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Abstract

We derive exact optimal solutions for the problem of optimizing revenue in single-bidder multi-item
auctions for uniform i.i.d. valuations. We give optimal auctions of up to 6 items; previous results were only
known for up to three items. To do so, we develop a general duality framework for the general problem of
maximizing revenue in many-bidders multi-item additive Bayesian auctions with continuous probability
valuation distributions. The framework extends linear programming duality and complementarity to
constraints with partial derivatives. The dual system reveals the geometric nature of the problem and
highlights its connection with the theory of bipartite graph matchings. The duality framework is used
not only for proving optimality, but perhaps more importantly, for deriving the optimal auction; as a
result, the optimal auction is defined by natural geometric constraints.

1 Introduction

The problem of maximizing revenue in multi-dimensional Bayesian auctions is one of the most promi-
nent ones within the area of Mechanism Design. Intuitively, the problem deals with settings where an
auctioneer wants to sell a number of items to some potential buyers (bidders). Each bidder has a value
for every item; this is the maximum price that she is willing to pay to get the item and it is a private
value. The value of a set of items is simply the sum of the values of the items in the set. The bidders
submit their values and the auctioneer must decide, perhaps with randomization, what items to allocate
to each player and how much to charge each one of them for this transaction. The seller has some prior
(incomplete) knowledge about how much each player values the items, captured by a (joint) probability
distribution over the space of all possible valuations. However, since the actual values are private and
only known to the bidders themselves, assuming standard selfish game-theoretic behavior, the players
would lie and submit false bids if this is to increase their personal gain. The goal is to design auction pro-
tocols that maximize the total expected revenue of the seller, by also ensuring the truthful participation
of the bidders.

For the single-dimensional case where only one item is to be auctioned among the players, the sem-
inal work of [Myerson| [1981] has completely settled the problem. His solution is simple and elegant:
the optimal auction is deterministic and easy to describe by a “virtual valuations” transformation and
reduction to a social welfare maximization problem which can be solved using the well-studied VCG
auction [Nisan, [2007; Hartline and Karlin| 2007].

Unfortunately, for the many-items setting with additive valuations these elegant properties and results
do not hold in general. It is very likely that there is no simple closed-form description of optimal revenue
auctions, especially in a unified way similar to Myerson’s solution. However, for the most commonly
studied probability distributions, such as the uniform and normal distribution, we would like to have
such clear, analytic descriptions of the optimal auctions, or at least algorithms—preferably simple and
intuitive—that compute optimal auctions (their allocation and payment functions). But we are far from
such a goal. There exists no interesting continuous probability distribution for which we know the optimal
auction for more than three items. The difficulty of the problem is illustrated by the lack of general results
for the canonical case of uniform i.i.d. valuations in the unit interval [0, 1] even for a single bidder. In this
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work, we resolve this case for up to 6 items. We give an exact, analytic and intuitive way of computing
the optimal prices; the solution is in closed-form, but involves roots of polynomials of degree equal to
the number of items. We do so by providing a general framework for proving optimality of auctions for
arbitrary continuous distributions, which we expect to be essential for generalizing Myerson’s solution
to many-items settings.

It is known that even in the simple case of one bidder, randomized auctions can perform strictly
better than deterministic ones [Hart and Reny} |2012} [Hart and Nisan| 2013; Manelli and Vincent|, 2006}
Pycial [2006} [Daskalakis et al., 2013b]. Manelli and Vincent| [2006] provide some sufficient conditions
for deterministic auctions to be optimal for the single-buyer setting, but these are quite involved, in the
form of functional inequalities that incorporate abstract partitions of the valuation space, and admittedly
difficult to interpret. They were able to instantiate them though for the case of two and three uniform
i.i.d. distributions and completely determine an optimal deterministic auction. For more items, it is
not known whether the optimal auction is a deterministic one. Our results here, show that the optimal
auction for up to 6 items is indeed deterministic. We conjecture that this is true for any number of
items and a single bidder; we also conjecture that for more than one bidder the optimal auction is not
deterministic. |Hart and Nisan| [2012] have provided a very simple sufficient condition in the case of two-
item i.i.d. distributions for the deterministic full-bundle auction to be optimal and deploy it to show that
this is the case for the equal-revenue distribution. Finally, [Daskalakis et al.| [2013b] were also recently
able to deal with the special case of two items and independent (not necessarily identical) exponential
distributions and give an exact solution, which in this case is randomized. Essentially this is all that
was known up to now regarding exact, closed-form descriptions of the optimal auctions with continuous
probability distributions, and all are restricted to settings for up to two and three items.

Given the difficulty of determining optimal auctions, Hart and Nisan| [2012] study the performance
of the two most straightforward deterministic mechanisms for the single-buyer setting, the one that sells
all items in a full bundle and the one that sells each item independently. They provide solid and elegant
approximation ratio guarantees (logarithmic with respect to the number of items) that hold universally
for all product (independent) distributions, without even assuming standard regularity conditions (like
e.g. in [Chawla et all) [2007; Manelli and Vincent, 2006} [Myersonl, [1981]). |[Li and Yao| [2013] further
improved their results, by making them tight up to constants.

The difficulty of providing ezact optimal solutions for multi-item settings is further supported by a
recent computational hardness result by Daskalakis et al.|[2013a], where it is shown that even for a single
buyer and two independent (but not identical) valuations with finite support of size 2, it is #P-hard
to compute exactly the allocation function of an optimal auction. However this does not exclude the
possibility of efficiently computing approximate solutions. In fact, |Cai and Huang] [2013] and Daskalakis
and Weinberg| [2012] have presented PTAS (polynomial-time approximation schemes) for i.i.d. settings.

Recently, at the time of developing this paper, Daskalakis, Deckelbaum, and Tzamos|[2013b] published
a duality approach to the problem, inspired by optimal transport theory. With its use, they gave optimal
mechanisms for two-item settings for exponential distributions. Their approach assumes independent
distributions that either have unbounded interval supports and decrease more steeply than 1/z% or
bounded ones but they vanish to zero at the right bound of the interval. Thus their method cannot be
applied to uniform valuations. Our aim is to provide a duality theory framework for multi-item optimal
auctions, which is as general and clean as possible for many bidders and arbitrary joint distributions
(not necessarily independent ones). For that reason, we deploy a “proof-from-scratch” approach directly
inspired by linear programming duality which is easily comprehensible and applicable, and the reader
will immediately feel familiar with. At their core, the two duality frameworks are based on similar ideas;
although we expect our framework to have much wider applicability, we also believe that there will be
special cases in which the framework of [Daskalakis et al.l [2013b] will be more suitable to apply.

1.1 Model and Notation

We denote the real unit interval by I = [0,1], the nonnegative reals by Ry = [0,00) and the positive
ones by R* . We consider auctions of n bidders who are interested in buying any subset of m items. For
any positive integer m we use the notation [m] = {1,2,...,m}. The value of bidder i for item j is in
interval D; ; = [Lw»7 H”] C R4 ; we denote by D; = H;nzl D; ; the hyperrectangle of all possible values
of bidder 7, and by D = H?:l D; the space of all valuation inputs to the mechanism. The seller knows
some probability distribution over D with an almost everywherdﬂ (a.e.) differentiable density function

1With respect to the standard Lebesgue measure p in R™.



f. Intervals D; ; need not be bounded, that is we allow H; ; € RU {co}.

Let 0,, = (0,0,...,0) and 1,, = (1,1,...,1) denote the m-dimensional zero and unit vectors, re-
spectively. We will drop subscript m whenever this causes to confusion. For two m-dimensional vectors
x = (x1,%2,...,%m) and y = (Y1, Y2, .. ., Ym) we write x <y as a shortcut for z; <y, for all j € [m]. For
any matrix x € R"*™  x; will denote its i-th (m-dimensional) row vector. Finally, we use the standard
game theoretic notation x_; = (z1,2...,2;-1,% 41, ..., Zm) to denote the resulting vector if we remove
x’s j-th coordinate. Then, x = (x_j, ;). Similarly, X_(4,5) will denote all values of the n x m matrix x
when we remove the (i, j)-th entry. For the most part of the paper, we restrict our attention to only one
bidder. In this case, we drop the subscript ¢ completely; for example, we write L; instead of L, ;.

1.1.1 Mechanisms and Truthfulness

In this paper we study auction settings for selling m items to n bidders when bidder i € [n] has a
nonnegative valuation z;; € D;; for item j € [m]. This is private information of the bidder, and
intuitively represents the amount of money she is willing to pay to get this item. The seller has only
some (incomplete) prior knowledge of the valuations x in the form of a joint probability distribution F'
over D from which x is drawn.

A direct revelation mechanism (auction) M = (a, p) on this setting is a protocol which, after receiving
a bid vector x; from each bidder ¢ as input (the bidder may lie about her true valuations x; and misreport
X, # x;), offers item j to bidder ¢ with probability a, ;(x’) € [0,1], and bidder i pays p;(x’) € R. We
assume that each item can only be sold to at most one bidder, or equivalently ). a; ;j(x’) < 1. The total
revenue extracted from the auction is ) . p;(x’). If we want to restrict our attention only to deterministic
auctions, we take a; ;(x’) € {0,1}. Notice also that we do not demand nonnegative payments p > 0,
i.e. we don’t assume what is known as the No Positive Transfers (NPT) condition, since that is not
explicitly needed for our results. However, as argued e.g. in [Hart and Nisan| 2012} Sect. 2.1], assuming
such a condition would be without loss of generality for the revenue maximization problem.

More formally, a mechanism consists of an allocation function a : D — I™ ™, which satisfies
> ;aij(x) < 1forall x € D and all items j € [m], paired with payment functions p; : D — R.
We consider each bidder having additive valuations for the items, her “happiness” when she has (true)
valuations x = (x_;,x;) and reports x’ = (x_;,x};) to the mechanism being captured by her wutility
function

ui(x'[x) = a;(x) - x; — pi(x') = Z ai,j(x/)xi,j —pi(x'), (1)

the expected sum of the valuations she receives from the items she manages to purchase minus the
payment she has to submit to the seller for this purchase. The player is completely rational and selfish,
wanting to maximize her utility and that’s why she will not hesitate to misreport x; instead of her
private values x; if this is to give her a higher utility in . On the other hand, the seller’s “happiness”
is captured by the total revenue of the mechanism

n

Dopix) =) (i) - xi — wi(x[x)) (2)

i=1 i=1

which is a simple rearrangement of .
It is standard in Mechanism Design to ask for auctions to respect the following two properties, for
any player i € [n]:

e Individual Rationality (IR): u;(x|x) > 0 for all x € D
o Incentive Compatibility (IC): u;(x|x) > u;((x—4, x})|x) for all x € D and x; € D;

The IR constraint corresponds to the notion of voluntary participation, that is, a bidder cannot “harm”
herself by truthfully taking part in the auction, while IC captures the fundamental property that
truthtelling is a dominant strategy for the bidder in the underlying game, i.e. she will never receive
a better utility by lying. Auctions that satisfy IC are also called truthful. From now on we will focus on
truthful IR mechanisms, and so we will relax notation u;(x|x) to just u;(x), considering bidder’s utility
as a function w; : D — Ry. The following is an elegant, extremely useful analytic characterization
of truthful mechanisms due to [Rochet| [1985]. For proofs of this we recommend [Hart and Nisan, [2012;
Manelli and Vincent), 2007].

Theorem 1. An auction M = (a,p) is truthful (IC) if and only if the utility functions u; that induces
have the following properties with respect to the i-th row coordinates, for all bidders i:



1. ui(x—;,-) is a convex function

2. wi(x—y,+) is almost everywhere (a.e.) differentiable with

=a;j(x) for all items j € [m] and a.e. x € D. (3)

The allocation function a; is a subgradient of u;.

Theorem [I] essentially establishes a kind of correspondence between truthful mechanisms and utility
functions. Not only every auction induces well-defined utility functions for the bidders, but also con-
versely, given nonnegative convex functions that satisfy the properties of the theorem we can fully recover
a corresponding mechanism from expressions and .

1.1.2 Single Buyer Setting

For simplicity, from now on we will focus our exposition to single-bidder settings (n = 1) and so we’ll drop
index i completely. However, the duality-theory framework that we develop in Sect. [3| can be applied in
much more general auction settings, including many players. We defer the development of this general
duality framework to Appendix[A] We expect it to be helpful in tackling the challenging general problem
of multi-dimensional optimal auction design.

Notice that, given the characterization of Theorem [I| any single-bidder m-items deterministic and
symmetri(ﬂ auction corresponds to a utility function of the form

u(x) = max T — ,
( ) JCm] 26;7 i = PlJ|

where p, is the price offered to the buyer for any bundle of r items, r € [m].

1.1.3 Optimal Auctions

In this paper we study the problem of maximizing the expected seller’s revenue based on his prior
knowledge of the joint distribution F, given the IR and IC constraints, thus (by Theorem [1| and )
maximizing

E Ip(x)]= /D (Vu(x) - x = u(x)) dF(x) (4)

x~F

over the space of nonnegative convex functions u on D having the properties

5o <1 (2(x)
e >0 (5;(x)

for a.e. x € D and j € [m)].

2 Outline of Our Work

We give here an outline of our work which bypasses many technical issues but brings out a few central
ideas. The reader may also find it helpful to revisit this outline during the exposition of the more
technical issues later on.

2.1 Duality for a Single Bidder

We first develop a general duality framework that applies to almost all interesting continuous probability
distributions (Sect. . We view the problem of maximizing revenue as an optimization problem in which

2This means that the auction does not discriminate between items, i.e. any permutation of the valuations profile x results
to the same permutation of the output allocation vector a(x).



the unknown is the utility function u(x) of the bidders (Program (4))). There are two main restrictions
imposed to these functions by truthfulness (see Theorem: the convexity restriction (the utility function
u(x) must be convex with respect to the private values x of the bidder) and the gradient restriction (the
derivatives of this function must be nonnegative and they have to be at most 1 for every item).

Our first simplification is to drop the convexity constraint and keep only the gradient constraints.
Surprisingly, the convexity constraint can be recovered for free from the optimal solution of the remaining
constraints for a large class of distributions which includes the uniform distribution. We also drop the
constraint that the allocation probabilities must be non-negative, a much more natural move, which
again will not alter the optimal solution for the uniform distribution.

We view the resulting formulation as an infinite linear program with variable the utility function of
the bidder. Its essential constraints (labeled by (z;) in (4)) are that the derivatives for each item must
be at most 1 and its objective is to maximize the expected value of Vu(x) - x — u(x). We carefully
rewrite the integral in to bring it into a form which does not include any derivatives. Remarkably,
Myerson’s solution for the special case of one item, is based on a different rewriting of the system in
which the primal variables are the derivatives of the utility, instead of the utility itself. In fact, since the
allocation constraints involve exactly the derivatives, this is the most natural choice of primal variables.
Unfortunately such an approach does not seem to work for the case of many items, since the partial
derivatives are not independent functions and, if we treat them as such, we run the risk of violating the
gradient constraints.

