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1 Introduction

Algorithmic mechanism design is the art of designing and implementing the rules of
a game to achieve a desired outcome from a set of possible outcomes. Each player
(agent) has a valuation that assigns a value to each possible outcome. The desired
outcome is the one that maximizes the sum of the valuations; this sum is usually
called social welfare. The players are assumed to be selfish: they report valuations
to the mechanism, which may differ from the true valuations. Players may lie about
their valuations in order to direct the mechanism into an outcome favorable to them.
The mechanism computes an outcome and payments for the players. The utility of
a player is her/his value of the outcome computed by the mechanism minus her/his
payment charged by the mechanism. The agents are interested in optimizing their per-
sonal utility. Social welfare and personal utilities are determined with respect to the
true valuations of the players, although they are not public knowledge. The purpose
of the payments is to incentivize the players to report their true valuations. A mech-
anism is truthful if reporting the truth is a best strategy for each player irrespective
of the inputs provided by the other players. A mechanism is efficient if the outcome
and the payments can be computed in polynomial time. The underlying optimiza-
tion problem is the computation of an outcome maximizing social welfare given the
valutions of the players.

If the underlying optimization problem can be efficiently solved to optimality,
the celebrated VCG mechanism (see, e.g., [20]) achieves truthfulness, social welfare
optimization, and polynomial running time. The computation of the outcome and the
computation of the payments requires to solve the underlying optimization problem
to optimality.

Many optimization problems are NP-hard and hence are unlikely to have an exact
algorithm with polynomial running time. However, it might be possible to solve the
problem approximately in polynomial running time.

An example is the combinatorial auction problem. There is a set of m items to be
sold to a set of n players. The (reported) value of a set S of items to the i-th player
is v; (S) with v;(¥) = 0 and v;(S) < v;(T) whenever S C T. Let x; 5 be a 0-1
variable indicating that set S is given to player i. Then ) ¢ x; 5 < 1 for every player
i as at most one set can be given to i, and }; } s ;cgXi,s < 1 for every item j
as any item can be given away only once. The social welfare is Zi’ s Vi(8)x; 5. The
linear programming relaxation is obtained by replacing the integrality constraints
for x; ;s by 0 < x; 5 < 1. Note that the number d of variables is exponential in
the number of items, namely d = n2™. The linear program is of the packing type,
i.e., if x is feasible and y < x, then y is feasible. For the combinatorial auction
problem, O (y/n)-approximation algorithms exist and these algorithms also provide
the corresponding integrality-gap-verifier (the definition is given below) with o =
1/4/n 3, 16, 22].

For many integer linear programming problems, approximation algorithms are
known that first solve the corresponding linear programming relaxation and then con-
struct an integral solution either by rounding or by primal-dual methods. Lavi and
Swamy [18, 19] showed that certain linear programming based approximation algo-
rithms for the social welfare problem can be turned into randomized mechanisms
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that are truthful-in-expectation, i.e., reporting the truth maximizes the expected util-
ity of a player. The LS-mechanism is powerful (see [4, 12, 18, 19] for applications),
but unlikely to be efficient in practice because of its use of the Ellipsoid method. We
show how to use the multiplicative weights update method instead. This results in
simpler algorithms at the cost of somewhat weaker approximation and truthfulness
guarantees.

We next review the LS-mechanism. It applies to integer linear programming prob-
lems of the packing type for which the linear programming relaxation can be solved
exactly and for which an a-integrality gap verifier is available. More precisely:

1. LetQ C Rio be a packing polytope, i.e., Q is a bounded convex polytope con-
tained in the non-negative orthant of d-dimensional space with the property that
if y € Qand x < y then x € Q. The linear programming problem for Q asks to
find for a given d-dimensional vector v a point x* = argmax ervTx.

2. Weuse Q7 := 9N 74 for the set of integral points in Q. The integer linear
programming problem for Q7 asks to find for a given d-dimensional vector v a
point x* = argmaxerIvTx. We use x!, x2, ..., x/, ... to denote the elements
of Q7 and \V for the index set of all elements in Q7.

3. Anw-integrality-gap-verifier for Q7 for some « € (0, 1] is an efficient algorithm
that on input v € R4 and x* € Q, returns an x € Q7 such that

vl x > avTx*.

The mechanism consists of three main steps:

1. Letv; € R‘io, 1 < i < n, be the reported valuation of the i-th player and let
v = Zi v; be the accumulated reported valuation. Solve the LP-relaxation, i.e.,
find a maximizer x* = argmaxxEQvTx for the social welfare of the fractional

problem, and determine the VCG prices' p1, ..., p,. The allocation x* and the
VCG-prices are a truthful mechanism for the fractional problem.

2. Write o - x™ as a convex combination of integral solutions in Q, i.e., a - x* =
ZjeNijf, i >0, Zje/\f)‘j = 1, and x/ € Q. This step requires the
a-integrality-gap-verifier.

3. Pick the integral solution x/ with probability A j» and charge the i-th player the
price p; - (v} x7 /vl x*). If v] x* = 0, charge zero.

The LS-mechanism approximates social welfare with factor « (is a-socially effi-
cient) and guarantees truthfulness-in-expectation, i.e., it converts a truthful fractional
mechanism into an o-approximate truthful-in-expectation integral mechanism. With
respect to practical applicability, steps 1 and 2 are the two major bottlenecks. Step
1 requires solving n + 1 linear programs, one for the fractional solution and one for
each price; an exact solution requires the use of the Ellipsoid method (see e.g. [11]),
if the dimension is exponential. Furthermore, up to recently, the only method known
to perform the decomposition in Step 2 is through the Ellipsoid method. An alterna-
tive method avoiding the use of the Ellipsoid method was recently given by Kraft,
Fadaei, and Bichler [14]. We comment on their result in the next section.

