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Abstract

A strong assumption in Bayesian mechanism design is that the distributions of the players’
private types are common knowledge to the designer and the players —the common prior as-
sumption. An important problem that has received a lot of attention in both economics and
computer science is to repeatedly weaken this assumption in game theory —the “Wilson’s Doc-
trine”. In this work we consider, for the first time in the literature, multi-item auctions where
the knowledge about the players’ value distributions is scattered among the players and the
seller. Each one of them privately knows some or none of the value distributions, no constraint
is imposed on who knows which distributions, and the seller does not know who knows what.

In such an unstructured information setting, we design mechanisms for unit-demand auc-
tions and additive auctions, whose expected revenue approximates that of the optimal Bayesian
mechanisms by “crowdsourcing” the players’ and the seller’s knowledge. Our mechanisms are
2-step dominant-strategy truthful and the revenue increases gracefully with the amount of knowl-
edge the players have. In particular, the revenue starts from a constant fraction of the revenue of
the best known dominant-strategy truthful Bayesian mechanisms, and approaches 100 percent
of the later when the amount of knowledge increases. Our results greatly improve the literature
on the relationship between the amount of knowledge in the system and what mechanism design
can achieve. In some sense, our results show that the common prior assumption is without much
loss of generality in Bayesian auctions if one is willing to give up a fraction of the revenue. To
establish our results, for unit-demand auctions we prove a projection lemma that converts an
important class of Bayesian mechanisms to crowdsourced Bayesian mechanisms. For additive
auctions, we construct a hybrid of the Bayesian and the crowdsourced Bayesian settings for
designing our mechanisms; and we use the adjusted revenue, a novel concept first considered by
Yao (2015), to analyze the revenue of our mechanisms.

Keywords: mechanism design, reasoning about knowledge, information elicitation, multi-
parameter auctions, dominant-strategy truthfulness



1 Introduction

Since the seminal work of [43| and [24], Bayesian auction design has been an extremely flourishing
area in game theory. One of the main focuses is to generate revenue, by selling m heterogenous
items to n players. Each player has, as his private information, a valuation function describing how
much he values each subset of the items. The valuations are drawn from prior distributions. An
important assumption in Bayesian mechanism design is that the distributions are commonly known
by the seller and the players —the common prior assumption. In particular, Bayesian mechanisms
have the distributions given as input. However, as pointed out by another seminal work [52], such
common knowledge is “rarely present in experiments and never in practice”, and “only by repeated
weakening of common knowledge assumptions will the theory approximate reality.”! To answer the
fundamental question of what mechanism design can achieve without a common prior, an important
line of work has been developed in the past two decades by both economists and computer scientists;
see, for example, [35, 9, 2, 10, 20, 22|. We will discuss them more carefully in Section 1.2.

In this paper we design, for the first time in the literature, auction mechanisms that allow the
knowledge about the players’ valuation distributions to be scattered among and privately owned by
the players and the seller, rather than commonly shared by them. More specifically, we focus on
unit-demand auctions [17] and additive auctions [33] —two classes of auctions widely studied in the
literature. A player’s valuation function is specified by m values, one for each item. For each player 4
and item j, the value v;; is independently drawn from a distribution D;;. Each player privately
knows his own values and some (or none) of the distributions of the other players, like long-time
competitors in the same market. There is no constraint about who knows which distributions: in
particular, it is possible that nobody knows how the whole valuation profile is distributed, and some
value distributions are not known by anybody. The seller may also know some of the distributions,
but he does not know which player knows what. Interestingly, the intuition behind this model has
long been considered by philosophers. In [38], the author discussed a world where “everything in
the world might be known by somebody, yet not everything by the same knower.”

Now that each player’s knowledge is his private information, our mechanisms have neither the
distributions nor the knowledge structure of the players as input, and must work by properly ag-
gregating the private knowledge of the players (and the seller). Hence we refer to such mechanisms
as crowdsourced Bayesian mechanisms. However, note that they are different from classical crowd-
sourcing practices, which aggregate human labor for tasks such as image labeling [51]. We formalize
our model in Section 2. Due to lack of space, some preliminaries and most proofs are provided in
the appendix. Below we briefly discuss our main results and techniques.

1.1 Main Results and Discussions

To keep the settings simple and highlight the main difficulties in the study, we start by assuming
the players will not bluff. That is, a player will not report anything about a distribution that he
does not know. In the appendix we show how to remove this assumption. Indeed, this assumption
serves as a way for us to focus on the key problems in designing crowdsourced Bayesian auctions.

The solution concept and the revenue benchmark. Our mechanisms ask each player to
(privately) report both his values and his knowledge to the seller. In order to incentivize a player to
report his true knowledge about the other players, he must be able to conclude that the others will

1As also righteously put in [52], “game theory as we presently know it cannot proceed without the fulcrum of
common knowledge.” Thus, rather than rejecting the common prior assumption, the author of [52] raised the removal
of this assumption as an important challenge for future studies.



report their true values —only then will their reported values distribute according to his knowledge.
Accordingly, we design mechanisms that are 2-step dominant strategy truthful (2-DST) [4]: no
matter what knowledge the players may report about each other, it is dominant for each player to
report his true values; and given that all players report their true values, it is dominant for each
player to report his true knowledge about others. This is a natural extension of dominant-strategy
truthfulness and a powerful solution concept under mutual knowledge of rationality.

Our goal is to design 2-DST crowdsourced Bayesian mechanisms whose expected revenue ap-
proximates the revenue of the optimal Bayesian incentive compatible (BIC) mechanism, denoted
by OPT. We may also compare the revenue of our mechanisms with that of the optimal dominant
strategy truthful (DST) Bayesian mechanism, denoted by OPTp.?

When everything is known by somebody. Without a common prior, we use knowledge graphs
to represent who knows what: the nodes are players and there is an edge from player ¢ to player 7/
for item j if and only if i knows Dy;. When each player ¢ has in-degree at least 1 for each item j,

“everything is known by somebody”. Letting 7, = —L for any k € [n— 1], we have the following
(k+1) %

theorems, formalized in Section 3. Note that 7 = % and 7, — 1 when k gets larger.
Theorems 1 and 2. (sketched) Yk € [n — 1], when each distribution is known by at least k
players, there is a 2-DST crowdsourced Bayesian mechanism for unit-demand auctions with revenue

> & . OPT, and such a mechanism for additive auctions with revenue > max{<x, 515 tOPT.

Theorem 3. (sketched) When the knowledge graph is 2-connected,® there is a 2-DST crowdsourced
Bayesian mechanism for single-good auctions with revenue > (1 — %)OPT.

When not everything is known. If some distributions are not known by anybody, some players
have in-degree 0 for some items in the knowledge graphs. In this case, it is easy to see that no
crowdsourced Bayesian mechanism can be a bounded approximation to OPT'. Instead, we consider
a natural benchmark: the optimal BIC mechanism applied to players and items for whom the
distributions are known by somebody. Note that when everything is known, this is exactly OPT.
More precisely, letting Z’ be the Bayesian instance projected to the knowledge graphs and OPT(Z')
the optimal Bayesian revenue on Z’, we have the following theorems, formalized in Section 4.

Theorems 4 and 5. (sketched) For any knowledge graphs, there is a 2-DST crowdsourced Bayesian
mechanism for unit-demand auctions with revenue > % - OPT(T'), and such a mechanism for

additive auctions with revenue > 7—10 -OPT(T).

The key questions in designing crowdsourced Bayesian mechanisms. It is not hard to see
that a 2-DST crowdsourced Bayesian mechanism implies a DST Bayesian mechanism: simply ignore
the reported knowledge and use the common prior instead. Therefore the revenue of 2-DST crowd-
sourced Bayesian mechanisms is upper-bounded by that of the optimal DST Bayesian mechanism.
For this reason, the two key questions here are which Bayesian mechanisms can be “crowdsourced”,
and what s the relationship between the players’ knowledge structure and the mechanisms’ revenue.
The first question is directly related to the robustness of Bayesian mechanisms to the common
prior assumption: if a Bayesian mechanism can be properly converted to a crowdsourced Bayesian
mechanism without much loss of its revenue, then we have a strong evidence that the common prior
is not that crucial for it to work. Furthermore, the second question aims at quantitative answers

2 A Bayesian mechanism is BIC if it is a Bayesian Nash equilibrium for all players to report their true values, and
DST if it is dominant for each player to report his true values.

3A directed graph is 2-connected if for any node i, the graph with  and all adjacent edges removed is still strongly
connected. For knowledge graphs, this means no player is an “information hub”, without whom the players will split
into two parts such that one part has no information about the other.



about the connection between the players’ knowledge and the revenue. Our theorems and their
analysis provide a good understanding on these questions.

The difficulties and our techniques. Since crowdsourced mechanisms elicit the players’ private
knowledge about each other’s value distributions, it is not surprising that they use proper scoring
rules [11, 30] to reward the players for their reported knowledge, as in information elicitation [42, 45].
However, the role of scoring rules here is not as significant, because they do not help solving the
main difficulties in designing crowdsourced mechanisms.

Indeed, the difficulties here are that, even without rewarding the players for their knowledge, (1)
it is dominant for each player to report his true values, (2) reporting his true knowledge never hurts
him and (3) the resulting revenue approximates the desired benchmark. When all three properties
hold, by rewarding the players’ knowledge using proper scoring rules in a straightforward manner,
the mechanisms will be such that reporting his true knowledge is strictly better than lying for a
player. In other words, without using scoring rules, each player’s utility when reporting his true
knowledge must be always greater than or equal to his utility when lying, and scoring rules are
introduced solely to break the utility-ties and make it strictly better for a player to tell the truth.

Accordingly, when designing our mechanisms we focus on achieving these three properties. Asthe
total reward is upper-bounded by a small constant, we may ignore it when (stating and) analyzing
our theorems. For unit-demand auctions, we show in Section 3.1 a general projection lemma: roughly
speaking, any Bayesian mechanism whose revenue is approximately optimal in the COPIES setting
(i.e., each player is replaced by m copies, one for each item) [18] can be “crowdsourced”. This
immediately converts several important Bayesian mechanisms in the literature to crowdsourced
mechanisms. For additive auctions, in Section 4 we design mechanisms that work under a hybrid of
two Bayesian settings; and we show the adjusted revenue [54] serves as an important bridge between
the Bayesian and the crowdsourced Bayesian revenue.

Conclusion and future directions. In this paper, we strictly weaken the common prior as-
sumption and provide important insights about the relation between the amount of knowledge in
the system and the achievable revenue. Since the common prior assumption implies every player
has correct and exact knowledge about all distributions, in the main body of this paper we do not
consider scenarios where the players have “insider” knowledge. If the insider knowledge is correct
(i.e., is a refinement of the prior as in [4]), then our mechanisms’ revenue increases; see Appendix F.
If the insider knowledge may be wrong, the problem is closely related to robust mechanism design |9],
which is a very important topic in game theory but not the focus of this paper.

Designing (approximately) optimal Bayesian mechanisms has been of great interest to computer
scientists. A common prior is clean to work with, but it is well understood that this is a strong
assumption. In some sense, our results show that this assumption is without much loss of generality
if one is willing to give up some portion of the revenue, and this portion shrinks smoothly as the
amount of knowledge increases. An important future direction is to “crowdsource” not only DST
but also BIC mechanisms. For example, the BIC mechanisms in [24, 12, 13] are optimal in their
own settings, and it is unclear how to convert them to crowdsourced Bayesian mechanisms. As
pointed out by [24], the common prior assumption seems to be crucial for its mechanism. Another
important direction is to design crowdsourced Bayesian mechanisms that are efficient in terms of
communication. Indeed, if the distributions are continuous or if their supports are exponentially
large in m and n, then it may not be feasible for the players to report the distributions in their
entirety. We would be interested in understanding what types of information about the distributions
can be efficiently elicited from the players and how much revenue can be generated from them.



