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Abstract

A sequence of recent studies show that even in the simple setting of a single seller
and a single buyer with additive, independent valuations over m items, the revenue-
maximizing mechanism is prohibitively complex. This problem has been addressed
using two main approaches:

o Approzimation: the best of two simple mechanisms (sell each item separately, or sell
all the items as one bundle) gives 1/6 of the optimal revenue [BILW14].

e FEnhanced competition: running the simple VCG mechanism with additional m buy-
ers extracts at least the optimal revenue in the original market [EFFT17a].

Both approaches, however, suffer from severe drawbacks: On the one hand, losing 83%
of the revenue is hardly acceptable in any application. On the other hand, attracting a
linear number of new buyers may be prohibitive. Our main result is that by combining
the two approaches one can achieve the best of both worlds. Specifically, for any
constant € one can obtain a (1 — €) fraction of the optimal revenue by running simple
mechanisms — either selling each item separately or selling all items as a single bundle
— with substantially fewer additional buyers: logarithmic, constant, or even none in
some cases.
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1 Introduction

The scenario of a buyer with an additive, independent valuation over m items has become
the paradigmatic setting for studying optimal (revenue-maximizing) mechanisms. In this
setting, the buyer’s valuation is drawn from a distribution D that is known to the seller, and
the seller wishes to design a selling mechanism that extracts as much revenue as possible.

By now it is well known that the optimal mechanism requires randomization [HN13],
infinite, uncountable menus [DDT16], is non-monotone [HR12], and computationally in-
tractable [DDT14]'. Thus it is mostly interesting as a theoretic benchmark to which one
can compare more plausible mechanisms (much like the way an offline optimum serves as
a benchmark in online settings). In recent years, two main approaches have been taken
with respect to this challenge, both of which proposed simple mechanisms and measured
their performance against the theoretic optimum:

The first line of work approaches this problem through the lens of approzimation
[CHKO07, CHMS10, KW12, HN12, LY 13, BILW14, CMS15, Yaol5, RW15, BDHS15, MS15,
CDW16, CZ17, CM16, EFFT17b, Yaol7]. In particular, the breakthrough result of [BILW 14]
shows that the better of two simple mechanisms — selling each item separately or selling
all items together in a grand bundle — obtains at least 1/6 (but at most 1/2 [Rub16]) of
the optimal revenue.

While a constant factor approximation algorithm may sound appealing to an algorithm
designer, losing 83% (or even 50%) of the revenue is simply unacceptable. Indeed, it
will be difficult to convince a merchant who hopes to make $10K in revenue to sell her
merchandise by a mechanism that would guarantee her $1.7/K .2 On the other hand, a seller
might be willing to compromise on optimality if guaranteed 99% of the optimal revenue.
(For example, merchants around the world pay small fees to credit card companies in return
for simple selling mechanisms). We therefore believe that the most interesting agenda here
should be obtaining 99% of the optimal revenue. (More generally, we are interested in
mechanisms whose revenue is arbitrarily close to optimum; i.e., (1 — &)-fraction of the
optimal revenue for any constant ¢.)

The second approach is to enhance the competition for the merchandise by increasing
the population of potential buyers [BK96, RTCY15, EFF"17a, LP18|. The state of the
art for additive buyers is by Eden et al. [EFFT17a], who showed that adding m additional
buyers is sufficient to recover the original optimal revenue with a simple mechanism. It is
also known that at least Q(log m) additional buyers are required to achieve this benchmark.
This result from [EFFT17a] generalizes the seminal work of Bulow and Klemperer [BK96]
who showed that for a market with a single item, under a regularity assumption, running
the second price auction with one additional buyer extracts at least as much revenue as

'Similar undesired properties have been observed with respect to the optimal mechanism in additional
related (multi-dimensional) models, e.g., unit-demand buyers [BCKW10, CDO" 15, CDP* 14, RC98]

2There are still many great reasons to study constant-factor approximations in mechanism design; see,
e.g., [Har13] for an excellent discussion.



the original optimal revenue. However, when m is large, adding m additional buyers may
be prohibitive. We therefore believe that the most interesting question here is whether the
linear dependence on m is necessary.

To summarize, the “optimal” benchmark is intractable. The approximation approach
is stuck at a 1/6-approximation (forfeiting 83% of potential revenue). And if we wish
to follow the enhanced competition approach, the best known bound on the number of
additional buyers is linear in the number of items. Have we reached a dead end?

1.1 Our Contribution

We show that one can combine the two approaches (of approximation and enhanced com-
petition) in a way that achieves the best of both worlds. We establish a host of results for
various settings, but they all convey one theme: in order to obtain revenue that is very
close to optimum, there is no need to recruit a linear number (in m) of additional buyers;
that is:

Main take away (informal): A seller can obtain 99% of the optimal revenue in a simple
mechanism (selling each item separately or selling all items together in a singe bundle)
with substantially fewer additional buyers — logarithmic (in m), constant, or even none
1m some cases.

All of our results apply to the paradigmatic scenario of a seller who sells m items to
a single buyer with additive, independent valuations over the items, with a known prior.
Some of our results extend to the more general scenario of n i.i.d. buyers, namely where
buyers’ values are drawn independently according to the same distribution. The induced
product distribution is then denoted by D. Our first set of results consider the simple
mechanism that sells each item separately.

Theorem 1.1. For every constant e > 0, selling each item separately to O(log m) i.i.d. buy-
ers extracts at least (1 — €)-fraction of the optimal revenue achievable by a single buyer.

This result improves upon the O(m) bound shown in [EFF*17a], at the loss of  fraction
in revenue. In fact, this result can be extended even to a setting with n i.i.d. buyers and
m items, as follows:

Theorem 1.2. (implies Theorem 1.1) For a setting with n i.i.d. buyers and m items, for
every constant € > 0, selling each item separately achieves at least (1 — €)-fraction of the
optimal revenue if we increase the number of buyers by a factor of O(log(2 4+ m/n)), and
this is tight up to constant factors. Moreover, if m = o(n), then selling each item separately
achieves (1 — €)-fraction of the optimal revenue even with no additional buyers.

Theorem 1.2 essentially fully characterizes (up to constant factors) the number of ad-
ditional buyers necessary for achieving (1 — ¢) of the optimal revenue. In particular, we
consider three different regimes of m and n: For m = w(n) we prove that increasing the



number of buyers by a factor of O(log(m/n)) is both necessary (Theorem 6.1) and suffi-
cient (Theorem 5.1). For m = ©(n), our new lower bound implies that the previous results
of [EFFT17a] (who showed that a linear number of additional buyer suffice) are essentially
tight. Finally, for m = o(n), we show that no additional buyers are necessary (Theo-
rem 7.1). We note that our lower bound generalizes the special case of Q(log m)-factor for
the case of a single buyer in [EFFT17a] 3.

Let us return to the single buyer setting. Theorem 1.2 implies that we can recover
(1 — e)-fraction of the optimal revenue by adding O(logm) buyers. However, one may
argue that for a large value of m, O(logm) is still too large. We address this issue by
showing that the better of selling items separately and selling the grand bundle requires
only a constant number of additional buyers?.

Theorem 1.3. For every constant ¢ > 0, the better of selling each item separately and
selling the grand bundle, to a constant number of i.i.d. buyers, extracts at least (1 — ¢)-
fraction of the optimal revenue achievable from one buyer.

Up until now, we concentrated on prior-dependent mechanisms; namely, mechanisms
that use the knowledge of the distribution of values. Our work, however, contributes also
to the literature on prior-independent mechanisms. As in previous literature on prior-
independent mechanisms, to achieve any meaningful result, we assume that the underlying
single-dimensional distributions are regular (note that this does not generally imply regu-
larity of the grand bundle’s distribution). Since bidders are additive, the prior-independent
VCG mechanism simply runs the second price auction for each item simultaneously. Thus,
Theorem 1.2 combined with the original result of Bulow and Klemperer [BK96] immedi-
ately implies the following corollary:

Corollary 1.4. If D is a product of reqular distributions, then for every constant € > 0,
running the VCG mechanism with a factor O(log(2 + m/n)) increase in the number of
buyers (and with no additional buyers in the case of m = o(n)) extracts at least (1 — ¢)-
fraction of the original optimal revenue.

It would be highly desirable to obtain such an analog to Theorem 1.3. An immediate
barrier, however, is that the seller must know in advance whether to sell the items separately
or sell the grand bundle. How can the seller determine which one of these mechanisms to
run in the absence of a prior? This barrier is overcome by the surprising result that when D
is a product of regular distributions, the seller never needs to sell items separately; selling
the grand bundle is always the “correct” strategy:

Theorem 1.5. If D is a product of reqular distributions, then for every constant € > 0,
selling the grand bundle in a second price auction to a constant number of i.i.d. additive
buyers extracts at least (1 — g)-fraction of the optimal revenue achievable from one buyer.

3The lower bound in [EFF*17a] was proven for mechanisms that target 100% of the optimal revenue,
but it can be easily extended to mechanisms that target 99% or any constant fraction.
“There is no contradiction to the Q(logm) lower bound, which applies only for selling items separately.



1.2 Relation to work on approximate revenue maximization

As already mentioned, our work is related to and inspired by a long line of research that
aims at understanding what fraction of the optimal revenue can be guaranteed with simple
mechanisms (without adding buyers), including [LY13, BILW14, GK16] and references
therein. It is interesting to note that obtaining a 0.99-approximation to the optimal revenue
with k£ additional buyers has implications on approximation results without additional
buyers. In particular, if one can obtain a 0.99-approximation to the optimal revenue using
mechanism M with k£ additional buyers, then, by revenue submodularity, this immediately
implies a 0.99/(k+1)-approximation of the optimal revenue with a single buyer. Hence, our
Theorem 1.1 implies the result of [LY13] that selling each item separately is an ©(1/log m)-
approximation of the optimal revenue. Similarly, our Theorem 1.3 implies the main result
of [BILW14] that the better of selling separately and selling the grand bundle yields a
constant fraction of the optimal revenue. Of course, the reverse implication is not true,
since the seller only has a single copy of each item to allocate to all buyers. Therefore,
while our analysis builds on the techniques of [LY13, BILW14], it is significantly more
challenging.

Recently, Goldner and Karlin [GK16] built on the result of Babaioff et al. [BILW14],
and showed that for regular distributions, the prior-independent mechanism which sells
either each item separately or the grand bundle, and sets the price according to a single
sample from the valuations distribution, obtains a constant fraction of the optimal revenue.
As a corollary of our Theorem 1.5, we can obtain the following qualitative strengthening
of [GK16, Corollary 2] for the case of a single buyer:

Corollary 1.6. If D is a product of reqular distributions, taking a single sample of the
value of the grand bundle and selling the grand bundle for that price (to a single buyer)
extracts at least Q(1) fraction of the optimal revenue.

For the special case where the single-dimensional distributions satisfy the monotone
hazard rate (MHR) condition °, Cai and Huang [CH13] gave a PTAS for the revenue
maximizing auction. En route to obtaining their computational result, they prove the
following structural lemma, which holds even for heterogeneous buyers. 99% of the optimal
revenue can be obtained by one of the following simple mechanisms: (i) selling every item
separately; or (ii) selling all but a constant number of items via a VCG-like mechanism.
In other words, they show that when the single-dimensional distributions satisfy the MHR
condition, no additional buyers are necessary to obtain 99% of the optimal revenue with
mechanisms that are simple (in the above sense). Moreover, inspired by [CD11], they
show that for MHR distributions, when the number of buyers is larger than some constant,
selling items separately obtains 99% of the social welfare. (In contrast, note that for regular

5Roughly speaking, MHR distribution (a special case of regular distributions) has a tail that is thinner
than that of an exponential distribution.



distributions the ratio of social welfare to revenue may be unbounded, even when adding
any number of buyers.)

2 Model
We consider a setting in which a monopolist seller sells a set [m] = {1,2,...,m} of heteroge-
neous items to n additive buyers. Buyer i’s value is additive if there exist values vi,..., v},

such that buyer i’s value for a set of items A is 3,4 fu; The seller does not know the
buyers’ values, but knows the distribution from which they are sampled. For every item
j, the value of each agent i for item j is independently sampled from a single-dimensional
distribution D).

A mechanism is given by a pair of an allocation function 7, and a payment function p.
The mechanism receives a valuation profile v = {v; }i; as input. Based on v, the allocation
function determines the (possibly random) allocation of items to buyers, and the payment
function determines the payment p’ of every buyer i. Buyers are quasi-linear; namely,
buyer i’s utility from a mechanism that allocates her each item j with probability 71;'- and
charges her a payment p; is > y 773» . v§ - p'.

A mechanism is Bayesian Individually Rational (BIR) if every buyer’s expected utility
(over the randomness of the mechanism and other buyers’ values, assuming they are drawn
from x;Dj) is non-negative. A mechanism is Bayesian Incentive Compatible (BIC) if ev-
ery buyer’s expected utility is maximized when the buyer reports her valuation truthfully.
Throughout the paper, a BIR-BIC mechanism is termed a truthful mechanism. The ex-
pected revenue of a truthful mechanism is E [}, p’(v)], where for every buyer i and item
J buyer ¢’s value for item j is drawn independently from D;. The optimal revenue is the
optimal® expected revenue among all truthful mechanisms.

For any single dimensional distribution D and any ¢ € [0, 1], we assume w.l.o.g. that
there exists v(q) € R such that Pry.p[z > v(q)] = ¢. When the distribution is continuous
this is true by the intermediate value theorem. When the distribution has point masses, we
can smooth it with an infinitesimal perturbation; see e.g., [RW15] for a formal discussion.
We note that when D is regular, the perturbed distribution may not be regular. However,
it will not be hard to see that our proof in Section 9 will also work with distributions that
are infinitesimally-close to regular distributions.