Ip = Z./-#,- va(,\? — x*), where X = argmax,.¢ o Zj#,- vax.
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1.1 Our Results

Our result concerns the design and analysis of a practical algorithm for the LS-
scheme. We first consider the case where the LP-relaxation of SWM (social welfare
maximization) in Step 1 of the LS-scheme can be solved exactly and efficiently
and then our problem reduces to the design of a practical algorithm for Step 2.
Afterwards, we consider the more general problem where only an FPTAS for the
LP-relaxation is available.

Convex Decomposition Over the past 15 years, simple and fast methods have been deve-
loped for solving packing and covering linear programs [2, 9, 10, 15, 17, 21, 24] within
an arbitrarily small error guarantee ¢. These methods are based on the multiplicative
weights update (MWU) method [1], in which a very simple update rule is repeatedly
performed until a near-optimal solution is obtained. We show how to replace the use
of the Ellipsoid method in Step 2 by an approximation algorithm for covering linear
programs. This result is the topic of Section 2.

Theorem 1 Let ¢ > 0 be arbitrary. Given a fractional point x* € Q, and an o-
integrality-gap verifier for Q1, we can find a convex decomposition
o

xt = Z)ijj.
1+ 4e e

The convex decomposition has size (= number of nonzero Aj) at most s(1 +
[e=21ns]), where s is the size of the support of x* (= number of nonzero compo-
nents). The algorithm makes at most s[> Ins] calls to the integrality-gap-verifier.

Kraft, Fadaei, and Bichler [14] obtained a related result independently. However,
their construction is less efficient in two aspects. First, it requires O (s?¢~2) calls of
the integrality-gap-verifyer. Second, the size of their convex decomposition might be
as large as O (s3¢~2). In the combinatorial auction problem, s = n + m. Theorem 1
together with Steps 1 and 3 of the LS scheme implies a mechanism that is truthful-
in-expectation and has («/(1 + 4¢))-social efficiency.

We leave it as an open problem whether the quadratic dependency of the size of
the decomposition on & can be improved.?

Approximately Truthful-in-Expectation Mechanism We drop the assumption that
the fractional SWM-problem can be solved optimally and assume instead that we
have an FPTAS for it. We assume further that the problem is separable, which means
that the variables can be partitioned into disjoint groups, one for each player, such
that the value of an allocation for a player depends only on the variables in his group,
ie,

v; (x) = v; (x;),

2We remark that recent progress [23, 25] on solving LPs of the packing/covering type has resulted in an
almost linear dependence of the running time on % However, the current methods do not work in the
oracle model and hence cannot be directly applied in our setting.
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where x; is the set of variables associated® with player i. Formally, any outcome x €
O C R? can be written as x = (x1, ..., x,) where x; € R% andd = d;+. . .+d,. We
further assume that for each player i € [n], there is a dominating allocation u' € Q
that maximizes his value for every valuation v;, i.e.,

(') = max v; (2). (1)

for every v; € V;, where V; denotes the possible valuations of player i. For the case
of a combinatorial auction, the allocation u' allocates all items to player i.

5
Theorem 2 Let g9 € (0, 1/2]. Define ¢ = G)(;—E{). Assuming that the fractional
SWM-problem has an FPTAS, is separable, and has a dominant allocation for every
player i, and that there is an a-integrality gap verifier for Qz, there is a polynomial
time randomized integral mechanism with the following properties:

(C1) No positive transfer, i.e., prices are nonnegative.

(C2) Individually rational with probability 1 — ¢y, i.e., i.e., the utility of any truth-
telling player is non-negative with probability at least 1 — &.

(C3) (1 — eo)-truthful-in-expectation, i.e., reporting the truth maximizes the
expected utility of a player up to a factor 1 — gy.

(C4) y-socially efficient, where y = a(1 —&)(1 — gg)/(1 + 4¢).

Our mechanism is based on constructing a randomized fractional mechanism with
properties (C1) to (C3) and being (1 —¢)(1—egp)-socially efficient and then converting
the mechanism into an integral mechanism with the properties above. The conversion
is simple. Let us assume that x is a fractional allocation obtained from the fractional
mechanism. We apply our convex decomposition technique and Step 3 of the Lavi-
Swamy mechanism to obtain an integral randomized mechanism that satisfies (C1)
to (C4).We show this result in Section 3.

Our fractional mechanism refines the one given in [6], where the dependency of ¢
onn and gg is as ¢ = O(gg/ n9). A recent experimental study of our mechanism on
Display Ad Auctions [7] shows the applicability of our techniques in practice.

We leave it as an open problem whether the dependency of € on gy and n can be
improved.

On the Existence of an FPTAS for the Fractional SWM-Problem We close the
survey of our results with a comment on the existence of an FPTAS for the fractional
SWM-problem. Consider a packing linear program

maxc’ x subjectto Ax <b, x >0,

where A € R” " is an m x n matrix with non-negative entries and ¢ € R” ;, b € R”
are positive vectors. We may assume that each column of A contains a non-zero entry

3In the combinatorial auction problem, x; comprises all variables x; g. The value of an allocation x for
player i is given by Y ¢ v;i ($)xi 5.
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as otherwise the problem is trivially unbounded. For every x > 1 and weight vector
z € R%, let O, (z) denote a k-approximation oracle that returns a j such that

>0’
m m
1 Zidij 1 Zidij’
— E —~ <K - min — E .
. . HA . .
Cj P b; J'€ln] cjr i1 b;

Garg and Konemann [10] presented an algorithm that uses the oracle O, to construct
an approximation with a factor arbitrarily close to 1/k. For « = 1, their algorithm is
an FPTAS.

