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Abstract

Prophet inequalities have been extensively studied within optimal stopping theory, in
part for their applicability to many online decision-making processes. In this thesis,
we explore the benefits of viewing prophet inequalities as optimisation problems. We
present three main results.

First, we study the classic single-choice prophet inequality problem through a
resource augmentation lens. In this setting, the algorithm faces an additional number
of online independent and identically distributed (i.i.d.) bidders compared to the
prophet. The optimal algorithm has a simple description as it sets carefully chosen
thresholds T(j) for each incoming bidder j and accept a given value from the distribu-
tion if and only if it surpasses T(j). Our goal is to analyse the competition complexity,
which relates to the number of extra resources required in order to approximate the
benchmark by a given factor.

Next, we generalise to arbitrary, independent distributions. Now, the metric asks
for the smallest k such that the expected value of the online algorithm on k copies of
the original instance is at least a (1 — €)-approximation to the expected offline optimum
on a single copy. We show that block threshold algorithms, which set one threshold
per copy, are optimal and give a tight bound of k = ®(log(log1/¢)). This shows that
block threshold algorithms approach the offline optimum doubly-exponentially fast.
For single threshold algorithms, which set the same threshold throughout, we give a
tight bound of k = ©(log(1/¢)) establishing an exponential gap between block and
single threshold algorithms.

Finally, we move on to the i.i.d. k-selection prophet inequality problem, which is
a different extension of the single choice setting in the case of i.i.d. distributions. At
each time step, a decision is made to accept or reject the value, under the constraint
of accepting at most k in total. Our work proposes an infinite-dimensional linear
programming formulation that fully characterises the worst-case tight approximation
ratio of the k-selection prophet inequality problem, complementing the recent semi-
infinite linear programming general approach by Jiang et al. [EC 2023]. Notably, we



introduce a nonlinear system of differential equations that generalises Hill and Kertz’s
equation. For small k, we observe that this approach yields the best approximation
ratios to date.
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Chapter 1

Introduction

1.1 Main concepts

1.1.1 Prophet inequalities

The standard prophet inequality as introduced in [57, 58] is about a gambler who is given
the choice of opening one of n treasure boxes, each of which contains a single value.
The values of all boxes are distributed according to known non-negative independent
random variables. As the gambler opens each box in sequence, a value is drawn from
the distribution of that box. Upon seeing this value, the gambler has to make the
choice of accepting it, or forgoing it forever and moving onto the next box. [57, 58]
showed that the optimal strategy for the gambler recovers a tight fraction of 1/2 of
the largest value among all boxes, in expectation. Formally, n agents with values
v1,...,0, > 0 distributed independently according to Fj,...F, arrive in online fashion.
For each agent i € [n], upon arrival v; is revealed to the algorithm, which has to
make an immediate and irrevocable decision to either accept it or move on to the
following agent. The first time a value is accepted for some agent i € [n], the algorithm
terminates and hence v; is the welfare it has generated. The expected value of the
algorithm is then compared to the performance of a so-called prophet who sees all
values in advance and thus scores E[max;c, v;]. We wish to find an algorithm ALG
and the smallest possible constant ¢ for which

¢ By, ) [ALG(0)] > E[maxo;].
e ie[n]

Whereas [57, 58] accurately analyzed the optimal stopping rule, [73] proposed a
simple single threshold algorithm that also recovers the tight solution to the problem.
More explicitly, assuming continuous distributions, they choose threshold 7 such



that Pr[max;c |, v; > 7] = % The algorithm accepts a value v; if and only if v; > 7.
Although this algorithm is clearly not optimal for every given instance, it is sufficient
to recover the optimal worst case ratio of ¢ =2 when compared to the benchmark.
More precisely, for some sequences of distributions F, the optimal algorithm achieves
a better approximation ratio than the simple 1/2 quantile of maximum algorithm.
However, there exists an instance where the optimal algorithm also does no better than
c = 2. This instance is given by two agents where the first has value 1 with probability
one and the second has value 1 with probability ¢ and 0 otherwise. In this case, any
algorithm will get expected welfare equal to 1, whereas the offline optimum achieves
2—¢.

By viewing the agents as bidders and the threshold 7 as a price set by a seller, it
becomes clear that this result has applications in economics and mechanism design.
Partly due to this connection, there has been much recent work done on extensions
to combinatorial settings of the prophet inequality problem, such as matroids [2,
18, 37, 55], general downward-closed set systems [72] and combinatorial auctions
[20, 27, 29, 34, 36]). Let us consider more closely the setting of combinatorial extensions
given by feasibility constraints and additive valuations. Let F be a downwards
closed set system defined on {1,...,n} along with corresponding known non-negative
independent distributions Fj, ..., F,. The perspective of the gambler is the same as for
the standard prophet inequality where values drawn from Fj, ..., F, arrive sequentially
and a decision must be made on each one in online fashion. However, instead of
stopping after accepting a single value, the gambler now collects a set S € F. The
value achieved by the gambler is E,(r . r, [Yicsvi]- It is compared to the offline
benchmark, E,_(p,,  r,)[maxre 7{¥;crvi}]. [55] give a remarkable generalization of
the standard prophet inequality by showing that when F is a matroid, the same ratio
of 2 is achieved, that is

>E,(R,..F) [max{Zvi}] :

2-Ey(r,..F) lzvi ety
IAS

i€S

Another major reason for the renewed interest in prophet inequalities is their

relevance to auctions, specifically posted priced mechanisms (PPM) in online sales [3,

18, 20, 27, 42, 55]. It was implicitly shown by [18] and [42] that every prophet-type

inequality implies a corresponding approximation guarantee in a PPM, and the
converse holds as well [24].



1.1.2 Competition complexity

In any setting where the goal is to compare the optimal offline algorithm against
an online algorithm, resource augmentation is the general concept of realizing this
analysis while granting only the online algorithm some additional amount of resources.
For example, in the case of an online scheduling problem, the online algorithm could
have access to faster processors compared to the clairvoyant optimum. This type of
resource augmentation was considered in [51], who applied their results to obtain
new insights on the classic uniprocessor CPU scheduling problem. They showed
that at the expense of granting the online algorithm a CPU that is slightly faster
compared to the one used by the optimal offline algorithm, the performance of these
two are within a constant factor of each other, with respect to the number of jobs.
This is remarkable since it is known not to be true when both CPUs have the same
performance. Resource augmentation has a long history of success stories in the design
and analysis of algorithms. It is particularly popular in scheduling [51, 69], but it has
also been studied in many other areas such as paging [75], bin packing [25], or selfish
routing [71]. There are typically several plausible notions of resource augmentation,
which illuminate different aspects of the problem at hand. In the scheduling literature,
for example, we may also grant the online algorithm access to additional machines.
In paging, one can analyze the online algorithm with a larger cache relative to that
used by the offline algorithm; while in bin packing, one may consider giving the
online algorithms larger bins. In selfish routing, comparing the equilibrium flow to
the optimal flow can lead to an arbitrarily large price of anarchy. However, one can
consider the equilibrium flow on an augmented version of the original instance, with
an increased traffic rate. Comparing this to the optimal flow on the original instance
yields interesting results.

In the context of online allocation described above, we grant the online algorithm
access to more samples from the same distributions, say the online algorithm can
choose to allocate the item to one of nk players, where for each distribution F;, there
are k players whose value is drawn from this distribution. The question we seek to
answer is that of understanding how many additional resources (samples) the online
algorithm needs in order to effectively approximate the performance of the offline
optimum in this stochastic setting. This concept is called competition complexity and has
been the subject of study in some excellent recent work by [30], [11] and [8]. To the
best of our knowledge, our work, published in [13], is the first to consider competition
complexity for posted price auctions. As we will further discuss in the following
section, for example in the setting of allocating an item to several agents with the
intent of maximizing welfare, online allocation mechanisms have practical advantages

over say a more traditional second price auction. Being faced with a take it or leave it



price is more time efficient and easier to understand since the price paid is fixed and
doesn’t depend on other agent’s bids. Thus it is fair to assume that an online posted
price mechanism may recruit more bidders than the optimal, second price mechanism.

1.2 Overview of our results

In this thesis, we contribute to different extensions of the classic prophet inequality.

1.2.1 Competition complexity of sequential posted pricing, i.i.d dis-

tributions

In the standard prophet inequality setting, the benchmark [E[max;c[, v;] can alterna-
tively be viewed as the expected welfare of the optimal, not necessarily sequential,
incentive compatible mechanism. In fact a welfare of [E[max;c, v;] can be achieved
by a second price auction. That is, an auction where upon receiving all bids b;, the
winner is declared to be the agent with the highest bid and their payment is equal
to the second highest bid. It is well known that this auction is strongly incentive
compatible, meaning rational bidders will submit their true value as their bid, b; = v;
[19, 41, 76]. In many practical scenarios where such auctions would be deployed,
it is often the case that a simple posted price sequential auction is more appealing
than the second price auction to a number of buyers. One reason is, having the price
depend on another agent’s bid adds an element of uncertainty. Another is that the
result of a second price auction can only be announced once all agents have submitted
their bid, whereas in the sequential auction, bidders are immediately notified of the
outcome. Soliciting bids can potentially be a time consuming process when it is not
an automated procedure. Thus due to the increased simplicity of the online sequential
posted price auction, it is fair to assume that in a significant portion of instances, it
will attract more participants than the second price auction. In this context, it becomes
important to be able to compare the performance of the second price auction on n
agents with the performance of the optimal sequential posted price auction on m > n
agents. We refer to the dependence of m on n and ¢ as the competition complexity of
dynamic pricing.

In Chapter 2, this motivation leads us to study the following problem. Let A,,(F)
be the expected social welfare achievable by the optimal sequential posted price policy
on m iid. draws from a random variable X with cumulative distribution function
F. We compare it to the expected maximum M, (F) of n < m i.i.d. draws. We note
that the optimal online policy is indeed sequential posted price. This is easy to see



when F is continuous. Any online policy is equivalent to a set of prices P; at time
each time t < m for which the item is sold. Let q; = Pr[X € P;]. Then we see that the
posted price strategy that posts z(t) := Pr[X > z(t)] = g; has larger or equal expected
welfare. An instance where F may by discontinuous reduces to one with a continuous
distribution in that, if we allow an algorithm to allocate at a given price with any
chosen probability (rather than either allocating with probabilities 0 or 1), then it can
execute any quantile strategy z(t) as above. We find that for any m > n, there exists F
such that A, (F) < M, (F). In light of this result, we investigate how large the ratio
between these two quantities can become, given the size of m relative to n. For fixed
e > 0 and fixed n, we want to find the smallest m > n such that for every F we have

(1 +€) 'Am(F) > Mn(F)'

The solution is expressed in terms of the function ¢ : R, — R given by

1 1
9= |, i Togty 7o

where log refers to the natural logarithm. We find that for any ¢ > 0 and any n, we
have (1+¢)A;(F) > M, (F) for every F if m > ¢(¢e)n, and for large n this is tight. To
get some intuition on this function, it can be shown that ¢(€) is ®(log(log(1/¢))) as
e — 0, with very small constants hidden in the big-O notation.

We now give a brief summary of how the results were obtained, which in part
illustrates the role optimization played in our work. The general approach in this
chapter is to formulate our question as an optimization problem, which we then
analyze precisely, without making much use of approximations. The values of the
sequence (A;(F));cy have a simple description in that they satisfy the following
recurrence:

Ao(F) =0, Ai(F)=E(X), ..., Aip1(F) = E(max{X, A;(F)}) Vi€ [m—1].

where X is a random variable distributed according to F as noted and analyzed in
[45]. Further, this formula makes a lot of sense by observing the following. From the
perspective of the algorithm, let us start at the end and assume we have not allocated
the item and there is only a single agent, agent m, remaining. In this case, we definitely
want to allocate the item, thus pricing it at 0. Given that our strategy is clear once
we're faced with the last agent, what to do at the previous step? For agent m — 1, we
know that if we don’t allocate to this agent, we can always recover expected welfare
E[X] from the following agent. Hence we are interested in allocating the item if and



only if agent m — 1 values it more than E[X], and so we sell it at this price, E[X].
Backtracking in this way, we always price the item for a given agent at price exactly
equal to the expected welfare we could obtain from remaining agents. This yields the
formula.

We then observe that the values (A;(F));cn, of the optimal posted prices given
some F only depend on the value of the integral of F on certain intervals, as we will
show in section 2.3. In other words, we find that while every feasible sequence A;(-)
may be realized by many different probability distributions, there is one distribution
that gives the worst case with respect to our question. As a consequence, for fixed
e >0and m >n > 0, we are able to reduce the question of finding if

rl_piIA1(1 +e)An(F) — My (F) >0, (1.1)
€

where A is the space of all cumulative distribution functions. Instead, we obtain the
following infinite-dimensional, non-linear optimization problem and ask if it has a
non-negative objective.

m—1 ) 5 n
minimize (1+¢) ) 6i—)_ (1 — ( 1(5“) )51-
i=0 i=0 i
subject to 0jv1 < 6; for every integer j > 0, (1.2)
5]-2 < ;1611 for every integer j > 1,

do=1and §; >0 for every integer j > 1.

In this optimization problem, we should interpret é; as A;.1(F) — A;(F). It follows
that clearly the sum Y ,'6; = An(F). A significant observation that we describe
carefully in Section 2.3 is that in expression (1.1), we only need to consider a simple
subset of A for which indeed M, (F) =};°, <1 — (%—*z)n> d;.

This new formulation of the problem turns out to be useful because although it is
non-linear, we do have convexity, allowing us to use standard optimization tools.
Indeed, first-order methods yield a solution by means of a recurrence relation. Given
e > 0and a positive integer n > 2, let (0 ;) jen be the sequence defined by the following
recurrence:

pep=1,and (n —1)pg; 1 —e= npzj’l for every j > 2 for which (n —1)pg; 1 —&>0.

These terms are decreasing in j and we will show that our original question is
equivalent to finding the last term of the sequence, or the largest m such that p , is
well-defined. Finally, we return to continuous methods as we analyze the recurrence
(0e,j)jen by accurately approximating it by an ordinary differential equation (ODE).

6



It may seem as if the appearance of an ODE is a bit surprising and not an essential
part of the proof. However, we know that already [45] used the recursion from the
optimal dynamic program in [45] to provide an ODE where the approximation ratio
is embedded as a unique constant that guarantees crucial analytical properties of the
solution of the ODE:

y' =y(lny-1)-1/8+1, y(0)=1, y(1)=0.

We also observe that in Chapter 4, which addresses a very closely related problem,
ODEs play a central role.

In order to prove existence of a unique solution to the ODE, we will make use of a
simple global extension to the well known Picard-Lindelof theorem [70] in the case of
Lipschitz functions. We consider solutions to the initial value problem

x'=f(t,x)

x(to) = xo

Theorem 1. Let f(t,x) be a continuous function f: D — R, where D C R x R open, and f
is locally Lipschitz with respect to the x variable. Then for any (to,xo) € D, there is a unique
local solution to ¢(t) to the intial value problem. More precisely, there exists some small
interval (a,b) including to where ¢(t) exists and is unique.

1.2.2 Competition complexity for sequential posted pricing, inde-

pendent distributions.

In Chapter 3, we explore a more general setting, where we drop the assumption that
distributions must be identical. We start by defining the standard prophet inequality
setting, with bidders having independent values drawn respectively from distributions
Fy...,F,. The benchmark becomes E,_r, . r,)[max;cp, vi]. We ask how many copies
of (Fy,...,F,) must a sequential algorithm see in order to recover a (1 — ¢) fraction of
the benchmark. Let us a give a more detailed description of the setting.

The Prophet Inequality Setting. Consider the following game between an online
algorithm (“gambler”) and an offline algorithm (“the prophet”). The online algorithm
gets to observe a sequence of n (non-negative) numbers vy, ...,v, one-by-one. Each v;
is drawn independently from a known distribution F; € A, where A is the set of all
distributions over R>o. We call a sequence of distributions Fj,...,F, an instance.



We refer to the online algorithm as ALG. Upon seeing a value v; the online
algorithm has to immediately and irrevocably decide whether to accept the current
value v; and stop the game, or to proceed to the next value v; 1. Every online algorithm
induces a stopping time p € [n] U {null}, where p is the index of the value chosen by
the online algorithm (to handle the case where the online algorithm does not accept
any value, we set p = null and interpret v, as zero). The algorithm’s expected reward
is E[ALG(v)] = E[v,]. The offline algorithm, in contrast, can see the entire sequence
of values vy, ...,v, at once and can simply choose the maximum value maXx;e(,] vi- The
offline algorithm’s expected reward is E[max;c , vi].

In the Prophet Inequality problem the online algorithm is evaluated by its competi-
tive ratio, defined as the worst-possible ratio (over all instances) between the online
algorithm’s expected reward IE[ALG(v)] = EE[v,] and the offline algorithm’s expected
reward E[max;c|, v;]. Let « € [0,1]. An online algorithm is a-competitive if

inf E,(F,...5) [ALG(0)]
Fba€d By (g, R, IMaXiey 0]

We seek to give an upper bound on k such that

maxE, ..., ALG(v)] 2 (1 —¢) 'IEUN(Fl,...,Fn)[?GI%Ui]-

The Competition Complexity Benchmark. Our goal is to compare the expected
performance of an online algorithm on k independent copies of the original instance,
to the expected value of the offline algorithm on a single instance. This can be done
under different assumptions on how the nk values of the k copies are presented to the
online algorithm.

Our default model is what we call the block model. In this model, the online
algorithm sees the k copies of the original instance one after the other. We refer to
each copy as a block. Within each block, the n values arrive in the same order as in
the original instance.

More formally, when (Fy,..., F,) is the original instance, we denote with (Fy, ... ,Fn)k
the instance with k copies. The input to the online algorithm consists of kn numbers
oV, oo, oo,
where each vfj ) for i € [n] and j € [k] is an independent draw from F;. The offline
algorithm receives only n numbers vy, ..., v, where each v; for i € [n] is an independent

draw from F;.



Let A be a family of online algorithms. Let A, be defined as all the online
algorithms in A that are defined on A, = {(Fy,...,F,)* | Fi,...,F, € A}.

Definition 1 (Competition complexity). Given ¢ > 0, the (1 — €)-competition complexity
with respect to a class of algorithms A is the smallest positive integer number k(e) such that
for every n, every Fy,..., F, € A, and every k > k(e), it holds that

Afggﬁn/klﬁm(a,...,pn)k[ALG(U)] > (1-¢) ']EUN(Fl,...,Fn)[IiIelﬁiTvi]'

The case ¢ = 0 is also referred to as exact competition complexity; it was shown
in [12, Theorem 2.1] that the exact competition complexity is unbounded even for the
iid. case (namely, where F; = F; for all 7,j). So, naturally, our focus will be on the case
e>0.

We remark that, as is common in the literature, we focus on a worst-case notion of
competition complexity, which asks for the minimum number of copies that suffices
for a worst-case approximation guarantee. In Appendix B.3, we explore an alternative,
which asks for the expected number of copies that are required to achieve this.

Classes of Online Algorithms. We are particularly interested in three types of online
algorithms. In order of increasing generality these are:

* A single threshold algorithm is defined by a single threshold T and it accepts the
tirst value v, (indexed according to arrival order) that is at least 7.

e A block threshold algorithm sets k thresholds T = (1y,...,Tt), i.e., one threshold per

block. It accepts the first value vgj ) that is larger than the threshold 7; for its
block.

e A general threshold algorithm sets nk thresholds T = (7y,...,T,), and accepts the
tirst value v, (again, indexed according to arrival order) that is at least .

In all of the above cases, we allow the algorithm to accept a value only with a
certain probability in case it exactly meets the threshold. This ability to randomize
is relevant only for distributions with point masses. A standard backward-induction
argument shows that the optimal online algorithm is a general threshold algorithm.

In the classic prophet inequality problem, a single threshold algorithm attains the
best possible competitive ratio [73]. Proposition 8 generalizes this result, and shows
that for the more general competition complexity benchmark, it is without loss to focus
on block threshold algorithms. The main idea behind this reduction is that finding the
competition complexity of general threshold algorithms is, essentially, equivalent to
understanding the competition complexity for instances where every distribution is a
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weighted Bernoulli. For these instances, and within each block, only non-zero values
of a suffix of the block are chosen, and therefore it is sufficient to implement a single
threshold per block. This implies that block threshold algorithms are as powerful as
general threshold algorithms for the block model.

Approximate Stochastic Dominance. We give an introduction to this notion here
because it plays a central role in proving the main result of the chapter. A simplifying
explanation for this is, we find that for the competition complexity setting, it is very
convenient to work with quantile based algorithms. In order to analyze the latter, the
approximate stochastic dominance notion is a natural choice. First-order stochastic
dominance between two random variables can be defined as follows. Consider
two random variables X,Y. Then we say X stochastically dominates Y if for any
outcome x, Pr[X > x] > Pr[Y > x]. We refer to approximate stochastic dominance
as this property being satisfied up to a fixed multiplicative constant. That is, X
approximately stochastically dominates Y up to factor ¢ <1 if for any outcome x,
Pr[X > x] > ¢Pr[Y > x|. We note that an immediate consequence is that the relation
holds in expectation as well. That is E[X] > ¢ - E[Y].

A notable difference to our approach in Chapter 2 is that we no longer explicitly
analyze the optimal sequential mechanism. We note that although such optimal
sequential mechanism has a simple, very similar description to that seen in Chapter
2, a direct analysis seems much more complicated. In particular, finding the worst
case F for every sequence A;(F), leading to an optimization problem such as 1.2
becomes problematic. Instead, we choose a fixed threshold for each of the k copies
of (Fy,...,F). We call these block threshold algorithms. First, we show that the
competition complexity of such block threshold prices is asymptotically the same as
for the larger class of dynamic pricing policies. Second, to pin down the asymptotic
behaviour of the competition complexity in this setting, we choose a set of prices
T that is not optimal, but more straightforward to analyze. Here it is worth noting
that the results of chapter 3 do not imply those of chapter 2. In 2 we obtain a tight
description of the competition complexity given by ¢(e). In particular, for e = ¢~1(1),
we recover the optimal approximation factor of ~ 0.745 of the standard i.i.d prophet
inequality (without resource augmentation). From this perspective, 2 is more relevant
in terms of practical applications. The results of 3 are only asymptotically optimal in

terms of %

More specifically, given Fy,...,F, € A, and T = (13,...,T) such that pp =0 and
pe = Prou(p,.r,) [Maxje(vj > 7| > 0 for every £ € {1,2,...,k}. That is, p, is the
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quantile of threshold 7, with respect to the distribution of the largest value. Define

{
@1(F,- Ft) =} [ —p)),

(=1j=1
1 i—1 /-1 k /¢
D;(F,...,E,t)=—) po| |(1— p]-) + Zn(l - p]-) for every i € {2,...,k}, and
Pii=1 j=o (=ij=0
k /-1
®k+l(F1,. . .,Fn,‘l') = EZ pg H(l — p]>
=1 j=0

The interpretation of the ®; for i € [n] is

Pr [ALG¢(v) > x] > ®;(F,...,F,,T) Pr  [maxv; > x].
v~ (Fy,...,Fy)k o~ (Fy,...,F;) i€n]
for x € [1,_1,T;], where we define 1y = 0. That is, it provides a lower bound on the
algorithm’s performance for the case when the maximum value lies in the interval
[Ti-1, ]

Let ®(Fy, ..., Fy, T) = minje(y, g1y Pi(Fy, ..., Fy, 7). We say that 7= (7,..., 1) is
decreasing if 7; > 7j4 for every j € {1,...,k}. Our question becomes how to choose
decreasing threshold prices 7; such that ®(Fy,...,F,, T) is maximized. In this sense, we
have again reduced the initial formulation to an optimization problem over a tangible
search space. However, it remains unclear how to find the optimal solution to this
reduced problem.

Nonetheless, by making a careful choice of quantile thresholds, we conclude again
that it suffices to let k = ®(loglog(1/¢)). Indeed, we obtain the same asymptotic
result as in Chapter 2 for a strictly more general setting, and one could argue that the
methods used are significantly more simple.

We also analyze the competition complexity of the even simpler class of algorithms
that set a single fixed threshold for all of (Fy,...,F,)*. In this case, we find the asymp-
totically tight result of k = ®(log(1/¢)).

1.2.3 A linear programming approach to the i.i.d k-selection prophet
inequality problem

In Chapter 4, we revisit the well studied i.i.d k-selection prophet inequality problem.
The setting is the same as in the original prophet inequality problem, with the only
difference being that the auctioneer sells up to k items instead of a single one. In recent
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years, there has been substantial progress in understanding the approximation limits
for prophet inequality problems, mainly driven by their applicability in mechanism
design [62]. One of the most prominent settings is the i.i.d. k-selection prophet
inequality problem, where the decision-maker selects at most k values from the n
observed and aims to maximize the expected sum of values selected. The offline
benchmark in this case is Y./, ;.1 E[X(;)] where X(;) < X5y <+ < X(,,) are the
ordered statistics of the random values Xj,...,X,,. Observe that when k = 1, this
setting corresponds to the classic i.i.d. prophet inequality problem. We refer to this
problem as the k-selection prophet inequality. When the length of the sequence is n and
k selections can be made, we refer for short to this problem as (k,n)-PIP.

In a line of work, the value of 7,  has been proven to be at least 1 — kke=k /Kt~ 1 —
1/ 21k (see, e.g., [5, 10, 16, 27, 77]). Using a different approach, [47] introduced very
recently a general optimization framework to characterize worst-case approximation
ratios for prophet inequality problems, including the i.i.d. k-selection setting, but it is
unclear how to use their framework to obtain provable analytical lower bounds for
k > 2. We propose a method to obtain improved approximation ratios, with results for
small k displayed in the following table.

l k | t [ 2 [ 38 [ 4 [ 5 ]
Our approach | 0.7454 | 0.8290 | 0.8648 | 0.8875 | 0.9035
[10] 0.6543 | 07427 | 0.7857 | 08125 | 0.8311
[47] 0.7489 | 0.8417 | 0.8795 | 09006 | 0.9143

Table 1.1 Ratio lower bounds for k € {1,...,5} and comparison with other approaches. [10]
offer provable lower bounds, while [47] reports <y, x using their LP approach for n = 8000. We
acknowledge the gap between our bounds and 7, for n = 8000. We are uncertain whether
the gap arises from suboptimality in our approach or from a possible slow convergence rate of
Tk @S a sequence in 7.

We note that in the table above, while [47] compute numerical approximations of
Yk for up to n = 8000 that seem to be decreasing in 7, our results are lower bounds
on liminf, 7y, k.

Our proof has some high level elements in common with those seen in Chapters
2 and 3. By interpreting the fixed prices chosen by an algorithm in quantile space,
we give a description of the problem that is the infinite dimensional linear program
[Pl - That is, [P], x has value 7y, x. However, this time we do not analyze the program
directly. Instead, we establish a weak duality relation with respect to a dual program,
[D],, k- Our task becomes to find a good feasible solution to the dual [D],, ;. It turns out
to be a natural choice to describe such a candidate solution by using the solution to a
closed form system of nonlinear ordinary differential equations, given by equations
(4.1) - (4.3). Then, two major parts remain to be proven. First, we show that this
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system of nonlinear ODEs has a solution. Second, it is still non-trivial to show that our
candidate LP solution is feasible. Once these two facts are established, we immediately
obtain the lower bound on liminf, 7, x. By finding solutions to the system of non-linear
ODE’s (4.1) - (4.3) computationally, we find that for small k, our method provides the
best provable lower bounds on liminf, vy, x to date.

1.3 Related work

The competition complexity of auctions has proven to be an important line of work
at the intersection of Economics and Computation [11, 15, 30, 35]. The resource
augmentation approach it proposes originates in a seminal paper by Bulow and
Klemperer [15], who asked this question for the revenue achievable by the simple
but suboptimal second-price auction and Myerson’s optimal auction. They showed
that for i.i.d. bidders whose valuations are drawn from a regular distribution F, the
second-price auction with n 4- 1 bidders is guaranteed to achieve at least the expected
revenue of the optimal auction with n bidders. They concluded that rather than going
for the more complicated auction mechanism, one could simply attract one more buyer
to the simpler auction mechanism.

Subsequent work has extended this basic result to a variety of more complex
auction settings [11, 30, 61], and also introduced the idea of approximate competition
complexity where instead of shooting for optimality, one aims at 99% or 99.9% of
optimum [35].

Chapters 2 and 3 examine the relative power of a simple mechanism (dynamic
pricing) to that of an optimal mechanism (the optimal auction) and thus fits under the
broader umbrella of simple vs. optimal mechanisms (e.g., [43, 44]). At the technical core
of our work, we rely on a connection between posted-price mechanisms and prophet
inequalities that was pioneered and explored in the last fifteen years [18, 24, 42]. This
line of work motivated work on prophet inequalities more generally. Most relevant
for us is the work on the i.i.d. single-item prophet inequality [1, 21, 23, 54, 60, 74],
but there is also exciting work on combinatorial extensions such as [27, 29, 36, 55]. A
closely related line of work has examined the gap between various simple mechanisms
including posted-price mechanisms and the optimal mechanism on the same number
of bidders [4, 28, 48-50].

Chapter 3 is more specifically related to the recent work of [1, 60] through the notion
of “frequent instances”. Both of these papers study the frequent prophets problem,
in which each distribution must be repeated at least some number of times: An
instance is m-frequent if each distribution appears at least m times. The inspiration
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behind frequent prophets comes from the difficulty of directly analyzing the general
independent case in random and free-order models, in which the values either arrive
in uniform random order or the algorithm is free to choose the order of observation,
and the idea is to bring the instance closer to the i.i.d. case. Abolhassani et al. [1] show
how to design a 0.738-competitive policy for O(1)-frequent instances in the free-order
model and ©(logn)-frequent instances in the random-order model. The difference to
our work is that they study ALG and OPT on “frequent instances”, while we compare
the algorithm in a k-frequent instance with the prophet on a standard (1-frequent)
instance. Another difference is that we work in the fixed order setting, whereas the
results in [1, 60] apply to the random and free-order model.

In Chapter 4 we return to the i.i.d. version of the prophet inequality, introduced
by [45], and more specifically to their approach of the problem. Although the Hill and
Kertz equation has been used in various recent works [23, 60, 67], to the best of the
authors” knowledge, our result for multiple selections, where the approximation ratio
is embedded in a nonlinear system, has not been previously explored.

Lastly, linear and convex programming have been a powerful tool for the de-
sign of online algorithms. For instance, in online and Bayesian matching prob-
lems [39, 63], online knapsack [9, 53], secretary problem [14, 17], factor-revealing
linear programs [37, 59], and competition complexity. [67], similar to us, uses a
quantile-based linear programming formulation to provide optimal policies in the
context of decision-makers with a limited number of actions.
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Chapter 2

The Competition Complexity of
Dynamic Pricing

2.1 Introduction

In this chapter, we study competition complexity in the context of posted pricing.
We focus on the fundamental single-item i.i.d case and compare optimal dynamic
pricing versus the optimal auction. While we study the social welfare case, all our
results translate to revenue maximization under the standard regularity assumption
(see Section 2.2 for a detailed discussion).

Since we are focusing on social welfare, the simplest way to state our question is in
prophet inequality terminology. Our goal is to compare the expected reward Ay, (F)
achievable by the optimal policy found by backward induction on m > n i.i.d. draws
from a distribution F, to the expected maximum M, (F) of n i.i.d. draws from F. For
fixed € > 0 and fixed n, we want to find the smallest m > n such that for every F we
have

(1+¢)- An(F) > My(F).

We refer to the functional dependence of m on n and ¢ as the competition complexity
of dynamic pricing. We sometimes refer to the case ¢ = 0 as exact competition complexity
and to the case ¢ > 0 as the approximate version.

211 Warm-up: the uniform case

As a warm-up and to illustrate some of the key ideas in our general competition
complexity analysis, consider the case where F = U[0,1] is a uniform distribution
over [0,1], and convince ourselves that in this case Ay, > M, for all n, so the exact
competition complexity is linear. We have that M, is just the maximum of 7 i.i.d. draws
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from a uniform distribution over [0,1], and therefore M,, =n/(n + 1). On the other
hand, we can compute A, through the usual backward induction: The recursion is
Apr1 =E(max{X,A,}) forn >1and A; =E(X) where X ~ U[0,1]. Thatis, A; =1/2,
and forn > 1,

Api1 =E(max{X,A,})
=APr(X<A,)+EX|X>A,)Pr(X>A,)
(1+A,)

= A2+ (- Ay =501 + A2),

—_

Observe that apart from getting an exact formula for the recurrence, we get a simple
expression for A, 11 — Ay, that is, the marginal gain of the optimal algorithm when we
add one more buyer: 4,11 — A, = (1— An)z/ 2 for n > 1. In particular, this idea will
be further exploited to understand the competition complexity of general distributions.