1.2 Additional Related Work

Bayesian auction design. In his seminal work [43], Myerson introduced the first optimal Bayesian
mechanism for single-good auctions with independent values, which applies to many single-parameter
settings [1]. Since then, there has been a huge literature on designing (approximately) optimal
Bayesian mechanisms that are either DST or BIC, such as [24, 47, 48, 17, 36, 28, 16]; see [34] for an
introduction to this literature. In particular, mechanisms for multi-parameter settings have been
constructed recently. In [12; 13|, the authors characterize optimal BIC mechanisms for combinato-
rial auctions. For unit-demand auctions, [19, 18, 39] construct DST Bayesian mechanisms that are
constant approximations. For auctions with additive valuations, [33, 41, 6, 54| provide logarithmic
or constant approximations under different conditions. [14| provides a duality-based approach and
obtains better approximation ratios for both unit-demand auctions and additive auctions. Moreover,
[49] studies revenue mechanisms with a single buyer and sub-additive valuations.

Removing the common prior assumption. Following [52], a lot of effort has been made in the
literature trying to remove the common prior assumption in game theory [8, 50, 31]. In prior-free
mechanisms |35, 25], the distribution is unknown and the seller learns about it from the values of
randomly selected players. In [22, 27, 37, 26], the seller observes independent samples from the
distribution before the auction begins. In [20, 21|, the players have arbitrary possibilistic belief
hierarchies about each other. In robust mechanism design |9, 2, 10], the players have arbitrary
probabilistic belief hierarchies. Finally, an earlier work of the first author of this paper considers a
preliminary model for crowdsourced Bayesian auctions [4]: rather than allowing the distributions to
be arbitrarily scattered among the players and the seller, each player privately knows a refinement of
all the distributions. Thus, although the model is indeed weaker than the common prior assumption,
it is a very special case of our model which also allows the players to refine the prior, and the task
is much easier there. Both the insights and the techniques are very different in the two papers.

Information elicitation. Using proper scoring rules [11, 23, 30| as an important tool, a lot of
effort has been devoted to information elicitation [44, 42, 45, 55]. Here each player reports his private
information and his knowledge about the distribution of the other players’ private information, and
is rewarded based on everybody’s report. Different from auctions, there are no allocations or prices
for items, and a player’s utility is equal to his reward. Bayesian Nash equilibrium is a widely
used solution concept in this literature. Many studies here rely on a common prior, but mechanisms
without this assumption have also been investigated [53]. In some sense, our work can be considered
as information elicitation in auctions without a common prior. Note that in information elicitation
the players do not have any cost for revealing their knowledge. It would be interesting to include
such costs in (their and) our model, to see how the mechanisms will change accordingly.

2 The Model

In unit-demand auctions and additive auctions, a player i’s value for an item j, v;;, is independently
drawn from a distribution D;;. Let D; = D;; X -+ X Dy, and D = Dy X --- X D,,. All our settings
are downward closed [36]. The players have quasi-linear utilities and are risk-neutral, as commonly
considered in Bayesian auctions. We will use Brier’s scoring rule [11], denoted by BSR, to reward
the players’ knowledge in our mechanisms. If D is a distribution over a state space §2 and w € €2,
then BSR(D,w) = 2D(w) — ||D||3 + 1. Note the range of BSR is [0, 2]. Following the discussions in
Section 1, all our mechanisms continue to be “weakly” 2-DST without using scoring rules: it is just
that reporting the true knowledge may not be strictly better than lying for a player. Accordingly,
in the analysis we may ignore the reward part, which is upper-bounded by a small constant € in the
mechanisms. See Appendix A for more preliminaries.



Knowledge graphs. It is illustrative to consider the players’ knowledge as directed graphs: there
is a vector of knowledge graphs, G = (G1,...,Gm), one for each item. Each G; has n nodes, one
for each player, and edge (i,4’) is in G; if and only if player ¢ knows Di/j.‘l There is no constraint
about the structure of the knowledge graphs: the same player’s distributions for different items may
be known by different players, and different players’ distributions for the same item may also be
known by different players. Each player knows his own out-going edges but not the whole graph.

We measure the amount of knowledge in the system by the number of players knowing each
distribution. More precisely, for any k € [n — 1], a knowledge graph is k-bounded if each node has
in-degree at least k: a player’s distribution is known by at least k other players. The vector G
is k-bounded if all the knowledge graphs are k-bounded. Note that 1-boundedness is a very weak
assumption about the players’ knowledge, and in fact the weakest when “everything is known”.
On the other hand, the common prior assumption implies that all knowledge graphs are complete
graphs, or (n — 1)-bounded, which is the strongest assumption in our model. The seller’s knowledge
can be naturally incorporated into the knowledge graphs: consider him as a special “player 07, whose
out-going edges represent the distributions he knows. All our mechanisms can naturally utilize the
seller’s knowledge, and we will not further discuss this issue.

Crowdsourced Bayesian mechanisms. Different from Bayesian mechanisms, a crowdsourced
Bayesian mechanism has neither the distribution D nor the graph vector G as input. Instead, it
asks each player i to report a valuation function b; and a knowledge K;, where K; = X14; jcim] Df, j
is a distribution for the valuation subprofile v_;. K; may contain the symbol “ 1” at some places, in-
dicating that ¢ does not know the corresponding distributions. K; is i’s true knowledge if DE, ;= Dy
whenever (i,7') € G;, and D, ; = L otherwise. The mechanism maps a strategy profile (b Ki)ic[n)
to an allocation and a price profile, which may be randomized.

Given the set N = {1,...,n} of players, the set M = {1,...,m} of items and the distribu-
tion D, let Z = (N, M, D) be the Bayesian auction instance and Z = (N, M, D, G) a corresponding
crowdsourced Bayesian instance, where G is a knowledge graph vector. To distinguish whether
a mechanism M is a Bayesian or crowdsourced Bayesian mechanism, we explicitly write M(f) or
M(Z). Again note that the latter does not mean M has D or G as input. The expected revenue of a
mechanism M is denoted by Rev(M), and sometimes by Ep Rev(M) to emphasize the distribution.

The no-bluff assumption. As mentioned, we make the no-bluff assumption about the players
in the main body of the paper and we show how to remove it in Appendix E. A player 7 in a
crowdsourced Bayesian mechanism is no-bluff if, for any knowledge graph G; and player i’ with
(i,4') ¢ G, and for any strategy (b;, K;) of 4, i reports L for the corresponding distribution of 4.
Note that for a player ¢ with (i,i") € G}, ¢ may report any distribution about ¢, including L.

3 When Everything Is Known by Somebody

In this section we construct crowdsourced Bayesian mechanisms when “everything is known by

somebody™: that is, when G is k-bounded with k£ > 1. For any k € [n — 1], let 73, = % Note
(k+1) %
that 7 is increasing in k, 71 = i and 7, — 1.

4We could have defined the players’ knowledge using the standard notion [32, 3, 29]: roughly speaking, the state
space consists of all possible distributions of the valuation profile, and player 7 knows D,/; if he is in an information
set where all distributions have the (¢’,7)-th component equal to D,/;. However, the knowledge graph is a more
succinct representation and is enough for the purpose of this paper.



3.1 Unit-demand Auctions

We start with a crowdsourced Bayesian mechanism Mggyp for unit-demand auctions, which takes
as input a positive number € that can be arbitrarily small; see Mechanism 1. Intuitively, the
mechanism randomly partitions the players into two groups, asks one group to report their knowledge
about the other, and runs the DST Bayesian mechanism of [39], denoted by My p, on the latter.
However, we emphasize that this is not a black-box reduction from arbitrary Bayesian mechanisms.
Instead, we prove a general projection lemma (Lemma 2) that allows such a reduction from an
important class of Bayesian mechanisms, including My p which leads to the best approximation
ratio. We have the following theorem, whose proof is provided in Appendix B.1 and sketched below.

Mechanism 1. Mcsyp

1: Each player i reports to the seller a valuation b; = (b;;) jenm and a knowledge K; = (D;:/j)i';éi,jeM-
2: Randomly partition the players into two sets, N1 and Ny, where each player is independently
put in Ny w.p. ¢ € (0,1) and Ny w.p. 1 — g. The value g will be decided in the analysis.
3: Set N3 = () and p; = 0 for each player 1.
4: for players ¢ € N; lexicographically do
5. For each player i € Ny and item 7 € M, if D;,j has not been defined yet and Df, j %+ 1,
then (1) set D}, ;= D, i (2) reward player i using Brier’s scoring rule: that is, p; = p; —
mn BSR(D;,;, birj); and (3) add player i to Ns.
6: end for
7: For each i € N3 and j € M such that D;; is not defined, set Dj; =0 (i.e,, 0 w.p. 1) and b;; = 0.
8: Run My p on the unit-demand Bayesian auction (N3, M, (Dj;)ie Ny jem ), With the players’ values
being (bij)iens,jem. Let X = (l’gj)z’eNg,jeM be the resulting allocation where x;j € {0,1}, and
let P = (p})ien, be the prices. Without loss of generality, a:’ij =0if D] ;=0.
9: For each player ¢ € N3, ¢ gets no item and his price is p;.
10: For each player i € N3, i gets item j if 2}; = 1, and his price is p; = p}.

Theorem 1. Vk € [n — 1], unit-demand auction instances T = (N, M, D) and T = (N, M, D,G)

where G is k-bounded, Mcsyp is 2-DST and E,.pRev(Mcsup(T)) > 3 - OPT(f) — €.
Tk

From now on we may simply say that Mcsyp is a 55-approximation.
Lemma 1. Mechanism Mcgsyp is 2-DST.

Proof sketch. As mentioned before, part of the difficulties is to ensure that, even without rewarding
the players for their knowledge (i.e., Step 5(2) in M¢csyp), it is dominant for a player to report his
true values, and reporting his true knowledge can never hurt him. In Mcgyp, the use of the players’
values and the use of their knowledge have been disentangled: for players in N7, the mechanism
only uses their knowledge but not their values; and the opposite holds for players in Nbs.

For any player in Ns, whether he is in N3 does not depend on his own strategy. Accordingly,
given that mechanism Myp is DST and each player is assigned to Ny with positive probability,
it is dominant for each player to report his true values in Mgogsyp, no matter what the reported
knowledge profile (K7, ..., K,) is. If a player ends up in Nj, then he is guaranteed to get no item
and pay 0, thus reporting his true knowledge never hurts him. O

The difficulty in analyzing the revenue of Mggyp is that, it runs the Bayesian mechanism on
a smaller Bayesian instance: 7 projected to the set of player-item pairs (4, j) such that i € N3 and
D;; has been reported. To understand how much revenue is lost by the projection, we consider the
COPIES instance [18], 0P = (NCP, MCP DEP). 1t is obtained by replacing each player with m
copies and each item with n copies, where a player i’s copy j only wants item j’s copy ¢, with the



value distributed according to D;;. Thus ICP is a single-parameter auction, with N¢© = N x M,
MC? = M x N, and D" = X (i, j)encrDij. Now we lower-bound the optimal revenue of the
projected COPIES instance. We elaborate the related definitions and the proofs in Appendix B.1.
For now, for any NM C N x M, let fﬁf&, be 7P projected to N M, and denote by OPT(fCP)NM
i—C’P

the revenue of the optimal Bayesian mechanism for obtained from players in NM.

