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We study double auction market design where the market maker wants to maximize its
total revenue by buying low from the sellers and selling high to the buyers. We consider
a Bayesian setting where buyers and sellers have independent probability distributions on
the values of products on the market.
For the simplest setting, each seller has one kind of indivisible good with a bounded
(integer) amount that can be sold to a buyer, who may demand a bounded number of
copies. We develop a maximum mechanism for the market maker to maximize its own
revenue.
For the more general case where each seller’s product may be different, we consider a
number of variants in terms of constraints on supplies and demands. For each of them,
we develop a polynomial time computable truthful mechanism for the market maker to
achieve a revenue at least a constant « times the revenue of any other truthful mechanism.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction

We consider a double auction market maker who collects valuations from buyers and sellers about a certain product to
decide on the prices each seller gets and each buyer pays. The buyers may want to buy many units and the sellers may
have many units to part with. The buyers and sellers may have different valuations of the product, and the probability
distributions of the valuations are public knowledge but each valuation, sampled from its distribution, is known only to its
own buyer or seller. For simplicity, we assume that the probability distributions are independent. For the sellers and buyers,
they know their own private values exactly. The market maker purchases the products from the sellers and sells them to
the buyers. Our goal is to design a market mechanism that maximizes the revenue of the market maker. In other words, the
market maker is to buy the same amount of products from the sellers as the amount sold to the buyers with the objective
of maximizing the difference of its collected payment from the buyers and the total amount paid to the sellers. When in
addition we assume public knowledge of distributions of buyers’ private values from the previous sales, we call it a revenue
maximization Bayesian double auction market maker.
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Table 1
Results.
Dimension Demand Supply Distribution Results

Section 3 Single Arbitrary Arbitrary Continuous/Discrete Optimal
Section 4 Multi Arbitrary Arbitrary Continuous 1/4-Approx
Section 4 Multi Arbitrary Arbitrary Discrete 1/4-Approx
Section 5 Multi Unlimited Arbitrary Discrete Optimal
Section 5 Multi Arbitrary Unlimited Discrete Optimal

For the demand column, “Arbitrary” refers to the case where buyers can buy at most d; items where d; can be an arbitrary number and “Unlimited” means
d; = +o0. The supply column is similar.

There have been many double auction institutions, each of which may be suitable for one type of market environment [9].
Ours is motivated by the growing use of discriminative pricing models over the Internet such as one that is studied in [7] for
the prior-free market environment. A possible realistic setting for applications of our model could be Google’s ad exchange
where Google could play a market maker for advertisers and webpage owners [13]. One may also use it for a market model
of Groupon. Our use of the Bayesian model is justified by the repeated uses of a commercial system by registered users.
It allows the market maker to gain Bayesian information of the users’ valuations of the products being sold. Therefore, the
Bayesian model adequately describes the knowledge of the market maker, buyers and sellers for the optimal mechanism
design.

Our results. We provide optimal or constant approximate mechanisms for various settings for double auction design. The
parameters considered in our discussion are related to important market design issues. Those include one or multi dimen-
sional problems (meaning, one product or multiple different types of products). The buyers can have demand constraints
or not. The sellers can be supply constrained or not. Players’ values may be drawn from a continuous or from a discrete
distribution. The results are summarized in Table 1. In the Bayesian Mechanism Design problems, there are two compu-
tational processes involved. The first one is to design an optimal or approximate mechanism which can be viewed as a
function mapping bidders’ profiles to allocation and payment outcomes. Since the function maps potentially exponentially
many profiles to outcomes, a succinct representation of the function is an important part in the Bayesian mechanism design.
The second process is the implementation of the mechanism, i.e., given a bid profile, we run the mechanism to compute the
outcome allocation and payment scheme. Our results imply that all mechanisms described in the table can be represented
in polynomial size and can be found and implemented in polynomial time.

Related works. Auction design plays an important role in economics in general and especially in electronic commerce
[12]. Of particular interest, is the problem of maximizing the auctioneer’s revenue, referred as the optimal auction design
problem. A number of research works have focused on this issue. Myerson, in his seminal paper [14], characterized the
optimal auction for the single-item setting in the Bayesian model. Recently, efforts have been made on extending Myerson’s
results to border settings [8,16,18].

Unlike Myerson’s optimal auction result, finding the optimal solution is not easy for multi-dimensional settings. Recent
research interest has turned toward approximate mechanisms [1,5]. Cai et al. [4] presented a characterization of a rather
general multi-dimensional setting and proposed an efficient mechanism for the special case where no bidders are demand
constrained. Using similar ideas, Alaei et al. [2] present a general framework for reducing multi-agent service problems to
single-agent ones.