What is the approximation oracle in case of the combinatorial auction problem?
In this problem, we have one constraint for each player and one constraint for each
item. Let y; > O be the weight for agent i and z; > 0 be the weight for item j. Then
oracle O (y, z) requires to find the pair

. 1
(@, §) := argming 7, e (1) Vi + ;z,
In other words, for each k, one needs to find the set 7 which minimizes (y; +
> jer? )/vk(T). If yy is interpreted as a fixed cost incurred by agent k and z; as
the cost of item j, then T is the set that minimizes the ratio of cost relative to value.
For a simple-minded bidder who is interested in the items in a subset 7y and no other
item, i.e., v (T) = vi(Tp) if Ty € T and v (T) = 0, otherwise, Ty is the min-

imizer. Another simple case is additive valuations, i.e., ve(T) = Y. jer af , where

af > 0 is the value of item j for agent . In this situation, ﬁ (yk + ZjeT zj) <8
for a set T and a positive real 8 if and only if ZjeT(,Baf. — zj) > yr and
hence the minimal $ for which such a set T exists is readily determined by binary
search on B.

2 A Fast Algorithm for Convex Decompositions

Let x* € Q be arbitrary. Carr and Vempala [5] showed how to construct a convex
combination of points in Q7 dominating o«x™ using a polynomial number of calls to
an o-integrality-gap-verifier for Q7. Lavi and Swamy [19] modified the construction
to get an exact convex decomposition ax™ =} ;_\r L;x' for the case of packing lin-
ear programs. The construction uses the Ellipsoid method. We show an approximate
version that replaces the use of the Ellipsoid method by the multiplicative weights
update (MWU) method. For any ¢ > 0, we show how to obtain a convex decom-
position of ax*/(1 + ¢€). Let s be the number of non-zero components of x*. The
size of the decomposition and the number of calls to the «-integrality gap verifier are
O(se 2 Inys).

This section is structured as follows. We first review Khandekar’s FPTAS for cov-
ering linear programs (Section 2.1). We then use it and the «-integrality gap verifier
to construct, on input x* € Q, a dominating convex combination for ax™/(1 + 4¢)
(Section 2.2). In Section 2.3, we show how to convert a dominating convex combi-
nation into an exact convex decomposition. Finally, in Section 2.4, we put the pieces
together.
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2.1 Khandekar’s Algorithm for Covering Linear Programs

Consider a covering linear program:

minc’x  subjectto  Ax >b, x >0, )
where A € RZ™ is an m x n matrix with non-negative entries and ¢ € RY and
b e R’ﬂo are non-negative vectors. We assume the availability of a k-approximation
oracle for some k € (0, 1].

Oc(z): Given z € R’;’O, the oracle finds a column j of A that maximizes
1 m - Zidij

G 2i=l 5 within a factor of «:

1 & zia 1 & zia

iaij iaij’
oDz max — 3 =
c. . :! . .
Joi=1 ! 1!

J'€lnl cj i

For an exact oracle k = 1, Khandekar [15] gave an algorithm which computes a
feasible solution % to (2) such that ¢T% < (1 + 4&)z* where z* is the value of an
optimal solution. The algorithm makes O (ms~2logm) calls to the oracle, where m
is the number of rows in A. There are algorithms predating Khandekar’s work, see,
for example, [13, Chapter 4].

Theorem 3 (Generalization of Khandekar’s algorithm to arbitrary « < 1) Let ¢ €
(0, %] and let z* be the value of an optimum solution to (2). Procedure Covering(O,;)
(see Algorithm 3 in Appendix) terminates in at most m[e~2Inm iterations with a

feasible solution % of (2) of at most m[e~2 Inm positive components. At termination,
it holds that
1+ 4e
T < (I+4e) ) 3)
K
For completeness, we give a proof of Khandekar’s result in Appendix. The proof
of Theorem 3 can be modified to give (see Appendix):

Corollary 1 Suppose b =1, ¢ = 1, and we use the following oracle O’ instead of O
in Algorithm 3:

O'(z): Givenz € R>0, such that 17 z = 1, the oracle finds a column j of A such
that zT A1; > 1.

Then the algorithm terminates in at most m[e~>Inm] iterations with a feasible
solution % having at most m[¢~2 Inm] positive components, such that 17 < 1+ 4e.

2.2 Finding a Dominating Convex Combination

Recall that we use A to index the elements in Q7. We assume the availability of an
a-integrality-gap-verifier F for Q7. We will use the results of the preceding section
and show how to obtain for any x* € Q and any positive & a convex composition of
points in Q7 that covers ax™/(1 + 4¢). Our algorithm requires O (s 2 Ins) calls to
the oracle, where s is size of the support of x*.
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Theorem 4 Let ¢ > 0 be arbitrary. Given a fractional point x* € Q and an a-
integrality-gap verifier F for Qf, we can find a convex combination x of integral

points in Q7 such that
o
. Ai
1+ 4e =2 a

ieN

The convex decomposition has size at most s[e~>1ns], where s is the number of
positive entries of x*. The algorithm makes at most s [¢ =2 In s] calls to the integrality-
gap verifier.

Proof The task of finding the multipliers A; is naturally formulated as a covering LP

([51), namely,
min }:M 4)
ieN
s.t. Z )»l-xj. > -x;f for all j,

ieN

Z Ai>1, A >0.

ieN

A > 0.
Clearly, we can restrict our attention to the j € St := {j : x;.‘ > 0} and rewrite the
constraint for j € ST as Zie N )»,-xj /(o - x;f) > 1. For simplicity of notation, we
assume ST = [1..s]. We thus have a covering linear program as in (2) with m := s+1
constraints, n := |A/| variables A;, right-hand side b := 1, cost vector ¢ := 1, and

constraint matrix A = (a;;) (note that we use j for the row index and i for the
column index), where

xi/(ax®) 1<j<sieN
aji:=y ./ J . )
1 j=s+1,ieN

Thus we can apply Corollary 1 of Section 2.1, provided we can efficiently implement
the required oracle @’. We do so using F.