To analyze the competition complexity for the uniform case, we proceed by induc-
tion. It is easy to verify that the claim holds for n =1 since A, =5/8 > 1/2 = M;j. So
we assume Ay, > M,, and we want to show A, 12 > M, 1. Note that if Ay, 1 > M, 11
then also Aj;4+2 > Azytr1 > M,41, and there we are done, so we consider the case
Azpi1 < My +1. We have

Appio = Ay + (Aznt2 — Aopt1) + (Agnt1 — Aon)

1 1
= Ao, + E(l — App1)? + E(l — Asy)>.

Since the function f(x) = x + 2(1 — x)? is increasing in R, and given that A, > M,
we obtain a lower bound that together with Ay,11 < (n+1)/(n +2) yields

Appin > My + = L2+ Ly
2n+2 = n > n+1 n+2 .

The argument is completed by observing that what we add to M,, on the right-hand
side is at least M,;;1 — M, =1/((n+1)(n+2)). We conclude that for the uniform
distribution, it suffices to choose m > 2n. A closer examination of the asymptotic

behavior of A, and M, shows that this analysis is in fact tight. Indeed for large m and
n, Am~1—2/(m+log(m)+ 1.76799) [38, 64] while M, ~ 1 — 1/n which roughly
shows that we need m = 2n + o(n).
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2.1.2 Our contribution

The above analysis of the uniform case already rules out a “plus constant” result as in
Bulow and Klemperer [15]. It leaves some hope that the exact competition complexity
of dynamic pricing may be linear or, if not, then at least polynomial with a small
polynomial. Our first main result shows that this hope is unfounded. Indeed, the
exact competition complexity is not only “large,” it is in fact unbounded.

Main Result 1 (exact competition complexity): For any m > n, there exists a distribu-
tion F such that A,,(F) < M,(F).

In light of this strong impossibility, a natural question is whether this impossibility
persists if we relax our goals and aim for 99% or 99.99% of optimal. It turns out
that things change, and quite drastically so. This is formalized by our second main
result, which nails down the approximate competition complexity in terms of function

¢ : Ry — R4 given by
1 1
o) = | dy.

0 y(1—log(y)) +e

Main Result 2 (approximate competition complexity): Consider ¢ > 0 and any n.
Then, we have (1+¢)A;,(F) > M, (F) for every F if m > ¢(¢e)n, and for large n this is
tight.

While our first main result shows that the exact competition complexity of dynamic
pricing is unbounded, our second main result shows that if we aim for approximate
optimality, then the competition complexity not only drops from being unbounded to
being linear, it is actually linear with a very small constant.

We illustrate this in Figure 2.1. In the technical part of the chapter, we show that
the function ¢(e) grows as ®(loglog1/¢) as € — 0, with very small constants hidden
in the big-O notation. For example, to obtain 99% of optimal it is sufficient to have
m > 2.30 - n, and to obtain 99.99% of optimal it is sufficient to have m > 2.53 - n.

An interesting implication of our analysis is that it yields the factor 0.745 i.i.d. prophet
inequality [23, 54, 60, 74] and its tightness [45] as a special case. Here is how: Rather
than fixing ¢ and finding m(n,¢), we may fix m(n,e) = n and find e. The equality
m(n,e) = ¢(e)n corresponds to solving ¢(¢) = 1. This yields ¢ = ¢~!(1) and corre-
sponds to an approximation guarantee of 1/(1 -+ ¢~1(1)) ~ 0.745.

2.1.3 Our techniques

Our argument for the uniform distribution F = U[0,1] that we presented above relied
on a formula for the differences between two consecutive terms A, 1 and A,, and at its

17



30

25

20

15

fiz)

10

0.5

T T T T T T 00 T T T
0o 02 04 06 08 10 0 1000 10000
g1y F 99.9% Le 99.99%

Fig. 2.1 Plot of ¢(¢) as a function of € on the left, and as a function of 1/¢ on the right. Plotting
¢(e) as a function of 1/¢ serves to illustrate the very slow growth of ¢(e) as @(loglog1/e)
when ¢ — 0. The dashed blue line in the left plot is at ¢ = ¢~ !(1) ~ 0.342 which implies the
optimal factor 1/ (1+ 47*1(1)) ~ 0.745 for the i.i.d. prophet inequality. In the other plot the
two blue dashed lines are at 1/& = 100 and 1/& = 1000 which correspond to approximation
ratios of 99.9% and 99.99%. The value of ¢(¢) at these points is the constant required to obtain
these approximation ratios.

core compared Ay, 1) — A2y to My 1 — M. Intuitively, we explored properties of the
rate of growth and curvature of the two sequences Ay, Ay,..., Ay and My, Mo, ..., M,.

Our general argument builds on this intuition. Our first key observation char-
acterizes the sequences Aj, A,..., Ay that can arise. Namely, we show that for any
distribution F, the corresponding infinite sequence (A;(F));cn satisfies the follow-
ing three properties. Moreover, for any infinite sequence (A;);cn satisfying these
properties there is a distribution F that leads to this sequence. The three properties
are:

(1) The sequence (A;);enN is non-decreasing,
(2) The sequence (A;11 — A;)jeN is non-increasing, and
(3) The sequence ((Aj12 — Aiv1)/(Air1 — Aj))ien is non-decreasing.

Our second key observation is that given a fixed infinite sequence (A;);en With
these properties, we can identify the compatible distribution F that maximizes M,,.
This worst-case distribution is a simple piece-wise constant distribution, and allows
us to express the largest possible M,, as a function of the (A;);cn. We thus reduce
the problem of checking whether for a fixed n and m, (1 +¢€)Au(F) — M,(F) >0
for all F, to an infinite dimensional optimization problem that seeks to minimize
(1+¢)Au(F) — M, (F) over all infinite sequences satisfying properties (1)—(3): The in-
equality is satisfied by all F if and only if the objective value of this infinite-dimensional
optimization problem is non-negative. To show our two main results, we then solve
this infinite-dimensional optimization problem optimally. This reduces the problem to
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the analysis of a recursion, which can be pointwise bounded by a differential equation,
which, by a careful analysis, leads to the function ¢(¢).

2.2 Formal statement of our results

For our analysis, it will be convenient to consider N = {0,1,2,...}, the natural num-
bers including zero. We consider distributions F over the non-negative reals with
finite expectation. For a distribution F, we let My(F) =0 and for n > 1 we let
M, (F) = E(max{Xy,Xp,...,Xn}), where Xj,..., X, is an i.i.d. sample distributed
according to F. We denote by A, (F) the value of the optimal policy and the se-
quence (A, (F))uen satisfies the following recurrence: Ag(F) =0, A1(F) =E(X) and
Ap11(F) = E(max{X,A,(F)}), where X is a random variable distributed according
to F. We now formally state our main results.

Theorem 2. For every positive integer n > 1, and every positive integer m > n, there exists a
distribution F such that Ay, (F) < My(F).

Theorem 3. Let € > 0 and let n be a positive integer. Then, for every m > ¢(e)n =
O(loglog1/e)n, and every distribution F we have (1 4 €) A, (F) > M, (F). Conversely, for
any 6 > 0, there exists a distribution G such that for n sufficiently large and m < (¢(e) — o)n,
we have (1+¢€)An(G) < My (G).

While Theorem 2 shows that the exact competition complexity of dynamic pricing
is unbounded, Theorem 3 shows that the approximate competition complexity not
only drops from being unbounded to being linear, it is actually linear with a very
small constant (see Figure 2.1).

As mentioned in the introduction, Theorems 2 and 3 translate to the case of revenue
by using standard reductions between social welfare and revenue optimization for the
i.i.d. case [18, 24, 42]. Given a distribution F, the virtual valuation of F is the function
¢r(x) =x— (1 —F(x))/f(x), where f is the probability density function of F. To
construct an algorithm for the revenue setting in the i.i.d. case with distribution F
and n buyers, we reduce to the social welfare case as follows: We run the optimal
dynamic welfare policy for an instance with n buyers identically and independently
distributed according to F?, where F? is the distribution of the random variable
¢r(X) = max(0,¢r (X)) when X is distributed according to F. By doing so, the optimal
dynamic welfare policy is defined by thresholds T, ..., T,;, which can be converted
into optimal dynamic revenue prices (a posted price mechanism) with p; = 43;1 (%),
for every i € {1,...,n}}, when F is reqular, i.e., ¢r is monotone non-decreasing [42].
We remark that this reduction is based in the classic result of Myerson for revenue
maximizing single-item auctions [65].
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2.3 An equivalent optimization problem

In this section, we develop the main building block of our analysis. The key result
of this section, Theorem 4, shows that the question of whether for a given ¢ > 0,
n>1,and m > 1 it holds that (1 + ¢) A, (F) > M,(F) for all F reduces to showing
whether the following infinite-dimensional, non-linear optimization problem has a
non-negative objective.

m—1 00 . n
minimize (1+¢) ) 6i—)_ (1 — <§l(5i) > 0 (2.1)
i=0 i

i=0

subjectto  Jj41 < J; for every integer j > 0, (2.2)
(5]2 <9dj 1611 for every integer j > 1, (2.3)
do=1and §; >0 for every integer j > 1. (2.4)

Theorem 4. Let ¢ > 0, and let n and m be two positive integers. Then, we have (1 +
€)Am(F) > My, (F) for every distribution F if and only if the optimal value of the optimization
problem (2.1)-(2.4) is non-negative.

We prove this theorem by characterizing the sequences (A;(F));en that can result
from distributions F and by relating the value of M,,(F) to the values of the sequence
(A;(F))jen- The characterization uncovers the properties of the sequences that can
arise. Given a sequence of non-negative real values (S;),en, we denote by (9S,),eN
the sequence such that 9S, = 5,11 — Sy, for every non-negative integer n. Consider the
following properties:

(a) The sequence (Sy)neN is strictly increasing.
(b) The sequence (9S,),cN is non-increasing.
(c) The sequence (9S,+1/0S,)neN is non-decreasing.

Observe that the properties (b)-(c) imply that the sequence (9S,,11/9S,),eN is not
only non-decreasing, but also bounded with 9S,,1/9S, <1 for every n € N, and
therefore it is convergent to a limit value of at most one. In what follows, given a
distribution F, let wy(F) =inf{y € R: F(y) > 0} and w;(F) =sup{y € R: F(y) <1}
be the left and right endpoints of the support of F.

We need a few lemmas to prove Theorem 4. We also use the following proposition
about the optimal policy.

Proposition 1. For every distribution F the following holds:
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(i) Ap1(F) = A, (F) + fZ(F)(l — F(y))dy for every n € N.

(ii) Apyo(F) = Aui1(F) + fil”(}l)(m F(y)dy for every n € IN.
(iii) limy,_e0 Ay (F) = w1 (F).

(iv) If wo(F) < w1 (F) and F has finite expectation, then A, (F) < A;,41(F) for every n € IN.

Proof. Since A, 11(F) =E(max{A,(F),X}), where X is distributed according to F, we
get

Ant1(F) = An(E)F(An(F) + [ - sf(s)ds.
By integrating by parts, we have

/An B $f6)ds = (1= FAEN)An(E)+ [ (1= F(s))ds

and therefore (i) holds since we have

Ani1(E) = Au(F)E(Au(F)) + (1 = F(Aq(F)) Au(F) + Af(F)u ~ F(s))ds

= Au(F)+ ] T(F)u _ F(s))ds.

To prove (ii), observe that

o0 n+1(F) oo
/n(F)(l—F(s))ds:/A ' (1—F(s))ds+/An+l(1—F(s))ds

n(F)
An+1 (F)

— Ayar(F) = An(F) — /n(F) F(s)ds + /A:(F)(l _F(s))ds,

and therefore, (i) implies that

[ pgas= [T (1~ F(s)ds = AgealF) — Avia(F)
S S = — S S = — ,
(P Avia(F) " "
where the last equality holds also by (i).

We now show (iii). Let L =lim;,_,0 A;;(F) and assume, for the sake of contradiction,
that L < wi(F). Since (A, (F))nen is non-decreasing, we have A, (F) < L for every n.
Let U =min{L +1,(L+ wi(F))/2}. From (i), we have
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Avaa(F) = An(F) = [ (1= F(y)ay

w1 (F)

= [ gy (1 Fay

u
> [(=F)dy > (U - L)1 - FW)) >0,

where the first inequality holds since A, (F) < L < U < wy(F), and the second inequal-
ity holds since F is non-decreasing. The last inequality follows by the definition of
w1 (F) and using that L < U < wi(F). Since this inequality holds for all n € IN, it
implies that

Anea(F) = T (Apa(F) = A(F) = "2 (U~ 1)1~ F(U) o9
x

as n — oo, which contradicts that L < w;(F) < 0. Finally, we show (iv). Since F has
a finite expectation, wy(F) < wj(F) and the support is contained in the non-negative
reals, we have that A;(F) =E(X) > 0= Ay(F). Then, the property holds by induction
on n and property (ii). O

An important implication of Proposition 1(iv) is that the sequence (A;(F))jeN is
strictly increasing unless F is a distribution that puts probability one on a single value.
For these distributions F, however, A,,(F) = M,(F) for all m,n > 1, so they trivially
satisfy (1+¢)Au(F) > My (F).

In the remainder, we will consider distributions F with wy(F) < wj(F). We begin
by showing that for such distributions F the sequence (A;(F));cn satisfies properties
(a)-(c)-

This lemma is a first step towards showing that the optimization problem or
equivalently the inequality (1 + ¢)A;,(F) > M, (F) we are studying may be simplified.
That is, we do not need to consider the space of all probability distributions, because for
one, the set of sequences A, (F) actually has a particular structure for any distribution
F. In lemma 2, we strengthen this argument by showing that the other term that
appears, M, (F), can also be bounded by a rather simple expression.

Lemma 1. For every distribution F with wy(F) < w1 (F), the sequence (A (F))neN satisfies
properties (a)-(c).

Proof. Consider a distribution F with wy(F) < wy(F) and a non-negative integer n.
Observe that property (a) holds directly for the sequence (A, (F)),en from Proposition
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1(iv). By Proposition 1(ii), it holds that

An+1 (F)
Ansa(F) = Awia (F) = | b FW)y < A (F) = Au(F)
where the inequality holds since F(y) <1 for every y € R. Therefore, property (b)
holds. Observe that thanks to Proposition 1(ii) again, we have

An+2(F) — An+l(P) . 1 /An+1(F)

Aﬂ+1 (F) - An(F) B An+1 (F) - An(F) n(F) F(y)dy’

and since F is monotone non-decreasing, we therefore have

F(Au(F)) < Ani2(F) = Ay (F)

= A,H_l(F)—An(F) SF(AW—H(P))/

from where we conclude that that (A, (F)),en satisfies property (c). O

Next we show that for the type for distributions we are interested in, it is possible
to prove an upper bound on the value of M,,(F) in terms of the values of the sequence

(Aj(F))jen-

Lemma 2. For every distribution F with wo(F) < w1(F), we have

i< (1~ (2 Yano

Proof. Consider the concave function ¢ : R — R given by ¢(x) =1 — x", and for every
non-negative integer j let y;(y) = 1/9A;(F) for every y € [A;(F),Aj+1(F)) and zero
elsewhere. In particular, y; is a probability density function over [A;(F), Aj;1(F)).
Then, by Jensen’s inequality, we have

j+1(F)
%/’4 ! (1= F)")dy = [ 9(F)nj(w)dy

Aj(F)
<¢ (/H{F(y)uj(y)dy)

1 A " 0Aj1(F)\"
:1_(8A]-<P>/A-<F> F(y)dy) :1‘( SATE) ) '

]
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where the last equality holds by Proposition 1(ii). In particular, for every non-negative
integer j we have

j+1(F) 0A; "
/Ajm ' (1—F(y)")dy < (1 - (%) ) dA;(F). (2.5)

Therefore, we have

o0 " & Aj1(F) "
M) = [ (=F@hdy =Y [ 50— Py

<E(- (3) )men

where the second equality holds by Proposition 1(iii) and the inequality comes from
(2.5). O

Our final ingredient is a reverse to the previous two lemmas. It shows that for
any sequence satisfying properties (a)-(c) we can construct a distribution G for which
(A;(G))jen matches the values of the sequence and M, (G) matches the upper bound
on M, (G) in terms of the values of the sequence.

Lemma 3. For every (By,),eN with By = 0, and satisfying (a)-(c), there exists a distribution
G such that A,(G) = B, for every non-negative integer n. Furthermore, we have

0 OBi1\
#(G) = — [ =L=) )eB,.
wio =51 (%) )

Proof. We construct explicitly the distribution G satisfying the statement of the lemma.

Recall that since (By),cN satisfies properties (b)-(c) the sequence (9By41/0By)neN
converges to a value p € (0,1]. We prove the following claim.

Claim 1. Suppose that p < 1. Then, there exists a value B > 0 such that lim,_,., B, = B.

Since the sequence (By,),cN satisfies property (c), we have that 0B, < pdB,_1, and
therefore 0B,, < p"dBy = p" By for every n € IN. On the other hand, we have

n—1

Bi= Y (B B) zw<&zp_1

j=0 2

which implies that the sequence (B;),enN is upper bounded. Since by property (a)
the sequence (Bj,),enN is strictly increasing, we conclude that (B, ),en is a convergent
sequence and we call B the value of this limit. This establishes the claim.
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We now construct the distribution G satisfying the conditions of the statement.
Consider G : R — R defined as follows: G(x) =0 for every x € (—0,0), for every
non-negative integer j and every x € [B;,Bj,1) we have G(x) = 0dB;;1/9Bj, and let
G(x) =1 for every x > lim,_, By,. Since the sequence (B,,),cN satisfies property (a),
the function G is well defined for every non-negative integer n. Furthermore, since
the sequence (By,),cN satisfies (c), we have that G is non-decreasing, and property (b)
implies that G(x) <1 for every x € Ry. If p =1 then limy_,, G(x) = 1. Otherwise, if
p <1, by Claim 1 there exists a value B > 0 such that lim,,_,. B, = B, and therefore
G(x) =1 for every x > B. Therefore, we conclude that G is a distribution.

In what follows, we show that A, (G) = B, for every non-negative integer n. We
proceed by induction. By construction, we have Ay(G) = 0 = By. Suppose that
B; = A;(G) for every i € {0,1,...,n}. By Proposition 1, for every positive integer n it
holds that

n(G) o

and therefore the inductive step implies that
By
| 6y = A,:1(G) — By, (2.6)
n—1

On the other hand, by construction of G it holds that

By Bni1 — B
/ Gly)dy = 2L 2" (B, B, 1) =Byi1— By =By,
B Bn - anl

n—1

and therefore together with (2.6) we conclude that A, .1(G) = B,,;1. Finally, we have

o0 0 j+1 ) ° i+1 "
My(G) = /0 (1-G(y)")dy = Z/A . (1-Gy)")dy=1Y_ (1 - (aggj ) ) 9B;,

j=074;(G) j=0
where the second equality holds since ]lirgo A;(G) = w1(G), by Proposition 1(iii). [
We are now ready to prove Theorem 4.

Proof. Proof of Theorem 4.

We start by showing that if for some ¢ > 0, n > 1, and m > 1, there exists a
distribution F such that (1 4 ¢)A;,(F) < M,(F) then the objective value of the opti-
mization problem (2.1)-(2.4) must be negative. Note that for this distribution F it must
hold that wy(F) < w1 (F) because otherwise A, (F) = My(F), and so we must have
Aj11(F) > A;(F) for all j € N by Proposition 1(iv).
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We construct a solution (6;) e for the optimization problem as follows. For every
non-negative integer j, let §;(F) = dA;(F)/dAo(F). We begin by showing that the se-
quence (¢;) e satisfies (2.2)-(2.4). By construction we have dy(F) = 0Ag(F)/dAo(F) =
1, that is, (2.4) holds. By Lemma 1, the sequence (A;(F));cn satisfies properties (a)-(c).
In particular, the sequence (0A;(F));en is non-increasing and therefore J;,1(F) < 6;(F)
for every integer j > 0, that is, (2.2) is satisfied. The sequence (dA;;1(F)/9A;(F))ien
is non-decreasing, and therefore 6;1(F)/d;(F) > 6;(F)/é;_1(F) for every integer j > 1,
that is, 6;(F)* < 6;_1(F)d;.1(F), and therefore (2.3) is satisfied. Finally, observe that

0> #(F)((l%—e)Am(F) —Mn(F)>
B m—1 Mn(F)
=(1+e¢) i_zo(Si(F) = 5 o(F)

m—1

S e (L (841a(B)\ ") 244(F)
> (1+ )E)&(F) Jg (1 ( 9A;(F) ) >8A0(F)
i) )oter

where the first inequality holds by assumption and the second inequality comes from

- (1+e)nf(si(m . i (1 - (

i=0 j=0

Lemma 2. So, in particular, the last expression of the above chain, which coincides
with the objective in (2.1) must be negative.

Conversely, suppose that the value of the optimization problem (2.1)-(2.4) is nega-
tive. That is, there exists a sequence (5]*) jeN satisfying (2.2)-(2.4) such that

m—1 00 * n
(1+e) Z‘Sz‘*—Z(l— (5;1> >5i*<0. (2.7)

=0 i=0

Consider the sequence (B)) e defined as follows: By =0 and B; = 2{:;8 o7 for every
j = 1. In particular, we have

i
Biv1=) 6 >) 0 =B
i=0 =0

for every integer j > 1, and therefore the sequence (B;)jc satisfies (a). Since the
sequence ((5]*) jeN satisfies (2.2)-(2.3), by construction it holds directly that (B;);en
satisfies (b)-(c), and therefore by Lemma 3 there exists a distribution G such that
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A;(G) = B; for every non-negative integer j, and we have
(1+¢)Au(G)=(1+¢)By

= (1 +£)mzl(5i*

i=0
o] 5* n 0 ) n
0250 () o
i=0 i i=0 1

where the last equality also holds by Lemma 1. This finishes the proof of the theorem.
O

2.4 Exact competition complexity: proof of theorem 2

We show next how to use Theorem 4 to prove the impossibility result in Theorem 2
about the exact competition complexity.

Proof. Proof of Theorem 2. Letting ¢ = 0 in Theorem 4, it suffices to show that the
value of the optimization problem (2.1)-(2.4) is strictly negative. Consider the sequence
(b;)ien defined as follows: by =1, and b; € (0,1) to be specified later. For every

ie{l,...,m—1}1let
1 n—=1
. n n bi n
b1 =b (” - 1) <bi—1) ' 28)

and for every i > m let b1 = b?/b;_1. We first show that (;);cN is feasible for

the optimization problem (2.1)-(2.4). By construction the sequence satisfies (2.4).
We start with the monotonicity property (2.2). Consider the function h(x) = (n/(n —
1))1/7x(1=1)/7 and let k() be the function obtained from the composition of /1 with itself
i times. From (2.8), we get b;1/b; = h\) (b1 /by) = h) (by) for every i € {0,1,...,m —1}.
Observe that h(x) is monotone increasing and continuous on x € [0,1], with #(0) =0,
and therefore (! is also monotone increasing, continuous and h()(0) =0, for every
i€{0,1,...,m —1}. Since we also know bj+1 /b]- = by, /by,—1 for every j > m, it suffices
to prove b;/b; 1 <1 for every i € {1,...,m} in order to show that the sequence
(bi)icN satisfies (2.2). To this end, we make any choice of b; € (0,1) in a way that
MaXie (o1,..,m—1} h()(by) < 1. This implies that property (2.2) is satisfied.

n n—1

1
Claim 2. For every x € (0,1] we have (-25)" x = > x.

n

1,

To see this, consider the function g: R — R given by g(x) = (:24)" x"i — x. This
function is concave in the interval [0,1] and therefore the minimum is attained in
either zero or one. Since ¢(0) =0 and g(1) = (n/(n—1))/" — 1 > 0, we conclude that
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g(x) > 0 for every x € (0,1], proving the claim.

In particular, for every i € {1,...,m — 1} we have

b "ok O\ b b b
i+1 no\" i \" i i i
= — + > 7
bi (” - 1) (bi—1> g (bi—1> bi1~ big

where we used the fact that 0 < b;/b;_y < 1. Since b;.1/b; = by, /b,,—1 <1 for every
i > m, we conclude that (2.3) is also satisfied, and therefore the sequence (b;);cn is

feasible for the optimization problem (2.1)-(2.4). We now show that the objective value
of the sequence (b;);cn is strictly negative. We first observe that the objective value is

=l b1+1 - H—l "
Z bi— Y (1- -) (1 bi
b = b
i=0 i=m
_ Z ( z+1)n . 2( (bz—i-l) )
bi
1=m
By construction of the sequence we have
— n m—1 n—1
i1\ n (b
Sa() -t e Gl
m—1 bi n n m—2 bi—H n
. - — n .

equal to

and therefore
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By rearranging terms we conclude that

mz_:lb (bi+1>n b ( b )n mizb (bi+1>”
. — _ _om + .

Let v = by, /by,—1. We have v <1, by, = yb,,—1 and inductively b,,,; = v *1b,,_1 for
every non-negative i. Therefore, overall, the objective value of the sequence is equal to

"f bis1 "b._i L (b \"Y,
=\ b boe b; !

=nby_1y" — (n = 1)bf — (L—9") Y 7"byy
i=0
_Aan
=nby 17" — (n—1)by — %bm—l

n .
= nby_17" — (n = 1)b — b1y '
i=1

n .
=—(n—1)b} —by_1 <Z’y’ — n’y”> <0,

i=1
which concludes the proof. O

We note that the sequence (b,),en defined in the proof of Theorem 2 gives one
possible construction of a distribution such that (1+¢) A, (F) > M, (F). More precisely,
(bn)nen is a sequence such that the value of the optimization problem (2.1)-(2.4) is
negative. In other words, it satisfies the properties of ((5]*) jeN (2.7) as defined in (the
converse direction of) the proof of Theorem 4.

2.5 Approximate Competition Complexity: Proof of The-

orem 3

In this section we show how to use Theorem 4 to derive Theorem 3 about the ap-
proximate competition complexity. In particular, we show how to optimally solve the
optimization problem (2.1)-(2.4). For every m,n and &€ > 0, we show how to reduce the
task to finding the minimum of a real convex function in finite dimension. Then, using
this reduction, we show that the optimal value of (2.1)-(2.4) is obtained by a recursive
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formula. As a final step, we analyze this recurrence by considering a continuous
counterpart defined by a differential equation.
Consider the function I, ,, : ]RT_1 — R defined by

m—2 n

x.

() =e+xf+ ) x (s+ (;—H) ) —xpo1(n—1—¢).
i=1 !

Given & > 0 and positive integer n > 2, let (o, j);en be the sequence defined by the

following recurrence:

n—
&]

pen=1,and (n—1)p;; 4 —e=mnp ! for every j > 2 such that (n — Dpgj—1 —€>0.

(2.9)

For fixed e and n we say that p, ; is well defined if (n — 1)pg/j_1 — &> 0. Observe that
by letting x = p. ; in Claim 2, we get that p, ; is decreasing in j. It follows that if pe is
well defined, then so is p; for j < m. As a first step, we will show that the optimal
value of (2.1)-(2.4) can be obtained in terms of the sequence (Ps,j) jeNn- To prove this
result we require a few propositions.

Proposition 2. Let ¢ > 0, and let n > 2 and m > 3 be two positive integers such that pe y, is
well defined. Then, T, ,, is convex over R™ 1 and it has a unique minimizer Y in this region,
given by

j—1
Y1 =pem and Y; = | [ pem—i foreveryje{2,...,m—1}. (2.10)
k=0
Furthermore, T, ,,(Y) =& — (n — 1)p¢,,,.
Proof. We begin by proving (strict) convexity of I'j, ,,. We proceed by induction on m.
Observe first that when m = 3, we have that I'}, 3(x1,x2) = &+ x7 + p(x1,%2) — x2(n —
1 —¢), where p(y,z) =y(e + (z/y)"). The Hessian of p is

2,2 _
V2p(y,z) = n(n —1)z"" 2" (Z 1y Z/y> ’
—z/y 1

and this is a positive semidefinite matrix for every (y,z) € RZ, since one eigenvalue
is equal to zero, and the other is n(n — 1)z"~2y'~"((z/y)? + 1) > 0. In particular, p
is convex over R2. Since the function € + x} — x(n — 1 — ¢) is also convex over R?,
we conclude that I 5 is convex over R%. Now consider an integer value m > 3, and
observe that

ril,m+1(xl""’xm) = p(xmflzxm) - (xm - xTH*l)(n —-1- S) + r;,m(xll"'leH*l)/
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and therefore the convexity follows by the inductive step, that is, I7, ,, convex over
R” 1, together with p convex over R2. Every minimizer v of T2, over R” ! is a

+ 8 p + y y n,m +
solution to the system given by VI3 ,, =0, that is,

n
(n—1) (%) —e=ny!}, (2.11)
) n ) n—1
(n—1) (%) —s:n(yy’ > for every i € {2,...,m — 2}, (2.12)
i i1
n—1
n—1—e=mn (%) ,and y € R7" 1. (2.13)
m—2

The above system has a unique solution and therefore this proves the first part.

To finish the proof, we show that Y defined in (2.10) is strictly positive, satisfies
the system (2.11)-(2.13), and I}, ,,,(Y) =& — (n — 1)p¢ . Since p, ; is well-defined for all
j <m, we have p,; = ((n — 1)()2].71 —¢)V/("=1) > 0. This implies that Y € R"!. Next
observe that Y» = pgmpem—1 and therefore Y»/Y] = p; ,,—1. Then, we have

(n—1)(Y2/V1)" —e=(n—1)pl, | —e=mnpl,t =ny,

and therefore (2.11) is satisfied. Similarly, for every j € {2,...,m — 2}, we have
Y;j/Yj-1=pm—j+1 and Yj11/Y; = py . Then, we have

(n=1)(Yj1/Y})" —e=(n—1)pg,,_j—e= ”PZ;EJ'H =n(Y;/Y;-)",
and therefore (2.12) is satisfied. Finally, since Y,,_1/Y;—2 = p¢2, we have
n—1l—e=(n—1)p} —e=np!3" =n(Yy_1/Yu_2)""",

and therefore (2.13) is satisfied. We now evaluate I}, (Y). The vector Y satisfies
(2.11)-(2.13) and therefore

m—2 Yi—i—l n m—1 m—1 Yi n—1
(n—l)ZYi( ) +(n—1)Ym_1—eZYi:an+nZYi< )
i=1 Yi i=1 i=2 Yi

m—1 Yi n
=nY{+n Y 4 < >
! l; Y

m—2 Y. n
— nY! +n Zyi( ;+1> .
i=1 !
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By subtracting the first term of the left hand side we get

m—2 Yi—|—1 n m—1 ,
Yi| — ) =(n—1)Yy,—1 — Y; —nY
;(Y) (D e L v,

i=1

and by rearranging terms we obtain that

m—2 Y: 1 n
Y. Y (e+ (i) ) =(n—1-¢)Y,_ 1—nY{.
= Yi
Therefore, the minimum of I, ,, over lRﬁf1 is equal to
5+Y1n+(7’l—1—€)ym_1—TlY{i—(l’l—l—E)Ym_l:g—(n—])Y{q.

The proof follows since we have Y| = pg . O

Now that we have shown I, , (Y) =& — (n —1)p,,, we still need to establish the
connection between I, (Y) and our objective (2.1) in order to complete the picture
and show that the value of our optimization problem (2.1) — (2.4) is effectively given
by ¢ — (n —1)p¢,,. The following proposition will complete the feasibility of Y of the
constraints in (2.2) — (2.4). Once this is established, in Lemma 4 we find that plugging
Y into the objective (2.1) gives an expression that is upper bounded by I, ,,(Y) plus
some remainder.

Proposition 3. Let ¢ > 0, let n > 2 and m > 3 be two positive integers such that pg is well
defined, and let Y be as defined in (2.10). Then, the following holds:

(a) Forevery j € {1,...,m — 1} we have that Y;;1 <.
(b) Forevery j€{2,...,m — 1} we have that Y]‘?- <Y 1Yt

Proof. Observe that for every k € {1,...,m — 1}, we have Yy, _y11/Yy;— = pex. Fork=1
we have Yy, /Y;,—1 = pe = 1. From the definition of the recurrence, we have

(n—1)p_y > (n—1)pl_y —e=nply!

for every k € {2,...,m — 1}. By induction, if p.;_1 <1, we have p?,;l <(n-1)/n
and therefore p., < 1. This concludes part (a). Since for every j € {1,...,m —1}
we have Yj1/Yj = pem—j, to prove part (b) it suffices to show p, 1 < p.x for every
ke {1,...,m —2}. From the construction of the recurrence, for every k € {1,...,m — 2}

it holds that ,
n =1}/
p&,kz (Tl—l) p£l+1) ?’l‘
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By (a) we have p, ;1 € [0,1], which together with Claim 2 implies that

1
n " (n—1)/n
( ) pg,k+1 Z pﬁ,k+1'

n—1

Therefore we conclude that p; ;1 < p. . This proves part (b). [

The other part of Lemma 4 is to give a lower bound on (2.1) — (2.4). That is, we
need to bound the objective (2.1) for any candidate J that satisfies the constraints.
We find that the objective function can be written as I, ,,(d1,...,0,,—1) plus some
remainder in function of 6. To arrive at the desired conclusion, we need to bound this
remainder for any feasible 4. The following proposition gives a convenient way to go
about this task.