The double auction design problem becomes more complicated since the market maker acts as the middle man to bring
buyers and sellers together. A guide to the literature in micro-economics on this topic can be found in [9]. The profit
maximization problem for the single buyer/single seller setting has been studied by Myerson and Satterthwaite [15]. Our
optimal double auction is a direct extension of their work and, to our best knowledge, fills a clear gap in the economic
theory of double auctions. Deshmukh et al. [7], studied the revenue maximization problem for double auctions where
the auctioneer has no prior knowledge about bids. Their prior-free model is essentially different from ours. More auction
mechanism design problems were studied by many researchers in recent years, but as far as we know, not in the context of
optimal double auction design in the Bayesian setting. The most related one is by Jain and Wilkens [10], where they studied
the market intermediation problem in a setting with a single unit-demand buyer and a group of sellers. They gave several
constant approximate mechanisms with various buyer behavior assumptions. While our setting assumes the existence of a
monopoly platform, Rochet and Tirole [17] and Armstrong [3] introduced several different models for the two-sided market
and studied the platform competition problem.

2. Preliminaries
Throughout the paper we focus on Bayesian incentive compatible mechanisms only. Informally, a mechanism is Bayesian

incentive compatible if it is optimal (in the expected utility) for each buyer and each seller to bid its true value of the items.
We will formally define this concept later. As a consequence, we should consider their bids to be their true valuations and



X. Deng et al. / Theoretical Computer Science 539 (2014) 1-12 3

restrict our discussion to (direct revelation) mechanisms that result in less or equal utility if one deviates to report a false
value.

Therefore, we will use the notation v;; to represent the ith buyer’s (true) bid for one of the jth seller's items and w
for the jth seller’s (true) bid. We will drop the “(true)” subsequently as deviations of bids from the true valuations will be
clearly stated. The ith buyer’s bid can be denoted by a vector v; and bids of all buyers can be denoted by v or sometimes
(vi; v—j) where v_; is the joint profile of all other bidders. Similarly, we use w and (wj; w_j) for the sellers’ bid.2

In our model, all players’ bids are assumed to be distributed independently according to publicly known distributions,
V for buyers, W for sellers. Note that we also assume that V and W should be bounded, i.e. vj; € [v;;, V;j] and w;j e
[ﬂ]w Wj]-

Before introducing the formal notations of double auction, we present some preliminaries for Myerson’s classical auction
[14], where there is one item to sell and there are n buyers, whose valuations are drawn independently from some distri-
butions, each of whom are risk-neutral expected utility maximizers, bidding for the item. The auctioneer of the auction is
the seller who would like to find a mechanism consisting of an allocation rule and payment rule given the bids of buyers
such that the mechanism is Bayesian incentive compatible and individual rationality and the expected revenue of the seller
is maximized. Myerson characterized the Bayesian incentive compatible mechanism as monotonicity of allocation rule and
payment rule and based on this, he converted the revenue maximization problem into social welfare maximization problem
and resolved the problem completely. This is also called one dimensional Bayesian mechanism design since each buyer’s
valuation is single dimensional.

The idea of double auction design is similar to Myerson’s auction while maintaining some differences. First, the auc-
tioneer is not the item holder but intermediary agent who buys items from sellers and sells the items to buyers while
simultaneously maximizing his own revenue. We will still adopt Bayesian settings and assume all the participators are self-
ish, e.g. risk-neutral expected utility maximizers. Second, we need to clarify the utility of sellers and not only to make sure
that buyers are Bayesian incentive compatible and individual rational but also to guarantee these two properties for sellers.
Third, the mechanisms we consider include the single dimension case where sellers hold the same items, and similar to
Myerson’s result, the optimal mechanism for single dimension is resolved. We extended the analysis of single dimension
to multi dimension by employing recent elegant techniques developed for one side multi dimensional mechanism design.
More precise notations and definitions will be presented below.

The outcome of a mechanism M consists of four random variables (x, p, y,q) where x and p are the allocation function
and payment functions for buyers, y and g for sellers. That is, buyer i receives item j with probability x;j(v, w) and pays
pi(v, w); seller j sells her item with probability y;(v, w) and gets a payment q;(v, w). Thus, the expected revenue of the
mechanism is R(M) =E, w[Y>_; pi(v, w) — Zj qj(v, w)] where Ey y is short for Ey~v w~w.

In general, a buyer may buy more than one item from the mechanism. We assume buyers’ valuation functions are
additive, i.e. v;(S) = Zjes vij. For each buyer i, let d; denote the demand constraint for buyer i, i.e. buyer i cannot buy
more than d; items. Similarly, let k; be the supply constraint for seller j, i.e. seller j cannot sell more than k; items. By the
Birkhoff-von Neumann theorem [11,8,6], it suffices to satisfy Zj xij <dj and yj =3 xij <kj.

Let Uj(v,w) = Zj xij(v,w)v;j — pi(v, w) be the expected utility of buyer i when the profile of all players is (v, w),
which is identical to usual definition of utility for buyers [14]. Similarly, the expected utility of sellers is the expected
selling price of his item minus the product of his true valuation for the item and the probability that the item is sold, and
we use T;(v,w)=q;(v,w) — y;j(v,w)w; to be the expected utility of seller j when the profile of all players is (v, w).
We proceed to formally define the concepts of Bayesian Incentive Compatibility of mechanisms and ex-interim Individual
Rationality of the buyers and sellers:

ij»

Definition 1. A double auction mechanism M is said to be Bayesian Incentive Compatible (BIC) iff the following inequalities
hold for all i, j, v, w.