3 Overview of Proofs

Our techniques build upon the now-standard approach for approximately optimal revenue
analysis: Separately reason about revenue contribution from rare events of extremely high

5In general for distributions of infinite support, the optimum revenue may not be achieved by any
mechanism (i.e. it is the supremum of all revenues achievable by truthful mechanisms). This is not so
important for our purposes since we are only trying to approximate the optimum.



value (“tail” events), and revenue contribution from lower values (“core” events). This
approach is made formal via the core-tail decomposition framework of Li and Yao [LY13].
Separation between core and tail events is done by setting a cutoff for each item, and
then proving a “core-tail decomposition” lemma that upper bounds the optimal revenue
by the sum of total value from core events in which items are below their cutoffs (a.k.a.
contribution from the core), and the total revenue from tail events in which items are above
their cutoffs (a.k.a. contribution from the tail).

For approximation results, the next step would typically be to show that simple mecha-
nisms approximate both the contribution from the core and the tail, hence the best simple
mechanism approximates the optimal revenue. However, when targeting 99% of the opti-
mal revenue, even if one shows that simple mechanisms fully recover the contribution from
the core and the tail, it does not yet imply that simple mechanisms recover the sum of the
contributions. Hence this approach alone cannot yield better than a 1/2-approximation.
Instead, we carefully set the cutoffs so that the contribution from the core is almost fully
recovered using simple mechanisms with either O(1) buyers (Theorems 1.3 and 1.5) or
O(logm) buyers (Theorem 1.2), and the contribution from the tail is only a tiny fraction
of the revenue from simple mechanisms with O(1) buyers.

Before delving into the specificities of each result, we provide a few general notes about
the tail and the core.

Tail Since tail events are rare, they are approximately “separable” across items and
across buyers. First, since the probability of two or more items in the tail of any buyer
is low, the revenue contribution from tail items is roughly “separable” across items, i.e.,
approximating revenue contribution of tail events by the revenue contribution from selling
items separately loses only a moderate factor. Furthermore, each buyer is likely to have
tail valuations for disjoint subsets of items (“separability across buyers”). Thus in an
enhanced competition setting with more buyers we can simultaneously serve all of them,
quickly increasing the revenue.

Core Since the value of core items is bounded, a concentration bound typically suggests
a near-optimal grand bundle price whenever the sum of item values is significantly larger
than the revenue from selling items separately.

In what follows we elaborate on cases where interesting artifacts arise in the analysis.
We use REV, SREV, and BREV to denote the optimal revenue from any mechanism, the
optimal revenue from selling each item separately, and the optimal revenue from selling
the grand bundle, respectively.

Theorem 1.3 (max{SRev,BRev}) An optimistic approach for proving Theorem 1.3
would use the same cutoff for all items, and apply a concentration bound (Chebyshev’s



inequality) to suggest a bundle price that almost fully recovers the contribution from the
core with constant probability, then improve this probability to almost 1 by considering
additional buyers. Unfortunately, such strong concentration does not hold in general: a
small number of items may still exhibit a large variance, even inside the core. To overcome
this challenge, we separate the set of items to items that exceed their cutoffs with constant
probability, which we call “high items”, and the remaining we call “low items”. We then
use a concentration bound only for the sum of low items to get a good bundle price for the
low items. We set the cutoff so that the number of high items is a constant, hence with
probability close to 1, one of our additional O(1) buyers simultaneously exceeds the cutoff
of all the “high items”. We conclude that BREV with O(1) buyers recovers almost all of
the contribution from the core with probability almost 1. The proof appears in Section 8.

Theorem 1.5 (BRev, regular distributions) Single dimensional regular distributions
are appealing since they have a “small tail” property. While the grand bundle distribution
need not be regular even when the individual item distributions are, we show that the
underlying regularity of the individual items still maintains some well behaved properties
that we can exploit. Specifically, we can set cutoffs so that in the resulting core-tail
decomposition, the contribution from the tail is significantly smaller than the contribution
from the core. This is important since we are only allowed to sell the grand bundle, while
the tail is typically covered by selling items separately.

It is now left to guarantee that the core is almost fully recovered. The challenge is that a
small number of outlier items may have very large variance, ruining the naive concentration
bound argument. (In Theorem 1.3 we sometimes sold the outliers separately, but here we
are only allowed to sell the grand bundle.) We show that given a large (but still constant)
number of additional buyers, two of them are likely to have high values simultaneously for
all of the outlier items. We can then use a concentration bound to suggest a good price
for the remaining items, so that VCG on the grand bundle gives high revenue. The proof
appears in Section 9.

Theorem 1.2 (SRev), m = w(n) regime Instead of a concentration bound for the
grand bundle (which is irrelevant when considering SREV) we further separate the contri-
bution from the core to the contributions from lower and higher values. We then show that
the contributions of lower values to the core can be almost fully recovered with probability
almost 1 by SREV with O(n - log(m/n)) buyers, while the contributions of higher values
to the core form only a tiny fraction of the revenue that can be extracted by SREV with
O(n -log(m/n)) buyers. The proof appears in Section 5.

Theorem 1.2 (SRev), m = o(n) regime We show that selling each item separately
achieves 99% of the optimal auction without adding any buyers at all. Proving this result
requires yet new ideas. The intuition is simple: with so many buyers, we can afford to set



the cutoff much higher — so high that most buyers have at most one item in the tail —
while the contribution from the core can be almost fully recovered by selling each item to
a tiny fraction of the buyers. Therefore, we can set aside a small subset of special buyers,
and offer the items at high (tail) prices to all other buyers; we can then recover the rest
of the revenue by auctioning the items not previously sold to the special buyers. (Note
that this mechanism is for analysis purposes only — once we establish guarantees for any
mechanism for selling items separately, we can use Myerson’s optimal mechanism for selling
items separately.) This part of the analysis also takes into account the probability that an
item was sold in tail events.

Formalizing the above intuition is quite subtle. With high probability, there are still
some buyers with multiple items in the tail — and each of those items has many other buyers
whose valuations are in the tail, etc. Thus even after the core-tail decomposition, we have
to reason about a multiple buyer, multiple item setting. To cope with this difficulty, we
consider a bipartite graph of buyers and items, where we draw an edge {7, j} whenever buyer
1’s value of item j is in the tail. We then argue that we can analyze the revenue from each
connected component separately. In particular, while there are, w.h.p., large components
in the graph (with w(1) buyers and items), we use simple ideas from percolation theory to
bound the expected size of each connected component. The proof appears in Section 7.

4 Preliminaries

A monopolist seller sells a set [m] = {1,2,...,m} of heterogeneous items to n additive
buyers. We assume the seller is able to attract more buyers. An additive buyer ¢ that
values each item j at V;— values a set of items A at 3., V; For a set of items A C [m], let
A=[m]\ A. We use v{, = {V;'-}]EA, therefore v/ = (v/y,v';). Also, we use v; = {V;}ie[n],
and more generally, for a set S C [n] x [m], we use vg = {Vv}}(; jes and v_g = {Vj}; j)¢s-
Every buyer ¢ is quasi-linear, i.e., in a randomized outcome that allocates item j to buyer
1 with probability 7T;-, and charges a payment p’, i’s utility is Zj 7T;- . V; — p’. The seller
does not know vé-, but has a prior-distribution D; with density f; for each item j, i.e., vé-
is drawn from D;. Let D = X ¢, D;. Therefore, in a setting with n i.i.d. buyers, each
drawn from D, the prior distribution is D"".

Let M be a truthful mechanism, i.e., Bayesian Individually Rational (BIR)® and
Bayesian Incentive Compatible (BIC)?, with an allocation function 7 and a payment func-
tion p, i.e., given the submitted bids v, each buyer i is allocated item j with probability
ﬂ;:(v) and pays p‘(v). Let REV((+) be mechanism M'’s expected revenue, e.g., REV y((D")
is mechanism M'’s expected revenue from h buyers, where each buyer’s valuation v' is

"By D" we mean the product distribution Xien)D-

8 A mechanism is Bayesian Individually Rational (BIR) if every buyer’s expected utility is non-negative.

A mechanism is Bayesian Incentive Compatible (BIC) if every buyer’s expected utility (over the random-
ness of M and the other buyers’ values according to the prior distribution) is maximized by truth-telling.

10



drawn ii.d. from D, ie., REVA(D") = Ey.ph [Zz’e[h] pi(v)}. Let REV(-) be the opti-

mal expected revenue by any truthful mechanism, e.g., REV(Dh) is the optimal expected
revenue by any truthful mechanism for h i.i.d. buyers drawn from D. Similarly, SREV(-)
is the optimal expected revenue when selling the items separately, and BREV(-) is the
optimal expected revenue when selling all items in a bundle. Let VAL(-) be the expected
value of the optimal allocation. Since we consider additive, independently drawn buyers,
VAL(D") = Zj E [maxie[h] Vﬂ

For a single dimensional distribution D, and a number p € [0, 1], let REV,(-) denote
the revenue of an optimal mechanism, among all truthful mechanisms that sell with ex-
ante probability of at most p, i.e., mechanisms with allocation function 7 that satisfies
Ev [Zz wi(v)] < p.

Throughout the analysis, for h that is not an integer, we slightly abuse notation and
use, e.g., D" instead of D"l to denote the product distribution XiernD- For a random
variable X drawn from distribution D, we use REV(X) and REV(D) interchangeably (and
similarly for SREV, BREV, etc.). Also, let I[£] be the indicator random variable that equals
1 when event £ occurs, and 0 otherwise.

Finally, we will use the following previously shown lemma.

Lemma 4.1. [BILW1/] For any n - m dimensional distribution D (i.e., n buyers and m
items), REV(D) < n-m-SREV(D).

4.1 Lemmas for single dimensional distributions.

We recall and develop tools for our analysis in the remaining sections. Let v be drawn
from a single dimensional distribution D (i.e., v <— D), and consider some cutoff 7 € R.

Lemma 4.2. [HN12] REV(v|v > T) = %.

Lemma 4.3. [LY13] Let v > 0. Then Pr{v >~ -REV(D)] < %

Let Var(D) denote the variance of D.

Lemma 4.4. [LY13] Let v > 0, and supposed that both REV(D) <~ and that the support
of D is in [0,ty]. Then Var(D) < (2t — 1)2.

The following lemma shows that for § > 0 that is not too small, the optimal revenue
from [1/6] i.i.d. buyers drawn from D is at least a 1/(2d) factor larger than the optimal
revenue that can be extracted from a buyer with value distributed according to v-I[v > T].
This lemma will be used to bound the contribution (both to the core and tail) of higher
values.

Lemma 4.5. Suppose that 6 > 2-Pr[v > T]. Then REV(v-1[v > T]) < 26 - REV(D/9).

11



Proof. Since v - I[v > T] is single-dimensional, there exists a price 7 > T that extracts
the optimal revenue, i.e., 7-Prjv > 7] =7 -Pr{v-I[v > T| >n] = REV(v-I[v > T]). For
every i € [671], let v* be drawn from D. Therefore, REV(D'/®) > - Pr [max;es-1) 0" > 7).
By Bonferroni inequalities (the inclusion-exclusion principle),

5—1

Pr [maxv >7T:| >0t Priv>a] - (2

s >-Pr[v>7r]22(1—%)-5‘1-Pr[v>7r],
(S

where the last inequality follows by the lemma’s condition: 1/2 > (5‘ “Prjv>T] >
6~1 . Pr[v > 7]. Therefore, we conclude that Rev(D'/?) > (3 ) - Prlv>n] =
(3-6)"'REV(v-I[v > T]). For ease of exposition, we relax the 4/3 to O
The following lemma will be used to cover the contribution of values from the core.
Lemma 4.6. Let T, satisfy Pryp[v > Ta| > a. For any h > 1,
REV(D") > (1 —e M) . T,,.
Proof.
REvV(D") >7, - Pr [mzﬁf}(vi > 7;]
ic
~To- (1=Prv < 70)")
>To-(1—(1—a)
>To - (1— e™M)
]

The following lemma is a specified analog to Lemma 4.6 that bounds the contribution
from values in the core using the second price auction, and its proof is similar to the proof
of Lemma 4.6. Let REVy (@ denote the revenue from the second price auction.

Lemma 4.7. Let T, satisfy Pryp [v > Ta| > «. For any h > 1,

REVyC@ (D2h) > (1 — e—a-h)2 - Ta

12



Proof.

REVyCG(D™) >T, - Pr[3i,j € [2h],i # j v’ 0) > T,

v
2

-Pr [maxv > T, max v’ > T]
i€[h] JE(h]

.(1—Pr[v§7;]h)2
(- =Prp> T
(1 1-a) )2

(1= ey

IR
I

Vv
=&

4.1.1 Regular distributions.

For ease of exposition, we assume D has a density f and is strictly increasing. Nevertheless,
our results extend to arbitrary regular distributions. A distribution D with density f is
regular if v — (1 — D(v)) /f(v) is non-decreasing in v. Our analysis is done in quantile
space, which is defined below.

Definition 4.8. (Quantiles, demand curve, and revenue curve.)
e Let q(v) = Pryeplz < v] = D(v) be the quantile of v.
e Let V(q) = v for which D(v) = q, i.e., V(q) = D~'(q) is the demand curve of D.

o Let rev(q) = (1 —q)-V(q), i.e., the revenue from the posted price V(q) that sells w.p.
1—gq.
Observe that V is increasing in q. By change of Varlables the expected value v can be

computed as follows: ' E [v] = [ vf(v)dv = fo q)dq = Eqeuio,1] [V ()] The following
lemma is a well known characterlzatlon of regular dlstrlbutlons

Lemma 4.9. [Mye81] A distribution D is reqular if and only if rev(q) is concave, i.e., for
every «, 3,y € [0,1], it holds that rev(y - a+ (1 —)B) > v - rev(a) + (1 —7) - rev(B).

