b) = a'h). To see this, first note that the optimal threshold or;i in our setting
satisfies Ex~p, [(X — U;i)+] = ¢;, which, based on the definition of D, ;, is equivalent to
Ex~p, [(X — (o}, — Mt,i))+] = ¢; where y1;; = 0 ;. Therefore, if we let o} be the unique
solution of Ex . p, [(X — 0})+] = ¢;, then we have
U:,i = i+ 0] = <wl7x;z> = h(wia@“;,i),

for w; = (07;,1, ceey Gi,d, O1y.n- 70n) S RdJrn, and .’L’Li = ([xt,ih; ey [$t7¢}d, O, ceey ]., ceey O) S
R4+, where } ; takes value one at the d + 7 index. This proves that the optimal threshold is realized

by a linear function of some context, making the algorithm of [Atsidakou et al., 2024] applicable to
our setting.

A seemingly related strand is cascading bandits [Kveton et al., 2015], where the learner presents an
ordered list of items to a user, with items corresponding to boxes in our setting. Then, the user scans
the list and clicks the first attractive item if any. The learner observes binary click signals for items
up to that click, which yields order dependent semi bandit feedback. Despite this shared feedback
structure, Pandora’s Box and Prophet Inequality differ in who controls how many items are inspected.
In cascading bandits the number is user driven since observation stops at the first click. In Pandora’s
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Box and in Prophet Inequality the number is policy driven since the algorithm adaptively opens boxes
and decides when to stop.

C Omitted Details from the Non-Contextual Settings

C.1 Technical Lemmas

Lemma C.1.1 (Bernstein inequality). Given m € N, let X1, X5, ..., X, be i.i.d. random variables
such that E[X;] = 0,E[X?] = 02, and | X;| < M for some constant M > 0. Then, for all t > 0

m t2
PSS x> 1) < 2o -t ).
; = SO oo 1+ 20t

Lemma C.1.2. Let D = (Ds,...,D,) be a [0, 1]-bounded product distribution, and for each i, let
EN, i be the empirical distribution constructed by assigning N; i.i.d. samples from D; with equal
probability mass 1/N;. With probability at least 1 — 6, for any i € [n], any N; € [T, and any
z €[0,1],

. _ 2 s—1
P (2) = Feu (2] < \/2FDi(z)(1 FDI.A(;))Iog(QT2n5 1)+log(2z;v L0 SRS

Proof. This proof follows a similar idea to Guo et al. [2019, Lemma 5], but we apply an additional
union bound to account for all possible N;. Fix i and NV;. It is suffices to show that for all z € [0, 1]
such that Fp, (z) is multiples of 1/N;, the following holds.

2Fp, (2)(1 — Fp,(2))log(2T?n~1) | 2log(2Tnd ")
Ni 3Nz ’

|Fp,(2) = Fey, ,(2)] < \/ (11)

This is because given the results above, the general bound on the difference of CDF of any value
differs at most an extra additive factor NL < bg@g%i).

Then fix any z such that Fp, () is multiples of 1/N;. Let Y; be the indicator function of the i-th
sample no smaller than z and let X; = Y; — E[Y;]. By Bernstein inequality (see Lemma C.1.1),

taking ¢ be V; times the RHS of Eq. (11),

()

N;
DX
i=1

t2 )
>t = — < —
> eXp( 9N, Fp,(2)(1 — Fp.(2)) + gt) =T

Since N; < T', by a union bound over all IV;, with probability at least 1 — n%’ Eq. (11) holds for all
z such that Fp, (z) is multiples of 1/N;. Further, by union bounds over all ¢ € [n] and N; € [T, we
O

get that Eq. (10) does not hold with probability at most §.

As Fp,(-) is unknown, we present the following corollary, which provides a confidence bound
depending on known Fg, ().

Corollary C.1.3. Under the same setting of Lemma C.1.2, suppose that the concentration bounds of
Lemma C.1.2 all hold, and then for any i € [n], any N; € [T'] and any z € [0, 1],

2F¢,, .(x)(1 = Fe, .(x))L
|Fp, (&) — Fey, . ()] g\/ s (@) ~ £, (7)) +%, where L = 4log(2nT26~1). (12)

%

Proof. Fix any i and N;. For notional simplicity, we write & = €y, ;. For any = € [0, 1],

FDi(x)(l — Fp, (l‘)) < ng(‘r)(l - Ffz(x» + |FDL($)(1 — Fp, (‘T)) - ng(m)(l — Fg, (.’13))‘
< Fe,(x)(1 = Fg, () + |Fp, () — Fe,(x)], (13)

where the last inequality uses the fact that function y — y? is 1-Lipschitz for y € [0, 1].
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Let L' = log(2nT?6~!). From Egq. (10), we can show for any = € [0, 1]

|Fp, (x) — Fg,(z)] < \/QFDi(l‘)(l];iFDi(x))L' N %
< \/2L/ (Fe,(2)(1 — Fg,(x)) + |Fp, (x) — Fg, (x)]) . r

S¢%ﬂmmamuwu%mmfwm v

N, N, TN

<

¢uﬂmm—&mng%mw&wnzﬂ 14

N, 2 N;’

where the second inequality uses Eq. (13), and the last inequality uses 2v/ab < a+ b forany a,b > 0
(here a = L' /N; and b = §|Fp, () — F¢,(z)|). Rearranging the above inequality gives the claimed
bound for fixed ¢, IV;. Since this argument holds for all %, IV;, the lemma thus follows. O

Lemma C.14. Forallt,i, Fg, (-) constructed by Eq. (1) is a valid CDF.

k3

Proof. To show F, ‘. (+) is valid, we show that it is a right-continuous, non-decreasing function in
the range of [0, 1]. Consider any given ¢, . From Eq. (1), one can easily see F, () € [0, 1] for all
x € [0,1]. As Fg, ,(-) is right-continuous and max function preserves the right-continuous property,
Fy, () is again right-continuous.

