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1. Introduction. This paper considers the allocation problem in combinatorial auctions. In a com-
binatorial auction, we have a set of heterogenous indivisible items that are sold to competing bidders.
The bidders value bundles of items, rather than only valuing single items individually. Thus, bidders can
express complex combinatorial preferences over items.

Formally, a set M of items, |M|=m, is sold to n bidders. To denote the i’th bidder’s value for each
bundle of items S C M, we use a function v;, where v;(.S) denotes the value of the bundle S for bidder
i. The function v; is called the valuation of bidder i. Two common assumptions are that for each bidder
i, v; is normalized (v;(0) = 0), and monotone (for each S C T C M, v;(S) < v;(T)). The goal is to
partition the items between the bidders in a way that maximizes the social welfare — the sum of bidders’
values for the bundles that are allocated to them. That is, we wish to find an allocation (Si, ..., Sm),
SiNS; =0 for i # j, that maximizes y, v;(.S;).

Two aspects make this problem hard to solve. Firstly, the “input” is of exponential size — a naive rep-
resentation of a valuation will require 2™ values, one for each bundle — while we would like our algorithms
to run in time that is polynomial in m and n (the natural parameters of the problem). Secondly, even
for valuations that can be succinctly described, the optimization problem is computationally hard. Much
work has addressed the problem of identifying special cases that can be efficiently solved or approximated,
as well as understanding the underlying computational limitations — see chapters 10 — 13 of Cramton et
al. [3].
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There are two possible approaches to formalizing the computational model. These approaches differ
in how the “input” is accessed. The first approach calls for fixing some bidding language in which the
input valuations are encoded. This approach requires algorithms to run in time that is polynomial in the
input length (under this encoding). This kind of approach makes sense in cases in which a sufficiently
natural bidding language exists. The second approach treats the valuations as black boxes and assumes
that each valuation is represented by oracles that can only answer a fixed type of queries. Three types
of queries are commonly considered:

(i) Value queries: The query specifies a subset S C M of items and receives the value v;(S) as the
reply. This query is very natural from a computer science point of view, but, in general, is quite
weak.

(i) Demand queries: The query specifies a vector p = (p1, ..., pm) of “item prices”, and the reply is
the set that would be “demanded” by the queried bidder given these item prices, i.e., a subset .S
that maximizes the expression v;(S) =Y jes Pj- This query is natural from an economic point of
view as it corresponds to the revealed preferences of the bidders (i.e., what is directly observable
from their behavior). Blumrosen and Nisan [2] and Dobzinski and Schapira [7] showed that
demand queries are strictly stronger than value queries (in the sense that value queries can be
simulated by a polynomial number of demand queries, but exponential number of value queries
might be required to simulate a single demand query).

(iii) General queries: In this model we allow the oracles to answer any kind of query (however,
each query can only be addressed to a single valuation). This model captures the communication
complexity (between the bidders) of the problem, and due to its strength is mostly interesting
for proving lower bounds.

Combinatorial auctions with general valuations are well understood from a computational perspective:
the optimal allocation can be approximated to within a factor of O(y/m) in polynomial time, but not
within a factor of m!/2=¢, for any constant € > 0. This is true even for the case of single-minded bidders,
as shown by Lehmann et al. [13], and Sandholm [20]. The lower bound holds even for the general queries
model, whereas the upper bound requires demand queries, but value queries do not suffice [7, 2].

An important special case of combinatorial auctions is the one in which the valuations are known to
be complement-free, i.e., all input valuations are known to be subadditive: v(SUT) < v(S) + v(T) for
all S,T '. Lehmann et al. [12] exhibit a strict hierarchy of subclasses within this class of valuations:
OXS C GS C SM C XOS Cc CF. The CF and SM classes are easy to define: CF' is the class of
subadditive (complement-free) valuations; SM is the set of submodular valuations, i.e., v(SUT) +v(SN
T) <v(S)+v(T) for all S,T. We will not define the class of GSS ((gross) substitute) valuations here, but
we will note that economists often assume valuations to be in this class as in some sense this corresponds
to “convex economies”. The OXS and XOS classes are defined syntactically (see a survey by Nisan
[16]). We will later present the syntactic definition of the XOS class (Section 2).

The allocation problem becomes gradually harder as we move upwards within this hierarchy; a strongly
polynomial time algorithm exists if the input valuations are given in the OX S language; a polynomial
time algorithm, based on linear programming, exists for the class GS, as shown by Nisan and Segal [19].
For the SM class no polynomial time algorithm exists — an NP-hardness result for a simple submodular
bidding language is shown in a paper by Lehmann et al. [12], and an exponential communication lower
bound was proven by Nisan and Segal [19]. However, Lehmann et al. [12] exhibit a polynomial-time
2-approximation algorithm that uses value queries only. No approximation algorithms (better than
the O(y/m)-approximation for general valuations) were previously known for the higher levels in this
hierarchy.

1.1 Upper Bounds. The main message relayed in this paper is that for the two higher levels of the
hierarchy better upper bounds exist:

THEOREM 1.1 There exists a polynomial-time algorithm that finds an O(lolgﬁgm

valuations in the CF class, using demand queries.

) approzimation for

1Tt is also possible to consider the “dual” class of substitute-free valuations (v(S U T) > v(S) 4 o(T), for disjoint
S, T C M). However, it turns out that the lower bound for general valuations, by Nisan [15], also applies to this class.
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This algorithm is based on careful randomized rounding of the linear programming relaxation of the
problem; a deterministic algorithm is obtained via derandomization.

For the more restricted XOS class we obtain improved approximation ratios.

e
e—1

THEOREM 1.2 There exists a polynomial-time (===)-approzimation algorithm for valuations given in the

XOS language.