Ev_,w[Ui(v, w)] = Ey_, w[Ui((v; v=i), w)]
Evw  [Ti(v, )] = Ev w [Tj(v, (W}s w_j))] (1)

We note that, if Uj(v, w) > U;((vj;v—_;),w) and T;(v,w) > T;(v, (W/].; w_j) for all v, w, vj, W/j, we say M is Incentive
Compatible.

To illustrate incentive compatibility, two well-known auctions are sufficient, one is first price auction, that is, the bidder
with highest bids wins and pays his bids, the other one is second price auction, that is, the bidder with highest bid wins
and pay the second highest bids. The first price auction is not incentive compatible, for example, the second highest bid is
$8 and a bidder’s true value is $10, if he bids $10, he wins but pays $10 getting utility 0, however, if he lies by bidding $9,
he still wins and pay $9, getting utility $1 > 0, therefore, he has incentive to lie. The truthfulness of second price auction is
well known [19].

3 We use semi-colon to separate the profile of a special player with others and use comma to separate the buyers’ profiles with sellers’.
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Besides Bayesian incentive compatibility, another important concept is individual rationality, which requires each par-
ticipant’s (expected) utility be non negative, ensuring his participation into the game since no participation guarantees his
utility is zero.

Definition 2. A double auction mechanism M is said to be ex-interim Individual Rational (IR) iff the following inequalities
hold for all i, j, v, w.

Ev,i,w[Ui(Vs W)] > 0
Ev,w_j[Tj(VyW)]ZO (2)

Similarly, we note that, if U;j(v, w) >0 and T;(v, w) >0 for all v, w, we say M is ex-post Individual Rational.

We say a mechanism is feasible if each buyer and seller are Bayesian incentive compatible and ex-interim individual
rational, and simultaneously demand and supply constraints are satisfied.

Not all the mechanisms are individual rational, for example, consider a fixed price auction with one item to be sold and
the price is set to be $10. Some buyer may value the item $8 and the item will be allocated to him and charge him $10 if
he participates, hence, he will not participate in this auction.

Finally, we present the formal definition of approximate mechanism.

Definition 3 («-Approximate Mechanism [18]). Given a set M of any mechanisms, we say mechanism M € M is an
«-approximate mechanism in M iff for each mechanism M’ € M, for any set of buyers and sellers « - R(M’) < R(M).
A mechanism is optimal in M if it is a 1-approximate mechanism in M.

3. Optimal single-dimensional double auction

In this section, we consider the single-dimensional double auction design problem where all sellers sell identical items,
that is for all j, j’ € [m], v;j = v;y. Moreover, as shown in Table 1, in this section we assume the bidders’ bids are drawn
from continuous distributions.* Let f;, F; be the probability density function (PDF) and cumulative distribution function
(CDF) for buyer i's value, gj, G; be the PDF and CDF for seller j’s value.

Our mechanism can be viewed as a generalization of the classical Myerson’s Optimal Auction [14]. It is well known
that Myerson’s approach is powerful and extensive in the single-dimensional setting. We strengthen this by showing that
a similar optimal double auction can be found in this single-dimensional setting. In addition, in Section 4 this optimal
mechanism will be used to construct a constant approximate mechanism for a multi-dimensional setting.

Recall that Myerson’s virtual value function is defined as c;j(v;) =v; — % for each buyer. In the double auction, we
define the virtual value functions for buyers and sellers as c;(v;) = v; — 1}iF(f‘,(i‘;f) and rj(wj) =w;j + Z}’é:vvj)) If ¢j(vj) is not

an increasing function of v; or r; is not increasing, by Myerson’s ironing technique, we can use the ironed virtual value
function ¢; and 7;. W.lo.g., we assume the buyers are sorted in decreasing order with respect to ¢;(v;) and all sellers are
in increasing order with respect to 7;(w;). Let D = max,‘,j{min{Z'S:1 ds, Zgzl kj}1ci(vi) > 7j(wj)}. Thus, we can define the
optimal auction in the spirit of maximizing virtual surplus.

di if ) s;ds<D
Xi(v,w)y=1D—3 ¢ ;ds if Yo _;ds <D<} ;ds
0 otherwise
k; ifztsjktsD
Vi, w)y=4D =3 _iks if Y, ike <D <Y ke
0 otherwise

pi(v, w) =X (v, w)v; — /Xi((S; v_i), w)ds
wj
qj(v,w)zyj(v,w)wj+/yj(v,(t; w_j)dt

wj

4 The case for continuous distributions extends to discrete distributions [20].
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Theorem 1. The above mechanism is an optimal (revenue) mechanism for the single-dimensional double auction setting. Under the
assumption that the integration and convex hull of f, g can be computed in polynomial time, the mechanism can be found and
implemented. Moreover, the mechanism is deterministic, incentive compatible and ex-post Individual Rational.