Proposition 4. For every sequence (J;)jeN satisfying (2.2)-(2.4) for which 6m /6,1 <1,
there exists a sequence (B;)jen satisfying (2.2)-(2.4), and such that the following holds:

(a) Forevery j € {0,1,...,m — 1} we have 6; = B, and By /Bm-1 < 1.

(b) i_g_l (1 _ (%ﬂ)) 5 < ﬁm_lj_i: (ﬁi’:)i.

Proof. Suppose we are given (J;) e satisfying (2.2)-(2.4) for which 8,,/6,,-1 < 1. We

claim that then there exists a sequence ( ,B]) jeN satisfying (2.2)-(2.4) such that (a) holds
and furthermore (i) f; > ¢; for all j > m and (ii) B;/j-1 = Bm/Pm—1 for all j > m.

If (Jj)jen does not already satisfy these properties, then it must be because of (ii).
In particular, there must be a smallest index j > m such that 6;,1/6; > 6 /by —1. We
next describe a procedure that maintains all properties, but extends (ii) so that it holds
for one more index. Applying this procedure iteratively, we obtain (f;);en-

Given (4j)jen satisfying (2.2)-(2.4), let k(6) > m be the first value j such that
0i11/0; > 0m/6m—1. In particular, we have 6;/6;_1 = 8y, / 6yy—1 for every j € {m,...,k(d)}.
Consider the sequence (D;)jen defined as follows: D; = J; for every j € {0,1,...,m — 1},

1
Ses) 1) T2
Dm = 5111*1 (%) 7
m—1

Dj = Di(Dm/8m—1) "™ for every j € {m+1,...,k(5)}, and D; = §; for every j >
k(d) + 1. Observe that from the construction it holds directly that D;,1/D;j = Dy /01
for every j € {m,...,k(6) — 1}. Furthermore, we have

Sy _ (Dm )"“)—m“ 1 (5m_1>k<‘”"" Dun
- m

Dk(é) Om—1 . D_m Dy
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and therefore, we have D;,1/Dj = Dy,/Dy_1 for every j € {m —1,...,k(5)}. By
construction, the sequence (D;);cn satisfies (2.2)-(2.4) and Dy, /Dy,—1 < 1. We show
next that D; > ¢; for every j € {m,...,k(d)}. Since 6;1/8; > 6/dp—1 for every j €
{m,...,k(5)}, we have

1
which implies that 0y < 6y-1(0k(s)11/0m—1)¥0 "2 = Dy, For j € {m +1,...,k(6)} we
proceed by induction:

D;=D; 4 > 6 > 6j_ =4,
e i e e T A T

where the first equality holds by construction of the sequence, the first inequality
holds by the inductive hypothesis, the second inequality holds since D;, > 4, and the
last equality follows since d;/6;_1 = /61 for every j € {m,...,k(d)}. This finishes
the proof of part (a).

In the remainder we will prove part (b) using the existence of a sequence (B;);eN
for which (a) holds as well as (i) and (ii). To this end we need the following definition
and claim. For every sequence (J;);cn let

0= 2, (-(5) )«

Claim 3. R is non-decreasing in 6; for every i > m.

Before proving Claim 3, we show how together with the properties of the sequence
(,3]) jeN it implies property (b). Namely,

£ (5))ss £.0- ()
() £ ,
- () )E () - E ()

where the inequality holds by Claim 3 and (i), the first equality holds by (ii), and the

second equality holds because (ii) implies B; = By—1(Bm/Bm—1) " for i >m — 1.
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It remains to prove Claim 3. Consider the function ¢ : RZ — Ry such that ¢(x,y) =
(1 — (y/x)")x. In particular, the derivative of R with respect to ¢;, with i > m, is equal
to

0 0
8—5(51—1,(51') + _Z((Si/f5i+1)

di )n_l (5i+1)n
=-n +1+n—-1)( —
(51'1 ( ) di
_ _ n—1
:n(5i+1>n ! 1( Oi )n 1+<1_1) Oit1 o7
S n\dit1 n) 6 di110i1
n—1
5i+1>n_1 57
>n 1-— L >0,
B ( O 0i+10i-1 -

The first inequality holds because for any p € [0,1] we have that (1—1/n)p+1/(np"~1) >
1, and 4,1 < é; < ;41 for every i > m, and the second holds since (5]-) jeN satisfies

constraint (2.3). This concludes the proof of the claim. O

The following lemma relates the optimal value of the optimization problem (2.1)-
(2.4) with the sequence (pg,]') jeN- Using Lemma 4 and Theorem 4 we can numerically
tind the competition complexity by computing the recurrence (2.9) (see Figure 2.2).
More specifically, given n and ¢, we just have to find the last value m for which
the value of the optimization problem is non-negative, and this can be found by
numerically computing the values of the recurrence (2.9).

Lemma 4. Let € > 0, and let n > 2 and m > 3 be two positive integers such that pey is well
defined. Then, the value of the optimization problem (2.1)-(2.4) is equal to e — (n — 1)p} .

Proof. Consider Y € IRT_1 as defined in (2.10). For every a € (0,1), consider the
sequence ()j(a));en defined as follows: Vo(a) =1, V;(«) = Y;j for every j € {1,...,m —
1} and YVj(a) = o/~mH+1y, | for every j > m. Thanks to Proposition 2 and Proposition
3, for every a € (0,1) the sequence (J;(«));en satisfies (2.2)-(2.4). The objective value
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(2.1) of the sequence is equal to

i=0

(1 +€)i21yi(“) - i (1 - (y;zo((z;))”> Yi(a)
Y,

et (e () )ne 5 (1 (29 )
=e+ Y+ (14+¢€)Yy +n::—12 (€+ (Y;:l)”) Y, —(1— a”);ym+zl(a)
:s+Y{l+t;2(s+<YiTtl)n)Yl Y1 ((1_,;(”);0&)_1—8)

where the last equality holds by Proposition 2. In particular, the feasibility of
(Vi(a))jen for every a € (0,1) implies that the value of the optimization problem
(2.1)-(2.4) is upper bounded by

e—(n—1)pg, + Y1 il(})fl) {n —(1—a") thl} =e—(n—1)p¢,. (2.14)
xel® i=0

Let (J;)jen be any sequence satisfying (2.2)-(2.4). We denote by V(J) the objective
value (2.1), which by rearranging terms, is equal to

V() =T5 (81, 0m1) + 11— ), (1 - <§i+1) ) Oi.

i=m—1 oi

Now either §;;1/5; =1 for all i > m — 1 in which case V(6) =1I% ,,(1,...,0m-1) +
Ny —1 > min,, R % m(x) =e— (n—1)p¢,,, where the last inequality holds by Propo-
sition 2. Otherwise, by Proposition 4, there exists a sequence (B;);jen satisfying
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Fig. 2.2 On the left, we have a plot of the competition complexity as a function of n when
€ =0.1. On the right, we have a plot of the competition complexity as a function of ¢ when
n = 20.

(2.2)-(2.4) for which the following holds:

0 J: n
V() =T5 (b1, 0m—1) + 161 — Y (1 - (il) >5i

i=m—1 0i
=T 3 Sir1\"Y 5
_rn,m(;Bll---/,Bm—l) +7’Z‘Bm,1 — Z 1— 5 51
i=m—1 i

ern,m([%l,...,[%m_ﬂ+”/3m—1_5m—1nz_1< o )i

i=0 \Pm-1

> min T%,,(x) + B 1 (—2( ﬁﬁ)>

-1 .
xeRY i=0

where the second equality holds by property (a) in Proposition 4, the first inequality
holds by property (b) in Proposition 4, and the last inequality again holds by Propo-
sition 2. Observe that for every (B;)jc, the last term of the above inequality can
be lower bounded by zero, and therefore, we get that V(6) > & — (n —1)p},, also in
this case. This, together with the upper bound in (2.14), concludes the proof of the
lemma. O

As a second step, we study the recurrence (p;)jen to find the point in which it
becomes non-positive. More specifically, by Theorem 4 and Lemma 4, our aim is to
find the greatest index m for which p, ;; is well defined, or equivalently the unique m
for which (n —1)p?,, — e <0. To understand this problem we consider a differential
equation that will serve as an upper bound to our recurrence relation. Recall the
definition of ¢(e) = foll/(y(l —log(y)) + ¢)dy. Given a value ¢ > 0, consider the
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following ordinary differential equation:

y'(t) =y(t)(log(y(t)) — 1) — e for every t € (0,¢(¢)), (2.15)
y(0) =1. (2.16)

We define y(¢(¢)) = limyg() y(t) as the continuous extension of y in ¢(¢). The follow-
ing lemma summarizes our results for the differential equation and ¢(¢).

Lemma 5. For every € > 0, the differential equation (2.15)-(2.16) has a unique solution ys.
Furthermore, the following holds:

(a) For every t € [0,¢(¢)) we have y.(t) < 0. In particular, y. is decreasing and invertible
o [0,¢/(e)) and ye((e)) =0,

(b) For every integer n > 2, and every j € IN for which p. ; is well-defined, we have

n—1 € j
el <we(h)

(c) For every 6 € (0,¢(e)), there exists ng such that for every n > ng we have (n —1)pg; —
e >0, where k= | (¢(e) — )n].

(d) We have ¢(e) = O(loglog1/e) for e < 1.
Before proving Lemma 5, we show how to use it to establish Theorem 3.

Proof. Proof of Theorem 3. Fix € > 0 and consider the non-trivial case where n > 2. We
begin with the first part of the theorem. By Lemma 4 it suffices to find the largest index
j for which p, ; is well defined. Suppose for a contradiction that for some m > ¢(e)n,
Pe,m is well defined but (n —1)p,, — & > 0. Define ¢’ > 0 such that m/n = ¢(¢'). Note
that such an € exists and €' < & because ¢ is monotone and continuous.

Claim 4. For every positive integer j, po ; is well defined when p.; is well defined, and
el j = Pe,j-

Using Claim 4, we have

n—1 e n—1 ¢
R — < P?’,m_géys’ (4)(8/)) :O,

np’ n-— n

where the second inequality holds by Lemma 5(b) and the final equality holds by
Lemma 5(a). This yields a contradiction. To prove the claim, we consider an inductive
argument. The claim clearly holds for j = 1, and assume that it holds for every
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k <j—1.1If pg is well defined, thatis (n —1)p;;_; —& >0, by the inductive step we
have py ;1 > pe ;1 and therefore,

(n=1)pp; 1 —&=m—1)p;_1—e>0,
meaning p. ; is also well defined. Furthermore, in this case we have

Tlloglj_l = (7’1 — 1)pg]_1 —e< (n — 1)‘02,/]._1 — = nlo?//_jll

which implies that po/ ; > pe ;.
By Lemma 5(d) we have ¢(¢) = O(loglog1/¢). The second part of the theorem
holds by Lemma 4 and Lemma 5(c). This finishes the proof of the theorem. [

We prove Lemma 5. For (a), (b) and (c) we first need a few propositions.
The following proposition simply proves 5(a).

Proposition 5. For every € > 0, there exists a unique solution of the differential equation
(2.15)-(2.16), that we denote y.. Furthermore, for every t € [0,¢(e)) we have y.(t) < 0. In
particular, y. is decreasing and invertible in [0,¢(¢)], and y.(¢(e)) = 0.

Proof. Since y(t)(log(y(t)) — 1) — € as a function of y and f is continuous when y >
0, in this case a solution exists by Peano’s existence theorem [66]. Observe that
for any solution y of the differential equation (2.15)-(2.16), we have y'(0) = —¢ < 0.
Furthermore, for every y € (0,1], since log(y) <0 and € > 0, ¥’ < 0. Now we show
uniqueness. Assume the solution is not unique, that is there exist yi(t) # y»(t)
satisfying the ODE conditions. Denote by [0,T) the largest interval on which y;
and y, exist. Then let t* = inf,co r){t : y1(t) # y2(t)}. By continuity, we know that
y1(t*) = y2(#*). Now by Picard-Lindelof theorem [70] that we give for convenience as
theorem 1, there exists some interval [t* — §,t* + §] where the solution to the ODE is
unique. In particular, y;(t) = y2(f) on [t* — 6,t* + ], contradicting the choice of t*.
Denote this unique solution as y, and let y,(T) be the continuous extension of y.
Now let us find the value of T. In particular, the function v, is strictly decreasing and
thus invertible and we know it has a differentiable inverse in [0,1]. That is, we can
write t as a function of .. Also, denote T =y, !(0). By standard integration rule, we
may write
L dt

11 1 1
£(1) = £(0 /—d :1/—d:£10—/
(1) (0) + 0 e Ye + A %S ye=Y. (0) 0 ye(1—log(ye)) + ¢

dy.
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In other words, we get

1 1
1 7 _T_
V=T [ s = T4
and since y; (1) = 0 we conclude that y,1(0) = T = ¢(e). O

The following two propositions are technical and their sole purpose is to help with

the proof of Lemma 5(b). In this lemma, we analyse y. (1) inductively by expressing it

as a Taylor expansion centered at previous point (FTl) Although this is conceptually

straightforward, in order to obtain the desired bounds, we need to go all the way up
to the third derivative in the Taylor expansion. There does not seem to be a single
clean proof as to why bounds are achieved for all regimes of j and e. However, we are
able to make a complete argument by going through an involved case analysis and
achieving the desired bounds in each case, by different methods.

Given € > 0, consider the function M, : R — R given by

M(x) = (log(x) —-1- z) (xlogz(x) + xlog(x) — x — s> .
Proposition 6. Let ¢ > 0 and let a; = y; ' (exp(—%(1 + +/5))). Then, the following holds:
(a) For every t € [0,¢(¢e)] we have y.' () = Me(ye(t)).
(b) For every t € [0, ;] we have y)" (t) > 0.
(c) When ¢ < 0.25, we have y" (t) > —1.173 for every t € [ae, ¢p(€)].
(d) When e < 0.25, there exists x, € (0.01,0.067) such that y" is increasing in [y; *(x¢),d(€)].

(e) When ¢ > 0.25, we have y)" (t) > 0 for every t € [0,¢(¢)].

Proof. By a direct computation, we have that

Ve (£) = ye(t) (log(ye(t)) — 1) + ye(t) - ye(t) /ye(t) = ye(t) log(ye(t)),
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and therefore,

v (t) =y (t)1og(ve(t)) + ye(t) - Yet)

ye(t)
= ye(t)log® (ye(t)) + ye(t) - }%
= yi(1) (10g2<ys<t>> Flog(y(t) —1 - yin)
= (ve(D) (log(ve(t) 1) —¢) (logz(ye(t)) +log(ye(t)) —1 - ﬁ)
= Me(ye(t)),

which proves (a). Consider the function g(x) = xlog?(x) + xlog(x) — x. We have that
g(x) <0 for every exp(—3(1+/5)) < x < 1, and together with Proposition 5, implies
that ¢(y.(t)) — e <0 for every t € [0,a,]. Furthermore, by Proposition 5 we have that
yL(t)/ye(t) <0 for every t € [0,a,] and therefore

/
t
V(0 = M) = S0 st — ) 20,
which proves (b). To prove (c), observe that by Proposition 5 we have that y.(a:) >
ye(t) > 0 for every t € [, ¢(¢)], and since 0.199 > y.(a.) = exp(—(1+ v/5)/2) > 0.198,
we have that

min min " (t) = min min M t)) > min M:(x)~ —1.1722,
e (0025 tefugle)® (®) £€(0,0.25) t€[ae,d(¢)] e(yelt)) 2 £€[0,0.25), e(x)
x€[0,0.199]

where the first equality comes from part (a). We now prove (d). By a direct computa-
tion, we have

M(x) = R v +log®(x) + 3log?(x) — 2log(x) — 1,
” 262 2elog(x) 2 3log*(x)  6log(x)
Me (x) = xB3 x2 x x x

Furthermore, we have
min M/ (x) ~ 0.716,
€€[0,0.25],
x€[0,067]

41



and therefore the function M is increasing in (0,0.067] for every ¢ € (0,0.25]. On the
other hand, we have

€2 2¢  2elog(0.067)

— .57,
(0.06772 ~ 0.067 6.5

M;(0.067) > —
and this is a quadratic concave function over [0,0.25] that attains the minimum at
¢ = 0.25 with a value of ~ 5.36. Furthermore, we have

e 2 2¢log(0.01)
(0.01)2 ~ 0.01 x

M.(0.01) < — —25.83,
and this is a quadratic concave function over [0,0.25] that attains the maximum at
~ 0.036 with a value of ~ —12.83. Therefore, for every ¢ € (0,0.25], the continuity of
M implies the existence of a value x, € (0.01,0.0067) such that M.(x,) = 0. Since the
function M is increasing in [0,0.067], we have M/(x) < M.(x,) =0 for every x € [0,x],
and therefore the function M; is decreasing in the interval [0, x¢]. By Proposition 5 we
have that y, is decreasing in [0,¢(¢)], and therefore we conclude that y)" = M, oy is
increasing in the interval [y; ! (x.),$(e)].

Finally, we prove (e). Recall that g(x) = xlog?(x) + xlog(x) — x. It is sufficient
] when e > 0.25, since we have v’ (t) =

to verify that g(x) < e for every x € (0,1
0,¢(¢)]. We have

Ye(t)(8(ye(t)) —€)/ye(t), and y; < Oiin |
¢'(x) = logz(x) + 2xlog(x) - % +log(x) + x - % — 1 =log(x)(log(x) + 3).

We have ¢’(x) >0 when x € (0,e73] and ¢/(x) < 0 when x € [¢~3,1]. Therefore, the
maximum of ¢ in (0,1] is attained at e~® and we conclude that g(x) <5¢73 — ¢ <
5¢73 — 0.25 < 0 for every x € (0,1]. This concludes the proof of the proposition. [

Given € > 0 and a positive integer n > 2, consider the function F, ¢ : R — R given
by
x(log(x) —1)  log(x)(x(log(x) —1) —¢)

Fre(x) =x+ n 2n?

Proposition 7. Let n > 2 be an integer value and let € € (0,0.25]. Then, the following holds:

N

(a) For every x € (0,1] we have Fy¢(x) > <u> X,

—_ n

(b) For every x € [0.01,0.199] we have F,¢(x) > (”——1) xioT 4 L1783

6n° n

(c) For every x € [0,0.07] we have Fy¢(x) + Me(x) <”—_1> X1,
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Proof. The inequality in (a) holds by [23, Proposition D.1.]. Consider the function
Gn : R — R given by

. log(x) =1 log(x)(log(x) —1) n—1\_ 1 1173
Galx) =1+ n * 2n? n )T e

To prove (b) it suffices to show that G,(x) > 0 for every x € [0.01,0.199], since
—elog(x) > 0 for every x € [0.01,0.199], and therefore

" X1 — o >x-Gu(x) >0.

n—1 w1173
- (15)
We have that {G,(0.199) },en is a strictly positive and decreasing sequence, and
therefore it is sufficient to show that G, is decreasing in the interval [0.01,0.199]. We
have

1  log(x) 1 1 1., 1173
! e — — —xn—
G(x) = nx + n2x 2x  n- 1 6162
1 | —x/2 n 1.17
(et St )
nx n 6n
and let | ) 173
o) = x4 SO =X/ a1

n 6nd

It is sufficient to show that &, is non-positive in [0.01,0.199]. We have

h;l(x):1+1°g(x)—+1/2_ (1_l>xnll,
n n
1 1 1 1 1
Mx)= — — Zxm1 b= = (1 — xwT

h”(x)_nx 7 nx (1 * 1)’
and therefore h),(x) > 0 for every x € [0.01,0.199]. This implies that h, is convex in
the interval [0.01,0.199], and therefore it is sufficient to verify that /1,(0.01) < 0 and
h,(0.199) < 0. In fact, we have

1,(0.01) = 0.01 + 0.0llog(O.El) —0.005 0.0177 4+ 16171753

0.0110g(0.01) — 0.005  1.173
< —VU.
1x(0.199) = 0.199 + 0.19910g(0.199) — 0.0995 0199 + 1.173

n 61d
< 0.19910g(0.199) —0.0995 1.173 <02,

- 2 +6-25
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and therefore we conclude that h;, is non-positive in [0.01,0.199], which implies that G,
is positive in [0.01,0.199]. This proves (b). Finally, to prove (c), consider the function
¥:R3 — R given by

x(log(x) —1)  log(x)(x(log(x) —1) —¢)  Me(x) (. 1\ v
- + 1

—1
y 2y? 6y° y e

Y(x,y,e) =x+

Then, we have

inf an(x)+M€(x)— (n_l)xnnl > min Y(x,y,e) >0,

n>2, ’ 61 n — y>2,
€€(0,0.25], £€(0,0.25],
x€[0,0.07] x€(0,0.07]
which concludes the proof. O

Proof. Proof of Lemma 5. Part (a) holds by Proposition 5. To prove (b) we proceed by
induction. When j =1, we have p{'| ! =1 =1y,(0). For every j > 1, we take the Taylor

expansion around point ~ o express the function value at ] . We obtain:

=e(57) (5 + mart (5) + et @
-1 1,771 1 —1 1,
S+ T (0 A ((51))) ¢
. i—1 i—1
:y€<121>+ye(’7) log(ysé%))—l)—ae(H log@g(]— )>>+$yg/@

:Fn,s<y£<];1>> _24'#;%”(6)

where ¢ € ((j —1)/n,j/n), and the second and third equalities come from the ODE

definition. The induction is simply on j, starting at j = 1. However, we need to control

the error term of the Taylor expansion, Z5y/’ (). Depending on the value of € and |

(since ¢ € (] nl, 1]1 )), we have different guarantees that will help us with the induction
step, established in Proposition 6. We consider four different cases.
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Case 1: Suppose that ¢ > 0.25. By Proposition 6(e) we have y./ (&) > 0, and therefore

3
()=l (52) -
hufu()
> ()5S (e - S =

where the second inequality holds from Proposition 7(a), and in the third inequality
we used the inductive step.

Case 2: Suppose that ¢ < 0.25 and 2 < j < a,n. In particular, we have j/n € [0,a;]. By
Proposition 6(b) we have y.’(&) > 0, and therefore

(D)= relu(151) -
SHAEE

n—1 j—1\iT1 e n—1\ , & .4
Z( n )%( n ) _EZ( n )P&f_E_P&fH’

where the second inequality holds from Proposition 7(a), and in the third inequality
we used the inductive step.

1
+ @ygl (¢)

£
n
£
n

Case 3: Suppose that e <0.25and a;n +1<j < y;l(xg)n + 1, where x; is the value
guaranteed by Proposition 6(d). In particular, we have (j —1)/n € [ae,y; ' (x¢)], and
by Proposition 6(d) we have 0.01 < x,, which implies that 0.01 < y.((j —1)/n) < 0.199.
By Proposition 6(c) we have y.’(¢) > —1.173, and therefore

ys(%) = Fue (%(j;l)) —% %y?’(é)
hu((5) £

n—1 j—1yi1 e n—1\ , & .4
() (5 £

where the second inequality holds from Proposition 7(b), and in the third inequality
we used the inductive step.

Case 4: Suppose that e < 0.25 and j > y; ! (x¢)n + 1. In particular, we have (j —1)/n >
v 1(xe) and y((j —1)/n) < xe < 0.067. By Proposition 6(d), ¥/ is increasing in

€
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[y-1(xe),¢(e)], and therefore y”'(Z) > y!'((j — 1)/n). Then, we have

w(L) =Fuc(w(557)) 5 + gt ©)
> Fue (e (50)) 5+ gt (5
=R () + geMe (v () -
_ 1

n
n—1 j—1\i1 € n— € a1
Z( n )yg< n ) _ZZ( n )ps’j_ﬁ_psff“’

where the second inequality holds from Proposition 7(c), and in the third inequality
we used the inductive step.
Part (c) is a direct extension of [52, Corollary 6.9]. Finally we prove (d). By

definition, recall that
1

1
g) = dy.
$0= ), = Togla e
We apply the change of variables x = —log(y) to get that

o0 1
(j)(s)_/o 1+x+sexdx

Note that the function f(x) =1+ x — e¢* has a unique root in x € [0,00) for ¢ < 1, that
we denote 7, (i.e., f(r¢) = 0). In particular, we have 1 4 x > ee* for every x <r,, and
1+ x < ee* for every x > re. Then, we have

Te 1 dr < Te 1 d
/0 2(1+x) x_/o T+xteer

and
S |

dx < / ;dx
re 2eex re 14+ x+ee*
By adding both inequalities we get

1 e 1 © 1
- — < _
5 (/0 1+xdx—|—/r€ sexdx) < ¢(e)

On the other hand, we have

(s)</r€de+/ooldx
Ple) = r. eex

o 1+x
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and therefore, by evaluating the integrals, we have
. (log(l Fr)+ @) < ple) <log(1 + 7o) + ZBET,

Observe that r, = log(1 + r¢) + log(1/¢), and therefore r. > log(1/¢). Furthermore,
when ¢ is sufficiently small, we have f(2log(1/¢)) =1+ 2log(1/e) —1/e <0, and
therefore r, < 2log(1/¢). Then, for ¢ sufficiently small we have log(1/¢) < r, <
2log(1/¢), which implies that

exp(—re)

s

<log (1 +2log <%>) + exp(~log(z)).

1)) | exp(=2log(7))

log (1 +log (E <log(1+re) +

s

The result now follows from the fact that the leftmost expression is lower bounded as

—2log (L
() a1 - 222

S

1
and the rightmost is upper bounded as log (1 +2log (%)) + M <2loglog (%) .

]
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Chapter 3

The Competition Complexity of Prophet
Inequalities

3.1 Introduction

The standard prophet inequality [57, 58] can be interpreted as an allocation problem.
There is a single item, which we need to allocate to one of n players that arrive one-
by-one in an online fashion. Each player has a value v; > 0 for the item. The values
v1,...,0y are drawn independently from known distributions Fj, ..., F,. We compare
the expected value achievable by an online algorithm that has to allocate the item
in an online fashion, to the expected offline optimum, which can simply choose the
maximum value in the sequence.

3.1.1 The model

In this chapter, we take a resource augmentation approach to prophet inequalities.
We study the prophet inequality problem in a setting where the offline algorithm
is handicapped by having less allocation opportunities. This is particularly well
motivated in the mechanism design and pricing applications, where it is very likely
that the comparatively simpler (sequential) posted-price mechanism attracts additional
buyers compared to the number of buyers that would show up if one was to sell
the item through an auction. For convenience, we now give a summary of essential
concepts and definitions required for understanding the chapter.
A more detailed explanation is given in chapter 1, section 1.2.2.

Prophet Inequality Setting. An online algorithm (ALG) observes a sequence of n non-
negative values vy, ...,v,;, drawn independently from known distributions Fj, ..., F;.
ALG must decide immediately upon seeing v; whether to accept it and stop, or
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proceed to v; 1. The stopping time p € [n] U {null} determines the algorithm’s reward
E[ALG(v)] = E[v,]. The offline algorithm (prophet) selects max;c|, v;, achieving
E[max;c(, vi]. ALG’s competitive ratio is the worst-case ratio between its reward and
the prophet’s:

E[ALG(v)]

- 7l > o,
Fy,...F, ]E[maxie[n] ’01'] -

where « € [0,1]. The goal is to find an upper bound on k such that

rgl&%dEvN(H,...,Fn)k[ALG(U)] >(1—¢)- IE[I;Q?;](UI]

Competition Complexity. In the block model, ALG observes k independent copies of
the instance (Fy, ..., F,). Each copy contains n values arriving in sequence. The input
is

oV, o, P, e, o,
()
1
values from one instance.

where v’ is drawn independently from F;. The offline algorithm sees only the n
The competition complexity of a class of algorithms A is the smallest k(¢) such that
for any n, Fy,..., F,, and k > k(e):

E[AL >(1—¢)-E 1.
Afé‘?ﬁ,,,k[ G(v)] = (1—¢) [52%01]

For ¢ = 0, the competition complexity is unbounded even in the i.i.d. case [12].

Online Algorithms. We consider three types of algorithms:
e Single threshold algorithms: Use a fixed threshold T and accept the first v; > 7.
* Block threshold algorithms: Assign thresholds T = (7, ...,7), one per block.
e General threshold algorithms: Use thresholds T = (1y,..., T,k ), one per value.

Our default assumption is a fixed order model, in which the variables arrive in
the same order in each block. Our results continue to hold when variables arrive in
arbitrary order within each block, and each block may have its own arrival order.

We also consider a further relaxation, the y-displacement model, which is parame-
terized by an integer oy > 1. In this model, the algorithm faces yk copies of the original
instance, and an adversary can determine the arrival order, but is constrained by the
fact that in each meta-block of yn variables, each type of variable should appear at
least once. This model interpolates between the block model with arbitrary intra-block
arrivals and the fully adversarial model.
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Similarly to [30] and [11], for € > 0, we define the (1 — €)-competition complexity as
the smallest k such that the expected value of the online algorithm is guaranteed to
be at least a (1 — ¢) fraction of the expected maximum value for every instance. This
complexity measure has previously been studied by [12] in the context of prophet
inequalities and posted pricing, but only for the case of i.i.d. distributions. They show
that while for ¢ = 0 the competition complexity is unbounded, for ¢ > 0 it scales as
O(loglog1/¢). This shows that the optimal online algorithm (dynamic pricing policy),
approaches the optimal offline algorithm (optimal auction) doubly-exponentially fast.

Of course, the competition complexity metric is also interesting when restricted
to a certain class of online algorithms. We consider algorithms from three different
classes: (1) Single threshold algorithms, which set a single threshold and accept the
tirst value that exceeds the threshold. (2) Block threshold algorithms, which set a
threshold for each copy, and accept the first value that exceeds the threshold for its
copy. (3) General threshold algorithms, which set a threshold for each of the nk steps
and accept the first value that exceeds its threshold.

Naturally, a simple backwards induction argument shows that threshold algorithms
are optimal (in a per instance sense) among all online algorithms. More interestingly,
as a first structural insight, we show that with respect to the competition complexity
metric, block threshold algorithms are optimal (Proposition 8 in Section 3.2). We thus
generalize the classic result of [73], which shows that for k = 1 a single threshold algo-
rithm is optimal. Apart from this, threshold algorithms are of particular importance
because of their simplicity and natural interpretation as posted-price mechanisms.

3.1.2 Our contribution

As our main contribution, we resolve the (1 — ¢)-competition complexity for the classic
(single-choice) prophet inequality problem with non-identical distributions. We show
that the competition complexity for general distributions exhibits the same asymptotics
as in the i.i.d. case. Moreover, the optimal asymptotics are attained by block threshold
algorithms.

Main Result 1 (Theorem 5): For every € > 0, the (1 — ¢)-competition complexity of
the class of block threshold algorithms is ®(loglog(1/¢)).

Our second main result shows a tight bound for single threshold algorithms.

Main Result 2 (Theorem 6): For every ¢ > 0, the (1 — ¢)-competition complexity of
the class of single threshold algorithms is ©(log(1/¢)).

We thus show that also in the case of general, non-identical distributions the
best online algorithm (dynamic pricing policy) approaches the best offline algorithm
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(optimal auction) doubly exponentially fast. Moreover, this is true even when we don’t
use the full power of dynamic pricing, and prices remain constant within each block.

In addition, our results show that there is an exponential gap between single
threshold algorithms (static pricing policies) and block threshold algorithms (policies
that update prices only periodically).

3.1.3 Our techniques

Our main technical contribution is the upper bound of O(loglog(1/¢)) on the (1 — ¢)-
competition complexity for block threshold algorithms. The matching lower bound of
O(loglog(1/¢)) already applies in the i.i.d. setting and follows from [12].

The main technical ingredient in our proof of the upper bound is an approxi-
mate stochastic dominance inequality that allows us to evaluate the performance of
any block threshold algorithm, with decreasing thresholds 71 > 7 > ..., 7 (Lemma
6). The approximation factor of this stochastic dominance inequality is parameter-
ized by 7,...,7, and it is obtained through a careful analysis of the minimum
stochastic-dominance approximation factor achievable on each of the k 4+ 1 sub-
intervals [0, T¢), [Tk, Tk_1),---,[T1,00) defined by the block thresholds. Then, to find
the best possible approximation guarantee for block threshold algorithms that can
be obtained in this way, we need to solve a (high-degree polynomial) max-min op-
timization problem. Rather than solving this problem exactly, we provide a tight
double-exponentially fast increasing lower bound on the value of this max-min prob-
lem by constructing an explicit set of thresholds (Lemma 7). In combination with the
lower bound, this shows that our stochastic dominance approach provides an optimal
competition complexity bound up to a constant factor.