We also present a 2-approximation algorithm for this class. Although the approximation guarantee is
worse than —<7, the 2-approximation algorithm has several advantages: it is combinatorial, fast, simple,
and deterministic. Moreover, it serves as the main building block for constructions of truthful mechanisms

for combinatorial auctions [4, 6].

1.2 Lower Bounds. We prove lower bounds for approximation for both C'F' and XOS. The class
CF does not have a natural bidding language and so the lower bound is for the oracle model. The lower
bound for the class XOS is actually two separate lower bounds: an NP-hardness result for the bidding
language model, and a communication lower bound for the oracle model. No inapproximability result for
any of these classes was previously known.

THEOREM 1.3 Ezponential communication is required for approzimating the optimal allocation among
CF wvaluations to within a factor of 2 — €, for any constant € > 0.

THEOREM 1.4 (1) It is NP-hard to approximate the optimal allocation among valuations given in the
XOS language to within any constant factor better than e/(e — 1). (2) Ezponential communication is
required for approzimating the optimal allocation among XOS wvaluations to within any constant factor
better than e/(e — 1).

The last theorem shows that our algorithm for the class XOS is tight.

1.3 Handling Selfishness. In many settings in which the combinatorial auction problem arises, it is
natural to assume that the bidders are selfish. That is, the bidders are interested only in maximizing their
own utility, and might therefore misreport their preferences if it suits their interests. We are therefore
interested in truthful algorithms that by introducing payments guarantee that if each bidder is to simply
report his true value he will maximize his profit. Surprisingly, to date, very few computationally-feasible
truthful mechanisms for this problem are known that do not apply only to very restricted single-parameter
domains. We present an approximation algorithm that makes use of value queries only, and ensures
truthfulness.

THEOREM 1.5 There ezists a truthful polynomial-time algorithm that finds an O(y/m)-approzimation for
valuations in the class C'F using value queries only.

This approximation ratio may seem quite bad when contrasted with the fact that for the class of
submodular valuations constant-approximation algorithms that use only value queries exist (e.g., by
Lehmann et al. [12]). However, it turns out that this algorithm is optimal in the value oracle model,
even if all bidders have XOS valuations, and even ignoring truthfulness constraints:

THEOREM 1.6 FEvery approximation algorithm for combinatorial auctions with XOS bidders that uses

only value queries, requires an exponential number of queries to achieve an approximation ratio better
1

than m2~¢, for any constant € > 0.

1.4 Subsequent Work. Subsequently to this paper, Feige [9] improved the upper bound for com-
binatorial auctions with complement-free valuations to 2. This upper bound uses demand queries. The
communication lower bound we present implies that this upper bound is tight.

We now discuss subsequent work related to submodular valuations. Khot, Lipton, Markakis, and

Mehta [11] showed that no approximation better than —“; using value queries only is possible, unless

P = NP. This lower bound was recently strengthened to an unconditional one by Mirrokni et al. [?].
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Vondrak [21] has shown that this lower bound is tight by exhibiting a matching upper bound that uses
value queries only. In the demand queries model Feige and Vondrak [10] obtained an approximation ratio

slightly better than _%5. They also show that approximating the welfare with demand oracle in this case
is APX-hard.

Another line of research which stemmed in this paper is obtaining truthful mechanisms for combi-
natorial auctions with complement-free valuations. Dobzinski [4] obtained an approximation ratio of
O(log mloglogm) for subadditive valuations using a randomized mechanism, improving over a previous
result of [6]. One of the main ingredients in these results is the 2-approximation algorithm for XOS valu-
ations presented in this paper. In addition, Feige [9], showed how to convert the lolgoﬁ) ;"m—approximatiorl
algorithm of this paper to a truthful one (under a weaker notion of truthfulness). The best determin-
istic mechanism for complement-free valuations is still the O(y/m)-mechanism presented in this paper.
Dobzinski and Nisan [5] proved that one cannot achieve a much better approximation factor using this
type of algorithms — maximal in range algorithms (see the discussion in Section 5).

1.5 Open Questions. This paper and subsequent work determined the optimal bounds possible
for the upper levels of the hierarchy, namely combinatorial auctions with XOS and complement-free
valuations.

e The main open question is closing the gap between the known upper and lower bounds for
submodular valuations in the demand oracles model. In particular, no communication lower
bound is known.

e It would also be interesting to achieve these approximation ratios using combinatorial algorithms
(most state-of-the-art algorithms are based on randomized rounding of the LP relaxation of the
problem).

e Another major open question which is still open is to determine how well truthful mechanisms
can approximate the welfare in all levels of the hierarchy.

2. Definition and Representation of XOS. This section discusses the definition and representa-
tion of XOS valuations. Recall, that as discussed in the introduction the class of XOS valuations strictly
contains the class of submodular valuations [12].

A valuation is called additive (a.k.a. linear) if for all S C M, v(S) = Xjcsv({j}). Thus, an additive
valuation is defined by the values aq,...,a,, it assigns to items 1,...,m respectively. We describe an
additive valuations by the following clause:

(x1:a1Vaxa:as V..V an)

We can now define XOS valuations:

DEFINITION 2.1 A waluation v is said to be XOS if there is a set of additive valuations {w1, ..., w:}, such
that v(S) = maxy{w(S)} for all S C M. We denote XOS wvaluations by

(1 :wi({x ) Voo Vay cwi({zm}) @ ... ® (21 we({x1}) Voo Vgt wi({zm}))

where each of the clauses connected by the ® sign represents an additive valuation.

We note that the number of clauses ¢ might be exponentially large. We call a clause of an additive
valuation w, for which v(S) = maxy{wi(S)}, a mazimizing clause for S in v (if there are several such
clauses we arbitrarily choose one). An XOS oracle is an oracle that given a bundle S returns a maximizing
clause for S (for a specific valuation v).