Having rewritten the original system in terms of the utility function u(x), we define a proper dual
system with variables functions z;(x), one for every item (Program (). The dual constraints require
that these functions take small values at the lower boundary of the domain and high values at the upper
boundary of the domain. Furthermore, the objective is to minimize the sum of their integrals (Fig. .
This would have been a trivial problem—for example, each z; could crawl at the minimum possible value
until it reached the upper boundary and then shoot up to the required high value—had it not existed
another constraint which requires that the sum of the derivatives of these functions is bounded above
(and therefore the functions have to start rising sooner, to be able to reach the high value at the upper
boundary).

Although the derivation of the dual program is natural and straightforward, there is no guarantee that
the dual optimal value matches the primal optimal value, since these are infinite, indeed uncountable,
linear programs. We directly show that the two systems satisfy the weak duality property (Lemma [1)).
This gives a general framework to prove optimality of a mechanism, by finding a dual solution and showing
that their values match. Unfortunately, in most cases this is extremely hard, since the optimal value
may be very complicated (for example, it turns out that the optimal value for the uniform distribution
of m items consists of algebraic numbers of degree m). Instead we prove a complementarity theorem,
which allows one to prove optimality by giving primal and dual solutions that satisfy the complementary
slackness conditions. In fact, we prove a generalization of complementarity (Lemma , which allows us
later to seek finite combinatorial solutions instead of continuous ones (Fig. .

A similar duality, restricted to only one bidder and to a restricted set of probability distributions was
used by [Daskalakis et al.| [2013b]. Their duality framework does not apply to the uniform distribution,
the canonical example of continuous probability. Our approach manages to handle a much wider class of
probability distributions, which includes the uniform distribution, by taking care of the boundary issues.

2.2 Duality for the Uniform Distribution

From this point on, we zoom in to the canonical problem for revenue maximization: we consider uniform
distributions in [0,1]™ of m items and only one bidder. This may seem like a special case, and in fact it
is; however, despite being the canonical case of a very important problem, it has been open since the work
of Myerson| [1981], except for some specialized approaches which successfully resolved the problem for
two and three items (mostly using complicated necessary conditions and rather involved computations).
Our approach gives an elegant framework to solve these cases and provides a natural description and
understanding of the solution. It also gives rise to beautiful problems; in particular, for the case of 2
items we know (but not include here) at least five different solutions for the problem, each with its own
merits.

Our dual formulation of the problem can be rephrased as follows (see Remark : In the unit hyper-
cube of m dimensions, we seek functions z;(x), one for each dimension; each z; starts at value 0 on the
edge (0,x_;) of the hypercube and rises up to value 1 at the opposite edge (1,x_;) of the hypercube.
Given that the functions cannot rise rapidly (more precisely, the sum of their slopes cannot exceed m + 1



at each point of the hypercube), find the functions with minimum sum of integrals. Alternatively, we
can view it as a problem in the m + 1 hypercube: each function z; defines a hyper-surface which starts
at the edge (0,x_;) of the hypercube, ends at the opposite edge (0,x_;) and they collectively cannot
grow rapidly; we seek to minimize the sum of volumes beneath these surfaces (Fig. .

2.3 The Straight-Jacket Auction (SJA)

The dual system suggests in a natural way an auction, the Straight-Jacket Auction (SJA). We explain
the intuition behind the auction and give a formal definition in Sect. [d] The auction SJA is defined so
that for every bundle of items A, the price pj 4| for A is determined by the requirement that the volume of
the r-dimensional body in which the auction sells a non-empty subset of A is exactly equal to r/(m+1).

The aim of the remaining and more technical part of the paper is to develop the toolkit to prove that
SJA is optimal for any number of items; however, we manage to prove optimality only for up to 6 items.

The straightforward way for proving the optimality of SJA would be to find a pair of primal and dual
solutions that have the same value. Although we know such explicit solutions for the case of two items,
there does not seem to exist a natural solution of the dual program which can be easily described for
more that two items. How then can we show optimality in such cases? We do not give an explicit dual
solution, but we only show that a proper solution exists and rely on complementarity to show optimality.

2.4 Proof of Optimality of STA

A central notion in our development is the notion of deficiency: the k-deficiency of a body S in m
dimensions is |S| — &k (32, [Spm\53]), Where Spp\ ;3 denotes the projection of S on the hyperplane
xj = 0 (this is an (m — 1)-dimensional body). In particular, we are interested in the deficiency of the
subsets of Up, the body in which the auction sells a non-empty bundle. The main tool for proving the
optimality of SJA is the following: To show that the SJA is optimal it suffices to show that no set S of
points inside Uy has positive ﬁ—deﬁciency (Theorem .

The fact that this is sufficient is based mainly on the observation that finding a feasible dual solution
is, in disguise, a perfect matching problem between the hypercube and its boundaries (taken with ap-
propriate multiplicities). If Hall’s condition for perfect matchings (see e.g. |[Lovéasz and Plummer} 1986
Theorem 1.1.3]) could apply to infinite graphs, under some continuity assumptions the sufficiency of the
above would be evident. However, Hall’s theorem does not hold for infinite graphs in general |[Aharoni,
1991] and, even worse, the continuity assumptions seem hard to establish. We bypass both problems by
considering an interesting discretized version of the problem that takes advantage of Hall’s theorem and
the piecewise continuity; we then apply approximate complementarity to prove optimality.

The technical core in our proof for the optimality of SJA consists of establishing that no positive
deficiency subset of Uy exists. Let us call such a set a counterexample. To prove that no counterexample
exists, we first argue that such a counterexample would have certain properties and then show that no
counterexample with these properties exists. We first show that we can restrict our attention to special
types of counterexamples, those that are upwards closed and symmetric (Lemma . Ideally, we would
like to restrict our attention even further to box-like counterexamples, those that are the intersection of
a box and Uy. This would restrict significantly the search of counterexamples, and in fact a well-known
isoperimetric lemma by [Loomis and Whitney| [1949] (see Lemma@, and a generalization by |Bollobas and
Thomason| [1995] show that this is actually true when we remove the restriction that the counterexample
must lie inside some fixed body (in our case, inside Uy). Unfortunately, we can only establish this claim
for 2 and 3 items; we don’t know if this is true for higher dimensions. Instead, we prove a weaker version
of it: we show that if a counterexample exists, it must be closed under taking the convex hull of all
symmetric images of a point (Lemma . Furthermore, the requirement on deficiency provides a lower
bound on the volume of the counterexample (Lemmas [10] and .

By exploiting these properties, we show that no counterexample exists for 6 or fewer items (Theo-
rem [3). The case of 4 or fewer items is straightforward, but the case of 5 items is qualitatively more
challenging. The main reason for this difficulty, is that the optimal mechanism for 5 items never sells a
bundle of 4 items (equivalently, the price for 4 items is equal to the price of 5 items). The case of 6 items
is similar to the case of 5 items; the optimal mechanism does not sell any bundles of 5 items. However,
all these cases are being treated in a unified way in the proof of the theorem that avoids tiresome case
analysis. We must point out here that Theorem [3|is essentially the only ingredient of this paper whose
proof does not work for more than 6 items.



3 Duality

Motivated by traditional linear programming duality theory, we develop a duality theory framework that
can be applied to the problem of designing auctions with optimal expected revenue. By interpreting
the derivatives as differences, we can view this as an (infinite) linear program and we can find its dual.
The variables of the primal linear program are the values of the function u(x). The labels (z;(x)) and
(sj(x)) on the constraints of Program are the analog of the dual variables of a linear program.

To find its dual program, we first rewrite the objective function in terms of u instead of its derivatives.
In particular, by integration by parts we have

Ou(x)
D aLEj

it = [ oo I s — [ a0 25D e

= O0x;j

— [ o th axs - [ abostax - [ ueon 0 ax

—J

to rewrite the objective of the primal program as

/D(Vu(x)ocfu( Z Hju(Hj,x_j) f(Hj,x_j)dx_j (5)

D*J

_ Z/ Lju(Lyj,x5) f(Lj,x;) dx;

J€[m]
= [ ) (o 17) - V)

Notice that some of the above expressions make sense only for bounded domains (i.e., when H; is not
infinity), but it is possible to extend the duality framework to unbounded domains, by carefully replacing
these expressions with their limits when they exist or by appropriately truncating the probability dis-
tributions. For the main results in this work we deal only with bounded domains, but for completeness
and future reference we provide a treatment of the general case in Appendix

We also relax the original problem in two ways: we replace the convexity constraint by the much
milder constraint of absolute continuity—absolute continuity allows us to express functions as integrals
of their derivatives. We can restate this as follows: truthfulness in general imposes two conditions on
the solution of allocating the items to bidders (see Theorem : the first condition is that the utility is
convex; the second one is that the allocations must be gradients of the utility. It seems that in most cases,
including the important case of one item and regular distribution, when we optimize revenue the convexity
constraint is redundant. We will also drop the constraints of nonnegative allocation probabilities (i.e.,
the (s;(x)) constraints in (4)).

In many cases, dropping these constraints might have no effect on the value of the program. However,
there are cases in which these constraints are essential. In particular, they are needed even for the case
of one item when the probability distributions are not regular. We give an in-depth discussion of this
topic in Appendix [C]

To find the dual program, we have to take extra care on the boundaries of the domain, since the
derivatives correspond to differences from which one term is missing (the one that corresponds to the
variables outside the domain). This is a point where our approach differs from that of |Daskalakis et al.
[2013b], which applies only to special distributions and in particular it does not apply to the uniform
distribution. Inside the domain, the dual constraint that corresponds to the primal variable u(x) is
>, B < (m+ 1) f(x) + x - V(x).

So, the dual program that we propose is



J€[m]
subject to
> 25 < s 1100+ x V) (u(x))
J€[m] /
zj(Lj,x—5) < Ljf(Lj,x—;) (w(Lj,x—;))
zj(Hj,x—;) > H; f(Hj,x_j) (u(Hj,x—;))
Zj (X) > 07

for a.e. x € D and j € [m].

The above derivation of this dual is used only for illustration and for explaining how we came up with
it. None of the results relies on the way of deriving the dual problem. However, the derivation is useful
for intuition and for importing traditional linear programming machinery to these infinite systems; for
example, although we don’t directly use any results from the theory of linear programming duality, we
are motivated by it to prove similar connections between our primal and dual programs.
One can interpret this dual as follows: We seek m functions z; defined inside the hyperrectangle
[Ly, Hy] X -+ X [Ly, Hp] such that
o in the j-th direction, function z; starts at value (at most) L, f(L;,x_,) and ends at value (at least)
H,; f(Hj;,x_;); this must hold for all x_j.

e at every point of the domain, the sum of the derivatives of functions z; cannot exceed (m+1) f(x)+
x - Vf(x).

e the sum of the integrals of these functions is minimized.

For a significant portion of this paper, we materialize this duality framework by applying it to the case

of i.i.d. uniform distributions over the unit interval I"™. Therefore, let’s clearly state our dual constrains
for ease of reference:

Remark 1 (Duality for Uniform Domains). The dual constraints (in Program () for the m-items uniform
i.i.d. setting over I become:

jem)
2(0,%_;) = 0 (u(0, %))
Zj(l,X_j) Z 1 (U(LX—j))
zj(x) =2 0

A geometric interpretation of this dual for the case of one and two items, based on the previous discussion,
can be found in Fig.

Let us also mention parenthetically that one can derive Myerson’s results by selecting as variables
not the utility u(x), but its derivatives. In fact, since the allocation constraints involve exactly the
derivatives, this is the natural choice of primal variables. Unfortunately, such an approach does not seem
to work for more than one item because the derivatives are not independent functions. If we treat them
as independent, we lose the power of the gradients constraint.

3.1 Duality and Complementarity

The way that we derived the dual system does not provide any rigorous connection with the original
primal system. We now prove that this is indeed a weak dual, in the sense that the value of the
dual minimization Program @ cannot be less than the value of the primal Program. The proof is in
Appendix@ for the case of arbitrary many bidders n > 1 (Lemma.

Lemma 1 (Weak duality). The value of every feasible solution of the primal Program does not
exceed the value of any feasible solution of the dual Program @




0

(a) Feasible solutions z1,z2 to the two-items dual program.
Each function z; has to start at 0 on the entire axis x; = 0
and rise to 1. At no point of the 2-dimensional cube the sum
of their slopes is allowed to exceed 3, and the objective is to
keep them as low as possible, i.e. minimize the volume under
their curves.

- - - - feasible
optimal

T

0 1/2 1

(b) For the special case of a single item, the dual feasible
(nonnegative) function z has to start at 0 and rise to 1 or
higher when x = 1, with a slope of at most 2. The optimal
function minimizes the area below it. It is not difficult to see
that the optimal solution is to remain at value 0 until z = 1/2
and then increase steadily to 1; the optimal dual objective is
equal to the gray area. This corresponds exactly to the well-
known optimal solution of Myerson with reserve price of 1/2.

Figure 1: Geometric interpretation of the dual Program (6 for the case of m = 1,2 uniform i.i.d. items.

We can use weak duality to show optimality: it suffices to have a pair of feasible primal and dual
solutions that give the same value. In many cases, such as the case of uniform distributions, computing
the optimal value is not easy or it may not be expressible in a closed form. In such a case, a useful tool to
prove optimality is through complementarity. In fact, we will prove a slight generalization of traditional
Linear Programming complementarity which will allow us later to discretize the domain and consider
approximate solutions. Specifically, instead of requiring the product of primal and corresponding dual
constraints to be zero, we generalize it to be bounded above by a constant:

Lemma 2 (Complementarity). Suppose that u(x) is a primal feasible solution and z;(x) is a dual
feasible solution. Fix some parameter € > 0. If the following complementarity constraints hold for
all j € [m] and a.e. x € D,

u) - [ (m+ 1760 +x V100 = 32 2 ) < g

jerm 9%

u(Lyj,x—j) - (L f(Lj,x—) — zj(Lj, x—5)) < ef(Lj,x—j)
<e

u(Hj,x—j) - (zj(Hj,x—j) — Hj f(Hj,x—;)) < ef(Hj,x—;)
509 (1- 522 ) < ert)

then the primal and dual values of Programs and @ differ by at most (3m+ 1)e. In particular,
if the conditions are satisfied with ¢ = 0, both solutions are optimal.

The proof of this is also in Appendix |[A| for the general case of n > 1 (Lemma.
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Figure 2: The allocation spaces of the optimal SJA mechanisms for m = 2 and m = 3 items. The payments are given by

p1L = #_H, p2 = 2’:;‘1/5, and p3 = 3 — 7;23_711. The mechanism sells at least one item within the gray areas Uy, and all items

within the dark gray areas Uly,). If we flip around these dark gray areas by x — 1—x, so that 1 is mapped to the origin 0, they
are exactly the SIM-bodies defined in Sect. for k = ﬁﬂ These SIM-bodies can be seen in Figs. and respectively.