The following corollary is the only way we use regularity (and is only used to prove
Lemma 4.11).

Corollary 4.10. If D is reqular and 0 < 8 < a < 1, then rev(3) > a - rev(B) > - rev(a).

"By v =V (q), we get dv = V'(q)dq = [D™')'(q) = sy = Ty 5 vf (0)dv = V(g) K dg

13



Proof. rev(B) =rev(Z-a+ (1 —-2).0)> 2 . rev(a) + (1 — &) - rev(0) > g -rev(a) O

@ a = a @
The following lemma shows that if the probability of exceeding the cutoff T is €, then

T is a price that provides a 1 — ¢ approximation to the optimal revenue from the random
variable v - I[v > T].

Lemma 4.11. For a cutoff T =V (1—¢), it holds that rev(1—¢) > (1—¢)-REV(v-I[v > T]).

Proof. Since v-I[v > T] is single-dimensional, there exists a price m > T that achieves the
optimal expected revenue for this random variable. Let § satisfy 7 = V(1 — (3), then we
have REV(v-I[v > T]) =rev(l—f). Since # > T, we get that V(1—-8) > T = V(1—¢). By
monotonicity of V' we have 1—§ > 1—¢, and by Corollary 4.10 rev(1—¢) > (1—¢)rev(1—p),
as required. O

The following lemma relates the contribution from the core to the contribution from
the tail.

Lemma 4.12. For a cutoff T = V(1 —e1), for every 0 < g9 < 1 and k € N such that
e1-e5" < 1 it holds that:

E [w-Io<T]>k-(1—e3)-(1—¢1-65")REV(v-T[v > T])

v—D

Proof. First observe that Eyep [v-I[v <T]] = Eqeupoa)[V(g) - T[g <1—¢1]]. By seg-
menting the expectation over [0,1 — 1] we get

k—1
E V(g Ig<1-ell 2 E[V(@) T[1-e & <g<1-c-f]]
q<-U|0,1] —
k—1 el »
> (61.62_(—’_)_EI’EQ_E)V(l—El'E;(+))
£=0
k—1 , .
ey S vy
/=0
k

=(1—e9) ) rev(l —¢g1-&5")

o~
Il
—

In the first inequality we reduce values in [0,1 — & 515] to 0. The second inequality follows
by monotonicity of V. The fact that 1 - 5 k > €1 €y ¢ > ¢1 for every £, combined with
Lemma 4.11 implies that rev(1 —e1-65") > (1 —¢1-65*)REV(v-I[v > T]), which completes
the proof:

E [v-Iw<T]]>0—e) k-(1—e1-5")REV(0-T[v > T)).

v<D
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4.1.2 Mechanisms with restricted probability of sale.

We describe optimal single item mechanisms with restricted probability of sale. The lemmas
established in this section are used in Section 7. In particular, we formally show that a
naive generalization of Myerson’s optimal auction for the unrestricted case is also optimal
for the restricted case.

Fix a number p € [0,1] and x i.i.d. buyers, each buyer i with value v* drawn from a
single dimensional distribution D. A mechanism with allocation function 7 that satisfies
Ev [Zie[x} 7Ti(V):| < p, is said to sell with ex-ante probability of at most p.

Recall that by Myerson’s theory, a mechanism with allocation rule 7 and payment p is
truthful if and only if each buyer i’s allocation rule 7’ is monotone, and buyer i’s payment
function is fully determined by 7! via the equality pi(v) = v - 7¢(v) — fzv;o 7z, v )dz.
Furthermore, Myerson defines virtual value functions'! o : supp(D) — R for single dimen-
sional distributions D (we henceforth drop the superscript D). The virtual value function
is particularly useful because one can re-amortize the expected payment to a term that
uses the virtual value functions, and this term can be optimized point wise. This becomes
apparent in Myerson’s payment identity:

Lemma 4.13. [Mye81] (Payment identity) In every truthful mechanism with allocation
function ™ and payment function p, for every buyer i it holds that E [gp(vi) 'Fi(V)] =
E [p'(v)]

A regular distribution is a distribution whose corresponding virtual value function ¢
is monotone. For irregular distributions, Myerson defines yet another transformation that
transforms the virtual value function to an ironed virtual value function @ (the details
are not so important for our application; for more details see e.g., [Mye81, Har13]). The
key point is that ironed virtual value functions are always monotone, and furthermore,
maintain the following property:

Theorem 4.14. ([Har13, Theorem 3.12]) For every truthful mechanism with allocation
function w, for every buyeri, E [p(v') - 7' (v)] < E [@(v) - (V)] , with equality if 7' (-, v™")
s constant on ironed intervals.

In order to construct the optimal mechanism with restricted probability of sale, we will
need the following definitions. Let v* = max;e[,) v*, and let S = {y > 0: Pr[p(v*) > y] <
p} and ¢ = inf S.

Note that if ¢ € S, then it must be that ¢ = 0 or that Prjp(v*) > ¢] = p. 2
Otherwise, it must be that Pr[g(v*) > ¢] < p, '* but Pr[g(v*) > ¢] > p, i.e, Pr[p(v*) =
8] = Prlp(v*) > ] — Prlp(v) > 6] > 0.

"When D has a density f, its virtual value function is defined by p(v) = v — 1}3()“). See e.g., [EIk07,
CDW16] for the general case.

120therwise Pr[p(v*) > ¢] = p — € but for every 0 < a < ¢ we have Pr[¢ > @(v*) > a] > e.

13 0therwise Pr[p(v*) > ¢] = p+ € but for every a > ¢ we have Pr[a > @(v*) > ¢] > .
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Consider the mechanism M that sells a single item to = buyers as follows. If ¢ € 5,
the mechanism allocates the item to a random buyer i among those with ¢(v?) = @(v*)
whenever ¢(v*) > ¢, and otherwise does not allocate.

If ¢ ¢ S, then the mechanism allocates the item to a random buyer ¢ among those
with @(v?) = @(v*) whenever ¢(v*) > ¢, and whenever ¢(v*) = ¢ the mechanism draws
p—Pr[p(v*)>¢]

Prip(v¥)=¢] * ,
the mechanism allocates to a random buyer i among those with @(v*) = ¢.

a Bernoulli random variable that equals 1 w.p. and if the variable equals 1

Lemma 4.15. For x i.i.d. buyers drawn from a single dimensional distribution D, and
p, P, v* as above, the mechanism M described above sells with ex-ante probability of at most
p, and extracts expected revenue of:

E[p(v?) -T@(v") > ¢ll + ¢ - (p = Prla(v’) > ¢]) .

Moreover, every buyer contributes the same amount of expected revenue.

Proof. By definition of the mechanism M, all the allocation rules depend on values of
@, which implies that they are constant on ironed intervals, and since buyers are drawn
from the same distribution, every buyer i contributes the same amount of expected ironed
virtual surplus E [@(vi) . ﬁi(V)] , which, by Theorem 4.14 and Myerson’s payment identity,
14 is also the contribution to the mechanism’s expected revenue.

Whenever ¢ € S, we saw that ¢ = 0 or Pr[p(v*) > ¢| = p. The mechanism’s ironed
virtual surplus in this case is exactly

E[p(v") - I[g(v*) = ¢]] =E[6(v") - L[p(v") > ¢]] + ¢ - Prlp(v¥) = 4].
If ¢ = 0, the statement holds, and if Pr[g(v*) > ¢] = p, then
p—Pr[p(v’) > ¢] = Pr[p(v’) = ¢] — Pr[p(v7) > ¢] = Pr[p(v") = ¢]

as required.
Whenever ¢ ¢ S, the mechanism’s ironed virtual surplus is exactly

E[p(v7) - L[p(v?) > ¢ + Prip(v") = ¢] -

As required. O

We are now ready to prove the optimality of M among mechanisms with restricted
probability of sale.

"For more details, see e.g. [Harl3, Equation (3.3)].
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Lemma 4.16. For D,x,p as above, the mechanism M above is a revenue maximizing
mechanism among all truthful mechanisms that sell to x i.i.d. buyers drawn from D with
ez-ante probability of at most p, i.e., REV,(D*) = REV (D).

Proof. Let v¢ «— D for all i € [z]. Note that since the buyers are all drawn from D, they
all have the same virtual function and ironed virtual function.

Fix a truthful mechanism M’ that sells w.p. at most p. Let '(v) be its allocation
function for buyer i. By Myerson’s theory, M’ is truthful if and only if 7’ is monotone
w.r.t. v for every buyer i. Clearly, if 7¢(v) > 0 for some ¢(v') < 0, setting 7¢(v) = 0
whenever p(v?) < 0 does not increase the ex-ante probability of sale, and does not decrease
the expected virtual surplus, and maintains monotonicity of 7°(-, v=*). Therefore, we may
consider w.l.o.g. only mechanisms with 7¢(v) = 0 for all ¢(v*) < 0, i.e., mechanisms that
count only non-negative virtual surplus.

Revae(D) = E | 3 o(v) 7(v)| <E |3 (v wi(v)| <E |o(v) - 3 wv)
i€[z] i€[z] i€[z]
Where the first equality is Myerson’s payment identity, and the first inequality holds by
Theorem 4.14. Let 7 = E [Zie[m] Fi(V)}, i.e., the total probability of sale of mechanism

M. We know that # < p. Recall that by definition of ¢, it holds that Pr[g(v*) > ¢] < p.
Observe that

E|p(v)- Y m(v)| <E[p(v?)-Ip(v*) > ¢l +¢- (p - Prip(v) > 4)),

i€x]

because the former counts non-negative values of ¢(v*) that accumulate to at most p mass,
while the latter counts all the highest values of max{@(v*),0}, that accumulate to p mass.
The proof follows by Lemma 4.15. O

Corollary 4.17. Let 0 < § < 1. Then REV,(D?) < {5REV,(D1-97)

Proof. Let M be the mechanism considered in Lemma 4.15 for x buyers drawn i.i.d. from
D. Let p=E [pi\/t(v)] be the expected payment of a buyer in M. Fix some ¢ € [0, 1],
and consider the mechanism M, that sells a single item to an arbitrary set of (1 —¢) -z
buyers by sampling the remaining 0 - « buyers i.i.d. from D, and by executing M, with
the buyers’ bids and the samples. Truthfulness of Mg follows by truthfulness of M. The
revenue from Mg is (1 — )z - p, and its ex-ante probability of sale is at most p. Therefore,

REVy(D?) =z -p=(1—0)z-p+6x-p=REVy,(DI™9%) 4+ 6. REV(D®)
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Therefore by rearranging we get that

1 1
REV,(D") = REVA(D®) = 3=5REVAL (DU )7) < o=Rev, (D1 )

As required. O

Lemma 4.18. REv, (D) is non-decreasing in k.

Proof. Fix some k > t, and consider the mechanism M’ for k buyers that selects a set of
t buyers, and executes the mechanism M considered in Lemma 4.15 for ¢ buyers drawn
i.i.d. from D, only on these ¢ buyers, and completely ignores the rest. By independence
across buyers, M’ extracts exactly the same revenue as M, and sells with the same proba-
bility, i.e., REV ¢ (D¥) = REV A (D?) = REV,(D?). Therefore, REV,(D?) = REV (D) <
REV,(DF) as required. O

Lemma 4.19. Fiz a cutoff T. Let v < D™. Let D denote the distribution of vi|(v > T
for every buyer i. Then for every k <n and p € [0, 1].

X REV,(D")
REV) (Dk) = Prf|{i: vi > T} > k]

Proof. Consider the following n buyers mechanism M’. The mechanism M’ first receives
bids, and in the first step removes all bids that are at most 7, and remains with some
k' < n buyers. In the second step M’ executes the mechanism M from Lemma 4.15 for
k' buyers drawn ii.d. from D. For every buyer, the participation rule (value more than
7T) is monotone, and every mechanism from Lemma 4.15 has a monotone allocation rule,
therefore M’ has a monotone allocation rule, and thus is truthful. Also, in the second step
M’ always executes a mechanism that sells with ex-ante probability at most p, hence M’
also sells with ex-ante probability at most p.

Let A" = {i : v\ > T}. Denote by R’ the revenue of M’ where every v is drawn from
D, conditioned on the event |A’| > k. Conditioned on A’; the revenue of the mechanism
M/’ is by definition exactly that of M from Lemma 4.15 for |A’| buyers drawn i.i.d. from

D, which, by Lemma 4.16 equals REV, (ﬁ'“‘w). Therefore by law of total expectation,

R =FE [REVM/(V)

k< \A'@ —E [E [REVP (541) ‘A’,k < w] M > Rav, (D)

Where the inequality follows by monotonicity w.r.t. the number of buyers (Lemma 4.18).
Finally, observe that

R =K |:REVMI(V)

< 4] <« BB Revag(D) R 0
- - Prlk <|A Pr[k <|A'|] — Pr[k < |A]

The last inequality follows by that M’ sells with probability at most p. This completes
the proof. O
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4.2 Partition of the support.

Recall that for every buyer ¢ and item j, V;- < Dj, and that D = X e[, D;. Every item j
is assigned a cutoff 7;. If the value of an item is greater than its cutoff (i.e., v} > 7T;) then
it is said to be in the tail w.r.t. v*, and otherwise it is in the core w.r.t v*.

For a set of items A, let D4 be the distribution D conditioned on A being exactly
the set of items in the tail. Let p4 be the probability of A being exactly the set of items
in the tail, i.e., pa = HjeA Pr [v; > 7}] . HjQA Pr [v; < 7}] Let Dé (resp., D%) be the
distribution D4 restricted to just items in the core (resp., tail).

For every buyer i consider some A’ C [m], and let A = {A"};c,). Let A represent the
event that for every ¢ it holds that A" is exactly the set of items that are in the tail with
respect to buyer i’s valuation, i.e., for every item j € A’ it holds that v;'» > 7T;, and for every
j & A" it holds that v} < 7;. Denote by pa the probability of event A, i.e., p4 = ILpai,
and let DA be the distribution D™ conditioned on the event A, i.e., DA = xie[n]DAi.