Lemma 2 (The projection lemma). For any NM C N x M, OPT(Z$Y,) > OPT(ZF) N

Proof sketch of Theorem 1. By [39] and [14], mechanism My p is a 6-approximation to OPT(ZCF),
and the latter is at least %. Theorem 1 holds by combining these facts and Lemma 2, and by

setting ¢ =1 — (k + 1)7% in our mechanism. O

Corollary 1. Let M be a DST Bayesian mechanism such that E Rev(M(I)) > aOPT(ZCP)
for some a > 0. When the knowledge graphs are k-bounded with k > 1, there exists a 2-DST

crowdsourced Bayesian mechanism that uses M as a black-box and is a ™ -approximation to OPT.

Remark. As k gets larger (although & can still be much smaller than n), the approximation ratio
of Mcsup converges to 24, the best known approximation to OPT by DST Bayesian mechanisms
[14]. Moreover, by Lemma 5 of [18], M¢syp is also a ZE-approximation to the optimal deterministic
DST mechanism. Finally, by Corollary 1, the mechanisms in [17] and [18] automatically imply
corresponding crowdsourced Bayesian mechanisms.

3.2 Additive Auctions

Next, we construct crowdsourced Bayesian mechanisms for additive auctions, which is simpler than
and partly based on our mechanism for unit-demand auctions. More specifically, we start with
three important Bayesian mechanisms: the Individual Myerson mechanism, denoted by I M, which
sells each item separately using Myerson’s mechanism [43|; the Individual 1-Lookahead mechanism,
denoted by My 4, which sells each item separately using the 1-Lookahead mechanism [48] and is a
2-approximation to Myerson’s mechanism for each item; and the Bundle VCG mechanism [54, 14],
denoted by BV CG, which is the VCG mechanism with an optimal entry fee for each player.

We construct three 2-DST crowdsourced Bayesian mechanism —Mcegry, Mceospveag, and
Mesipa respectively.  Properly combining these gadgets together, we obtain a crowdsourced
Bayesian mechanism for additive auctions, denoted by Moga. The mechanisms are formally defined
and analyzed in Appendix B.2. Below we state our theorem and briefly discuss the ideas.

Theorem 2. Vk € [n — 1], additive auction instances 7= (N,M,D) and T = (N, M,D,G) where

G is k-bounded, Mcga is 2-DST and EpRev(Mcsa(Z)) > max{;, i OPT(I) —e.
Proof sketch. Mechanism Mggras is the simplest: on each item, it is similar to Mggyp and uses
random sampling to disentangle the use of the players’ values and their knowledge. It is a 7y-
approximation to IM. Mechanism Mgspyog has a different structure and does not need random
sampling: the BV CG mechanism run on the knowledge reported by all players is automatically 2-
DST, because the allocation and the price for a player ¢ depend only on the reported values and the
knowledge about him, not the distributions of the others. When everything is known by somebody,
the revenue of Mcgspy g matches that of BVCG. Mechanism Mogir4 has a similar structure to
Mcespyvoag: the 1-Lookahead mechanism can also be run on the knowledge reported by all players.
By [14], max {Rev(IM), Rev(BVCG)} > %. However, we cannot compute the crowdsourced
mechanisms’ expected revenue and choose the better one, because we do not know the distributions.
Moreover, computing the expected revenue using the players’ reported knowledge and then choosing
the better one may cause the players to lie about their knowledge. Accordingly, we choose from
Mesim, Mesipa and Meogpyoe randomly, with the probabilities depending on k. dJ

7



3.3 Single-Good Auctions

In the last part on crowdsourced auctions when “everything is known by somebody” we focus on
single-good auctions. Recall that the optimal Bayesian mechanism according to Myerson [43| maps
each player i’s reported value b; to the (ironed) virtual value, ¢;(b;; D;). It then runs the second-price
mechanism with reserve price 0 on the virtual values and maps the resulting “virtual price” back
to the winner’s value space, as his price. Following Section 3.2 and Lemma 5 in Appendix B.2, for
any k > 1, when the knowledge graph is k-bounded, mechanism Mcgras is a Tp-approximation to
Myerson’s mechanism. However, we show that a different crowdsourced mechanism can be nearly
optimal under an interesting knowledge structure.

Recall a directed graph is strongly connected if there is a path from any player 7 to any other
player i’. Intuitively, in a knowledge graph, this means for any two players Alice and Bob, Alice
knows a guy who knows a guy ... who knows Bob. Also recall a graph is 2-connected if it remains
strongly connected after removing any single node and the adjacent edges. In a knowledge graph
this means there does not exist a crucial player as an “information hub”, without whom the players
will split into two parts, with one part having no information about the other. It is easy to see that
strong connectedness and 2-connectedness respectively imply 1-boundedness and 2-boundedness,
but not vice versa. In fact, a graph of n nodes can be (| 5] — 1)-bounded without being connected.

When the knowledge graph is 2-connected, we consider the Crowdsourced Myerson mechanism
Mgy in Mechanism 2. To help understanding it, we illustrate in Figure 2 of Appendix B.3 the
sets of players involved in the first round. We have the following theorem, proved in the appendix.

Mechanism 2. M¢ggu

Each player ¢ reports a value b; and a knowledge K; = (D;) JEN\{i}-
Randomly choose a player a, let S = {j | Df # L}, N'=N\ ({a}US), and D; = Dj Vj € S.
If S = (), the item is unsold, the mechanism sets price p; = 0 Vi € N and goes to Step 14.
Set i* = argmax;cg ¢;(bj; D}), with ties broken lexicographically.
while N’ # () do
Set ' ={j|j €N, 3i'e S\ {i*} s.t. DY # 1}.
If S’ = () then go to Step 12.
For each j € S, set D} = D;l, where 4’ is the first player in S\ {i*} with D;I # L.
Set S ={i*}US" and N'=N"\ 5"
Set i* = argmax;cg ¢;(by; D;), with ties broken lexicographically.
: end while
i Set second = MaAXje N\ ({a,i* JuN') 5 (bj; D;) and the price p; = 0 for each player i.
: If @i« (bi=; D).) < 0 then the item is unsold; otherwise, the item is sold to player i* and p;» =
(25;‘1 (max{¢second7 0}; /Dg* ) ) )
14: Finally, for each pair of players i and i’ such that D} # L, set p; = p; — 503 - BSR(D;, by).

— = =
O O

Theorem 3. For any single-good auction instances T= (N,M,D) and T = (N,M,D,G) where G
is 2-connected, Mcsy is 2-DST and EpRev(Mcsm(Z)) > (1 — 2)OPT(Z) — .

Proof sketch. Note that |S| > 2 in Step 2 due to 2-connectedness. The mechanism again disentangles
the use of the players’ values and their knowledge. Indeed, when computing a player’s virtual value
in Step 10, his knowledge has not been used yet. If he is player ¢* then his knowledge will not be used
in the next round either. Only when a player is removed from S —that is, when it is guaranteed
that he will not get the item, will his knowledge be used. This is why it never hurts a player to
report his true knowledge. However, because player i* is excluded from the set of “reporters”, we



need that there is still a reporter who knows a distribution for players in N’: that is, there is an
edge from (IV\ N’)\ {i*} to N" and player ¢* is not an “information hub” between N \ N’ and N'.
This is again guaranteed by 2-connectedness (note that strong connectedness alone is not enough).
Accordingly, Mcgar does not stop until all players’ distributions have been reported. Therefore
Mesy manages to run Myerson’s mechanism after randomly excluding a player a. O

Remark. If the seller knows at least two distributions, the mechanism can use him as the start-
ing point and achieve OPT — €. Since no crowdsourced Bayesian mechanism can be a (% +9)-
approximation for any constant § > 0 when n = 2 [4], our result is tight. Interestingly, after
obtaining our result, we have found that 2-connected graphs (though not as knowledge graphs)
have been explored several times in the game theory literature [7, 46] for totally different problems.

4 When Not Everything Is Known

Finally, we consider the most general cases where the knowledge graphs can be totally arbitrary
and may not even be 1-bounded: that is, some distributions may not be known by anybody. The
mechanisms here can be directly applied to previous settings.

It is easy to see that, if for some player 7 and item j, nobody knows D;;, then no crowdsourced
Bayesian mechanism can achieve a bounded approximation to OPT'. Indeed, it is possible that all
other values are constantly 0, and v;; is the only source for revenue. Although a Bayesian mechanism
can find the optimal reserve price given D;;, a crowdsourced Bayesian mechanism can only set the
same reserve price for all distributions and the approximation ratio is unbounded.

Accordingly, when “not everything is known”, we consider a natural benchmark which is the
optimal Bayesian revenue on players and items for whom the distributions are known in the crowd-
sourced setting. More precisely, let 7 = (N, M, D) be a Bayesian instance and Z = (N, M,D,G) a
corresponding crowdsourced instance. Let D' = X;cp je Mng be such that ng = D;; if there exists
a player ¢’ with (i’,i) € G;, and Dj; is constantly 0 otherwise; we refer to D' as D projected on G.
Letting Z' = (N, M, D’) be the resulting Bayesian instance, the benchmark is OPT(Z’). Note that
this is a demanding benchmark to consider in crowdsourced settings: it takes into consideration all
the knowledge processed by the players and, when everything is known by somebody, even if G is
only 1-bounded, we have Z' = Z and OPT(Z') = OPT.

Unit-demand auctions. The difficulties in designing crowdsourced Bayesian mechanisms here
turn out to be different from previous settings. Indeed, unit-demand auctions become easy: simply
set g = % in Mcgsyp and keep all the rest unchanged. Thus we only state the theorem.

Theorem 4. The revised mechanism Mcosyp for unit-demand auctions is 2-DST and, for any
instances T = (N, M,D), T = (N,M,D,G) and ' = (N, M, D) with D" being D projected on G,
Mesup is a 96-approzimation to OPT(Z').

Additive auctions. Additive auctions are now the hard part: the new mechanism Mg, is
simple to construct but requires significant effort to analyze. Previously if any distribution about a
player is not reported, mechanism Mcgspyca does not sell his winning set (i.e., items for which he
is the highest bidder) to anybody. Doing so ensures 2-DSTness, and all distributions are reported
when everything is known. Unfortunately this may lead to 0 revenue when not everything is known.

To rectify the situation, we wish to only throw away the player-item pairs for which the value
distribution is unknown, and apply BV CG to the remaining. However, such a mechanism is not
truthful. For example, if player ¢ knows D_; and the other players have reported D; but nothing
else, then it may be better for i not to report any knowledge, so that the mechanism throws away



all the other players, giving him a low price. Instead, mechanism Mg, works on a hybrid of the
original Bayestan instance 7 and the projected instance 1.

More specifically, Mg, is based on the -Bundling mechanism [54], denoted by Bund. Since
the mechanism is run on a hybrid of 7 and 7', the performance of Mg 4 cannot be lower-bounded
by that of Bund on Z’, and must be patched up with a second-price sale to compensate the revenue
loss caused by throwing away some player-item pairs. With M, ¢, defined in Mechanism 3, we have
the following theorem, proved in Appendix C.

Mechanism 3. M/ ¢,

1: Each player i reports a valuation b; = (b;;)jem and a knowledge K; = (Df/j)i';éi,jeM~

2: Reward the players using Brier’s scoring rule, such that the total reward R is at most e.

3: For each item j, set i*(j) = arg max; b;; (ties broken lexicographically) and p; = max;,s b;;.

4: for each player ¢ do

5. Let M; = {j | i*(j) = i} be player i’s winning set.

6:  Partition M into M} and M? as follows: Vj € M}, some i’ has reported DZ’; # L (if there are
more than one reporters, take the lexicographically first); and Vj € MZ2 , DZ; = 1 for all 7.
Vj € M}, set Dj; = Df;-; and Vj € M7, set Dj; = 0.

Compute the optimal entry fee e; and reserve prices (p;) jem! using Bund with input (D, 5;),
where £ = max;; by; Vj € M. If e; > 0 then each p; = B;;; if e; = 0 then each p} > 5;;.