4 The Straight-Jacket Auction (SJA)

The duality conditions are not only useful in establishing optimality, but they in fact suggest the optimal
auction in a natural way. We illustrate this by considering the case of 2 items. Starting from Fig.
we need to find two functions z; and z; that satisfy the boundary constraints and the slope constraint.
If we had only one function, say z1, the solution would be obvious and similar to the solution for one
item (Fig. [LD)): 21(x) would be 0 up to 1 = 2/3 and then increase with a slope of 3. But if we do the
same for both functions z; and z, we obtain an infeasible solution: in the square [2/3,1] x [2/3,1] the
total slope would be 6 instead of 3. This implies that the functions need more space to grow; in fact, the
area of growth need to be at least equal to the area of the square [2/3,1] x [2/3,1]. The natural way to
get this space is to add a triangle of area 1/9 in the way indicated in the left part of Fig. 2| (the triangle
defined by the lines z; = p1 = 2/3 and 1 + z2 = p2). We then seek a dual solution in which only z;
grows in area Uy;y and both functions grow in Uy 2y (Fig. . The corresponding primal solution is that
only item j is sold in Uy;y and both items are sold in Uy 3.

The remarkable fact is that the optimal mechanism is completely determined by the obvious require-
ment that the area of the triangle must be (at least) equal to 1/9. To put it in another way: suppose
that we knew that the optimal mechanism is deterministic; then the dual program requires that

e the price p; for one item must satisfy p; > 2/3 so that z; has enough space to grow from 0 to 1
with the maximum slope 3

e the price py for the bundle of both items must be such that the area of the region Uy = Uy u
Ut2y U Uq1,23, in which the mechanism allocates at least one item, is at least 2/3 so that both
functions have enough space to grow to 1

The central point of this work is that these necessary conditions (which we call slice conditions) are also
sufficient. This intuition naturally extends to more items: the price for a bundle of r items is determined
by the slice condition that the r-dimensional volume in which the auction sells at least one item of the
bundle is exactly equal to r/(m + 1).

Using this intuition, we define here the Straight-Jacket Auction (SJA). The auction is deterministic
and symmetric; as such, it is defined by a payment vector p(™ = (pgm), e ,pﬁ,’;n )); p&m) is the price
offered by the auction to the bidder for every subset of r items, r € [m]. We will drop the superscript
when there is no confusion about the number of available items. The utility of the bidder is then given

by u(z) = maxscpm) (ZjeJ zj — le|> :

The prices are defined by the slice conditions. For a subset of items J C [m], let Pr(J,x_;) be the
probability that at least one item in J is sold when the remaining items have values x_;. The r-th
dimensional slice condition is that for every J with |J| = r and every x_;: Pr(J,x_;) > |J|/(m + 1).
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The SJA is the deterministic auction which satisfies the slice conditions for all dimensions as tightly as
possible (hence its name), in the following sense: determine the prices p1,pa,...,pm in this order so
that, having fixed the previous ones, select p, as maximum as possible to satisfy all r-dimensional slice
conditions. In particular, this guarantees that the m-dimensional slice is tight, or equivalently, that the
probability that at least one item is sold is m/(m + 1).

Definition 1 (Straight-Jacket Auction (SJA)). SJA for m items is the deterministic symmetric

auction whose prices pgm), ceey p,(qin )7 where p&m) is the price of selling a bundle of size r, are

determined as follows: for each r € [m], having fixed pgm), ceey pv(f)l, price pfnm) is selected to satisfy

Prygm /\ ij < p‘(fﬁ) =1-r-k (7)
JC[r] e

where k = 1/(m + 1). In words, p&m) is selected so that the probability of selling no item when
r values are drawn from the uniform probability distribution (and the remaining values of the m
items are set to 0) is equal to 1 — r - k. We will refer to constraints as slice conditions.

If we take the complement of the above probability, an equivalent definition would be to ask for the
probability of selling at least one of items [r], when all other bids for items [r + 1...m] are fixed to zero,
to be rk.

The specific value on the right-hand side of depends on the parameter k, which, in turn, depends
on the total number of items m; the exact dependence arises from the specific values of the primal
and dual program. It is however useful in providing a unifying approach to carry out the discussion
and analysis for an arbitrary (albeit small, & < %ﬂ) parameter k and to plug in the specific value
k =1/(m+ 1) only when this is absolutely necessary.

It is not immediate that SJA is a well-defined auction. In order for the auction to be well-defined,
there should be prices pgm) that satisfy . For m < 6, the main technical result of this work is showing
that the auction is both well-defined and optimal:

Theorem 2. The Straight-Jacket Auction mechanism is well-defined and optimal for uniform i.i.d.
valuations, for up to 6 items.

Our proof of this theorem relies significantly on the geometry of these mechanisms. We conjecture
that the theorem holds for any number of items:

Conjecture. The Straight-Jacket Auction mechanism is well-defined and optimal for uniform i.i.d.
valuations and any number of items.

Here is how to use the slice conditions to compute the prices of SJA: The 1-dimensional condition

on a l-dimensional hypercube simply means that p(lm) =1-1/(m+ 1), because we only have condition

1 < pgm). The 2-dimensional condition on a 2-dimensional boundary requires that the region {x :
21+ T2 < p2 and 7 < p; and x5 < p;} inside the unit square must have area equal to 1 —2/(m + 1).
In other words, we want to find where to move the line £y + 2 = p2 so that the area that it cuts satisfies
the slice condition (in the left Fig. 2 Uy1y, Uyay, and Uy oy have total volume 2/(m + 1)); this gives
p2=2—(24 V2) /(m + 1). We can proceed in the same way to higher dimensions, and exact, analytic
computation of these values for up to r = 6 is given in Appendix[E] but we also list them below for quick
reference. In the following we will often use the transformation

My
T: _— 8
pr=r 1 (8)

so that prices will be determined with respect to some parameters p,.. It will be algebraically convenient
to also assume py = 0.

e For r < 4 and any number of items m > r:

_m _2m—2 g 10972 oy 119972
pl_im—i—l P2—7m+1 p3 = m 1 Py = m1
p =1 e =242 pis ~ 7.0972 fa ~ 11.9972
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e For r =5,6:

5) 18.0865 18.0843 ©) 25.3585
~bH— ~H— >6 ~6—

Ps 6 Ps me1 Mm=0 Pe 7

1 ~ 18.0865 15 ~ 18.0843 (m > 6) 1l ~ 25.3585

4.1 Optimality of SJA

In this section we gather the key elements that form the backbone of our proof for the optimality of the
SJA mechanism.

Definition 2. We denote by UL(,m) the subdomain in which SJA allocates exactly the bundle J C [m] of
items:

U§m)z xcl™m /\ ij—pl(ﬁ)Zij—pl(ﬁ) . (9)
LC[m] jeJ jEL

Let U .(]m)

items to t:

s denote the |J|-dimensional slice of U((,m) when we fix the values of the remaining [m]\ J
—J:t

U= e it € UL).

For example, Fig. [2| shows the subdomains U}m) for m = 2,3. For example, the slices of U{(ﬁ) are the

horizontal (1-dimensional) intervals; when J = [m], U.(]m) has only one slice, itself.
We next define the notion of deficiency of a body, which is one of the key ingredients in this paper:

Definition 3 (Deficiency). For any k € R, we will call k-deficiency of a body A C R’ the quantity

S(A) = A = kD | Apn iy |- (10)

j=1
This is inspired by the deficiency notion in bipartite graphs defined by |Ore| [1955]. Here we extend it

to the continuous settings, trying to capture how large a body is with respect to its projections.

Definition 4 (SIM-bodies). For positive ag < -+ < @, let

T

Ala,...,0p) =< x €RY /\ijg Z aj o (11)

JC[r] jEJ j=r—|J]+1
We call these SIM-bodies. We will also use the following notation
qg-Mag,...,a.)=A(qg-a1,...,q ;)

for any positive real q.

It turns out that SIM-bodies (see Fig.|3) are essentially the building blocks of the allocation space of
SJA:

Lemma 3. Every non-empty slice Uﬁm)

k=1/(m+1).

‘ J is isomorphic to the SIM-body k - A(/\§’">, e /\m)), where
—J:t

The parameters )\Sm) depend on the payments of the SJA mechanism (particularly, on the p&m)’s in )
and are given by .

Theorem 3. For up to m < 6, no SIM-body A(/\gm)7 R /\Sm)) corresponding to a nonempty subdomain

U}m) contains positive 1-deficiency sub-bodies.

Theorem 4. If for every nonempty subdomain Uﬁm) of SJA the corresponding SIM-body A()\gm), RPN )\m))

contains no sub-bodies of positive 1-deficiency, then SJA is optimal.
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5 Bodies and Deficiencies

In this section we develop the geometric theory that captures the critical structural properties of SJA
auctions and use this to prove our main result, Theorem [2, that shows their optimality. First we will
need to establish some notation and formally define some notions.

For any positive integer m, an m-dimensional body A is any compact subset of the nonnegative orthant
A C R7P. We will denote its volume simply by |A| = pu(A) (where p is the standard m-dimensional
Lebesgue measure). For any index set J C [m], the projection of A with respect to the J coordinates is
defined as

A[m]\J E{X_J |XEA}

and is the remaining body of A if we “delete” coordinates J. For any r € [m], index set J C [m] with
|J| =m —r and t € R"™" we define the slice of A above the point t with respect to coordinates .J as

A ={x_s [x€e AN x;=t}.

It is the remaining of the body A if we fix a vector t at coordinates J. The operations of projecting and
slicing bodies commute with each other, that is A[m]\I‘J:t = (Al .4)pm)\1 for all disjoint sets of indices
I,J C [m] and |J|-dimensional vector t.

For any set of points S C R’* we denote their convex hull by H(S) and for any vector x we will denote
by P(x) the set of all permutations of x. We will say that a body A is downwards closed if for any point
of A, all points below it are also contained in A: y € A for all y € R with y < x. Body A will be called
symmetric if it contains all permutations of its elements: P(z) C A for all x € A. If an m-dimensional
body A is symmetric then one can define its width to be the length of its projection towards any axis:
w(A) = [Ag;] for any j € [m]. In a similar way, if A C S we will say that A is upwards closed (with
respect to ) if for any x € A, we have y € A for any x <y € S. For any set of points S C RT, its
downwards closure is defined to be all points below it: D(S) = {x ERY |FyeS:x< y} . Finally, we
describe a property that will play a key role in the following:

Definition 5 (p-closure). We will say that a body A is p-closed if it contains the convex hull of the
permutations of any of its elements. Formally: H(P(x)) C A for all x € A.

Notice that any p-closed body must be symmetric (but not necessarily convex) and that any convex
symmetric body is p-closed.

A useful, trivial to prove property of the deficiency function (see Definition [3)) is that it is supermod-
ular:

Lemma 4. For any bodies Ay, As,
0(A1 U A) + (A1 N Ag) > §(Ar) + 0(Ag).

The next lemma tells us that by “leaving gaps” between the points of bodies and the orthant’s faces
can only reduce the deficiency.

Lemma 5. For any bodies A, B such that B C A and A being downwards closed, there exists a downwards
closed sub-body B C A such that §(B) > 0(B).

Instead of proving this lemma, we provide a stronger construction, given by the following Lemma [6}

Lemma 6. Let A, be the set of m-dimensional bodies and K., C A,, be the set of downwards closed
ones. There is a mapping X : Am — K such that for every m-dimensional bodies A and B:

1. [x(A)| = [A] and for every J C [m], [x(A)s] < |A,].

2. x(A)Ux(B) € x(AU B). Equivalently, A C B implies x(A) C x(B).

3. if A€ Ky, then x(A) = A.

It is straightforward to see how Lemma |§| implies Lemma [5, by taking B = x(B). Then,ﬁ has the
same volume as B and (weakly) smaller projections (Property 1)). This directly implies that §(B) > §(B).

It is also a subset of A (by Property : B = x(B) C x(A) = A; the last equality follows from the fact
that A is already downwards closed and thus invariant under x (Property .

Proof of Lemma[6, The lemma is proved by induction on m. For m = 1 it is trivial: x(A) is the interval
starting at 0 with length equal to |A].
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Fix now a coordinate j € [m] and consider the (m — 1)-dimensional slices A| Gt of A, ranging over
t. Apply the lemma recursively (that is, use function x by the induction hypothesis from the previous
dimension) to each such slice to obtain a body A’. Let x’ be this map from A,, to A, i.e. xX'(4) = A’.
Notice that A’ may not be downwards closed, but we argue that x’ satisfies all three properties.
Indeed, for Property [I] we have two cases: If j € J then, by using Property [T} we get

50 = [ A5lye] = [|(161) | = [1(¢CA0) | = [1(Alre) | = []4r1

In particular, the above holds with equality when J = [m].
Otherwise, if j ¢ J, we can use Property [2] to get

|A{]| = ‘LtJ A{]|{j}:t = |LtJ (All{j};t>J| = ‘LtJ (XI(A|{j}:t)>J
= ‘ <LtJ X'(A{j}:t)> U (A|{j}:t)J| = LtJ Aslggya

t
= |A;].

= |4y

<

J

Property 2 is also satisfied because if A C B then for every ¢: A|{j}:t - B|{j}:t. Therefore
X'(4) = UX/(A|{j}:t) < UX/(B|{j};t) =X'(B).
t t

Property [3] is satisfied, since if A is already downwards closed, its slices are also downwards closed
and, by induction, they will remain unaffected by x'.

If A is downwards closed with respect to some coordinate i € [m], then x'(A) will remain closed
downwards with respect to i. It is obvious by induction that y’ preserves downwards closure for every
coordinate i # j. For coordinate i = j, it suffices to notice that downwards closure of A is equivalent to
Al e € Algjyo for all t. Since x' satisfies Property [2 the same holds for their images: Xx'(Al(y.,) €
X' (Algy.0)-

Map X’ is not the desired map, because if A is not already downwards closed with respect to 7,
the result may not be downwards closed. However, we can select another coordinate j' # j to create
another map x” similar to x’. Since x” will satisfy all properties and preserve the downwards closure of
coordinate j, we conclude that x = x” o x’ has all the desired properties. O

The supermodularity of deficiency functions (Lemma4)) immediately implies that if bodies A1, As C S
are of maximum deficiency (within S), then both their union and intersection are also of maximum
deficiency. Based on this, the following can be shown:

Lemma 7. For any downwards closed and symmetric body A, there is a mazximum volume sub-body of
A of mazimum deficiency, which is also downwards closed and symmetric.

Proof. Let B C A be of maximum deficiency. Then, by Lemmathere exists a downwards closed B C A
such that §(B) > §(B), and due to the maximum deficiency of B, it must be that 6(B) = §(B). Now, let
Bi,Bs, ..., By be all possible permutations of the body B (within the m-dimensional space) and take
their union B = UZTL B;. This new body B is clearly symmetric. Also, because of the symmetry of A,
all BZ remain within A, so B C A.

Now notice that all B;’s have 8(B;) = §(B), so they also have maximum deficiency within A. Re-
member that the deficiency function is supermodular (Lemma [4)), so the union of maximum deficiency
sets must also be of maximum deficiency. Thus, B is indeed of maximum deficiency. Finally, it is not
difficult to see that union preserves downwards closure and also, trivially, |B| > |B|. O

The next lemma describes how global maximum deficiency implies also a kind of local one:

Lemma 8. Let A C S be a mazimum deficiency body (within S). Then, every slice of A must have
nonnegative deficiency and must not contain sub-slices with higher deficiency.
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Proof. To get to a contradiction, suppose that there exists such a slice B = A[;, of A, such that
0(B) < 0. Then, let’s remove the entire slice B above t from body A, to get a new body A’. This
(m — 1)-dimensional slice though is of measure 0 in the larger m-dimensional space, so what we should
really do is to remove an e-neighborhood of B (around t) within A, of “parallel” slices. This neighborhood
has a volume of positive measure and is arbitrarily close to the sliceﬂ This section removed from the
body had the property to have volume strictly less than k times its projections with respect to the
coordinates not in J, i.e. the “active” coordinates in B (because we are working close to B for which
0(B) < 0). Regarding the other remaining projections with respect to the coordinates in .J, by removing
points they cannot possibly be increased. Since volumes have positive sign effect at the expression
of the deficiency function, and projections have negative, we can deduce that the resulting body has
strictly higher deficiency than A, which contradicts the maximum deficiency of A within S.