Proof. Let ﬁ,-(x, D, vi) be the expected utiliEy for buyer i when his bid is v; and the mechanism uses allocation function x
and payment function p. Similarly, we use T;(y,q, w) to denote seller j's expected utility.

Uix, p, vi) = Ey_ w[vixi(v, w) — pi(v, w)]
Ti(y.q.wj)) =Eyw_;[a;(v.w) —wjy;(v. w)]

Similarly, the expected utility for the auctioneer is

R(X. p.y.q) =Ev,w[2pi(v,W) - Zq]'(v,W)] (3)
i J
We call a mechanism (x, p, y, q) feasible if and only if it satisfies the following constraints.
xi(v, w) <d;, yi(v,w) <kj
D oxv.w) <) yiv.w)
i J
xi(v,w), yj(v,w)>0 (4)
Ui(p.x,vi) 2 0, Ti@.y,wj)=0 (5)
Ui(p, x, vi) = Ui(p, x, v))
Tj@@.y. wj) = Ti(q.y. w)) (6)

As is well known, the Incentive Compatibility is equivalent to the monotonicity. Give a mechanism (p, x, ¢, ¥), we define
Hi(x,vi) =Ey_, wlxi(v,w)] and Li(y, wj) = Eyw_;lyj(v, w)]. Then we have the following lemma.

Lemma 1. A mechanism (x, p, y, q) is feasible if and only if the following conditions hold:

ifvi<v; then Hi(x,v}) < Hi(x, v;)

ifwi<wj thenLj(y, w;)>L;(y,wj) ™
vi

Ui(p.x, vf)=ff,-(p,x,zi)+/Hi(X, vi)dv;

Vi

wj
B,y wp =T@. . @)+ [ 1. wdw; ®)
wj
Ui(p,x,v;)>0,  Tj(@,y,wj)=>0 (9)

and inequalities (4).
Proof. The IC constraint (6) is equivalent to
Ui(p.x, vi) = Ev_,wlvixi (v vi), w) — pi((vis v=i). w)]
=Ev [ (vi = vi+ vi)xi((vis v—i). w) = pi((vii v—i). w)]
=Ui(p,x, vi) + (vi — vi)Hi(x, v})
Tj@.y. wj = Tj(q. y. w)) + (W} — wj)L;(y. w)) (10)

Using (10) twice, we have (7). By integrating H; and L;, we have (8). The proof of the necessary part is similar. O

Now we can characterize the optimal double auction in the following lemma.
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Lemma 2. Suppose that (x, y) maximizes

Ev.w [Z Ci(vixi(v, w) — Z ri(w)y;v, W)]
i J

subject to the constraints (4) and (7). Suppose also that

Vi
pi(v,W)=xi(v,W)vi—/Xi((VQ;V—i%W)dV?
Vi
wj
qj(v, w)=yj(v,w)w;j+ / yi(v. (Wi w—j))dw)
w;j

Then (x, p, y, q) represents an optimal auction.

Proof. Recalling (3), we may write the auctioneer’s objective function as

R(p,x,q,y) = Ev,w[Zm(v, w) =Y q;(v, w)}
i J
=Y Evw[xi(v, wvi]+ Y Evw[pi(v, w) = xi(v, w)vi]

=Y Evw[yiv.wyw;] = > Evw[aj(v.w) =y (v, wiw,]

J ]

But, using Lemma 1, we have

Ev.w[pi(v. w) — xi(v, w)vi] = —Ey, [Ui(p. x, vi)]

Vi
= —Ey, {U,-(p,x,z,-H/Hi(X, VW"?}

Vi
Vi Vi

=—0i(p,x,zi)—//Hi(x, v}) fi(vpydvidv;

Vv
:—f]i(p,x,z,-)—//Hi(X, vi) fi(vidvidv;
Yi v}
Vv
— _Oipoxv) — f / fi(vdviHi (x, v})dv]
v,

Vi

=-Ui(p.x. vy —Ev_,-,w[/fi(v;)d%xf(v, W)}

Similarly,

Wj

—Evw[qi(v.w) — yj(v. ww;] = -Tj(@.y, Wj) —Eyw_, [/gj(W})dW}yf(v, w)

W

(11)

(12)

(13)

|
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Substituting (13) into (12) gives us,

R(p.x.q.y) ==Y Uip.x.v) =Y Tj(p.x. W)
i j

+Ev,w[2ci<vi)xi<v, w)] - EV,W[er(WJ-)yj(v, w>] (14)
i J

So the auctioneer’s problem is to maximize (14) subject to the constraints (4), (7), (8) and (9). In this formulation, p,
q appear only in the first two terms and in the constraints (8) and (9). These two constraints may be rewritten as

Vi
Ev_w |:Xi(V’ w)vi — /xf((v;; v_i), w)dv] — pi(v, W)} =Ui(p,x,v;) >0

Vi

wj
Evw_ |:Qj(V,W)—J/j(Vaw)Wj—/J/j(V,(W/j;Wj))dW/j:| =Tj(q.y,wj)=0

Wj

If the seller chooses p, q according to (11), then he satisfies both (8) and (9), and he gets the best possible value for (14).
So we can drop p, q from the problem entirely. This completes the proof of the lemma. O

By the above lemma, we can reduce the optimal double auction design problem to a combinatorial optimization problem.
Subject to constraint (4),} our greedy mechanism always maximizes ) ; ¢;(vi)x;(v, w) — Zj ri(wjxj(v, w) for eill v, w. If ¢;
is not increasing and r; is not decreasing, we just use the standard Myerson’s technique to refine ¢; and r; to ¢; and T;.