The following lemma appeared previously and is included for completeness.

Lemma 4.20. [HN12] (Sub-domain stitching) Let £ = {A : Vi, A* C [m]} be all possible
A. Then
REV(D") < ) pa-REV(D?)
AeLl

Proof. Let M be the optimal mechanism for n i.i.d. buyers with values v drawn from D".
Then REVAM(D™) = > 4cp Pa - REVAY (DA). Taking the optimal mechanism for D* only
increases the right-most sum. O

5 Many Items: SRev with O(n -log™) Buyers

In this section we prove that for m > n, increasing the number of buyers by a factor of
O(log(m/n)) suffices to recover 99% of the optimal revenue by selling the items separately.

Theorem 5.1 (Theorem 1.2, case m > n). For any constant € > 0 there exists a constant
0 =9d(e) > 0 such that whenever m > 2n/4,

(1 —¢)REV(D") < SREV <Dnlloag">

This implies the following corollary for the special case of a single buyer:

Corollary 5.2 (Theorem 1.1). For any constant € > 0 there exists a constant §(e) > 0
such that whenever m > 2/4§:

(1 —e)REV(D) < SREV (D%)
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Proof outline

We first partition the domain of the valuations distribution into sub-domains (using the
Subdomain Stiching Lemma (Lemma 4.20)). We henceforth condition on the event (or
sub-domain) A that describes which items are in the tail or core for which buyer (we still
don’t know their values within the tail/core).

We now describe a “marginal mechanism lemma” (Lemma 5.3) that shows that the
optimal revenue from D4, is bounded by the sum of expected item values in the core in
event A, plus the revenue from selling to each buyer the items that are in her tail in event
A (conditioned on them being in the tail). This implies a core-tail decomposition lemma
(Lemma 5.4) that bounds the optimal revenue using two terms: the core and tail.

We bound the tail in Section 5.2. In Lemma 5.5 we show that the tail is bounded by the
revenue from selling items separately and using only prices that are higher than the cutoffs.
Since the probability that two buyers are interested in the same item at a high price is
extremely low, the supply constraint is hardly restricting. Therefore when we increase the
number of buyers, the revenue increases almost linearly. This is used in Lemma 5.6 that
shows that the tail is a tiny fraction of the revenue after multiplying the number of buyers
by a (large) constant.

We bound the core in Section 5.3. We separate the core into regions of lower values
and higher values. Lower values are upper bounded by a maximum of two cutoffs, and are
handled in two lemmata (5.7 and 5.8).

In Lemma 5.10 we bound the contribution from “higher” values (still in the core).
First, we observe that they lie in a bounded region: bounded from above since they are
in the core, and bounded from below since we handle low values separately. We use this
property to show that their expected value is at most O(log(m/n))-factor larger than the
revenue from selling each item separately at “higher” prices. Now, similarly to the tail,
since at high prices buyers are likely to want disjoint sets of items, the above revenue scales
almost linearly when increasing the number of buyers. Therefore, multiplying the number
of buyers by O(log(m/n)) suffices to extract revenue much larger than the contribution
from high values.

Finally, we complete the proof in Section 5.4 by combining the core-tail decomposition
with the above arguments.

5.1 Core-tail decomposition.

The following lemma may be seen as a generalization of Lemma 24 in [HN12] for n > 1 buy-
ers. In [HN12], the authors note that the proof of their Lemma 24 implies a generalization
for n > 1, by considering for each item the maximal value among all buyers’ values. This
method still allows to partition the support of D™ to only 2™ subsets (according to the set
of items that have a maximal value above the cutoff). We show a more fine-grained gen-
eralization that partitions the support of D™ to 2™ subsets, thereby leading to a tighter
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analysis.
Recall that for some A?, D{F‘V is the distribution D conditioned on A’ being exactly the
set of items in the tail, restricted only to the items in the tail (A").

Lemma 5.3. (Marginal Mechanism on Sub-Domain) For A as above,

Al + X rov (0f)

REV (DA) < E [max V
i€[n]

; v«Dn |i:jg Al
JE[m]

Proof. Let M be an optimal n buyer mechanism for buyers that are drawn from D4, i.e.,
REV 0 (DA) = Rev (D4). (1)

Let p’(-) be buyer i’s payment function in mechanism M, and let T;() be buyer i’s allo-
cation function for item j in mechanism M. Consider the following one buyer mechanism
M for buyer i, with valuation v¢ < DA’ For each £ # i sample (privately) v¢ < DAZ, and
execute M with the buyer i’s submitted bids and the samples v~ = {v* }ei- Truthfulness
of M? follows by that M is truthful. By independence across buyers we have that

REV,u(DA) = E [IE [pi(vi7v_i)

vt vt

VH - B [pW)]. (2)

By linearity of expectation and Equation (1) we have that:

S REV, (DY) = Z p'(v)| = Rev (D). (3)

i€n] 1€[n]

Fix some i € [n], and some A* C [m].

Consider the following single buyer mechanism M (A") for selling only items in A"
first (publicly) sample values vi. = {1) . je AZ according to the distribution DAZ. Then
solicit from the buyer values for the 1tems v = {U }jeai- Finally, feed mechanism M’
the valuation v = (v* i Al) Let 7r be the probability that M? allocates item j to the
buyer, and let p* be the buyer’s payment Allocate each item j € A” with probability 7r
and charge a payment of p* — ZJ cAi T V . Truthfulness of M(A?) follows by that M? is
truthful.

Conditioned on a fixed private sample v~ ¢ of mechanism M, the revenue of M(.A’)
the expected payment over the samples v*;, < Dé and buyer i’s private values v*, DAZ
for items in A°.

E|E [pivv ) - Y riiv ) vi| v = B [pm) = 3 i) vi,
V_A_z' VA’L jE.;\Z vie-DA JGAL
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where the equality follows by independence across items. Therefore, by taking expectation
. YA : ; i

over v '+ X g#DA , we get that the expected revenue of M(A?) from a buyer v? « D4

is

vl =

je.ji ]G.Al

where the last equality follows by independence across buyers. Therefore by linearity of
expectation and Equation (2) we get that

REVjan(DF ) = REVAu (DY) = E | D wi(v) V)

veDA | —
cA?

Summing over all 7 € [n], by Equation (3) we get that

S REV (D) = REV (D) - DI

i€[n] V<_D i€[n] je A

For each item j and any buyers valuation profile v it holds that  _, 773» (v) < 1. Therefore by
reorganizing the above and replacing the revenue of mechanism M (A") with the optimal
mechanism for the distribution Dﬁf‘l we get that

—I—ZREV'DT)

1€[n]

REV DA Z E max v
vDA |ijed

Jj€[m]
as required. O

The following core-tail decomposition upper bounds the optimal revenue from n buyers.
In contrast to the decomposition in [BILW14], our decomposition provides a tail that relates
to single buyer settings.

To simplify notation, once cutoffs 7; are fixed for every j, we use D,y to denote the
product distribution of the random variables {v; - I[v; > T;]}jcm), and Dcore to denote
the product distribution of the random variables {v; - [[v; < Tj]} e[m), Where v; <= D; for
every j.

Lemma 5.4. (Core-tail decomposition)

REV(D") < VAL(Dgops) + 1 Y pa- REV(DF)
AC[m]
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Proof. By Lemma 4.20 and Lemma 5.3 We immediately get:

} ZpAZ REV('DT> (4)

AeL  i€[n]

max U

REV(D™) < 3" [
v<—D" i g Al

AeL  je[m)]

Observe that by reordering of the right-most summations and independence across buyers,
we get that,

ZpAZREV('DT) Z Z DA - REVDT =n- Z DA - REVDT)

AeL  igln] i€[n] AC[m

Observe also that max; ;g 4i V;- = maxie[n]{vé -1 |:V; < 7}] }, therefore, by the law of

total expectation, the left-most summations in Equation (4) equals (after reordering)

3 B, [t 10 < T = @),

Cutoff setting. For every item j fix 7; to be so that Pry,. p, [v; > T;] = m~L.

5.2 Tail

The main lemma of this section is Lemma 5.6 which states that the contribution from the
tail is a tiny fraction of the revenue from SREV with n-C buyers where C' is some constant.
Lemma 5.5 shows (in the spirit of Proposition 1 in [BILW14]) that we can approximately
recover the tail of one buyer (3 AC[m] PA - REV(D4)) by selling items separately, only using
prices that are higher than the cutoffs. Recall that Dy, is the product distribution of
the random variables {v; -I[v; > T;|};c(), and therefore SREV(Draw) = > e REV(V; -
[[vj > Tj]).

Lemma 5.5.  yc(,, PA - REV(DZ) < 2- SREV(Drap)
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Proof. The following holds:

> paREV(DF) <) pa- |4 - SREV(DF) (Lemma 4.1)
A
=> pa-lA- > Rev(v,lv; > T) (definition of SREV)
JEA
Rev(v; - I[v; > T3])
= -|Al - e L 4.2
ZPA |4 Z Prlv, > 7] (Lemma 4.2)
jEA
_ZZ’ 7_] -REV(v; - I[v; > T;])
A jeEA J
:ZREV(Vj- [vi >T;])- Z\
, Fores Pr V] > ’T]
=SREV(Dra1) <2

Observe that the rightmost sum is the expected size of the set in the tail, conditioned
on j being in the tail, ie., 1432, . Prlvy > Ty] = 1+ 1= L (by definition of T) . The
result follows by the deﬁmtlon of DTAIL and SREV’s add1t1v1ty across items. O

We are now ready to show that SREV with n-C buyers (where C'is a constant) extracts
much more revenue than the contribution from the tail.

Lemma 5.6. Let 6 > 2n/m. Then

n- Y paREV(DZ) <4-6-SRev(D"?)
ACm]

Proof. By lemma 5.5: 3° , paAREV(DA) < 2-SREV(Dryy,) = 2> jemm REV(v;-I[v; > Ti]).
Also, as we consider the case where §/n > 2/m = 2-Pr[v; > T;], we can apply Lemma 4.5
to each j and get REV(v; - I[v; > T;]) < 25 -REV(D; p? ). Summing over all j completes
the proof. O

5.3 Core

For ease of exposition, let v} denote the random variable v} = max;¢ n]{vi- -1 [v < 7}]}
CORE)

where V;— < Dj for each i € [n]. In this section we upper bound the core VAL(D =

2jeim B [Vﬂ-
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Cutoff setting in the core. Fix some constant €1 < 1. For each item j, set ’7;-’ SO

that Pry. p, [v > 7;’} = L+, and set ’7'" = max{ - 7},7;’} In order to bound the
contribution from the core, for ‘each item we separate to “tiny values” (at most -7;), “low
values” (at most 7;), and “higher values” (above max{.- - T;, T/}).

In the following we bound the contribution of values that are at most ’7;-” , we provide
separate bounds for tiny values (Section 5.3.1) and low values (Section 5.3.2).

n- log

5.3.1 Tiny values in core

We show in Lemma 5.7 that “tiny values” contribute a tiny fraction of the revenue that is
achievable by increasing the number of buyers by a constant factor.

Lemma 5.7. Let 6 > 2n/m. Then for each item j
—T < 25-REvV(D "/6)
Proof. Observe that

—Ty=n-T;- Pr [vi>T] <n-Rev(v; -I[v;>T]).

7 .
Vj<—DJ

By Lemma 4.5 for any §/n > 2/m it holds that REV(V;- 'H[V§» >T]) <2 REV(D"/(S),
which completes the proof.
5.3.2 Low values in core

In Lemma 5.8 we show that the contribution of “lower values” to the core can be almost
completely covered by the revenue that is achievable by increasing the number of buyers
by a factor of O(log =2).

Lemma 5.8. Let § < e1. Then for each item j

T/ <(l—e )" Rev (D’.“‘l"g(%)/&)

J
Proof. Directly by applying Lemma 4.6 to the cutoff 7;-’ . O

Putting the last two lemmas together,

Corollary 5.9. Let 2n/m < 6 < min{1/2,e1}. Then for each item j

7 (e may (0 0)

J

Proof. Since 20 < 1, Lemma 5.8 always gives a weaker upper bound than Lemma 5.7. The
result follows by the definition of ’7;” and Lemmata 5.7 and 5.8. O
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5.3.3 High values in core

Lemma 5.10 shows that “higher values” in the core contribute a tiny fraction of the revenue
that is achievable by increasing the number of buyers by a factor of O(log 7).

Lemma 5.10. Let § < 2¢1. Then for each j

nloﬁ
E[vi-1[v: > T/]] gs.gl.REv@j ; >

Proof. First observe that since vj < 7;, computing the expectation gives

T// T
B[ 1w > 7)) = [ ety > ) 2 al g+ [ el > o) dy
J

T
=T/ Pr [V; >7;-"] +/ JPr [V;‘ > y] dy

1

7-,
< REV(V] -1 [V;k > 7;-”]) + / " pr [V;k >yl dy.

1!

To upper bound the left-most term, let 7* > ’7}” be the price for which 7* - Pr[vj > =
REV(V] -1 [V;‘ > 7}”] ), and let v <— D;. By union bound, we get that,
7 - Prv] > 77 Zw Prvi L[V < T;] > 7" <n-Rev(v-1[T] <v < Tj)).
i€[n]

To upper bound the right-most term, let = > 7;-” be the price for which
7 Prlv-1[T" <v<T]] =Rev(v -I[T{ <v<Tj])

observe that by union bound (recall that v} = maxie[n}{vé- i [v; < ’7}] b,

Ti Ti
/ Pr[v; >y]dy<n/ Priv-1[v <T;] > y]dy

1" 1

:n'/ﬁy'Pr[U'H[vg’m>y]dy
11 y

T;
§n-7r-Pr[v-]I[7}”<v§7}] >7T]/ 1aly

Since 7 > -T;, it holds that fT’.’ Lay < f dy = log (), we conclude that

n
m

3

E[V;-H[V; >7}//H <n- <1+log <g>) ‘REV(U-H['];” <v§7}])
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And also REV(v -1 |T}" <v < ’7;}) < REV(v -1 {v > 7;-”}) by single dimensional revenue

monotonicity.