Our upper bound of O(log(1/¢)) for single threshold algorithms follows in a rather
direct way from the “median rule” proof of [73]. Our key insight for this case is that
the upper bound is asymptotically tight, which we show by providing an explicit
lower bound construction.

3.1.4 Other arrival orders

We also explore the robustness of the (1 — €)-competition complexity metric to dif-
ferent assumptions about the arrival order. To study this effect, we introduce the
v-displacement model, where v > 1 is a parameter. In this model, the algorithm faces
7k copies of the original instance. The arrival order is determined by an adversary,
but the adversary is constrained by the requirement that, within each meta-block of
yn variables, each type of variable should appear at least once. While for y =1 the
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adversary is restricted to move variables within their block, for 7y > 1 the adversary
can also move variables across blocks.

For this model, we show that for every 7 > 1, the (1 — ¢)-competition complexity
of block threshold algorithms is O(yloglog(1/¢)) (Proposition 23). Comparing this
with the (1 — &)-competition complexity of block threshold algorithms in the default
model, this shows that the competition complexity is increased by a multiplicative
factor of v, but the scaling behavior in 1/¢ remains the same. This shows that the
competition complexity of block threshold algorithms degrades gracefully as we move
away from the default model.

We also show that a comparable result cannot be achieved for single threshold
algorithms. Namely, for this class of algorithms, we show that there exists some ¢y > 1,
such that the (1 — ¢)-competition complexity of single threshold algorithms is least
Q(1/¢'/3) (Proposition 24). This shows that the (1 — &)-competition complexity of
this type of algorithms transitions from growing logarithmically in 1/e when v =1 to
growing (at least) polynomially in 1/& when ¢y > 1.

We complement these results, with a lower bound on the (1 — ¢)-competition
complexity of general threshold algorithms in the fully adversarial model, showing
that the (1 — €)-competition complexity is at least ()(1/¢) (Proposition 25).

3.1.5 Extensions

Our work opens up the question of studying resource-augmented prophet inequalities
for richer combinatorial settings. We present some preliminary results for submodular
and XOS combinatorial auctions. The proper generalization of threshold algorithms for
this setting are prices, and similar to the distinction between block threshold algorithms
and single threshold algorithms, we can distinguish between block-consistent prices
which stay fixed within a block and static prices that remain fixed throughout.

Additional Result 1 (Theorem 7): The (1 — ¢)-competition complexity of block-
consistent prices for submodular and XOS combinatorial auctions is O(log(1/¢)).

Additional Result 2 (Theorem 8): The (1 — ¢)-competition complexity of static prices
for submodular and XOS combinatorial auctions is O(1/¢).

Our results present a first glimpse at a potentially rich theory and already show
that the constant-factor that can be shown in the single-shot setting [27, 36] vanishes
exponentially fast with block-consistent prices with additional resources. Whether
this can also be achieved with static prices remains open, just as the question of
whether a double-exponentially fast approach is possible with dynamic prices. More
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generally, it would be interesting to establish a formal separation between static and
dynamic prices. It also remains open whether comparable results can be obtained for
subadditive combinatorial auctions [20, 29].

Of course, the same question can be studied for other combinatorial settings such
as matroids [18, 55] or matching constraints [33, 40]. Finally, we hope that our work
will spark ideas on other notions of resource augmentation.

3.1.6 Organization

The chapter is organized as follows. In Section 3.3 we present our results for block
threshold algorithms. Afterwards, in Section 3.4, we turn our attention to single
threshold algorithms. We discuss combinatorial extensions in Section 3.5. We defer
the discussion of additional arrival orders to Appendix B.2.

3.2 Block threshold reduction

We first show that block threshold algorithms are in fact worst case optimal.

Proposition 8. For every € € (0,1), the (1 — €)-competition complexity with respect to the
class of block threshold algorithms is the same as the (1 — ¢)-competition complexity with
respect to the class of general threshold algorithms.

Proof. Let k' be the (1 — ¢)-competition complexity of the class of block threshold
algorithms, and let k be the (1 — ¢)-competition complexity of the class of general
threshold algorithms. Clearly k’ > k, since every block threshold algorithm is a general
threshold algorithm. We next prove the other inequality. By the definition of k’, there
exists an instance (Fy,...,F,), such that for every block threshold algorithm ALG, it
holds that

E Fu)F -1 [ALG(v)] < (1 —¢) - Eo(p,...F )[maxvi]- (3.1)

'UN(Fl,..., n le[i’l]

Given a block threshold algorithm ALG, let

1
a=7((1=2) By, pymaxo] —E, ;v 1[ALG(0)]),

4 " ie[n]
and let

*=inf{8>0:E -1 > Bl <at.
pr=in {[3_ o~ (i . ) [T0AXO [11161%01_[5]]_04}

Let m = [B*/a], and for every i € [m], let p; = Pr[(i — 1) - & < maxc[,v; <i-al.
For every i € {1,...,m — 1}, let D; be the weighted Bernoulli distribution that takes

the value i - « with probability p;1/(1 — 2L, pj), and zero otherwise. This is a valid
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probability since
m m
pirt/(1= ), p)<1e ) p<l
j=i+2 j=i+1
and

m
Y pj=Prli-a <maxv, <m -«
j=itl te[n]

by definition of p;’s. Let My = maxc[,,_1)w; with w ~ (Dy,...,Dy,—1), and Mp =
maX;c[, v; with v ~ (Fy,...,Fy). It holds that M; has the same distribution as [ M -
1[My <m-a]/a] - a, since for every r € [m — 1] we have

p m—1 Py
Pr[Mlzr.a]:r—+1. H (1_11—H>

m , _\m ,
1- j=r+2p] r'=r4+1 j:r’—i—ZP]

_ P 'ﬁ 1= YiP
1=yl iobi =i \1 - Lilrapj

:pr+1:PrHM2'1[M;<m.a]J-zx:r-ocl. (3.2)
Thus, for the instance (Dy,...,D,,_1), it holds that
1Eww(Dl,...,Dm,l) [maxie[m—l} wi] = IE‘Z)N(Fl,...,Fn) [maxie[n] ZJ,‘] —2a, (3.3)

since an « term is lost due to values above m - « > B*, and another « term is lost due
to the flooring. On the other hand, since the thresholds calculated by the best general
threshold algorithm for (Dj,...,D,,_1)¥ ~! are monotonically decreasing, and since the
distributions of each block are weighted Bernoulli variables with increasing weights, it
holds that within each block, only non-zero values of a suffix of the block are chosen.
Thus, the optimal algorithm ALG* for instance (Dy, .. .,Dm_l)k/_1 is a block threshold
algorithm.

Let 17 > ... > 1}, _, be the monotone decreasing thresholds used by ALG*. Consider
the algorithm ALG’ that selects a value in block / if it is in the interval [a - (1 +
|7} /a)),m - ). By Equation (3.2), the probability that ALG’ selects an element in
every iteration is the same as ALG*, and given that both algorithms stop at block ¢,
the expectation of ALG' is at least the expectation of ALG*. Thus,

v_1|ALG* (w)] < E EH [ALG' (v)] < E, . g1 [ALG(0)],

E
w~(D1,...,Dm,1) Z)N(Fl,..

where the second inequality is by noticing that if we select values above m - «, it
can only improve the performance, and the algorithm becomes a block threshold
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algorithm. Therefore,

(1=¢) - Eyu(py,...,D,p) [MaXic 1y wi] — ]EwN(DL,,_,DnH)k’fl [ALG™ (w)]
w~ (D1, Dy 1) [maxz‘e[m—l] wi] — va(pl,‘__,pn)k’fl [ALG(v)]

w~(D1,....Dpy_1) [maxie[m—l] wi] = (1—¢) “Eo (R, F) [maxie[n] o] +4a

>(1—¢)(—2a)+4a >0,

where the equality is by definition of «, the first inequality is by Equation (3.3), and
the last inequality is since ¢ < 1, and since by Equation (3.1), « > 0. Thus, k > k' — 1,
which concludes the proof. O

Beyond the Block Model. Our default model is the block model, according to which
we repeat an instance k times, keeping the arrival order within each block the same.
Our results continue to hold, even if the arrival order within each block is arbitrary.
We discuss this and additional models along with implications for our results in
Appendix B.2.

As is standard in the literature, to simplify the presentation, we generally assume
that the distributions do not admit point masses (i.e., F; is continuous for every i € [n}).
In Appendix B.1, we discuss how to adjust our algorithms for cases with point masses.

The no point masses assumption simplifies the exposition because in the absence
of point masses every quantile is associated with a threshold. With point masses, this
is not necessarily the case, but the problem can be resolved using randomization.

3.3 Block threshold algorithms

In this section, we study the competition complexity of the class of block threshold
algorithms. The following is the main result of this section.

Theorem 5. For every € > 0 the (1 — ¢)-competition complexity of the class of block threshold
algorithms is © (loglog(1/¢)).

In what follows, given T = (13,..., ) we denote by ALG; the block threshold
algorithm such that for every copy j € {1,...,k} it selects the first element that exceeds
Tj, if such element exists. We denote 1) = o0 and 7,1 = 0.

The remainder of this section is organized as follows. As a warm-up, we start by re-
solving the case of k = 2, which motivates and presents the main ideas of our approach.
In Section 3.3.1 we establish a lemma that allows us to evaluate the performance of any
block threshold algorithm ALG: by establishing an approximate stochastic dominance
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inequality that extends the case of k = 2 to every k. This inequality is parameterized
by the thresholds 7 = (7y,...,7). In order to get the best possible approximation
factor, we need to solve the induced max-min problem. In Section 3.3.2 we solve the
corresponding max-min problem by presenting an explicit feasible solution. Finally,
in Section 3.3.3, we present the full proof of Theorem 5, based on the ingredients
established in previous sections.

Warm-up: The case of k = 2. To design a block threshold algorithm for k = 2, we
compute the thresholds 71, 7> by finding the appropriate quantiles of the distribution
of max;c(, v;, with v; ~ F; for every i € {1,...,n}. More specifically, for j € {1,2}, let
pj=Pr, ..k [maxie[n] v; > Tj|, where 7| and 1, will be determined by specifying
the values of p; and p,. By our assumption of F, ..., F, having no point masses, any
p1,p2 € [0,1] corresponds to a pair of thresholds 71 and 1. To establish the competition
complexity result involving the expectations of ALGr and max;¢, v;, our goal is to
state an approximate stochastic dominance result between these two random variables.
By setting 71 > 1> and such that p; > 0, we can show that

Pr  [ALGt(v) > x] > ¢1(p1,p2) Pr  [maxv; >x] whenx> T,

o (BB o (Fy i) i)

P ALG > x| > , P > h S x>,
vw(Fl,.l.«.,Fn)Z[ «(v) = x] = ¢a2(p1 pZ)w(a,’f.,Fn)[ﬁEf}ff”l >x] whentp >x>1

Pr [ALG¢(0) > x] > , p 5 hent>x, (34
it ALCT @) 22 2 dslprp) | Pr o lmae 2 5] when >, 3.4

where ¢1(p1,p2) =1 —p1+ (1 = p1)(1 = p2), d2(pr,p2) = p1/p2+ (1 = p1)(1 = p2),
and ¢3(p1,p2) = p1 + p2(1 — p1). In particular, we get that

P ALG:(v) > x| > mi ,P2), ,P2), , P ;>
T ALGE(©) 2 3] Z min {91 (prp2) g2(prp) ga(prpa) } | Pr | lmaxe; >
for every x > 0. The above inequality is stated in its general form for every k in Lemma
6. Then, in order to get the best possible approximation factor in this way, we solve
the following max-min optimization problem:

max{min{4>1(m,Pz)@z(iﬂnpz)fqbs(mfpz)} 0<p1<p2 pLP2€E [0,1]}-

It can be shown that the optimal solution for this problem is attained at p; = 2/5 and
p2 = 2/3, which yields a factor of 4/5. For the case of general k, we do not solve exactly
this max-min problem as it is a high-dimensional polynomial optimization problem,
but we construct explicitly a feasible solution that yields the optimal competition
complexity guarantee up to a constant factor. This is formalized in Lemma 7.
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3.3.1 Reduction to max-min problem via approximate stochastic dom-

inance

We start by showing a lemma that allows us to evaluate the performance of any
block threshold algorithm ALG. by establishing an approximate stochastic dominance
inequality that extends (3.4) to every k. When k = 2, the inequalities in (3.4) are
obtained by splitting the domain of x according to the three different sub-intervals
defined by the two thresholds. We exploit this idea to get an approximate stochastic
dominance inequality by studying each of the k 4 1 ranges defined by the k block
thresholds.

More specifically, given Fy,...,F, € A, and T = (74,...,7) such that py =0 and
pe="Pry (p,. F)lmaxjep, vj > 7] >0 for every £ € {1,2,... k}, let

k¢
D1 (F, ..., Fo,t) =Y T[(1—pj),
(=1j=1
1 e | k /
@;(F,....F,t) ==Y pe ] JA—p)+ Y]] —pj) foreveryic{2,... k}, and
Piy=1 j=o (=ij=0
ko o6-1
D1 (Fryo B, t) =Y pe [ J( = p)).
(=1 j=0

Let ®(Fy, ..., Fy, T) = minjegq, g1y Pi(F1, ..., Fr, T). We say that T = (7y,...,7) is de-
creasing if T; > Tj11 for every j € {1,...,k}.

Lemma 6. For every Fi,...,F, € A, every x > 0, and every decreasing T = (1y,...,T) such
that Pry(p,, ., [max;e), v; > 7] > 0, we have

Pr ALG:(v) > x| > ®(F,..., F, T Pr maxuv; > x|.
v~(F1,...,Fn)k[ w(0) 23] 2 &R " )v~(F1,...,Fn)[ie[n} : ]
Proof. Given x >0, let /(T,x) =min{l € {1,...,k+ 1} : x > 1}, that is, {(7,x) is the
first block ¢ for which x is at least the threshold 7;. Let B be defined as follows: If
() > 14, then

i

there exists £ € {1,...,k} such that max;c, v

B = min{f e{1,...,k} :maxvlgé) > Tg},
ie[n]
and B =k + 1 otherwise. That is, B is equal to the first block for which there exists a
value in the block that surpasses the block threshold, and it is equal k + 1 in case such
value does not exist. Recall that we denote pg =0and py =Pr, (5, . r,)[Maxjcp, v > 7

]
for every ¢ € {1,2,...,k + 1}, in particular py,1 = 1. The following holds:

58



Pr  [ALG(v) > «]
'UN(Fl,...,Fn)k

= Pr  [ALGz(v) > x and B =/]
/=1 ‘UN(Fl,...,Fn)k

k
— Pr  [ALG((0) >xand maxo\) > |[B>¢—1] Pr [B>(—1]
1=10~(F1,-... F)¥ i€n] o~ (Fy,...,Fy)k
k . 01
>Y  Pr [v( ) ¢ [ty,x) for all j € [n] and maxv( ) > T |B>L—-1]] [(1-p))
= o~ (Fue E )R ic[n] 0
k 0 -1
= Pr ¢ |1y,x) forall j € and maxv:’ > T, (1-— 3.5
6210() b Fn)[] [1e,x) for all j € [n] and maxv;” > 7 ]]_[ pi) (3.5)

where in the second equality, we use that B = / is equivalent to the algorithm not
stopping before reaching the block £, and in block ¢ having max;c,,) v ( ) > T1y. For the
inequality, we observe that conditioned on B > ¢ — 1, the 1ntersect10n of the event
ALGz(v) > x with max;ecp,© ( ) > T, contains vj(e) ¢ [ty,x) for all j € [n]. The final
equality follows from 1ndependence across copies.

Suppose that ¢(t,x) > 2 and let £ € {1,...,4(7,x) — 1}. In particular, we have
Ty > x, and therefore,

Pr [vm ¢ [t7,x) for all j € [n] and maxvl@) > 1]
ons(Fy F)k ) ien]

= Pr [maxvl@ > 7]
UM)N(Fl,...,Fn) le[n]

PrUN(Fll--an) [maxie[l’l] Uj Z Tf]

= Pr [max v; > x] -

o~ (Fy,...,.Fn) i€[n] Prvw(Fl,...,Fn)[maXiE[n] v; > x|

Pr,. max;.,10; > T,
> Pr [maxv > x| - o (F11-~-1Fn)[ icn] Yi /]

o~ (. Fa) €[] Prvw(Fl,...,Fn) [maxie[n] v; > Tf(r,x)]
= Pr [maxv; >x]- e (3.6)
v~(Fy,...,Fy) i€[n] Pe(r,x)

where the inequality holds since x > 7y, ).
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Now suppose that ¢(7,x) <k and let ¢ € {{(7,x),...,k}. In particular, we have
x > 1y, and therefore,

Pr [v@) ¢ [1y,x) for all j € [n] and maxvl@ > 1]
0O~ (Fy,Ey) ! i€ n]
> Pr [v(.g) ¢ [1y,x) for all j € [n] and maxvl@ > x|
0O~ (FyyEy) ) i€n]

n

>Y  Pr  [v;>xandvj <7 forallje [n]\{i}]

i=1 UN(Fl,...,Fn)
n

= Pr [v;>x] Pr [vi<tforallje[n]\{i
l‘_zlvN(Fl,...,Fn)[ ! ]UN(Fll--an)[ ] ¢ ] [ ]\{ }]
n

>Y  Pr [v;>x] Pr [maxv; < 7]

im0~ (F1,e/Fn) v~(Fy,....Fy) j€[n]

= 1 - Pl‘ vi Z X
( Pe)ng(Fl _“Fn)[ ]

>(1-— Pr maxv; > X (3.7)
(1=po), Pr . [moxvi 2]

where the first inequality holds since x > 7; the second inequality holds since the
summation in the third line is made of disjoint events whose union has a probability
that lower bounds the probability of the second line; the first equality holds by
independence across the values; the third inequality holds since the upper bound on
max;e [, vj implies the corresponding event in the third line, and the last inequality
holds by the union bound.

Then, when /(7,x) =1, from (3.5) and (3.7) we get

/-1
Pr ALG;(v) > x| > Pr maxuov; > x (1-— (1—
L JALGH@) 22> P fmay ]; o100 )
= Pr maxvl > x| ZH (1—-p))

o~ (Fype, F)

=& (F,..., F,T Pr maxv; > X
1( ! ! )vw(Fl,...,F,,)[ze[n] : ]
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When ¢(t,x) € {2,...,k}, from (3.5), (3.6) and (3.7) we get

Fl,...,Fn) IE[TZ]

{(Tx)-1 Dy -1 k -1
> e TI0-pp+ Y (=pa[10-p) | Pr | [maxei>]

v~ (Fy,...,Fn) i€[n]

1 tx)-1 -1 k 4
- Z P H(l —pj)+ Z H(l —pj) Pr  [maxv; > x]

Finally, when ¢(7,x) =k + 1, from (3.5) and (3.6) we get

k -1
A pe
Pr LG:(v) > x| > Pr maxv; > X —||1_ ,
UN(F1/-~~/Fn)k[ «(0) 222 v~(F1,...,Fn)[ie[n] T ]g; Pk+1 j:o( Pi)

k (-1

= Pr [maxv;>x]) p JJ(1—pj)

o~ (Fy,.. Fr) i€[n] (=1 j=0

= F,...,F, T Pr maxuv; > x|,
1 (B B )vw(Fl,...,Fn)[iE[n} 2 7]

where the first equality holds since pyq = 1.

Overall, we conclude that for every x > 0 we have

Pr ALG(v) > x| > P Fi,...,F, T Pr maxuv; > X
vw(Fl,...,Fn)k[ o) 23] 2 Py (B ! )ZJN(Fl,...,F,,)[ie[n] 2]

> min P;(F,...,F;,t) Pr  [maxvu; > x]
i€{l,...k+1} v~ (Fy,...,Fy) i€[n]

=®(F,..., FE,T Pr maxov; > x|,
( ! ! )vw(Fl,...,Fn)[iG[n] ! ]

which finishes the proof of the lemma. O

Since Lemma 6 provides an approximate stochastic dominance inequality parame-
terized in the thresholds T = (13,..., ), in order to get the best possible approximation
factor by using this approach we have to solve the following max-min problem:

max{minie{l,...,kH} D;(F,...,Ep,t):m>1m> > 1 > 0}

:max{CID(Pl,...,Fn,T):T1>Tz>--->Tk20}. (3.8)

In the following subsection we study this max-min problem.
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3.3.2 Lower bound on the max-min problem via an explicit feasible

solution

When k = 2, we can compute exactly the optimal solution of the max-min problem
(3.8). The problem becomes much harder for general k, but our following lemma
establishes a double-exponentially fast increasing lower bound on the optimal value
of (3.8). This lower bounds holds by providing a specific set of thresholds, obtained
after finding a well-chosen set of quantiles py, ..., px.

Lemma 7. For every Fy,F,,...,F, € A and every k > 2, let T = (Ty,...,Tx) such that

Pr maxv; > Ty =1—(5/4 (5/4)"
o R0y 2 T (5747

for every £ € {1,...,k}. Then, we have ®(F,,...,E,,T) >1— (5/4)~ /9",

Proof. To prove the lemma, we show that the following holds:

®;(Fy,...,F,T)>1 foreveryie {1,...,k}, and
1 (Fr, ..., FyT) > 1— (5/4)" /4,

Then, the lemma follows since, overall, we get
®(Fy,...,En,T) >1— (5/4)" /9",

Let po =0, and p; = Pry (5, r,) [MaXjcy 0j > T/] for every £ € {1,...,k +1}. When
i =1, we have

®1(Fy, ..., Fy,T)

I
1~
=~
—~~
—_
|
=
~
~—

~
I

—_
—
Il

—_

(5/4)—(5/4)j

~
Il

—_
~
Il

—_

I
MP\“
.:.‘N

)5(1—(5/4)6)

I
1~
—
U1
~
N

v
A?
—_

5/4)5(1—(5/4 (5/4) 5/4) ) > 1,
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where the first inequality holds since k > 2. For i =2,

@y (..., B T) = DL 4 ZH 1—p)) >%+(1—P1)(1—P2)

P2 = 2j=0
— —5/4
_11— (e%l) S T (5/4) 74 (5/4)7 B/ >,

where the first inequality is since k > 2.
For every i € {3,...,k+ 1}, we have

i-1 (-1 i-1 (-1 -1
Yre][A-p)=) (H(l—p] (1—p) [T -p) )
=1 j=0 (=1 \j=0 j=0
i—1 /(-1
(=1 \j=0
i—1
=1-[]0- P])
j=0
i—1 .
=1 [(5/4)" 6/ =1 (5/4)" B0/ Z 1 _ (5/4)50-6/49"),
i=1

Thus, for every i € {3,...,k} we have

1 i1 =1 1_ (5/4) —(5/4)1)

& (F,...,F,T) > 1—p; >1,
i(F1 n ) pi = Pe ( P]) 1_(5/4) (5/4)

—_
—.
Il

)

where the last inequality holds since i > 3, and when i = k + 1, we have

k

O (e BT =Y pgl—[ (1—pj)=1—(5/4)50-0/9 > 1 _ (5/4)-6/4),
(=1 j=0
where the last inequality holds for every k > 2. This concludes the proof. O

3.3.3 Putting it all together
With Lemma 6 and Lemma 7 at hand, we are now ready to prove our main theorem.

Proof of Theorem 5. Given ¢ > 0, by Lemma 6 and Lemma 7, we have that for every
F,...,F, € A and every k > max(2,logs,4logs,,(1/¢)), by taking T = (Ty,...,T) as
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defined in Lemma 7, the following holds:

]va(Fl,...,Fn)k[ALG?(v)] = /0 . (FPI‘ : )k[ALG?(U) > x]dx
~\E1yeefn
> ®(Fy,.. .,Fn,?)/ Pr  [maxv; > x]dx
0 o~(F,...Fn) i€[n]

> (1= (5/4)" /4" /00 P EE
> (1= 4 ) [T Pr o (maxo > xdx

> (1-— s)/ Pr  [maxv; > x|dx
0 o~(Fy,...Fy) i€[n]

=(1-¢): Eou(r,...En) [52%01‘],
which implies that the (1 — €)-competition complexity of the class of block threshold
algorithms is O(loglog(1/¢)).

Then, the theorem follows by the fact that [12, Theorem 2.2] show that the (1 — ¢)-

competition complexity of the class of general threshold algorithms when F; = F, =
- =F, is Q(loglog(1/¢)). O

We note that our proof of Theorem 5 actually shows a ©(loglog(1/¢)) competition
complexity guarantee in an approximate stochastic dominance sense, which is stronger
than the regular competition complexity result, based on comparing expectations. In
particular, our argument strengthens the result of [12] even in the i.i.d. case.

We know from the lower bound on the competition complexity of [12] that one
cannot strengthen Lemma 7 to show that for every c one can devise a series of quantiles
for which® >1 — <, However, the proof in [12] is not explicit, and we now present a
simpler proof that shows that one cannot obtain better than 1 — Q(c"’k) approximation
to the value of the prophet using k blocks in the stochastic dominance sense for ¢ = 3.

Proposition 9. For every k > 1, there exists a positive integer value ny and Fy,..., F, € A,
such that for every T = (1y, ... Ti), there exists x € R>q such that

Pr ALG(v) > x| < (1—¢ Pr maxuv; > x|,
UN(Fl,...,Fnk)k[ T( ) - ] ( k)ZJN(Fl,...,Fnk)[iG[l’lk} '= ]

where g = 33" for every k.

Proof. For every k > 1, let ny = 33", and for every i € [ng], let F; be the distribu-
tion of the random variable v; = (i — Uniform|0,1]) - Bernoulli(1/i). For ease of
notation, let F = (Fy,..., F, ). We first observe that since max;c|,,)i - Bernoulli(1/1)
is distributed uniformly on the set {1,...,n;}, the random variable maX;c|y,,] Vi is
uniformly distributed over the interval [0,7;], and for every x € [0,n], it holds that
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Pr[max;c[,,] v; > x] = (n — x)/n. For this instance, the optimal block threshold algo-
rithm uses monotone decreasing thresholds, since otherwise sorting them leads to
thresholds that stochastically dominates the original ones. Given T = (1,..., ), let
A={ielk]:5 <ng- 3_3i}. If A=Q, then for x =0, it holds that

k
Pr [ALG<(v)] >x]=1—]] Pr [maxv()<rg]

Z)NFk ¢ U )NF i€ i’lk]

I
[y

IN

k
1-— I E -3 < < (1 — &) Pr [maxv; > x]

=1 o~EriEng]

:1»
S Ie;‘

T
X

(£)

where the first inequality holds since max;c[,v;" is uniformly distributed on the
interval [0, 7], the second inequality is since A = @, and the last inequality holds by the
definition of ¢, together with Pr;,r [maxie[nk] v; > x] =1. Else, if A # @, leti* =min A,

—23" 1 Then, we denote by B, (and by B, its complement) the event

and let x =n; -3
in which there exists a value in block ¢ exceeding the threshold 7;, and by B; the event

that in block /, for all i € [ny] it holds that UZ@ ¢ [ty,x). For £ > i*, it holds that

=lw]+1

- ) (i
Pr[B;] =1 (Tﬂ (H i) » (3.9)

Thus, we can bound the probability of the algorithm selecting a value of at least x as
follows:

Pr [ALG(v) > x] <1 Pr[BL ABy A Bi 4] =1 (1 - —) 1‘[
v~F =1

3731* -1 _3 _3i* o3l
gl—(l—m>g3 <(1-3%)(1-3 )

<(1-3%)(1- 3—2'3i*‘1) (1—ex) Pr [maxo; > x],
o~Frieny]
where the first inequality holds since if the algorithm does not select a value in the
first i* — 1 iterations, and in iteration i* there exists a value in [+ ;) then the algorithm
selects it; the equality is by Equation (3.9) and by 1ndependence of the events; the
second inequality is since Tj > 11y - 3~ ¥ forj<i*,and T+ <mg-3” 3" ; the third inequality
holds for every i* > 1; the fourth inequality holds since i* < k; the last equality is
by definition of & and since max;c,)v; is uniformly distributed over the interval
[0, le]. ]
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3.4 Single threshold algorithms

In this section, we study the competition complexity of the class of single threshold
algorithms. Let ALG denote the single threshold algorithm with threshold 7 € R>y.
We show the following tight bound on the competition complexity of single threshold
algorithms.

Theorem 6. For every € > 0 the (1 — ¢)-competition complexity of the class of static single
threshold algorithms is © (log(1/¢)).

We prove Theorem 6 through Lemma 8 and Proposition 10 below. Lemma 8
establishes the upper bound claimed in the theorem, and Proposition 10 shows a
matching lower bound.

We begin with Lemma 8, which shows that for every instance, there exists a single
threshold 7" such that for every & > 0, the (1 — &)-competition complexity of the single
threshold algorithm ALG¢+ with respect to the instance, is O(log(1/¢)). The upper
bound follows rather directly from the celebrated “median rule” proof of Samuel-
Cahn [73]; we work a bit harder to show that it also holds in a stochastic dominance
sense.

Lemma 8. For every Fi,...,E,, there exists a threshold T* such that for every € > 0, and for
every k >1log,(1/¢)

]EUN(Fl,...,Fn)k[ALGT* (U)] 2 (1 — 8) . ]E‘()N(F1,.-.,Fn) [ll'l'elfan)}(vl]

Furthermore, the stronger approximate stochastic-dominance inequality

Pr  [ALG#+(v)>x]>(1—¢) Pr [maxv; > x|
UN(Fl,...,Fn)k ZJN(Fl,...,Fn) Z'E[l’l}

holds for all x € R>.

Proof. Consider the unique threshold 7* satisfying the following equation

n
1
Pr [v; <71 ==. 3.10
lljlvi’\‘rpi [vl — T ] 2 ( )

In what follows, for ease of notation we consider the input sequence of nk values
as v1,...,Uu, where v, y_q1y,; ~ F; for every £ € [k] and every i € [n]. We next show
that for every number of copies k > 1, given that the algorithm accepts a value, its
expectation is larger than the value of the prophet for a single block, i.e., for every
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k>1,

E, (r,..F )k[ALGT* (v) | there exists i € [nk]: v; > T*] > Eoo(r,,..F )[mﬁ(vi]. (3.11)
yeeern secrbn ZG n

In fact we show the following stronger claim, that for every x > 0 it holds that

Pr  [ALGy(v) > x | there exists i € [nk]: v; > 7] >  Pr  [maxv; > x|.
UN(Fl,...,Fn)k Z}N(Fl,...,Fn) iG[I’l]
(3.12)

Let i be the first index of a value v; that exceeds T* (and 7 = 0 if no such v; exists),
and let 7 = [i/n], i.e., the block from which a value is chosen. The LHS of Equa-
tion (3.11) (respectively, Equation (3.12)) can be rewritten as E,,_p, g «[ALG+(0) |
? # 0] (respectively, Pr, (p, p ¢[ALGr=(v) 2 x | # # 0]). Thus, it is sufficient to prove
that Equation (3.11) holds for every non-zero realization of 7, i.e., for every k > 1 and
every r € [k],

Ey .k [ALG (0) | F =1] =2 By (p,,. F,) [?elf};]wi]' (3.13)

Since the values of v that don’t belong to the r-th n-tuple of values can be ignored,

one can observe that Equation (3.13) is equivalent to the proof of the original prophet

inequality, provided by Samuel-Cahn [73]. We next prove the stronger claim of

Equation (3.12). To this end, we show that for every x € R>¢, and for r # 0 it holds
that

Pr  [ALGy(v) >x|#=r]> Pr [maxv; > «x].
UN(Fl,...,Fn)k UN(Fl,...,Fn) Z'G[i’l}

Note, that for x < ¥, the LHS is 1, thus the inequality holds, and it is sufficient to
prove it for x > 7*. Thus,

= ).  Prfforalljei—1]:v;<7", andv; > x | =7]

i=(r—1)n+1
m ) ) 1
= ) Pr[forallje[z—l].v]-<1',vi>xandr:r]-m
i=(r—1)n+1

m
=2" ) Prlforalljei—1]:v;<7", and v; > x]
i=(r—1)n+1
rm
> 2r — - Pr[o; > x| > Pr  [maxv; > x|,
i—(r—zl)n—i—l r : o~(FpFa) i€ln]
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where the first equality is since x > 7%, the third equality is since by definition of
T*, ¥ = r with probability 1/2" and since # = r follows from the other events in the
probability, the first inequality is since the Prffor all j € {1,...(r — 1)n} : v; < 7] =
1/2"-1, and since Prlforallj € {(r —1)n+1,...,i — 1} : v; < T*] > 1/2, and all the
events are independent. The last inequality follows since the sum of probabilities that
v; exceeds x, is at least the probability that the maximum exceeds x.