Therefore, we complete the proof of Theorem 1. O

Finally, we give an example for n=m =1, vy € [0,100], f1(v1) =1/100, wq € [0,100] and g;(w;) = 1/100. We also
suppose that d; =k; = 1. It is easy to see, c1(v1) =2v1 — 100 and r{(w1) = 2w1. So our optimal auction is to make a trade
iff vi — wq > 50. Then we charge the buyer 50 + w; and pay the seller vi{ — 50. So our revenue is 100 — (vi — w1). This
is interesting because (vi — w1) is the social welfare in this game. It follows (perhaps counter-intuitively) that the revenue
decreases when the social welfare increases.

4. Approximate multi-dimensional double auction

In this section, we provide a general framework for approximately reducing the double auction design problem for multi-
ple buyers and sellers to the subproblem for a single pair of buyer and seller. As an application, we apply the framework to
construct a %-approximate mechanism for the multi-dimensional setting. Our approach is inspired by the work of Alaei [1]
which provide a general framework for the one sided auction.

Recall that all bids are drawn from public known distributions and our goal is to maximize the expected revenue for the
auctioneer. It should be emphasized that, in this section, we assume the buyers’ values for different items are independent,
i.e. vij and v;y are independent. To use Alaei’s general framework, we also assume each buyer can at most buy one copy
of items from one seller. Since our approximation result is }1, we can remove this assumption by constructing k; duplicate
sellers (each with one copy item to sell) for each seller, making the problem under the above assumption and still get
approximation ratio .

First of all, we introduce the concept of Primary Mechanism which can be viewed as a mechanism between one buyer
and one seller.

Definition 4 (Primary Mechanism/Primary Benchmark). A primary mechanism denoted by M;; for buyer i and seller j is a
single buyer and single seller mechanism which allows specifying an upper bound on the ex-ante expected probability IEU
of allocating the item j to the buyer i. A primary benchmark denoted by R;; is a concave function such that the optimal
revenue of any primary mechanism M;; subject to IQ,-]' is upper bounded by I_(,-j (l_cij).

_Intuitively, for any allocation rule, define the ex-ante probability of assigning the jth seller’s items to the ith buyer as
kij = Ev; w;[xij(vi, wj)]. Then we can divide the supply constraints > iXij(v,w) <k; and demand constraints Z]- Xij(v, w) <
d; to the ex-ante probability constraints, )_; I_<,-j <kjand ) i Izi]- < d;. Then we compute the optimal ex-ante probability
by convex programming. Obviously, the optimal solution of the relaxed problem must be an upper bound for any original
solution. Unfortunately, the solution solved by convex programming may not be a feasible solution of the original problem.
To solve this problem, Alaei introduced the following rounding process to round the relaxed solution to a feasible one.
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Lemma 3 (y -Conservative Magician). (See Theorem 2 in [1].) In the Magician problem, a magician is presented with a series of boxes
one by one. He has k magic wands that can be used to open the boxes. On each box is written a probability q;. If a wand is used on a
box, it opens, but with at most probability q; the wand breaks. Given ) ;q; <k andany y <1 — «/;_ a y -conservative magician

k+3
guarantees that each box is opened with an ex-ante expected probability at least y .

Using the above lemma, we describe our mechanism for multi-dimensional double auction problem. Recall that in the
classical auction setting, all items are sold by the auctioneer. However, in the double auction setting, items are sold by
different sellers and more efforts should be taken to handle the truthfulness issue of sellers. We extend Alaei’s rounding
mechanism from one-dimension (considering buyers one by one) to two-dimension (considering each pair of buyer and
seller sequentially) as follows.

Mechanism (Modified y -Pre-Rounding Mechanism)
(I) Solve the following convex program and let I_<ij denote an optimal assignment for it.

Maximize: Z Rij(xij)

i€[n], je[m]
Subject to: Z xjj <d; forallie[n]
jelm]
inj <k; forall je[m]
ie[n]
xjj €[0,1] foralli e [n], j € [m] (CP)

(II) For each buyer i, create an instance of y-conservative magician with d; wands (this will be referred to as the buyer i’s
magician). For each item j create an instance of y-conservative magician with k; wands (this will be referred to as the
seller j's magician).

(III) For each pair of buyer and seller (i, j):

(a) Write k;j on a box and present it to the buyer i’s magician and the seller j's magician.

(b) If both of them open the box, run Mj; (IEU-) on buyer i and seller j otherwise consider next pair.

(c) If the mechanism buys an item from seller j and sells it to buyer i, then break the wands of buyer i’s magician and
seller j's magician.