2.1 Efficiently Simulating XOS and Demand Queries. We now show that if the input is given
in the form of an XOS expression, XOS oracles and demand oracles can be simulated in time that is
polynomial in the input size. We also prove that if all valuations are submodular then value queries can
simulate XOS queries in polynomial time. Therefore, if all valuations are submodular, the algorithm
presented in this section requires demand queries only (recall that a value query can be simulated by a
polynomial number of demand queries [2]).
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PROPOSITION 2.1 Given an XOS valuation as an XOS expression, we can evaluate both XOS queries
and demand queries in time polynomial in the input size.

PROOF. Given an XOS valuation and a vector of prices we wish to simulate a demand oracle. First,
let us note that it is easy to simulate a demand oracle for an additive valuation in polynomial time,
by simply choosing all profitable items. Since the input is given as an XOS formula and each clause
is an additive valuation, it is enough to simulate a demand oracle for each clause and choose the most
profitable option. The entire process requires time polynomial in the input size. O

If the input is not given as an XOS expression, then we do not know how to answer XOS queries given
only a demand oracle. However, for the more restricted class of submodular valuations, even the weaker
value oracle suffices to answer XOS queries, as the following proposition shows:

PROPOSITION 2.2 An XOS clause for a bundle S of a submodular valuation v can be calculated in poly-
nomial time using value queries only.

ProOOF. Given a bundle S we show how to construct the corresponding XOS clause. Fix some
arbitrary order of the items in S. Without loss of generality, let S = {1,...,|S|}. Let ¢; be the marginal
utility of the j’th item given the previous j — 1 items: t; = v({1,...,5}) —v({1,...,5 — 1}). The XOS
clause is (£, V... Vtg)).

All that we have to prove is that v(S) = X;cst;, and that for every T' C S, v(T') > Xjcrt;. For that
we use an alternative definition of submodular valuations (see [12] for an equivalence proof): a valuation
v is submodular if for every item j, and bundles W, T, W C T, j ¢ T, we have that v(W U{j}) —v(W) >

o(TU{j}) —o(T).

The first property holds simply by construction. To see that v(T") > ¥,crt;, fix T, and let t;‘r be the
marginal utility of item j in 7', using the same order we used in S (that is, order the items in S, and
delete items that are not in T, while keeping the relative order of the rest of the items). Recall that
an alternative definition of submodular valuation says that the marginal utility does not decrease when
items are deleted, hence v(T) = ZjeTtZT > Yiert;

Finally, to show that this clause can be constructed using value queries only, observe that we only have
to calculate the marginal utility of an item, which can be done by two value queries for each item. (Il

3. Approximating the Welfare with Demand Oracles. Randomized rounding of an LP-
relaxation of a problem is a standard technique, and our algorithms use it. However, when one attempts
randomized rounding on packing problems such as combinatorial auctions the results are not good; A
randomized choice will very likely yield non-feasible solutions, unless the probabilities chosen reduce the
expected quality of solution by a large O(y/m) factor.

Both algorithms we present in this section start with a randomized rounding procedure for obtaining
a “pre-allocation”. This allocation has a value that is close to the optimum, but unfortunately is not
feasible. Feasibility issues are handled differently in the complement free and the XOS cases, and indeed
a much better ratio is obtained for the XOS case.

Before describing the randomized rounding procedure, let us recall the standard LP relaxation for
combinatorial auctions:

Mazimize: 3; sx; sv;(S) Subject to:
— For each item j: ¥; gjes2i,5 <1
— for each bidder i: Ygz; g <1
— for each i, S: ;9 >0

Even though the linear program has exponentially many variables, it may still be solved in polynomial
time. This is done by solving the dual linear program using the ellipsoid method. Using the ellipsoid
method requires a “separation” oracle, and this may be directly implemented using the demand oracles
of the bidders. This was first proven by Nisan and Segal [19], and in more details by Blumrosen and
Nisan [2].
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The pre-allocation is obtained via randomized rounding as follows: For each bidder ¢ we independently
choose a set S; by performing the following random experiment: each set S is chosen with probability
z; 5, and the empty set is chosen with probability 1 — X gsz; s.

Observe that the randomized rounding solution outputs an integral solution with an expected value
of OPT*, the optimal fractional solution. However, the solution is not feasible, as an item might be
allocated to more than one bidder. The two algorithms we present greatly differ in how they solve this
infeasibility.

A word about the oracles needed to implement our algorithms. The algorithm for complement-free
valuations we present in this section requires access to a demand oracle (for each specific valuation v).
Both algorithms for XOS valuations we present require in addition access to an XOS oracle.

3.1 Complement-Free Valuations. Indeed, the pre-allocation produces a non-feasible solution.
However, these non-feasible solutions are only a logarithmic factor away from feasibility (in the sense
that with high probability each item is allocated at most a logarithmic number of times). For general
valuations this fact does not help, but as we will show it suffices for CF valuations (see also [7] for
another setting, the k-duplicates version of combinatorial auctions, in which this fact leads to good
approximations).

The main observation at the heart of our algorithm is that one may partition this logarithmically-
non-feasible solution into a logarithmic-size family of feasible solutions. For the case of complement-free
valuations, the quality of one of these solutions can be bounded from below.

The original version of the algorithm claimed a ratio of O(logm). Feige [9] observed that the algorithm
actually provides an approximation ratio of O(lolg‘;ﬁ) Zm)’ and this is the ratio that is presented here. We
also note that Feige [9] presents an example which shows that the approximation ratio of the algorithm

is at least O 1ol;i?m)'

(i) Use randomized rounding to find a “pre-allocation” Sy, ..., S, of pairs < 4,.5; > with the following

properties, where k = O(logigm)i

e Each item j appears at most k times in {5;};, with j € S;.
o >, vi(S) = 5 - (Biszisvi(S)).
(ii) For each bidder i, partition S; into a disjoint union S; = S} U ... U S¥ such that for each
1 <4y <ip<nand1<r<E, it holds that S] NS) = 0.
This is done as follows: for each i = 1,..,n and each r = 1,..,k, we let ST = {j €
S;|j appears in exactly r — 1 of the sets Sy, ..., S;—1}.
(ili) Find the r that maximizes ), v;(S]), and for each ¢ allocate T; = S7 to bidder .