Since T;" > 7/ it holds that Pr {fu > T/ } <Pr [v > T/ } = #é%. Therefore by applying

Lemma 4.5 with ¢’ = 2 - nlg—é% we obtain:

4’5 nlog% 4'5 nlog%
REV(v-I[v > T/"]) < L -REV(D-Z'E1 )g L -REV<D. s )

J nlog ™ J nlog ™ J

Where the last inequality follows from the fact that adding more buyers does not decrease
revenue. Combining the above we get that:

E[Vi-1[vi>T/']]<n- (1 + log (%)) ‘REV(v-1[v>T"])

4' nlog%
<2-n-log () lelm-REV<Dj ; )
n nog;

nlog%
:8'61'REV<D- 0 >

J

5.3.4 Total contribution from core

We are Tow ready to bound the contribution from the core. Let €5 be so that 1 4 g5 =
(1—e )L

Lemma 5.11. Let 2n/m < 6 < min{1/2,e1}. Then

n-log %

VAL(DGope) <(1+¢e2+8-¢1) - SREV <D 5 )

Proof. It holds that

VAL(Dfons) = D E[Vi] < Y T/ +E[v;-I[v]>T/]

J€lm] j€lm]
n-log %L n-log %
<> (1+52)-REv<Dj s >+8-61-REV<Dj 5 )
j€lm]
where the last inequality follows by corollary 5.9 and Lemma 5.10. The assertion now
n-l %
follows by observing that the last expression equals (1 + &2 4+ 8-¢1) - SREV <D 5 ) by
the definition of SREV. O
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5.4 Proof of Theorem 5.1

Proof of Theorem 5.1. The result follows by combining the core-tail decomposition lemma (5.4)
with Lemmas 5.11 and 5.6 for some constant § such that 2n/m < ¢ < min{1/2,¢; }:

REV(D") < VAL(Dfope) + 1+ Y pa- REV(DZ)
AC[m)]

n-log
§(1+ag+8-al+4-5)SREV<D 5 >

6 Matching Lower Bound for Many Items

In this section we prove that for a setting with m = Q(n), even with O (n -In %) buyers,
selling separately still may only be a tiny fraction of the optimal revenue with n buyers,
thus Theorem 5.1 is tight.

Theorem 6.1. Let m = Q(n). There exists a distribution D so that for every e > 0 there
exists some 6 > 0 so that

SREV(D*™" %) < e - REV(D").

Proof. Denote each buyer i’s value for item j is by v; The equal revenue distribution
(denoted by ER) on the support [1,M] is defined by ER(z) = Pryfv < z] = 1 — 1 for
z < M and Pr,[v < M] =1, so, Pr[v = M] = 37. Let ER = X ¢ ER, Le., vi < ER

for every i € [n],j € [m]. Note that E [v;] = fIM Ldr +1=1InM + 1, and Var(v}) <

1M %;dx + MWQ < 2M. For any price p € [1,M], the same revenue of 1 is obtained
(p-Prlv>p/=p-1—(1— %)) = 1). Therefore, combined with Corollary 4.17 we conclude
that
SREV(SR‘S'"'ln(%)) = m-REV (ER‘S'"'IH(%)) < d-m-n-n (%) ‘REV(ER) = §-m-n-In (%) .

Consider the mechanism that orders the buyers (arbitrarily), and offers each buyer in
her turn to purchase her favorite bundle of size ;- at price 7.

Fix a buyer i (for simplicity of presentation we henceforth omit i from v7). Let B be
the set of available items upon buyer i’s arrival. Note that B > m/2. Item j is said to be
“large” if v; > n. Let I; be the indicator r.v. that equals 1 when item j is large. This
occurs w.p. % Therefore, the expected number of large items is % Also, the probability

that there are at most ;- large items is, by Chernoff bounds:

< — ) < < —| < -3 < -
Pr[g IJ_4-n]_Pr[§ []_2n]_exp< 8'n>_exp< 16-n)

j€(Bl j€(Bl]
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Let B denote the event that > jeplj > 75, 1.e., there are more than 7 large items. Then
B occurs w.p. at least 1 —exp ( 16, n) Let C denote all subsets of B of size 7-. Then the
expected revenue contribution from buyer ¢ is at least:

E W'H[HSECZZV]'ETF] 2(1—6‘15%)'77-Pr HSGC:ZV]'ETI'
jeSs JjES

B ()

let L be the set of all the subsets of B that are of size more than 7-. For each A € L, let
pa be the probability that A is exactly the set of large items, and let A’ be a subset of A

of size 7= (say, the 7 items with the lowest index). By the law of total probability
Pr EISQB:ZVjZWB :ZPr EISQB:ZVjZWA - pA
jes AeL | jes
> Pr|> v;>w|A| pa (6)
AeL  |jear

A:| = Pr[ZjEA/ Uj Z

71]. The expectation of v; is E [v;|v; > n] = n- (frfw Ldx + 1) =n-(In % + 1), and therefore

Using the notation v; = v;|(v; > n), we have that Pr |:ZjeA’ v, >

the expectation of f- such items is 7 - (ln % + 1) . The variance of v; is

M 2
<Vj—n-<ln——|—1>> lvj >n

(z—n-MmM4+1)° (M=n-(InY 1))
= dx + i

</ In A1) :E—n (ln%+1))2dx+</M (ﬂf—n-(ln%+1))2daj>+M>
22 n-(In 2 41) z?

2. ERN S I Y Vi
n n-(ln%+1)

. <ln—> +2Mn
n

Therefore, the variance of the sum of 7> such items is at most 7 - n - (ln %)2 +2Mm.
By Chebychev,

m . (I M)
Z’U-SE' ln%—i-l <4 (3 n (lnn) +2Mm <4
78 n m . (1n M 2

JjeA’

Var(vj) = E

S

1




Combining with Equations (5) and (6), we get that for 7 = 2 (In % + 1), the contribution

of buyer ¢ is at least

(o () (1 (B o))

Now set M = m, and note that for some (universal) constant ¢, if m > ¢-n then the above
(that lower bounds the revenue contribution from buyer i) is at least {g - In 7. Hence
the revenue from the above mechanism is at least %z* - In ", while selling separately to

0 -n-In % buyers extracts at most 4 -n-m - In (%) , which completes the proof. O

7 Many Buyers: SRev with No Additional Buyers

In this section we show that adding more buyers is not required for a number of buyers n
that is sufficiently larger than the number of items m. Specifically, we prove the following
theorem:

Theorem 7.1 (Theorem 1.2, case n > m). For any constant € > 0 there exists a constant
d(e) > 0 such that whenever n > % :

(1 —¢)REV (D") < SREV (D")

7.0.1 Proof outline - a tale of three tails

We first partition the domain of the valuation distributions into sub-domains, using the
Subdomain Stiching Lemma (Lemma 4.20). In our analysis, we condition on the event (or
sub-domain) A that describes which items are in the tail or core for which buyer (we still
don’t know their values within the tail/core). For each event we define a bipartite graph
with buyer-nodes [n] and item-nodes [m], where an edge {i,j} between buyer i and item
j exists if and only if item j is in buyer ¢’s tail. Crucially, the revenue is separable across
connected components (because in different connected components, disjoint sets of buyers
are interested in disjoint sets of items).

We now establish a “marginal mechanism lemma” (Lemma 7.2) that shows that the
optimal revenue from D is bounded from above by the sum of expected item values in
the core in event A, plus the revenue from selling items in each connected component to
the buyers in that connected component (conditioned on them being in the tail).

For a connected component that contains only one item (i.e., the buyers in this con-
nected component have only this item in their tails), the lemma provides an even tighter
bound. Namely, we can restrict attention to mechanisms that sell the item to buyers in
the connected component with probability at most p, where p is the upper bound on the
ex-ante probability that the optimal mechanism (for event A) sells this item. Then, with
probability 1 — p we can resell the item to other buyers. Essentially, this means that we
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can use most buyers and some items to (almost) recover the contribution from the tail,
and then use the rest of the buyers and items to (almost) recover the contribution from the
core. Note that while we partition the buyers in advance, the partitioning of the items is
only done after seeing which items are bought by the first subset of buyers. Note also that
the mechanism of partitioning the buyers is for analysis purpose only: once we establish
that it achieves a good revenue by selling each item separately, we can only improve the
revenue by running Myerson’s optimal mechanism.

Since we consider a setting with many buyers, the expected number of buyers that have
a specific item in their tail (henceforth termed interested buyers) is concentrated. This
implies a core-tail decomposition lemma (Lemma 7.4) that bounds the optimal revenue
using four terms: one core, and three tails. The three tails are (1) the contribution from
selling item j whenever the number of interested buyers does not exceed the expected
number of interested buyers by much, (2) the contribution from selling item j whenever
the number of interested buyers does exceed the expected number of interested buyers by a
significant constant, and (3) the contribution from selling items in connected components
with at least two items.

We bound the three tails in Section 7.4.

In Lemma 7.6 we show that the first tail is almost completely recovered by the revenue
from selling items separately to all but a small fraction of the buyers, and restricting the
ex-ante probability of sale as described above. Note that the tail is not fully recovered,
but this is a sufficient guarantee due to the probability of sale restriction (see above). In
particular, the items can be resold to other buyers with sufficiently high probability.

In Lemma 7.7 we show that the second tail is a tiny fraction of the revenue from selling
items separately. This is done by arguing that the event where the number of interested
buyers significantly exceeds the expectation is extremely rare.

In Lemma 7.11 we show that the third tail is also a tiny fraction of the revenue from
selling items separately. This part is more involved, since we need to bound the expected
size of a connected component, as well as some of the higher moments. Here we use some
simple ideas from percolation theory. See Subsection 7.5 for details.

Finally, we conclude the proof in Section 7.6 by integrating the above arguments into
the core-tail decomposition.

7.1 The item-buyer bipartite graph

We adopt all the notation from Section 4.2, and introduce some more notation. For a single
dimensional distribution v <~ D and cutoff T, let D denote the distribution of vlv > T. Fix
an event A as described in Section 4.2. Consider the bipartite graph H 4 = ([n], [m], E[A])
over buyers and items. The set of edges is defined to be E[A] = {{i,j} : j € A'}, ie.,
for each item j in the tail of 1, (Vz > 7T;) there exists an edge {i,j}. For each node k, let
A[k] denote k’s neighbors in Hy, i.e., for an item j € [m], A[j] = {i : j € A*}, and for a
buyer i € [n], Ali] = A’. Note that H4 is a random graph where each edge {i,j} exists
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independently w.p. Pr |:V; > 7}} Let P be the partition of the graph H 4 to connected

components. For a connected component X € P4, let X,, = X N [n] be the nodes in X
associated with buyers, and similarly X,,, = X N [m] are the nodes in X associated with
items. For a connected component X € P4, let D% be the product distribution over the
buyers X,,, where each buyer ¢ has only values V;- for items j in A[i], and each such vé- is

drawn from the conditional distribution ﬁj, ie., D = x;e XHD? b,

7.2 Core-tail decomposition.

We introduce a new “marginal mechanism” lemma (Lemma 7.2) that is suitable for the
case n > m. Fix some A as in Section 4.2, and let M be an optimal mechanism w.r.t.
DA, ie.,

REVA(DA) = REV(DA).

Let m be the mechanism’s allocation function, and let 7; = >, Alj] Evepa [W;(V)] . Recall

that for a connected component X € PA X,, = X N[n] and similarly X,, = X N[m]. Also,
recall that D, is the distribution of the random variable v <= D; conditioned on v > T;.

Lemma 7.2. (Marginal Mechanism on Sub-Domain) Fix A, and let T be as above. Let
Ps be all the connected components X in P4 so that | X,,| > 2. Then

Rev(DA) < > (REVWJ (D‘AU ) +T;- (1 —7y) ) > Rev(DF)

j€[m)] Xepst

Le., the revenue from DA is bounded by the revenue from selling items separately to buyers
in the tail at 7; ex-ante probability of sale per item j, plus the contribution to the core - the
cutoff values times the ex-ante probability of being in the core (1 — ;) - plus the revenue
from connected components with more than one item.

Proof. Recall that mechanism M is so that REvV ¢ (DA) = REV(D#), and 7r§() is buyer ¢’s
allocation function for item j in mechanism M. Let p’(-) be buyer i’s payment function
in mechanism M. Recall that for a set S C [n] x [m], we use vg {v Hijes and
v_s = {Vi}ujgs- Let ' ={{i,j}:j € Ali}.