9:  Sell MZ-1 N M; to player i according to Bund. That is, if ¢; > 0 then do the following: if
ZjEMilmMi bij > e + ZjeMilmMipg-, player i gets M} N M; with price e; + ZjeM}mMi P}
otherwise the items in Mi1 N M; are not sold. If e; = 0 then do the following: for each item
JjE Mi1 N M;, if bj; > p;», player ¢ gets item j with price p;-; otherwise item j is not sold.

10:  In addition, sell each item j in M? N M; to player i with price pj(= 8i;).

11: end for

Theorem 5. Mechanism Mgy is 2-DST for additive auctions and, for any instances I =
N,M,D), T = (N,M,D,G) and ' = (N,M,D") with D' being D projected on G, M/ s a
( ’ ’ ) ’ ’ ’ ’ ’ g proj ) CSA
70-approzimation to OPT(Z').

Proof sketch. In Steps 8 and 9, mechanism Bund decides how to sell to player i using D} and f;,
where the latter is determined by b_; ~ D_; under the players’ truthful strategies: that is, (D}, ;) is
a hybrid of 7' and 7. Because for each item 7, the highest bidder’s distribution may not be reported
and the reserve prices may be higher than in 7', Bund may not be able to sell all the items that it
would have sold in Z’. An important idea is to use the second-price sale (i.e., Step 10) to compensate
the loss. However, the combined revenue still cannot be directly compared to that of Bund in 7.
In order to show that the second-price compensation is actually sufficient, the analysis consists of
two major parts. First, we consider the optimal S-adjusted revenue |54] and show that it can be
“hybridized”: that is, the optimal adjusted revenue on the hybrid, together with the second-price
sale, upper-bounds the optimal adjusted revenue on Z’; see Lemmas 12 and 14. Second, we show
that the revenue of the 1-Lookahead mechanism [48] can be “hybridized” as well; see Lemma 13. [

Remark. By Theorem 5.1 of [54], Mg, is also a 69-approximation to OPTp. Finally, by
“hybridizing” the results of [14], it can be shown that M., is actually a 12-approximation to OPT.
However, the analysis is far from being a black-box application and requires the hybridization of
the counterpart of the S-adjusted revenue there.
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Appendix

A Additional Preliminaries

In a general combinatorial auction with n players and m items, the set of players is denoted by
N ={1,...,n} and the set of items by M = {1,...,m}. Each player i’s valuation function v; maps
each subset of items to a non-negative real number and v;()) = 0. Bayesian auction design typically
considers multi-parameter settings where the players’ valuations can be succinctly described. In
particular, each player 7 has a value v;; for each item j, and ¢’s value for a subset S of items is
max;egs v;j in unit-demand auctions, or Zjes v;j in additive auctions.

The true valuation profile v = (v1,...,v,) is drawn from some distribution D and each player
individually knows his own values. It is often assumed that each v;; is independently drawn from a
distribution D;;, and we take D; = Dj; X --- X Dy, for each player i and D = Dy x --- x D,,. The
players’ utilities are quasi-linear and risk-neutral: that is, for each player ¢, his utility for receiving
a subset S at a price p; is u;(S,p;) = v;i(S) — pi, and is the corresponding expectation if S and p;
are random variables.

An allocation of an auction specifies a subset of items for each player. The set of feasible
allocations an auction can produce is given by some constraints. The most natural constraint
is that each item can only be sold once in an allocation. For unit-demand auctions, it may be
further required that a player gets at most one item in each allocation. Another widely considered
constraint is that the set of allocations is downward closed [36]: that is, for any feasible allocation
A= (A1,...,A,) and any allocation A" = (A],..., A}) with A, C A; for each i, A’ is also feasible.
Notice that matroid constraints |5, 39] are downward closed, but the other direction need not
be true. Also notice that downward closed multi-parameter settings can represent any single-
parameter setting, such as single-good auctions [43] or single-minded auctions [40]. We always
consider downward closed settings in this paper.

A Bayesian mechanism asks each player ¢ to report a valuation function b; and outputs an
allocation and a price profile based on D and b = (b1,...,b,). The revenue of a mechanism M,
denoted by Rev(M), is the total price paid by the players. The expected revenue is denoted by
Ey,~pRev(M), or simply Rev(M) when the distribution D is clear from the context.

Scoring rules are widely studied in economics and information elicitation. A scoring rule is a
function f that takes as inputs a distribution D over a state space ) and a random sample w from
an underlying true distribution D’ over 0, and outputs a real number. Scoring rule f is proper
if Eyop f(D' w) > E,up f(D,w) for any D, and strictly proper if the inequality is strict for any
D # D'. Moreover, f is bounded if there exist constants c1,co such that ¢y < f(D,w) < ¢y for
any D and w. In our results, we can use any strictly proper scoring rules that are bounded. For

11



concreteness, we use Brier’s scoring rule [11]:

BSR(D,w) =2 — () (6w, — D(s))?) = 2D(w) — |[D[[5 + 1,
seN

where D(s) is the probability of s according to D, and 6, s is the indicator for whether w = s or
not. Note that BSR(D,w) € [0,2] for any D and w.?

In a crowdsourced Bayesian mechanism, the distribution D is not given as input. Instead, a
strategy s; of player i consists of two parts, s; = (b;, K;), where b; is a valuation function for ¢ and
K; is a distribution for v_;, representing ¢’s knowledge about the other players.

Definition 1. A crowdsourced Bayesian mechanism is 2-step dominant strategy truthful (2-DST)
if the following two conditions hold:

(1) For any player i, fixing any reported knowledge K;, it is (weakly) dominant for i to report his
true valuation v;. That is, for any K; and any valuation function b; # v;,

ui((via Kl)a S—i) > ul((bl7 Kl)7 S—Z')
for any strategy subprofile s_;, and the inequality is strict for some s_;.

(2) Given that all players report their true valuations, it is (weakly) dominant for each player i to

report his true knowledge. That is, denote i’s true knowledge by K; = Xi’#i,jE[m]ID;‘;/]‘) where
Dg,j = Dy; if edge (i,1') is in the knowledge graph for item j and Df,j = 1 otherwise. For any
knowledge K| # K;,

ui((vi, Ky), (v—i, K'3)) > wi(vi, K7), (v-i, K;))

!

for any knowledge subprofile K ,, and the inequality is strict for some K’ ;.

It is worth pointing out that, without using proper scoring rules, it will be very weakly dominant
for the players to report their true knowledge in our mechanisms: that is, reporting the truth never
hurts a player and always leads to a utility greater than or equal to that of lying, but there may
not be any case where it is strictly greater. If one takes the viewpoint that the players will tell
the truth when they cannot benefit by lying, then there is no need to reward the players using
scoring rules and the e additive discount can be removed from our mechanisms. We keep them so as
to be consistent with the literature of information elicitation, where the central problem is to buy
information from the players.

B Proofs for Section 3

B.1 Proof of Theorem 1

Theorem 1. (restated) For any k € [n — 1], any unit-demand auction instances T = (N, M, D)
and T = (N, M, D,G) where G is k-bounded, the mechanism Mcsup is 2-DST and

E,pRev(Mcesun(T)) > ;’; -OPT(I) — .

We first prove the following lemma.

Lemma 1. (restated) Mechanism Mcsup is 2-DST.

®The original version of BSR is bounded by —1 and 1, and we have shifted it up by 2.
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Proof. We start by showing the following claim.

Claim 1. For any player i, knowledge K; and true valuation v; = (vij)jem, fixing the second
component of i’s strategy to be K;, it is dominant for i to report v;.

Proof. Arbitrarily fix a valuation b; = (bi;)jen for i and a strategy si = (by, Ky7) for each player
i" # i. We need to compare Eq.q,,ui(vi, K;) and Epqg,,ui(bi, Ki), where the expectation is
taken over the mechanism’s random coins.%

If player 7 is not in N3 given the mechanism’s randomness and the reported knowledge of all
players, then his reported valuation is never used to compute his allocation or price, and he gets
the same utility for reporting any valuation. Thus u;(v;, K;) = u;(b;, K;) in this case.

If player ¢ is in N3, then his utility is determined by Myp. If ng is defined to be 0 with
probability 1 in Step 7, then i’s reported value for item j is not given to Myp as input, and i gets
the same utility for reporting any value for j, including v;;. Moreover, because i does not get such
an item 7, his utility is the same as an imaginary player ¢ whose valuation is the same as 4’s, except
that the true value of 7 for 7 is 0. Since Myp is DST, no matter what the value distributions
are, it is dominant for ¢ to report his true valuation. Accordingly, it is dominant for ¢ to report
his true valuation v;: that is w;(vi, K;) > u;(bs, K;) and the inequality is strict for some strategy
subprofiles s_;.

Combining the above two cases, Enqqgypti(vi, Ki) > Epmegypui(bi, Ki) for all s_; and the
inequality is strict for some s_;. Thus, fixing K; in player i’s strategy, it is dominant for ¢ to
report v;, and Claim 1 holds. O

It remains to show the following.

Claim 2. Ghven that all players report their true values, it is dominant for a player i to report
truthfully K; = (Df/j)z";éi,jeM as defined by the knowledge graphs: that is, for each item j, Df,j =Dy;
for all i such that (i,7") € G, and DZ.',]. = 1 otherwise.

Proof. Arbitrarily fix a knowledge K| = (ng)i’;éi,je u that is different from K;. Under the no-bluff

assumption, Dg?j = L for all ¢ and j such that (i,7') ¢ G;. Moreover, arbitrarily fix a strategy

sir(vyr) = (v, Ky (vyr)) for each player i’ # i and true valuation v;. Note that i'’s reported valuation

is always truthful, but his reported knowledge depends on his true valuation and need not be truthful.

We now compare E g, p, 0 %i(vi, K;) and Epqeg, ., %i(vi, K7), where the expectation is taken

over both the mechanism’s random coins and the distributions of the other players’ true values.
Note that player ¢’s reported knowledge does not matter if he is in Na: that is

Ev_iwD_i[ui(UiaKi) ‘ 7€ NQ] = ]E'U_i’\/D_i[ui(/Ui7K7{) ‘ 1€ NQ].

We now focus on the case where he is in Nj. For any player ' € Ny and item j € M such that
(i,4') € Gj, whether i’s report is used to define Dg,j solely depends on the players in N7 who are
before him. If Dg,j has not been defined when ¢ is processed, then ¢’s expected reward is maximized
only by reporting Df, ;= Dyrj, because BSR is strictly proper. That is,

Ev,iwD,i [Uz(UuKz) ‘ 1 € Nl] > Ev,iND [UZ(’UZ,KZ/) ‘ 7 € Nl].

Combining the two equations above, and because each player has a positive probability to be

in N1, we have
!
Emesyp,p_i%i(vis Ki) > Emogyp o ui(vi, KG).

SStrictly speaking, each s;; should depend on vy and the expectation should also be taken over D_;. However,
reporting v; is dominant for player ¢ no matter what v_; is, thus there is no need to consider D_;.
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Thus it is dominant for ¢ to report his true knowledge, and Claim 2 holds. 0
Lemma 1 follows directly from Claims 1 and 2. O

Before analyzing the revenue of mechanism Mggyp, we first recall an important technique for
reducing multi-parameter settings to single-parameter settings [18].

The COPIES setting. Given a unit-demand auction instance Z = (N, M, D), the corresponding
COPIES auction instance is constructed as follows. We make m copies for each player, called player
copies, and denote the resulting player set by N¢© = N x M. We make n copies for each item,
called item copies, and denote the resulting item set by M¢F = M x N. Each player copy (4,7)
has value v;; ~ D;; for the item copy (j,¢), and 0 for all the other item copies.