(iv) If there is a bidder ¢ with v;(M) > 3,v;(T;) then allocate i all items (and allocate nothing to the
rest of the bidders).

THEOREM 3.1 If all input valuations are complement-free then the algorithm produces an allocation that

is an O(k) = O(lolg‘;iglm)-appmximation to the optimal one.

We now prove the theorem. Towards this end, let us keep track of the “quality” of solution implied
by the intermediate steps.

(i) The randomized rounding procedure returns the optimal fractional solution OPT* =
Y52 sv;(S), which is an upper bound to the value of the integral optimal allocation, OPT.
The detailed calculations needed to prove that this step indeed ends with a solution that satisfies
all the required conditions are given later. At this point we will indicate the types of calculations
used and what they yield. From the first inequality of the LP and using standard probability
bounds one can show that for every item j, the probability that it appears in more than k£ chosen
sets is exponentially small in k. The expected value of », v;(S;) at this stage is only slightly
less than X; gz; sv;(S) = OPT*. It follows that with very high probability none of the required
constraints are violated, and thus we have Y, v;(S) > & - OPT*
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(i1) The main point here is that indeed for every fixed r, the sets {S!}; are pairwise disjoint and are
thus a valid allocation. This follows directly from the construction, as every duplicate instances
of every item j are allocated to sets S; with sequentially increasing r. Note that we always keep
r < k since each item appears in at most k sets in {S;}.

(ili) The crucial use of complement-freeness comes here: since for each fixed 4, S; = |, S7, the fact
that v; is complement free implies that Y v;(S}) > v;(S;). By summing over all ¢ we get that
> i vil(ST) =30, vi(ST) = 30, vi(S;) = 5-OPT*. It is now clear that by choosing the r that
maximizes ), v;(S]) we get that > . v;(S]) > OPT . Thus, the allocation 17 = S7,...,T,, = 5},
is an O(lézﬁgzzn) approximation to the optimal allocatlon (and even to the optimal fractional
allocation).

3.1.1 Details of Stage (i). For each j € M, let E; denote the random variable that indicates
whether j was allocated more than k£ times. Let B be the random variable that indicates whether
v;(S;) < $OPT*. We will prove that Pr[V;E; vV B] < 2.

We first prove that Pr[V;E;] < 1. Fix an item j. Let Z;; be the random variable that determines
whether j € S;. Obviously, Z; ; receives values in {0,1}. Because of the randomized rounding method
we used, we have that the variables {Z; ;}; are independent. We define Z; = X,Z; ; (i.e., Z; is the
number of times item j appears in {S;}). By the linearity of expectation and the first condition of the
LP formulation we have that F[Z;] < 1. We now use the following known proposition, (see, e.g., the
book by Mitzenmacher and Upfal [14]):

LEMMA 3.1 Let Xy,..., X, (for sufficiently large n) be independent Bernoulli trials such that for 1 <i <
m, Pr[X; =1]=p;, and X;p; = 1. Let X = X1+ ...+ X,,,. Then
3logm 1

PrlX > ——| <
1l loglogm™ — m?2

and thus we have that

_logm oy dles in {5} <

Pr[item j appears in more than <—
m

3loglogm
By applying the union bound we get that the probablhty that any one of the items appears in more than

logm bundles in {S } is smaller than m - L

3loglogm m2 m’

We will now prove that Pr[B] < 3. W.Lo.g. max; v;(M) = 1 (otherwise, we can divide all valuations
by max; v;(M)). If OPT* < 3, then giving M to the bidder that maximizes v;(M), is a feasible allocation
which provides a good approximation. Therefore, from now on we assume that OPT* > 3. Let A be the
random variable that gets the value of X,v;(S;) after step (i). We will see that A > E”’%(S) with high
probability.

We make use of the following corollary from Chebyshev’s inequality:

LEMMA 3.2 Let X be the sum of independent random wvariables, each of which lies in [0,1], and let
pu = E[X]. Then, for any a >0, Pr[|X —pu| > a] < L.

We can now upper bound the probability that event B occurs.

OPT* 20PT* 9 3
Pr[B] = Pr[A < Pr[|A—-OPT*| > < < -
{B) = Pr{A < S ] S P4 - OPT"| 2 =] < o <)
the last inequality is because OPT™* > 3. Therefore, using the union bound:
1 3 5
P[\/t 1Et\/B}<2j€1MPI'[ ]+PY[B]§E+Z<5

We have shown that with good probability it is possible to create a solution for which all the necessary
conditions hold.
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3.2 XOS Valuations. The algorithm presented in this section is based on exploiting the structure of
the syntactically defined X OS class. Recall that the class of XO.S valuations strictly contains submodular
valuations.

The algorithm starts by obtaining a pre-allocation as described in the beginning of the section, where
each bidder gets at most one bundle. The next step is to “replace” the valuation of a bidder with the
XOS clause that corresponds to the bundle he got in the pre-allocation. Now we find the optimal solution
using the “new” valuations. Observe that a simple greedy algorithm finds the optimal allocation if all
bidders have additive valuations.

We are left with showing that the value of the generated allocation is not too far from the optimal
fractional solution. Once again, the syntactic properties of XOS come to our aid: we analyze the
algorithm by separately setting a lower bound on the contribution of each single item to the total social
welfare.