The proof of the lemma then follows by combining Equation (3.11) (respectively
for the “furthermore” part, Equation (3.12)) with the observation that, by definition of
7%, it holds that

Pr[there exists i € [nk]: v; > T°] =1 — Prlfor all i € [nk] : v; < T7|

=1—Prfforallic[n]: v; < T =1—-=>1—¢,

where the inequality holds for k > log,(1/¢). O

Our next result, Proposition 10, shows a matching lower bound of Q(log(1/¢)) on
the competition complexity of single threshold algorithms. This lower bound holds
even with respect to the case of i.i.d. distributions.

Proposition 10. For every n > 2, and for every € € (0,1) there exists an instance with n i.i.d.
values that are distributed according to some distribution F, such that for every T, and every

k< 2807 it holds that

By pin[ALGr(0)] < (1= ) - Eonpr[maxo], (3.14)
Proof. It is sufficient to consider ¢ < 1/20, since otherwise k =0, and the claim holds
trivially. Consider the distribution F in which v; = 1 + 200¢ - Bernoulli (1/(20n)) +
Uniform|0,¢| for every i € [n] and every ¢ € [k]. The RHS of Equation (3.14) satisfies
that
(1—¢) - Epopr[maxo;] > (1 —¢) - (1 +200e(1 — e—1/20)> > 1+ 8,

ie[n]

where the first inequality is since the maximum is at least 1 4 200e with probability

—-1/20

greater than 1 —e , and otherwise it is at least 1. The second inequality holds for

every € € (0,1/20). Now consider a static threshold algorithm with a threshold 7.

(20n—29)e
20n

Case1: If T >1+ , then the LHS of Equation (3.14) satisfies that

E, pcn [ALG7(v)] < Pr[there exists i € [nk] : v; > 7] - (14 201¢)
(

<
< (1—-(1-3/2n)"%)(1+201¢) < (1 —165)(1 +201¢) <1,
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where the first inequality is since the support of F is bounded by 1 + 201, the second
inequality is since the probability that v; > 7 is at most 3/(2n), the third inequality is

since n > 2, and the last inequality is since k < IOgé&/ 2y Thus, Equation (3.14) holds.

Case 2: 1f T < 1+ 22 hen let g = 14T > 2 The LHS of Equation (3.14)

satisfies that

]EZ)NFk'” [ALGT(U)] S IEU,'NF [’Z)Z | 'Z)l- Z T]
=Ey r[v; - 1[v; > 7]]/ Pr[v; > 7]

< (L(1+201€)+20n—1q(1+8))/( 1 +20n—1q)

20n 20n 20n 20n
=((1+201e) 4+ (20n —1)g(1 +¢)) /(1 4+ (20n —1)q)
<1+ 8¢,

where the last inequality holds for every n > 2, and g > %. Thus, Equation (3.14)
holds. O

3.5 Combinatorial extensions

In this section, we present a generalization of our model to combinatorial settings,
and discuss some initial results. We present the general model in Section 3.5.1, and
some preliminary results for combinatorial auctions in Section 3.5.2. In Section B.4
we give additional results for bipartite matching with one-sided vertex arrivals. This
latter result is actually implied by the result in Section 3.5.2. The purpose of pre-
senting an alternative proof is to show how a different technique, in this case online
contention resolution schemes, can also be used to study the competition complexity
in combinatorial settings.

3.5.1 A general model

In online combinatorial Bayesian selection problems, there is a series of n decisions
that need to be made. Each decision i € [n] is associated with a set of alternatives A;
from which the decision-maker needs to choose, and with an information v; drawn
independently from some F; on support S; that is revealed to the decision-maker at
the time of decision i. We denote by S = Xie[n} S;, F= Xz’e[n] F;, and A = Xie[n] A;.
Additionally, there is a non-empty feasibility constraint 7 C A, such that the decision-
maker, must select a tuple of alternatives (ay,...,a,) that is in F, and there is a reward
function f: A x S — R>.
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At each step i € [n], the algorithm observes v;, and needs to select an alternative
a; € A; in an immediate and irrevocable way. The algorithm’s performance is measured
against the offline optimum. By fixing a class of feasibility constraints Cr, a class of
valuation functions C £r and a class of distributions Cr, an online algorithm ALG is
n-competitive if

Eor[f(ALG(0),0) - 1[ALG(0) € F]] _

-_ 4

prd AmE E,-r[maxec 7 f (a,0)]
where ALG(v) is the (possibly random) tuple of alternatives chosen by the algorithm
ALG when observing a sequence of information v.

A simple example of this setting is when for all i € [n] we have A; ={0,1}, Cr =
(@) | Ticpar < 13}, €5 = {{f(a,0) = Licpai - v1}}, and Cp = A", which
corresponds to the standard (single-choice) prophet inequality setting.

We next describe a generalization of the block model to the combinatorial Bayesian
selection framework. The input to the algorithm is given by k copies of an online
combinatorial Bayesian selection problem, so there are kn decisions in total. For every
j € [kn], the j-th decision is of type i if j =i mod 1, and for each decision j of type i,
the information v; is sampled independently according to F;. For every decision j of
type i we must select an alternative in A;.

The output of the algorithm is a kn-dimensional vector of alternatives. To define
feasibility, and to evaluate the reward achieved by an output, we require that there is
an infinite series of classes of feasibility constraints (Cé_-),-eN, and an infinite series of
classes of reward functions (C})ielN so that we can evaluate feasibility via Fj € C’}
and the reward via fi € CS‘(. For a concrete problem it is typically clear how to define
(C'r)ien and (C})ieN based on Cr and Cy.

We are interested in comparing the expected reward of the algorithm on k copies

to the expected optimal reward on a single copy.

Definition 2 (Combinatorial competition complexity). Given a series of decisions asso-
ciated with alternatives A = Ay X ... X Ay, a class of distributions Cr, an infinite series of
classes of feasibility constraints (C'z);eN, and an infinite series of classes of reward functions
(er)ie]N/ for every € > 0, the (1 — €)-competition complexity with respect to a class of al-
gorithms A is the smallest positive integer number k(e) such that for every k > k(e), every

F € Cr, Fx € CX., fi € CX, it holds that

W B plfi(ALG(0),0) - 1[ALG(0) € Fl) > (1 —¢) - Eoorlmax fi(a0)], (319
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where A, i are all algorithms in A that are defined on Cp and C*-, and ALG (v) is the (possibly
random) tuple of alternatives chosen by ALG when observing a sequence of values v.

For example, to obtain the competition complexity for the standard prophet inequal-
ity setting, we can let A; = {0,1} for alli € [n], C% = {{(a1,...,a,) | Yicmrai <1}},
Ch = {{f(a,9) = Licuh 2 - vi}}, and Cp = A".

3.5.2 Combinatorial auctions

In this section, we generalize the static pricing scheme by Feldman et al. [36] for XOS
markets, to a dynamic pricing scheme that has a (1 — ¢)-competition complexity of
O (log(1/¢)), and a static pricing scheme that has a (1 — €)-competition complexity of
O(1/e).

In the combinatorial auction setting, there is a set M of m items, and n agents.
Each agent i € [n] is associated with a valuation function v; : 2 — R~ that is drawn
independently from a distribution F;. We consider price-based algorithms, which set a
price p; for each item j € M. The agents then arrive one-by-one, and purchase a set of
available items in their demand. That is, agent i buys a set T; that maximizes the utility
0i(T) = Ljerpjoverall T C M’, where M’ C M are the items that are available when
agent i arrives. We evaluate the performance of a pricing scheme by the expected
social welfare it achieves, that is Eor[Yicpn 0i(T;)]-

We consider a repeated version of the combinatorial auction problem where we
see k independent copies of the buyers. As before we refer to each copy as a block.
The valuation of buyer i € [nk] of type r € [n] is drawn independently according to the
distribution F,. Each buyer i € [nk] purchases a set of available items T; that maximizes
their utility. We compare the expected social welfare of a price-based algorithm on k
copies to the expected maximum social welfare on a single copy.

A pricing scheme is called static if the prices of the items are fixed in advance
before the arrival of the agents, and is called dynamic, if the prices may adapt after
each agent has made a purchase (before the arrival of the next agent). We define
block-consistent prices as prices that are static throughout each block but can change
between blocks.

A valuation function v : 2M — R is called XOS (a.k.a. fractionally subadditive)
if there exists a non-empty set of additive functions G = {g1,...gs} for some positive
integer s, such that v(T) = max;c[s) Ljer §t(j) for every T C M. A valuation function
v:2M — R+ is submodular if for every T, T’ with T C T' and every j € M\ T' C M
it holds that v;(T U {j}) — v;(T) > v;(T" U {j}) — v;(T'). Every submodular valua-
tion function is XOS, but not vice versa [7]. We refer to combinatorial auctions in
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which all valuation functions are submodular (resp. XOS), as submodular (resp. XOS)

combinatorial auctions.

Theorem 7. For every k > 1, and every XOS combinatorial auction defined by M, n, and
a product distribution F = F; X ... X Fy, there exists a block-consistent pricing scheme on k
copies such that

IE‘.UNFk|: ) vi(T,-)] (1 - %) .lEva[(T max Z v;(T, }

i€ [nk] +Tn)EP(M

where T; is the demanded set purchased by each agent i € [n], and P(M) is the set of all
partitions of M into n sets. In particular, the (1 — €)-competition complexity of block-consistent
prices for submodular and XOS combinatorial auctions is O(log(1/¢)).

Proof. For every item j € M, and agent i let OPT;; = Eywr|g;(j)(j) - 1[i = i(j)]], where
i(j) is the agent that receives item j in the welfare-maximizing allocation according to
valuation profile v = (vy,...,v,), and g;(;) is the additive function that corresponds to
the definition of XOS Valuatlon that maximizes the value of the set agent i(j) receives
in the optimal allocation according to valuation profile v = (vy,...,v,).

Let p be the the block-consistent pricing scheme where the price during block

€ [k] for item j € M is p;j = (1 — 2k+1 57=7) * Lie[n] OPTj,i. Let X; be the block in which
item j is purchased (if it is not purchased, then let Xi=k+1), and let q;j = Pr[X; = t].

The welfare of the mechanism can be decomposed into revenue and surplus. For
the revenue, we have

1
E, _pc[Revenue] = Z Z dtj " Ptj = Z Z Gt,j * ( W) Z OPT; ;.

jeEMtelk] JEMte[K] i€[n]

For every agent i € [nk], let’s denote by AV, the set of items that is available when i
arrives. For each type r € [n] let’s denote by T;* the set that agent i of type r receives
in the welfare-maximizing allocation on profile v ~ F, and by ¢; the additive function
that maximizes agent r’s value with respect to v; and T;. Then, if agent i is of type 7,
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E, p[Surplus] = Y Pr[AV; = M| - E, ., [%nax(vZ(T) ~p(T))]

M'CM M
> ) PrlAV; = M']- Eypr[o,(T; N M) — p(T; N M')]
MCM
> Y PAVi=M] Eour[ Y (85() — p(7)]
M'CM jeTrnM/
[i/n] OPT;,
> Y (1-
]g/[< Z q”) ok+1- ( Ak

where the first inequality is since v; and v, are drawn from the same distribution, and
since T; is the demand set; the second inequality is by the definition of an XOS function;
and the last inequality is by the definition of OPT;;, and because the probability that
j € AV; is at least 1 minus the sum of probabilities that j was sold up to block [i/n]
included.

Since E,,pc[Welfare] = E,,_p«[Revenue] + Yic (k) E, px[Surplus;], it is sufficient to
lower bound for each j € M, and i € [n], the sum of the coefficient of OPT;, in the
revenue with the sum of coefficients of OPT;; in the surplus, which is

k k t
1 T—=Ypaq;r
th] ( 2k+1—t) + 2 k41—t

1 k qt

t=1t=t

This concludes the proof. O

We next show a similar result with worse guarantees that uses static pricing.

Theorem 8. For every k > 1, and every XOS combinatorial auction defined by M, n, and a
product distribution F = F; X ... X E,, there exists a static pricing scheme on k copies such

that ,
E, rx [Eznk]v,(T } ( m) -]EUNF[(T r%?ép le% v;(T ]

where T; is the demanded set purchased by each agent i € [n], and P(M) is the set of all
partitions of M into n sets. In particular, the (1 — €)-competition complexity of static prices
for submodular and XOS combinatorial auctions is O(1/¢).
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Proof. We define price p; = (1 — ki—l) Yic[n) OPT; ;, where OPT;; is defined as in the
proof of Theorem 7. Let X; be the indicator whether item j was sold to one of the nk
agents, and let g; = Pr[X; = 1]. It holds that

1
E, pt[Revenue] = Y g;i-pi=)_ q;- ( +1) : ZHOPT]',I'.
ic|n

jeEM jeEM

For every agent i € [nk], let’s denote by AV, the set of items that is available when i
arrives. For each type r € [n] let’s denote by T; the set that agent i of type r receives
in the welfare-maximizing allocation on profile v ~ F, and by g; the additive function
that maximizes agent r’s value with respect to v; and T;". Then, if agent i is of type r,

E, p[Surplus] = Y Pr[AV; = M']-E, ., [max(vl(T) - p(T))]

M'CM M
> Y Pr[AV;=M'] By p[o () N M) — p(T; N M')]
MCM
> Y PAVi=M] B[ Y (85() — p())]
M'CM jeTrNM!
OPT
>) (1—4q)- ]r
jeEM

Since E, . p[Welfare] = E,_p[Revenue| + Y ;e E, px[Surplus,], it is sufficient to
lower bound for each j € M, and i € [n], the sum of the coefficient of OPT;; in
the revenue with the sum of coefficients of OPT]-,i in the surplus, which is

1 ~ (1—q)) 1
0 (1) * 5 e

This concludes the proof. O
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Chapter 4

Splitting Guarantees for Prophet
Inequalities via Nonlinear Systems

41 Introduction

Hill and Kertz [45] provided an algorithm that guarantees an approximation ratio
of 1 —1/e and an upper bound of 7y ~ 0.745 on the approximation ratio by studying
the optimal dynamic program for the worst-case distributions. Later, [45] used the
recursion from the optimal dynamic program in [45] to provide an ordinary differential
equation (ODE)—that we termed Hill and Kertz equation for simplicity and in honor
to both authors—where the 7y bound is embedded as a unique constant that guarantees
crucial analytical properties of the solution of the ODE: iy = y(Iny — 1) — 1/v +1,
y(0) =1, y(1) = 0. However, the lower bound on the approximation remained 1 —1/e
for many years until [23] used the Hill and Kertz equation to provide an algorithm
that attains an approximation ratio of at least 7y for any n.

Over the years, it has remained elusive for k > 2 how to get a result on the line of the
Hill and Kertz equation, that is, to obtain provable approximation ratios via studying
a closed-form differential equation related to the optimal dynamic programming
solution. This motivates the central question of this work: Can we find a closed-form
nonlinear system of differential equations to lower bound the optimal asymptotic approximation
ratio for the i.i.d. k-selection prophet inequality?

4.1.1 Our contributions and techniques

Our first main result characterizes the optimal approximation ratio via a new infinite-
dimensional linear program. In our second main result, we provide a closed-form
nonlinear system of differential equations that gives provable lower bounds on the
approximation ratio for (k,n)-PIP as defined in section 1.2.3, when 7 is large enough.
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In our third result, applying our new provable lower bounds for (k,7)-PIP, we find a
tight approximation ratio for the stochastic assignment problem. Below, we present
more details about our results.

Exact Formulation for (k,1n)-PIP. Our first step towards a characterization of the
asymptotic approximation ratio is a new infinite-dimensional linear program that
characterizes the optimal approximation ratio for (k,n)-PIP. This formulation is inspired
by writing the optimal dynamic programming formulation in the quantile space. We
take a minimax approach where we search the worst-case distribution while optimizing
for the dynamic program’s value. We show that in the continuous space of quantiles
[0,1], such a problem is linear; see formulation [P], s in Section 4.3 for the details of the
formulation. While there exist other linear programming formulations for (k,n)-PIP
(see, e.g., [47]), using our formulation, we can provide an analysis as n grows that
organically provides the nonlinear system of differential equations that we later use to
get provable lower bounds. In Section 4.3, we provide the exact linear programming
formulation and the proof that characterizes the optimal approximation ratio for
(k,n)-PIP.

Approximation via a Nonlinear System. The analysis of our infinite-dimensional
program as n approaches infinity leads us to introduce a system of k coupled nonlinear
differential equations, extending the Hill and Kertz equation (k = 1). This new
nonlinear system is parameterized by k nonnegative values 04, ...,6;, and we look for
functions yy, ...,y satisfying the following in the interval [0,1):

(Tk(—Inye))" = k! (1 — 1/ (kb)) — Tiy1 (—Inyy), (4.1)
(Tk(=Iny))' =k = Tia(—Ingy) = S0 = s (—ngy)) for every j € [k~ 1)

(4.2)

yj(O) =1 and lti%u/]-(t) =0 foreveryje€ [k], 4.3)

where I'y(x) = | xoo t'=le~tdt is the upper incomplete gamma function. Note that for
k=1 in (4.1)-(4.3) we recover the Hill and Kertz differential equation. Now, if v, x
denotes the optimal approximation ratio for (k,n)-PIP, we can prove that there is
ng = no(k) such that for n > ng we have

2
Vg > (1 _ 24k1“(:)

k
) Y o, (4.4)
j=1

where 07,...,0; are the values for which there exists a solution to the nonlinear
system of differential equations (4.1)-(4.3). We remark that the lower bound on
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the approximation ratio given by the nonlinear system in inequality (4.4) is simply
obtained by the summation of the k constants that define it. For instance, when k =2,
the two constants for which the nonlinear system has a solution are 67 ~ 0.346 and
05 ~ 0.483, and therefore we get a provable lower bound of ~ 0.829 on 7, », the optimal
approximation ratio for 2 selections, for any n large enough.

To prove inequality (4.4) we employ a dual-fitting approach within our infinite-
dimensional linear program. Namely, we introduce a dual infinite-dimensional pro-
gram of our exact formulation, and using the solution of the nonlinear system (4.1)-
(4.3), we explicitly construct feasible solutions for this dual. Then, the theorem is
obtained by a weak-duality argument. The details are presented in Section 4.4. We
remark that our analysis requires a careful study of the nonlinear system (4.1)-(4.3);
which we also provide in Section 4.4. The small multiplicative loss (1 — 24kIn(n)?/n)
appears when we construct the dual feasible solution, and it’s needed in our analysis
to ensure feasibility in the dual problem; note that this loss vanishes as n grows. We
tinally note that any feasible solution to our dual program can be implemented using
a quantile-based algorithm; therefore, we can implement an algorithm that has an
approximation ratio at least (1 — 24kIn(n)?/n) Y , 0x.

| k | 1 | 2 [ 38 [ 4 | 5 |
Our approach (Y5, 07) | 0.7454 | 0.8293 | 0.8648 | 0.8875 | 0.9035
[10] 0.6543 | 0.7427 | 0.7857 | 0.8125 | 0.8311

Table 4.1 Comparison of known provable lower bounds for 7, when #n is large and k €
{1,...,5}. The bounds of [10] hold for every n.

Application to the Stochastic Assignment Problem. Finally, in Section 4.5, as an
application of our new provable lower bounds for (k,n)-PIP we provide the tight
optimal approximation ratio for the classic stochastic sequential assignment problem
(SSAP for short) by [26]. In the SSAP, there are n non-negative values rq,...,7y
and 7 ii.d. non-negative values Xj,..., X, that are observed one at the time by a
decision-maker. At each time t, the decision-maker must assign irrevocably X; to
one of the remaining available r; values that have not been assigned yet. Assigning
X; to r; provides a reward of r; - X;, and the goal is to maximize the expected sum
of rewards. This problem extends (k,n)-PIP and relates to several online matching
problems [39, 63].

We revisit the SSAP through the lens of prophet inequalities and provide an exact
value of its asymptotic approximation ratio. Specifically, we first characterize the
optimal approximation ratio for SSAP to be equal to a, = ming¢(, ¥,k This imme-
diately implies that limsup, «, < 7y =~ 0.745. To the best of the authors” knowledge,
the best current provable lower bounds over 7, are the following: (1) for k =1,
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Yna > 0.745 [23]; 2) forany k > 1, v, > 1 — kke=k /k! (see, e.g., [10, 27]); (3) the values
reported by [10] in Table 4.1. These three results together imply in principle that
ay > 0.7427; hence, there is a constant gap between the lower and the upper bound on
ay. The 1 — k¥e~*/k! lower bound for the k-selection prophet inequality problem is at
least 0.78 for k > 3 which is in particular larger than liminf, y, ;1 ~ 0.745. Nevertheless,
to the best of the authors” knowledge, no monotonicity in k is known for the values
Ynk- Therefore, our new provable 0.829 lower bound for k = 2 allows us to conclude
that the approximation ratio for the SSAP is exactly y ~ 0.745 for n sufficiently large,
fully characterizing the approximation ratio of the problem.

4.1.2 Related work

The basic prophet inequality problem, as introduced by Krengel and Sucheston [57],
was resolved by using a dynamic program that gave a tight approximation ratio of
1/2. Samuel-Cahn [73] later showed that a simple threshold algorithm yields the same
guarantee. Since then, there have been several generalizations spanning combinatorial
constraints, different valuation functions and arrival orders, resource augmentation,
and limited knowledge of the distributions [21, 22, 31, 55].

A major reason for the renewed interest in prophet inequalities is their relevance to
auctions, specifically posted priced mechanisms (PPM) in online sales [3, 18, 20, 27, 42,
55]. It was implicitly shown by [18] and [42] that every prophet-type inequality implies
a corresponding approximation guarantee in a PPM, and the converse holds as well
[24]. Using these well-known reductions, our lower bounds for the i.i.d. k-selection
prophet inequality problem also yield PPM’s for the problem of selling kK homoge-
neous goods to n unit-demand buyers who arrive sequentially with independent and
identically distributed valuations.

Linear and convex programming have been a powerful tool for the design of online
algorithms. For instance, in online and Bayesian matching problems [39, 63], online
knapsack [9, 53], secretary problem [14, 17, 68], factor-revealing linear programs [37,
59], and competition complexity [12]. Similar to us, Perez-Salazar et al. [67] use a
quantile-based linear programming formulation to provide optimal policies in the
context of decision-makers with a limited number of actions.

Our analysis provides a new nonlinear system of differential equations, which
extends the ordinary differential equation by Hill and Kertz for k = 1, and provides
provable lower bounds on the asymptotic approximation ratio. Although the Hill
and Kertz equation has been used in various recent works [12, 23, 60, 67] and ODE
methods, have been used in other online selection problems [6, 32, 68] to provide
asymptotic guarantees, to the best of the authors” knowledge, our result for multiple
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selections, where the approximation ratio is embedded in a nonlinear system, has not
been previously explored.

4.2 Preliminaries

An instance of (k,n)-PIP is given by a tuple (n,k, F), where n is the number of values
X1,..., X, that are drawn i.i.d according to the continuous distribution F supported
on R;. This assumption is commonly made in the literature (e.g., Liu et al. [60]), as
we can perturb a discrete distribution by introducing random noise at the cost of a
negligible loss in the objective. Given an instance of (k,1)-PIP, observe that we can
always scale the values Xj, ..., X, by a positive factor so the optimal value is equal to
1, and the reward of the optimal policy is scaled by the same amount. In particular,
the approximation ratio of the optimal policy remains the same.

Given an instance (n,k, F), we use dynamic programming to compute the optimal
reward of the optimal sequential policy. Let A;/(F) be the reward of the optimal
policy when ¢ < k choices are still to be made in periods {t,...,n}. Then, for every
t € [n] and ¢ € [k], the following holds:

Aye(F) = sup { (E[X | X2 3] + Ay 2 (F) PeX 2 2] + A (F)Pr{X <},

(4.5)
Ayi10(F) =0, and Aso(F) =0. (4.6)

Equation (4.5) corresponds to the continuation value condition in optimality; the term
in the braces is the expected value obtained when a threshold x is chosen when at
period t and ¢ choices can still be made. In (4.6) we have the border conditions. In
particular, it holds

Yux = inf {Allk(F) instances (n,k,F) with OPT,, ;(F) = 1}. 4.7)

4.3 An infinite-dimensional formulation

In this section, we provide the characterization of the optimal approximation ratio for
(k,n)-PIP, 7, , via an infinite-dimensional linear program. For every positive integers
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k and n, with n > k, consider the following infinite dimensional linear program:

inf dl,k [P

q
st dip> /0 h(u)du+qdiq -1+ (1 —q)dsiq 4, forevery t € [n],£ € [k], and g € [0,1],

4.8)
/Olgnlk(u)h(u)du >1, (4.9)
h(u) > h(w) for every u < w,with u,w € [0,1], (4.10)

di¢>0 foreveryte [n+1] and every ¢ € {0} U [k], (4.11)
h(u) >0 for every u € [0,1] and h is continuous in (0,1), (4.12)

where g, (1) = Z?:nfkﬂj(’;)(l — u)/~1u"=J for every u € [0,1]. d;, represents that
the welfare of the optimal dynamic policy after having seen t < n values and ¢ <k
of them remain to be selected. The family of constraints (4.8) asserts that for any
quantile g, d; ¢ is at least the welfare obtained by using g as a threshold for selection
in the current round, t. That is, the first two terms of the right hand side cover the
case when the value is indeed selected, whereas the third term covers the case when
it is not. Constraint (4.9) represents a normalization to instances where the optimal
welfare Y3i_ 1 E[X(;)] > 1. In the program [P],x, the variables h(u) represent
the values of a non-negative and non-increasing function % in [0,1], and therefore
we have infinitely many of them, whereas the variables d are finitely many. More
specifically, i(u) represents F~!(1 — u), where F is the c.d.f of a probability distribution
and minimizing over all possible choices of & is equivalent to search the worst-case
distribution for (k,n)-PIP. We remark the continuity for / in the program is mainly
for the sake of simplicity in our analysis but does not represent a strict requirement.
The following structural result formalizes the interpretation of the variables pro-
vided in the previous paragraph. The remainder of the section is dedicated to its proof.

Theorem 9. The optimal approximation ratio for (k,n)-PIP is equal to the optimal value of
[P]n,k-

We denote by v,, ; the optimal value of [P], x. We show that v, y = 7,  in Theorem
9 by proving both inequalities, v,y < v, and v, x > 7,k separately. For the first
inequality, we argue that any instance of (k,n)-PIP with OPT, \(F) = 1, produces a
feasible solution to [P], » with an objective value equal to the reward of the optimal
sequential policy. For the second, we show that any feasible solution (d, f) to [P],, x
produces an instance of (k,1)-PIP such that the reward of the optimal policy is no
larger than the objective value of the instance (d, f).
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Before we prove the inequalities, we leave a proposition with some preliminary
properties that we use in our analysis. The proof can be found in Appendix C.1.

Proposition 11. Let F be a continuous and strictly increasing distribution over the non-
negative reals. Then, the following properties hold:

(i) For every n and k with n > k, we have OPT,, (F) = fol () FH1 — u)du

(ii) Suppose that X is a random variable distributed according to F. Then, for every x > 0,
it holds E[X | X > x]Pr[X > x] = [JF~(1 — u) du, where g = Pr[X > x].

We use the following two lemmas to prove Theorem 9.

Lemma 9. Let F be a continuous and strictly increasing distribution over the non-negative
reals such that OPT,, x(F) =1, and let h(u) = F~1(1 — u) for every u € [0,1]. Then, (A(F),h)
is feasible for [P],, x, where A(F) = (A ¢(F) )y is defined according to (4.5)-(4.6).

Proof. By construction, we have i > 0 and & is non-increasing, therefore constraints
(4.10)-(4.12) are satisfied by (A(F),h). Furthermore, we have

1
[ naphlu) du = [, 01— ) du = OPT,(F) =1,
0

where the second equality holds by Proposition 11(i). Then, constraint (4.9) is satisfied
by (A(F),h). Let g € [0,1], and x > 0 such that g = Pr[X > x|. Then, for every ¢t € [n]
and every ¢ € [k], we have

Apo(F) = (E[X | X > x] 4+ Api1,0-1(F)) Pr[X = x] + Apyq,¢(F) Pr[X < x]

= / du + th—H /— 1(P) + (1 - q)At—H,Z(F)’

where in the first inequality we used condition (4.5), while in the second inequality,
we used that g = Pr[X > x] and Proposition 11(ii). Then, (A(F),h) satisfies constraint
(4.8), and we conclude that (A(F),h) is feasible for [P], x. O

Lemma 10. Let (d,h) be any feasible solution for [P, x. Then, there exists a probability
distribution G, such that d; o > Ay ((G) for every t € [n] and ¢ € [k].

Proof. Given a feasible solution (d,h) for [P], , consider the random variable (1 — Q),
where Q is a uniform random variable over the interval [0,1], and let G be the
probability distribution of (1 — Q). Then, G is continuous and non-decreasing.
Since h is a non-increasing function, we have Pr[h(1 — Q) < h(u)] > Pr[]1 — Q > u] =
Pr[1 —u > Q] =1 — u, and therefore G~'(1 — u) < h(u). We prove the inequalities in
the lemma statement for d and the probability distribution G via backward induction
inte{l,...n+1}. Fort=n+1 we have d, 1, =0= A, 1,(G) for any ¢ € [k].
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Assume the result holds true for {t +1,...,n+1}. If { =0, we have d; y = 0= A; 4(G),
and for ¢ € [k]|, we have

q
= sup { "Wt gdyispn + (1= i
]

g€0,1
q
> sup {/ h(u)du +qAp1,0-1(G) + (1 — Q)At+1,£(G)}
qef01] L0
q
> sup {/ G (1 —u)du+qAi10-1(G)+(1— Q)Atﬂ,é(c)}
qef01] L0
= r)rc1>aa<{(1E[X | X > x|+ Api1,0-1(G)) Pr[X > x] + Ap11,0(G) Pr[X < x]}
- Af,f(G)/

where the first inequality holds since (d,/) satisfies constraint (4.8); the second in-
equality holds by induction; the third holds since G™1(1 — u) < h(u), and the first
equality by Proposition 11(ii). This concludes the proof of the lemma. O

Proof of Theorem 9. By Lemma 9, for every probability distribution F we have that
(A(F),h) is feasible for [P], , and its objective value is equal to Aq x(F). This implies
that Ay x(F) > v, for every F, and therefore <y, , > v, . Since in [P], x, h only appears
in integrals over some interval, we observe that in fact that the value of [P], x does
not change if we restrict the condition on / to be strictly increasing instead of non-
decreasing. In this case, by Lemma 10, for every feasible solution (d,h) in [P], s there
exists a probability distribution G such that dq; > A1 x(G) and G™1(1 — u) = h(u).
Thus OPT,, 1 (G) > 1. Therefore, the optimal value of [P], s is lower bounded by the
infimum in (4.7), which is equal to 7, . We conclude that v, > <, x, and therefore
both values are equal. O

4.4 Lower bound on the approximation ratio

In this section, we prove the following result.

Theorem 10. For every k > 1, there exists ng € IN, such that for every n > ng we have

2
Yk > (1 = 24k1“(:)

k
)L
=1

where 07,...,0; are the values for which there exists a solution to the nonlinear system of
differential equations (4.1)-(4.3).
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Before proving this theorem, we provide a warm-up for the case of k = 2, i.e.,, when
2 selections are possible. The goal of Section 4.4.1 is to provide the main insights into
the derivation of the nonlinear system (4.1)-(4.3) and to sktech the main steps in the
proof of Theorem 10. In Section 4.4.2 we provide the full detailed proof of Theorem 10
which holds for every k.

4.4.1 Warm-up: the case of k =2

In this subsection, we sketch the deduction of the nonlinear system (4.1)-(4.3). We
focus on the case k = 2 and provide a weak dual formulation of [P], . From this weak
dual, we can find a recursion that in the limit converges to a solution of (4.1)-(4.3) with
k = 2. While this approach only gives us a lower bound on liminf, 7, », we strengthen
this asymptotic result by showing how to transform a solution of the system (4.1)-(4.3)
into a feasible solution to our dual LP by incurring in a slight loss when 7 is large.