The set of feasible allocations in the original unit-demand auction naturally defines the set of
feasible allocations in the COPIES auction: for any feasible allocation A in the original setting, if
player i gets item j, then in the corresponding allocation in the COPIES setting, player ¢’s copy j
gets item j’s copy 4, and all other copies of ¢ get nothing. Since in the original setting each item
is sold to at most one player, in the COPIES setting, for all copies of the same item, at most one
of them is sold. Moreover, since each player gets one item in the original setting, in the COPIES
setting, for all copies of the same player, at most one of them gets an item copy.

We denote by Z¢7 = (NCP MO D) the COPIES instance, with DY = x(; 5y norDi;.
Intuitively, ZYP involves more competition among the player copies: copies of the same original
player are different players now, and their bids may be used to decide the prices for each other.
Thus the optimal revenue for COPIES is not too small compared with the optimal revenue for the
original unit-demand instance, as shown by the following lemma.

Lemma 3. [1/] OPT(I) < 4OPT(Z€F).

The projected setting. Next, we show that the optimal Bayesian mechanism for the COPIES
setting satisfies the projection lemma. More specifically, let NM C N x M be a set of player-item
pairs and N’ be NM projected to N. The unit-demand instance Zya; = (N, M, D'\,), referred to
as I projected to NM, is such that Dj; = Dyj if (i,j) € NM, and D;; = 0 otherwise. When NM
can be represented as N/ x M’, we may also denote the projected instance by fN/, am- If N'= N or
M’ = M, we simplify the notation by using Zy; or Zy- instead.

Let 7:'%\34 = (N'CP MCP, Dﬁp ) be the COPIES instance corresponding to In M, also referred to
as ZF projected to NM. That is, when projecting a COPIES instance to a set of player-item pairs,
we still want the resulting instance to be a COPIES instance, thus we patch it up with the missing
player-item pairs but with values constantly 0. The relations of these instances are illustrated in
Figure 1.

projectionl iprojection
= COPIES B
INny ———— I]%ﬂ

Figure 1: Relations of the COPIES and the projected instances
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Moreover, let OPT (fCP )N be the revenue of the optimal Bayesian mechanism for ICP pro-
jected to N M: that is, for any pair (i,j) ¢ NM, the price paid by the j-th copy of player i is not
counted, even though this player copy may get the i-th copy of item j according to the optimal
mechanism for Z¢F. We have the following.

Lemma 2. (The projection lemma, restated) For any NM C N x M,

E OPT(ISE,) > IEPOPT@CP)NM.
D

/C P
DN,

Proof. Given the instance I]%\P/I, consider a Bayesian mechanism M’ as follows:

e Patch up the instance to be exactly 0P, including changing the distribution ij to D;; for
any (i,7) with ¢ € N" and (4,j) ¢ NM,;

e For any (i,7) € NM, let i’s copy j report his value, while for any (i,j) ¢ NM, sample the
value of i’s copy j from D;j;

e Run the optimal DST Bayesian mechanism on 70P , with the reported and sampled values;’
e Project the resulting outcome to NM.

The key is to show that M’ is a DST Bayesian mechanism for fﬁﬂ Indeed, for any (4, 7) such
that « € N’ and (i,7) ¢ NM, the value of i’s copy j in fﬁﬂ is 0 with probability 1, his reported
value is not used by M’ and at the end this player copy gets nothing and pays 0. Therefore it is
dominant for this player copy to report his true value 0. For any (i,7) € NM, the utility of i’s
copy j under M’ is the same as that under the optimal DST Bayesian mechanism on ICP . Asit is
dominant for this player copy to report his true value in the latter, so is it in M’. Accordingly,

E OPT(Ify)> E Rev(M'(Z§h),

D;\?‘/P Dg\]ClP
by the definition of OPT'. By construction we have

E_ Reo(M'(I{h) = E_OPT(Z ")y,
D

DIgF
thus Lemma 2 holds. O

Notice that the projection lemma is not true for unit-demand settings in general, because the
corresponding mechanism M’ is not DST. Indeed, when the same player i has (i,j7) € NM and
(i,7') ¢ NM for some items j and j’, he prefers receiving j to receiving j’, even if the former leads
to a smaller utility—his projected utility will be 0 under the latter.

Now we are ready to analyze the revenue of mechanism M¢gsyp.

Proof of Theorem 1. Let ¢ =1— (k+ 1)_%. Following Lemma 1, it remains to show

E,.pRev(Mcsup(T)) > ;’; -OPT5(Z) -«

"Since COPIES is a single-parameter setting, Myerson’s mechanism is both the optimal BIC mechanism and the
optimal DST mechanism here. In particular, the optimal BIC revenue equals the optimal DST revenue.
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Notice that for any player ¢ and item 7,
Pr(D;; is reported in the mechanism) = Pr(i € No) Pr(3i' € Ny, (4,i') € G | i € Na)
> (1-q)(1—(1—q)")
where the inequality is because G is k-bounded and the players are sampled independently. Taking
derivatives of the last term, we have that it is maximized when ¢ =1 — (k + 1)7%, in which case

1 koo
(k+1)F k+1

Pr(DZ’j is reported in the mechanism) > Tk

Below we use N M3 to denote the set of player-item pairs whose distribution is reported in the
mechanism: that is, the set of players N3 together with their reported items. Accordingly,

Pr((i,7) € NM3) > 7. (1)

Also, we use Dy, = X(z‘,j)eNMgpij and vy, = (Uij)(id)eNMB to denote the vector of distributions

and the vector of true values for N M3, respectively. Let Znnr, = (N3, M, Dj\%) be the unit-demand

instance given to Myp in Step 8. Note that it is exactly Z projected to N Ms: that is, ng = Dy

for any (4, j) € NM;z and Dj; = 0 for any (i,5) ¢ NMs. Moreover, let R be the total reward given

to the players using Brier’s scoring rule in Step 5. Since BSR is bounded in [0, 2], the reward each
€

player i gets in this step is no more than - and the total reward given to the players is no more
than e. Accordingly,

E ReU(MCSUD(I)) = E E ReU(MUD(j.NM:s)) - R
v~D NMs UNMgNDNM3
>z E E  Rev(Myp(Inus,)) — € (2)

NM3 vNmy~DN Mg

Let fﬁﬁs = (N§P, MCP, DE\%P) be the COPIES instance corresponding to Zyaz,. By [39], there
exists a Bayesian mechanism M®? in the COPIES setting, which achieves less revenue than My p
for the unit-demand instance, but is a 6-approximation to the optimal revenue for the COPIES
instance. That is, for any N Ms,

. . 1 .
E  ReoMup(Inmg)) = E Reo(MOP(IFY,) = - E OPT(IRY,).  (3)
UNMg~DN g D@P 6 D?%P

Combining Inequalities 2 and 3, we have

1 A
E Rev(Mcsup(Z)) >~ E E OPT(IFh,) —e (4)
v~D 6 NMs DCF

By Lemma 2, we have

E OPT(I{h:,) > E OPT(ZF)nus,.

Dr
thus
E E orPT(I¢Y,)> E E OPT(ZI¢F . 5
Nty i (INmsy) = e e (Z%") N (5)
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Let Pij(OPT(fCP )) be the price paid by player i’s copy j under the optimal mechanism for 0P,

We can rewrite the right-hand side of Equation 5 as follows.

E E OPT(I¢" = E E P..(OPT(Z€F
& E. (T )N s A DCP(‘j)%:VM i ( (=)
(2 3

Der NMs (4,j)EN M3

= E Y. Pr((i,j) € NMs)- P;(OPT(I°7)), (6)
DCP
(3,5)ENXM
where the first equality is by the definition of the projection, the second is because sampling
from DF is done independently from NMs, and the third is because P;;(OPT(Z?)) does not

depend on N Mjs. We can further lower-bound the last term of Equation 6 as follows.

E Y Pr((i,j) € NMy)- Pj(OPT(Z"))
DCP
(4,7)ENXM
> m B Y. Py(OPTI") = nOPT(I") > "LOPT(D), (7)
per (4,5)EN XM
where the first inequality is by Equation 1, the first equality is by the definition of revenue, and the
second inequality is by Lemma 3.
Combining Equations 4, 5, 6 and 7, we have

E,.pRev(Mcsun(T)) > ;’; -OPT(1) — e,

and Theorem 1 holds. O

Remark. Note that Lemma 2 is only concerned with COPIES instances. Accordingly, for any
Bayesian mechanism M whose revenue can be properly lower-bounded by the corresponding COPIES
instance, similar analysis shows that M can be converted to a crowdsourced Bayesian mechanism.
That is, the COPIES setting serves as a bridge between Bayesian and crowdsourced Bayesian mech-
anisms. Indeed, we have the following corollary, with the proof omitted.

Corollary 1. (restated) Let M be a DST Bayesian mechanism such that, for some o > 0 and for

any Bayesian instance I,
E Rev(M(I)) > a E OPT(I).
D

DCP

When the knowledge graphs are k-bounded with k > 1, there exists a 2-DST crowdsourced Bayesian

mechanism that uses M as a black-box and is a ™= -approzimation to OPT .

B.2 Proof of Theorem 2

Theorem 2. (restated) For any k € [n — 1], any additive auction instances T = (N, M, D) and
Z = (N,M,D,G) where G is k-bounded, the mechanism Mcga is 2-DST and

1 Tk

EI,NDRev(MCSA(I)) > max{ 16+ o

}-OPT(I) —e.
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To prove Theorem 2, we start by introducing a simple mechanism Mggras, which runs the
mechanism Mcgrar,; (Mechanism 4) for each item j separately. Mechanism Mcgra,; is similar
to Mcsup, thus we have omitted many details. In particular, the following lemma is similar to
Lemma 1 and we provide its statement only.

Mechanism 4. Mcgru,j

1: Each player i reports a value b;; and a knowledge K;; = (Di it i

2: Randomly partition the players into two Sets N1 and Na, Where each player is independently
put in Ny with probability g =1 — (k+ 1)~ % and Ny with probability 1 — q.

3: Let N3 be the set of players in Ny whose distributions are reported by some players in Ny, and
D?VS’ j be the vector of reported distributions.

4: Reward players in Nj using Brier’s scoring rule, properly scaled so that the total reward R is
at most €/m.

5: Run Myerson’s mechanism on the single-good Bayesian instance fNS,j = (N3, {j},D?v&j) with
the values being (b;;)ien,; and use the resulting allocation and prices to sell to players in Ns.

Lemma 4. Mechanism Mcginm,; is 2-DST for each j, and mechanism Mcsiy is 2-DST as well.
Next, we consider the expected revenue of Mcgras.

Lemma 5. E,.pRev(Mcsi(Z)) > mEyopRev(IM(I)) — e.

Proof. Notice that

EpnpRev(Mesi(T)) = Y B, )cnm(Dy)ien RV (Mosing (Z))),
JjeEM
where Z; = (N, {j}, (Dij)ien,Gj) is the single-good crowdsourced Bayesian instance with item j.
Also notice that
Ey~pRev(IM(I)) = > OPT(Z
JjEM

where fj = (N,{j}, (Dij)ien) is the single-good Bayesian instance with item j. Accordingly, letting
vj = (vij)ien and Dj = (D;j)ien for each item j, it suffices to show that
€

m

Ey,~p, Rev(Mosin(Z;)) > OPT(I)) —

Using similar ideas and notations as in (the proof of) Theorem 1 and Lemma 2, we have that

Ey,~p, Rev(Mcsinj(Z;) = E E  OPT(In,;)—R

N3 vnNg,;~DnNg,j

> E E OPT(Iy,;)—¢/m>E E_OPT(Z)n, —¢/m
N3 vN3’j~DN3J N3 vj~D;
= E E_Y P(OPT(Z;)—¢/m= E_E Y. P(OPT(Z)) —¢/m
N3 v;~D; iEN3 vj~D; N3 iENs
= Pr(i € N3) - P,(OPT(Z;)) — > P(OPT —
By, 2 Prli € Ng) ROPT(E;)) —c/m > 7 B, 37 (7)) = e/m
= TkOPT( j) —e/m,
as desired. Thus Lemma 5 holds. O
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Below we construct the crowdsourced 1-Lookahead mechanism Mogir4 and show that its rev-
enue matches that of mechanism M4 for any £ > 1. Mechanism Mggi,4 runs the mechanism
Mecsina; (Mechanism 5) for each item j separately. Note that Mcgira; does not partition the
players into two groups. Also, it is not using the 1-Lookahead mechanism as a blackbox, because it
has to handle boundary cases where the players’ distributions are not all reported. As we will prove,
the mechanism is 2-DST and all true distributions will indeed be reported by the players. However,
for the mechanism to be well defined, it has to know what to do in all possible cases. Moreover,
running the 1-Lookahead mechanism on the set of players whose distributions are reported is not
2-DST. For example, if the player with the second highest value is the only one who knows the
distribution for the player with the highest value, then he may choose not to report his knowledge
about the latter, so that he himself has the highest value in the 1-Lookahead mechanism and gets a
high utility. That is why the mechanism only tries to sell to the player with the highest value. We
have the following two lemmas.