Now, we verify the monotonicity of F¢ (). Since Fg, () is non-decreasing, we only need to

show Fg (z) is non-decreasing as a function of Fg, , (z). Let k = % For the interval of x such

that Fg, ,(z) < k, Fg, (z)is 0, and thus it is non-decreasing. Then we only need to consider the
interval of x such that F, ,(z) > k. We lety = Fg, , (), and rewrite the formulation for Fg () as

fly) =y —+/2ky(1 —y) — k. In this case, f'(y) = 1 — \\/F% When y > % this is obviously
non-negative, and thus f(y) is non-decreasing. Then, we consider the case of y < % and show that

2y(1 —y) > VE(1 — 2y). Asy > k, it is enough to show /2y(1 — y) > V(1 —2y). This is
equivalent to show 4y — 2y — 1 < 0 when y < % which can be easily verified.

As the argument holds for all ¢, ¢, the lemma thus follows. O

Lemma C.1.5 (Restatement of Lemma 3.1.2). With probability at least 1 — 6, for all t € [T},
& =sp D.

Proof. For this proof, we show f:}, >=sp D; for all 4. Fix ¢,4. It suffices to show that for all
z €10,1], Fg, (z) < Fp,(z). Forx =1, Fg (x) = Fp,(x) = 1. Forz € [0,1), we have

i

Fém(x) = max {07 th,i(x) - \/Qth‘i (l‘)(l — th,i(x))L _ L }

mi Mt

)

)

< max {0’ FDi (1‘)} = FDi ('T)’
where the inequality follows from Corollary C.1.3.

Repeating the same argument for all ¢ € [n] completes the proof. O

C.2 Lipschitz Property, Monotonicity, and Sharp Derivative for Pandora’s Box

Before proving Lipschitz property and monotonicity for R; (o, z), we first introduce the following
supporting results.
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Definition C.2.1 ((n, D, ¢)-Pandora’s box instance). We use (n, D, ¢) to characterize a Pandora’s
box instance where product distribution D = (D1,...,D,,) is over n boxes, each of which is
associated with a cost c;.

For any (n, D, ¢)-Pandora’s box instance, let W, : [0,1]™ x [0,1]" — 2["] be a general threshold
rule with initial value u. Specifically, for any initial value u, threshold o, and realization x ~ D,
W (o, x) is the set of opened boxes following rule W,,. For any u, o, if the initial value u > max; o;,
then W, (o, -) = 0, that is, the learner does not open any box and keeps the initial value u. Otherwise,
the learner keeps the initial value » in hand but continues to open boxes by running Algorithm 1 with
Vimax = u and threshold o. Let

R(o;z;u; W,) =maxqu, max x; p — Ci
( ) { 1EW, (o;2) } iEVVZ(U'w)
R(o; D;u; W) = ED[R(U;JI;U; W)l

T~

Here, R(o; z;u; W,,) is the utility if the learner adopts rule W, to run threshold o with initial value
u over realization . As shown by Weitzman [1978], for any initial value u, the expected utility
R(op; D;u; W,,) enjoys the optimality.

Lemma C.2.2 (Monotonicity and 1-Lipschitz Property for Pandora’s Box). For any initial

values u, v, if the learner runs general threshold rules W,, and W,, with u > v, respectively on a
(n, D, ¢)-Pandora’s Box instance, then we have

0< ED [R(op;x;u; Wy,)] — ED [R(op;x;v; Wy)] < u—w.

Consequenctly, the following 1-Lipschitz property holds: for any u,v,

]ED [R(op;x;u; Wy,)] — IED [R(op;x;0; Wo)]| < |u—v].
Proof. Consider any u > v. For any realization = (z1, ..., z,) drawn from product distribution

D, the utility given the initial value s (= u or v) and rule W is

R(op;z;s; W —Inax{s7 max x-}— Ci.
( : iEW (o) iew%:f,-z) 7
Taking W = W, and s = u and v, respectively, we have
E [Rlop;z;u;Wo)l = E [R(opia;v; W)l

= E [max {u, max 177} — max {1}, max z,}]
x~D €Wy (op;z) €Wy (op;z)
> 0.
Given the initial value u and threshold o p, using rule W, recovers the Weitzman’s optimal algorithm.
Thus, the corresponding expected utility should be no smaller than that of running rule W,, with

the same threshold o p and initial value u, i.e., E,p [R(op; x; u; W,,)] < Epop [R(op; 25 u; W),
which implies 0 < E,p [R(op; z;u; Wy)] — Epp [R(op; x50, W)

Taking W = W,,, and s = u and v, respectively, we have
E [Rlop;z;u;Wo)] — E[R(op;z;0;Wa)]

= E |maxqu, max x;,—max<v, max x;
x~D €Wy (op;z) €Wy (op;z)
<u-—v.

where the inequality holds since for any x, f,.(v) = max{v, z} is 1-Lipschitz with respect to v.

A

As W, is optimal given initial value v and threshold op, we have E,.p [R(op;z;v; Wy,)] <
E.~p [R(op; x;v; Wy)], implying E,p [R(op; x;u; Wy)] — Exnp [R(op; x;0; Wy)] < u — .
Thus, the lemma follows.