A Dual for k =2. Consider the following infinite-dimensional linear program:

sup v [Dly,2
s.t. /0 1 B1o(q)dg <1,(¢), forall £ [2], (4.13)
1 1
/O Bri12(q)dg < /0 (1—q)Bt2(q)dg, forallte [n—1], (4.14)
1 1 1
/O Pra11(g)dg < /0 (1—9)Bta(g)dg + /0 qPi2(q)dq, forallte[n—1], (4.15)
n 1
vgna(u) < ) / Bi(q) + Br2(q)dg, for u € [0,1], (4.16)
t=1"4
Bie(q) >0 forallge [0,1],t€ [n] and £ € 2], (4.17)

where 1;(¢) € {0,1} and 1,(¢) =1 if and only if ¢ = 2. This linear program can be
interpreted as follows. Fix an algorithm that makes decisions based on quantiles. Now,
the variables f; ;(9) can be interpreted as the probability densities of the events that
the algorithm chooses quantile q for time t when ¢ items remain to be chosen, observes the t-th
value xt, and selects it if x; > F~1(1 — q). Variable v > 0 captures the approximation ratio
of such algorithm. Constraints (4.13)-(4.15) capture the valid transitions from time ¢
to t 4 1. Specifically, for the algorithm to observe a value at time t when / items can
still be chosen, it must have observed a value at time t — 1 under one of the following
conditions: Either (1) there are ¢ items that can be chosen at t — 1 but the algorithm
did not select the t — 1 observed value; or (2) there are ¢ + 1 items that can be chosen at
t — 1 and the algorithm selected the t — 1 observed value. Constraint (4.16) relates the
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offline density of least two out of n values being in the top u quantiles with the density
that the algorithm selects values in the same quantile. Among all possible quantiles
u € [0,1], the largest v such that the ratio of these densities is at least v corresponds to
a lower bound on the approximation ratio of the algorithm.

In Lemma 11, we show that [D],, 2 is a weak dual to the exact formulation [P],, t,
for k = 2. That is, the optimal value w,, > of [D], » is at most <y, », which is the optimal
approximation ratio for 2 selections. Thus, finding solutions to the weak dual provide
a mechanism to give provable lower bounds on 7, >. We remark that [D], > is not
necessarily a strong dual to [P], x. Variables B;, correspond to constraints (4.8) and
variable v corresponds to constraint (4.9); however, in [D],, » there are no dual variables
for constraints (4.10).

A Feasible Solution and Its Limit. We now construct a particular feasible solution
to the weak dual [D],,» and show that it produces a set of points that converge to a
solution of (4.1)-(4.3) for k = 2. Inspired by the quantile-based solution of [23] and the
LP characterization by [67], we propose the following solution to [D],, »:

Bi2(q4) =62 (=812(@) Lie, e (@), Bra(q) =01+ (=8no(@) Ly 1o (q),  (418)

fort=1,...,n, where 01,00 >0and 0 =¢g<e; < - <ggand O=pp=p1 < pp <--- <
#n. Note that if €, = p, =1, then (8,61 + 6,) is a feasible solution to [P], ; hence,
01 + 02 < ¥2. Now, assuming that constraints (4.13)-(4.15) are tightened by , we can
deduce the following implicit recursions for &; and p;:

$na(er1) = gna(e) =~ = o @raa(e) = (1 1) te {O}Ul], (@19
o
$na2 (1) = $u2() = g (Guiaale) — (1 +1) e {O}Uln,  @20)
2

T (8nt+13(pt) — (n+1))

In other words, by fixing 6, > 0, we can find a sequence of increasing ¢;’s. Likewise,
by fixing 61,0, > 0, we can find a sequence of increasing y;’s. Our goal is to find
a pair (67,0%) such that €,(6,) =1 and u,(61,62) = 1. A simple inductive argument
shows that ¢; is decreasing in 6,. Indeed, by differentiating (4.19) in 6,, we obtain
82 (er11(602))€)1(02) = 1/65 +€}(62) (1 — £4(62))g), 5 (€+(62) ). From here, and also us-
ing (4.19), we can show that: (1) &; blows up when 8; goes to 0 (2) &; tends to 0 when
6, goes to +oo and (2) there this a unique 65 > 0 such that €,(63) = 1. Analogously,
having already found and fixed 65 > 0, we can show that there is a unique 6 > 0 such
that 1, (07,65) = 1. This shows that our solution (8,07 + 63) is feasible to [D],, 2.
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The pair (67,605) depends non-trivially on n. Thus, to tackle this dependency, we
perform a limit analysis on (4.19) and (4.20). For this, we first perform a change of
variable y1; = e and y,; = e " for all t. We see that for all ¢ € [2], y;; € [0,1],
ve1=1,yp, =e""forall £ € [2]. Now, consider the function §j; : [0,1] — [0,1] such that,
70(0)=1,9,(t/n) =yy, forall t € {0} U [n], and 7y is linear between in [(t —1)/n,t/n]
for t € [n]. Now using (4.19) and (4.20), the approximation g,, x (1) ~ nTy(nu)/ (k—1)1,}
and assuming that (67,603) converges when n — oo, we obtain that (1,72) converges
to a solution of the nonlinear system (4.1)-(4.3) with k = 2. A formal proof of the
existence of a solution to the nonlinear system (4.1)-(4.3) for general k appears in
Lemma 12.

From the Limit to a Feasible Solution. The limit analysis of the solution $ only
bounds liminf, 7, . To provide an analysis for finite n as in Theorem 10, we construct
an explicit solution to [D],» from the solution (y1,y2) of (4.1)-(4.3). While we are
tempted to take & = —In(y2(t/n))/n and yy = —In(y1(¢/n))/n and defining B as
in (4.18), this poses two nontrivial challenges. Firstly, ¢, and i, are larger than 1 since
y1(1) = y2(1) = 0. Secondly, 1 is positive; yet for B to be feasible to [D],, 2, #1 must be
0, due to constraint (4.13).

To address the first challenge, we take 7 < 1, and define & = —In(y»(t/7)) /7 for
te{0}U[n—1] and ¢;z =1 for some 71 < n. Similarly, po=p1 =0, pr = —In(y1(t/7)) /7,
for t € [a — 1]\ {1}, and pz = 1. The value 7 appears when approximating g;, (1)
with 7l (7iu)"/ (k — 1)! (see Proposition 17); for k = 2 we have 71 = n — 3. For n large
enough, we show that —In(y,(1 —1/7))/7 < 1 for £ € [2]; hence, our new sequence
of ¢’s and p’s is well-defined.

For the second challenge, on a first read, it might seem that defining 31 = 0 solves
the problem. However, this is not the case because, in constraint (4.15) for t =2, the
left-hand side could be larger than the right-hand side as our choice of & and
mimics an Euler approximation of the nonlinear system (4.1)-(4.3); hence, p, depends
on yj in the Euler approximation; however, we defined it to be 0. To address this,
we add enough mass to B, so constraint (4.15) approximately holds. A complete
description of the solution appears in (4.36).

In general, these two fixes introduce two sources of multiplicative loss in the
objective value 6] + 05. The first is via 7, and the second is via the mass addition to
B12. We show that these multiplicative losses are in the order of 1 — cIn(n)?/n for
some constant ¢, and they vanish as n grows.

lin Proposition 17 we prove formally this approximation for the derivative of g, .
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4.4.2 Main Analysis

We now provide the proof of Theorem 10. Our proof is organized into three main
steps. In the first step, we introduce a maximization infinite-dimensional linear program
that we call [D],, x, and we prove that weak duality holds for the pair [P], x and [D],, .
Namely, the optimal value of [D],  provides a lower bound on the optimal value
of [P],x. The program [D],; can be formally deduced from [P],; by dropping
Constraint (4.10); however, the weak duality still requires a proof as we are dealing
with infinite-dimensional programs.

In the second step, we introduce a second maximization infinite-dimensional linear
program parametrized by a value 7 <, namely [D], (7). This program is akin
to [D], x, but is described by a set of constraints that become more handy when
analyzing the nonlinear system. Furthermore, [D], x(7) restricts the time horizon
until 7. We show that the optimal value of [D], x(7i) provides a lower bound on the
program [D],, ;, and therefore, it gives a lower bound on the optimal value of [P],, x as
well.

In the third step, we build an explicit feasible solution to the problem [D],, x(7) start-
ing from a solution of the nonlinear system of differential equations (4.1)-(4.3). Using
the valid bounds found in the previous two steps, we can provide a lower bound on the
value 1, ; for n large enough. In particular, we show, as n grows, that the sequence of
lower bounds provides a lower bound on the optimal asymptotic approximation factor.

First step: Weak duality. For every ¢ € [k, let 1;(¢) =1 if / =k and 1;(¢) =0 for ¢ # k.
Consider the following infinite-dimensional linear program:

sup © [Dl,,
s.t. /01 ,31,4(11) dg < lk(g), forall ¢ € [k], (4.21)
1 1
/0 Br+1k(g)dg < /0 (1—q)Btx(q)dg, forallte [n—1], (4.22)
1 1 1
| Bre@dg < [ (1=pi@)dg+ [ gpiea(a)dg, forallte [1—1) € k-1,
(4.23)
n k 1
00k () < Y Y- [ Brula)dg, forue[0,1] (4.24)
t=1¢=1"4
Bie(q) >0 forallge[0,1],t€ [n]and ¢ € [k]. (4.25)

The variables f; ;(q) represent the probability density of an optimal algorithm choosing
quantile g at time t when ¢ items can still be chosen, and variable v captures the
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approximation factor of the policy. (See also the interpretation of the linear program in
subsection 4.4.1.) We denote by w,,  the optimal value of [D],, . The following lemma
shows that weak duality holds for the pair of infinite-dimensional programs [P],, x and

[D]n,k-

Lemma 11. For every n > 1 and every k € {1,...,n}, we have Vpk = Wy k-

Proof. Consider a feasible solution (d,h) for [P], s and a feasible solution (B,v) for
[D],, k. Since [P],,  is a minimization problem, we can assume that d, 1 ; = 0 for every
¢ € [k] and dy s = 0 for every t € [n]; if they are non-zero, we can easily make them
zero without changing the objective value of (d,h). In what follows, we show that
v < d k. Since (B,v) satisfies constraint (4.24) and h(u) > 0 by constraint (4.12), we get

1n k 1
/ Snx(w)h(w)du < | Yy ( ﬁt,z(q)dq) h(u)du
t=1¢=1 \’U
n ko1 o1
=YY | [ Buel@h(n)dgan
t=1¢=1
n k 1 q
=X [ ) | ) dudg, (4:26)

where the first equality holds by exchanging the summation and the integrals, and
the second equality holds by exchanging the integration order for u and 4. Then,
inequality (4.26) together with constraint (4.9) imply that

v < Z Z/ Bie(q / u)dudg. (4.27)

t=1(=1

On the other hand, from constraint (4.8), for every t € [n] and every ¢ € [k] we have

[ Busta) [y udg

1 1 1
<d, /O Bre(q)dg —dii101 /O qBee(q)dq —diy1 /0 (1—q)Bte(g)dg,  (4.28)
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where we used that ; , > 0, and then we integrated over g € [0,1]. When ¢ =k, note
that

n 1 n 1
Vs | Bus(@)da — Lhons [ (1= )Bia(a) g

1 n 1 n 1
= dl,k/o Bix(q)dg + ;dt,k/o Bix(g)dq — t;dtﬂ,k/o (1—4q)Bix(q)dg

n

1
Zdtﬂ,k/o (1—q)Bix(q)dg

n—1 1
<dip+ ) dt+1,k/0 Brr1k(q)dg —
t=1 t=1

n—1 1 n—1 1
<dig+ ) diik /O (1—q)Bei(g)dg — Y derrp /O (1—q)Bii(q)dg <dyx, (4.29)
t=1 t=1

where the first inequality holds by constraint (4.21) and by changing the index range

in the first summation, and the second inequality holds by inequality (4.22) and the
fact that d,, 1 x = 0. On the other hand, note that

n k—1 1 n k 1 n k-1 1
Y- Yodes [ Bur@)da = Yodiirsr [ aPelq)dg— Y Ydiors [ (1 0)Bisla)dg
t=1/¢=1

- t=10—1 0 t=1(=1 0
n k—1 1 n k—1 1 n k—1 1
=Y. Y [ Bue@dg— Y Yoo [ aBrena@)dg— Y Vi [ (1= a)Bis(a)dg
t=1/0=1 0 t=1/=1 0 t=1/(=1 0
n k—1 1 n—1k—1 1 1
=3 Y [ Bur@ag =L Levons ([ abrea@an+ [ 0= pproan)
t=10=1 0 =1 /=1 0 0
n k-1 1 n—1k—1 1
<) dt,f/ Bro(q)dg— ) Zdtﬂ,e/ Bit1,e(q)dg
t=10=1 0 t=1 (=1 0
k-1 1 k—1
= Zdl,E/O Bre(q)dg < Y dy1,(0) =0, (4.30)
=1 =

where the first equality holds by changing the index range of the second summation
and d; 19 =0 for every t € [n], the second equality holds by factoring the summations
and d,, 11 ¢ = 0 for every £ € [k — 1], the first inequality holds by inequality (4.23), and
the last inequality by constraint (4.21).

Then, by summing over f € [n] and ¢ € [k] in inequality (4.28), we get

té /Olﬁt,é(Q)/oqh(u)dudq

L=

L

IA
M::

W
I

k 1 n k 1 n k 1
Y dis / Bre(q)dg =Y ) dit10 / qBre(q)dg — Y. Y dii1e / (1—q)Bte(q)dg,
1/—1 0 t=10=—1 0 t=10=—1 0

1ks (4.31)

IA
o
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where the second inequality comes from (4.29) and (4.30) together. Finally, (4.27) and
(4.31) imply that v < d; §, which concludes the proof of the lemma. O

Second step: A truncated LP with a useful structure. Consider the following infinite-
dimensional linear program: For 77 < n, we consider the following LP

sup v [l (72)
1 1
s.t. /o aer(q)dg +/0 Y quex(q)dg <1, forallte [a], (4.32)
<t
1 1 1
/O a(q)dg + /0 Y qace(q)dg < /O Y gacei1(q)dg, forallte [l e k—1],
<t <t
(4.33)
iy k 1
0gn(u) <Y Z/ a;¢(q)dg, for u € [0,1], (4.34)
t=1¢=1"4

w;o(q) >0 forallge(0,1],t€ [AA] and £ € [k], (4.35)

We will prove that the optimal value of [D],, x(7) is a lower bound to the optimal
value of [D], . The following technical proposition allows us to ensure that any
feasible solution to [D],, x(7) induces a feasible solution to [D], x. We present the proof
of the proposition in Appendix C.2.

Proposition 12. For every feasible solution (x,v) to [D], (1), there is («',v) feasible
to [D],, k(1) for which all constraints (4.32) and (4.33) are tightened.

The following proposition states the lower bound we need in the rest of our analysis.

Proposition 13. For every k < n, and every i < n, the optimal value of [D],, x(71) is at most
the optimal value of [D],, k.

Proof. Let (n,v) be a feasible solution to [D],, x(7). Moreover, define ay, =0 V¢ € [k].
By the previous proposition, we can assume that a tightens all Constraints (4.32)
and (4.33). From here, we can deduce that for 0 < t < 71

1
/0 app(q)dg=1-)

<t

1 1 1
(g)d :/ d —/ da.
/quc x(q)dq | dekdq — | qagedg

The second equality is equivalent to

1 1
1-3. /O qack(q)dg = /O apdg.

<t
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where for t = 0 this is the empty sum. This equality holds by Proposition 12 and (4.32).
For ¢ < k, we have

1 1 1
/ appr(g)dg =) / qaepa(q)dg — ) / qocr () dg
0 <t 0 <t 0

1 1 1

= /0 ao(q)dg + /0 qaco+1(q)dg — /0 qa,e(q)dg
1 1

= [ A= a@dr+ [ qmea()ds.

The second equality is equivalent to

1 1 1
)3 / garei1(q)dg — ) / gor(q)dg = / ar(q)dg
r<t”0 T<t”0 0

where for t = 0 this is the empty sum. This equality holds by Proposition 12 and (4.33).
Hence, « satisfies constraint (4.21) by the definition of &(, and the equalities above.
(4.22) (4.23) follow from the equalities as well, for t < 7i;. If we define a as follows

_ o “t,ﬁ(q)’ t < ﬁk!
& (q) =

0, t > 1,

then, (a,v) is a feasible solution to [D], x. From here, the result follows immediately.
]

Third step: From the nonlinear system to LP. Since <y, ; is equal to the value of [P], k,
which in turn is at least the value of [D],, , the previous result implies that we only
need to provide a feasible solution to [D], x(7i) to provide a lower bound on 7y, x. The
latter will be defined by a solution to the non-linear system of equations (4.1)-(4.3). For
a given 6, we denote it by NLS(0). The following lemma summarizes some properties
of NLSi(6) that we use in our analysis.

Lemma 12. For every positive integer k, the following holds:

(i) There exists 0* for which NLS;(6*) has a solution. We denote such a solution by
(Y1,..., Y%).

(ii) The vector 6 satisfies that 0 < 67 < 0 <--- <07 <1/k.
(iil) For every j € [k|, the function Y; is non-increasing.
We defer the proof of Lemma 12 to Subsection 4.4.3. Let iy =n —k —1and let y; ; =

Y;(t/7g). Let us define e;; = —In(y;,) /i, for t € {0,1,...,7 — 1}, j € {1,...,k}, and
¢j7, = 1. We can show that for n large enough, —ln(yjlt)/ﬁk <1forte{0,..., A —1}
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(see Proposition 18); hence, 0 < &, < --- < gj < 1. Let By = (£ — 1) - (4ck + ¢ /k!)
for £ € {1,...,k}, where ¢, = 24k'max{9£+1/92 :0e{1,...,k—1}}. Now, consider the
following family of functions:

0, t<k—¢,
()2 — (k={+1) ) N
“Zz(q) = (]. +12%) (Bfln(”k)l[o,l/ﬁk}(m —egg;l,k(Q)l(O,S/’t)(Q)>, t:k—g—i_l,
14+ 121n(ﬁk)2 —(k—0+1) ot ( ) 1 ( ) k2
iy fgn,k q (ert—1.801) q), et .
(4.36)

Note that for all u € [0,1], we have

k 1 n(# 2\ —k k
E/ “?,e(q)dq2<1+12¥> (Z%)gn,k(u)

k

< 12k1 ) <29€) Sni(u (4.37)
fig

where in the first inequality we used that (1 + 12In(7i;)%/71;)~K~*1) is increas-
ing in ¢ and in the second inequality we used the standard Bernoulli inequal-
ity. Inequality (4.37) guarantees that (a*,v*) satisfies constraint (4.34) with v* =
(1 — 12k - In(7iy)?/ ﬁk) lele 0. Before proving Theorem 10 we need the following
lemma; we defer the proof to section 4.4.4.

Lemma 13. For iy =n —k — 1, and n large enough, o* satisfies constraints (4.32) and (4.33).

Proof of Theorem 10. As a consequence of Lemma 13, we have that (a*,v*) is a feasible
solution to [D], x(7). In particular, we obtain the approximation

)b r-

when 7 is sufficiently large. O

Vg = 0F = ( 12k

)m,

4.4.3 Analysis of NLS,(0) and proof of lemma 12

In this section, we analyze the nonlinear system NLSy(6) in terms of the existence of
solutions. Given functions y1,...,yx : R — Ry, let y = (y1,...,yx), and for each pair
r,L € [k], define ¢, ¢, (t) = [(—1Iny,(t)) for every t € [0,1). Observe that by simple
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differentiation, we have

Pr 0 (t) = =T (= Iny,(t)) )= (—Iny,(£) "y (t), (4.38)

since I',(x) = —x"~le~*. Furthermore, when r > 2, observe that cp;/&y(t) = _4)1/’*1,6,y(t) Iny,(t),
which is a consequence of the derivative formula in (4.38). For a vector 0., = (0y,...,6),

we define the system NLS; ;(6y.) to be the subsystem of NLS,(6) that only consider

the differential equations from /,...,k and the terminal conditions, that is,

(Te(=Inyg)) = k' (1 =1/ (kb)) — Trp1(—Inyg),

0.1
(Tk(~Iny;)) =k = Tpa (= Iny)) — ==
J

y;(0) =1 and ltiglyj(t) =0 foreveryje{/,... k}.

(k! = Tx11(—=1Inyjy 1)) forevery je {(,... .k -1},

When ¢ = 1, the system NLS; () is exactly the system NLS;(6). We also remark that,
by replacing, any solution y of NLS, ;(0;.) satisfies the following conditions:

1
Pky = K! (1 - k_@k) = Pk hys

011

0

Prjy =k — Prr1jy — (k! = ¢prq1,j+1y) forevery je {f,...,k—1}. (4.39)
We will use NLS x(0y) to inductively show that NLS,(6) satisfies all properties of
Lemma 12. One key step to showing the existence of a solution to NLS; ;(6y.) is to
first establish some properties that any solution of NLS; 1 x(811.¢), provided by the
induction hypothesis, must satisfy. This helps since, a priori, we don’t have a handle
on such solutions and definitely no explicit form. Then we will use these properties to
show the induction step. In Proposition 16 we show 12(ii) and 12(iii). Proposition 15
is useful for showing 12(iii) as it gives a simple sufficient criterion for monotonicity to
hold. The following proposition gives an equivalent formulation of some expressions
used to understand the behaviour of ¢; iy

Proposition 14. Consider ¢ € [k — 1], and let 0,y be such that there is a solution y =
(Yo, yk) for NLS; (0¢x), and such that y}(s) # 0 for every j and every s € (0,1). Then,
the following holds:

0 1 1
(D) Py, (t)exp (/t lnyk(s)ds> = k! <1 - k_9k) .
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1
(ii) For every j € {{,...,k — 1}, we have that (,b,’(].y(t) exp </ Iny;(s) ds) is equal to
) t

0j+1 1
k!( _]9_+> J+ / ‘Pk]+1y( )Iny;1(T)exp /lny] ds)d

]

Proof. We start by observing the following: ¢/ y = — t1ky = —(—In vy = (j),’(,k,y Inyy,
where the first equality holds from the first identity in (4.39), and the other two equal-
ities come from (4.38). From here, by integrating, we have that for every t,r € (0,1)
with r > ¢, it holds

(pkky ) exp /lnyk ds) 4’kky exp /‘Pkky S)ds)

‘Pkky 5

= Py () exp (I, (r) — I, (1)) = Py (7):

We conclude part (i) by doing r — 1: We use that y(r) — 0 in NLS(6), therefore
Pri1ky(r) — 0, and then QDIQ,k,y(”) — k!(1 —1/(kb)), using the first equality in (4.39).

For je {/,...,k — 1}, we proceed in a similar way. From the second equality in
(4.39) we get

0: 0
j+1 +1
Priy = ~Phstjy T 5 Phs1jrry = Phojy Yk — Pk i1, NYj11, (4.40)
6; 6;

where the last equality comes from the observation after the derivative formula in
(4.38). On the other hand, for every r,T € (0,1) with r > T, we have

% (4),’(’]-’y(r)exp (/: Iny;(s) ds))
= 4;,’(’/]./y(r)exp (/Trlny]-(s) ds) — 47,’{,]-,y(r)exp (/:lny]-(s) ds) lnyj(r)

= (#() = thju (1 (D) exp ([ ) )

0; 1 r
=ty (D@ e [ ny(s)ds),

where the last equality comes from the equality in (4.40). We conclude part (ii) by doing
r — 1 and then integrating T between t and one: We use that y;(r) — 0 in NLS;(6),
therefore ¢r1,,(r) = 0, ¢ry1,j+1,(r) — 0, and then 4’l/<,j,y(r) — k!(1 —0;41/6;), using
the second equality in (4.39). O
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Proposition 15. Consider ¢ € [k — 1], and let 0y, be such that there is a solution y =
(Yer--- Yx) for NLSy(0p.x), and let j € {£,...,k — 1}. If yjy1 is non-increasing, and if there
is ty € [0,1) such that y;(tl) <0and y;(t) <1, then y;(t) <0 forallt € [t,1).

Proof. We prove the result by contradiction. Suppose there exists t, € (f1,1) such
that y}(tz) > 0. By the continuity of y;, the value min{y;(t) : t € [ty,t2]} is well-
defined, the minimum in [t1, ] is attained at t' € [ty,t2], and y;(t') <1 since y;(t;) <1
and we are assuming y;(t;) < 0. Hence there definitely exists some points t” in
[t1,t2] where y;(t") < y;(t1). Then, in a neighborhood of t, there is #] < t; such that
yj(t) =yj(ty) <land yi(t}) <0 and yi(t;) > 0. Then,

_ 01 0i1
0> (=Iny;(8))"yi(1) = P, (1) = K! ( - <9—> — Prrjy(t1) + ]9—,4’k+1,j+1,y(t/1)
j j

6'+1 6'+1
> Kt ( - ;—> = Prr1jy (82) + =5 Pkt 1y (1)
j ]

= (Pllc,j,y (t/Z)'

where in the second inequality we used that y;;; is non-increasing. Also, recall

that ¢pi1,j, () = D1 (—Iny;(ty)) = L1 (—Iny;(ty)) = Prr1y(t3). From here, the
contradiction follows since cp,’c’].,y(té) = (—lnyj(tz))k_ly;-(t’z) > 0. O

Proposition 16. Consider ¢ € [k — 1], and let 0y be such that there is a solution y =
(Yo, ..., yx) for NLSy (0px). Then, the following conditions are necessary: For every j €
{¢,...,k}, yj is strictly decreasing in [0,1), 0; <011 forall j <k, and 6, <1/k.

Proof. We proceed by induction. Since y,(0) =1, yx(t) — 0 for t — 1 from the left, and
Y is differentiable in (0,1), there is a value t; € (0,1) such that y; (t¢) < 0 and yx(t;) < 1.
Since 4)]’(,k,y(t) = y,(t) (= Inyg(t))*1, we have cp,’(’k’y(tk) < 0. Then, from Proposition
14(i), it must be that 1 — 1/kf; < 0O, that is, 6, < 1/k. Together with Proposition 14(i),
this implies that for every t € (0,1) it holds lelc,k,y(t) <0, that is, ¢y, = Tx(—Inyy) is
strictly decreasing in (0,1). We conclude that yj strictly decreases in [0,1).

Assume inductively that y;1,.. .,y are strictly decreasing for some j < k. We will
show that 6; < 6,1 and y; is strictly decreasing. Note that for every t € (0,1), we have

Pr i1y (D IYj1(8) = =y () (= Inyj (£) >0, (4.41)
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where the inequality follows by our inductive assumption and the equality by the
derivative formula in (4.38). Now, if 0; 1 < 0;, for every t € (0,1) we have

Py (1) exp (/tllnyj(s)ds>

0; 011 [1 1
. j+1 j+1
— k! ( - 7) + Q—J/t P j1,y (T InYj1(T) exp (/T lnl/j(S)dS> dt

]

0jt1 1 1
2 ]9_]/t ‘Pllc,j+1,y(f) Iny;j1(7) exp </T lnyj(s)ds> dt >0,

where the first equality holds by Proposition 14(ii), the first inequality holds by
011 < 0;, and in the last inequality we used inequality (4.41) and the inductive
assumption. Therefore, for every ¢ € (0,1), we have ¢; ;y(t) = 0, which cannot happen
since the differentiability of y; and the border conditions imply that we can always
find t; € (0,1) such that y}(tj) <0and y;(t;) <1,ie,

4)ll</f,y(tf) = y;‘(tj) (—lny]-(t].))kfl <0

We conclude that 6; < 6,,1.

We prove next the monotonicity of y;. Consider ' = inf{t € [0,1] : y}(t) <0,y;(t) <
1}, which is well-defined since the set is non-empty. If ' = 0, then there is a sequence
(tn)nen in (0,1) such that ¢, — 0, y}(tn) <0, and y;(t,) <1 for all n € N. Then, since
Yjt1 is strictly decreasing, by Proposition 15 we get that for all n € N and every
t € [t),1) we have y;-(t) < 0. Since #, — 0, we conclude that y;- is strictly decreasing in
[0,1). Otherwise, suppose that t' > 0. Then, y;-(t) >0 or y;(t) > 1 for every t € (0,t').
Assume that y;(s) > 1 for some s € (0,t'). Then, since lim, 1 y;(q) = 0, the continuity
of y; and the fact that y;(t') <1, imply the existence of a value t" € (0,'] such that
yj(t") = 1. Note that 0 = y}(t”)(—lny]-(t”))k_l =g, (t"), and

011
‘Pi/@j,y(tu) = k! = i1,y () — ]9—] (k! = prg,j+1(t"))

011
= k! = Tx41(0) — ]9—+ (k! = Py, (t))
j

01
which is a contradiction; the first equality holds from (4.39), the second holds since
y;(t") =1, the third since I't;(0) = k!, and the inequality follows from y;,; being
strictly decreasing. Therefore, we have y;(t) <1 for all t € (0,t'), which further implies
that y;(t) <1forall t € (0,1).
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If yj(s) <1 for some s € [0,#], then there exists t"' € (0,#') such that y}(t"") <0 and
y;(t"") <1, which contradicts the minimality of #. Then, y;(t) =1 for every t € (0,t'].
But this implies that ¢; iy(t) =0and @i, (t) = k! for every t € (0, t'], and therefore
from (4.39) we get that k! = ¢y 1 j41,(t) = k1 (—Iny;1(t)) for every t € (0,t']. This
implies that y;,1(t) =1 for every t € (0,t'], which contradicts the fact that y;,; is
strictly decreasing. We conclude that ' = 0 and, therefore, y; is strictly decreasing.
This finishes the proof of the proposition. O

Proof of Lemma 12. In what follows, we show that there is a choice of 6 such that the
system NLSi(6) has a solution. We proceed inductively. We show that there is a
solution to this system for an appropriate choice of 6. Using this solution, we can
extend it to a solution for NLS;_1 ;(0;_1), where 0;_1.x = (6;_1,0;,x) for an appropriate
choice of 0;_;. For every £ we denote by y,(1) the value lim1 y,(t).

We start with j = k. In this case, the NLSy (6 ) is the following system:

Ti(—Inyg)" =kt —k!/(6kk) — Tipa (—Inyg),
yx(0) =1 and y,(1) =0.

We could analyze this system in the same way as the Hill and Kertz differential
equation when k = 1. However, we will not show uniqueness for all other 6]-, hence
for the sake of simplicity, we only claim existence. As mentioned earlier, we can also
write the first equality as

1
Prky = k! (1 — E> — i1 (= Inyy)

where 0
Vit -
Prky(t) = —Fi(—lnyk(f))% = (= Iny()typ(®)
Hence we have a continuous, explicit first-order differential equation for the domain of
y > 0. Moreover, from Proposition 16, we already know y; must be strictly decreasing.
Moreover, y(t) — 0 as t — 1. Note that we used 6 < }. Thus we may apply Peano’s
existence theorem [66] and conclude there exists a solution to NLSy (6y) on [0,1] for
any 0 < %
Assume inductively that we have found a 6].* . 1.« Where we have a solution (Yj1,...,Y%)

to NLS;;1,c(67, 1) for some j < k. We now show that the system NLS; ;(6;,6%, 4, ...,6¢)
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is feasible for a choice of 6;. This boils down to finding a solution for the following:

o*
I (=InY))’ =k! = Tq(=InYj) - ](9—+,1(k! — T (=1InYjiq)) (4.42)
j

Y;(0) =1, and Y;(1) =0. (4.43)

where 67, ; and Yj; are given and satisfy Y;11(0) =1,Y;11(1) = 0. By Proposition 16
we have that Yj;1,..., i € [0,1] are strictly decreasing and 071 << 0y <1/k.

The difference is that these ODE’s depend on the solutions of previous systems,
Y1, of which we know little. In order to show existence, our plan is to try to find a
solution to the Euler approximation first. Then taking the limit of this approximation
will give existence of the original system. Let 6; > 0 and consider the following Euler
approximation to a candidate solution to (4.42)-(4.43). Let m € IN be non-negative and

consider the following recursion: y,, ;o =1, and Tr(— lnym,]-,tﬂ) is equal to

1 9]11
Te(=Inym,je) + - k= Ter (= Inyjr) — 0. (k! - 1ﬂk+1(—1f1Yj+1(t/m))> :
]

(4.44)
Note that the sequence is well-defined for y,,;; > 0. Let t' = max{t € [m] U {0} :
Ym,jt > 0}. For t =0, we have I't(—Iny, ;1) = (k —1)! and therefore y,, ;1 = 1. For
t =1, we have
o
Te(—Inyy,j2) = (k— 1) - ﬁ(k! ~ T (—InY(1/m))) < (k—1)1,  (4.45)
which implies that y,, ;> <1 for any 6; > 0. We note that if 6; — oo, then I'y(—Iny,, j2) —
(k —1)!. Inductively, we can show that for 0 = o0, Ym,jr =1 for all t; in particular,
t' =m.