Oracle O’ has is given a Z) such that 1T~ 1. Let us conveniently write 7 =
(w, z), where w € R>0’ z € R, and Z w] +z= 1 Oracle O’ needs to find
a column i such that z7 A1; > 1. In our case ZTAl; = > °_, w;x! /ax + z, and

we need to find a column i for which this expression is at least one. émce z does not
depend on i, we concentrate on the first term. Define

i forjeSt
V= X )
0 otherwise.

Call algorithm F with x* € Q and V := (Vy,...). F returns an integer solution

x! € Q7 such that
w .
Z ]* ; VIixi>a - Vix* = ij,
ax®
jest J jest
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and hence,

ZE: é%%xﬂ-+—z = :E: wjt+z=1

jest jest
Thus i is the desired column of A. "

It follows by Corollary 1 that Algorithm 3 finds a feasible solution A’ € RLol to the
covering LP (4), and a set Q/I C Q7 of vectors (returned by F), such that )L; > O only
fori € N, where N is the index set returned by oracle O’ and [N'| < s[e % Ins].
Also A = ) ;. avA; < (1 + 4e). Scaling A, by A, we obtain a set of multipliers
{Ai =A}/A: i e N'},suchthat ) ; \»2; = 1and

. o
Apxt > T2 x*.
ieN’ Tae

We may assume xj. =0forall j ¢ ST whenever A; > 0; otherwise simply replace

x' by a vector in which all components not in S* are set to zero. By the packing
property this is possible. O

2.3 From Dominating Convex Combination to Exact Convex Decomposition

We will show how to turn a dominating convex combination into an exact decom-
position. The construction is general and uses only the packing property. Such a
construction seems to have been observed in [18], but was not made explicit. Kraft,
Fadaei, and Bichler [14] describe an alternative construction. Their construction may
increase the size of the convex decomposition (= number of non-zero ;) by a multi-
plicative factor s and an additive factor s2. In contrast, our construction increases the
size only by an additive factor s.

Algorithm 1 Changing a dominating convex decomposition into an exact decomposition

Require: A packing convex set Q and point x* € Q and a convex combination
> ien dix' of integral points in Q7 dominating x*.
Ensure: A convex decompqsition x* = Zie A Aixt with x' € Q7.
1: while Aj :=3",_\/ )»,‘xl‘ — x7 > 0 for some j do
2 let i be such that 2;x; > O and A > 0 for some j.
3 if there is a j-such Fhat Aix;. > 0and Y ,cp Arx" — Ai1; > x* then
4 replace x' by x' —1;.
5: else _ '
6 Among the indices j with x;. > 0and A; > 0, let k minimize Ay /x;.
7 let y be such that y; :xj.,ifAj =0,andy; =0,if A; > 0.
8 change the lefthand side of (5) as follows: replace A; by A; — Ay /x,i and
increase the coefficient of y by Ay /x,i(.
9: end if
10: end while
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Theorem 5 Let x* € Q be dominated by a convex combination ;s rixtof
integral points in Q7, i.e.,
Z Aixt > x*. 5)
ieN
Then Algorithm 1 achieves equality in (5). It increases the size of the convex
combination by at most s, where s is the number of positive components of x*.

Proof Let ST = {j : x7 > 0}. We may assume xj. =0forall j ¢ ST andalli e N
with A; > 0. '

For j € ST, let Aj = > ;o n Aix;. — x;f be the gap in the j-th component. If
Aj = Oforall j € S*, we are done. Otherwise, choose j and i € A such that
Aj > Oandkix’/. > 0.

Let 1; be the j-th unit vector. If, for some j with xj. > 0and A; > 0, replac-
ing x’ by x' —1 j maintains feasibility, i.e., satisfies constraint (5), we perform this
replacement. Since x* is an integer vector in Q7, the vector x' — 1; is nonnegative
and, by the packing property, in Q7. The replacement decreases A ; by A; and does
not increase the number of nonzero A;. _ .

Otherwise, A; < A; for all j with A; > 0 and x} > 0. Since x' is integral, we
also have A; < )Lix; for all such j. Among the indices j with A; > 0 and x’}. > 0,
let k minimize Ag/x;. Let y be such that y; = x% if A; = 0and y; = 0if A; > 0.
Then y € Q7 since Q is a packing polytope. In the convex combination, replace

. A A
Aix' by Py -x’—{——.k-y.
X X
Notice that A; — % > 0. Let A’j be the new gaps. Then clearly A’j =Aj,if A; =0.
k
Consider any j with A; > 0. Then
A/‘_A._ﬂ.xi_ 0 N | ifj=k
J J xi 3<Aj—x—/>~x;.:01fj;ék.

The inequality in the second case holds since Ay /x,i < Aj /x’}. We have decreased
the number of nonzero A; by one at the cost one additional nonzero ;. Thus the
total number of vectors added to the convex decomposition is at most s. O

2.4 Fast Convex Decomposition

We are now ready to prove Theorem 1.

Proof of Theorem 1 Theorem 4 yields a convex combination of integer points of Q;
dominating ax*/(1 4 4¢). The convex decomposition has size at most s[e 2 Ins],
where s is the number of positive entries of x*. The algorithm makes at most
s[e~21ns] calls to the integrality-gap verifier. Theorem 5 turns this dominating con-
vex combination into an exact combination. It adds up to s additional vectors to the
convex combination. O
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3 Approximatly Truthful-in-Expectation Mechanisms

The goal of this section is to derive an approximate VCG-mechanism. We do not
longer assume that the fractional SWM-problem can be solved exactly, but instead
assume that we have an FPTAS for it. We will first design a randomized fractional
algorithm (Theorem 6 in Section 3.1) and then convert the fractional mechanism into
an integral mechanism and prove Theorem 2 in Section 3.2.