O
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For any = € [0,1]", we define z~; := (zi41,...,%,) and z<; := (21,...,2;_1). Based on the
definition of Ht,i = (D17 - Dy, gt’iJrl’ cee ;gt,n>» we define

Hi>ii= (ét,i-i-ly .y&n) and Hi<i = (D1,...,D;i_1).
For any z € [0, 1], any = € [0,1]™, and any o € [0, 1], we define
Ei(0§$<i,z) = E [R(0;(T1,- -y i1, 2, Tig1, - -+, Tn))] (15)
Tsi~vHe, i
= R E R [R(U;(xl,...,xi_l,z,xi_,_l,...,xn))],
i~ (Etit1y--E8,n)
where the expectation is taken only for ~; := (Z;41,...,Zn)-

Lemma C.2.3 (Restatement of Lemma 3.2.1). Forallt € [T) and i € [n), the map R;(oy; z) is
1-Lipschitz and monotonically-increasing with respect to z in the Pandora’s Box problem.

Proof. For simplicity, we assume without loss of generality that 0,1 > 042 > --- > 0y ,. For
any z € [0,1] and any = € [0,1]", if box i is opened at round ¢, then the map R;(0+; x<;, 2) is the
expected utility of running oy on (%41, ..., Zy) ~ He > with initial value max{z1,...,z;—1, 2}
A key fact here is that 0, = o, and H; ~; = (5},7“1, ... ,étm), which imply that the algorithm
runs the optimal threshold in descending order. Thus Lemma C.2.2 implies that f{i(at; X<, 2) 1S
1-Lipschitz with respect to z and for any u > v, and that R;(0¢; <, u) — Ri(04; 2«4, v) € [0,u—v].
This, in turn, implies that

Ri(ot;u) — Ri(op;v) = N (DE - [ﬁi(at;x<i7u) — ﬁi(ot;xQﬂ)) | EJM} € [0,u—v).
<inY 1,9 —1

The 1-Lipschitz property of Ei(a; z) is an immediate corollary, and the proof is thus complete. [

Lemma C.2.4 (Restatement of Lemma 3.2.2). Suppose that oy > 012 > -+ > 0y . The Pandora’s
Box problem satisfies the following:
0 ~ Hj<i F D, (2)

0< ——Ri(o4;2) <

———, Vz€|0,04i+1).

. i 2) < O z €[0,0141)

Proof. According to Lemma 3.2.1, the map Ei(at; z) is monotonically increasing with respect to z,
which implies that 0 < %Ri(at; z). Then, we only need to prove forany 0 < v < u < 0y 41,

~ ~ . Hj<i FDJ-(U)'

Ri(op;u) — Ri(og;v) < (u—w) o (16)

To this end, we deduce the following:
}Nfi(ot; u) — Ei(ot; v)
= E {El X <iy - Ez s L <y E; Z}
o oE o [Rleneaw - Riosacn) | En,
(2 [ﬁi(oﬁ T <4, Max {$<i»u}) - Ei(at§x<i7max {x<i7v}) | Eat,z}
$<11N(D17"' 7Di—1)

< E ) — 0} | Boys
S enDE D) [max {z<;,u} — max{z<;,v} | Eg, .

—~
=

= E max {Z;,u} —max{x;,v}) I u > maxz,; | By,

s (u-= E Ku>maxz; s | E,
- (U U) zoi~(Dy,,Di1) |: {u I?<7X:EJ} | 1,71:|

= (u—v)- P (max zj <ul Eo)

x<i~ (D1, ,Di1) \ J<t
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IP>30<i~(D1,'" Di—1) (maxj@ Tj < U, EUui)

= (u v) Pw<i~(D1,-~- o (Eﬂm)
(© () Py n(Dy,e Dy ) (MAXj o 25 < u)
Py in(DyyeDi1) (Boyi)
Hj<i FDJ- (u)

u—v
( ) O
where (a) holds since conditioning on Ey, ; (i.e., opening box i), the expected reward remains
unchanged by replacing u (or v) by the maximum so far, the inequality uses the 1-Lipschitz property of
R;i(o+; <4, z) with respect to variable z, (b) follows from the fact that max (z<;, u) —max (r<;, v) is
non-zero only when max; «; z; < was u > v, and (c) holds due to {maxj@ z; < u} C E,, ; where
this containment follows from the fact that v < 0y ;41 < 0y; and E,, ; = {max,«; £; < 0y}

Thus, the stated claim holds. O

C.3 Lipschitz Property, Monotonicity, and Sharp Derivative for Prophet Inequality

In the following, we prove the similar results for Prophet Inequality.

Lemma C.3.1. Consider any two product distributions D,, = (u, Ds, Ds,...,D,,) and D, =
(v, Do, D3, ..., D,), where the first box deterministically produces rewards u and v, respectively,
and the remaining boxes share the same distributions. If u > v, then

0 < R(op,;Dy) — R(op,; Dy) <u—w.

As a corollary, we have the following 1-Lipschitz property. For any u, v,
|R(op,; Du) — R(op,; Dy)| < |u—vl.

Proof. As op, is computed by backward induction from Definition A.1, we have R(cp,; D) =
op,,1 = max{u,op, 2}. Moreover, since the distribution of boxes from 2, ...,n are the same,
0D, = 0D, foralli > 2. Forany u > v,

R(op,;Dy) — R(op,; Dy) = max{u,op, 2} — max{v,op, 2} € [0,u — v],

us

where the inequality holds since max function is 1-Lipschitz and op, » = op, 2. Thus, the lemma
follows. O]

In the Prophet Inequality problem, the definition of R; (03 z) takes the same form as in Eq. (6), but

uses the utility function R defined in Eq. (9). Similarly, we follow Eq. (15) to define R;(c;xz<;, 2),
again using the utility function defined in Eq. (9).

Lemma C.3.2. Forallt € [T), i € [n], R;(0; 2) is 1-Lipschitz and monotonically-increasing with
respect to z in Prophet Inequality problem.