(i) Obtain a “pre-allocation” Si, ..., .S, using the randomized rounding procedure.
(ii) Let (w1 :pi V...V ay, : pl) be the maximizing clause for S; in v;.
(iii) Allocate the j’th item to bidder ¢ for which pj- > p§/7 for all i/ € N.

Note that Step (i) requires access to a demand oracle, and Step (ii) requires access to an XOS oracle.
We do not know if an XOS oracle can be simulated using demand queries only, in the case of general
XOS valuations. However, if a valuation is submodular, a demand oracle (and in fact, a value oracle)
suffices, as was shown before. Thus, if all valuations are submodular only demand oracles are needed to
implement the algorithm.

THEOREM 3.2 If all input valuations are XOS then the algorithm produces an allocation that is a
(ﬁ)—appmximation to the optimal one.

PrOOF. Observe that the allocation produced by the algorithm is indeed a feasible one. Thus, all
that is left to prove is that it achieves the desired approximation ratio.

For every bidder 7 and bundle S, let (x; : pgi’s) V..VZn,: pgi’s)) be the maximizing clause for S in

v;. It holds that:

OPT™ =3%; 57 5v;(5) = Ei,sfﬂi,s(szy’s)) = %,(Ziswi,50)

J

Let @; be the random variable that equals max;e N{pé-}, after the randomized rounding step. Let ALG

be the random variable that receives the value of the total social welfare after assigning each item

as in the algorithm. Due to the properties of XOS valuations, ALG > X;Q;. This is because if

(z1 : p(ll’s) VooV, pﬁf{s)) is the maximizing clause of S in w; then, by XOS, for every T C §
,S

EjeTpg 5 < o(T).

We will now show that the expectation of @; is bounded from below by (1—(1—2)"). (Ei,sa:LSpY’S)).

Thus, by the linearity of expectation:

BIALG] > ,E(Q;] > 51— (1 = 1)) (Siswisp™)) = (1 - (1 = 1)")OPT"

LEMMA 3.3 For every item j,

E[Q;] > (1 — (1 _ %)n) . (Zi,Sl'i,Sp;i’S))

ProOF. Fix an item j. We will lower bound the expected value of E[Q;] by considering a different

(i,
Ys|jesTi,sP;

5)
<7 . That is, X; is the probability that

bidder ¢ gets item j in the “pre-allocation”, and Vij is the expected value of j to bidder 7, conditioned on
i receiving j in the “pre-allocation”.

way of assigning j. Let Xz-j = YgjesTi,s and Vij =
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Order the bidders in the decreasing order of their Vij ’s. Without loss of generality, let us assume this
order to be 1, ...,n. We assign j to the highest ranked (first) bidder who got item j in the “pre-allocation”.
Denote by Tj the expected value of j in this allocation. Observe that E[Q;] > E[T}] because E[Q;] is
the expected value of item j when j is always assigned to the bidder with the highest (per-item) value
for j in the “pre allocation” (as in the algorithm). Therefore, to prove the lemma we will bound E[T}]
from below. It is easy to see that

B[l =XiVi + 0= XDXIVi+ .+ (=X - X)) .- (1= XI_)XIVI
Note that, due to the first condition of the LP, X{ +... —&—X,i < 1. Therefore, we have for every 1 < k <n
that:
zh X!
k

P (- P > (- (- Dym )

1-(1-X]) -1 =X)>1-(1- -

where the last two inequalities are derived using elementary calculus. Define Vg +1 = 0. Multiplying
Equation 1 by (V/ — V/ 1) for every 1 <k < n, and summing over all £’s shows that:

BT > (- (= NEVIX]) = (- (1= ) (S sesersn™)

(]
]

3.3 A Combinatorial 2-Approximation Algorithm for XOS Valuations. We now present a
2-approximation algorithm for combinatorial auctions with XOS bidders. While the approximation guar-
antee is worse than the _%; guarantee of the previous algorithm, the current algorithm is combinatorial,
fast, and simple.

(i) Initialize S; =... =S, =0, and py, ..., pm = 0.

(ii) For each bidder ¢ =1...n:
(a) Let S; be the demand of bidder ¢ at prices p1, ..., pm.-
(b) For all ¢’ < i take away from Sy any items from S;: Sy «+ S;» — S;.
(c) Let (z1: ¢4V, ...; Vo, @ b)) be the maximizing clause for S; in v;.
(d) For all j € S;, update p; = gj.

Notice that in Step (ii)a we require access to a demand oracle, and in Step (ii)c we require access to
an XOS oracle.

THEOREM 3.3 The algorithm provides a 2 approximation to the optimal allocation.

PRrROOF. For each T C M, we denote by p*(T) the sum of the prices of the items in T" at the i’th stage
of the algorithm. Let A? = p*(M) —p'~1(M), i.e., the total difference in prices between stages (i — 1) and
i (with p°(M) = 0). Let Ay, ..., A, be the allocation generated by the algorithm. Let Oy, ...,O,, be the
optimal allocation. We will prove the X,v;(0;) < 2¥;v;(A4;). To do so, we prove three simple lemmas:
LEMMA 3.4 The social welfare of the allocation generated by the algorithm is at least the sum of items’
prices at the end of the algorithm (after the n’th stage). That is, p" (M) < 3;v;(4;).

Proor. Consider a specific bidder ¢. Let T be the bundle assigned to that bidder by the algorithm
in stage i. Obviously A; C T. Because v; is an XOS valuation, we have that p‘(4;) < v;(4;). However,
since the items in A; were not reassigned after the i’th stage, and so their prices were not altered,
p'(A;) = p™(A;). We have that p"(4;) < v;(4;), and so p"(M) = X2, p"(A;) < X1 v;(4). O

LEMMA 3.5 The prices assigned to the items throughout the execution of the algorithm are non-decreasing.