3.1 Approximately Truthful-in-Expectation Fractional Mechanisms

Theorem 6 Let ¢g € (0, 1/2]. Define ¢ = @(Z—é). Assuming that the fractional
SWM-problem has an FPTAS, is separable, and has a dominant allocation for every
player i, there is a polynomial time randomized fractional mechanism (Algorithm 2)
with the following properties:

(D1) No positive transfer, i.e., prices are nonnegative.

(D2) Individually rational with probability 1 — ey, i.e., the utility of any truth-telling
player is non-negative with probability at least 1 — ¢g.

(D3) (1 — eo)-truthful-in-expectation, i.e., reporting the truth maximizes the
expected utility of a player up to a factor 1 — g.

(D4) y-socially efficient, where y = (1 — )(1 — ).

In order to present Algorithm 2 and prove Theorem 6, we introduce some notation
and prove some preliminary Lemmas. Let

Li=) vj@/) and B; :=cL;. (6)
J#i

Note that L; does not depend on the valuation of player i. Let 4 be an e-
approximation algorithm for the LP relaxation of SWM. Note that A is polynomial
time since the running time of an FPTAS is polynomial in % We use A(v) to denote
the outcome of A on input v; A(v) is a fractional allocation in Q. In the follow-

ing, we will apply A to different valuations which we denote by v = (v;, v_;),
v = (¥;,v—;), and v/ = (0,v_;). Here v; is the reported valuation of player
i, v; is his true valuation and vlf = 0. We denote the allocation returned by

A on input v (resp., v, v') by x (resp., x, x'). Note that x, x, x’ are fractional
allocations.

We first bound the maximal change in social welfare induced by a change of the
valuation of the i-th player.

Lemma 1 Let ¢ > 0 and let A be an e-approximation algorithm which returns
allocation x on input vector v. Let X € Q be an arbitrary point, then

v(x) = v(®) — Bi —& - vi(X) (7

foreveryi.
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Proof We have

v(ix) > (1—¢) ;neaé(v(x)

> (1 —-e)v(x)

=v@) —e- Y v;d) —e v
J#i

> v(X) — Bi —e-vi(X),

where the first inequality follows from the fact that A is an g-approximation algo-
rithm, and the last inequality follows from & Zj#i vj(X) <e Z#i vi(w)=p. O

We use the following payment rule:

pi(v) := max{p}““(v) — B;, 0) ®)
where

/G W) == v (x)) — v (x).
v_i(x) = Zj# vj(x),x = A(v) and x" = A(0, v_;). Observe the similarity in the
definition of pl.V €6 (v) to the VCG payment rule. In both cases, the payment is defined
as the difference of the total value of two allocations to the players different from i.
The first allocation ignores the influence of player i (x’ = A(0, v_;)) and the second

allocation takes it into account (x = A(v)). The difference to the VCG rule is that x’
and x are not true maximizers but are computed by an e-approximation algorithm.

Algorithm 2 The mechanism M of Theorem 6. The vectors u’ are defined as in (1)
and the quantities L; are defined in (6). The definitions of g, g, active and inactive
player are given in the proof of Theorem 6.

Require: A valuation vector v, a packing convex set Q and an e-approximation
algorithm, where ¢ is as Theorem 6.
Ensure: An allocation x € Q and a payment p € R" satisfying (D1) to (D4).

1: Choose an index j € {0, 1, ..., n}, where O is chosen with probability gy and
J €{ ,...,n}1is chosen with probability g; = (1 — go)/n.
2: if j = 0 then
3: Use g-approximation algorithm A to compute an allocation x = (xy, ..., x,) €
Q and compute payments with payment rule (8). For all inactive i, change x; and p;
to zero.
4: else
5: Forevery 1 <i <n, set
xi=u',pi=n'L; ifi=jandiis active,
xi =u', pi =0 if i = j and i is inactive,
xi=0,pi =0 ifi # j.

6: end if
7: return (x, p)
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Let U; (v) = v;(x) — p;i (v) be the utility of player i for bid vector v. Note that the
value of the allocation x = A(v) is evaluated with the true valuation v; of player i.
Let U; (v) = v; (x) — p; (v) be the utility of player i for valuation vector v = (v;, v—;).

Lemma 2 Let ¢ > 0 and let A be an e-approximation algorithm. Let My be
the mechanism with allocation function A(v) and the payment rule (8). My is an
individually rational mechanism with no positive transfer, such that for all i,

Ui(v) = Ui(v) — € - vi(x) — 3p;. ©)

Proof By definition, p;(v) > 0 for all v and all x; so the mechanism has no positive
transfer. We next address individual rationality. Assume p; (v) = in G5y —B; >0,
as otherwise U; (v) > 0. We have

Ui(@) = 5:(%) — pi (D)

3 (%) — p/ (@) + B;

B (%) + 0 (%) — D (x') + B;
D(E) — () + B (x) + By
(1—e)v;(x') =0,

v

where the first inequality follows from Lemma 1 with v = ¥ and X = x'.
Finally, we prove (9). We have v/(x) = v_;(x"), v/(x) = v_;(x), and v/(x) = 0.
Thus,

P/ @) = v () — v (1) = V() =V (x) + £ - v (x)
Applying Lemma 1 for v = v" and X = x, we obtain
V') = ') F e v (x) = —p;
Therefore,
p/ )+ = 0. (10)
To see (9), we consider two cases:
Case 1:  p;(v) = 0. Then using (10)
Ui (@) = 5;(%) = 0 2 5; (%) — p/ (@) - Bi.
Case2: p;(v) = p/C(v) — Bi.
Ui (@) = 5:(X) = pi (@) = 5:(%) — p; C @) + B = 5;(D) — p/ U@ — B,
where the last inequality follows from 8; > 0. Therefore, in both cases we have:

Ui (0) > 3 (%) — p/C () — B;.
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VCG

Ui (0) > (%) — p/C @) — B;
= (%) + 0 (%) — 1 (x') — Bi
V(X)) — 0 (x") — Bi

Now by using the definition of p and Lemma 1, we get

> v(x) — B —evi(x) —v_;(x) — Bi
= 5;(x) — p/C(v) — ev; (x) — 2
> 0i(x) = pi(v) = Bi —evi(x) —26;

U;(v) — ev;(x) — 36;.