Theorem 2 (Modified y -Pre-Rounding Mechanism). Suppose for each buyer and seller pair (i, j), we have an a-approximate primary

mechanism M;j and a corresponding primary benchmark Rij.s Then forany y € [0,1— \/ﬁ] where k* = min; ;{d;, k;}, the Modified

y -Pre-Rounding Mechanism is a y 2 - a-approximation mechanism.

Proof. The proof is similar to the proof of Theorem 7 in [1]. First, we prove that the expected revenue of any mechanism
is upper bounded by "; Zj R;j(kij). For any mechanism M = (x, p, y, q), let kjj = Ey wx;j(v, w). Due to the feasibility of M,
kij must be a feasible solution of the convex programming (CP). So we have,

ROM) =" "Rijlkip) <> > Rijlkip) < > > Rijlkij)
i i i

Then it suffices to show that for each pair (i, j), our mechanism can gain the revenue R,'j(lzij) with probability at least
y2 . a, i.e. each box will be opened with probability at least % (this is because the y-conservative magician for the buyer
is independent to that for the seller and each of them chooses to open the box with ex-ante probability y, the box will be
opened iff both magicians choose to open the box). This can be deduced from Lemma 3 easily. O

Then we consider the multi-dimensional double auction design problem and present a constant approximate mechanism.
For each buyer and seller pair i, j, we use the mechanism in Section 3 for one-dimensional cases to be the primary
mechanism M;; and the expected revenue of M;; to be the primary benchmark R;;.

Theorem 3. Assume that all bidders’ bids are drawn from continuous distributions. A Al‘ approximate double auction for the multi-
dimensional setting can be found and implemented in polynomial time.

5 Since we require the valuations of the buyer for different items are independent, Rij has a budget balanced cross monotonic cost sharing scheme
defined in Definition 6 of [1].
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Proof. Now we use the similar approach in Section 3 to prove that the optimal allocation rule must be the solution of the
following optimization problem (denoted as SINGLE).
Maximize: Ey, w,[Xij(vi, wj)(Ci(vi) — Fj(w}))]
Subjectto:  Ey, w, [xij(vi, wj)] < kij
xij(vi, wj) €[0,1]

We now proceed to optimally solve above stochastic optimization problem. We need the following useful claims.

Claim 1. Let s1 > s, > 0and p1, p2 > 0, k > 0. Then there exists an optimal solution (x’{, x;) for the following linear programming:

max S1X1p1+S2X2p2
st x1p1+x2p2 <k x1,X%€[0,1]

such that either x; =1 orx; =0.

Proof. Suppose (x],x3) is an optimal solution with x] <1 and x5 > 0, let &1, &2 > 0 such that (x] +81)p1 + (X5 —2)p2 =
X;p1+ X;p2. Now the objective value of the solution (x] + 81, X5 — 82) is s1(X] +81)p1 +52(x5 — 82)p2 = S1X]p1 + S2X5p2 +
$181p1 — $282p2. Since s1 > 53 > 0 and 81p1 —82p2 =0, s1(x] +81)p1 +S2(x5 — 82)p2 = S1X]p1 + S2%5 p2. This means we can
always increase x7 and simultaneously decrease x5 until either x; =1 or xj =0 without any loss of the objective value. O

Let I7 = {(vi, wj) € [y, Vil x [w;, Wil | Ci(vi) —Tj(wj) =t}

Claim 2. There is an optimal solution x;‘j(vi, w ;) to SINGLE such that x;"j(v,-, wj)=0o0r1on 2 C[v;, V] x (w;, wj] such that
fm,mxmj,wﬂ\g fitvigj(wjdvidw; =0.

Proof. Let 21 = {(vi, wj) € [v;, Vil x [wj, w;] | x*(vi, wj) > 0} and 2, = {(vi, wj) € [v;, Vil x [w;, w;] | Ci(vi) —Tj(wj) >
0} = Ueso It Since x;‘j(vi,wj) is an optimal solution for SINGLE, §21 C §2,. Now suppose the claim is not true, then
there exists 23 C [v;, Vi] x (w;, wj] such that 0 < x;*j(vi,wj) <1 on £3 and f_% fvpg(wj)dvidw; > 0. Consider
ftzO frm% ©i(vi) — rj(wj))x;kj(v,-, wi) =310 frm% tx;‘j(v,-, w)) fi(vi)gj(wj)dvidwj, by Claim 1, we can reduce the value
of x;‘j(vi, wj) on Iy, N 23 and increase the value of x;kj(vi, wj) on Iy, N §23 where tp > t1 until x;*j(vi, w;j)=0or 1 on £5.
Contradiction. O

Let O =, Is and 2 = {(vi, wj) € [v;, Vil x [wj, wjl | Xj5(vi, wj) =1}.
Claim 3. There exists an optimal solution x;}(vi, wj) and t > 0 such that 2 = ©;.