PrOOF. By contradiction. Let S be the set that maximizes the demand of the i’th bidder at the i’th
stage of the algorithm. Let (z1 : ¢1 V... V&, : qmm) be the XOS clause of S in v;. Now, assume there is
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an item j € S for which ¢; < p’. v; is an XOS valuation and so we have that Yc(s—;})¢: < vi(S — {j})
and ¥,ec5q, = v;(S). Hence:

0;(8) — Sresph = Srestr — Srespi = (4 — 1)) + (Sre(s—(jp @ — Stes—{ipP) <

(Sres—{h & — Sies—hph) < vilS —{4}) — See(s— P
and this is a contradiction to the definition of S. O

LEMMA 3.6 The social welfare of the optimal allocation is at most twice the sum of items’ prices at the
end of the algorithm. That is, ¥;v;(0;) < 2p™(M).

PROOF. Recall that A’ represents the “demand” of player i at prices p'~!. Hence, for each 1,
1 <i<mn, A" = maxpcp (vi(T) — p*~1(T)) (otherwise, i would have chosen a different bundle of items).
We have: _ _

vi(0;) = p'H(0;) < AL
since the prices do not decrease throughout the algorithm, the following inequality holds:
by summing up on both sides of the equation we get:
E?zlvi(Oi) — Zipn(Oi) S ZlAZ
Bivi(0;) = p" (M) < p" (M)
szz(Oz) S Qpn(M)

Putting the lemmas together we have that
O

The following example shows that the algorithm cannot achieve an approximation ratio better than 2:
consider a combinatorial auction with two goods, a and b, and two bidders. The first bidder’s valuation
is v1({a}) = vi({b}) = vi({a Ub}) = 1. The valuation of the second bidder is va({a}) = 0, v2({b}) =
va({aUb}) = 1. A welfare of 2 can be achieved by allocating a to the first bidder, and b to the second
bidder. However, the first bidder might wish to get b at the first stage, and the optimal social welfare
achieved is only 1. Hence, the approximation ratio achieved by the algorithm is not better than 2.

4. Lower Bounds
4.1 A Lower Bound for Complement-Free Valuations.

THEOREM 4.1 For every constant € > 0, any (2—¢€)-approzimation algorithm for a combinatorial auction
with bidders that have CF valuations, requires an exponential amount of communication.

PROOF. Nisan [15] considers the following combinatorial auction: each bidder i has a set T; of bundles
that he is potentially interested in. We also have that all the T;’s have the same size, t. A specific instance
of this combinatorial auction is determined by specifying a set I; for each bidder i, I; C T;, which denotes
the bundles our bidder is interested in. The valuation of each bidder 4 is the following: v;(S) = 1 if there
exists some R € I; such that R C S, and 0 otherwise. Nisan shows that distinguishing between the case
where there is (1) an allocation that assigns each bidder ¢ a (superset of a) set he is interested in from
I; (and so the optimal welfare is n), and between (2) only one bidder is assigned a superset of a bundle
from I; he is interested in (and so the optimal welfare is 1), requires ¢ bits of communication, for ¢ that
is exponential in n and m (for n < m%’f), for any constant € > 0. This shows in particular that every
approximation algorithm that provides an approximation ratio better than n for combinatorial auctions
with general valuations requires exponential communication.

Let us now reduce this combinatorial auction to make the valuations complement free. Define new
complement-free valuations as follows: v}(S) = v;(S) + 1, for S # 0. These new valuations are indeed
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complement free, since the value of each non-empty bundle is at least 1, and no bundle has a value larger
than 2.

Consider an instance with valuations v1,...,v,. We can see that distinguishing between the following
cases requires exponential communication: the optimal social welfare is n + 1, and the optimal social
welfare is 2n (since distinguishing between these cases is equivalent to distinguishing between the corre-
sponding cases in the auction presented in [15]). Hence, we have proved that for every n > 2 achieving

anl -approximation requires exponential communication, as needed. O

4.2 Lower Bounds for XOS Valuations. We prove two lower bounds: one in the bidding language
model (an NP-hardness result), and one communication lower bound.

THEOREM 4.2 [t is NP-hard to approximate the optimal allocation among valuations given in the XOS
language to within any factor better than e/(e — 1), for n,m — oc.

Proor. We will show a polynomial-time reduction from MAX-k-COVER. MAX-k-Cover is defined
as follows: Given m items, and a collection of subsets of these items, the objective is to maximize the
number of items which can be covered by k subsets. Feige [8] proved that it is NP-hard to approximate

this problem within a better factor than —%5.

This problem can be converted into a combinatorial auction with XO.S valuations: given an instance
of MAX-k-COVER, we create an auction with & bidders and m goods. All bidders will have the same
XOS valuation: a clause for each subset in the MAX-k-COVER problem where the value of every item
in the clause is 1.

Observe that every choice of k subsets in the MAX-k-COVER corresponds to an allocation in the
combinatorial auction with the same value, by assigning all items in set ¢ to bidder i (and avoid assigning
one item to more then one bidder). In the other direction, every allocation corresponds to a choice of k
sets in MAX-k-COVER with at least the social welfare value: choose k subsets, so that subset 7 contains
the items in the clause maximizing bidder i’s gain. Hence, we are guaranteed that the number of items
covered is no less than the social welfare. The theorem follows. (]

Next we prove an unconditional communication lower bound. The proof is based on reduction from
the approzimate-disjointness problem using a probabilistic construction. The reduction relies on a combi-
natorial structure that guarantees the required gap between the optimal solution and all other solutions.
We first define this structure, and then prove its existence via the probabilistic method.

THEOREM 4.3 Ewvery protocol for approzimating combinatorial auctions with XOS bidders to a factor of
ﬁ + €, for every € > 0, requires exponential communication. This lower bound also applies for

randomized settings.