Mechanism 5. Mcgir4,;

1: Each player i reports a value b;; and a knowledge K;; = (Dg, j)i’;«éi-

2: Reward each player using Brier’s scoring rule, properly scaled so that the total reward R is at
most €/m.

3: Set i* = argmax; b;; and Psecond = Max;.+ byj.

4: If 4*’s distribution is not reported, sell item j to him at price psecond and halt here.

5: Otherwise, let D, ; be the reported distribution for ¢* (if there are many reported distributions
for him, take the lexicographically first reporter).

6: Let pj» = max Pr_ (vi#j > P | Virj > Dsecond) - D- If bixj > pi then sell item j to i* at

P Vi j NDi*j

price p;=; otherwise the item is unsold.

Lemma 6. Mechanism Mcgipa,j s 2-DST for each j, and mechanism Mcgipa is 2-DST as well.

Proof. Arbitrarily fix an item j, a player 4, a strategy subprofile of the other players and a knowledge
of . We show that Mcgir.4,j is monotone and uses the threshold payment for player i. Indeed,
assume 4 gets the item by reporting a value b;; and let him report a higher value b;j. Notice that b;;
is the highest value among all players, and so is ¥/ e If the other players did not report a distribution
for i’s value, then i’s price is the second highest value, and he still gets the item at the same price
by reporting b;-j. Otherwise, 7’s price is the reserve price of the 1-Lookahead mechanism as defined
in Step 6, which does not depend on his reported value, thus he still gets the item at this price by
reporting bj.

The above analysis also shows that player 7 pays the threshold payment, which is the highest
value among the other players if his distribution is not reported, and is the reserve price of the
1-Lookahead mechanism otherwise. Accordingly, it is dominant for ¢ to report his true value.

Given that all players report their true values, it is easy to see that for each player ¢, it is
dominant for ¢ to report his true knowledge. Indeed, the only way for a player’s reported knowledge
to affect his own utility is to set his reward according to Brier’s scoring rule, which is maximized
by reporting his true knowledge.

Since the players have additive valuations and Mcg1r4 runs each mechanism Mcgira,; sepa-
rately, we have that Mggir4 is 2-DST as well, and Lemma 6 holds. O

Lemma 7. E,.pRev(Mcsiz4(Z)) > EpupRev(Mipa(Z)) — € > SE,upRev(IM(Z)) — €.
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Proof. When the players report their true values and true knowledge, despite of the reward given
to the players, the outcome of each M¢gi11,4,; on instance Z; = (N, {j}, D;, G;) is exactly the same
as that of mechanism M4 on the Bayesian instance Z; = (N, {j}, D;). Accordingly,

Eo~pRev(Mesina(Z) = > By, Rev(Mesina (L))

jeEM
> ) Eyep,Rev(Mipa(Z;)) — € = EyupRev(Mipa(I)) — €
jeEM
1 . 1 .
> j;\; SOPT(L;) — e = SEyupRev(IM(Z)) — e,

where the second inequality is because the 1-Lookahead mechanism is a 2-approximation to the
optimal Bayesian mechanism for each item j [48|. Thus Lemma 7 holds. O

Note that the approximation ratio of Mcgip4 does not depend on the specific value of k,
as long as k > 1. Next, we describe the mechanism Mggspyca, which approximates BV CG in
crowdsourced Bayesian settings.

Mechanism 6. Mcspvoa

Each player i reports a valuation b; = (b;;)jenm and a knowledge K; = (Df,j)i/¢i7j€M.

Reward the players using Brier’s scoring rule, such that the total reward R is at most e.

For each item j, set i*(j) = arg max; b;; (ties broken lexicographically) and p; = max;,s b;;.

for each player ¢ do

Let M; = {j | i*(j) = i} be player i’s winning set.

If not all m distributions of i’s values are reported, ¢ gets no item and items in M; are unsold.
Otherwise, let D) be the vector of reported distributions for i’s values and compute the entry
fee e;(D},b_;) using BVCG.

8 Sell M; to player i according to BVCG. That is, if > ¢y bij > €i(Dj,b—i) + 3¢y, Py then
i gets M; with price e;(D},b_;) + EjeMi pj; otherwise ¢ gets no item and items in M; are
unsold.

9: end for

We have the following two lemmas.
Lemma 8. Mechanism Mcgcspyog s 2-DST.

Proof. Arbitrarily fix a player ¢, a strategy subprofile of the other players, and a knowledge of 7.
Notice that if not all m distributions of ’s values are reported by the others, then ¢ gets nothing and
pays nothing, so it does not matter what valuation he reports about himself. Otherwise, Mcspyvcoa
sells to player ¢ in the same way as BV CG: using the other players’ highest reported value as the
reserve price for each item, either player ¢ gets the whole set of items for which his value passes
the reserve price, or he gets nothing and those items are unsold to anybody. Following [54], it is
dominant for ¢ to report his true values given any entry fee that does not depend on his reported
values, so truth-telling is still dominant for ¢ when the entry fee is computed based on D] and the
reserve prices.

Furthermore, notice that a player i’s reported knowledge K; about others affects neither M;
nor e;, nor the reserve prices for him. Thus, K; is only used to compute player i’s reward based on
Brier’s scoring rule, and #’s expected reward is maximized by reporting his true knowledge, given
that all players report their true values. O
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Lemma 9. E Rev(Mcspvea(Z)) > E Rev(BVCG(T)) —e.

v~D v~D
Proof. Since Mogpyog retrieves the whole distribution D from the players, its outcome is exactly
the same as that of BV CG under the Bayesian instance Z. Thus, its expected revenue is that of
BV CG minus the total reward, which is at most e. O

Remark. Similar to Mcg1z4, the revenue guarantee of Mogpyoa does not depend on the specific
value of k, as long as k > 1. Indeed, notice the special structures of the two Bayesian mechanisms
Mipa and BV CG: the winning set of a player ¢ solely depends on the players’ values; the distri-
bution D; is only used to compute better reserve prices or entry fee to increase revenue; and the
distribution D_; is irrelevant to ¢. Therefore, in the crowdsourced setting we can allow a player to
be both a reporter about the others’ distributions and a potential winner of some items. In some
other mechanisms such as Myerson’s mechanism, all players’ distributions are used both to choose
the potential winner and to set his price, thus in the crowdsourced setting we must separate the
knowledge reporters and the potential winners. Indeed, if player ¢ would have gotten some items
when he reports nothing about player j, but those items will be given to j if he reports truthfully,
then ¢ may be better off reporting nothing. That is why random sampling is needed in these cases.

Finally, our mechanism Mg 4 is defined as follows. When k < 7, it runs Mogpyog with prob-

ability % and Mcg1r4 with probability %; when k£ > 7, it runs Mogpycog with probability 3_&%
3

31~ The choice of the two cases is to achieve the best approximation
k

and Mgy with probability
ratio for each k.

Proof of Theorem 2. The mechanism Mgga is clearly 2-DST, since all the sub-mechanisms are
2-DST and which mechanism is chosen does not depend on the players’ strategies.

When k£ < 7, we have 6+T‘2“7_k < ﬁ By Lemmas 7 and 9,

E ReU(MCSA(I)) = z E Re’u(./\/lCSBVCG(I))-i-g E Re’U(MCSlLA(I))

oD T 1L 11 vop
2 A 3 A 3 N

> — E Rev(BVCG(I))+ — E Rev(IM(Z))+ — E Rev(Mipa(Z)) —e. (8)
11 v~D 11 v~D 11 v~D

When k > 7, we have ¢ ng > 1—11 By Lemmas 5 and 9,

Tk 3
A = A A
E Rev(Mcsa(T)) 3T E Rev(Mcespvea(Z)) + 3T B Rev(Mcsim(T))
Th A 3Tk A
B A IM(T)) —e. 9
. ULEDR%( VCG(T)) + 3t ULEDRGU( (2)) —e 9)

By [14], OPT(T) < 2 E Rev(BVCG(T)) +3 E Rev(IM(I)) + 3 E Rev(Miza(T))
<2 E Rev(BVCG(I))+6 E Rev(IM(Z)). Combined with Inequalities 8 and 9, we have
v~D v~D

1 Tk S
K e > —_ . -
e R U(MCSA(I)) max { 11, ) } OPT(I) €,

and Theorem 2 holds. O
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B.3 Proof of Theorem 3

To help understanding mechanism Mgy, we illustrate in Figure 2 the sets of players involved in
the first round. The edges in the figure correspond to distributions reported by the players. In
each round, the mechanism keeps in S the player with the highest virtual value so far, drops all the
other players from S, and adds the players whose distributions are reported for the first time by
the dropped ones.

S/

Nl

Figure 2: The sets of players involved in the first round of Mechanism Mcgay.

Lemma 10. Mcgys is 2-DST.

Proof. The proof takes two steps.

Claim 3. For any player i, knowledge K; and true value v;, fixring the second component of i’s
strategy to be K;, it is dominant for i to report v;.

Proof. Arbitrarily fix a value b; and a strategy s; = (b;, K;) for each player j # i. We need to com-
pare E gy, ui(vi, K;) and Epageg,,ui(bi, K;), where the expectation is taken over the mechanism’s
random coins.

First, conditional on a = ¢, player ¢ does not get the item and his reported value is only used in
Step 14 to compute the reward of the other players who have reported about ¢’s distribution, thus
ui(vi, Kl) = ui(bi, Kz)

Second, we compare the two utilities conditional on a # . Notice that when a # ¢, whether or
not player i’s distribution is reported—that is, whether or not D} is defined— only depends on the
other players’ strategies. Thus, D} is defined under (v;, K;) if and only if it is defined under (b;, K;).

If D} is not defined, then i € N’ at the end of the mechanism and his utility is equal to the total
reward he gets from Brier’s scoring rule in Step 14, which solely depends on K; and b_;. Therefore
ui(vi, K;) = u;i(bi, K;) again.

If D) is defined, then it is defined in the same round under both (v;, K;) and (b;, K;), which we
refer to as round r. Also, D} is the same in both cases and the mechanism’s execution is the same
till this round. Notice that

(1) ¢i(-;D}) is monotone in its input;

(2) i gets the item if and only if 4 = ¢* in all rounds ¢ with ¢ > r and his virtual value is at least 0;
and
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(3) when i gets the item, K; is never used by the mechanism and thus does not affect the execution
of any round ¢ with £ > r.

Accordingly, the mechanism is monotone in player i’s reported value: if i gets the item by reporting
some value, then he still gets it by reporting a higher value. Moreover, when 4 gets the item, his
price in Step 13 is the threshold payment. Following standard characterizations of single-parameter
DST mechanisms, we have that, if D} is defined then it is dominant for player ¢ to report v;: that
is, u;(vi, K;) > ui(bi, K;) for all s_; such that D is defined, and the inequality is strict for some of
them.