In what follows we prove Theorem 6.

Proof of Theorem 6 Define go = (1 — 22)", & = £0/2, and ¢; = (1 — go)/n for
I < j <nLetn=E&1—qo?/n’,n =n/q;, and & = ng(1 — go)/(8n). Then
using? go = (1 = 2)" > 1 —ggand go = (1 — )" < 1 — g9/2, we get

g (e0/2)° _ 2(1—qp)} 86 &
gt = gt S = ma0)/@n) = g < o =
as stated in the Theorem. Let U; (v) = v; (x) — p; (v) be the utility of player i obtained
by the mechanism M of Lemma 2. Let further U; (v) = v;(x) — p;(v). Following

[6], we call player i active if the following two conditions hold:

~ £q; . ;
i) + vy = 'L, (11
q0 q0
vi(u') = nL;. (12)
Note that these conditions do not depend on the true valuation v. We denote by
T = T(v) the set of active players when the valuation is v = (v, ..., v;). Note

that L; does not depend on v;. Thus when we refer to conditions (11) and (12) for
v, we replace v and x by v and x on the left side and keep the right side unchanged.
Non-negativity of payments is immediate from the definition of mechanism M and
Lemma 2. Moreover, the utility of a truth-telling bidder i can be negative only if
he/she is allocated in step 5, i.e., at most with probability g;. It follows that the mecha-
nism is individually rational with probability at least 1-) "7 ¢; = go = (1—2)" >
1 — &p.

Now we address truthfulness. Let us denote the expected utility of player i
obtained from the mechanism in Algorithm 2 on input v € V by E[U/(v)]. Assume
Jj = 0in Algorithm 2. We run e-approximation algorithm .4 on v to compute allo-
cation x = (xq, ..., x,). Then we change x; and p; to zero for all inactive i. Let X

et f(x)=({1—x/n)" —1+x.Then f'(x) = (1 —x/n)”’1 +1>0.Hence,forO<x <landn > 1,
the function is increasing and f(x) > f(0) = 0.
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be the allocation obtained in this way. The value for player i is v; (X). When the i-th
player is active, this value is equal to v; (x) because v; depends only on the valuation
in the i-th group (separability property). Therefore in this case his utility is U; (v). So
we have that

o a0 Ui) + qi(0i ') —n'Ly) ifi € T(v),
E[U; (v)] = {q,'ﬁi(ui) ifi & T(v). (13)
We first observe
E[U} ()] = (1 = &)g; - 0; (u'). (14)

Indeed, the inequality is trivially satisfied if i ¢ T (v). On the other hand, if i € T (v),
then (11) implies U; (9) = U;(0) = & (n'Li — &v; (u")), therefore

E[U;(®)] = qo - Ui(®) + i (i (') — n'L;)
L (oL — 55w + a1 @ ) — o/ L)
q0
= (1 =2&)g; - vi(u").

We now consider four cases:

v

q0 -

Case 1: i € T(9) N T(v). Note that (12) for v implies g; = eL; < WTU Thus,

by Lemma 2, and using assumption (1) that v; (x) < ; (u'), we have
_ 3. de
Ui(v) = Ui(v) —e(1 + E)Ui(u ) = Ui(v) — ;Uz‘(u ). (15)
Hence by using (13) and (15), we have
E[U;(0)] = qo - Ui () + q; (@i ') = n'Li)

4 . .
qo(U; (D) + fai ') + i (B; (') — i/ Ly)

IA

= = (i / 4e _ i
qoU; (V) +¢q; (v; (') —n'L;) -HIOFUI'(M )
E[U](D)]

li= 4e _ i
= E[U; (V)] +CIO;U1'(M ).
Now applying (14) in the above inequality, we get
/ li= 4e _ i
E[U; (v)] = E[U;(v)] +q07vi(u )
q0

< <1 + —4—8> E[U/(5)]
=\t a0 )Y
(1 + HE[U/ )],

IA
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the last inequality follows from the definition of ¢. Note that (since gg < 1 and
£ <1/2)

q0
& -
(1 —8)g;

Case 2: i ¢ T(v). By (14), we have

=&.

4 I 4 _ned—qo) 8
n U

€ - <
(1 —8)g; 8n qin

; 1
E[U{(v)] = qiv; (') < EE[U[(E)] < (1 + &0)E[U} (D)].