Consider the mechanism M 4 that allows buyer i to purchase only the items in .A[i], and
performs as follows: first the mechanism samples ¥ < D4, reports to each buyer i only the
values {V;}jg AJi), and solicits bids vg:. Then the mechanism simulates M with the bids
(v, v_a) = ({vgi}i, {V_gi}i), while refunding each buyer i by > i ALl W;(VA,V_A) VY
From each buyer ¢’s perspective, each other buyer ¢’s values and samples are drawn from
DA, Also, the report \7;'. Al is drawn from Dél. Therefore, buyer i’s expected payment
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for submitting vg: is:

Pu(vs)= E |P'(ver,V_gi)— > mi(vei,V_gi) - Vi|,
vepA JE Al

and each item j € Ali] is allocated to i w.p. E¢.pa |:7T;-(V 5i, V_ Sz)] Truthfulness of M 4
follows by that M is truthful. By independence across items and buyers, the revenue of

My is

Reva = & | T phvs| =R - B |3 Y 5o
veP? Liem) VEDE T jgAl)
Note that j ¢ A[i] implies that v% < 7; and mechanism M 4 sells each item j w.p. at most

7j, therefore

oM Aw Vi <> T B MW T-a-7) ()

v«DA

v i Al jelm]  igA[j] j€m]

Fix a connected component X € PA. Recall that the mechanism M 4 allows a buyer
i € X, to purchase only the items in A[i] C X,,. Consider the mechanism My that
sells only to buyers in X,, and allows each buyer i € X, to purchase only items from
Ali], by (privately) sampling ¥ < D4 and executing M4 with the bids of the buyers in
X,,, and with the samples {¥'};zx,. Then this mechanism’s revenue is REV (D) =
Evepa [Yiex, P4(Vsi)], and since connected components { X} form a partition {X,} over
the buyers, we get that

REVA, (DA) = Z REV Ay (DZI)“()’
XepA

Let Py be all the connected components X € P4 so that |X,,| = 1. For every X € P/,
M sells the single item j that is in X, to the buyers A[j], therefore

REVAMy (DF) = REV Ay (ﬁ;A[jH) < REvs, (b;A[j]» 7

Therefore,
ReV(DY) < 37 Revay (D) + > Reva (DF) + Y T+ (1-7)
XePp XepPst J€[m]
< Z <REV7—rj <IA)LA[j}|) +7T;-(1 -7y > Z REV( DT
J€[m] XePprst
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The first inequality is by Equation 7. The second inequality is by summing over all j € [m]
and not just items in PlA, and by upper bounding the revenue of Mx for X € P2A by the
optimal revenue for the same setting, i.e., REVq, (D%( ) < REV(D%( ). This completes the
proof U

Recall that given v < D;, we use ﬁj to denote the distribution of v|v > T;. The
following lemma upper bounds the revenue from & buyers with values that are conditioned
to be in the tail, with the revenue of more buyers from the original distribution (i.e.,
without conditioning on tail item values).

Lemma 7.3. For item j and cutoff Tj, let § = 2-Pry.p, [v > T;]. Then for any k <1/,

REV (Df) <4.-k- REV(DJI-/J)

Proof. Chaining Corollary 4.17, Lemma 4.2, and Lemma 4.5 gives

) A . . . 20k 1/6
REV (Df) < k-REV (Dj):% REV(’U(S Ilv > T;]) §4 5k p;EV(D )7

as required. O

We repeat the notation used in the following core-tail decomposition lemma. For a
single dimensional distribution v < D and cutoff T, let D denote the distribution of
v|[(v > T). Recall that every realization of v <— D" is in some event 4. Then A[j] is the
set of buyers that have item j is in their tail. X7 denotes the connected component that
contains item j in the graph defined in Section 7.1 (the event .4 will be understood from
the context). For a connected component X, we use X,, = XN[n] and X,,, = XN[m]. Also,

Ti =D e Ajj] Evepa [w;(v)] where 7 is the allocation function of an optimal mechanism
w.r.t. DA

Lemma 7.4. (Core-tail decomposition) For cutoffs T; so that Pry.p, [v > T;] > 1/(2n),
and a cutoff T*

ReV (D") < Z T; -E[1— 7] Core
J€[m]
+ 3 E[Revs, (D) 1141 < 7] Tail 1
J€lm]

+4- > Rev(D}) -E A} - L[lA}]] > 7] Tail 2
J€[m]

+4- > Rev (D)) -E || X5, - | x4 1] x5 = 2)] Tail 3
J€[m]
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Proof. Chaining Lemma 4.20 and Lemma 7.2 gives

REV (D") Z E [T; )]
[m]

I E Z REV;, ( DL.AU”>

FE

+E | > Rev(DY)
| XePst

For every j, Lemma 7.3 with k = |.A[j]|, combined with the assumption that 2 Pry. p, [v > Tj] >
1/n gives

~ | AlG B n
Rev (DY) <414 - Rev(D)). ®)
Also, by Lemma 4.1 it holds that REV(DZ) < |X,,| - | X,| - SREV(DZ), therefore
SREV(DY) = Y REV (DlAJH) > 4-JA[j]| - ReV(D])
JEXm JE€EXm
and after applying Inequality (8) to cases when |A[j]| < T* we get that

REV(D") < Y T;-E[l - 7]
j€lm]
+ 3 B [(Reve, (D11 1104011 < 771)]
J€[m]
+ Z [4-1AG]l - Rev(D}) - T[lA[]] > 7]
[m]

+E | D Xl Xl D 40| A[]| - Rev(D})

XePst JEXm
By definition j € X € Ps* actually says that ‘X,Jn‘ > 2. Also, clearly A[j] C X3 (j’s

neighbors are in j’s connected component), therefore the proof follows by linearity of
expectation. O

Cutoff setting. Fix some 0 < €1,¢€9,¢e3,e4 < 1. Throughout this section, for every item
J fix T; to be the value for which Pr,¢ p; v>T,] = %61 Clearly the expected number of
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buyers that have item j in their tail is é We set T* = M, i.e., we use €9 as a deviation

from this expected size. o

We will first sell items separately at high prices to a 1 — g4 fraction of the buyers. In
this case the expected number of buyers that have item j in their tail is 1‘% We will use
€3 as a deviation from this expected size.

Whenever an item j is not sold to on of the 1 — g4 fraction of the buyers, we will sell
the item to one of the remaining €4 buyers at price 7;. This will suffice to to almost fully
recover the contribution from the core.

7.3 Core.
Lemma 7.5. For every item j, T; - E[(1 — 7;)] < E[(1 —7;)] (1 — 6_54/51)_1 REV(D;*™)

Proof. Directly implied by Lemma 4.6. O

7.4 Tail.

The following lemma essentially combines Lemma 4.19 with a concentration bound, to show

that Tail 1 can be almost fully recovered by selling items separately to a 1 — g4 fraction of

the buyers. Let 5 = e5(e1,£2,£4,€3) be so that 1 +¢e5 = (1—83?12—53) . 1 It
1—e p( )

_ (1—e4)-c3
2-e1

is only important to note that e5 — 0 as 1 — 0.

Lemma 7.6. (Tail 1). Fix an item j. For k < (1:-—62)’
1
REV, (f)f) <(1+es)- REVp(D](-l_&L)'n)

Proof. By Lemma 4.18, adding more buyers does not decrease revenue, i.e.,
. . (1+e9)
REV, (Dj> <REV, | D; ™

Fix1—e=(1—¢€4) (1 —€3),and fix § =1 — 114__;2. We set § so that by decreasing a
1—ey

6 fraction of the buyers we remain with an amount that is under -
He(1-4) = 15—_167 and that ITlé — 2 Therefore, by Corollary 4.17

€1 1—e °

(1+e2) 1—e
Lo G2 1 L L
REV, <<Dj) ! ) < ;igj -REV, <Dj ! > .

, i.e., we have that
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Also, observe that

1 REV, (Dj(l_e“)'")
REV, (D 1 > < [ Lemma 4.19

! (1—e4) n]:v

) REV, (Df_a‘*)'")

Chernoff bounds

_(1764)'6%
l—e 2=

To prove the last inequality, recall the definition of € and observe that ‘{z : V;- > T;} is a

sum of (1 —g4) - n ii.d. indicators that equal 1 w.p. %51 Therefore its expectation is
W= ﬂ and
o l—e4)-(1—¢ _(-eq)ef
Pr [‘{z Vi > T < ( 4)&?1( 3)} <e T ZEr |
which completes the proof. O

The following lemma shows that the coefficient of SREV(D™) in Tail 2 tends to 0 as &1

2

tends to 0. Let eg = é - exp (—E—2>

8-€1
Lemma 7.7. (Tail 2) Fiz item j. E[|A[7]| - I[|Alj]| > T*]] < €6
Proof. By law of total expectation

B (AL TIAG) > T ZE@A |\|A ] Pr{lA]| =
=T

= 3 ke PrflA]| = KL

k=T*

To apply Chernoff bounds, observe that Pr[|A[j]| > k] = Pr[|A[j]| > = (1 +e1-k—1)], s0
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forézal-k—l,andu:é. We get

Pr{lAfj]| = p(1 +6)] < exp

<om (57)

The last inequality holds because g5 < 1 1mphes that 1+e2 > — —L__ therefore by rearranging
2

k > (11'152) > 51.(11_5?2) we get k— -k > . In total

2 P-4 =3 (exp( D) -ge(=(9)

Recall that Ezzl k-2k = z%. Let z = exp (—%). Then the above equals

(T*+ 17" =TT+ = (1T ;)1 (1+7T*(1—2)) <2-7* 27"+ In total we get

1AL 1AL > T <27 exp (- '(“52“1)) <t (- 3 )

8- e €1 8- €1

==k

O

7.5 The 3" tail (a non-trivial connected component)

In the following lemmas are goal is to show that the coefficient of SREV(D™) in Tail 3 tends
to 0 as as €1 tends to 0. This will be proved in Lemma 7.11. We will develop the proof in
steps. Recall that for a connected component X € PA, X,, = X N[n] and X,, = X N [m].
Lemma 7.8 upper bounds the term we wish to bound into two terms. Note that in both
terms, at a loss of a constant factor, we free ourself from the dependence on the number
of buyers that have at most one item in their tail (and are in j’s connected component).
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Lemma 7.8. For every A, let S C [n] denote the buyers i with at least two items in their
tail, i.e., A[i] > 2. For every item j, let I = ]I[‘Xﬂn‘ > 2], then

B[1x5] 12 1] < S e[+ [xins)* 1]+ 5 e [lx)] ]

Proof. For some S C [n], let Q = {Q* € 2™, |Q?| > 2}ies denote the event that Afi] = Q"
for every i € S (and |A[i]| < 1 for every i ¢ S). Note that conditioned on @, for every j, X3,
is fully determined — and hence, also I (defined above) — because buyers i with |A[i]] < 1
cannot change the connectivity of items. Therefore, for every item j, to upper bound

. 12 . 2 .
E UX%‘ : ‘X% f Q} Fix Q, and let S; = SNXY,

Q} it suffices to upper bound E UX%

i.e., S; are all buyers i that are in item j’s connected component and |A[i]| > 2. Observe
that conditioned on @, the set S; is determined. Also, let R; = E [|{i : Ali] = {j}}||Q].

Then X3, = S; U {i: A[i] = {j}} which implies that

B |1X0 Q] = 051+ 1141 = G112 [Q) = I8, + 21551 s + 72
And also
7y = Y B |T1A = 03] 140 < 1
€S
<EZ]P{ = G140 < 1

1 1 m—1
s ma (o)

IA
|

Also, |S; 2+ = lS L+ lg < % ‘Sj’z + 6% Taking expectation over ), we get that
€7 1

[l bl < x|l 4 (o ) < T+ ] e

As required. O

) . 3 .
Clearly, showing that E [(‘Xfﬂ‘ + ‘X% N SD ] is small implies that E HXﬂnH is small.

In Lemma 7.9 we first upper bound the latter as the proof is shorter and contains most of
the ideas to bound the former. For this, we use simple ideas from percolation theory for
bounding the size of a connected component in a random graph.
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Lemma 7.9. For every item j, E HX?,@H < 1_17n

n-e2
Proof. First observe that all edges in H 4 are i.i.d., therefore by symmetry across buyers
X3, ] .

Fix A and item j. Consider the graph H;‘j = ([n], [m], E[A] \ {{4,7} }ien)); i-e., the
graph H 4 with all edges {i,j} removed. Let Y* denote k’s connected component in in the
graph H;j. Then ‘Xﬂn‘ <1+ X eay) |Vil=1+ Dicp 1 € Aljl) - |V}%| because every
item k € Xi, has at least one i € A[j] that is connected to it without passing through

A

Observe that for every i € [n], the random set Y}, is independent of |A[j]| (because the
edges {i’, j} never appear in H ;’). Also, for every A and every k it holds that ;¥ C X% .

A[j]” 14 &, -RE[A[j]]], and since

there exists &, = E HXTZnH and by symmetry across items j there exists &, = E [

j. By law of total expectation w.r.t. A[j], Z,, <1+ Zie[n] E [E []I[z c A[j]] - |Y,fl|

Therefore in total &m < 1+ 2,3 e, E [E []I[z e Alj]]

E [JA[j]l] = é we get that

A~

. z
1

Similarly, fix A and buyer i. Consider the graph H;" = ([n], [m], EJA] \ {{3, 7} }jem]);
i.e., the graph H 4 with all edges {i, j} removed. Now redefine Y* to denote k’s connected
component in the graph H". Then |X7 | <3 kepm) LIk € Ali]]- |Y,%| because every item in
X, as at least one k € A[i] that is connected to it without passing through . By law of total

expectation Zn < 3 pcpn B [E [I[k € Ali]] - |YWI?LH ‘A[z]} , and observe that as before Y, is

Al -

independent of A[i], and Y,¥ C X therefore &, < &+ kem E [E [H[k‘ € Alt]
Zm - E[|A[i]]], and since E [|A[{]|] = ;7% we get that

m

Ty < Ty - s
n-e1

m

- Tm* .
and in total we conclude that z,, <1+ “’;—f <1+ %, ie.,

1

1 __m
n~£1

Ly <

O

The more technical Lemma 7.10 handles two new challenges compared to Lemma 7.9:
(i) counting also buyers in the connected component that have at least two items in their
tail, and (ii) the random variable is raised to the power of 3. Both challenges are mostly
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technical. The first is overcome by using the same proof technique as Lemma 7.9 to bound
the number of nodes in a connected component after removing buyers with at most one
item in their tail, and the second is overcome by standard Cauchy-Schwarz arguments.