Proof. As the order of the boxes is fixed across time, we use Lemma C.3.1 to repeat a similar
argument in Lemma 3.2.1 to complete the proof. The only difference is that conditioning on event
that the learner opens box 4, R;(0; x<;, ) can be interpreted as the expected utility of running o on
(Tit1y---sTn) ~ He>; With z; = z since 1, . .., x;_1 are discarded.

Lemma C.3.3 (Sharp Bound of Derivative for Prophet Inequality). The Prophet Inequality
problem satisfies

0 ~
&Rl([th) = 0, VZ € [O,Ut’i) .

Proof. Forany 0 < v < wu < 0y, we have that

Ei(UﬁU) - fiz‘(Ut;U) = E Ei(0t5x<iau) - Ei(at;x<iav) | Es,:| =0,
T<i~ (D1, ,Di—1)

where the second equality uses the fact that if the learner opens box ¢ and the realized value is smaller
than o, ;, then they will discard it and keep opening subsequent boxes. Thus, the lemma follows. [J
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C.4 Proof of O(v/nT) Regret Bound for Pandora’s Box

The analysis in this section conditions on the event that the concentration bounds of Lemma C.1.2
hold with respect to D and &; for all ¢. Recall from Section 3.2 that regret is bounded by

Reg, < Z Z]E Qi - (ZNét 1 [Ei(at; z)} — ZiEDi [Ei(at; z)}) ] ) 17

t=1 i=1
=:Term ;

Consider any given round ¢ and suppose, without loss of generality, that

041 2042 2" 2 Ot
Since R;(oy; z) is 1-Lipschitz with respect to z, the map R; (o¢; z) is absolutely continuous on [0, 1],
which implies that it is differentiable almost everywhere in [0, 1]. By the fundamental theorem of

calculus, for any x € [0, 1], we have that Ei(at; ) = éi(at, )+ fo 5-Ri(0t; 2) dz. Therefore, we
have that

Term; ; = ]E Ei(at;z)] —ZNED_ [Ei(at;z)]
= E -E-( :0) + Zﬁfz-( ) dt| — E t) dt
_zwff,,’i i i\Ot; 0 6t i\Ot; 2D, Ut7 a Ut»
- 8
- & |[ gRdostnt=a|- 5 L/ (o m{zzt}d4

1 o ~ 1 0 ~
= /0 (1 — th(z)) @Ri(at; z)dz — /0 (1= Fp,(2)) &Ri(at; z) dz.
According to the analysis in Section 3.2, we bound

Ot,i+1 8 -~
Term;; < / ‘FD — Fg, (z)’ dz+/ (FD(z) — Fg, (z)) aRi(at;z) dz.
Ot,it1 ’ 0 ’

Agi Bt,i

Now, we complete the bounds on A; ; and B; ;.

Bounding A; ;. We have

1 1
Aus [ |Pn) - Fe )] o [ '&A@—%A@Mz

tit1l tit1l

— F )(1 - F, L
O( / ¢a) )(1— Fp,( @+/ ¢sm s“m>d>
Ot,i+1 Ot,i4+1
1—Fp (04i41))L 1 — Fe, (04441))L
O( +¢< D@ym>+¢< exwﬂn>
mt meq mi

IN

<
<O<\/(1—FDi(at,M))L+ L ) s
miq meq

where the second inequality bounds |Fp,(z) — Fg, ,(2)| by Lemma C.1.2 and bounds |Fg, ,(2) —
F¢, (2)| by the construction Eq. (1), and the third inequality bounds 1 — Fp,(2) <1—Fp,(04,i+1)

(s1mllar for 1 — Fg, ,(2)) as z > 0y j11. The last inequality follows from the following reasoning:

VO—RJ%HML

me

- \/(1 — Fp,(01,i+1))L + L |Fe, (01,i11) — Fp,(0¢,i11)]

me
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- \/(1 — Fp,(0141))L N \/L|F5t,i(0t,i+1) — Fp,(04i11)]

me g me g

My g 2 my g

3

SO( ¢<1—FDi<ot,i+1>>L+ L ) (19)

— ) . Fe, . i — Fp. i
<\/(1 FD[(O't,z+1))L+| e, (0tit1) — Fp, (04i11)] N L

mye g me g

where the third inequality uses v2ab < a + b for any a,b > 0, and the last inequality bounds
|Fe, ,(01i+1) — Fp,(0¢,i+1)| by Lemma C.1.2.

Bounding B; ;. By Lemma 3.2.2, we bound

By, < /GMJrl \/H7<1FD )\/Hj<i Fp, ()
0

Fp,(2) - 5”( )‘ dz
< /OUMJrl (|FD1 (Z) - thl(z)f + ‘thﬂ.(z) — Féu(z)‘) M dz, (20)

Qti
Qi
where the second inequality bounds [];_, Fp,(z) < [[;; Fp, (0t,i+1) < [[;<; Fip; (0t,:) = Qui
forall z < oy i41.

On the one hand, we use Lemma C.1.2 to bound for any z

|FDi(z)—Fs,,,i(Z)\<0<\/FD1‘(Z)(1_FD1‘(Z))L+ L ><0< A-Fp, ()L | L )

Mt q meq ™miq Mt q

) )

On the other hand, we use the construction of optimistic distribution EA}’Z- in Eq. (1) to show for any z

’Fst,i(z)—Fgm(Z)‘<(9< w+ L ><(9< M_F L >’

me g meq miq Mt q

s

where the last inequality repeats the same argument in Eq. (19).