PrROOF. We will prove our lower bound by reducing from the approximate disjointness problem. In
this problem, there are n players, each player i holds a string A* which specifies a subset of {1, ...,t}. The
goal is to distinguish between the following two extreme cases:

® ﬁ?=1f4i #0
o forevery i #£j, AANAI =0

Alon et al. [1] prove that the communication complexity of this problem is Q(-5). This result also
holds for randomized protocols with bounded 2-sided error.

We show a reduction from the approximate-disjointness problem on vectors of size t = e’ to the
problem of finding an optimal solution in combinatorial auctions with XOS bidders. We then prove a
communication lower bound for distinguishing between the case the optimal value is m and the case it is
m[l — (1 - 1))

n

We will create a set F' = {Ps}s=1,.. ., where each P is a partition of M into n disjoint subsets
{P},...,P"}. This set of partitions will have the following property:
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DEFINITION 4.1 A set of partitions F' = {Ps}s=1,.. 1 is said to have the (n,€)-covering property if for
every choice of indices 1 < s1,82,...8, < t, such that no two are equal, it holds that | U, PS’| <
mll—(1—2)" +¢].

LEMMA 4.1 For every € > 0, there exists a set F of partitions with the (n,€)-covering property of size
(1-(=21)")me?

|F|:t:e 3n

PROOF. We use probabilistic construction to obtain such a set: each partition Py will be chosen
independently at random (each element will be placed in exactly one of the P! with equal probability).
We will require the following version of the Chernoff bounds:

LEMMA 4.2 Let X, ..., X;,, be independent random variables that take values in {0,1}, such that for all
i, Pr[X; = 1] = p for some p. Then, the following holds, for 0 < e < 1:

_ pme?

Pr[3,X; > (14 ¢€)pm| <e "3

Fix indices: 1 < s1,83,...,8, < t, such that no two are equal. For every j € M let Y; be the random
variable that receives a value of 1 if j € U, P! and 0 otherwise. Observe that E[Y;] =1 — (1 — )"

Using the last claim, we have that for any 0 < e < 1:
1

Pr{| Ui,y P > (1+ [l — (1 - ~)"]] =
1 (1—(1—L)")yme?
PrS,Y; > (14 amll - (1— —)" <o 5
n
a-a-gp)myme?
Since there are at most ¢" choices of such indices we have that as long as t" < e 3 such a
set of partitions exists. |

We are now left with describing the reduction. Assume an instance of the approximate-disjointness
a-a-1ymyme2 . ) . . .
problem on vectors of size t = e 3n , in which player 7 receives the string A* C {1,...,t}. We

reduce it into a combinatorial auction with n bidders, each with XOS valuation, in the following manner:

Let M = {1,...,m}. Player i will construct the collection B* = {Pi|s € A*}. Bidder i’s valuation
will consist of |B?| clauses: ®@rcpi(Viert = 1). In words, each clause corresponds to a set the player is
interested in, and this clause gives a value of 1 to an item if it belongs to the wanted set, and 0 otherwise.

Observe that if there exists s € NA?, then there is an allocation in which all items are allocated, and
the value of the bundle each player gets is simply the number of items he gets. Thus, the value of this
allocation is m. On the other hand, if for every i # j, A’NAJ = () then the value of the optimal solution is
at most (14 €)m[1— (1—1)"]. The second observation is since the sets have the (n, €)-covering property,
so the players get together a value of at most ((1 + €)m[l — (1 — £)"])m from the allocated items.

Since the communication complexity of the approximate-disjointness problem is Q(#), in our case
(17(17%)")7“2 Inn

it is Q(e 3n ). In particular, as long as m!=¢ > n, and for any constant 0 < e < 1, the
communication complexity is exponential. This concludes the proof of the theorem. O

5. Truthful Approximations using Value Queries.

5.1 VCG and Maximal in Range Algorithms. Arguably the main positive result of mechanism
design is the VCG payment scheme. Let us describe this payment scheme when applied to combinatorial
auctions. First, find the optimal solution (Oy,...,0,), and allocate accordingly. Then, pay each bidder
the sum of the utilities of the rest of the bidders. That is, bidder ¢ receives a payment of Xy, v(Oy). Let
us examine the total utility of bidder i: v;(O;) + Zg2v5(Ox) (the value he gains from the bundle he got
plus his payment). Hence, the total utility of each bidder is equal to the value of the allocation. Observe
that the allocation that maximizes the utility of the bidders is the optimal one. Bidding untruthfully
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can only result in changing the allocation to a suboptimal one, hence decreasing the utility of the bidder.
Thus bidding truthfully is the best action for each bidder?. See [17] for a more formal discussion.

The obvious drawback of using the VCG mechanism is that it requires us to find the optimal solu-
tion. In many settings finding the optimal solution is not computationally feasible, and this is true in
particular in the settings considered in this paper. In general, obtaining an approximate solution using
an approximation algorithm and using the VCG payment scheme (paying each bidder the sum of the
utilities of the rest of the bidders) does not result in a truthful mechanism. In fact, Nisan and Ronen [18]
show that an approximation algorithm becomes truthful using the VCG payment scheme if and only if
the underlying algorithm, is essentially maximal in range.

An algorithm is mazximal in range if it limits the range of possible allocations to a smaller set, and
finds the optimal allocation within this restricted range. Incentive compatibility immediately follows
using the same argumentation as before since we find the optimal allocation in the restricted range. The
main challenge in the design of these algorithms is therefore to identify a subset of the range in which
complete optimization is computationally feasible, and then showing that the optimal solution within the
restricted set of solutions always provides the required approximation ratio.

5.2 The Algorithm. We present a maximal in range algorithm for combinatorial auctions with
complement-free bidders. This algorithm makes use of value queries only. The approximation ratio of
this algorithm is O(y/m). In contrast, Dobzinski and Schapira [7] and Blumrosen and Nisan [2] showed

that for general valuations there is a lower bound of O(lo’g”m) for the value oracles model.