Lemma 7.10. For every A, let S C [n] denote the buyers i with at least two items in their
tail, i.e., Ali] > 2. There exists a (universal) constant ¢ so that for every item j,

m
1+c ne?

1—c 2
n-ey

E[(|x5] + x40 58])°) <
: , 4
Proof. We will actually bound E [(‘Xﬂn‘ + ‘X,jl N SD .
Fix A and item j. For each A, let H 4 be the bipartite graph with nodes [n] and [m]
and the edges
U {{i.d}:5€ A}
it Af4]|>2
Le., the bipartite graph that contains an edge {i,j} for every j € A[i] such that |A[:]| > 2.
Define A’[k] to be the neighbors of node k in H 4. Let x[k] denote the number of nodes in
node k’s connected component in the graph H 4.
Let ’H;lj denote the graph H 4 after removing all edges connected to j, i.e., without the
edges {{4,7}}icpn)- Let y[k] denote the number of nodes in node k’s connected component

in 7-[;1] . Observe that by symmetry across items, it holds that for all items j there exists

T [(m[j])ﬂ and by symmetry across buyers, it holds that for all buyers i there exists

iy 2 E [(az[z])ﬂ . Observe that with this new notation our goal is now to bound Z,.

Observe that z[j] <1+ >, A[j] yli] because when upper bounding z[j]|, we count one for
7, and every node in j’s connected component is reachable via some neighbor 4, without
going through an edge that touches j, and hence is counted in y[i]. Therefore,

’
(2l = | 1+ D_ 16 € ATj]] - ]
=1+4- ZT[:]}H[Z' € A'[j]] - yli]
+6- 26% ]H[i,i’ e A1 - yli] - yli']
+4- Ze[ ]H[z',z",z'” e A'lj]] -yl - yli'] - yli"]

YD I e Aol yld] ol )

ii! i " € [n)
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Taking expectation and by law of total expectation w.r.t. A’[j], we get that

ol
o3 B RoRG vl

b1S m[R[Unr e ALyl o) ol

i, i €[n)

b <1440 Y B[ [lie Aol

i€[n]

ol

+ > E [E [ﬂ[ e AL oli) - yli) - ol - i

Z’,Z”,Z’”,Z””E[’n}

Al |

Observe that for every i the random variable y[i] is independent of A’[j], hence, also
independent of I[i" € A'[j]] for all i'. Also, for every i, y[i] < x[i] because i’s connected
component in 7-[;1] is a subset of i’s connected component in ‘H 4. Therefore, we get that

w140 3wl B [i [ A0

i€[n]

+6- Y E[ali-olf]] - [E [n[z',z" e Aj]

Al |
40> E[m[i]-:v[z”]-x[i"]]-E[E [H[z’,z”,z‘”eA’[j]]‘A’[j]”

T D1 R R e R R R I 1 | T

’i7’i/7’i”7’i/”6 [n}

Observe that by symmetry across buyers, we also have that for all buyers i there exists
ot =F [(z[i])?]. By Cauchy-Schwarz’s inequality:

E [z[i] - 2[i']] < \/E [([])?] - E[(«[i)?] = 2" < &,
Also, applying Cauchy-Schwarz’s inequality twice combined with Jensen’s inequality:

E [2i] - z[i] - 2[i"]] < \/E [([])? - (2 [i)?] - \/E [([i])?]

1/4

IN

(E ()] - ()] - [(x[ﬂ)ﬂ)

Iy,

IN
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And finally, by applying Cauchy-Schwarz’s inequality twice:

E [fi] - a[i'] - 2[i"] - 2[i"]] < \/E [(@fa] - 2 [i])?] - E [(2[i"] - 2[i"])?]

1/4

< (B @] & (@) £ [l & [el)))
= I,
Plugging into Inequality (9) we get:
. N I 17112 17113 a4
b <1+ (4B D] + 68 |41 + 48 [laTF] + & 40
<1415 3 E |4
Observe that applying the same argument as above, but replacing ”buyers” with
7items”, i.e., defining H ;" to be the graph H A after removing all th edges connected to
buyer i, defining A’[k] to be k’s neighbors in H ', and observing that x[i] < 1+37 ¢, I[j
A'[i]] - y[j], and applying the same argument as in Inequality 9 but using law of total ex-
pectation w.r.t. A'[i], etc., gives that
o <1415 am - E [ |AT]]"]
Therefore, in total we get that
N . It 4 /A
B <1415 <1+15.xm.E |Z4al D E[|AL][']
ILe.,
1415 E |41
1-15-E [0 - E |l40]]

Ty <

(10)

Therefore, it remains to bound E [[A’[j]]ﬂ and E [[A’[z‘”ﬂ. Fix item j, and let I[i] =
I[j € A[i]], I'[i] = I[3k # j : k € A[i]]. Observe that for all i, E[I[i]] = -1~ and E [I'[i] =

n-eq

m—1
1 (1 - L) < m_ With this notation, it holds that [A'[j]] = Y E[I[{] - T[i].

n-e1 — n-e1’
Observe that all the indicators are independent, therefore, when calculating E [\A’ [j]\4],

whenever indices are different we can take the product expectation, and whenever indices
equal we can use for every indicator I that I = I. Let k denote the number of indices that
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are different, then

Where the last inequality is by assuming % < 1. A simple calculation shows that
./4, - 4] < 9 . m
E “ [JH B n- 6%

Similarly, fix buyer i and redefine as follows: I[j] = I[j € A[i],I'[j] =I[Fk £ j : k €
Ali]. Observe that as before (summing over items instead of buyers), we get that
4

(A0 =& || X £ -1

JE€[m]
_m +Z4: 4\ [m m k
T n £ — k) \k n? - e?
4 2k
m 4\ 1 m
< —
“n-e? +;<k>k! <n-61>

4
m 1 4\ 1
< [ [— E _
T n-e <€1 + <k7> k")

7”L'€1 n-e

Plugging into Inequality 10 we get that
14135 2

22
n-ey

7 < - @
Tm =1 1915 1y
TL'El

As required. O
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. 12 .
We are now ready to bound | “Xﬂn‘ . ‘Xﬂl H[‘Xﬂn‘ > 2]} . Let ez = e7(m,n,e1) be so

313
o
A

that for the universal constant ¢ from Lemma 7.10, e7 = %—i—

=

Lemma 7.11. (Tail 3) For every j:

B (1% |07 1|5 2 21] < e

Proof. First observe that trivially ‘an‘ > 1 for all A (because j is in its own connected

component). By Lemma 7.9 we have that E HXTJTLH < 1_1. Furthermore Pr[‘Xﬂﬁ‘ =1] =

1-Pr[Fien]:jke Al >1- #, because Pr[3i € [n] : j, k € Ali]] < 32,cp ﬁ =
1

1
n-e?”
Therefore,

o] = E[|X%] - 1G] = 1] +E[|X%] - 1] X3.] > 2]

=Pr[| X7, | = 1]+ E[|X2,| - 1[| XZ,| > 2]]
1

n -

>1-—

S+ E 1] 2 2]
1

Which implies that

. . 1 e
B[1X0] WX 22 < S+ e
1

Similarly, by Lemma 7.10 (recall that for every A, S C [n] denotes the buyers i with
Ali] > 2).

' ' 3 1+C'n%§
B [(1Xh] + |xin )] <

. . 3 .
and <‘X¥n‘ + ‘Xﬂl N SD is also trivially at least 1. Also, observe that ‘Xﬂl N S‘ > 1 implies
‘Xﬂn‘ > 1, and ‘Xj ‘ = 1 implies ‘Xﬂl N S‘ = 0. In words - ‘Xﬂn‘ + ‘Xﬁ N S‘ is more than
one if and only if there exists a buyer with item j and another item in her tail, i.e.,
Pr[‘an‘ + ‘Xﬂl N S‘ =1]= Pr[‘X,Jn‘ =1]>1- %51 Therefore, together with Lemma 7.10
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we conclude that for the Lemma’s constant c,

1+c.n7-7;2 i i 3
ot > E [(| X5 + X0 5])7]
l1—c- nee?

= [(|X4] + X3 0 8|)° 1 X5, | + x50 8] = 1]
+E [(|X5] + X3 08" 10(| X5 + X0 5))* > 2]
=Pr[| X/, |+ |X)nS|=1+E [(|Xgn| +|xinS) 1(|X5, + | X5 ns))’ > 2]}

>1-

B [(1%5]+ [xEn s 1] + |60 s)) 2 2],
n-&y

which implies that

E (|5 + x5 08)* (X0 + x40 8)* > 2] <

Combined with Lemma 7.8, we conclude that

. - . 3 (1 2c- s 1 1 nee
eflal- bl il 20 < 2 (g k4 g (e 2 )

€1

As required. O

7.6 Proof of Theorem 7.1

proof of Theorem 7.1. Combine the core-tail decomposition (Lemma 7.4) with Lemmas 7.5,
Lemma 7.6 with p = 7;, Lemma 7.7, and Lemma 7.11 to get:

Rev (D) < (1-e7=/%) " - 37 E[(1 - 7;)] - Rev(D5")
J€[m]

+(1+es)- Y E [REVﬁj(D](-l_M)'n)
j€[m]

+4-g6- Z REV (D})

JEm|

+4.c7- > Rev(D})

JE€m]
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Consider a seller that sells the items separately. Each item j is first auctioned to
(1 — e4) - n buyers using an optimal mechanism with restricted ex-ante probability of sale
of ;. Whenever the mechanism does not allocate the item, the seller proceeds and sells
the item to the remaining ¢4 - n buyers optimally. Clearly, the revenue of the suggested
mechanism is at least

1—e4)- . _
REVz, (Dj(. &) ") + ReV(D;*™) - (1 — 7))

(it is not exactly this, as the mechanism that sells to (1 — &4) - n buyer might sell with
ex-ante probability that is lower than 7, in which case the suggested mechanism will make
even more than the above.

The above mechanism, by definition, does not make more than REV(D]’-‘) revenue,
hence,

-1
REV (D") < <max{(1 - e—m/ﬂ J(L4es)+4- (6 —|—57)> 3" Rev(D)
jelm]

As required. O

8 Single Buyer: max{SRev, BRev} with a Constant Number
of Buyers

In this section we show that the better of selling separately and selling the grand bundle
to a constant number of buyers extracts 99% of the optimal revenue. Specifically we prove
that:

Theorem 8.1. (Theorem 1.3) For any constant € > 0 there exists a constant §(g) > 0
such that:

REV(D) < (1+ &) max{SREV(D?), BREV(D'/%)}

Proof outline

We use the same core-tail decomposition as in Section 5, albeit we set the cutoffs differently
for the remaining analysis. We bound the tail in Section 8.1, in a manner similar to
Section 5.2, showing in Lemma 8.2 that the tail is a tiny fraction of the revenue from
selling items separately to a constant number of buyers. Due to the new cutoffs the analysis
slightly different.

We bound the core in Section 8.2. An optimistic approach would attempt to use the
same cutoffs as in Section 5, and hope that as in [BILW14], the variance of the sum of values
in the core is bounded by ¢ - SREV(D)? for some constant c. Unfortunately, their analysis
relies on the cutoffs having the same value. When items are non-identically distributed,
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this is not the case for the cutoffs from Section 5 which have the same quantile. Luckily,
this tension is manageable by the following intuition: set the same cutoff for all items, and
see which items H exceed the cutoff with constant probability. Increase the cutoff until
the number of such items |H| is a constant. By independence, a buyer also has high values
for all items in H with constant probability, hence, a good bundle price for the remaining
items, plus a good bundle price for items in H, is a good bundle price for all items! This
intuition is made formal in two lemmata (8.3 and 8.4).

Finally, we complete the proof in Section 8.3 by combining the core-tail decomposition
with the above arguments.

Cutoff setting. Fix some ¢g,e1 < 1. For each item j let ¢; be so that Pr[v; > ¢;] = €1,
and set 7; = max{eg - SREV(D),c;}. We call the set of items for which the cutoff equals

€0 - SREV(D) the set of “low items” L = {j : 7; = €0 - SREV(D)}, and the remaining set
H=1{j:T; =cj >eSREV(D)} we call the set of “high items”.
8.1 Tail

The following lemma is the analog of Lemma 5.6, and similarly it shows that SREV with
a constant number of buyers can extract much more revenue than the tail (the differences
are due to the different cutoffs).

Lemma 8.2. 3, paREV(DZ) < 4(1 + 5 ')ey - SREV(DY/ (1)),

Proof. By repeating the first part of the proof of lemma 5.5 we get:

ZpAREV'DT ZREVVJ v; > T;]) ZI PrVJ>T]
[m] A:A3j

As in proposition 1 in [BILW14], we observe that the rightmost sum is the expected
size of the set in the tail, conditioned on j being in the tail, ie., 1+ 37, Prlvy > Tyl
For every item j, by definition of 7; and by Lemma 4.3, it holds that Pr vi >T;] <

Prv; > eg- SREV(D)] < %. Therefore, 1+ 37 Prlvy > Ti] < 1+ gy . Hence,

S A pAREV(DA) < (1+e51)SREV(Dran). By definition of 7, it holds that Pr[v; > 7;] <

1. Therefore by applylng Lemma 4.5 with § = 2¢; for every j, we get that: >, p AREV(DA)
(14+e5t) 4-e1 > jepm] REV(Dl/(2€1)) as required. O
8.2 Core

In this section we bound the contribution from the core. As previously mentioned, we
separate all items [m] to low items L and high items H. For low items, we consider two
cases. (1) The contribution of low items to the core is bounded by a tiny fraction of SREV.
In this case SREV with a constant number of bidders almost fully recovers the contribution
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from the core, as shown in Lemma 8.3. (2) Otherwise, a concentration bound shows that
selling all low items in a bundle can recover almost their entire contribution to the core
with a constant probability. In this case BREV with a constant number of buyers almost
fully recovers the contribution from the core, as shown in Lemma 8.4. To separate the
cases, fix some €9 > 0. Also, let 4 = e4(¢1,0) be so that 1 +e4 = (1 — 6_51/5)_1. Note
that e4 is increasing in §.