Plugging the two bounds above into Eq. (20), we have that

Critt _ .. Fp.
so<off ( <1Fm<z>>L+L> i P2, )
0 My g me g Qt,z‘
- O /a’f,,i+1 Hj<i FDj (Z)(l - FD H]<z dZ
0 Qrimy g Qt i M i
Uf i+1 F 1 - F ; L
<o|-L + \/HN b,(x)A = Fp,GDLY
me i Qt Iz N
SO \/H7<1FD 1_FD1(Z))L dZ ,
My Qt Mt 4

where the second inequality follows from

H]<z H]<z Ut H‘l H]<z FD Ut 1) -1
Qt 7 Qt [
)

based on the fact that z < oy ;41 and Q; = Hj<i Fp,(04,:).
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Regret for round ¢. From the bounds of A, ; and B ;, the regret at round ¢ is bounded as

Reg(t) Z Term;; <O | E Z Qm‘\/(l — Fp,(01i+1))L

i€[n] i€[n] Mt,i
+§:/‘¢HK#%AM1—HM@M@JW+L@J
) My My

The first term is bounded as follows:

(1 - Fp,(ot,i+1))L
E Qi
; me g
i€[n] ’

¢Z@we%mmm

i€[n]

where the first inequality uses the Cauchy—Schwarz inequality, and the second inequality follows
from the the fact that

> Qui(l = Fp,(0ti11)) > 11 Fp,(00)(1 = Fo,(01i41))

i€n) i€[n] j<i
< Z HFDJ' (Ut7j+1)(1 - FD,i (Ut,i+1))
i€[n] j<i
- Z HFDJ (Ut,j—}-l) 7HFDj(Ut,j+1)
i€[n] \J<i j<i
<1

Here, the first inequality holds since the descending sorted assumption on o; gives 0 j4+1 > 0y ; for
all j < ¢, and the last inequality follows from the fact that the summation forms a telescoping sum.

To bound the second term, we show that

2:/1¢Hﬁuﬂ%@x;lF@@»Ldez

/Z 1 7p, ()1 = Fp,(2)) LmQt"jid

i€n] | 1<t

/ S I[ Fo,(2)(1 — Fo,(2))
i€[n] j<i
LQ:

Z my g ’

i€[n]

IN

where the first inequality uses the Cauchy—Schwarz inequality, and the last inequality follows from
the fact that 3, [1;; Fip, (2)(1 — Fp,(2)) forms a telescoping sum.

Combining all bounds above, we have

5 L, LQu

me g me g

Reg(t) <O | E
1€[n]
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Algorithm 4 Proposed algorithm for Prophet Inequality

Input: confidence ¢ € (0, 1), horizon 7.
Initialize: open all boxes once and observe rewards. Set m; ; = 1 forall i € [n].
fort=1,2,...,Tdo
For each ¢ € [n], construct an optimistic distribution (‘:’m according to Eq. (1).
Use Definition A.1 with distribution & to compute 0y = (04.1,...,0¢n)-
Run Algorithm 3 with o, to open a set of boxes, denoted by B, and observe rewards {v; ; }ies, .
Update counters myy1; = my; + 1, Vi € By and myyq,; = my i, Vi & By.

Summing Reg(¢) over all ¢. The Cauchy—Schwarz inequality gives

Z LQy; n LQy;

=1 i mye g mye g
[ T T
LQti LQtz
<O|E T : :
ez[:]; Mt,i +; Mmt.i

21

<0 TZ]E

1€[n]

Mq
I

where the last inequality uses Jensen’s inequality.

Finally, it remains to bound E| Zthl LQy;i/my;]. Let Iy ; = I{Eq, ;}.

Z Z LTZ“ N Z Z L%Lf“ - Z > Miil < 0 mLlog(1)). @2)

t=14i€[n t=14€n t= 12€[n]

where the second equality holds due to m, ; is deterministic given history before round ¢.

Combining the bound E| ZtT:l LQqi/my ;] = O(nLlogT) with Eq. (21) completes the proof of
Theorem 3.1.3.

Cs5 (5(\/ nT') Regret Bound for Prophet Inequality

The proposed algorithm for the Prophet Inequality problem is shown in Algorithm 4.
Theorem C.5.1. For the Prophet Inequality problem, choosing § = T~ for Algorithm 4 ensures

Reg, = O (\/nT log(T") log(nT") 4+ nlog(T) log(nT)> .

Proof. The analysis conditions on the event that the concentration bounds of Lemma C.1.2 hold with
respect to D and &, for all . As shown by Guo et al. [2021], the Prophet Inequality satisfies the
same monotonicity as Pandora’s Box. Thus, the analysis follows the same approach as used in the

Pandora’s Box problem to bound Reg,- < Zle Z?:l E [Q:,; - Term; ;] where Term, ; has the same
definition as in Eq. (4) with a new utility function R defined in Eq. (9).

As shown in Lemma C.3.2, the Prophet Inequality problem has both monotonicity and smoothness
properties. Therefore, repeating the same analysis in Section 3.2 (splitting the integral on o, ; instead
of o4 441) gives

Ot,i a -
Term;; < / ‘FD — Fg, (z)’ dz + / (FDi (z) — Fg, (z)) @Ri(gﬁ z)dz
Ot ’ 0 ’

= [ Jroe) e 2]

At
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where the equality applies Lemma C.3.3. We use the same argument as in Eq. (18) to bound A, ;:

indeed,
1— Fp, )L L
A <0 <\/( D:(0::))L | ) .
’ My q me

Thus, the regret at round ¢ is bounded by

Reg(t) < O ZQH\/l_FDU“ ZQH

i€[n] i€[n] Mt,i

In particular, we bound

Z 0, i\/(l — Ip,(044))L

1€[n]

Qt’L
2

My

IN

> Qui(l = Fp,(014))

1€[n] i€[n]
— IS I Fo, (00)(1 = Fp, (o z@g > et
i€n] j<i i€ 0

where the equality holds since Q¢ ; = [[,; Fp,(0+,;) in the Prophet Inequality setting.
By repeating the same argument as in Eq. (21) and Eq. (22), the proof of Theorem C.5.1 is complete.