The proof for sub-slices of higher deficiency is similar: replace the entire slice with its sub-slice of
higher deficiency, and the total deficiency must increase. O

As a consequence of Lemmas |8 and [10| we get the following properties of maximum deficiency sub-
bodies, which imply that these bodies must be “large enough” (Lemmas [10|and and also demonstrate
some kind of “symmetric convexity” (p-closure Lemma Deﬁnition But first we will need an
inequality that brings together volumes and projections of bodies, due to |[Loomis and Whitney| [1949].
An easy proof of this can be found in [Allan) 1983].

Lemma 9 (Loomis-Whitney). For any m-dimensional body A,

m
A< T Ay ]
j=1

Lemma 10. Let A # 0 be an m-dimensional body with nonnegative k-deficiency. Then
A = (km)™,

As a consequence, if A is also symmetric and downwards closed, its width must be at least
w(A) > km.

Proof. Since §;(A) > 0, we know that |A| > kZ;"‘:l |Apnp\g53| > or equivalently
S Al
D Amng < (12)
j=1

Also, by the Loomis-Whitney inequality (Lemma @): |A|m_1 < H;ﬂ:l ‘A[m]\{j} ; so, by using the

m
arithmetic—geometric means inequality we can derive that \A|m71 < (% 27:1 |A[m]\{j} |> , Or equiva-

lently

m

S Appin] = m A (13)

j=1

Combining and we get m |A|mT71 < %, which completes the proof of the lemma (since
|A| # 0). The inequality involving the body’s width follows immediately from the observation that every

symmetric and downwards closed body A is included in the m-dimensional hypercube with edge length
w(A). O

Lemma 11. If A is a nonempty symmetric, downwards closed body with nonnegative deficiency then

it must contain the point (k,2k,...,mk). More generally, it must contain the point (k,2k,...,(m —
Dk, w(A)).

Proof. We will recursively utilize Lemmas [§ and [I0] to show that points

(mk,0m—1), (mk,(m — 1)k, 0,,—2),...,(mk,(m —1)k,... k)

3For ease of presentation, in the following we will use that procedure without making explicit mention to the underlying
technicalities.
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belong to A. By Lemmal[I0]it must be that that w(A) > mk, thus (mk, 0,,—1) € A by downwards closure.
For the next dimension, consider the slice Al (for some j € [m]). It is (m — 1)-dimensional, of
nonnegative deficiency by Lemma |8 and so it must have width at least (m — 1)k (Lemma . That
means that point (mk, (m — 1)k, 0,,—2) must be in A. We can continue like this all the way down to
single-dimensional lines. U

Lemma 12 (p-closure). Let A C S be a mazimum volume sub-body of S of mazimum deficiency and let
S be p-closed. Then every slice of A (including A itself) must be p-closed (see Definition @

Proof. Without loss (by Lemma A can be assumed to be symmetric and downwards closed. We need
to prove that for any r € [m] (r is the dimension of the slice) and any r-dimensional vector x and
z € H(P(x)) in the convex hull of its permutations:

for all t: (x, ) e A = (z,t) € A

The proof is by induction on r. For the base case of » = 1, any 1-dimensional slice is a downwards
closed line segment, and thus it is trivially convex, thus also p-closed (by symmetry). For the induction
step, assume the proposition is true for some » < m — 1 and we will prove it for » + 1. So, assume
(r + 1)-dimensional vectors x and z such that z € H(P(x)) and fix some t € R7"""~'. To complete the
proof we need to show that the slice of A above x, with respect to the first » + 1 coordinates, is included
within the one above z, i.e. A|[T+1]:x C A|[r+1]:z' For simplicity, lets abuse notation for the remaining of
this proof and just use Ax and A, for these slices.

So, to arrive at a contradiction, let’s assume that Ay \ A, # (). First notice that since A, N A, C Ay
and Ay is a slice of a maximum deficiency body, by Lemma it must be that §(Ax N Az) < 0(Ax). So,
by the supermodularity of deficiencies (Lemma [4]) we get that

§(Ax UAg) > 6(Ay).

This means that if we replace (an e-neighborhood around z of) slice A, by its superset Ax U A, and we
can also show that no new projection are created with respect to the first 7 + 1 coordinates, then the
overall deficiency of the body would not decrease and its volume would increase strictly (since we have
assumed that Ay \ A, # 0), which is a contradiction to the maximum deficiency of A within S. Notice a
subtle point here: how do we know that this extension can fit within S above point z? It does, because
we have assumed S to be p-closed and the new elements added are convex combinations of permutations
of elements already known to be in S. The remaining of the proof is dedicated to proving that this
extension indeed does not create new projections with respect to the first » + 1 coordinates.

Without loss, due to symmetry, we can take z; < xo < --- < x,41. We argue that, if we remove any
of the first coordinates of the vector z, it can be dominated by a convex combination of permutations of
the vector x_; (i.e. the vector x if we remove the smallest coordinate). To see that, remember that z is
at the convex hull of the permutations of x, so there exist nonnegative real parameters {{,} such that

Z &xm and Z &r=1.

TEP(x) TEP(x)

= Y & (14)

TEP(x)

Now let’s define a transformation ¢ over all vectors {m_; | 7 € P(x) and j € [r + 1] } such that ¢(n_;) =
m_j if the j-th coordinate removed from 7 to get m_; was x1, and otherwise ¢(m_;) is the r- dlmensmnal
vector that we get if we replace x; in m_; by the coordinate 7; that was removed. It follows that for all

J

But that means that

m; < lr_j) and Glr_;) € Plx_1),

so by :
2. ;< Y &olmy) € H(P(x 1))
TEP(x)
By the induction hypothesis and downwards closure for A it can be deduced that
(x-1,0,t) e A = (2z_,,0,t) € A forall je [r+1].

Thus in particular for every t € Ay, due to symmetry of A, we have that ((z_;,0),t) € A, which means
that every projection of (z,t) with respect to a coordinates in [r + 1] was already included in A. O
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6 Decomposition of SJA into SIM-bodies

6.1 SIM-bodies

Remember that in Definition [4| we introduced the notion of a SIM-body A(ay,...,a;): for parameters
ay < - < ay, it is the set of all vectors x € R, satisfying conditions ZjEJ z; < Z;:PMH a; for all
J Cr].

The geometry of the allocation space of the SJA mechanisms (see Fig. [2)) naturally gives rise to this
family of bodies. Their importance and connection with the structure of the SJA mechanisms will become
evident in Sect. where we prove Lemma 3| The intuition behind the naming becomes obvious if one
looks at Fig. By the way SIM-bodies are defined, one can immediately see that they are downwards
closed, symmetric and convex polytopes. Thus, they are also p-closed. Each one of its faces corresponds
to a defining hyperplane

ij =Qryr—|g| o o
jeJ
for some J C [r] or, of course, to a side of the r-dimensional positive orthant R

SIM-bodies demonstrate some inherently recursive and symmetric properties, captured by the follow-

ing lemma. They are made clear in Fig.

Lemma 13. For any SIM-body A = Aoy, ..., q,):
w(A) = a,

A=DH(P(a,...,a)))

A|{j}:ar = Alaig,...,ap—1) for any j € [r]
Ay = Maa,...,ap)  for any j € [r]
Ogk(q-A) =q" - 6x(A) for any ¢,k >0

AR R

Proof. Property [1] is trivial: by the definition of SIM-bodies 7 a point (x,0,_1) € A if and only if
r<a N ANe<a;+ - -+a,ie x < a,.

For Property let E be the set of the extreme points of the polytope A. It is convex, thus A = H(E).
But it is also downwards closed, so we can just focus to the extreme points £ C FE that belong to
the “full” facet of the hyperplane x; + ...z, = p,, since the entire polytope can be recovered as the
downwards closure A = D(H(FE)). By taking intersections with the other hyperplanes and keeping in
mind that the o;’s are nondecreasing, we get that these extreme points in E are (a1, ag,...,q,) and all
its permutations. So, we can recover the entire SIM-body as A = D(H(P(a1,...,ar))).

For Property (3| notice that an (r — 1)-dimensional vector x belongs in the slice Al ., if and only
if (x, ;) € A, which by using is equivalent to

/\ ij < Qpyi-yg + -+ o and /\ ar+ij Sy
JC[r=1]j€J JClr—1] JjEJ

The second set of condition can be rewritten simply as

/\ Zx] Sarf\‘l\"""""arfl (15)

JC[r—1] jeJ

which makes the first set of constraints redundant since o, _jj; + -+ + ap_1 < @y g + -+ + a, from
the monotonicity of the sequence of «,’s. The constraints that we are left with, exactly define
Alag,...,ap—1) (see (11)).

Property E| can be shown in a very similar way: due to downwards closure, any projection Ay is
just the slice A[ ..

Finally, Property [f is a result of scaling: ¢- A and A are similar by a scaling factor of ¢, so the ratio
of their volumes is ¢" and the ratio of their projections is ¢"~!. In formula that defines deficiencies,
the volumes of the projections are also multiplied by the parameter k of the deficiency, resulting to an

overall ratio of ¢" between the two deficiencies.
O
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€2

z1 +x2 = p2

0 » 7 (A3, X2,0)
(a) The 2-dimensional SIM-body A(A1, A2) (b) The 3-dimensional SIM-body A(A1, Az, A3)
Figure 3: SIM-bodies for dimensions m = 2,3. Notice the recursive nature of these constructions: a SIM-body encodes in

it the SIM-bodies of lower dimensions as extreme slices (Property of Lemma . In this figure, these 1-dimensional critical
bodies are denoted by thick lines (blue in the color version of the paper) and the 2-dimensional ones in light gray.

6.2 Decomposition of SJA

In this section we bring together all the necessary elements needed to prove Lemma [3] We study the
structure of the allocation space of SJA that reveals an elegant decomposition which demonstrates that
the SIM-bodies essentially act as building blocks for SJA.

A simple algebraic manipulation of @D, using the non-decreasing property of the SJA payments, gives
us the following characterization:

Lemma 14. For any subset of items J C [m],

(m) _ (m) __(m) (m) (m)
Uy =qxer™ | N mpzpy -oiln N\ Do m <ol )
LCJjeL LC[m\J jEL

Notice here that, due to symmetry, every slice U§m)‘ y with |J| = r < m is isomorphic to
—J:t
U(m)

[r] [r+1..m]:t
specific value of the ((m — r)-dimensional) vector t. In particular, if it’s nonempty, then

and so, from the characterization in Lemma |14} this slice is invariant with respect to the

o] - o]

. 16
—J :Om,‘ J| ( )

The following lemma essentially gives an alternative definition of SJA, in terms of the deficiencies of
its allocation components U}m). In particular, it requires every |.J|-dimensional slice of any subdomain

Uﬁm) to have zero deficiency:

Lemma 15. Every slice Uyn) J of SJA has zero k-deficiency, where k =1/(m + 1).
:t

Proof sketch. Fix some dimension m and let k = 1/(m+1). By the definition of SJA (7)), the domain Uy
where at least one item is sold must have volume m/(m + 1): the probability of selling at least an item
is mk = m/(m+ 1) which corresponds to the volume of this domain because the valuations’ space is the
unit cube I"™. Every projection (U@){j} of this body towards any coordinate j € [m] has volume 1: it is
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the (m — 1)-dimensional side of the cube; just set the valuation of item j to x; = 1 and trivially notice
that no matter what the remaining valuations x_; € I m=1 are, at least one item is being sold by SJA,
namely item j, since z; = 1 > p;. Bringing the above together, this means that the k-deficiency of Uy
ism/(m+1)—k-m-1=0.

This valuations subdomain Uy where at least one item is sold, can be decomposed in its various
components Uy, where ) # J C [m]. Its volume is just the sum of the volumes of these components.
Also, its projections (i.e. the sides of the unit cube I™) can be covered by taking the projection of
any such component U; with respect to its “active” coordinates in J. This tells us that the deficiency
of the entire body Uy is essentially reduced to the sum of the deficiencies of its subdomains. But this
body has zero k-deficiency, so all it’s components must also have zero deficiencies (by using an inductive
argument).

A complete, formal proof of this characterization can be found in Appendix [B] O

The way in which the SJA payments are constructed makes them satisfy a kind of “contraction”
property:

Lemma 16. The prices of the SJA mechanism have non-increasing differences, i.e.

P = p™ < pM - pl

forallr=2,...,m.

Proof. Fix some dimension m for which the SJA mechanism is well-defined and assume that we have
computed prices up to p1,pa,...pr_1 for some 2 < r < m. First we will show that

(T - l)pT < Tpr-1, (17)

i.e. that the price p, must be in [0, -“5p,—1]. We do that by showing that otherwise this price would be
redundant, in the sense that for any p. > =5 p,—1 the sub-body of I" defined by

N Doz <py

JClr] i€

and whose volume must be exactly 1 —rk in Definition [1|, would remain unchanged and equal to the one

defined by
A Doz <y (18)
JClr] jeJ
|J]<r—1

In that case, no such p, can be a solution of (SJA is well-defined). Indeed, the body defined
from is a downwards closed, symmetric convex polytope and for the newly inserted hyperplane
x1+ -+ x, = p, to have any effect on it, i.e. to have a non-empty intersection with it, it must be
that this hyperplane’s “symmetric point” (p./r,...,p,/r) belongs already to the interior of the body
in (this is due to the symmetry and convexity of the body). So, this point must satisfy the (r —1)—-
dimensional condition z1 + - -+ + x,—1 = p,—_1, thus (r — 1)(p,./r) < p,—1 which is exactly property (17).

To show that p, — pr_1 < pr_1 — pr_o for all 2 < r < m, or equivalently p, < 2p,_1 — pr_o2, by
it is enough to show that —‘5p,_1 < 2p,_1 — pr_2. But this is equivalent to (r — 1)p,—2 < (r — 2)p,—1
which we know that holds, also from .

O

Normalized payments. By the procedure of defining SJA payments (Definition [I)), it can be the
case that price p, is smaller than p,_1, i.e. p. € [p;, pi+1] for some [ < r — 2. This is perfectly acceptable,
and it just means that essentially we render older prices that are above p, redundant, in the sense that
setting p; < p, for all j < r with p; > p, would not have an effect on the sub-body /\Jg[r] Zje] xj < pg|
of I" used in the Definition of SJA in (@ This because z1 + - -+ x, < p, = 1 +--- +x; < p; (since
j <rand p, < p,), so old conditions x1 + - - - + z; < p; have become useless.