Proof. There exists t > 0 such that [, fi(vi)gj(wj)dvidw; = f@[ fitvi)gj(wj)dvidw;. Simply setting x*(v;, w;) =1 on &
and x*(vi, w;) =0 on [v;, V;] x (w;, w;I\®; will not decrease the objective value. O

By Claim 3, we know the optimization of SINGLE is equivalent to the following optimization problem denoted as SINGLE-1.

Maximize: f(E,-(v,-) —Tj(w)) fi(vi gj(wjdvidw;
O

Subject to: ffi(V[)gj(Wj)dVide <kij
O
t>0.

Observe that if f@() fitvgj(wjdvidw; < l_qj, then the optimal solution of SINGLE-1 is without this constraint, which
can be implemented by the mechanism in Theorem 1 with one single buyer and seller. Otherwise we know that
f@o fitvi)gj(wj)dvidw; > k;;. Since the integration f@t fitvp)gj(wj)dvidw; can be simply calculated in polynomial time
for each t, by using binary search, we can find a t from f@[ fitvi)gj(wj)dvidw; = l},-j, which is an optimal solution for
SINGLE-1. The optimal objective value R[j(’zjj) = f@r Ci(vi) =Tj(wj) fi(vi)gj(wj)dvidw; can be computed efficiently when t
is given. The optimal BIC mechanism with this objective value can be implemented simply by the following proceed: buy

the item from seller and sell it directly to buyer if and only if ¢;(v;) —Tj(wj) > t, the payment is given by the payment rule
in Theorem 1.
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Note M;; is optimal for buyer i and seller j and Rij is the expected revenue of M;j, i.e. R(Mj;). Let M;j(A,x, y) be the
randomized mechanism which runs M;;(x) with probability A and M;;(y) with probability 1 — A. Then for all x, y, 2 € [0, 1],
we have

A Rijx) + (1= 2) - Rij()
=1-R(Mjj(x) + (1 = 1) - R(Mij(y))
= R(M}; (% x. y))
<R(M(xx+ (1 -2)y))
=Rij(Ax+ (1 -1)y)

Therefore, Rij(x) is a concave function. Hence, we obtain an 1-approximate primary mechanism M;j and a corresponding

primary benchmark 1_3,-1. By Theorem 2, we have a y2-approximation mechanism, where y =1 — ﬁ > % since k* =

min,l’j{d,-,kj} >1. O

For the discrete distribution case, the optimal mechanism for single buyer and single seller can be computed by Linear
Programming. So we have the similar result.

Theorem 4. Assume that all bidders’ bids are drawn from discrete distributions. A % approximate double auction for the multi-
dimensional setting can be found and implemented in polynomial time.

5. Optimal mechanism for discrete distributions

In this section, we consider the multi-dimensional double auction when all the bidders’ value distributions are discrete.
Unlike Section 4, we consider two special cases of the problem. One is the case where all buyers have unlimited demand,
i.e,, dj =+oo for all buyer i and the other one is the case where all sellers have unlimited supply, i.e. k; = 400 for all
seller j. In this section, we focus on the former. The mechanism and the proof of the latter are similar.

Recall that, in the multi-dimensional setting, the auctioneer collects each buyer’s bid, denoted by a vector v; =
(Vi1, ..., Vim) drawn from a public known distribution V; and seller’s bid denoted by w; drawn from W;. Throughout
this section, V; and W are discrete distributions and we use f; and g; to denote their probability mass function, i.e.
fit) =Pr[v; =t] and g;(t) =Pr[w; =t]. It should be emphasized that, unlike Section 4, we do not need to assume that the
buyer’s bids for each item should be independent, i.e. v;; and v;y can be correlated in this section. We also add a dummy
buyer 0 with only one type vq for buyers and seller 0 with wq for sellers.

Our approach is motivated by the recent results of Cai et al. [4] and Alaei et al. [2] which require a reduced form of x,
¥, p, q denoted by X, ¥, p and g respectively, defined as follows:

Xij(vi, wj) =Ev_, w_; [xij(v,w)]  yjvi,w)) = Ev jw_; [yj(v,w)]
I_)i(Vi,Wj):Ev,i,w,j[pi(V,W)] (jj(viv Wj):Ev,,-,w,j[Qj(va)] (15)
Now we are ready to convert an optimization problem of x, p, y, q to a problem of X, p, y, ¢ which can be represented

by a Linear Program with polynomial size in T, n and m where T is the maximum among all |V;| and |[W;].
Then BIC constraints (1) and IR constraints (2) can be rewritten as

Ew; Z?_‘ij(via W)vij — Pi(vi, wj) | > Ew;, [ZRU(VL wj)vij — pi(v], Wj)]
- - j

Ev;[aj(vi.wj) — yj(vi, wjw;] > Ey, [q;(vi, w) = yi(vi, W’J-)Wj]

Ew; Z?_‘ij("iawj)vij—l_’i("i»wj) >0

L5 i

Ev;[aj(vi.wj) = yj(vi,wjw;] =0 (16)

Finally, all mechanism should satisfy the supply constraints, i.e., for each item j and profiles v, w, y;j(v,w) =

> ixij(v,w) <kj. Note that there is no demand constraint on buyers. With loss of generality, we assume that kj =1 for

all j. Otherwise, we can normalize x by setting xgj(v, w) =x;j(v, w)/k; and refine v, w by setting vfj =k;jvjj and W;- =kjw;

such that k/j =1 for all item j.