O
C.6 High-Probability Regret Bounds
The regret metric now is .
Reg) := Y (R(op; D) — R(ow; D)). (23)
t=1

Following the same argument in Section 3.2, we arrive at Eq. (4) without expectation. As oy and H; ;
are deterministic given history, we have

R(Ut§ Ht,zel) - R(Ut; Ht,i) = Et[R(Ut; Ht,ifl) - R(Jt; Ht,i)]»
where ;-] is the conditional expectation given history before round ¢. Then, we can follow the same

analysis to arrive at /> Qti  To handle this, let M, = = Quizlus ~Iti and {My,;}, is martingale

it my me,;

difference sequence. By Freedman’s inequality, with probability at least 1 — &, we have ), M, ; <
2V 1og(1/6) +1og(1/5) where V = Zt L E¢[M?;]. Notice that V = QuizQiy o Qt? Thus, we

M i — Mmy

have Y-, My ; < \/21og(1/0) >, Qr.i/mu,i +10g(1/8) < 53, Qri/mu; + 2log( 1/6) where the
last step uses the AM-GM inequality. Rearranging it gives Zf T Qt - < O(log(1/96) + Zf 10 It ~).

Therefore, by choosing 4 properly and applying a union bound, W1th high probability, the regret is
bounded by O(v/nT).

C.7 Extension to Subgaussian Rewards

For each box, if the reward distribution is sub-Gaussian, then our algorithms still work with minor
modifications. Specifically, if the reward distribution of box ¢ is K;-sub-Gaussian, one can set

a range [—K;\/21log(2T2n), K;1/21log(2T2n)]. Then, the algorithm updates parameters only if
the received reward of each box i is within range of [—K;+/2log(272n), K;+/2log(2T2n)]. On
those rounds, the algorithm and its regret analysis coincide exactly with the bounded-reward setting.
Meanwhile, by a union bound on sub-Gaussian tails, the probability that any reward ever exceeds its

range is at most 1/7. Therefore, its contribution to the expected regret is only 6(1)
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D Omitted Details of Contextual Linear Setting

D.1 Preliminaries

Lemma D.1.1 (DKW Inequality). Given a natural number N, let X1, ..., Xy be i.i.d. samples from
distribution D with cumulative distribution function Fp(-). Let Fg(-) be the associated empirical
distribution function £ such that for all x € R, we define Fe(z) = =+ 25\7:1 1{X; < z}. Forevery
e >0,
P (sup|Fg(x) — Fp(z)| > 5) < 2exp(—2Ne?).
Tz€R

Lemma D.1.2. Let D = (D, ..., D,) be a product distribution, and for each i, let En;, ; be the
empirical distribution built from N; i.i.d. samples of D;. With probability at least 1 — 6 /2, for any
i € [n], any N; € [T],

log(4Tnd—1
sup |FDi(2) — FgN(z)| < 7g( 5N ) (24)
z€R [

Proof. We first fix any ¢ and NV; and apply Lemma D.1.1. Then, the lemma follows by using a union
bound over all ¢ € [n] and N; € [T]. O

Lemma D.1.3. With probability at least 1 — /2, for any t > 0 and any i € [n],

Proof. Fix any i € [n]. Since the noise distribution of each box is §-subgaussian, and {z;;}, is a
R?-valued stochastic process such that 24,; 1s measurable with respect to the history, [Lattimore and
Szepesvari, 2020, Theorem 20.5] directly gives the claimed result for the fixed ¢. Using a union
bound over all 7 € [n] completes the proof. O

~ T
0; — 0 <as, where as=1+ \/21og(2n/§) + dlog (1 + d>'

i

Lemma D.1.4 (Elliptical Potential Lemma (see, e.g., Lemma 11 in [Abbasi-Yadkori et al., 2011])).
Let I € R4 be an identity matrix and a sequence of vectors ay,. .. ,an € R% with ||a;||, < 1 for
alli € [N). Let V, =1+ .., asa] . Then, for all N € N, we have

al N
Zmin {1, Hat||%/t—_11} < 2dlog (1 + d) .
t=1

Definition D.1.5 (Definition of bt). Let Et = (Et,l, ce Btm) where each 5“ is an empirical
distribution which assigns my ; i.i.d. noise samples from D; with equal probability mass 1/m, ;.

Definition D.1.6 (“Nice' event). Let & be the nice event that the concentration bounds in

Lemma D.1.2 for D, D, hold for allt € [T), and the concentration bounds in Lemma D.1.3 hold
simultaneously.

Lemma D.1.7. Suppose that & holds. For any context x € X and any round t € [T,

‘<$,9t,i - 9i> < Bt ().
Proof. For any t, 1, x, one can show that
(.0 = 0)| < lally o [0 = Bual| < aslialy s = 87 @),
" t,i "t

where the first inequality follows from the Cauchy—Schwarz inequality and the second inequality
uses Lemma D.1.3. O
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D.2 Algorithms and 1) (nd\/T) Bounds for Pandora’s Box and Prophet Inequality

The omitted algorithm for both the Pandora’s Box and Prophet Inequality problems is presented in
Algorithm 5. Unlike the non-contextual case (see Eq. (1)), we use a slightly different construction
for the optimistic distribution. This is because the Bernstein-type construction requires access to the
CDF of an empirical distribution based on i.i.d. samples, which is unavailable in our setting. As a
result, we use the following approach instead.