Furthermore, by the nonincreasing property of the SJA payments (Lemma , every new payment
after r will continue to fall below the previous one. So, at the end the situation will be in the form of

plS"'Splgp'mSH- (19)
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for some [ < m and, as we discussed above, there will be absolutely no effect on the mechanism if we
update all older payments that have ended up above p,, to “collapse” to p,,, i.e.

p1 < <P <P =Dm-1=DPm-2="""=Dit1. (20)

Rigorously, we redefine

pg.m) (—pg;n) for all j € [m - 1] with Dj = Pm.-

While this normalization has no effect on the SJA mechanism itself, it makes sure that payments are
now given in a non-decreasing order, which is an elegant property that will simplify our exposition later
on.

An important observation is that this normalization of payments does not break the property of the
non-increasing differences of the payments of SJA, i.e. Lemma [16] continues to hold: having a look at the
transition before and after the normalization process from to we see that all the differences up
to the [-th payment remain unchanged, p;11 — p; can only decrease and all differences above the (I+1)th
payment have just collapsed to 0.

From now on and for the remaining of this paper we will assume that SJA payments are normalized.
The only difference that this makes, for up to m = 6 dimensions, to the values of the payments we have
already computed is that for m = 5,6 we have that

5 5 6 6
P oy and pf® e pf”

which gives by that also the ,u,(ﬂm) parameters are updated to ﬂg:?l = ,us,’ln) — (m+1):

u? ~12.0865  pl% ~18.3585.

We now introduce some parameters that will be used extensively in the following. They are the
critical parameters of the SIM-bodies used in all the key theorems for the optimality of SJA which we
presented in Sect.

Ar =y — fp—1 (21)
(m)

which is equivalent to saying that p, = Ay + - + \,. Taking the y,"" values into account (see (§)) the
A™ s for up to m = 6 items are, for m < 4:
M=1  X=1+v2  A3=~36830 Xy~ 4.9000
and for m = 5,6 the only modifications are
AP xa9804 AV =6 A9%x63613 AD=7.
The non-increasing differences property of the SJA payments makes these parameters be monotonic:

Lemma 17. The /\7(«m) parameters are non-decreasing and upper-bounded by m + 1, i.e.
A <A < 41,
forallr=2,...,m.
Proof. Using the transformations and we have
Pr—Pr—1 S Pro1 = Pr—2 = lr—1 — flr—2 < fp — fr—1 = A1 S Ap

and
DPr—1 Sprﬁﬂr_ﬂr_1§m+1:>)\7«§m+l,

which concludes the proof since the SJA payments are nondecreasing with nonincreasing differences

(Lemma [16]). O

Now we are ready to prove Lemma (3] which makes rigorous the correspondence between the various
components U§m) of the allocation space of SJA and SIM-bodies. It is the motivation behind introducing
SIM-bodies in the first place. Essentially, the entire allocation space of SJA is made up by slices of SIM-
bodies:
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Lemma (Lemma D . FEvery non-empty slice U§m) J is isomorphic to the SIM-body k.A()\gm), ceey )\l 7] ),
+ .
where k =1/(m+1).

Proof. Let |J| = r. Then, due to symmetry, the slice Uy|_,, is isomorphic to U[T]’[r-l—l...nz]:t' An r-
dimensional vector y belongs to this slice if and only if (y,t) € U}, which by Lemma means that
y € I" and
/\ Zyj 2 Pr = Pr—|L|-
LC[r] jEL
By this can be written as
A Dy =1L = (e — poe 2k
LC[r] jEL

So this slice is an upwards closed body within the r dimensional unit-hypercube I" and if we apply the
isomorphism y — 1, —y it is flipped around and mapped to the downwards closed body around the
origin 0,. defined by y € I" and /\Lg[r] >jer ¥i < (e — pr—p))k. By taking into consideration this
becomes
A D v S Aotk + o+ Ak (22)
LC[r] jEL

It is easy to see that the extra condition y € I" can be replaced by the weaker one y € R, since the
upper bounds y; <1 are already captured by : for L = {j} it gives
A

ng/\rk:m—i—lSl’ (23)

the last inequality holding from Lemma So, we end up with exactly the definition of A(kA1, ..., k\,.).
We must note here that this SIM-body is well defined, since the \,.’s are nondecreasing (Lemma. O

7 Proof of Optimality

In this section we conclude the proof of our main result about the optimality of SJA (Theorem . We
do that by showing Theorems [3] and

In addition to the SIM-bodies A(A1,...,A;) being essentially the building blocks of the allocation
space of the SJA, the particular choice of the )\, parameters makes them satisfy another property: they
have zero 1-deficiency:

Lemma 18. For any dimension m, if a subdomain Uﬁm) of SJA is nonempty then the corresponding

SIM-body A()\gm), cee )\Sm)) has zero 1-deficiency.

Proof. Fix some m. For any nonempty subdomain U}, the slice U, ‘]|7J:07n7‘ﬂ is nonempty (by downwards
closure), so by Lemma [15|it has zero k-deficiency. But from Lemma [3|it is also isomorphic to the SIM-
body k - A()\gm), ceey A&”‘)), thus g (k - A()\gm), cee )\Sm))) = 0. By Property [5| of Lemma |13| this means
that indeed &; (A(A™, ..., A"™))) = 0.

O

Now we are ready to prove Theorem [3| It is essentially the only ingredient of this paper whose
proof does not work for more than 6 items (condition , specifically). In a way it demonstrates the
maximality of the deficiency of the particular critical SIM-bodies A(A1,...,A.), in the sense that they
cannot contain subsets that have greater deficiency than themselves.

Theorem (Theorem . For up to m <6, no SIM-body A(/\gm)7 ey /\7(nm)) corresponding to a nonempty
subdomain U}m) contains positive 1-deficiency sub-bodies.

Proof. We will prove the stronger statement that for all » < m < 6 no SIM-body A()\gm), . .7)\$.m))
contains a sub-body with nonnegative 1-deficiency greater than its own, i.e.

D#£ACAN™, oA™Y A G420 = §i(A) <sHAN™, .. M) (24)

r

This is enough to establish the lemma, because of Lemma We will use induction on r. At the basis,
whenever r = 1, for any number of items m the SIM-body is just the unit line segment A()\gm)) =10, /\gm)]
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and it is easy to see that every (nonempty) subset of it will have smaller volume but the same projection,
resulting to smaller deficiency.

Moving on to the inductive step, for simplicity denote A = AA™ ... A")) and let A C A be a
maximum volume sub-body of maximum nonnegative deficiency within A. Without loss (by Lemma
A can be assumed to be symmetric and downwards closed. By Lemma this tells us that every slice
of it must be p-closed (since A is within A which is a SIM-body and thus p-closed). We will prove that
A = A which is enough to establish .

We start by showing that the outmost (r — 1)-dimensional slice of A, namely Al ), cannot be

empty. Notice here that, by Property |1| of Lemma w(A) = )\gm). The choice of coordinate 1 here
is arbitrary; due to symmetry any slice A| (1}:w(A) with j € [r] would work in exactly the same way. If
this slice was empty, we could add in this free space of A (an e-neighborhood of) the (r — 1)-dimensional
SIM-body B defined by

r—1, 1fUm)]—®,

—
m, otherwise.

B = A()\gm/), e )\(m/l)) where m' = {

By taking into consideration the values of the A§m) parameters of the SJA mechanism we can see that
the following properties are satisfied for all 7 < m < 6,

A <A and A <4, (25)

so it must be that

BCAWN™, . Ay = Al yaim

the first inclusion being a result of and the last equality being from Property [3| of Lemma This
means that B indeed fits in the exterior space A at distance x1 = Aﬁ,’"), which is exactly where we put it.

We will now show that this addition caused no decrease at the 1l-deficiency of A, which would
contradict the maximality of the volume of A. Equivalently, we need to show that the increase we caused
in the volume by extending A was at least equal to the increase in the total volume of its projections.
First, we show that no new projections were created with respect to coordinate 1, i.e. B was already
included in Agy = A|{1}:0- Indeed, it is

B=DHPA™),... A"))) CDHPQ,....1) C Al -

The first equality comes from Property [2|of the SIM-bodies in Lemma the second inclusion is from
and the last inclusion is by Lemma and the p-closure of A {1}:0° What is left to show is that the
sum of the new projections created with respect to the remaining coordinates [2...r] was at most equal
to the increase in the volume. But this comes directly from the fact that the slice B we added has zero

1-deficiency: it is a SIM-body corresponding to a subdomain U[(ﬁll)] # ) (see Lemma .

So, in the following we can assume that body A C A is of maximum width w(4) = AU™  Then we
will show that at 1 = w(A), A must in fact include the entire corresponding slice of A. This slice

is A|{1}:>\?‘ = A()\gm), . .,Ai@l), so that would mean that the extreme point ()\gm) Al )\(m))

r—1»

in A, and so by p-closure (Lemma the body D(H(POA™. ..., A")))) must be included within A.
But from Property [2 of Lemma [I3] this body is exactly the entire external body A, which concludes the
proof. So let’s show that indeed A, = A (1}am It is enough to show that removing this slice of
A and replacing it with the full slice of A would result in a non-decrease of the 1-deficiency: that would
contradict the maximality of the volume of A.

First, notice that A[y,y, is within Algyy.y., where Al 5, is the SIM-body A A" and

» r—1
also slice A| {1}:Am MuSt have nonnegative deﬁmency (by Lemma So, by the induction hypothesis
it must be that the full slice Al{1y.am has at least the deficiency of the slice. A, it replaces. That
means that, taking into consideration only projections in the directions [2...r], the overall change in the
deficiency is indeed nonnegative. So, to conclude the proof it is enough to show that no new projections
with respect to coordinate 1 are created by this replacement, i.e. that A()\gm, .. .,/\gm)l) was already
included in Agy = A|{1}:0' Indeed:
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A ) = DEHPOT™, L AT))

D(H(P(AY”), A YY)

DH(P(2,...,r — Lw(A)))),

by and the fact that w(A4) = Aﬁ.’"), which concludes the proof since slice Al is p-closed and
(2,...,7 — 1,w(A)) belongs to it, because (1,2,...,r — 1,w(A)) belongs to A by Lemma L1} O

NN

We now present our main tool to prove that SJA is optimal. It achieves to utilize the fact that the
allocation space of SJA has no positive deficiency subsets in a combinatorial way.

Theorem (Theorem . If for every nonempty subdomain U}m) of SJA the corresponding SIM-body
A()\gm) )\‘(J‘)) contains no sub-bodies of positive 1-deficiency, then SJA is optimal.

Proof. The proof of Theorem [] is done via a combinatorial detour to a discrete version of the problem,
which is interesting in its own right and highlights the connection of the dual program with bipartite
matchings. The nonpositive deficiencies property allows as to utilize Hall’s marriage condition. Let us
denote by I; = {(x_;,1) | x € I"} the side on the boundary of the I" cube which is perpendicular to
axis j, where j € [m].

We start by restricting the search for an appropriate feasible dual solution to those functions z;(x)
that have the following form:

Fix some integer N which is a multiple of m + 1 and let ¢’ = 1/N. We discretize the space
by taking a fine grid partition of the hypercube I into small hypercubes of side ¢’ and we
require that inside each small hypercube the derivatives 0z;(x)/0z; are constant and take
either value 0 or value m + 1.

We must point out here that this discretization is used only in the analysis and it is not part of the
optimal auction which is given just by its prices.

With the discretization, the combinatorial nature of the dual solutions emerges: a dual solution
is essentially a coloring of all the &-hypercubes of I™ into colors 0,1,...,m. The interpretation of
the coloring is the following: the derivative 0z;(x)/0x; has a positive values m + 1 if and only if the
corresponding hypercube (at which x belongs to) has color j, otherwise it is zero (i.e. z;(x) is constant
with respect to the direction of the j-axis); color 0 is used exactly for the points where all z; functions
are constant. A feasible dual solution corresponds to a coloring in which every line of hypercubes parallel
to some axis, say axis j, contains at least N/(m + 1) hypercubes of color j. To see this, notice that
function z;(x) must increase in a fraction of (at least) 1/(m + 1) of those small hypercubes (because
it starts at value 0 and has to increase to a value of at least 1, see the dual constraints in Remark .
Figure [ illustrates such a coloring for m = 2 items.

To formalize this let us discretize the unit-cube I in &’-hypercubes [(i; —1)-&’ i1 -&'] x -+ - X [(i — 1)
€', i - €'] where i; € [N] for all j € [m]. To keep notation simple, we will sometimes identify hypercubes
by their center points, i.e. refer to the £’-hypercube x instead of the cube [z —&'/2,21 +¢€'/2] X -+- X
[ —€"/2, 2 + €' /2]. In that way, I™ is essentially an m-dimensional lattice of points

(1 —1)- " +€/2,. ., (im—1)-"+€/2), i; €[N],je[m].

Based on this, for any S C I"™ we will denote by A(S) the set of lattice points in S.

Next, consider the subdomain Uy where SJA sells exactly the items that are in J C [m]. For any
one of these “active” coordinates j € J take U;’s boundary at side I; of the unit-cube and “inflate” it
to have a width of k = 1/(m + 1). Formally, for all J C [m] and j € J define

BJ,]‘ E{(t,x_j) |X€UJ N te [1,1—|—k]} (26)

By ; is isomorphic to (Uj)pmp\ 53 % [0, k]. For any subset of items J C [m] denote By = J
B=U Jcim) By the entire external layer on all sides.

ied Bj; and

Notice that Uy cannot be perfectly discretized: the small hypercubes do not fit exactly inside Uy
because its boundaries are not rectilinea To fix this, we will take a cover Uy of Uy which can be

4The solution of partitioning the unit hypercube into small simplices instead of small hypercubes does not work either;
although simplices have more appropriate boundaries, we cannot guarantee that exists an ¢’ for which all the boundaries of
Uy coincide with some boundaries of the small simplices.
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Figure 4: Proper colorings of the allocation space Uy of the SJA mechanism for m = 2 items and different discretization
factors N = 18 (left) and N = 105 (right). Blue corresponds to the direction of the horizontal axis and red to the vertical axis.
The zero region Uy where no item is allocated (white region in Fig. [2]) is colored it yellow. Notice how the entire region Uy,
is colored blue and the entire Uz} red. The critical and technically involved part of the coloring for two items is the one of
region Uy 2y where both items are allocated. Interpreting this in the realm of the dual program and the language of the proof
of Theorem blue is color 1 and corresponds to the points where function z; increases with “full” derivative m + 1 = 3 (with
respect to the coordinate z1) while 22 remains constant (with respect to coordinate z2). Red is color 2 denotes the reverse
situation where z2 increases with derivative 3 (with respect to coordinate z2) and z1 remains constant (with respect to variable
x1). Yellow is color 0 where both z; and z2 are constant.

partitioned into ¢’-hypercubes. More precisely, define U; to be the union of all &-hypercubes of I™
that intersect Uy. Finally, let’s also extend the boundary region B by adding on top of every boundary
component B ; a thin strip

By ={(txj) [xeJ ANte[l+k1+k+g(m) T} (27)

where g(m) = [y/m], and extend notation in the obvious way: B} = J,c; B}, and B* = J; B;}.
Now it’s time to reveal the combinatorial structure of our construction by defining a bipartite graph
G(A(Uy) U A(B*), E), which has as nodes the ¢’-hypercubes of the cover Uy and the boundary B*.
Intuitively, the edges E will connect all lattice points of a subdomain U; with the nodes of its
corresponding boundary B that agree on m — 1 coordinates; each Uy is projected onto the sides I; of

the cube that correspond to active items j € J. To be precise, for any x € A(U;) and y € A(B*),
(x,y) € E <= x_; =y_j for some j € J, J C [m] with £'-hypercube x intersecting U,

Another way to view this is that edges start from a node on a side j of the external layer B*, are
perpendicular to that side of the unit-cube (i.e. parallel to axis j) and run towards its interior body Ua,
excluding the areas where j is not sold.