Since, {1z =1+ &8(1+&+&>+...) <1428 =1+
Case 3: i € T(v)\ T(v) and (12) does not hold for . Since U; (v) < v;(u’), we
have

E[U] ()] = qo - Ui (v) + qi (0; (u') — n'L;)
< (g0 + g vi (") — qin'Li < (qo+qi — Dvi(u)
< 0 < qiv;(u') = E[U/(D)],

where the second inequality holds because (12) does not hold for v and ¢;5/n =
1.
Case4: i € T(v)\ T(v) and (12) holds for v. Then (11) does not hold for v and
hence
Vi) = i@ < 20 (1'Li = E0,)) (16)

Since (12) holds for v, we have (15). Hence by (14), (15) and (16) we have
E[U{(v)] = qo - Ui (v) + q; (@;(u') = n'L;)

4 . )
< q (U,-(m + 7‘95,- (u’)) + i) — 'L

A

IA

4 . .
gin'Li — qi&0;(u') + 78171‘ (u') 4+ qi(0;(u") —n'Ly)
_ o 4e _ .
= (1 -8&)q - v;(u") + Fvi(u’)
1 4de

1+ — " )E[U!/(»
( BT 17) il
(14 &E[U] ()],

IA

where the last inequality follows from the definition of ¢ (see Case 1).
We finally argue about the approximation ratio. Note that for i ¢ T (v), one of the

inequalities (11) or (12) does not hold. Also, U;(v) > 0 in this case since p; = 0,
and hence v; (u') < max{n, n'/g}L; = n’'L;/z. Since A returns allocation x that is
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(1 — &)-social efficiency and’ qi — qon% > 0, it follows that for any v € V, (recall
x = A®Ww))

Ev@E)] =qo Y vil)+ Y qivi(u)

ieT (v) ieln]
=qo Yy vil)—qo Y vi()+ Y qvi)
i€[n] i¢T (v) i€[n]
= qov(x) —qo »_ viw)+ Y qivi(u')
i¢T(v) i€ln]
n :
> qov(x) —qo— Z Li + Z qivi(u')
1¢T(v) i€n]
= qov(x) — qo— >0 v+ Zq,v,(u)
igT (V) j#i
]” . .
> qov(x) —qo—n Z vj(ul) + 'Z qivi(u')
j€ln] i€ln]
/
)7 .
> qov(x) + Z <qi - qong) vi (u')
i€[n]
> go(1 —¢) - max v(z)
zeQ
Z

(1 —gg)(1 — ¢) - max v(z).
zeQ

3.2 Approximately Truthful-in-Expectation Integral Mechanisms

In this subsection, we derive a randomized mechanism M’ which returns an integral
allocation. Let ¢ > 0 be arbitrary. First run Algorithm 2 to obtain x and p(v). Then
compute a convex decomposition of 15 4 x, which is 7= X =) jeN )L’]‘. x/ . Finally
with probability )L;C. (we use the superscrlpt x to distinguish the convex decompo-

sitions of different x) return the allocation x/ and charge the i-th player the price

pi(v) Ulﬁ‘()‘;)) , if v; (x) > 0, and zero otherwise. We now prove Theorem 2.

Proof of Theorem 2 Let M be a fractional randomized mechanism obtained in The-
orem 6. Since M has no positive transfer, M’ does neither. M is individually rational

2z 2
nn n”&(1—qo) 1-4o
L < = = =gq;
Sqon % = gE T (—qoen? wo =i
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with probability 1 — &g, therefore for any allocation x, we have v;(x) — p; (v) > 0
with probability 1 — gg. So

vj (x ) - v; (x )

— (50 — pi (@) = = 0,

u@ @)

hence M’ is individually rational with probability 1 — 9. Now we prove truthfulness.
Let E[U/(v)] be the expected utility of player i when she inputs her true valuation
and let E[U/(v)] be her expected utility when she inputs v;. Then by definition of
E[U/ (v)], we have

E[U/ )] = Eiomp) | YA <5i(xz) oy 2 ))}
LieN v; (%)

[ . TN D)
= Ez~mm) (Ui (Z A xl> - Pi(@%)]

leN

B (x1) — pi ()

a
= Ezivm@) 1~|——45vi(x) 1+4 —pi(v )}

o o _
= ——Ez~u@[vi(x) — pi(v)]

1+4
- 1+4
> (1= e0) 1 -EIU'(v)]
=1 —80)14_4 Ex~m@lvx) — pi(v)]
= (1 = ) Eempr) [] )~ ) 38}
= (1—so>E[ZAf <vl(x)—pl< )% }
leN vi

= (1 — e0)E[U] (v)].

a(l—gg)(1—e) _

Taking expectation with respect to x shows that the mechanism is Trde

socially efficient.

E)] = Exp) [Z Mulx )] Ex~m(v) [v (Z A;‘xlﬂ

leN leN

o
S

o
= —E ~ >
11 g M@l 2 772

This completes the proof of Theorem 2. O

(1 — gp)(1 — &)max v(z).
zeQ
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Appendix: Khandekar’s Algorithm for Covering Linear Programs

Consider a covering linear program:

minc’ x subject to Ax >b, x =0, (17

where A € RZ " is an m x n matrix with non-negative entries and ¢ € R and
b € RZ,, are non-negative vectors. We assume the availability of a «-approximation
oracle for some « € (0, 1].
Ok (z): Given z € RZ, the oracle finds a column j of A that maximizes
Ly 25 within a factor of &
J i

1 & zia 1 & zia
. ;i
— E " > k- max — Y (18)
. . s . .
Cj P b; J'€ln] Cjr i1 b;

We use A; to denote the i-th row of A. Algorithm 3 constructs vectors x(¢) € R”,
fort = 0,1,..., until M(¢) := min;e[m) Aix(t)/b; becomes at least T := lr;—zm
Define the active list at time t by L(t) := {i € [m] : Ajx(t — 1)/b; < T}. For
i € L(t), define

pi(t) = (1 — e)hx= Db, (19)

and set p;(t) = 0 fori ¢ L(t). At each time 7, the algorithm calls the oracle with the
vector z; = p(t)/l p(t)|l1, and increases the variable x () by

b;
8(t) == min L,
ieL(t) and a; j(1)#0 ai, j(r)

(20)

where j (¢) is the index returned by the oracle.