Optimistic distribution f:'“ Let L = % log(4nT'/§). The CDF of f‘m is constructed as follows:
1, z =1
Fe,.(2) = max {O,Fgm(x) — /=2 } , 0z <1, @5)

me i

Now, we prove Lemma 4.1 which shows that the optimistic distribution & stochastically dominates
D; for all ¢.

Lemma D.2.1 (Restatement of Lemma 4.1). Suppose that & holds. For all t € [T, & =sp Dy.

Proof. For this proof, we show EAM =sp D, ; foralli,t. Fixabox ¢ € [n] and around ¢ € [T]. If
c > 1, then
IP’XNEAM(X <c¢)= PX~D“<X <c¢)=1.

For any ¢ < 1, we have that

mi;

s

L
]P)XNgt 7(X S C) = max {Ov]P)XNEt,i(X S C) — }

<max {0,Pz.p,, (Z<c)}
= PZNDtYi (Z S C)7

The inequality holds due to the following reason:

L
Pxng, (X <) =/ -
t,i

1 & ~ ~ L
=— ]I{nt,;(j),i + ()i — LCBY (6415, 24,(jy,:) + UCBL(0—1,5,21,5) < C} -

m = Mt q

1 & ~ L
< — ]I{nti(j),i + UCBﬁ(et—l,miﬂt,i) < C} -

m 4 mt

Jj=1 '
1 & L

< T, ya < € — i} —
= e Z {meya < o= pei Mo

i=1
<Pxop, (X <c— )
=Pzp,, (Z<¢),

where the first inequality follows from the facts that py, (5),; — LCBE(@_M, xti(j))i) > 0, the second
inequality uses the fact that UCBE(@_M, Ti;) > i, and the last inequality follows from the
concentration bound given by &.

Conditioning on the “nice" event, the argument holds for all ¢ and ¢. The proof is complete. O

Next, we present the following lemma, whose proof is in the next subsection.
Lemma D.2.2. Suppose that & holds. For both the Pandora’s Box and Prophet Inequality problems,
we have that

T n Mt .4
L 1 ~ | Lt st
Regr <) D O (E|Qui P 2 |~ Fa
t=1 i=1 ’ oj=1
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Algorithm 5 Proposed algorithm for contextual linear model

Input: confidence ¢ € (0, 1), horizon 7.
Initialize: observe context {xo ; }ic[n for each box, open each box, observe rewards {vg ; }ic[n}, and

update counters {m1 ; };c[n) and parameters {éo,i}ie[n] where ’9\071- =(I+ xo,ix&i)flmoyivo,i.
fort=1,2,...,Tdo
Observe contexts (¢ 1, . . ., Zt,) and compute /i ; = <§t,1$i, :vm-> for each ¢ € [n].
For each i € [n], use Eq. (25) to construct an empirical distribution (c:'m, by using samples
{00 = LOBLBr-1,5,,) + UCB{ (@)}
s<t:i€Bg
if Pandora’s Box then
Compute ¢ = (04,1, - - -, 0¢,n) Where oy ; is the solution of E, ¢ . [(x — atﬂ-)+] =¢.
Run Algorithm 1 with o to open a set of boxes, denoted by 55, to observe rewards {v; ; }iep, -

else if Prophet Inequality then

Use Definition A.1 with distribution & to compute op = (0¢1,--.,0¢n).
Run Algorithm 3 with o to open a set of boxes, denoted by 55, to observe rewards {v; ; }iep, -

Update counters my1, = my; + 1, Vi € By and myq1,; = my;, Vi & By
Update estimate for each i € B;:

T n -1
Vii=1+ E TsiTs,; Where O = Vt’i E Ts,iVs,i-
s<t:i€Bg s<t:i€Bg

With Lemma D.2.2 in hand, we are now ready to prove Theorem 4.2.

Proof of Theorem 4.2. The analysis conditions on event & which is defined in Definition D.1.6 and
occurs with probability at least 1 — §. Recall that I, ; = I{E,, ;}. For the first term, we take the
iterated expectation and use the facts that Q; ; = E;[I; ;] and m, ; is deterministic given the history

to get
ZZE[QHH »y f“ﬂ < o).
t=1i=1 t=1 i=1

Next, we bound the summation of the second term. To this end, we show that

t
Pi(i)a T Pt

=min< 1

}

Ne;(j),i T He,i — min {17 V()i — LCBE(@—L@ Ty, (5),) + UCB?(@—Lm x“)}’}

t 2t
L) T PG

= min

{
{
i
n{
{

—_

<min 1, |vg, 5y, — LCB; (9t 1,i> Tt;(5),i ;) + UCB; (9t 1is Tti) = Nty (5),i — M }
<m 1, Ut (5),i _LCBg(et—lmxti(g‘), ) — M ( ‘UCBt Or—1,i, 74 z) i }
=min {1, |, (), —LCBE(@,Li,xti(j),i) + UCBi(Gt,LZ-,xm—) — Lt }

= min {1, <xti(j),ia 0; — é\t—l,i> + B} (4,(j).) }
<min{1 2BL( (T4, (5 ')Jrzﬂt(l'ti)}
<m1n{1 28L( (w4, }—i—mm{l 2! :U“)}7 (26)

+ ‘<ajm, 0; — é\t—l,i> + B (we)

where the first equality holds due to z;, ()47 2 (i € [0, 1], the first inequality uses |b—min{1, a}| <
|a — b| for b € [0, 1], and the third inequality follows from Lemma D.1.7.
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Using Eq. (26), we have that