By this construction, a bipartite matching of graph G that matches completely the initial boundary
A(B) corresponds to a coloring of the &’'-hypercubes of I"™: an internal cube matched to a node in side
B; is assigned color j and all unmatched cubes are assigned color 0.

We will use standard graph-theoretic notation and for any set of nodes X, N(X) will denote its
set of neighbors, i.e. N(X) = {y | (z,y) € E}. Hall’s condition tells us that in any bipartite graph
G = (X UY, E) there is a matching that completely matches X if and only if

|S| < |N(S)| forallSC X. (Hall’s condition)

What does the nonpositive 1-deficiency property of all SIM-bodies A(A1,...,A.), r < m, can tell
us about graph G?7 Remember (Lemma that these SIM-bodies correspond to slices Ujy|_ ., of the

allocation space, so (using also Property |5| of Lemma for any J C [m], t € RT7|J| and S C Uy|_ 4

S| < kY185, (28)

JjE€J
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Figure 5: The discretization of the allocation space and the structure of graph G used in the proof of Theorem {4} for m = 2
items. The space Up where SJA sells at least one item (colored gray) does not properly align with the &’-discretization grid
so we have to take a cover U; (outlined with the thick line, green in the color version of this paper). The boundaries B; U B}
have width k + g(m)e’. The one on the right (perpendicular to the vertical axis) consists of ¢’-cubes holding color 1 (blue at
the color version of the paper) and the one at the top color 2 (red). Edges run from every internal £'-cube, vertically towards
the red exterior and horizontally towards the blue exterior. Notice, however, how the cube within the allocation subspace U1y
has only horizontal (blue) edges running out of it, since it is not allowed to use color 2 (red). That is due to the fact that item
2 is not sold within Uyy;.

where S; = Sp)\y;3- Using the fact that every such slice Uy|_ ., has zero k-deficiency (Lemma , if
we take compliment S = Uy|_;,\ S and S; = (UJ|_J:t)[m]\{j} \ S; the above relation gives

kYIS <[5 (20)

JjeJ
First we will show that there is a matching on the bipartite graph G we defined, which completely
matches all nodes in A(Uyp). Notice that by and the fact that every (Uys)m)\ 151 X [0, k] is isomorphic
to By, Hall’s theorem tells us that we can completely match A(Uy|_;,,) into A(B;). By the way we

have constructed the edge set E, this directly means that there is a complete matching of A(Up) into
A(B), So, to extend this into a complete matching of the cover A(U;), it is enough to show that the
extra lattice points in U; \ Uy of any line parallel to some axis j are at most g(m) = y/m, the number of
neighbors in the extended thin-stripe boundary B*. Indeed, any point in U; cannot have distance more

than \/me’ from a point in Uy, because every &’-hypercube of Ua intersects with Uy and the diameter
of such a hypercube (with respect to the euclidean metric) is exactly /me’.
We will now show that there is also a complete matching of A(B) into A(U;). By the way we
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constructed the edge set, it is enough to show that every slice A(By|_,,) of the boundary can be
completely matched into the internal slice A(ﬁa_ J:t). Fix some nonempty J C [m] and t € R’f—l‘]l.
By Hall’s theorem it is enough to prove that for any family {T}};c of lattice pointsz“j C A(Byjl_.4):
>jer 1Tl < U ey N(T5)|. We will prove the stronger > ;|75 < |U;c; N(Tj) N Up|- ¢, that is we
will just count neighbors in the initial set Uy and not the cover US. The continuous analog of this is to
take T;’s be subsets of By ;| ;. and consider the natural extension of the neighbor function N when
now we have a infinite graph of edges

{(x,y) |x€Us|_j; Ny€E By|_js N x_j=y_;forsome jeJ}

Let S = Uy|_j.4 \U;es N(T}) be the set of point not being neighbors of any node in Uje T; of the
boundary. Then by it is enough to show that ZjeJ T3] < k Z]EJ |§j|, where S; = S|\ 53 Every
point in the boundary By ;|_ ;. that has neighbors in (J; ; N(T}) is included in S;: otherwise it would
have been the projection of an internal point of Uy|_ ., not belonging in Uje.] N(Tj;). But, for any point
y in T} the only other points that can have the same neighbors with it are all points of the line segment
of Byj;|_,. which is parallel to the j-axis passes through y, and this segment has length .

Combining the existence of the above two matchings, a straightforward use of the classic Cantor-
Bernstein theorem from Set Theory ensures the existence of a matching in graph G that completely
matches both A(U;) and A(B). But as we discussed before, this means that Ua is properly colorable
and thus, this coloring induces a feasible dual solution. Let’s denote this solution by z;(x), j € [m] and
also let u(x) be the primal solution given by SJA, i.e. u is the utility function of the STA mechanism.
To prove the optimality of u, we will take advantage of the approximate complementarity: we claim that
this primal-dual pair of solutions satisfies the approximate complementarity conditions in Lemma [2] for
e=g(m) -m(m+1)- &~

ux) - [m+1- 3 829:() <e (30)
jem] 7

u(0,x_;) - 2;(0,x_;) < e (31)

u(l,x_;) - (z;(1,x—;) — 1) <e (32)

zj(x) - (1 - agg)) <e, (33)

If that is true, then the proof of Theorem [4| is complete, since by the approximate complementarity
Lemma [2] the primal and dual objectives differ by at most (3m + 1)e = (3m + 1)g(m)m(m + 1)’ and if
we take the limit of this as &/ — 0, these values must be equal. So let’s prove that f indeed hold.

Condition is satisfied trivially, since both the primal and the dual variables are nonnegative.
Regarding , for any line parallel to some axis j the length of its segment intersecting the boundary
B U B* (which is the one contributing the critical colors j to that direction) is k 4+ g(m)e. So, given that
the derivative of z;(x) in sections colored with j is m + 1 we can upper-bound the value of z;(1,x;) by
(k4 g(m)e)(m + 1) =1+ g(m)(m + 1)e’. This means that z;(1,x;) —1 < g(m)(m + 1)e’ and given the
fact that the utility function has the property that u(x) < m (because its derivatives are at most 1 at
every direction), we finally get the desired u(1,x_;) - (z;(1,x_;) — 1) < g(m)m(m+ 1)’ = e.

For condition (30]), assume that u(x) > 0 (otherwise it is satisfied). That means that SJA sells at
least one item, thus x € Up C U6§ but U; is completely matched, thus all points of U; are colored with
some color in [m] (not with color 0); this is equivalent to the fact that some derivative of the z; functions
is m+1 and all others are zero, meaning that the corresponding slack variable m+1-3_, ., 9z;(x)/0x;
is zero.

Finally, for condition (30), fix some direction j € [m] and assume that du(x)/dz; # 1 (otherwise the
condition is satisfied). SJA is deterministic, so it must be that du(x)/0x; = 0, i.e. item j is not allocated.
That means that x’s hypercube intersects with an allocation space Uy with j ¢ J. But by the way that
defined the edge set E of the graph G, it has to be that in the line of &’-hypercubes that is parallel to axis
j there can be no hypercubes before it colored with color j; all such cubes are completely included in Uy
and thus cannot be colored with a color not in J. So, z;(x) cannot have increased more than ¢’(m + 1)
from zero. This proves that indeed z;(x)(1—0u(x)/0z;) = z;(x) < €'(m+1) < &'(m+1)mg(m) <e. O
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A Duality for Many Players

In this section we present our duality theory framework for optimal auctions, for the general case of
an arbitrary number of bidders n. In Sect. [3] of the main text we chose to give a treatment just for
the single-bidder case, because that is the scope of the main result of this paper. However, we feel
that it is important to give here a complete treatment, since this might prove very useful for future
work in this very challenging area of multi-dimensional Mechanism Design. We believe that this duality
perspective captures the essence of the revenue maximization problem. Furthermore, here we also provide
the omitted proofs from the single-bidder Sect. |3} as they are special cases (n = 1) of the general one.
Since we dropped the (s;(x)) constraints from the primal Program in the main text of the paper,
one has to simply set s; j(x) = 0 throughout the following to recover these proofs.

Regarding notation, we will use V,;u;(x) or simply Vu;(x) to denote (aaug; (’f) , 6;;,(’;) s %Zi,(x) ); notice

how only the derivatives with respect to the variables in x;.
For the general case of n bidders, the primal program of maximizing the expected revenue of the
seller now becomes

sip 30 /D (Vus(x) - x5 — us(x)) dF(x) (34)

U yennyUnp, ic[n]

where each u; ranges over the space of nonnegative convex functions on D having the properties
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for a.e. x € D, all i € [n] and j € [m)].
To find its dual, we first rewrite the objective function in in terms of wu;’s instead of their
derivatives. In particular, by integration by parts we have

a i\X x 8 i,7J (X
2 aist = [ om0z e — [ it 20D ax
—(4,9)

p Oz, Oi
zi;=H; ; af(x
:/ [wi(x)z; ; f(x )]wjif dx_; ;) —/ u; (x) f(x) dx—/ ui (X)2; 6;4 ) dx
D—(i,j) D D 2,7

to rewrite the objective of the primal program as

Z / vu1 7ui(x)) dF(X)i / HljuZ(H’Lj3X (l,]))f(H’Lj7X (l]))d'r (i,5)
i€[m] i€[n],j€[m )
(35)
- Z / Lijuwi(Ligyx—i ) [(Ligs X—(i,)) dx—(i.5)
i€[n],j€[m] D5
=3 [ ) (m 016+ xS
1€[n] D

Thus, the dual program that we propose to generalize @ is

nf / sz (36)

Zm

subject to

Z (323' (x) 8si7j(x)> <(m+1D)f(x)+x;-Vif(x) (ui(x))

ot 0x; O0z; j
2j(LigX—(i,5)) = 813 (Lijs X~ (i,5)) < Lij f(Lij, X—i.5)) (ui(Li g X—(i,5)))
zj(Hij, X~ (i) = 8,5 (Hi g, X—(i,5)) = Hij f(Hij, %X~ 5)) (wi(Hij,X—(i5)))
zj(x), 85,5(x) > 0

Now the Weak Duality and Complementarity lemmas for general n’s, extending Lemmas [I] and
respectively and thus also providing their proofs, follow below:

Lemma 19 (Weak duality). The value of every feasible solution of the primal Program does not
exceed the value of any feasible solution of the dual Program .

Proof. The proof is a straightforward application of the proof of traditional weak duality for finite linear
programs. Take a pair of feasible solutions for the primal and the dual Programs and consider the
difference between the dual objective and the primal objective ([35)):

Do 5 dx+ > | wx) (m+1)f(x)+x; - Vif(x) dx
JE[mM] L i€[n] /D

- > / Hi jui(Hij,x_i5y) f(Hi g, X)) dX_ (i j)
D5

i€[n],j€[m
/ szuz 1,55 X (,J))f(Llj’ )dX (4.9)
ze[n JE[m D5

Using the constraints of the programs, the first two terms of this expression can be bounded from below
by

z/ f&] DI zzw

i€[n] je[m]

azj x 0s; 5(x
+ 3 fueo X G- 3 S ) o

X X
Je[m] b jem] J
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which equals

X.

/ O[(2(x) = si,())ui(x)]
D

Dz
ieln 7€ bm] e

Similarly, the other two terms of the expression can be bounded from below by

- > / wi(HijyX—i5) (25 (Higo X (i) = 81,5 (Hi g, X~ (i.3))) dX—i j)
i€[n],j€[m D_ 5

+ Y /D wi(Lijy X (i) (25(Ligs X—(i.3)) = 81,5 (Li g X (i) dX—(ij)
i€[n],j€[m (i,9)

and they cancel out the first two terms. Bringing everything together, the difference of the dual and
primal objectives are bounded from below by zero. O

Lemma 20 (Complementarity). Suppose that uw;(x) is a primal feasible solution and z;(x) is a dual
feasible solution. Fix some parameter € > 0. If the following complementarity constraints hold for all
i €[n], j€[m] and a.e. x € D,

0z (x) 0s;,5(x)
i . 1 AV — 229 o0\ ) <
ui(x) - | (m+1)f(x) +x f(x) Z o + Z v, | S ef(x)
J€[m] J€[m]
wi(Lij,x_i5)) - (Ligf (Lig,X—(i.5)) — 2 (Lij, X5, j)) + 8ij(Lij, X_5.5))) <€
wi(Hijox—ig)) - (2 (Hijs X—igy) = $i5(Hi g, X—(i,5)) — Hij f(Hi g, x u))) <e

then the primal and dual objective values differ by at most (n+m+2nm)e. In particular, if the conditions
are satisfied with € = 0, both solutions are optimal.

ef(Lij,X_(ij))
ef(Hij,X_(i5))
ef

(),

IN

Proof. We take the sum of all complementarity constraints and integrate in the domain:

S [ it (0560 3 Viso - 30 G2 3 BB ) g

il P jetm) T jepm) O
+ Z /D wi(Lij, X (i j)) - (Lig f(Li g, X—(ij)) — 25(Lig, X)) + 8i5(Li g, X_(i.5))) dX_i5)
i3 7 D=
+Z/D wi(Hijox—igy) - (25 (Higs X i g)) = 80,5 (Hi s X—i.5)) — Hij f(Hijo X 3))) dx_(i )
ij YDt
Ou; (%)
+ ;}/ zj(x ( dri, ) dx < (n+m+ 2nm)e
j€[m

It suffices to notice that, by using the same transformations that we used to prove the Weak Duality
the left hand side is equal to the dual objective minus the primal objective. O

B Full Proof of Lemma [15

Throughout this section, for any dimension m and positive aq, as, ..., a,,, we denote
V(g o, am)=qxelI™ \/ Z%‘Zam i (37)
JC[m] jeJ

Then, by the definition of SJA in this means that V(pgm), e ,pgm)) is exactly the subdomain of
valuations where SJA allocates at least one of the items in [r] when their bids are drawn uniformly from
the unit interval and all other bids for the remaining items in [r + 1...m] are set to zero. The definition
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of STA tells us that the volume of this r-dimensional body must be r - k (for all » € [m]) and, as we
discussed in the proof sketch of Lemma [15]in Sect. this translates to its deficiency being zero:

5o (V™ ptm))y =0 forall r<m. (38)

m+1

Before giving the formal proof of Lemma we will need the following lemma that shows how the
deficiency of any such subdomain of the valuation space is the sum of the deficiencies of its “critical”
sub-slices of lower dimensions:

Lemma 21. For any subset of items J C [m], the k-deficiency of any slice of the subdomain where
at least one of the items in J is sold, when all other items’ bids are fized to zero, is the sum of the

k-deficiencies of all its sub-slices (Uém)|,J;0)|J\L:t, where 0 # L C J and k =1/(m +1). Formally,

(m) (m)
o (V(py u-"7p|J| Z /Im " ((UL ‘—J:O) J\L.t> dt.