In sum, Epaqgg,, wi(vi, Ki) > Epaqpg,, wi(bi, K;) for all s_; and the inequality is strict for some s_;.
Thus, fixing K; in player ¢’s strategy, it is dominant for ¢ to report v; and Claim 3 holds. O

Now we move to the second step.

Claim 4. Given that all players report their true values, it is dominant for a player i to report
truthfully K; = (D})#i as defined by the knowledge graph G: that is, D} = Dj for all j such that
(i,7) € G, and Dj- = 1 otherwise.

Proof. Arbitrarily fix a knowledge K/ = (D;’) j#i that is different from Kj;, and a strategy s;(v;) =
(vj, Kj(vj)) for each j # i and true value v;. We now compare Enq g, D, ui(vi, K;) and Eaqg,, 0 ui(vi, K7),
where the expectation is taken over both the mechanism’s random coins and the distributions of
the other players’ true values.
Same as Claim 3, conditional on a = i, the utility of ¢ is equal to the reward he gets in Step 14.
Since this step is reached by the mechanism with probability 1, given that it is reached, from i’s
point of view, v_; is still distributed according to D_;, thus his expected reward is maximized only
by reporting K;. That is,

Ey_ i~ [ui(vi, K3) | a =i] > Ey_op_, [ui(vi, Kj) | a = 1i].

Next, we compare the two utilities conditional on a # 7. Again, since Step 14 is reached with
probability 1, the expected reward i gets in that step is strictly larger by reporting K; than K.
Thus, it is enough to compare #’s expected utilities at the end of Step 13, under (v;, K;) and (v;, K7).
Same as Claim 3, D; is the same under both strategies, and the mechanism’s execution is also the
same till the round where D} is defined (or till the end if D} is not defined). There are three cases:

e First, if D) is not defined then neither K; nor K/ is used by the mechanism, thus ¢ has the
same utility under both strategies.

e Second, D) is defined and ¢ = i* from that point on, then again K; and K are not used by
the mechanism, thus 7 has the same utility under both strategies.

e Third, if D} is defined and ¢ # ¢* in some round afterward, then i does not get the item under
either strategy, thus his utility is 0 under both of them.

In sum, ¢’s expected utility at the end of Step 13 is the same under both strategies. Summing it up
with i’s expected reward in Step 14, we have

By iop_i[ui(vi, Ki) | @ # 4] > Ey_op_[ui(vi, K7) | a # ).
Combining the two inequalities above, we have

EMesar D i(Vi, Ki) > Epegy, p_uivi, Kj),

thus Claim 4 holds. O
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Lemma 10 follows directly from Claims 3 and 4. 0l

Theorem 3. (restated) For any single-good auction instances T = (N, M, D) and T = (N, M, D, G)
where G is 2-connected, Mcga is 2-DST and EyopRev(Mesn(Z)) > (1 — HOPT(I) —e.

Proof. It remains to show E,.pRev(Mcsy(Z)) > (1 — 2)OPT (Z) — € under the players’ truthful
strategies, and the key is to explore the structure of the knowledge graph to make sure that the
player with the highest virtual value is found by the mechanism with high probability.

More specifically, arbitrarily fix the player a chosen by the mechanism. Notice that throughout
the mechanism, N’ is the set of players ¢ € N \ {a} such that D} is not defined. We show that
N’ = () at the end of the mechanism. Indeed, since G is 2-connected, the out-degree of a in G is
at least 2: otherwise, either a cannot reach any other node in G, or this becomes the case after
removing the unique node j with (a, j) € G, contradicting 2-connectedness. Since a reports his true
knowledge K,, we have |S| > 2 in Step 3 and the mechanism does not go to Step 14 directly from
there. Moreover, at the beginning of each round, we have |S| > 2 and thus S\ {i*} # 0: otherwise
S’ = () in the previous round, and the mechanism would not have reached this round.

Assume the mechanism finally reaches a round r where N’ # () at the beginning but S’ = ()
in Step 6. Since all players report their true knowledge, by the definition of S’ we have that, in
graph G, all neighbors of S\ {i*} are in N \ N’. Furthermore, for any player i € (N \ N’)\ S, all
neighbors of i are also in N\ N’: indeed, i has been moved from N’ to S and then dropped from
S (except player a, whose neighbors are in N \ N’ by definition); and when i is dropped from S,
all his neighbors in N’ are moved to S. Accordingly, all the edges going from N \ N’ to N’ are
from player i*, and G becomes disconnected after removing i*, a contradiction. Thus, S’ # ) in all
rounds and N’ = () in the end, as we wanted to show.

Because all players report their true values and true knowledge, we have D', = D_, and
¢i(vi; D) = ¢i(vi; D;) for all ¢ # a. Letting 7, = (N \ {a}, M,D_,), we claim
Ey~p[Rev(Mosm(Z))|a] = OPT(Z,) —e. (10)

To see why Equation 10 is true, note that by construction, in each round the mechanism keeps the
player with the highest virtual value in S. Thus, the final player ¢* has the highest virtual value
in N\ {a}, and ¢second is the second highest virtual value in N \ {a}. Accordingly, the outcome of
Step 13 is the same as that of Myerson’s mechanism on i’a, so is the revenue. It is easy to see that
the total reward given to the players is no more than e always. Therefore Equation 10 holds.

Finally, it remains to show that, by throwing away a random player a, the mechanism does
not lose much revenue. For each player i, letting PZ-(OPT(f)) be the expected price paid by ¢ in
Myerson’s mechanism under Z, we have OPT(I) = Y ieN ]ADZ(OPT(f)) Similar to the proof oAf
Lemma 2, consider the following Bayesian mechanism M’ on Z,: it runs Myerson’s mechanism on Z
and then projects the outcome to players N \ {a}. It is easy to see that M’ is DST, thus it cannot
generate more revenue than OPT(Z,). As the expected revenue of M’ is Z#CLPZ-(OPT(ZA,')), we
have

OPT(Z,) > Ep_,Rev(M'(Z,)) = > Pi(OPT(I)). (11)
i#a

Combining Equations 10 and 11, we have

EunRev(Mesu(D) = 3 Evep[Rev(Mosu (D)l = 3 - (OPT(E.) <)
aeN aeN

=Y % > P(OPT(I))—¢| = (Z n; 1Pi(0PT(i))> —e=(1— %)OPT@) —¢,

aeN i#a iEN
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and Theorem 3 holds. ]

Remark. For additive auctions, when the knowledge graphs are 2-connected, instead of using
mechanism Mggipa or Mosrar, one can use Mogyr for each item j. We thus have the following
corollary, obtained by running Mggys with probability % and M¢cspyveog with probability i.

Corollary 2. When the knowledge graphs are 2-connected, the revised mechanism Mcgoga is 2-DST
and E_Rev(Mcsa(Z)) > (1 - 2)OPT(Z) — .
v~D

C Proofs for Section 4

Theorem 5. (restated) Mechanism Mg, is 2-DST for additive auctions and, for any instances

Z=(N,M,D), 7= (N,M,D,G) andZ' = (N, M,D’") with D" being D projected on G, Mg, is a
70-approzimation to OPT(Z").

The following lemma is similar to its counterparts in previous sections and many details have
been omitted.

Lemma 11. Mg, is 2-DST.

Proof. Note the difference between Mcspvcog and Mg, is that, when a distribution about a
player i’s value for an item j is not reported, Mcgspycg chooses not to sell anything to player i
and charges him with price 0, while M{, ¢, divides the items into two subsets .Mi1 and MZ-2, sells the
first to ¢ using mechanism Bund, and sells the second to ¢ using the second-price mechanism.

Im mechanism Mg 4, given the distributions and values reported by the other players, Mi1 and
MZ-2 do not depend on player i’s strategy, neither do the entry fee and reserve prices for Mil. Thus,
it is dominant for ¢ to report his true values for Mil, following the truthfulness of Bund; and it is
dominant for him to report his true values for Miz, following the truthfulness of the second-price
mechanism. Moreover, given that all players truthfully report their values, it is dominant for each
1 to report his true knowledge: indeed, the winning set M; only depends on the players’ reported
values. Player i’s reported knowledge does not affect the sets ]\Ji1 and Mf, or whether he gets some
items or not, or the prices he pays. It only affects his reward under Brier’s scoring rule. Thus
Mg 4 is 2-DST and Lemma 11 holds. O

In order to lower-bound the expected revenue of M. ¢, we first introduce several important
concepts following [54]. For any single-player Bayesian instance 7; = ({i}, M, D;) and any non-
negative reserve-price vector 5; = (Bi;)jenm, a single-player DST Bayesian mechanism is §;-ezclusive
if it never sells an item j to ¢ whenever his bid for j is no larger than 3;;. Denote by RevX (fz, B;) the
optimal B;-exclusive revenue for Z;: that is, the superior over the revenue of 8;-exclusive mechanisms.

For any single-player DST Bayesian mechanism, its S;-adjusted revenue on 7; is its revenue
minus its social welfare generated from player-item pairs (i,j) such that i’s bid for j is no larger
than B;j. Denote by RevA(fi, B;) the optimal 5;-adjusted revenue for 7;: that is, the superior over
the B;-adjusted revenue of all single-player DST Bayesian mechanisms. Note that if a mechanism
is B;-exclusive, then its S;-adjusted revenue is exactly its revenue.

Given a Bayesian instance 7= (N, M, D), for each player i and a valuation subprofile v_; ~ D_;,
let 3;(v—;) be such that 3;;(v_;) = max;;vy; for each item j. The optimal -adjusted revenue
for 7 is

EDRe’UA(.'Z-, ,8) = Z Ev,iwD,iEviNDi RG’UA (-,Z-u Bz‘(v—i));
(2
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obtained by applying the mechanism with the optimal 3;(v_;)-adjusted revenue for 7; to sell to each
player i, after seeing the valuation profile v. When v_; is clear from the context, we may simply
write §; and ;5.

Because we also consider the Bayesian instance Z’, let v’ be v projected on G: that is, vgj = v
if there exists a player ¢ with (i’,i) € Gj, and vj; = 0 otherwise. As v is distributed according
to D, v’ is distributed according to D’. Thus we sometimes directly sample v’ ~ D’ rather than
sample v first and then map it to v'. Let 5;; = maxy/; v}, ; for each player 7 and item j. The optimal

[B'-adjusted revenue for 7' is defined respectively:

ED/ReUA(I', B = ZEygiNDQiEvQND;RevA(IZ{7 Bi(vly)).
i

It is important to emphasize that, given v_; and f;(v_;), the optimal f;-exclusive revenue and
the optimal §;-adjusted revenue are well defined for any Bayesian instance for player ¢, whether it
is Z; or 7!. In particular, we will consider Rev™ (Z/, 3;) and Rev?(Z!, 3;), which are on the hybrid
of Z; and Z[. The optimal S-adjusted revenue on the hybrid of 7 and T’ are similarly defined:

EpRev (T',8) = > By op_ By oy Rev (T}, Bi(v-i)).

To highlight that in the inner expectation, player ¢’s value is v} even if it is obtained by first sampling
v; ~ D; and then projecting on G, we may also write it as EviNDiRevA (7], Bi; v}) and

EpRevd(T,8) =Y Ey .op Ey.p Rev® (T, Bi(v_;); vl) = Rev M (T!, B;; ).
D ev( 5) Z —i~D_; Ly ~D; 116V (16<v )Uz) U@D; ev (1/8 Uz)

7

Finally, recall from Section 3.2 that mechanism I M is the Individual Myerson mechanism. Under
the Bayesian instance Z', IM(Z') is the optimal revenue by selling each item separately. Since the
total reward given by the scoring rule is at most €, we will ignore it and treat Rev(Mi¢4(Z)) as
the revenue without giving out the rewards. Theorem 5 holds by the following two lemmas.