Algorithm 3 Covering(O,)

Require: acovering system (A, b, ¢) given by a k —approximation oracle Oy, where
A€ R’Z"OXH, b e R”,, c € R? ), and an accuracy parameter & € (0, 1/2]

Ensure: A feasible solution X € R’;O to 2)s.t.cTx < —(1':45) z*

1 x(0) ;=057 :=0;and T := 4

2: while M(t) < T do

3 ti=t+1
4 Letj(0) = Oclp®/IpIh)
5
6
7

Xjn(@®) :=xjn(t—1)+8@) and x;(t) = x;(t — 1) for j # j(t)
: end while

. return £ = U

Mt

(=

~|
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Proof of Theorem 3 Note that the RHS of (18) is positive for our choice of z; since
every row of A contains a non-zero entry and hence ZieL(z) pi®aijiy/bicjry) > 0.
This conclude that there exist at least one i € L(t) which g; () is non zero and thus
8(t) > 0 always. In each iteration, some entry of x is increased and hence the values
A;x(t)/b; are non-decreasing. Thus L(r + 1) € L(¢) for all . At the end, we scale
x(t) by M (¢) to guarantee feasibility.

Let 1; denote the j-th unit vector of dimension n and B € R™*™ be a diagonal
matrix with entries b;; = b;. Feasibility is obvious since we scale by M (¢). The bound
on the number of iterations is also obvious since in each iteration at least one of the
A;x/b; increases by one and we remove i from the active list once A;x/b; reaches
T. We conclude that the number of iterations is bounded by m[T]. Let #y be the
number of iterations, i.e., vectors x(0), x(1), ..., x(¢tp) are defined and M (g — 1) <
T < M(tp). In the ¢-th iteration exactly one entry of x is increased by §(¢) and hence
17 x(to) = Zl<t<,0 8(t) and A;jx(¢)/b; < Ajx(t — 1)/b; + 1 fori € L(¢). To show
(3), we analyze the decrease of || p(#)||1. Let t < #y. Then

Z a- E)Aix(t)/bi — Z a- S)AiX(t*1)/bi+5(l)Ailj(z)/bi

i€l ieL(t)
= Z pi()(1 — )’DALjw/bi
ieL(t)
< Y P —e8() Al /i)
ieL(t)

(using (20) conclude that §(t)A;1;)/b; < 1 and
(1—e) <1—exforalle €[0,1), x € [0, 1]

[FIGIN (1 - ea(t)p(t)TBlAl/(r)>

P

s 2O g4,
SO mRon 8 Ao

IA

lp@®le since 1 —x < e *.(21)

By using L(r + 1) € L(¢), we have

lp+ Dl = Y (1—ghr®/P
i€L(+1)
< Z a- 8)Aix(t)/bi (22)
iEL(t)

and hence applying inequalities (21) and (22) we get,

ol 5
IpG+ Dl = 3 (= oA O8 < p@y e OTon B Ao,

ieL(t)

(23)

@ Springer



Theory Comput Syst (2016) 59:641-663 661

Let ip € L(#) be arbitrary. Then

a- S)Aiox(fo)/bio < Z (a- E)Aix(l())/bio

ieL(ty)
£8(19) B 8— B~ A1
< Iplhe T
5(t) O BT AL
= Ip@) e ™" =m0 O hmn Ao,

where the second inequality uses (21) for r = #( and the third inequality uses (23) for
0 <t < to. Taking logs and using || p(0)]|; = m, we conclude that

p(t)T

Dipon 2 Ao @9

Aigx(to)/biy - In(1 — &) <Inm —e& Y &(

1<t<t

We next relate the objective value cTx(tg) = ZlStSto Cj(n0(t) at time fy to the
optimal value z* by the following claim.

n' p-1 <Tx(t
Claim Y1, 8(1) ”ff(t))” Al = i),

Proof Let x* € R, be an optimal solution to (2). Since x™ is feasible, B~ lAx* > 1,
and thus for any ¢,
P B~ A = p0) 1= p@I].
By the choice of the index j(¢#), we have that %p(t)TB_lAlj(,) >
T *

Cljfcp(t)TB_lAlj for all j € [n]. Since z* = ¢! x*, we conclude further

FpTB ALy = Z cixiptT B~ Al

Jj€ln]
t
jeln] ](t)

Y
(]
Q

](t) X*K'p([)T —1A1
jem €

_ T p—1 *
= kcjppt) B Ax

> kcinllpOl.

\

Multiplying both sides of this inequality by §(¢) /|| p(¢)]1 and summing up over 1 <
t < 1y finishes the proof of the claim. O

Using the claim above, we deduce from (24)

T
. 1
Aigx(t0)/big - In(1 — &) <Inm — & - L:C(O)
Z
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Dividing both sides by M (#y), arranging, and usmg M(to) > T = (In m)/az,

Ajyx(to)/biy < Ajgx(to — 1) /biy +1 < T + 1, and TE < 1 4+ 2¢, valid for all
e € (0, %], we obtain

k-clx s cTx(ty) - In IITE Aiyx(to)/bi, Inm
* M(y)z* & M (1) & - M(1o)
T+ 1
< (14 2¢) +e& <1+44e. ]

Proof of Corollary 1 Recall (24):

p)T

Aigx(t0) /biy - In(1 — &) <Inm —& »  8(t)———— O B7'Al;q).
p

lftft
With assumption b = 1, we have,

p( n’t

Ajpx(t9) -In(1 —¢) <lnm —¢ Z ” o Alj).

1<t<ty

The vector z; = p(t)/|p(t)||1 satisfies 17z, = 1 Apply oracle O’ with input

vector z;, it returns index j (f) such that we have ;=-5~A1;() > 1. Thus, we have

||p<r>||
Aiyx(to) - In(1 — &) <Inm — & - 17 x(t0).

Proceeding as in the proof of Theorem 3, we get the result. O
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