PALCJ
Proof. Fix some m. For the sake of clarity we will prove the proposition for J having full dimension
J = m. All the arguments easily carry on to the more general case where J C [m] if one takes all
valuations of items not in J to be 0, i.e. “slicing” ( - )|_,.o, since they are valid for any auction
with nonincreasing price differences and SJA specifically; essentially, the case of |J| = m’ < m directly
translates to the case of an m’-dimensional auction.
So, it is enough to show that

vi= 3 /m_w|UL el (3)

0#LC[m)]
Viny| = Z / i) {}‘dt for all j € [m], (40)
0£LC[m) 7 I *!
jJjeL
where for simplicity we have denoted the space V(p1,...,pmn) where mechanism allocates at least one

item with V. Equation is a result of the fact that V' can be decomposed as V' =3, £LC[m] Ur and
every allocation subspace Uy, is isomorphic to the disjoint union of all its slices Up|_ L.t~ 10 a similar
way, to prove that holds, it is enough to show that for some fixed j € [m], the projection V{;; can
be covered by the union of all the projections of the sub-spaces Uy towards coordinate j and that all
these projections (Ur)y;y are disjoint almost everywhere, i.e. they can only intersect in a set of measure
Zero.

For the former, let x_; € Vi;3. Then (x_;,1) € V (by only increasing the components of a valuation
profile, items that were sold to the buyer are still going to be sold). So, there is a nonempty set of items
L C [m] such that (x_;,1) € U and j € L (item j is sold since z; = 1 > p;), meaning that indeed
x_j € (Up)g;y with j € L. For the latter, consider distinct sets L, L’ C [m] with j belonging to both L
and L', and let a valuation profile x € Uy, N Uy.. Then, by the characterization in Lemma [14]it must be
that

Z Ty 2 P\ — P|L|—-|L\L| and Z 2y < P|L|+|LAL| — PILs
leL'\L leL/\L
the first inequality being from the fact that x € Uy, and the second from x € Uy, taking of course into
consideration that L'\ L € L" and L'\ L Z L. As a result, the sum »,;,, ; z; can range at most over
only a single value, namely p|r/| — pjr/|—|jz\r| = P||+|z/\z| — P|z| (and only if these two values are of
course equal), otherwise by merging these two inequalities together we would have gotten that

D) — P |—|L\L| < P|L|+|L\L| ~ P|L|

which contradicts the nonincreasing payment differences property, since both differences are between
payments that differ at exactly |L'\ L| “steps” but |L| + |L'\ L| > |L/|. O

Lemma (Lemma . Every slice U(m) J of STA has zero k-deficiency, where k = 1/(m +1).
t
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Proof. Fix some m and let k = 1/(m + 1). We use induction on the cardinality of J. At the base of
the induction, |J| = 1 and due to symmetry it is enough to prove the proposition for slices of the form
U{1}|[2_”m]:t. By this is equal to the slice U{l}‘[Q m]:0n, , which is the single-dimensional interval

[p1, 1], thus having k-deficiency 1 — p; — ﬁ 1= p1 0
For the inductive step, fix some r < m and assume the proposition holds for all J C [m] such that
|J| < r—1. We will show that it is true also for |J| = r. Again, due to symmetry, it is enough to prove

that the k-deficiency of slice Uy, ‘ (1] O is zero (taking into consideration (16]). By Lemmaﬂwe

have that for the subdomain where at least one of items [r] is sold given that the remaining [r 4 1...m]
bids are fixed to zero is

S(V(prypr) = > /1 o 5'“( Utlisa..m 0)’[1\“) a

0#LClr]
= 6k (U[7']|[r+1...m]20> + / . <UL|(m]\L (t, 0)) dt
(Z);éLC Ir=el
|L|<r—
= 0k (U[T]‘[r—&-l...m]:o) ’
by the induction hypothesis. But from the definition of SJA, from we have that 0 (V(p1,...,pr)) =0
which concludes the proof. O

C Convexity and Duality

In this section we discuss the convexity constraint of the utility functions. For clarity, we focus on the
simple case of a single bidder and a single item. We show that the convexity constraint is not necessary for
distributions that satisfy a regularity condition. And in the opposite direction, we exhibit a distribution
which does not satisfy the regularity condition and for which the convexity constraint cannot be dropped
without affecting optimality.

The primal program (taking into consideration (B])) for this case is

sup w(H)Hf(H) — (L)L (L) - / u(@)(f(2) + (2f(2))) da

subject to
u'(z) <1 (2(2))
u'(z) =0 (s(x))
u'(z) =0 (w(z))
u(z) >0

Notice that there is no reason to include u(L) = 0 since this holds for the optimal solution; the reason is
that if u(x) and u(z) — ¢ are both feasible solutions and c is a positive constant, then the corresponding
objectives differ by ¢H f(H)—cLf(L fL +(zf(2)))de = —c(HF(H)—LF(L)) < 0; this shows
that the optimal solution has u(z) = 0 for some x.

In our treatment of the subject in the main text of the paper, we dropped the constraints labeled by the
dual variables s(z) and w(x). We do this to keep the primal and dual systems simple. More importantly,
there is a strong reason for ignoring the constraints corresponding to w(z) for multi-parameter domains:
the convexity constraints V2u(z) = 0 (that is, the Hessian of u must be semi-positive definite) are not
linear in u (unlike the one-dimensional case, in which the constraint «”(z) > 0 is linear in w).

In the rest of this subsection, we investigate when the simplified systems are optimal. We first give
the dual of the above complete primaﬂ

5The dual of a linear program with derivatives can be computed in a straightforward way, in the spirit of the derivation in
Lemma Instead of giving the rules, we simply give an illustrating example. If the primal program with variable h(x) is

h

sup/D h(z)~(x)dx
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subject to

For a large class of distributions, the primal constraints with labels s(x) and w(z) are non-essential;
that is, if we set the dual variables s(x) and w(z) to 0, the optimal solution is not affected. In particular,
let us drop the s(z) and w(x) constraints, and consider the distributions which satisfy

fl@) + (zf(x)) = 0. (41)

This condition is equivalent to F(x)+x f(z)—1 = —(z(1—F(x)))’ being non-decreasing. Equivalently, the
revenue curve R(z) = 2(1—F(x)), which gives the revenue for the deterministic auction that sells the item
at (reserve) price z, is not concave. This condition is very similar to the regularity condition of Myerson
[1981]@ When holds, let z¢ be such that F(zg) + xof(x0) — 1 = 0 (z¢ is Myerson’s virtual price);
the optimal primal and dual solutions are u(x) = max(0,z — z¢) and z(z) = max(0, F(z) + = f(x) — 1)

or equivalenlly
0 < 0

F(z)+zf(x)—1 x> xo.

It is straightforward to check that the above conditions satisfy the primal and dual constraints and that
they are complementary (that is, they satisfy Lemma with € = 0); therefore they are optimal.

Let us now consider the case when condition does not hold. Figures |§| and [7| show an example,
for the probability distribution with cdf

Flz)=1-(1—-2)(1+z(2.7z —2.9)),

over the unit interval I, for which the convexity constraint is necessary to get optimal solutions. The
probability distribution on the left of Fig. [f] is not regular and its revenue function R(z) = (1 — F(z))
is not concave; equivalently, —R'(z) = F(z) + = f(z) — 1 is not monotone nondecreasing. The revenue
curve is shown on the right of the figure. The points xg, x2, and z3 are extrema; the point x; induces
the same revenue with xs.

Figure [7| shows the optimal solutions. The optimal primal solution is u(z) = max(0,2 — xg) and
corresponds to the deterministic auction with reserve price xg. The optimal dual solution is z(z) which
is equal to F(x)+xf(z) — 1 in the intervals [zg, 1] and [z3, 1]. The integral of —R'(x) in [z1, 23] is 0 (by
the definition of z1). The flattening of the —R/(z) curve in this interval is similar to the ironing process
of Myerson| [1981]. It follows that the integral of z(x) in the interval [xo, 1] is equal to the integral of
—R/(z), and therefore equal to (1 — F(x¢)), which is the optimal value.

subject to
ao(2)h(z) + a1 ()h'(z) + az(z)h” () < B(z) (9(=))
h(z) >0,
its dual program with variable g(x) is
inf/ g(z) B(z) dzx
9 JD
subject to
ao(z)g(x) — (a1(z)g(x))" + (az(z)g(2))" > v(z) (h(z))
g(z) 20
SA distribution is called regular when z — l}f;(;” ) is non-decreasing. Our monotonicity condition of this section is very
similar, since it requires the function f(z) - (w - 1;.2()96)) to be non-decreasing.
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Figure 6: The probability distribution in Fig. @ is not regular and does not have concave revenue curve, i.e. F(z)+zf(z)—1
is not monotone. Its revenue curve is shown in Fig. @ The points xo, T2, and x3 are extrema; the point x1 has the same
revenue with zs.

This example illustrates that convexity is in some cases necessary to obtain optimal primal and
dual solutions. The right part of Fig. [7| shows the optimal dual solution z;(x) = max(0,—R’(x)) and
the corresponding primal solution when we drop the convexity constraint. To see that this is optimal,
observe first that the dual solution with z(z) = z1(x) and s(z) = max(0, R'(x)) is feasible (in fact, it
satisfies the u(z) and w(H) constraints tightly) and has optimal value

/ 2(2)dz = /I _R(x) dx+/ _R'(«)de = R(zo) — Rxs) + Rlxs) — R(1) = R(zo) — R(w2) + R(ws).
0 X0 x3

It is straightforward to verify that the primal solution w(z) has the same value, which shows that it is
optimal. However, the primal solution is not convex and, furthermore, its value is strictly higher than
the optimal one (because R(z3) > R(x2)). Therefore the convexity constraint is essential to obtain the
optimal solution.

It is worth mentioning also that, if we drop both the convexity constraint and the constraint w’(x) > 0,
we obtain an even worse (higher) dual solution. This is z(x) depicted in the right part of Fig.[7] Observe
that in this case, the value of zo(x) must be positive when —R'(z) = F(x) + zf(x) — 1 is decreasing
(since its derivative must be negative and its value cannot become negative; there is no s(x) to absorb
this effect).

Finally, we believe it is very interesting to notice the interpretation of the dual variable: z(z) is the
negative derivative of the revenue curve.

D Duality for Unbounded Domains

As we mentioned in the presentation of the duality framework in Sect. [3) for it to make sense as-it-
is we need the integrals in the basic transformation of the primal revenue-maximization objective in
expression to be well-defined. This is definitely the case when we have bounded domains, i.e. when
the upper-boundary H; of each interval D; = [L;, H,;] is finite: all integrals in are finite and the
integration by parts is valid. This of course includes the special case of uniform distributions which is
the main topic in this paper. We will now discuss how one can still use this duality framework in cases
where the domain D is not bounded.

For the sake of clarity, let’s assume for the remaining of this section that items’ valuations are i.i.d.
from some distribution F with pdf f over an interval [L, H], L > 0. First notice that, even for unbounded
domains where H = oo, the critical integral
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Figure 7: Figure shows the optimal solutions for the distribution of Fig. @ Figure shows the optimal dual solution
z1(x) and the corresponding optimal solution u(x), when we drop the convexity constraint. Function zo(z) is the optimal dual
solution when we drop both the convexity constraint and the constraint u'(z) > 0.

Hju(Hj,x_;) f(Hj,x_;)dx_; = Hf(H)/ u(H,x_;) [ [ f(a) dx_; (42)

D_; [L,H]m—1 14

in may still converge as H — oo. In such a case, the duality framework from Sect. (3| can be
applied as it is: one just has to take the limit of H — oo wherever H appears, and in particu-
lar the Weak Duality Lemma [I| is still valid if one replaces condition z;(H,x_;) > Hf(H,x_;) by

its natural limiting version of limpgy_, (zj(H, x—j) — Hf(H) ][], f(xl)) > 0. For example, a suffi-
cient condition for distributions with unbounded support to still induce bounded values in is to
have finite expectation. This is a rather natural assumption to make and is standard for example in

the works of Myerson| [1981] and [Krishnal [2009]. To see why is finite, it can be rewritten as
Hf(H)Eyx_,~pm-1 [u(H,x_;)] and so, due to the derivatives constraint Vu(x) < 1,,, it is upper-bounded

by Hf(H)Ey_pms [H + 0 xj] — H2f(H)+ (m—1)H f(H)E[X]. Now, if we take into considera-

tion that any bounded-expectation distribution must have f(x) = o(1/x?) since E[X] = [ f(x) dz must
converge, then it is easy to see that this expression converges as H — oo, and in fact vanishes to zero.

However, this might not be true for distributions with infinite expectation, for example the equal
revenue distribution where f(x) = 1/2? over the interval [1,00). In such a case, we can follow a different
path in order to use our duality framework. One can take the truncated version of the distribution within
a finite interval, i.e. consider the distribution Fy(x) = ﬁF(x) over the interval [L,b] for any b > L,
apply the duality theory framework in this finite case, and then study the behavior as b — oco. As the
next Theorem [b| proves, this process will be without loss.

In the following we will use the notation REV(F) from |[Hart and Nisan, 2012| to denote the optimal
revenue when the items’ valuations follow the joint distribution F'. One last remark before stating the
theorem is that, whenever one deals with a specific case of the optimal revenue problem, he has to make
sure that it is well defined, i.e. that REV(F') < oo for the particular distributional priors F'. This might
seem obvious, but let us note here that it is not the case for any probability distribution. For example,
if we consider i.i.d. valuations from the Pareto distribution f(z) = 227%/2 | 2 € [1,00), the expected
(Myerson) revenue by selling a single item at a price of ¢ is ¢(1 — F(t)) = ¢(1 — 1 +¢~1/2) = t'/2 which
tends to infinity. Some simple sufficient conditions for bounded optimal revenue in the i.i.d. case where
the valuations come from a product distribution F™ are, the bounded expectation of the distribution F,
since by individual rationality (IR) one trivially gets the bound REV(F™) < mE[X], and the bounded
Myerson revenue REV(F) for the single-item case, since from the work of Hart and [Hart and Nisan| [2012]
we know that there exists a constant ¢ > 0 such that —5—REV(F"™) < SREV(F"™), where SREV denotes

logZm
2
the optimal revenue by selling the items independently, so we get REV(F™) < WREV(F). The
former condition is stronger. For example, the equal revenue distribution does not have finite expectation
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but it does induces a finite Myerson revenue of 1.