We proceed to show that we have sufficient understanding of the Euler approx-
imation. That is, y;, ;+ is decreasing in t. Moreover, we want to show that we can
adjust parameter ¢; such that y,, ;; decreases at a rate such that it tends to 0 for large
m and t close to m. In short, if these claims hold, then we can find suitable 6 for
the Euler approximations. Then, standard arguments show convergence of the Euler
approximation, to a limit that satisfies the constraints of our system of ODE’s. The last
part holds just by definition of the approximation, (4.44). We start by showing that
Ym,jt is decreasing in t as long as y,, j; > 1/m and m is such that m/In(m) > 1 which
holds for m > 2. We know this is true for t € {1,2}. We assume the result holds from 1
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up to t, and we show next the result holds for t + 1, with t > 2. Observe that

Ti(=Inymee1) = Ti(=Inyp, ) (4.46)
1 0
= (k' D1 (=1nyp,ir) — ]9—+,1(k! - Fkﬂ(—lanH(t/m)))) (4.47)
j
1 t—1
- Z (Tep1(=Inymjr) = Tepr (= Y1)
m =0
9]‘*+1 ot
e Z%)(Fk—i—l(_lanJrl(T/m)) — (=Y (Tt +1)/m)))
=

1
=T (=Inypmje) — T(—=Inyp 1) + E(rkJrl(_lnym,j,t—l) — i1 (= Inyy,jr)) (4.48)

07

= gy T (CInYjaa (£ = 1)/m)) = T (I Yy (t/m),

where the first equality holds by writing the previous expression using two telescopic
sums, and the third equality holds by rearranging terms and using (4.44). Note that
Ymjt+1 < Ymjs if and only if Ti(=Iny,jei1) < T(—Iny,, ;). Since Yj,q is strictly
decreasing, the result follows after the following claim. The proof of Claim 5 is in
Appendix C.2.

Claim 5. Fk(_ lnym,j,t) — Fk(_ lnym,]-,t,l) + %(rk+1 (— lnym/]-/t,l) — Fk—l—l (— lnymlj,t)) <
0 for m > 2 and Yy, i > .

As noted above, we only need the claim to hold in this regime.

We now show that dy,,;/06; > 0 for all t <t and such that y,, ;; > 1/m. Fur-
thermore, we show that for t > 1 as before, we have aym,j,t/ 89]- > 0. We proceed by
induction in t. The result is clearly true for t = 0. Suppose that dy,, ;;/d6; > 0 and
let’s show the result for £ + 1. By taking the derivative with respect to 6, in the Euler
recursion (4.44), we have

1 mj i1
(—lnym,j,t+1)k ! Tgé]

*

9 19 0,
= a—gjrk(_ln]/m,]',t) ae T (—=Inyy, ) + %(k. — 1 (—InYj1(t/m)))
]
J 1 h +1
= 56, k(= Inymje) (1 + o lnym]t) ar (K= Tia (= InYj (1/m))
J

9]+1
9 - (k! = T (= InYj1 (1/m)))
j
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where we used that y,,j; > 1/m for the inequality. Since y,, ;1 € (0,1), it follows
that dy,,,j++1/90; > 0. Notice that the right-hand side of the inequality is independent
of t and grows as 1/ 9]2. Hence, as 6; — 0, we have that t' — 1 and so Ym,jt — 1 for
t <t'. As a byproduct of this analysis, we also see that #' is strictly increasing in 6;.
Now, let 0;(m) be such that 2/m > Ym,jm—m = 1/m. By the work done so far, we can
conclude that such 6;(m) exists. In particular, 0;(m) > 0. The next claim shows that

6;(m) < 67,..

Claim 6. We have 0;(m) < 07,

We defer its proof to Appendix C.2.

Thus, we have that {6;(m) } , is bounded. Hence we may invoke Bolzano-Weierstrass:
if we let m tend to infinity, we can find a convergent subsequence {6,(m,)}, with a
limit denoted as 67.

Finally, using the Euler approximations, we may construct a family of functions
that contain a converging subsequence to one that satisfies the conditions of our
system. That is, let y,;: [0,1] — [0,1] be the piece-wise linear interpolation of the
points { Yy, + }t, where y,,, i ; is assigned as the image to the point t/m, < 1. That is,
Ye,i(t) = Ym,, i for t € [my]. This defines y,; on an equally spaced set of points. All
other values of the function are given by the straight line segments connecting these
points. By a standard analysis argument on the convergence of sequences of functions,
we can show that the sequence {y,;}, has a uniformly convergent subsequence to
a function Y; : [0,1] — [0,1] (see, e.g., [56, Chapter 3]). Furthermore, this function Y;
is differentiable and satisfies (4.42)-(4.43). Hence, we have found G*k such that the
system NLSk,j(Gj*:k) is feasible. O

4.4.4 Feasibility Analysis and Proof of Lemma 13

In this subsection, we prove Lemma 13. The crux of the proof follows by analyzing the
functions &y j(q) = (1 + 12In(71,)?/ iy )K= +1oct*,j(q). These functions hold the following
two claims:

Claim 7. There is ng > 1 such that for any n > ngy and for any t € {0,..., 7, — 1}, we have

1 In
/letﬂk d”l+2/ qari(q)dg <1+12 (nk)-

<t ng

Claim 8. There is ng > 1 such that for any n > ny, for any j < k, and for any t € {0,...,7; —
1}, we have

1 ln 1’lk
/0 ap41,i(q) dg + Z/ qari(q)dg < 1+ 12—~ Z/ G j11(q
<t

<t
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Using these two claims, we show how to conclude Lemma 13 and then prove them.
Proof of Lemma 13. First, we have,

1
/O“t+1k dHZ/WTk )dq

<t

1 1
1+121n( )2/7’1 (/0 “H—lk( dL]"‘Z/ qlx’fk )dq> <1,

<t

where we used Claim 7, which shows that a* satisfies constraints (4.32). Additionally,

/O‘Xt] d‘7+2/ ‘7“1]+1

<t

1 1
T (1t 12In(m)2 )k (/0 aj(9)dg + Z/ otz (1) dq)
1

<t

<
(14 12In(7g )2/ g )*— JT;/ T (g

=) / g j1(q)dg,

<t

where in the inequality we used Claim 8; which shows that a* satisfies constraints (4.33).
This concludes the lemma. O

We devote the rest of this section to prove Claims 7 and 8. The two claims follow
by a careful analysis of the solution to NLS,, x(6*) as well as the function g, x. In the
following proposition, we leave some useful properties satisfied by the function g, .
Recall that we set 71y = n — k — 1. The proof can be found in Appendix C.2.

Proposition 17. For every u € (0,1), the following holds:

(@) g (1) =—(n—k+1)(n—k)(," )1 —u)r~F1ukL,
(i) &pi1p1 () = ”Hugnk(u)

(ii) If n > (k+1) +2(k+1)% —gl, () < —n (1445 ) TI).

, then —n (1 — 4%) (1 — ”k—€’2> rk(f"”?/ <

(iv) If n > 4k and u € (0,s), with s < 5

. \ﬁ
_gn,k(u)'

Recall that for every r,/ € [k] we defined ®, y =TI',(—In(Y;)). Observe that condi-
tions (4.1)-(4.2) for the nonlinear system NLSy (6*) can be rewritten to get the following
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identities in [0,1):

D =k (1 —1/(k65)) — Ppya ks (4.49)
9*

Dy =k! — Pry0 — f;l (k! — @y 1011) for every £ € [k —1],. (4.50)
f

Furthermore, since the functions Y; are non-increasing, @y ; are also non-increasing. Re-
call that T',(x) = —x"~!e™* and therefore, when r > 2, we have D, (t) =—P)_; ,(t)InY(t).
We use the following technical proposition in the rest of our analysis. For the sake of
presentation, we defer its proof to Appendix C.2.

Proposition 18. For every positive integer k, the following holds:
(i) Let by = 4k!max {67, ,/07 : € € {1,...,k —1}}. Then, for every t € (0,1), every £ €
k], and every r € {0,...,k — 1}, we have Y;(t)(—InY,(t))" < bp(1 —t).

(ii) Let dy =min {0}, ,/6; : £ € {1,...,k =1} } —1> 0. There exists A, > 0 such that for
every t € (A, 1] and { € [k], it holds Y;(t) > di(1 — t)2.

(iii) Let cx = 6by. We have @i, (t) > 0 for every t € (0,1). Furthermore, there is an integer
Ny, such that for every n > Ny, every £ € [k — 1], and every t € (0,1 — 1/n], we have
0, (1)] < celn(n).

(iv) Let & = (kcp)'/* and Ny as in (iii). There is &, > 0 such that for any n > Ny, j <k,
and every t < min{d,1 —1/n}, we have Y;j(t) > 1 — CrIn(n)V/kg2/k,

Proof of Claim 7. For t € {0,1,...,7; — 1}, we have

1 1
/0 wp1i(q)dg+ ) /0 qax(q)dq

<t

€k t+1 €kt In(7
=6 (M @t [MaCgd@an) 1B sy

€kt n
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Now, we bound the term in parenthesis:

€k t+1 , €kt ,
| g@da+ [ a(=ghi@)dg
€kt
&, t+1 k.t
_/kt g?’lk( ))du+ +1

(_g1/1+1,k+1 (u))du
k2 n €k p+1 k n+1 [ékt ~ ,
(1 +16— ) (W /ek’t —(Tx(gu))" du + PP R /0 — (Trqa (7igu)) du)

n k? 1
— —(k — 1)' (1 + 16—) (l"k(—lnyk,t) — Fk(—lnyk,tﬂ) —+ E(k' — FkH(—lnyk/t))

n 2 —1)!
)(H4J)(;wpfﬂg)—nﬂ&mw»wwnvmwﬂn—nemwﬁﬂ

<
_(k—1! My

n k2
—(1+1
+m(4-6)m

n

= G (1 + 161‘_) (q)]’(,k(t/ﬁk) — 7y (d)k,k((t +1) /7)) — d>k,k(t/ﬁk)))

n k2
+ﬁ—k<1+16 )9*

< ﬁ (1 + 16E) (q;;(/k (ﬁik) D ((t+ 1)/171;3%{— q)k,k(t/ﬁk))
1

k2
-+§(1+mn) (4.52)

The first equality and inequality follow by Proposition 17, where we used implicitly
that 1+ 4(k+1)2/(n +1) <1+ 16k?/n for any k > 1. The next equality follows
by computing the integrals. The next inequality follows by bounding 1/n <1/
and adding and subtracting 1/6;. The last equality follows by rearranging terms
and the last inequality follows by bounding 1 /7 (1 + 16k*/n) < 1+ 20k?/n for n >
20k?(k +1)/(4k* —k — 1) and any k > 1.

The following claim allows us to bound the first term in (4.52). We defer the proof
of the claim to Appendix C.2.

Claim 9. It holds that ®j (_i) _ Dt 1)/) = it/ 7))

M
Then, in (4.51), we have

<0.
1/17lk <0

! 2
/()"‘tﬂk )dq + Z/ qork(q)dg < (1+20k)+31 (1) _ 4 3!

T<t il Ny

where the last inequality holds for n large enough. This concludes the proof of
Claim 7. O
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Proof of Claim 8. For j <k, and t =k — j, we have

1 In o [Eik=i+1
[ ej@dat [ auej@)dn < BP0 o [P gy )

T<t Mk
In(7 y [Eik=it x [Eik=i
=5 ,@k o +0] / (=gnx)'(9)dq +6; /O (=gnx)'(9)dq,

Ejk—j

and for t > k — j, we have

/Oat—H] dq+2/ Wr;

<t

In( €t
gB-n(_nk)JrG* ]H( g,,,k dq+ gnk q)dq | .
™7, i\ /.

It
Then, for any t > k — j, we obtain the inequality

/leH_l] dq"'Z/ Wr]

<t

In(7 o [Eir o [k
< B; ;k’f)wj (/81 (—gug)’ dq+/ ~gu k) dq>+9]-/0’ (=gur)'(7)da.

it

(4.53)

We upper bound separately the last two terms in (4.53). For the first term, we have

e ()] ( [ o a2 [P gy @) du)

it

1
< Fk(—lnyj,f) — Fk(—lnyj,t+1) + fl—k(k! - rk+1(_ln]/j,t))

. 1 / t rk(_lnyj’t+1) — rk(—h’ly]"t) ]+1 [
= % (Tk(—lny]) (ﬁ_k) - 1/7, + 6* (k! = Teia (= Inyjta,e))

1, D ((t+1) /i) — Drolt 0r
:—<q>k,1z(t/nk)— kel )/1n/k)k kot /nk)-i- é;l(k!—rkﬂ(—ln]/jﬂ,t)))-

(4.54)

The first inequality follows by Proposition 17. The following claim allows us to
guarantee that ¢/ is close to zero, for all ¢, which allows us to use 17(iv). The proof
simply uses Proposition 18(iv) for 71, > N and we skip it for brevity.

Claim 10. For any £, we have g, < ZEkln(ﬁk)l/k/ﬁ,lfz/k

, where C is defined in Proposi-
tion 18.
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Note that the claim implies that for n large, ey < (k —1)/7; <2/./7i;. In addition
to this claim, the following claims allow us to bound the terms in the parenthesis
in (4.54). We defer their proof to Appendix C.2.

Claim 11. It holds that flk(q)k,g(t/ﬁk) — q)k’g((t +1)/7g)) + q);{,g(t/ﬁk) < ¢ In(7ag) /7,
where ci > 0 is defined in Proposition 18.

Claim 12. For n sufficiently large, we have

2\ 1 fire !
(1_4(k+1)> (1_1k]+1t> <14 1000

n+1 €j41t 7y

Hence, we can further bound (4.54) as follows:

1 [ In() | OF
< " (ck%rklk) + ]etl (k! — Tk+1(—1nyj+1,t))> (Using Claim 11)

—1 "
1 [ In(y) 4(k+1)2\ " Akedy 05 NCETN
ﬁ—k(c"ﬁ—k+<1 S) ) e[ g

]
(Using 17(iv) and Claim 10)

1 <ck1“<_ﬁk) i (1 i 101“(?k)2) 9211 (k—1)! /(f’“”(—g;,k(u))udu)

M " j

IN

IN

(Using Claim 12)
1 In (71 In7 €+t
< g (11020 i ) (e =1t [ (=gl ) ).

7
] k

From here, we obtain

. Eit1t p gj,
o7 ([ () @aa+ [ a(=gux) (a)dg
it
In 2\ ¢, In(7 2 Gt
T ;;u(m ) [ o

In(71)* ¢ In(7ig) In(7;)? ! In (71
< k : —Bii—F .
_(1+12 i ) i (1T ngt /0 01 (4) dg — B
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We now bound the last term in (4.53). Note that the function —T'y(7igu)’ = iy (7igu )< et
is increasing in [0, (k — 1) /7] and decreasing in [(k — 1) /7, +0c0). Then,

o [ (~gus) @)

k/ gnk dq (Since Ej,k—j < gj,k and 9]* < 1/k)

2
kﬁ (1 + 4k ) / (=T (Agu)) du (Using Proposition 17)
0

2 1/k
I’: (1+4k ) 7k (2@M> (Using Claim 10)

k11/k 2 =
<2 (1 o) )
. n

< 4k <1+121 (nnk) )ln;nk),
k k

where we used that 2¢k1/k < 4k! for all k > 1 and the bound 8k?/n < 121n(ﬁk)2/ﬁk for
n large. Then,

/OaH_l] dq_'_Z/ q‘XT]

<t

(1+12 ) Z/ o i1 (q
<t

2 =~ — \2 _
+ 4 (1 L ) In(e) len(_"") + (1 + 121n(:k) ) ¢ In(71x)
k

g g k! 7
(1 n 121n(nk) ) ln(_ﬁk)BjJrl
Mk ng
In(71;)? ! In(7,)*\ In(71)
< - . .
< (1 +12 7 Tgt/ qzxmﬂ(q)dq +(1+12 7 i <4ck + = ol L B; — B]H)

In(7
(1 +12————— 2 ) Z/ q“T]Jrl q)dq,
<t

where we used that B; = (4cf + ¢/k!) - (j — 1) for j > 1. This finishes the proof of
Claim 8. O

4.5 A tight prophet inequality for sequential assignment

In this section, we show that our new provable lower bounds for the k-selection
prophet inequality imply a tight approximation ratio for the i.i.d. sequential stochastic
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assignment problem by Derman et al. [26], that we call SSAP in what follows. We
provide the proof in two steps. Firstly, we show that SSAP is more general than
(k,n)-PIP in the sense that any policy for the sequential stochastic assignment problem
with n time periods implies a policy for (k,n)-PIP for any k € [n] (Proposition 19).
This shows that the approximation ratio cannot be larger than minc,) 7, k. Secondly,
we match the upper bound by using the structure of the optimal policy for SSAP
(Proposition 20).

In the SSAP, the input is given by n non-negative values (rewards) r1 <1, <--- <7y
and we observe exactly n non-negative values, presented one after the other in n time
periods, and drawn independently from a distribution F. For notational convenience,
we assume that time starts at t = n and decreases all the way down to t =1, i.e.,
the value t represents the number of time periods that remain before the next value
is presented. For every period t, we observe the value X; ~ F, and we have to
irrevocably assign the value X; to one of the unassigned rewards r;’s. The goal is to
find a sequential policy 7t that maximizes v, r,(71) = E [2?21 Xtrn(t)} where 7 is a

permutation of [n1]. Note that the optimal offline value corresponds to } ' ; 7E [X(t)] .
We denote by a;, the largest approximation ratio that any policy can attain in SSAP for
instances with n time periods.

Proposition 19. For every n, it holds that oy, < mingc(,) ¥y k-

Proof. Let 7t be a policy for SSAP with approximation ratio a. Given k € [n], we use 7
to construct a policy 7’ for (k,n)-PIP. Without loss of generality, we can assume that
OPT,, x = 1. Fix ¢ € (0,1/1?) and consider the following instance for SSAP: r; = ¢i for
eachi€ {l,...,n—k}andr;=1foreachie€ {n —k—+1,...,n}. The policy 7r’ simulates
7t by creating r1 <1y < --- <r, as defined before. When 7 assigns X; to some r; =1,
then 77’ selects the value X;, while if 7t assigns X; to some r; = ¢i, then 71’ discards X;.
Then, we have that

n

Z Xfl{t selected by 7}
t=1

E —&n

[ n
206]1‘:‘ Zi’tX(t)
Lt=1

[k
> olE ZX(n_t+1)] —(1+a)en=ua— (1+a)en.
=1

This shows that the approximation ratio of 7’ is at least « — (1 + a)en. Since this holds
for any ¢ € 0,1/ nz), we conclude that 77’ has an approximation ratio of at least «.
Since this holds for any SSAP policy for n time periods and any k € [n], we conclude
the proof. O

Proposition 20. For every n, it holds that &, > mingc,) Y k-
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To prove this proposition, we need to use the structure of the optimal dynamic
programming policy for SSAP shown by Derman et al. [26], which we describe
in what follows. For each time distribution F and each time ¢, there exist values
0=po(F) <pre(F) < - < ppe(F), where the value p;; is the optimal expected value
in problem with t — 1 time periods in which the reward r; is assigned under the
optimal policy. If X; € [pr—1+(F), ur+(F)] then, the optimal policy assigns X; with the
T-th smallest available reward for T € {1,...,t}. Furthermore, Derman et al. [26] show
that v, r, (%) = Y} 1 1y nt1(F). Note that the values p are completely independent
of the rewards, and they just depend on the distribution F and .

Proof of Proposition 20. For every { € [n], let dy =ry —r,_1 where ro = 0. Since the
rewards 7; are non-decreasing in ¢, we have d, > 0 for every ¢ € [n], and ri= 216:1 dy.
Then, for every distribution F, we have

2?:1 rf]/lf,n-i-l(P) _ Zg:l dr 2?:1' ,ut,n—&-l(F) > min 2?:1’ ]/lt,n-i-l(F) .
Yt B[ X(p)] 1A L= E[X(ph] 7 reln] Tim E[X(y)]

Note that Y ;' yt,11(F) is the reward collected by the optimal policy 77* in the
instance r1 = --- =r; 1 =0<1=ry =--- =1, Furthermore, } ;" E[X(;] is the
sum of the n — 7 4+ 1 largest values in a sequence of n iid. samples from F,
ie, Yi—rE[X(] = OPT,, r11(F). Therefore, the ratio inside the minimization
operator can be interpreted as the ratio in a (k,n)-PIP with k =n — 7+ 1. Since

n*

is optimal for the instance r described above, then it must be the case that
Onrr(T°) = Y Mins+1(F) > Yun—1+10PT,, y_r+1(F). The proof follows since this

holds for every T € [n]. O

Proposition 19 and Proposition 20 imply that a, = mingc,) vk for every n. The
1 — k*e=k/k! lower bound on Ynk imply that 7, , is at least 0.78 for k > 3 (see, e.g.,
[10, 27]) which is in particular larger than liminf, v, ; ~ 0.745. Since our results imply
that liminf, v, » > 0.829, we conclude that liminf, a;, = liminf, y,, 1 ~ 0.745.
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Chapter 5

Discussion and Future Work

5.1 Competition complexity for i.i.d values

An additional set of questions that fits the wider theme of chapter 2 concerns the
competition complexity of static pricing. Here—unlike in the case of dynamic pricing—
there are two questions we could ask. The first comparison is between static pricing
A}, and the optimal auction M,; the other is between static pricing A}, and dynamic
pricing Ay.

For the first comparison between A, and M,, we observe the following. First,
since Aj, < Ay, for all m, our impossibility (Main Result 1) implies that the exact
competition complexity of static pricing is unbounded. Moreover, while the approx-
imate competition complexity of static pricing may be linear (similar to our Main
Result 2 for dynamic pricing), the dependence on ¢ certainly has to be worse. This
follows from considering the uniform case: For m sufficiently large, we have that
1—2log(m)/m < A}, <1—1log(m)/(3m) (see Appendix A for a derivation of these
inequalities). Since M;, ~1 — 1/n, for large m and n, this means that to ensure that
(1+¢€)A;, > M,, we approximately need that (1 + ¢)(1 —log(m)/(3m)) >1—1/n.
Then, for & small with respect to 7, say € = 1/n?, we can approximate by subtracting e
from the left-hand side. We get 1 — (1 + ¢)log(m)/(3m) > 1 — 1/n, which happens if
and only if 3m/log(m) > n(1 + ¢), which for ¢ of this order implies that we need at
least m = cn with ¢ = Q(log(1/¢)).

For the other comparison, between A}, and A,, observe that for the exact version,
we need m = Q(nlog(n)), even for the uniform distribution. This again follows
from the asymptotic formulas for A}, ~1 —2log(m)/m and A, ~1—2/(n+log(n) +
1.76799), which show that roughly what we need is that m/log(m) > n and therefore
m = Q(nlog(n)). We leave the full resolution of these gaps, which will shed additional
light on the relative power of static and dynamic pricing, to future work.

109



5.2 Competition complexity for independent values

In chapter 3, section 3.5.1 obviously leaves more open than answered questions. In
fact, we introduce a quite general model of what we believe is a good way to extend
the study of competition complexity to a combinatorial setting. In theorem 7, we prove
that the (1 — ¢)-competition complexity of block-consistent prices for submodular
and XOS combinatorial auctions is O(log(1/¢)). It would be very interesting to find,
maybe even for simpler subclasses, if it is possible to get asymptotic results that
lie somewhere between O(log(1/¢)) and the main result of this chapter for a single
item, O(loglog(1/¢)). For example, we could study the competition complexity for
the vertex arrival model in bipartite graphs with one-sided arrival. This problem
talls in the more general XOS combinatorial auctions setting of Section 3.5.2. More
specifically, we want to consider an underlying bipartite graph G = (U,V,E), and
the feasibility constraint is given by the set of matchings in G, that is, F = {S C
E:forallice UUV,|{e€ S:ice}| <1}, and the valuation function is additive, i.e.,
f(v,S) = Y pesve. The vertices of V arrive online, one by one, and upon their arrival,
their edges to all vertices in U are revealed. For every edge e € E, the value v, is
sampled according to a distribution F, and we denote F = )X, F.. This setting is
more structured, and it feels quite natural to consider resource augmentation in an
online vertex arrival model. We conclude that it could be of interest and moreover
possible, to further explore this direction.

5.3 Kitem i.i.d prophets

In chapter 4, we provide a new exact formulation for (k,n)-PIP. From our formulation,
we can derive the nonlinear system of differential equations (4.1)-(4.3) as n tends to
infinity. Using this system, we can obtain provable guarantees for the approximation
ratio of (k,n)-PIP when n is large. We use the nonlinear system (4.1)-(4.3) to provide
new improved bounds for small values of k € {2,...,5}. As a direct application of our
new bounds, we provide a tight approximation ratio for the SSAP.

We also remark that our linear programming formulation offers several character-
istics that make it suitable for a nonlinear analysis. [46] use a different formulation
to provide bounds on the k-selection problem, and for the particular case of k =1,
they also connect to the Hill and Kertz equation. Nevertheless, they go through an
extra intermediate formulation in their limit analysis. With our approach, we can
directly provide a feasible solution in quantile space that converges to a solution of the

nonlinear system (see Subsection 4.4.1), and furthermore, it works for general values
of k.
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Finding an analytical formula for the approximation ratio of (k,7)-PIP remains an
open problem, but our findings offer a potential avenue toward this goal. Using the
system (4.1)-(4.3), we believe it is possible to characterize the value 6 using an integral
equation and show that 6; > (1 — e ¥) /k, though we don’t yet have all details for this.
Providing a similar lower bound for j < k becomes nontrivial due to the dependency
with j 4 1.

We also remark that, in principle, our solution is suboptimal as we only construct
a feasible solution to the weak dual [D], . Another place where suboptimality could
appear is in the the weak duality between [D],, x and [P],, . However, we believe these
two programs satisfy strong duality. In fact, the following LP:

sup © [Dstrong]n,k

s.t. /O "B 1(q)dg < 1,(0), forall £ € [K],
[ bax@ds [0 -pisayda, foranen-1)
1 1 1
| Brs@dg < [ —@p@dat [ apira(g)dg anteln—1)ee k-1

d n k 1
0guk () + () < Y Y- [ Buola)dg, forue0,1],
t=1¢=1"4

Bie(q) >0 forallqe[0,1],t€ [n] and £ € [k,
n(g) >0 forallge[0,1],

17(0) =7(1) =0,

can be shown to be a strong dual to [P], . The weak duality proof is analogous to the
proof of Lemma 11, and the strong duality holds using a discretization argument as
in [67]. We remark that [D],, ; is a restriction of [Dstrongly,x with 17 = 0.

Our results are valid for n large enough (n > ng, with ny depending only on
k); hence, providing a lower bound for all n remains an open problem and will
require additional structural results over the solution of the nonlinear system (4.1)-
(4.3). For instance, for k > 1 and j < k, we observe that the higher-order derivatives
of y; change signs over [0,1], hence, ruling out techniques that work in the case
k=1 (see, e.g., [12, 23]). We leave the tightness of our approximation result in
Theorem 10 through our nonlinear system (4.1)-(4.3) as an open question, i.e., whether

. k
lnfnzl TYnk = 2221 62
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Appendix A

Missing proofs of Chapter 2

In this appendix we show that for sufficiently large values of m, we have 1 —
2log(m)/m < Aj, <1—log(m)/(3m). First observe that the expected welfare with m
buyers, obtained by a static price of T, can be lower bounded by the expected revenue,
which is equal to T - P(maxje (1., uy X; > T) = T(1 — T™). Then, the optimal welfare
with static prices can be lower bounded by the revenue of the static price T}; that
maximizes the expected revenue R(T) = T — T"*+1, which is equal to T}, = (1)

m+1
In particular, the expected revenue with price T, satisfies that

R =73 - (= (1) (LT
" " " m+1 m+1

For every m > 1 we have R(T},) > R((1/m)Y/™) = (1/m)V/™ — (1/m)*1/™, and we
have (1/m)*1/™ < 2/m. Therefore, R(T},) > (1/m)1/m — 2/m. Furthermore, observe
that (1/m)"/™ = exp (—log(m)/m) > 1 — log(m)/m, where the last inequality holds
since exp(—x) > 1 — x for every x > 0. Hence, we conclude that the optimal revenue
is at least 1 — log(m)/m —2/m > 1 — 2log(m)/m. For a given static price T > 0, the
expected welfare with m buyers is equal to

W(T) = (1= T")T+ (1~ T")(1~T)/2= J(1L4 T)(1-T") =, (%H) R(T),
If T > T, we have R(T) < R(T},), and therefore
W(T) = (% + 1) R(T) < (Tl—m + 1) R(TE) = W(TS).
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Let T, be the maximizer of the welfare W. The previous inequality implies that
Ty < T}, and therefore

w(T)=5(1+T,)(1-T;)

(1+Tp) = % <1 + (L) l/m) <1 loslm),

<

Nl — N -

m-+1

where the last inequality holds since the function f(x) =1 — logix) — 31+ ()Y
is strictly decreasing in [1,00)] and lim,_,e f (x) = 0.
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Appendix B

Missing proofs of Chapter 3

B.1 Dealing with Point Masses

In this appendix, we discuss the adaptions of our results to the case where the
distributions have point masses. To deal with point masses, we can use standard
techniques (e.g., [5]) by allowing our algorithms to select, whenever observing a value
that is equal to the threshold 7, with a fixed probability p, and when the value exceeds
T, with probability one. In particular, every threshold strategy can be described by
two parameters, T and p.

To generalize our proofs to the case where there are point masses, we do the follow-
ing: Given distributions Fj, ..., F,, and a quantile g € (0,1), let 7" =sup_- o[ Ti= Pry,~f [vi <
7| <gand g =[TL, Pry.~r[v; < T*]. For every i € [n], let q; = PrviNFi[v; < 7*], and let
pi = Pry.pvi = T7].

Then, it holds that [T/, 9; =g > ¢ > [1"_1(qi — pi), and both are strict inequalities,
unless p; =0 for all i € [n]. If p; =0 for all i € [n], then each threshold should be
interpreted as to select the first element that exceeds 7*. Otherwise, let p* be the
unique value satisfying [T/, (g; — p* - p;) = g. Observe that p* must be in [0,1]. Then,
the algorithm should select the first element that exceeds 7*, and should accept
the value T with probability p*. Note that p* is independent of the order of the
distributions, and can be computed by only using distributional information.

We next show that if there are point masses, and if the algorithm must use a
deterministic single threshold (i.e., that selects the first value that exceeds it), then
the (1 — e)-competition complexity is in @(1/¢). To prove this we first show that the
(1 — e)-competition complexity is bounded from below by Q(1/¢).

Proposition 21. For every n > 2, and for every € € (0,1) there exists an instance with n i.i.d.
values that are distributed according to some distribution F with point masses, such that for
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every T, and every k < ﬁ, it holds that

E, pen [ALG:(v)] < (1 —¢€) - Eyopr[maxuv;]. (B.1)

i€[n]

Proof. 1t is sufficient to consider € < 1/20, since otherwise k = 0, and the claim holds
trivially. Consider the distribution F such that v; =1+ 10 - Bernoulli(e/ (3n)) for every
i € [n]. The RHS of Equation (B.1) satisfies that

(1—¢) .]EUNFn[?elﬁq)}(vi] =(1-¢) (1+10(1 — (1 _ ??n)n>>

> (1—e)(1+10(1—e7/%)) 2 1+2¢,

where the last inequality holds for every ¢ <1/20. Now consider a static threshold
algorithm with a threshold 7. We have two cases.

Case 1: If T < 1, then since the algorithm will select the first value vy, and the LHS of
Equation (B.1) satisfies that

10¢
Eypien[ALG(0)] = Borp[o] = 14 2= <142,

where the inequality is since n > 2. Thus, Equation (B.1) holds.

Case 2: If T > 1, then the algorithm will only accept the value 11, and the the LHS of
Equation (B.1) satisfies that

E, pen [ALG7(v)] = Pr,,_pin[there exists i € [nk] : v; > 1] - 11

(i )" <

where the last inequality holds for every n > 2, every ¢ < 1/20, and every k <1/(60¢).
Thus, (B.1) holds, and this concludes the proof. [

We next show that there is deterministic single threshold algorithm that guarantees
a (1 — e)-competition complexity of O(1/¢).

Proposition 22. For every ¢ > 0 the (1 — €)-competition complexity of the class of deterministic
single threshold algorithms for the case where there are point masses is at most [1/¢€].

Proof. Given an instance (Fy,...,F;), consider the threshold 7= (1 —¢) - E,(r,, . r,) [Max;c[, vil,
and let p = Pr, (p,, r,) [max;c(, vi < 7]. Then, for k = [1/¢], it holds that

122



k n
V4 _ V4
Eor,, pIALG(0)] = (1= pF) 1+ Y Y By, ppfmax(o”) —7,0)] - p" I [T Prfof”) < 1]
/=1i=1

j<i

k n
> (1-p)t+p* Y. Y Eyor [max(v; — 7,0)]

(=1i=1
k
> (1= p)r+ pF Y By, gy fmax(maxo; — 7,0)]
/=1 16[1/1}

1
>(1- Pk)’f + Pk e Eo(Fy,.. ) [52%01' — 7

= (1 =P+ Bouir,p [maxa]

> (1—e¢) ']EUN(Fl,...,F,,)[IZE%Ui]I

which concludes the proof. O

B.2 Alternative Arrival Orders

In this appendix, we study the competition complexity of the single-choice problem
beyond the block model. We first observe that our results continue to hold if the
variables in each block arrive in arbitrary order. We then consider a version where
variables can be moved across blocks, but in a limited way. Finally, we establish a
lower bound for the fully adversarial case where the order can be arbitrary.