For the single-item setting of classical auction, i.e. m =1 and seller’s value for his item is always 0, Alaei et al. [2] prove
a sufficient and necessary condition for the supply constraint.
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Lemma 4. (See Theorem 2 in [2].) A reduced allocation rule X is feasible if and only if it can be implemented by the Stochastic Sequential
Allocation (SSA) algorithm for some choice of stochastic transition table. In other words, there exists an ex-post implementation x of X
such that X;(vi) =Ey_;[x;(v)] and }_; x;(v) <1 for all v iff there exists (s, z) such that

so(vo,0) =1

i~1
Si(Vi,i)ZZ Z Zki (v, vi) Vi, vi€V;

k=0 vgeVy
skie D) =5tV i=1) = Y Z3g(vi, vi) Vi k<i,vge Vg

vieV;

zki(Vi, Vi) < sk(Vi, i = 1) fi(vi) Vik <i,vi € Vi, v e Vi
Xi(vi) fi(vi) =si(vi,n) Vi,vieV; (17)

Moreover, given any feasible reduced allocation rule x, the ex-post of x can be found efficiently.
We generalize Lemma 4 to a multi-dimensional double auction setting.
Lemma 5. Given a reduced form X, there exists an ex-post implementation x such that x;j(v,w) >0, > ;x;j(v,w) < 1 and
Xij(vi, wj) = Ey_; w_;[xij(v, w)] iff there exists (s, z) such that, for each seller j and w; € W
5§’ (vo.wj.0) =1
sPiwi =3 3" gl i, vi,w)) VivieV
k=0 vieVy

sl(j)(vk, wij, i) :SIEJ)(Vk, wij,i—1)— Z Z,(J)(Vk, vi,wj) Vik<i,vpeVy
ViEV,'

Z,Ef)(vk,vi,Wj)SS,(f)(Vk,Wj,i—Ufi(Vi) Vi,k <i,vi€ Vi, vpeVy
??ij(Vi,Wj)fi(Vi)=S§])(Vi,Wj,n) Vi, vieV; (18)

Moreover, given any feasible reduced allocation rule x, the ex-post of X can be found efficiently.

Proof. First, we prove that given a reduced form X, there exists an ex-post implementation x such that

xjj(v,w) >0

inj(V,W) <1
i

Xij(vi, wj) =Ev_w_[Xij(v, w)]
if and only if there exists an ex-interim implementation X such that
Xij(v,wj) >0

Z&ij(V,Wj)Sl
i

Xij(vi,wj) =Ey_ [Xij(v, w))]
The necessary part is obvious by just setting X;j(v, w;) = Ew_;[xij(v,w)]. And the sufficiency can be checked by letting
xij(v, w) =Xij(v, wj).
Now the lemma can be proved by straightforwardly applying Lemma 4 for all j and w;. O

Finally, we convert the problem of multi-dimensional double auction design problem to a Linear Program with reduced
form which can be solved in polynomial time in m,n, T.

Theorem 5. Assume all bidders’ bids are drawn from discrete distributions and all bidders are without demand constraints. An optimal
double auction for multi-dimensional setting can be found and implemented in polynomial time.
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Proof. By Lemma 5, it suffices to prove the reduced form defined in (15) can be computed in polynomial time. Actually, it
can be computed by solving the following Linear Programming.

Max: ZEvi,Wj [pi(Vh W]) - qj(vi’ W])]
ij

s.t. ij [quj(vi, Wj)V,'j - 1,_7,'(\/1‘, Wj)j| > ij [ZR,’](V?, Wj)V,'j — ﬁi(vg, W})i|
J J
Ev,[4j(vi. wj) = §j(vi. wpw;] = Ev;[q(vi. w)) = 3 (vi. ) wj]

Ew; [Z?ij(vi, wjvij — pi(vi, Wj)] >0

J
Ev[qj(vi.wj) = yj(vi,wjw;j] >0
ZX;’j(Vf,Wj)Skj (19)
i

Then by Lemma 5, we can find the ex-post allocations in polynomial time. O

Theorem 6. Assume that all bidders’ bids are drawn from discrete distributions and all sellers are without supply constraints. An
optimal double auction for multi-dimensional setting can be found and implemented in polynomial time.

The proof of above theorem is similar to Theorem 5.
6. Conclusion

In this paper, we present several optimal or approximately-optimal auctions for a double auction market. Double auction
platforms have started to gain importance in electronic commerce. One possible example is the ad exchange market pro-
posed to bring advertisers and web publishers together [13]. There are other potentials in setting up electronic platforms
for sellers and buyers of other types of resources such as in the context of cloud computing.

Our results on the one hand show the power of recent significant progress in one-sided markets, and on the other hand
raise new challenges in the development of mathematical and algorithmic tools for market design.
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