Theorem 5. Let F' be a probability distribution over [a,c0), a > 0, such that REV(F™) < oo. Then, if
F, denotes the truncation of F in [a,b], b > a, and lim,_,o REV(E]"™) converges, it must be that

lim REV(F,") = REV(F™).
b—oo

Proof. Let u be the utility function of an optimal auction when valuations are drawn i.i.d. from F. The
restriction of u in [a,d] is a valid utility function for the setting where valuations are drawn i.i.d. from
F}, and also we know that F(x) = F(b)Fy(x) for all « € [a,b]. Combining these we get:

REV(F™) = /[ . x - Vu(x) — u(x) dF™(x)

= / x - Vu(x) — u(x) dF™(x) + / x - Vu(x) — u(x) dF™(x)
[a,b]™

[a,00)™\[a,b]™

=F"(b) /[ . x - Vu(x) — u(x) dFy" (x) + / x - Vu(x) — u(x) dF™(x)

[a,00)™\[a,b]™

< F"(O)REV(E™) + / x - Vu(x) — u(x) dF™(x)

[@,00)™\[a,b]™

Next, for any b > a, let u; be the utility function of an optimal auction when valuations are drawn
ii.d. from Fp. This utility function can be extended to a valid utility function u;, over the entire interval
[a, 00) in the following way

Up(x) = up(1(x)) + (x — (%)) - Vup((x)), x € [a,00)™,

™ i.e. is the m-dimensional vector whose j-th coor-

where 74(x) is the pointwise minimum of x and (b)
dinate is min{z;, b}.
Since up is a convex function with partial derivatives in [0, 1], so is the extended @,. This means that

we immediately get
F"(b)REV(E") < REV(E™).

Now the theorem follows from the facts that limp— oo F™(b) = 1 and
lim x - Vu(x) — u(x) dF™(x) = 0.
b=2¢ Jla,00)™\[a,b]™

The last equality is due to the fact that f[am)m x - Vu(x) — u(x) dF™(x) is bounded by assumption. O

E Exact Computation of the Prices for up to 6 Dimensions.

To decongest notation, we will drop the subscript (m) because it will be clear in which dimension we are
working in and we denote v(as1,...,a,) = |V(aq,...,a,)| where this body is defined in and, as we
mentioned after Definition |1, we can use the equivalent to condition

v(p1,...,pr) =1k

1

to determine the SJA payments. Also, we set k = T

throughout this section.

e r =1 and any m: As we said before, it is easy to see that for any dimension m,

v(p1) =1—p1. (43)
From this, and applying the transformation , we solve
vip)=1-k<=1-(1—wmk)=k<= 1 =1.

So

pgm) = mT— 1 and M1 = 1.
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For higher orders r > 1 notice that if the prices pi,pa,...,p, are such that p; — p;_; is a nonnegative
and (weakly) decreasing sequence, then

Pr—Pr—1 DPr—1—Pr—2
v(pla"'apT):/ ’U(plw"aprl) dt+/ ’U(pla"wp'r‘fZapT_t) dt
0 Pr—Pr—1
P1 1
+...+/ v(pg—t,...,pr,l—t,pr—t)dt+/ 1dt (44)
p2—p1 P1
This is a recursive way to compute the expressions for the volumes v,.. In case that the sequence
P1,D2, ..., pr of the prices up to order r breaks the requirement to be increasing at the last step, i.e. p, <
pr—1, then simply v (p1,...,pr) = v (p1,...,Pr—2,0r, Pr) and we can still deploy the previous recursion.

e r =2 and any m: Using the recursive formula and we can compute that for every ps such
that 0 < py — p; < p; it would be

pP2—p1 P1 1 ) p%
v(p1,p2):/ v(pl)dt+/ v(pzft)dt+/ dt =pi + = —2pip2 +1
0 D

2—P1 p1 2
and by applying the transformation and plugging in the already computed value p; = 1 from
the previous order r = 1, we get

v(1 — ik, 2 — pok) = 2k <= p2 —4ps +2=0 (45)

If we pick the largest root of this equation py = 2 + /2 we can see that indeed condition 0 <
p2 — p1 < p1 is respected (it is equivalent to 0 < k < 1/(1 + +/2) which holds since k < w%l and
r > 2), so we have computed that for any m

(m):2mf\@

5 e and iy = 24+ V2 ~ 3.41421.

e r =3 and any m: In the same way, using again recursive formula and the volume of the previous
order r = 2 from we can compute that for every ps such that 0 < p3 —py < ps —p; it would be

P1 1

v(p1,p3 —t) dt+/ v(ps —t,p3 —t)dt + dt
P2—p1 P1

P2—P1

pP3—p2
v(p1,p2,p3) =/ v(p1,p2)dt+/
0 p.

3—P2

1 [ ,
=5 (—3p} + 9pips + 9p1 (203 — 4paps + p3) — 6ps + Ip3ps — piy +6)  (46)

and by applying the transformation and plugging in the already computed values for pu; = 1
and ji3 = 2+ /2 from the previous orders, we get

v(1 — prk,2 — pok,3 — psk) = 3k <= 3 — 9u3 +9uz +12v/24+15=0 (47)

If we pick the largest again root of this equation

. 62/3
M3=§/6—6\/§+6m/3+2\/§+ + 3~ 7.09717
§/1—ﬁ+i\/3+2¢§

we can see that indeed condition 0 < ps — py < po — p1 is respected (it is equivalent to 0 < k <
0.271521 which holds since k£ < Wll and r > 3), so we have computed that for any m

" 7.09717
(m) o g

~ d ~ 7.09717.
b3 m+1 anc. Hs

e r =4 and any m: Continuing up the same way, we compute that for every p4 such that 0 < py—p3 <
P3 — P2 it is

P4—DP3 P3—p2
v(p1,p2,P3,Pa) = / U(pl,m,ps)dt-i-/ v(p1,p2,pa —t)dt
0 pa—p3
p2—p1 p1 1
+/ U(Phps—t,m—t)dt‘f'/ U(p2—t,p3—t,p4—t)dt+/ dt
p

3 —DP2 pP2—p1 Pp1
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which equals
1
24

+6p3 — 9p3pa + pi) + 18p3 — 48p3ps — 36p5 (2p3 — 4psps + pi) + 12p5 — 16pips + pi + 24)(. )
48

(4p1 — 16pTps — 24p7T (3p3 — 6papa + 2p3) — 16p1 (3p3 — Ip3pa — Ip2 (2p3 — 4pspa + p)

By applying the transformation , plugging in the already computed values for p; = 1 and
po = 2+ /2 and using the fact that ps is the root of Eq. , we get that equation v(1 — p1k,2 —
ok, 3 — pgk,4 — pgk) = 4k is equivalent to

i — 1613 + 242 + 96/ 214 + 12814 + 7213 — 144725 — 28815 + 48v/2 + 88 = 0. (49)

If we pick the largest again root pg = 11.9972 of this equation we can see that indeed condition
0 < p4 — p3 < ps — po is respected (it is equivalent to 0 < k < 0.204082 which holds since k < ﬁ
and r > 4), so we have computed that for any m

(m) _ 4 11.9972
Py m+ 1

and pg =~ 11.9972.

e r=>5and m =5: At this point we need to modify a little bit our procedure of computing the
volumes in the usual recursive way, and consider the case where the new ps price is such that
p3 < ps < py instead of ps > py (and in fact the even stronger condition that ps — py < py —
p3). This is again a straightforward calculation, since as we argued before, v(p1,p2,ps, pa,p5) =
v(p1, P2, P3,Ps; P5) and so

P5—P3 P3—P2
v(p17pz7p37p47p5)=/ v(p1,p2,p3,p5—t)dt+/ v(p1,p2,ps — t,ps —t) dt
0 P

5—P3
P1

P2—p1 1
+/ U(p17p3—t,p5—t7p5—t)dt+/ U(pQ—t,m—t,p5—t,p5—t)dt+/ dt
p3—p2 pP2—p1 p1

which equals
1
Tog (—9PL + 25p1ps — 50pips + 50pt (6p3 — 18p3ps + 18psp3 — 5p5) + 25p1 (4ps — 16p3ps
+24p3pz — 16ps (3p5 — 9p3ps + Ipspz — 2p) + 18p5 — 48p3ps + 36p3pz — 3ps) — 2 (20p5
—T5p3ps + 100p3p3 — 50p3 (3p3 — 9p3ps + Ipsp? — 2p3) + 30p5 — Thp3ps + 50pips — 2pi — 60))
(50)

By applying the transformation , plugging in the already computed values for pu; = 1 and
2 = 2 ++/2 and using the fact that ps is the root of Eq. , we get that equation v(1 — 1k, 2 —
pok, 3 — psk,5 — usk, 5 — psk) = 5k is equivalent to

43 — 22502 4 435008 + 800V 212 — 3495012 + 900415112 — 1800V 21513 — 36004543 — 14600V 2415
+ 121175p5 + 720\/5/1:2,, — 1422042 + 22680V/2/13 + 496803 + 41080v/2 — 161215 = 0 (51)
If we pick the second largest root us =~ 18.0865 of this equation we can see that indeed condition

p3 < ps < py is respected (it is equivalent to 0.16422 < k < 0.181994 which holds since k = ﬁ
and m = 5), so we have computed that for m =5

18.0865
ps ~ 5 - 5

=1.98558 and " ~ 18.0865.

e r =15 and any m > 6: We can compute that for every ps such that 0 < p5 — py < py — p3 it is

P5—P4 P4—P3
v(p1, P2, 3, Pa,D5) = / v(p1, 2,3, pa) dt +/ v(p1, P2, 3, ps — t) dt
0 P5—P4
P3—P2 P2 —DP1
+/ U(p1,p2,p4—t,p5—t)dt+/ v(p1,p3 —t,pa —t,ps — t)dt
P4—p3 pP3—p2

P1 1
+/ v(pz—t7p3—t,p4—t,ps—t)dt+/ dt
p

2—P1 P1
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which equals

1
0 (—5p% + 25pips + 50p5 (4p3 — 8paps + 3p2) + 50p3 (6p3 — 18p2ps — 18ps (203

—4paps + p3) + 16p; — 24pips + 3p3) + 25p1 (4ps — 16psps — 24p3 (3p — 6paps + 2p3)
—16ps (393 — 9p3ps — 9ps3 (203 — 4paps + p2) + 6p3 — Ip3ps + p2) + 18p3 — 48p3ps
—36p3 (2p] — 4paps + p2) + 12p§ — 16pips + p2) — 40p5 + 150p3ps + 200p3 (3p3
—6paps + 2p3) + 100p3 (3p5 — 9p3ps — Ips (23 — 4paps + p3) + 6p§ — 9paps + p3)
—60p3 + 150p3ps + 200p3p3 — 400p3paps + 100p3p2 — 20p3 + 25pips — p2 + 120)  (52)

By applying the transformation , plugging in the already computed values for py; = 1 and
te = 2 + /2 and using the fact that us is the root of Eq. and py is the root of , we get
that equation v(1 — p1k,2 — pok, 3 — usk,4 — pak, 5 — usk) = 5k is equivalent to

13 — 255 + 5043 — 10013 113 + 9003 3 — 9003 iz — 800V 243 — 950143 — 15015145 + 40015 143 1
+ 1200415415 — 360041513414 — 90075143 + 3600115 113114 — 2541541 + 4005 115 — 600415415 + 2400/ 271514
4280015 14 — 1600V 215 — 2225 115 +6015 — 150 115 — 20043 112 — 40015 1.4 — 19003 -+ 18003 13 +3600143 114

— 18003442 — 36003414 + 1800713 42005 — 27504 — 12007/ 22 — 8002 — 2400/ 214 — 280044 +8960+/2
412185 =0. (53)

If we pick the largest again (real) root us ~ 18.0843 of this equation we can see that indeed
condition 0 < ps — psy < p4 — p3 is respected (it is equivalent to 0 < k < 0.16428 which holds since

k< ﬁﬂ and m > 6), so we have computed that for any m > 6

18.0843
F_ T

- and ud™ ~ 18.0843.

pi™ ~

e r =6 and m = 6: If the new pg price is such that py < pg < ps, similar to the case of r = m = 5,
we have that v(p1,p2,p3, 4, P5,P6) = v(p1, 2, P3, Pa, P6, Ps) and so

P6—P4 P4—P3
v(p1, P2, 3, Pa, D5, D6) :/ v(pl,pz,ps,m,pﬁft)dH/ v(p1, p2,P3,ps — t,p5 — t) dt
0 P6 —DP4
P3—DP2 P2—pP1
+/ U(pl,p2,p4—t7p6—t,p6—t)dt‘f'/ v(p1,p3 —t,ps —t,ps — t,p —t) dt
Pa—P3 pP3—p2

P1 1
+/ v(p2 —t,p3 —t,ps —t,ps —t,ps — 1) dt + dt
pP2—p1 p1

which equals

% (6p5 — 36p3ps + 90pipg — 120pF (10p3 — 30p3ps + 30papg — i) — 90pT (10p5 — 40pips
+60p3pg — 40ps (3p] — 9pips + Ipapg — 2p3) + 60p; — 160p3ps + 120p3pg — 11pg) — 36py (5p5
—25p4ps + 50p3p? — 50p2 (6p5 — 18p3ps + 18pap? — 5pi) — 25ps (4ph — 16pipe + 24p3p2
—16ps (3p3 — 9pipe + Ipapi — 2p3) + 18p3 — 48pipe + 36pipg — 3pg) + 2 (20p3 — T5pspe
+100p3pg — 50p3 (3p§ — 9pipe + Ipapi — 2p4) + 30p; — T5pipe + 50pipg — 2p¢)) + 5 (15p5
—72ppe + 135php? — 120p3 (6p5 — 18p2pe + 18pap? — 5p?) — 45p2 (4ph — 16pipe + 24p2Zp2—
16ps (3p§ — Ipips + Ipapg — 2p3) + 18} — 48piips + 36pipg — 3pg) + 40p5 — 144pips + 180p3pg
—80p3 (3p} — 9pipe + Ipapi — 2p3) + 30p§ — T2pips + 45pipg — pg + 144))  (54)

By applying the transformation , plugging in the already computed values for p; = 1 and
t2 = 2 + /2 and using the fact that s is the root of Eq. and 4 is the root of , we get
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that equation v(1 — pu1k,2 — pok,3 — usk,4 — pak,6 — ugk, 6 — pugk) = 6k is equivalent to

18 — 363 + 27008 — 1603 13 + 14403 112 — 14403 p13 — 1200V 23 — 21603 — 18023 + 7202 13 14
+ 216046 115 — 648013 p3 ta — 7560513 + 648048 1ispa + 6480ug s — 4515y + 7208 — 10804 113
+ 4320V/2012 1y + 504012 14 + 43207/ 23 4 57602 + 144 16145 — 72046113 117 — 288016 143 14 — 86401115

+ 64806 13113 + 2592063 110 + 12960p6 415 — 6480p6 3115 — 2592046 p13j04 — 6480613 + T2416043
— 90062 — 144046113 — 4320V 216112 — 720116112 — 17280V 2416 14 — 20160116 114 + 8928V 216 + 1310416
—40pS — 14445 + 144045 + 24043 15 + 1440p3 13 + 288043 114 + 1056043 — 21603 115 — 1296043 143
— 2592003 114 — 756003 + 2160345 4 1296033 + 2592013104 — 21603 — 30uS + 288u + 144045

+ 1440V/23 4 168043 + 8640242 + 576042 + 17280v/2u4 + 2016044 — 42048V/2 — 58344 = 0

(55)

If we pick the second largest root pg =~ 25.3585 of this equation we can see that indeed condition
P4 < pg < ps is respected (it is equivalent to 0.137473 < k < 0.149686 which holds since k = ﬁ
and m = 6), so we have computed that for m = 6

25.3585
P ~6— 253585 _ 937736 and 1l ~ 25.3585.
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