Qtz
SyE o

t=1 i=1

me i
2t
H ti(4)i T Pti(i)

j=1

My,

T n
ZZ Qt,i min{laﬁf(mt,ia () )}
=1 =1

For the second term on the right hand side, we have that

n me, i

Yy E Q“Zﬁ (051000

t=1 i=1 20
T n Q Mt 4

SagzZ]E “Zmln{ )’i“‘/till,-}
t=1 i=1

IN
&

[M]=

M=
=

Qtz Zmln{

t,i

~
Il
—
o
Il
N

(7)— 11}
™Mt 4

Q
E mi: mmzmm{ |mt(J)l||V_1) U}

[dlog(1+T/d)
Qf1 M )

o< »IL
g(’)(ag-n\/m),

where the second inequality follows from V;_1 ; = V4, (;)—1,; for all £ and 4, the third inequality uses
Cauchy—Schwarz inequality, and the fourth inequality follows from Lemma D.1.4.
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HMH

Analogously, we take the iterated expectation and use the fact that Q; ; = E;[I; ;] and [|2¢ ;[|;,—1 is
t—1,4
deterministic given the history to conclude that

> E[Quibl(wri 0)]

t=1 i=1

< ag ii{[{ [Qt,i min{l, Hﬂft,iHVt-_lMH

t=1 i=1

n T
= a(S ZE Z‘[t,i mln{17 th’i Vt:ll,i }1
1 t=1

n mr,;
—as B | Y win {1 eeily b

i=1 j=1

n mr,;
<ar Y8 |\ fmre 3 min {1 ol

i=1 j=1

<0 (a5 -ny/dT log(1 + T/d)) .

Combining the bounds above completes the proof of Theorem 4.2. O

D.3 Proof of Lemma D.2.2

We follow a similar analysis of the non-contextual case to focus on the regret bound at each round
and then sum them up together. Let us consider a round ¢. For Pandora’s Box problem, we assume
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WL.O.G.thato,; > 049 > -+ > 0. Similar to the non-contextual analysis, we define for all ¢, ¢

Hio=E, and Hi; = (Dt,h oo D iy 75t,n) .

We have H; , = D, based on this definition. As Lemma 4.1 ensures the stochastic dominance and
both problems enjoy a certain monotonicity, we follow the same analysis in Section 3.2 to show that

Reg(t) = E[R(op; D) — R(oy; D)]

<Y B |Qu B [ROuD) | Eoid— B (R) | Eod
i=1 i S

Term; ;

Now, we define
e Hiy = (Dt,h o Dyi1, Dy Erigr, - 7gt,n)» and

° Ht,i = (Dt,la T 7Dt,i71; gt,ivgt,iJrl, ce agt,n)~

Based on the definitions of H; ;, ’Hm, ’;qt,i, we compute the following decomposition:

Term;; = E  [R(oyz) | Esil— E [R(ouy) | Eo,.il
x~Hy i1 y~He,i
= E [R(os2)|Esyl— E [R(onz)|Es,il
o~He i1 x~Hy
)
+ E [R(oy2) | Esl— E [R(oya)| Eo,il
x~Hei ~He,i
In
+ E [R(oy2)|Esy]l— E [R(oyz)|Es,.l-
e~He i o~vHei
(I

In the remaining analysis, we retain the same definition of Ei(at; z) as in Eq. (6). The analysis
conditions on this history before round ¢, and thus D, is a product distribution.

Bounding (I). By using the fact that F,, ; is independent of i-th box’s reward, we can bound

D= E [R(oyx)|Esil— E [R(ouz)]| Esil

e~He i1 z~He g
= E {Ei(at; z)} - E {Ei(aﬁ 2)}
2~Eri zrEi

N /01 <1 a th(z)) %ﬁi(ot;z) dz — /01 (1 - th(z)) %Ei(0t32) dz

- Al (Fgm(z) - Fgm(z)> %éi(aﬁz) dz

co( L),
meq

where the first inequality follows from the fact that R; (0¢; ) is 1-Lipschitz for both Pandora’s Box
and Prophet Inequality problems (see Lemma 3.2.1 and Lemma C.3.2, respectively), and the last

inequality uses the construction of ft,i in Eq. (25).
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Bounding (IT). One can show that
)= E [R(oy2)|Esul— E [R(oy2)]| Es,il

xNHt,L' wNHt,i
= E {Ei(ot;z)] - E [Ei(at;z)}
z2~Et i ZNDt,'i
1 me,i 1 M. q
=——> R (Ut?éfiw) - D> I (Utézi(j),i)
t,% 1 mt,1 )
J J
me,q

IN

t st
Fti(4)a T PGl

Z
m ]
t,zj 1

where the inequality again the fact that ]?Zi(at; z) is 1-Lipschitz for both Pandora’s Box and Prophet
Inequality problems.

Bounding (III). Then, we have
= E [R(oy2)|Es.]— B [R(oya)| Es,l

IN’Ht,i zNHM
= E [Ri(o1;2)]— E [Ri(04;2)]
ZNDt’i ZNDf/,%

/01 (Fo..(2)~ Fp, (2)) o Rulors ) d=
< /01 ‘FDt,i(z) - FDt,,i(Z)’ dz

1
:/ ‘FDi(Z_ﬂt,i)_Fﬁt i(Z—,U/t’i) dZ
0 ,

co( L),
mt

where the first inequality follows from the fact that %éi(at; z) € [—1,1] due to 1-Lipschitzness,
and the last inequality follows from the concentration bound given by &.

Putting together. Combining all bounds above, we have

" L 1 &, o
Reg(t) <) O [E |Qu, s T Dy B
i=1 . =1

Summing over all ¢ € [T, we complete the proof of Lemma D.2.2.
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