(i) Query each bidder i for v;(M), and for v;({j}), for each item j.

(ii) Construct a bipartite graph by defining a vertex a; for each item j, and a vertex b, for each
bidder i. Let the set of edges be E = U;en jem(a;,b;). Define the cost of each edge (a;,b;) to
be v;({j}). Compute the maximum weighted matching |P| in the graph.

(iii) If the valuation of the bidder ¢ that maximizes v;(M) is higher than the value of | P|, allocate all
items to i. Otherwise, for each edge (a;,b;) € P allocate the j'th item to the ¢’th bidder.

THEOREM 5.1 If all the valuations are complement free, the algorithm provides an O(y/m)-approzimation
to the optimal allocation in polynomial time, and is incentive compatible.

PrOOF. Observe that the algorithm’s running time is polynomial in n and m, since maximal weighted
matching in bipartite graphs can be solved in polynomial time (in m and n).

The algorithm is clearly a maximal-in-range algorithm, and thus incentive compatibility is guaranteed
by the use of the VCG payment scheme. Let us now prove that the algorithm provides the desired
approximation ratio. Let OPT = {T}, ..., T, Q1, ..., Q;} be the optimal allocation in the original auction,
where for each 1 < i < k, |T}| < \/m, and for each 1 < i <[, |Q;| > v/m. Let [OPT| = X!_,v:(Q:) +
Ei?:lvi (Tz)

The first case we consider is when X! v;(Q;) > XF_ v;(Ti). Clearly, X v;(Qi) > %. Since
I < \/m (otherwise, more than m items were allocated), for the bidder 4 that maximizes v;(O;) it holds
that v;(M) > v;(Q;) > lOPT] Thus, by assigning all items to bidder ¢ we get the desired approximation

2m
ratio.

Consider the case in which ¥ v,(T}) > B! ,0,(Q;). Clearly, $¥_ v,(T;) > %. For each 1,
1 <i <k, let ¢; = argmaxjer, v;({j}). Notice, that v;({c;}) > % (this is due to the CF property:

T3] - vi({ci}) > Sjervi({j}) > vi(T;)). Since for all i’s |T;| < \/m, we have that: ¥ v;(c;) > ZUT(T) >

— 2
|20\1/3%\ . By assigning ¢; to bidder ¢ we get an allocation in which every bidder gets at most one item with

a social welfare of ¥¥_ v;({c;}) > ‘gj%l .

welfare. We conclude that the approximation ratio the algorithm guarantees is at least O(y/m). O

The second allocation, therefore, guarantees at least that social

2To simplify the presentation, we described a payment scheme in which the mechanism pays the bidders, while it is
probably more natural to assume that the bidders pay the auctioneer for receiving items. The standard way to do that is
to subtract a suitable constant from the payments. See [17] for more details.
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6. A Lower Bound for the Value Oracles Model. The proof of the lower bound takes a concrete
complezity approach. That is, the input is given as a black box that can only answer a specific type of
queries. We only measure the number of queries an algorithm must make in order to achieve a certain
approximation ratio. In particular we ignore any computational work that needs to be done. We stress
that the lower bound we achieve does not depend on any unproven computational assumption.

THEOREM 6.1 Approzimating a combinatorial auction with XOS bidders to a factor of O(m%_e), for
any constant € > 0, requires an exponential number of value queries.

ProOF. Fix a small constant 6 > 0. We shall construct a combinatorial auction with m items and
k = +/m bidders. For every S, let ag be the additive valuation that assigns a value of 1 to each item

j €S, and 0 to each item j ¢ S. Let @ be the additive valuation that assigns every item j € M a

value of 2~ (For every bundle of items T C [m], as(T) and a(T') denote the value of T in ag and a,

.om27
respectively.)

Let vy, ..., v; be k identical valuations which are defined as follows:

vi(T) = maX(S:ISISH(llafé)m%{as(T)}, a(T))

Thus, each v; is a maximum over additive valuations, and thus is an XOS valuation.

Choose, uniformly at random, a partition of the items into \/m disjoint bundles of items 77,..., Tk
such that for each i, |T;| = /m. Define vi, ..., v} as follows:

vi(T) = max{v;(T), ar,(T)}
Again, each v} is a maximum over additive valuations, and thus is an XOS valuation.

We now prove that for every player ¢, it takes an exponential number of value queries to distinguish
between the case that i’s valuation is v; and the case that i’s valuation is v,. Notice that the optimal

welfare if the valuations are vy ..., v is @(m%“‘s), while the optimal social-welfare if the valuations are
v]...,v) is m. Hence, the fact that it requires an exponential number of value queries to distinguish
between the valuation profiles vq ..., vg and v} ..., v}, implies that an O(mz~2%)-approximation algorithm

requires an exponential number of value queries.

Consider a specific player i. Fix a bundle S of at most mz*9. It holds that v;(S) = max{|S|, (1 +
§)m?°}. v} might assign a value higher than v; to S but only if

ISONT| > (14 6)m?

Observe that T; is selected uniformly at random. Thus, we can use the Chernoff bounds (Claim 4.2), and
claim that Pr[|S NT;| > (14 §)m?°] is exponentially small.

Now, consider a bundle S of size greater than ma+o. v, will assign to S the value of (1 + 0) ‘flé. v
m?2
might assign S a higher value, but only if
5]
SN >04+90)—.
ST > (1457
Again, using the fact that T is chosen uniformly at random we claim that that Pr[|SNT;| > (1+4) ‘flﬂs]
m 2

is exponentially small.

We conclude that for every bundle S, only with exponentially small probability does one gather
sufficient information to distinguish between the case that i’s valuation is v; and the case that it is v].
Hence, with constant probability it requires an exponential number of value queries to distinguish between
v; and v}. This concludes the proof of the theorem. O
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