Lemma 8.3. If it holds that:

E_ v Ilv; <Tjll < &2 SREV(D), (11)
jEij J

then for any constant § > 0 it holds that VAL(Dcorg) < (1 + €2 +€4) SREV (D1/5) .

Proof. Given Inequality (11), it remains to bound .y Ev;«p, [v; - I[v; < T;]]. Applying

Lemma 4.6 gives (1—6_51/5)_1REV(DJ1»/6) > T; > Ev,ep, [vj - I[v; < T;]] . Recall that DY

denotes D restricted to the items in set H. Summing over all j € H we get that

(1+e0)SRuv (D) > (1 4ep)SRev (D)) = 3 E lvy-I<Tl (12
jeH i T

Combining inequalities (11) and (12) completes the proof. O

The following lemma shows that when the contribution of low items to the core is
significant, then selling all items in a bundle to a constant number of buyers almost fully
recovers all the contribution from the core. Let e5 = e5(ep,€1,€2,0) be so that 1 +¢e5 =

_ -1 -1
(1 — exp (—E&El'ao) 1/25)) . (1 — @) . Note that €5 can be made very small by
maintaining § € g1 € g9 K 6% < 1.

Lemma 8.4. If it holds that:

ED [Vj -1 [Vj < 7;]] > €9 - SREV(D) (13)
jer Vi i

then for any 0 < § <1,

VAL(Dcors) < (1 + e5)BREV <Dl/5)

Proof. Recall that for a low item j, 7; = ¢ - SREV(D). For simplicity, let R; = REV(v; -
Ilv; <Tj]). By lemma 4.4,

Va(v, -1y, < T5)) € (212 — 1) - B2 < 25SRev(D) - B,
7
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By independence across items, and as } ., Rj < > ;) REV(D;) < SREV(D) we get that:

Zvj vy <75 ZVar (vj-I[v; <T;]) <2¢0SREV(D) ZRj < 26gSREV(D)?
jEL jeL jEL
(14)

By Chebyshev’s inequality, for any €3 > 0:

Pr Zv] i <T]<(1-e3)E ZVJ v; <7T; <

Var (325e,v5 - 11v; < 7))

2
jeL JeL 5% ‘E [ZjeL Vi H[Vj < 73]}
2¢0SREV(D)?
e2e3 - SREV(D)?
280
15
~22 (15)

Where the second inequality follows by applying Inequality (13) to the denominator and
Inequality (14) to the numerator.

Set Pr, = (1 —e3)E [ZjELVj Ilv; <7T;l|, and set Py = > .y T;. For ease of ex-

position, set 3 = 4;—20. Since v; > v; - I[v; < T;] for every j, Inequality (15) implies
2
that Pr [Z]eL v > PL] > 1. and by definition of high items Pr>icnvi > > ienTil =

[Licn Prlv; > 7] = 51 1 Therefore the probability that the sum of all item values exceeds
Pr, + Py is at least:

1
Pr ZV]>PL+PH > Pr ZV]>PL,ZVJ>PH >§ E‘Hl
J jEL jeH

where the last inequality follows by independence across items. To bound |H|, observe

that SREV(D) > 3 ;e -Tj > €1+ ) ey €0 SREV(D) since we can sell every high item

at price 7; (and every low item at 0). Dividing by SREV(D) and rearranging implies that
—1

|H| < (g0 -€1)~!. Since &1 < 1 we get that €|1H‘ > 5§€1'€°) . Observe that P; + Py >

(1= ) E | e vi - 1lv; < T5].

Apply Lemma 4.6 to the random variable of the sum jeim) Vi» with the cutoff 7, =
(1—e3)E [Zje[m} vi-I[v; < 7;]], and the probability a = %-5&51'50)71 of the sum to exceed
Ta- We get that:

BREV <D1/5> > (1 —exp(—a/d)) - Ta,

as required. O
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8.3 Proof of Theorem 8.1

Proof of Theorem 8.1. Combining the core-tail decomposition lemma (Lemma 5.4) for n =
1 with Lemma 8.2 gives:

REV(D) < VAL(Dcogs) 4 4(1 4 5 ey - SREV(DY(20)) (16)
Combining lemmas 8.3 and 8.4 we get that:

VAL(Doors) = 1 + max{ey + 4,5} - max{SREV <D1/5> ,BREV <D1/5>}. (17)

Adding buyers does not decrease revenue, therefore by combining Inequalities (16) and (17),
and taking J < 2e; we get:

REV(D) < (14 4(1 + &5 ")er + max{es + e4,¢5}) - max{SREV <D1/5) ,BREV (Dl/5) .

Finally, we can set 4(1+¢; " )e1 +max{ea+¢e4,65} < € for a sufficiently small (and constant)
6> 0. O

9 Single Buyer, Regular distributions: BvcGg with a constant
number of buyers

In this section we prove the following theorem, which immediately implies Theorem 1.5.
Let BVCG be the mechanism that sells the grand bundle via the VCG mechanism.

Theorem 9.1. For any constant € > 0, there exists a constant § > 0 such that:
REV(D) < (14 ¢)REVRy e (DY?).

Single dimensional regular distributions are appealing since they have a “well behaved
tail” property that is exploited mostly by prior-independent mechanisms. Unfortunately,
even when every v; < Dj is regular, the grand bundle value Zj v; need not be regular,
except for very specific cases. We show that, as one would hope, even though zj v, is
not distributed regularly by itself, the underlying regularity of each v; would still maintain
some “well behaved” properties.

We use the same core-tail decomposition as in Section 5, albeit we set the cutoffs
differently for the remaining analysis. We bound the tail in Section 9.1, in a manner
similar to Section 5.2, showing in Lemma 9.2 that the tail is bounded by a constant factor
times the revenue from selling items separately (to a single buyer) using tail prices, and in
Lemma 9.3 we use the regularity condition to show that this revenue is a tiny fraction of
the contribution from the core.

We bound the core in Section 9.2. We show in Lemma 9.4 that a concentration bound
suggests a bundle price that almost matches the contribution from the core, and sells with
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constant probability. Hence, we can show that two out of a constant number of buyers will
be willing to buy at this bundle price with probability almost 1 (i.e., the second highest
value - the revenue of VCG, is higher than the bundle price).

Finally, we complete the proof in Section 9.3 by combining the core-tail decomposition
with the above arguments.

Cutoff setting. Fix some ¢g,e1 < 1. For each item j let ¢; be so that Pr[v; > ¢;] = €1.
Fix some 7 > 0 to be decided later. Recall that Dr,y, denotes the product distribution
of the random variables {v; - [[v; > Tj]}jem)- If we set T; = max{T,c;} for every item
7, then SREV(DTAIL) decreases as 7 increases. Therefore, there exists some T so that
T =¢e0-SREV (DTAIL). This is the value we choose for 7. Call the set of items for which

the cutoff is 7 the set of “low items” L = {j : 7; = T}, and call the remaining set
H={j:T; =cj > T} the set of “high items”.
9.1 Tail

Lemma 9.2 is an analog of Lemma 5.5 which relates the contribution from the tail to
SREV(Dr,y,). In this section we use SREvonly for the purpose of analysis (our final
mechanism only sells the grand bundle).

Proof. Repeating the proof of lemma 5.5 gives:

ZpAREV'DT ZREVVJ [vi > T;]) ZI PrVJ>T]
m] A:A3j

Again, we observe that the rightmost sum is the expected size of the set in the tail, condi-
tioned on j being in the tail, i.e., 1 —1—216# Pr[vy > T;]. Then since T; > g - SREV(DTAIL),
Z Pr [Vj > 7;] = Z Pr [Vj -1 [Vj > 7;] > €0 SREV('DTAIL)]

REV(v; - I[v; > Tj])

:Zpr vj-I[v; > T;] > REV(v; - I[v; > Tj]) -

REV(v; - I[v; > Tj])
<
- Z g0 - SREV (D)

_ 1

€0

Where the inequality follows by applying Lemma 4.3 to every v; - I[v; > T;]. O
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In the following lemma we show that the contribution from the core is much larger than
the contribution from the tail. Thus it will be sufficient to approximate the contribution
from the core (which we do in Section 9.2). This step uses the regularity assumption. For
case of exposition, for k that satisfies £1 - 65 < 1, let K = K(g1,e2,k) = k- (1 —e2) - (1 —
€1 -EQ_k). Note that K is almost & when 1 < 615 < 1.

Lemma 9.3. VAL(Dcors) > K - SREV(Dray,)

Proof. Recall that VAL(Dcorg) = EAQ[ pa-VAL(DS) = 3 4 Clm] PA djca %.
By Lemma 4.12, for every j we have that Elv;-Ilv; <Tj]] > K -REV(v; -I[v; > T;]),
therefore:

VAL(Dcors) = K- 3 pa Y Rev( V] VJT>] 7
AC[m] ]EA

Finally, observe that

REV(v; - I[v; > Tj]) ' : ZA;jeApA B
A%:}m% Prlv, < 7] Z} REV(v; - I[v; > Tj]) - Pl < 7] - SREV(Drap,)
- J

because ZA:]-EA pa is the total probability of j being in the core, i.e., exactly Pr[v; < Tj].
O

9.2 Core

As in Section 8, we separate items to high and low items, and reason about the concentra-
tion of the sum of low items. Unlike Section 8, we show that the contribution of low items
to the core is always sufficiently large.

The proof of Lemma 9.4 is as follows: a concentration bound shows that selling all low
items in a bundle can recover almost their entire contribution to the core with a constant
probability. Therefore, by adding a constant number of buyers, at least two would be
willing to buy at the suggested bundle price, with probability almost 1, and VCG for the
bundle of all items extracts at least as much revenue.

_ -2
Let g4 = e4(e0,€1,€2,0) be so that 144 = (1 — exp (—E&EI'EO) 1/25)) (11— \/%)_1.
Note that 4 can be made very small by maintaining § < g, &1 < 1.

Lemma 9.4. For any constant 1 > § > 0 it holds that
VAL(Dcore) < (1 + e2)REVRy G (DY)

Proof. Let Pr, = EjeL Ev,+D, [vj-I[v; <T;]], and Py = ZJEH Ev,+D, vj-I[v; < T;ll.
We will show a lower bound on BREV by analyzing the auction that sells the grand bundle
for price (1 — e3)(Pr, + Pg). In particular, we will show that with constant probability,
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each buyer has value at least Py for the high items, and at least P;, — e3(Pr + Pp) for
the low items. Therefore, for a sufficiently large but constant number of buyers, we expect
that at least one of them will buy the grand bundle for price (1 — e3)(Pr + Pg).

For every low item j € L, recall that 7; = ¢o - SREV(DTAIL). The variance on its core
values is therefore bounded by:

Var(v - I[v; <)< E [Vi-Ilv; < Tl < E_[v;-L[v; < T 7
Vv (—D] Vv (—D
= E_[vj - Ilv; <Tjlleo- SREV(DTAIL)
Vj(-Dj
By independence across items we get that:
JjEL jeL
By Lemma 4.12 applied to every item j we have that
Pr+ Py = Z E [v;-I[v; <T;]] > K- SREV(Drau)-
jE[ ] \Z] <—Dj
Combining the last two inequalities, we have that
ZVar (v; I[v; <T;]) <eo- K=t PL(Py + Pg). (19)

By Chebyshev’s inequality and Inequality (19),

Pr vj-1[v; < Pp—e3(PL+ P <
oty ST Pl )| S
jeL
€0 - PL(PL + PH)
K- €§(PL + PH)2
€0
< 20
2. K (20)
For ease of exposition, set e3 = v/2¢¢. Since v; > v;-I[v; < Tj] for every j, Inequality (20)
implies that
Pr | v; > Py —e3(PL+ Pu) SRR (21)
g - 2K T2

JjeL

o4



Also, by the definition of high items:
Pr[> v > Pyl > Prf> vy > S T = [[ Prlv; > Tl = S 0T ()

JjeEH jeEH JjeEH jeEH
To show the last inequality, suppose we sell every high item at the price 7; (and every low
item at 0), then

SREV DTAIL Z £l > IS Z IS SREV(DTAIL) (23)
JjeH jEH

Dividing by SREV (DTAIL) and rearranging implies that |H| < (g - &)~}
Therefore the probability that the sum of all item values exceeds (1 — e3)(Pr + Pg) is
at least:

Zvj 1—63 (PL—I-PH) >Pr ZVj>PL—€3(PL+PH),ZVj>PH
m] | jeL jeH

=Pr Zvj > Pr, —e3(Pr + Pg) | Pr Zvj > Py
jeL jeH

>3-,
where the equality follows by independence across items, and the last inequality follows
by Inequalities (21) and (22). Consider the random variable of the sum v = ./, v;,
the cutoff 7o, = (1 — €3)(Pr + Pr) = (1 — £3) VAL(Dcors ), and the probability of the sum
. (6&81'60)71). By Lemma 4.7 get that: REVRycg(D¥?) >
- VAL (DCORE), as required. O

=

to exceed the cutoff o =
(1 — exp(—20/8))2 - (1 — e

~— I\

9.3 Proof of Theorem 9.1
Proof of Theorem 9.1. Combining Lemma 9.3 with Lemma 9.2 we get that

K
VAL (DCORE) >

Ty > paREV(DF) (24)

AC[m]

Combining the core-tail decomposition lemma (Lemma 5.4), Inequality (24), and Lemma 9.4
gives:

1+651

14 -1
REV(D) < (1 + ) VAL(Dcoge) < <1 + %) (1+e4)REVRyCG(DY).

(25)

Note that we can increase K independently of g¢’s value, which completes the proof. [
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