Displacement Model. In our basic model — the block model — we assumed that
variables arrive in the same order within each block. In the displaced block model,
within each of the k blocks the n values sampled from the distributions F, ..., F, are
presented in arbitrary order.

A first observation is that our proofs of the competition complexity results for
block threshold algorithms and single threshold algorithms continue to hold in the
displaced block model.

Observation 1. In the displaced block model, for every € > 0 the (1 — ¢)-competition com-
plexity of the class of block threshold algorithms is © (loglog(1/¢€)). Furthermore, the
(1 — €)-competition complexity of the class of single threshold algorithms is © (log(1/¢)).

Naturally, this motivates the question of studying the competition complexity in a
setting where the values can be displaced across the different blocks. In what follows,
for a pair of natural numbers (1,k) we denote by S, the set of permutations of [n] and
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by o(Fy,...,F,)¥ the instance that permutes (Fy,...,F,)*

0 € Sy
We introduce the y-displacement model in which the adversary may change the

according to the permutation

order of yk copies of an instance F = (Fy,...,F,), in a way such that if we split up the
ynk variables into y-blocks of size yn, then within each 7y-block every distribution
appears at least once. In what follows, we define a few objects to formally introduce
this model.

Given a positive integer 7y and an integer i, let B, ,(i) = {(i — 1)yn+j:j € [yn]}
be the i-th y-block. Given an order o € S.,,, and j € [n], let I(c, ) be the indices of o
where there is a variable of type j. Finally, let D, (n,k) be the subset of permutations
in S, satisfying that, after permutation according to ¢, each 7-block, contains at least
one of each index in [n], that is

D, (n,k) = {0’ € S,k - for every j € [n] and every i € [k], |I(0,j) N By, (i)| > 1}.

In the y-displacement model, we compare min,cp, (k) Eyppit[ALG(v)] to Eyp[max;c(, vi],
where F = (Fy,..., F,). We remark that the 1-displacement model corresponds to the
displaced model discussed in Observation 1. In the following proposition, we show
that the competition complexity in the y-displacement model increases by at most a
factor 7y in comparison to the 1-displacement model.

Proposition 23. In the y-displacement model, for every € > 0 the (1 — €)-competition com-
plexity of the class of block threshold algorithms is O (7yloglog(1/¢)).

Proof. To prove the result, we provide a reduction of the y-displacement model to the
block model. In the block model with k copies, let T = (11,...,T¢) be the thresholds
corresponding to the quantiles p; = Pr,_(, . r,)[max;c[, v; > 7] for £ € [k]. Given
some permutation o € D, (n,k), define the thresholds T/ = (1,...,7}) to be such that
Pr, opk[maxjep, (1) 0j > 7)) = py for £ € [k]. Then, in the instance o(Fy,...,F)" with
7k copies, consider the block thresholds v/ = (1,...,7{,7,...,T,..., ..., T,) Where
each threshold 7; for every ¢ € [k] is repeated consecutively -y times. Since o € D (n,k),
for every x > 0 and every ¢ € [k],
Pr, ., pok [maneB%n(g) vj > x| > Pryp[max;c, v; > x|,

that is, we have a stochastic dominance inequality. We can then adjust the block model
proof in Section 3.3 on 7y-blocks instead of single blocks to get that O (yloglog(1/¢))
copies provides a (1 — ¢)-competition complexity in the y-displacement model. [
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We next show that an equivalent guarantee for the case of single-threshold algo-
rithms cannot be achieved: namely, the (1 — ¢)-competition complexity of this type of
algorithms in the y-displacement model has to scale at least polynomially in 1/e.

Proposition 24. For the y-displacement model, there exists a v > 0 such that the (1 — ¢)-
competition complexity of any single-threshold algorithm is at least 1/ (6e'/3).

Proof. Consider € > 0 small enough, such that 0 < & < 0.076. For ease of presentation,
suppose that 1/¢ is an integer. Consider the following problem instance with n = % +2
random variables of three different types: There is one random variable of type 1, with
distribution 1 + U[0,¢!?]. There is one random variable of type 2, whose distribution
is 1+ ¢!/3 4 U[0,¢'%] with probability e!/3 and U[0,¢'°] otherwise. There are 1/¢
many random variables of type 3, with distribution U[0,¢!°]. So we basically have a
deterministic one (type 1), a high value with low probability (type 2), and many zeros
(type 3) — plus some random noise. We denote the distributions of these random
variables by F,F,, and F3. Let F =F X F, Xx F3 X ... X F3.

The prophet can take the high value (the ~ 1 + ¢!/3 value) from the second random
variable if it realizes, or the guaranteed value of ~ 1 from the first random variable if

it doesn’t. It can thus achieve an expected value of at least
OPT >el/3. (1+e/3) + (1 —-€!/3) . 1=1+5

Consider the y-displacement model for oy = 3 and k copies. We want to show that
any single-threshold algorithm, in order to achieve a (1 — ¢)-approximation to the
prophet, must have k > 1/(6¢'/3). Assume towards contradiction that k < 1/ (6¢!/3).

Recall that in the y-displacement model we seek a guarantee that applies for any
possible grouping of the ynk random variables, into k many -y-blocks of size yn each.
We construct a hard instance as follows. The first 7-block is:

(1,...,1,2,2,2,3,...,3)
—— N——
2k+1 3422k

All the remaining y-blocks are:
(1,2,2,2,3,...,3)
N——
342

Here 1,2, and 3 indicate that the respective random variable is of that type. So in
the first -block we have 2k 4 1 random variables of type 1, followed by 3 random
variables of type 2, followed by 3/¢ + 2 — 2k random variables of type 3. Similarly, in
the remaining -y-blocks we have one random variable of type 1, followed by 3 random
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variables of type 2, followed by 3/¢ + 2 random variables of type 3. Note that both
types of blocks consist of yn = 3/¢ 4 6 random variables, and that variables of type 1
and type 2 occur for a total of 3k times while variables of type 3 occur for a total of
3k /e times. So this forms a valid instance.

Let’s now analyze the performance of an arbitrary single-threshold algorithm ALG.
Let T > 0 be the algorithm’s threshold, and let g = Prx..r, [X < T).

PrlALG >1] <1 — g% (1 —¢'/3)%F <1 — ¢35 (1 — 3ke!/3),

where the last inequality uses that (1 — x)3¢ > (1 — 3kx) for x = ¢!/3.

Next we show an upper bound on the probability that the algorithm stops on a
value that is at least 1+ ¢!/3. For this the algorithm must skip over all the random
variables of type 1 in the first -block. Therefore,

PI‘[ALG >1 +81/3] < q2k+1 < qZk,
where we used that g < 1. We thus obtain,

E[ALG] < Pr[ALG > 1] +¢!/3 . Pr[ALG > 1 +¢'/3] 4 ¢!°
—1— q3k(1 _ 3k€1/3) + 81/3q2k + e10.

We need that E[ALG] > (1 — ¢)OPT. This gives us the following inequality
1 _ q3k(1 _ 3k€1/3) + 51/3q2k + 810 Z (1 _ 5)(1 + 82/3),
which by rearrangement gives us that

8—|—85/3—|—810+81/3q2k —|—3k€1/3q3k2q3k+82/3,
— ———

——
<£22/3 <ql-5kel/3

3k
q
<

where the underlined inequalities hold since € < 0.076, 4 <1, and k <1/ (681/ 3).
However, by the short multiplication formula! we get that

2 2

2/3 3k 2/3 [ 73k 2/3 3k
3k, 2/3 _ ¢ q /€ q S € q 1.5k 1/3
g +e > + 5 + 5 + 5 5 + > +g e

This yields a contradiction, which implies that k > 1/ (6¢'/3).

The short multiplication formula that we are using here is (a — b)? = a® — 2ab + b*. Since (a — b)? >0,
this shows that a? + b? > 2ab. We apply this to a = \/€2/3/2 and b = /g% /2.
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Fully Adversarial Model. Beyond bounded displacement, a natural question is to
ask what can be said in the case where the adversary is not restricted to choosing
an order among a limited family of permutations, but can instead arrange the nk
distributions in any order. We refer to this as the fully adversarial model. It corresponds
to the case where the instance of the online algorithm is given by o (Fj, .. .,Fn)k, for an
arbitrary o € S;;. That is, each distribution is used k times to sample values, but the
order in which they are presented to the online algorithm is arbitrary. We show that
in this case the (1 — ¢)-competition complexity is lower bounded by Q(1/e).

Proposition 25. For all n > 2, ¢ € (0,1) and every k < 1/(4¢), there exist distributions
Fi,...,Fy and a permutation o € S,y such that for every sequence of thresholds T we have

Eyo(p,,...E t ALGZ (0)] < (1 =€) - Eyu(p,,... F,) [maxic ), vil.

Proof. First note that for € € [1/2,1), the condition k < 1/(4¢) implies k = 0. Hence
we may assume ¢ € (0,1/2). Let F; =... = F,_1 = 1 with probability 1, and F, =2
with probability 2e and F, = 0 otherwise. Let ¢ be the permutation that sends the k
copies of F; to be the last k distributions seen by the algorithm. Observe that a single
threshold algorithm is optimal for this instance. Then, consider any single threshold
T € (1,2]. Then for every € € (0,1/2) and every k < 1/(4¢), we have

E EALG(0)] = (1— (1 -2¢)")-2<7/8.

Z)N(T(Fl

Hence, the optimal threshold is at most 1, and yields E,,_,(f, _ p t[ALG(v)] =1. On
the other hand,

Ey (F,,..5) MaXiey vi] =2e-2+ (1 —2¢) - 1=1+2e.

This concludes the proof, as for every ¢ € (0,1/2), we have (1 —¢)(1 + 2¢) > 1. O

B.3 Expected Number of Blocks

In this appendix, we make a remark on the expected performance of the single
threshold algorithm. Recall that its competition complexity in the block model is
O(log(1/¢)) (Theorem 6).

Proposition 26. There is a single threshold algorithm that, in expectation, terminates after
two blocks and achieves an expected value of at least Ey.p[maxc|, v;]-

Proof. We consider the same algorithm as in Lemma 8, namely a single-threshold
algorithm, with threshold 7* satisfying [T, Pry.~r [v; < T*] = 3. Equation (3.11) shows
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that the expected value achieved by this algorithm, conditional on stopping, is at least
[E;~ p[max;c[, v;]. We additionally observe that the expected number of blocks after
which it stops is given by Y% ,i(1/2)" = 2. O

We remark that the preceding result is essentially tight: With k copies, no algorithm
can get a better approximation to E,.r[max;c[, v;] than k/2. Thus, the expected
number of blocks to achieve a (1 — ¢)-approximation, is at least 2 — 2e.

B.4 Matching Feasibility Constraints

In this appendix, we study the competition complexity for the vertex arrival model in
bipartite graphs with one-sided arrival. This problem falls in the more general XOS
combinatorial auctions setting of Section 3.5.2.

More specifically, in this setting there is an underlying bipartite graph G = (U, V,E),
and the feasibility constraint is given by the set of matchings in G, thatis, F = {S C
E:forallie UUV,|{e€ S:i€e}| <1}, and the valuation function is additive, i.e.,
f(v,S) = Ypcgve. The vertices of V arrive online, one by one, and upon their arrival,
their edges to all vertices in U are revealed. For every edge e € E, the value v, is
sampled according to a distribution F,, and we denote F = X, cE F,.

Theorem 7 implies that the (1 — ¢)-competition complexity of block-consistent
prices for this matching setting is O(log(1/¢)). In what follows, we show how to
obtain this result by a different approach based on online contention resolution
schemes. Our Algorithm 1 extends the one proposed by [33] for vertex arrival model
in bipartite graphs with one-sided arrival®.

Theorem 11. For every k > 1, for every bipartite graph G = (U, V,E), and every F = X ,_ F,
Algorithm 1 always returns a matching in G, and it holds that

1
E,pt[YecALG(0) Vel 2> (1 - —> - Epr[maxse 7 Yees Vel,

2k
where F is the set of matchings in G. In particular, the (1 — €)-competition complexity of
Algorithm 1 for the online matching problem with one-sided vertex arrival is O(log(1/¢)).

Proof. First, observe that the algorithm is well defined since 2 — } i ;i x(jr ) = 2 —
L X(juy = 2—1=1. We assume without loss of generality that for every u € U,
it holds that ) jcy x(j,) = 1. This assumption can be made by adding |U| auxiliary
vertices that have edges to all edges in U, and all their edges always have a value of

2Ezra et al. [33] showed that the result holds also with respect to non-bipartite graphs.
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Algorithm 1: Online contention resolution scheme

Initialize ALG + ©;
forie {1,...,k} do
forje{1,...,|V|} do
(i)

1. Observe V) for every u € U;

2. Sample @, ~ F, for every e € E not incident to j;

3. Compute a maximum matching y* in G with edge-weights w as
follows:

Wiy = v](IL)l for every u € U, and w, = @, for every other edge;

4. if u* € U, the partner of j in u*, exists and is available then
Match j with u* with probability 1/(2 — Yy x(j +)), Where
X, = Pr[e € argmaxgec Y ,c5 V.| for every e € E;
Update ALG < ALG U {(j,u*)};
end
end

end
return ALG;

zero. It holds that

E,r [rsrgi}(Zve] =Y Pr {e € argrsna%(Zve} “Eypr [ve lee argrsrgi%(Zve}. (B.2)

e€s ece~F €7 ¢cs ecs
On the other hand, for every i € [k, and every e € E, it holds that
E, rx [vgi) | U(gi) € ALG(v)] = Eyr [03 lee argmax Zve} , (B.3)

eesS

since (UE;?M))MGU’ (0(jtu)) jev\{j}ucu are distributed the same as v ~ F. We refer to time
(j,i) to the arrival of the j-th node in block i. In what follows, we prove by induction
that for every u € U

2= Y j<jX ()

= (B.4)

Pr[u is available at time (j,7)] =

The base case is when i =1, and j is the first vertex to arrive, and then it holds that
(2 — Zj/<jx(]-/,u))/2i = (2—-0)/2 =1. Assume by induction that it is true if j is not the
tirst vertex to arrive at block i, then for i and j — 1, and else j is the first to arrive at
block i > 1, then for i — 1 and jj,s € V, where jj,4 is the last vertex to arrive in block
i — 1. If j is not the first vertex of block i, then if we denote by jure the vertex that
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arrives before j in block i, then

Pr[u is available at time (j,7)]

= Pr(u is available at time (jpre, )] (1 — Pr[u is the partner of jpre] - ! )

2 = X <ore X (1)
2 e (L 1
2 Upret) "2 — Vi X (a0
_ 2T e M) (27 LX) _ 2 Brsi¥
21 2 — Zj/<jpre X(]'/,u) 2!

Else, if j is the first vertex of block 7, then

Pr[u is available at time (j,7)]

1
= Pr[u is available at time (jjaq;,i — 1)] <1 — Pr[u is the partner of ji,q] - )
2- Z]./<]‘last x(j//”)
_ 2 B E]'/<].1as’c x(j/ru) _ . 1
- 2i—1 1 x(]lastr“) ' 2
o Ej/<]'last x(j’,u)

_ 2 Yy X (27 M <iea ¥ | _ 2T M<K
2 2 = X <o X (1) 2

where the last equality is since } s ;x(jr,) =0, and } i< x(j» ;) = 1, which concludes
the proof of the induction. Finally, for every e € E, we have

) Pr[véi) € ALG(v)] = x, - 1 Y Pr[u* is available at time (j,1)]
iclk] 2= X< () ic[k]
1 2= Ly <i¥ar) ( 1 )
= X - Y J I =y, (1— =),
2-Yi<iXgan) i 2 2
(B.5)

where the second equality holds by Equation (B.4). The theorem then holds by
combining (B.2), (B.3), and (B.5), together with Pr,.r[e € argmaxsc £} ocsVe| = Xe. [
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Appendix C

Missing proofs of Chapter 4

C.1 Missing Proof from Section 4.3

Proof of Proposition 11. We show that for any j € | fo )(1 — u) =ty TF1(1 -
u)du = E[X(;)]. This is sufficient since summing over all j E {n—k+1,...,n} wil
then complete the proof. By performing a change of variables x = F~1(1 — u), we get

/1] (7> (1= u) =" TFH (1 — ) du
_/ ( ) )1 = F(x)))"x(—f(x)) dx
:/0 (j_1)!(n_j)!f(X)(F(x))f*l(1—F(x)))n*fxdx:E[X(j)],

where f(x) = F/(x). The final equality simply follows from the known fact that the
probability density function fX<].>(x) =nlf(x)(F(x)) =11 = F(x)))"7/((j — 1)!(n —
j)!). This finishes part (i).

For part (ii), recall that E[X|X > x]Pr[X > x] = E[X1 x>,}]. On the other hand,
we have that

[t -wan= [T p) = [Taed = B )

X

where we used the change of variable z = F~!(1 — u), and in the second to last equality,
we use that g = Pr[X > x] =1 — F(x). This finished the proof. O
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C.2 Missing Proofs from Section 4.4

Proof of Claim 5. By induction ¥, i+ 1 > Y+ Then, we can compare the following

ratio

Nyt k—1p—x
fl e “dx

‘ 1—‘k(_lnym,j,t—l) - rk(_lnym,j,t) . N Y, jt— 1
T (—Inym it 1) — et (—Iymf) "Iy,
k-+1 Ym,jt—1 k+1 Ym,jt I " xke—xdx
lnym]t 1
) 1
>m inf -
XE[=InYyjp1,—I0Yp i) X
1
= m - = mn Z 1
—Inyyj+ Inm
From here, the claim follows. O

Proof of Claim 6. By contradiction, assume that 6; > 9] "1~ Let t <t Now, note that

1 071
a k! — rk+1(—lnym,]‘,t) — G—(k' — rkJrl(—ln‘Y]_Fl(t/m)))
)

or
20]_;; (k! _ rk+1(_lnym,j,f) — (k! — FkH(—lanH(f/m))))
]

*

07
o) (/)
)

On the other hand, using (4.47) and (4.48) and Claim 5, we obtain

1 9]'*+1
prll D1 (= Iy je) — T(k! — Tk (=InYjq (t/m)))
j

9*
+1
< - ﬂ]”l_ej(rk—i—l( lan+1((t —1)/m)) — l“k+1(—lnY]-+1(t/m)))
From here, we deduce Ty 1(—InYj 1 ((t —1)/m)) < Tyq1(—Inyy,, ) or equivalently
Yip1((t =1)/m) < ypjs For t =1, this last inequality implies y,,; > 1 and this is
impossible as we always have y,, 1 <1 for any 6; > 0. We conclude that ; < 9}‘“. O

Proof of Proposition 12. In what follows, we use the convention that an empty sum is

equal to zero. We also avoid writing the limits in the integrals and the differentials
“dgq” as they are clear from the context. More specifically, we write fol h(q)dg= [h
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for any integrable function & in [0,1]. We simply say that («,v) is feasible if (x,v) is
feasible to [D], x(71). We also use the notation 7 = iy to avoid notational clutter.
We fix v > 0 such that («,v) is a feasible solution to [D], x(71). Let’s define the sets

]IE”"U) = {t €[] : (a,v) does not tighten constraint (4.32) for ¢}
]lg“'v) = {t €[] : (a,v) does not tighten constraint (4.33) for t,¢}, ¢ <k

Let

() = max{t € ]1(“’U) U---u ]lga’v)}. If

]fzx,v) U.. U ]]Euc,v) —Q,

then we define ¢ ) i1+ 1; otherwise, ' € [ﬁ] Let p,(oc,v) - ’{E < [k] : t/(zx,v) < ]ézx,v)}'

(2,0

be the number of constraints of type (4.32)-(4.33) for which the tza v)-th constraint is
not tight.
Now, among all possible feasible solution («,v), for a fixed v, choose the one that

maximizes t’(a oy I t’(a ») = 1 +1, then we are done. Otherwise, let t' € [7i] be the

maximum value for such a solution. Among all feasible solutions («,v) such that

t’(“ b = t' choose the one that minimizes p’ = p’(lx »)- Note that p’ > 1. Now, we will

modify («,v) by finitely many mass transfers and additions yielding a new feasible

solution («/,v) such that either t’(a, o) > t' or either tza, ”

case, we will obtain a contradiction.

)= t' and p’(a,,v) < p'. In any

Let’s assume first that t' € ],E“’v)—the general case is handled similarly; we explain
at the end the minor changes. We analyze two different cases:
Case 1. If ' =1, then, we consider the solution &;; = a; for t <7 and &;; =
asx + €Ly with € >0 such that [azr + e+ Yrop [qaci = 1. Also, &y = a;, for
¢ < k. Note that (&,v) remains feasible and tightens one more constraint in (4.32); this
contradicts our choice of p'.

Case 2. If ' < n, we define

Dét,k, t < t/,
O_Ct,k - at’,k + ZT>t’ cutzxt,k, t= t/,
(1 — wi)ayg, t>t,

where wy q,...,wy € [0,1]. Let &; p = a; ¢ for ¢ < k. Note that (&,v) satisfies (4.34), it
satisfies (4.32) for t < t/, and for t > t/, we have [ &+ Y.y [qarx= [(1 — wi)agy +
Yoeet [ quei + Y >t Wr [ gar k, which is increasing in w; for T > t and decreasing in
Wt.
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We start with the values wy 1,...,w, =0 and at this point (&,v) is feasible. By
the choice of ', we have [ a4+ Y wpwr [arp+ Yooy [qacy <1for wyiq,...,wn, >0
small enough. Now, we increment wy 1 as much as possible while keeping feasi-
bility of (&,v). We repeat the same process in the order wy ,,,...,w,. We note that
Wy i1,...,wy are not all 0’s.

Suppose that we have [ &y + Yoy [qiop= [ap i+ opwr [arp+ Yoo [qoer <
1. Then, we claim that wy_q,...,ws; = 1. Indeed, let T/ > #’ be the smallest T such that
wr < 1. Then, &;, =0, for t € {' +1,...,7 — 1}. Furthermore, constraints (4.32) for
te{t',t'+1,...71 — 1} are not tight, because they are dominated by constraint (4.32)
for t = ' which is not tight. Since increasing w- does not affect constraints (4.32) for
t > 1, we can increase slightly w; and contradict the choice of wy1,...,wz. From
this analysis, we also deduce that every constraint (4.32) for t = t,...,7 is not tight.
Furthermore, &;;, =0 for t > t'. Define

&ei(q) (= aei(q), t<t,
& (q) +cdpy(q), t=>t,

where 81} (-) is the Dirac delta at one. We define &;, = &; s = a; ¢ for £ < k. Note that
(&,v) satisfies constraints (4.33) and constraints (4.34), and constraints (4.32) for t < t'.
If we define ¢y =1 — [ &y — Y. [ G > 0 we have that & satisfies constraint (4.32) at
t = t' with equality. For t > ' we define ¢; =1 — Y, ; [ & x > 0. A small computation
shows that (&,v) is again feasible and tightens (4.32) for . Furthermore, all the other
constraints (4.33) remain unchanged for t < t' as they are only affected by terms «;
with T < /. This implies that either p’(&lv) <pifp'>1or t’(&,v)
case, this leads again to a contradiction to our choice of («,v).
When t' ¢ ]lglx’v) ,we have t’ € | é“’v) for some ¢ < k. In this case, the analysis is the

same with the only difference that the constraints will have the value ), _; f gor p+1 ON

> t'if p’ =1. In any

the right-hand side instead of 1. It is crucial to notice that this value is a non-negative
constant when modifying &, s; hence, our mass transfers and additions still work. []
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Proof of Proposition 17. Part (i) follows directly by computing the derivative:

g;z,k(”): i ()( ]_1)(1—U)]2"]+(n—])(1—u)11"]1>

j=n—k+1

n—1 n . . n .
= ' n—i)(1—u) y"i1 = -1 1— )2y
j_nkﬂ](])( j—u) P () -
_ L . n n— . . —2 71—'_ ! S n . i—2 n—i
- XU D, )i+ 00w X (%) a—wi2r
_ < n! . 2. n—j - n! . 2. n—j
R S (o ey A DI o Ty A

—(n—k+1)(n—k) (k i 1) (1 — u)"k=tyk=1,

In the same line, part (ii) follows by evaluating directly g/ 41441 using the previous

formula:

n+1 ke n+1
Grrnan ===k =0 (") e = g o)

For part (iii), we have

—gnx(u) =(n—k+1)(n—k) (k i 1) (1 — )" —H-1yk1

k1 B P
=(”ﬁ£—_1+)(k”1)<ﬁku>k Y1 — )" g+ 1)

fir+2)n-(n—1 n—(k-1)+1) _ _ k1
_ ( fk_1 ) ( ) (k( )( ) )(nku)k 1(1—14)” k 1(”k+1)
il
(P2 e )
=D\ 7 K k
n 4k> k=1 _,—nu
— 1
= 1) ( + )(nku) (i + 1)
The final inequality follows by the bound (1 — u)* <e ** for u € [0,1] and observing
that
B k-1 k+1
(n _k/Z) :(1+ k/2+1) §< k+1 >
iy n—k—1 —(k+1

k+1)2 /(n— (k+1)))
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Rewrite n = (k+1) +c(k +1)? for some ¢ > 1. We getexp((k+1)2/(n— (k+1))) =
exp(1/c) and we can compute (14 4k*>/n) > 1+ 2/c. Thus the inequality holds when
1 <In(1+2/c), which is true for any ¢ > 2. That is, letting n > (k + 1) 4+ 2(k + 1)?
suffices. This proves the claim as the above inequality can be slightly strengthened by
a factor of 71y / (g +1).

For (iv), we have

_8:1,k(”) =n—k+1)(n—k) (k n ) (1— u)n—k—luk—1

ﬁi*l (k—1)!
n-ng 1— k e (ﬁ Ll)k 1(1 u)n—k—l
~ (k=1)! ik ¢
= (k—1)! n) K
n k2 ﬁklxlz k=1,—
>__ A _ nku =
= k—1)! (1 4n) (1 1—u)(”"”) "
where in the third equality we use that (1 —u) ' =1+u/(1— ) <exp(u/(1—u)),
and in last inequality we use exp(—fixu/ (1 — u)) ex p( —u?/(1—u)) >
exp(—xu) (1 — gu®/ (1 — u)). Observe that Ty (figu)’ =T (figu) ity = — (Agu) e My,

T_l
We conclude by noting that the function 1 — 72;x?/ (1 — x), in [0,1], is decreasing, pos-
itive at zero, and it has a unique root in the value (v/47i; +1 —1)/(27). Since this
value is larger than 1/(2./7ix), the conclusion follows. O

Proof of Proposition 18. Note that by (4.50), for every t € (0,1) we have

*

04 0] < K+ B 0]+ R+ e (0] < 405,
where the last inequality holds since @1, <k!in (0,1) for every r € [k], and 0] < 07,
by Proposition 12(ii). Let by = 4k!max, 6], ,/6;. Then, since @y (1) = 0, using the
Taylor first-order approximation for ®y ; in one, for every t € (0,1) we have @y ,(t) <
be(1 —t). For each ¢ € [k], by the formula Ty (x) = (k —1)!- e *Y*ZL x" /7! applied with
x = —In(Y,(t)) we conclude that by (1 — t) > Oy ¢(t) = (k— 1)! LF 20 Y, (1) (= In Y, (1)) /7!,
and then Y, (f)(—InYy(t))" < by -r!/(k —1)! < by, where the first inequality holds since
Y,(t) € [0,1] for every t € (0,1). This concludes part (i).
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For the second part, by (4.50), for each ¢ # k we have

*

1 0
— Dy (t /q)kg dT—/t (k!_q)k—s—l,é(T) b L (k! — q>k+1,€+1(T)))dT

9*
< (1—1t)k! (1— %‘1> “1

For each / # k, choose 6, > 0 such that @y 1 o1 (t) <k!(1—67/6;,,)/2and Y, () (—InY, () <
1 for t € (y,1). Using the first inequality, get

(t)dt.

9*
(1—t)k! (1 - %) EH / Dpet1,04+1(T) dT
!

67 1/6; 1/6;
<(1- bk (1 = )+(1 £)k! 2( gt 1) = ka0 (G

Hence for this interval, using the bound @ ¢(#) =T (—InY,(t)) <k!Y,(t)(—InY, ()1,
we have Y, (t) > (1 —t)*(6},,/6; —1)*/4. For { = k, we have

(1— t)k! <% — 1) < Tp(=InYi(t)) < kY () (= InYe(£) 1.
k

By part (i), we know that Y;(t) < bi(1 —t). Hence, for some ;. >0, Y (t)/?(—1InY;(t))F! <

1 for all t € (6,1). Hence, Yi(t) > (1 — t)2(1/k6 — 1)?. Part (ii) follows by tak-

ing A = max{4y,..., 0} and dy = min{(67,,/67) —1:j€{1,....k —1}}/4. Using

Lemma 12, we can conclude that d; > 0.

From (4.49) we have @}/, (t) = — @ (t) > 0, since Py is non-increasing. For
CF#k,
D ()] = | — gy () + Py o1 ()]

<P () (=Y ()] + P g1 () (= In Y41 (£))]
< b (—InYy(t) —InYeyq(8)).

Let Ny = max{1/(1 — A¢) +1,1/di}. Then, for every n > Ny we have 1 —1/n > A;.
By the previous part we have that Y,(1 —1/n) > dyn~2 for all £. Let ¢; = 6b;. Since
—InY,(t) —InY, () is increasing as a function of ¢, for every t € (0,1 —1/n) we have
DY ()] < b - 2In(n?/dy) < by - 2In(n®) = cxIn(n). This concludes the proof of part
(iid).
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For (iv), for £ > 2, using a Taylor expansion around zero, for some ¢ € (0,f) and
t<1—1/n, we have

Dy (1) = T (= InY;(0)) + T (—InY,) (0)t + %Fk(—lan)”((’j)tz

H crIn(n)
> (k— 1) — Ly — T2V 2
> (k—1) o k!t 5t
(Using the previous part and I'y(—InY,)(0) = 0 using NLS)

> (k= 1)1 — Ckln(”)tzl
2

where we used the properties of NLS;(6*) and the definition of by. Since Y;(0) = 1, for

some J; > 0 we have that Y;(t) =1 — ¢/(t) for t € [0,6] with e/(t) <1/2 for t € [0,0]

and ¢/(t) — 0 when t — 1. We simply write ¢ = ¢/(t) for convenience. Then, using the

characterization of the gamma function I'; as a Poisson distribution, we can deduce

that

Ckln(n) t2 > /—lan(t) Skflefs ds
—Jo

£ k=1
Z/S_e_sds
0

j

= (k-1 e

=k )
(k—1)! 4
ko

k=1, .1

> P

="k ¢ =2

where in the second inequality we used that In(1 — €) < —e and the other inequalities

follow by straightforward computations. From here, we obtain that e < ¢;In(n)'/*#?/%,
where ¢, = (kcx)'/*. This concludes (iv). O

Proof of Claim 9. Using a Taylor expansion, we have

, [t Opp((t+1) /7)) = Pppe(t/me) 1,
Dy i (ﬁ_k) - 1/ = _Zﬁkq)k,k(@

(For some ¢ € (t/71, (t + 1) /7))

We have @/, = —Ty1(—Inyx)’ = —(—Inyx)*y; > 0. This concludes the proof of the
claim. ]
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Proof of Claim 11. Using a Taylor expansion, we have

i (P o ((t— 1) /i) — Dy (t/7ik)) + Py o (£ — 1) /g
1, (t—1 F—1 ENY . 1 1,
=m0k (50 )+ 00 (57) e (5)) = - gota® = g0

for some value ¢ € ((t — 1)/, t/7ig). Since t/7, < (fix — 1) /iy =1 — 1/71x, by Propo-
sition 18(iii) we have —CID;C’, /(&) < cxIn(7iy), which concludes the proof of the claim. [J

Proof of Claim 12. We first verify that for every ¢ € [k|, for iy > 1/dy, and t <71 — 1
we have ¢y, < 3In(7i;)/ g, where di is defined in Proposition 18. Indeed, using

Proposition 18(ii) we obtain
—lnY]'(l — 1/17lk) < —ln(dk)/ﬁk + 2ln(ﬁk)/flk.

For iy > 1/d =4/min{0;,,/0; —1:£€ {1,...,k — 1}}, we obtain the desired result.
Then

2\ 1 i €2 ! 2 =32\ 1
(1_4(k—|—1) ) L E < <1+40k—) (1_ _ ln(nk)_ )
n+1 1T—gji1y n iy — In(71g)

= \2
<14 10™0%)°

Ny

which holds for n large. O
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