Lemma 12. E Rev(Mpg,(T)) > & E_Rev (T, ).
vD v/ ~D!

Lemma 13. E Rev(Mpg,(I)) >3 E IM(T).
v~D v ~D!

Proof of Theorem 5. By Theorem 8.1 of [54], By p Rev(Z', )+ E IM(Z') > OPT(Z'). Com-

v/ ~D!
bining this inequality with Lemmas 12 and 13, we have

/ 1 /
>
E_Rev(Mgsa(T) 2 750PT(T),

and Theorem 5 holds. O
Below we prove the two lemmas.

Proof of Lemma 12. For each player 4, the set M} of items for which i’s distributions are reported
and the set ]\42 of items for which 4’s distributions are not reported are uniquely determined by
the knowledge graph G in Z. Let T/, , = ({i}, Mil,Dg 1) be the single-player Bayesian instance
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obtained by projecting Z’ on i and M}, with D;,M} = XjeM}D;j- We have

Ev~pRev(Mpga(T))

= E“NDZ Rev (Bundi(Dg,vLMl;,ﬂi(v—z‘)))+ Z max vy

]'GM,L-QOMZ‘
/
= Epp ) | Rev (Bundi(D . vi0ms Bia)) + > v, | (12)
‘ jEM2AM;

where Bund; is Bund applied to player ¢ in Steps 8 and 9. The first equality is by the construction
of M{gs. The second equality holds because in the execution of Bund; the items in ME do not
affect anything, as player ¢’s values for them are constantly 0 in D..

By Theorem 6.1 of |54], for any single-player Bayesian instance for a player ¢ and any f3;, Bund; is
an 8.5-approximation to the optimal S;-exclusive revenue for this instance. Moreover, by Theorem 1
of [54], the optimal f3;-exclusive revenue is an 8-approximation to the optimal 3;-adjusted revenue
for the same instance. Accordingly, we have

E Z Rev(Bund;(D] 1. v 0735 By 1))

= Z E E Rev(Bundi(D;Mil,vi7Mi1,ﬁi7Mz_1))

- ’L)_iN'D_Z- v; NDi
7

= > E E _ Rev(Bund;(Dj 11,0 1, B an)

. R /
i ’Usz'D,Z ’UZ,N,DZ.

= ZU .@D E Rev(Bundi(I;Mil,ﬁi’Mil))

R /
i Uy NDi

! X (71
Z 8521}1’1\?@1 v;P’D;ReU (IivMil’BivMil)
1
-~ 85 RevX (T, B;
8.5 Zi:y_ilap_i iy (3 i)
1
- > E E Revl(Z}.f)

85 %8 p v_;~D_; v.~D]

1
= ®X, E E Re’T.Bir))
1

1 1
- @ UINEDZ: RevA(sz, Bi; U;) = @EUNDRBUA(II, ﬁ) (13)

The second equality above is because D, and D; are the same when only Mi1 is concerned, and
fu;j = v;; forall j € Mil. The first inequality is by the relation between Bund; and RevX. The next
equality is because i’s values for items in Mf are always 0 under Z/, thus even when these items
are available, a (-exclusive mechanism does not sell them to ¢ anyway. The second inequality is by
the relation between Rev™ and the Rev?. The next equality is because, as mentioned before, when
sampling v; from D; and then projecting it on G, the resulting v} is distributed according to D;.

Now we state the key lemma in our analysis, which connects the hybrid adjusted revenue with
that for Z’. Recall that each 3] is defined based on v’ ; ~ D’ ,.
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Lemma 14.
A A
EywpRev*(Z', 8) + Eyup Z Z 2}7%? vij > Byup Rev™ (T, B').
? jerﬂMi

Before proving Lemma 14, note that combining it with Equations 12 and 13 we have
RevM(T', ). (14)

Thus Lemma 12 holds. O
Next we prove Lemma 14.

Proof of Lemma 14. Arbitrarily fixing a player ¢ and v’ ;, ~ D, let M* be the single-player DST
Bayesian mechanism with the optimal S/-adjusted revenue for Z/. Accordingly, M* maximizes the
following quantity:

E E [Reo(M*(Z))— > gy,

v, ~D vi~D; j:v;jéﬁgj
where g;; is the probability for i to get item j in M* under v]. By definition,

E_Rev(Z,8) = E_[Rev(M*(Z}))— > aijvlyl- (15)

I~ D! ’ /
v~ v/ ~D
oyl ’
]'Uij<ﬂij

Again because sampling v from D and projecting it on G induces the same distribution for v' as D/,
we have

E_[Reo(M*(Z))) — qz’jvéj]ZvINED[Rev(M*(Ié;vé))— > @l (16)

v ~D! . .
]IU;jSBZ{j ]:v;jggz{j

where we explicitly include v} in the input of M* to emphasize the projection.

Arbitrarily fix v_; and let U; = {j|j € M}, ij # Bi;j}. It is clear that ng < B for each j € U,
as v, < wv_; (component-wise). For any v; and the corresponding v}, as vgj =0 for any j & Mil, we
have

Z ijvi; = Z Qijvi; = Z aijvij + Z ¢ijVi;

o / ol oI U < B!
j.vijgﬁij JEM; .vgjgﬁgj JjeEM| \Ul.vgjgﬁgj ]EUl.vijSBU
—_— .. / .. , .. /
= qijVi; + qijVij — qijVij
JEMIN\U v} <Bi; J€U;v; <Bij J€U;:B]; <v},; <Bi;
e .. / .. /
= qijVi; — 4ij Vi
jeMil:vgjﬁﬂij JE€U:: B <vi;<Bij
2 : / 2 : /
j:véjgﬁi]’ jeUi5ﬁéj<vgj§/Bij
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Combining Equations 15, 16, 17 and taking summation over all players, we have
By RevH (T, 3') = ;v/;?p/ RevM(T!, B))
= Y E [ReoM (T5e)) = Y a
i

i ) i
I SB”

- Zv@D Rev(M*(Z};v}) Z iV, Z qijvgj

J: 'U” Sﬁzy Jj€U;: 5/ <U”<6w

< g EDRevA(IZ{,Bi;v;)+E IE E Qijvgj
— U~ — v~D
KA KA

JGU 6, <’U” SIBZj

_ Z E Rev'TLBsv)+ B DS > v

v~D
( JGU B <U1]<ﬁ2]

< Z:U@NEDRev i Bivi) + E Z oo vy

( JjeU; B <U1]</81]

= UNDReU )+ E Z Z Vij. (18)

v~D
( jeU; B <'U2]<sz

The first inequality above is because the first two terms in the expectation is exactly the 8-adjusted
revenue of mechanism M* on Z/. The following equality holds because U;'j = v;j for any j € Mil.
Finally, the second inequality is because 0 < ¢;; < 1 for any 1, j.

Arbitrarily fix a valuation profile v and consider the term ) > v;; at the end of
i jeU; B <'Uz]<51]

Equation 18. We show that each item j appears in the summation at most once. Indeed, for each
v;; that appears in the summation, j € M; L and D; ij is known in Z. As v;; > Z], player ¢ has
strictly higher value for j than any other player 7" whose distribution for j is also known. For any
such player ', 3, ; = vij > vyj and j is not in the set {j € Uy : B ; < virj < Byj}, which implies
that v;/; does not appear in the summation. Moreover, for any player i # i with D;»; unknown,
jEM il,, j and v;7; does not appear in the summation either. Therefore item j only appears once in
the summation. Accordingly,

o> wy= 3 (19)

i jeu; B <vzj</81] g A ist. jeU;, B <UZ]<B’L]

We now show that

> <Yy max vy, (20)

gr Mist. jEU;, Bf;<vi;<Bij i jeMZNM;

where the right-hand side is exactly the revenue generated by mechanism Mggq in Step 10 and
also the desired term in the statement of Lemma 14. Indeed, for each v;; that appears in the left-
hand side, because v;; < 35, player i’s value for j is at most the second highest among all players.
Letting ¢* = argmax;4; vi; with ties broken lexicographically, we have (;; = v;x; and v;«; is the
highest value for j among all players. Since ﬁ;j < Bij, Dj+; is unknown and j € MZ%. Below we
show j € M;+, which then implies j € M2 N M;+ and the price paid by i* in Step 10 for item j is
maxi/#* Uz”j Z Vij-
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When the distributions are generic, there are no ties in the players’ values and v;+; is the unique
maximum value for j, thus j € M;«. For arbitrary distributions, problems occur when v;; = ;; and
i < i*, which implies j ¢ M;». To deal with this special case, consider the following tie-breaking
method for the players: while the value (3;; is still defined to be v;+;, we denote it by B:g if i* <4 and

Bi; ifi* > 4. When vij = B;;, we treat vy; as strictly smaller if facing ﬁi‘; and strictly larger if facing
Bi; . All results proved in [54] and above continue to hold with respect to this tie-breaking method.
Now for any v;; that appears in the summation, either we have v;; < ;; or we have v;; = 3;; and
1" < 1, thus it is always the case that j € M;-.

Accordingly,
2. vy < 2. maxvy =), D, maxvi,

jg: 3 i st jEU;, Bf;<vii<pij g 3 i* st jEMZNM;x i jEMZNM;
and Equation 20 holds. Combining Equations 18, 19 and 20, we have
A1l ol At
Eyp Rev™*(Z', 5") < EypRev™(Z', 5) + UE:DZ | Z I{}zf Vit
? jEMfﬂMi
and Lemma 14 holds. O
We finish the whole analysis by proving Lemma 13.

Proof of Lemma 13. Similar to the proof of Lemma 12, the expected revenue generated by Bund;
in Steps 8 and 9 is

E Rev(Bund;(D;,v; a1, Bi(v-i
B, 3 Rer(Bunds (Pl v 6(0-1)
= Z E E _ Rev(Bundi(D; pp1,v; ar1s B a1))

= Z vfirIvEDfi viLEDZ- Rev(Mira (Di’Mil » Vi, M} ﬁinil )
i

= > E Rev(Mipa(Z;a B ))- (21)

The first equality above is again because items in MZ-2 does not affect Bund; given that player i’s
values for them are constantly 0 according to Dj, and D, and D; coincide when only items in Mi1
are concerned. The inequality holds because given D, yp1 and f; 1, mechanism Bund; chooses
between optimally selling to i the items as a bundle (i.e.: e; > 0) and optimally selling to ¢ each
item separately (i.e., e; = 0), whichever generates higher expected revenue over Vimr ™ D; M
while My 4 is a particular mechanism that sells each item j € ZMi1 to i separately based on D;;

and f;;. Accordingly, letting D; = x(D;;)ien and v; ~ D; for each item j, we have
By Rev(Miss 1 (T))

= E”NDZ Rev (Bundi(Dg,vinl;,ﬂi(v,i)))—|— Z maX vy
i

> Y E | Reo(Muiza(Zip: Bian)) + Y, maxvy,

;. o~P jeM2nM; 7
= Z Z E <IjeMi1 - Rev(Mipa(Zij, Bij)) + Licrrzan, 'H}W”z”j) : (22)
jeM vj~D; i
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Arbitrarily fixing an item j, we show that

> B <IjeM3 - Rev(Muza(Zigs Big)) + Liearzan, - maxvi >

Y
i J J

> Z EDIIJEMI Rev(Mipa(Z; 5, Bij))- (23)

To do so, by definition, if j € M; L for a player i then in the Bayesian instance I’ and given the

reserve price the 1-Lookahead mechanism tries to sell j to i at price®

1]7

/ ! ! !
i = argmaxx 'IN)TD’ (’Uij > x‘”ij 2 513)

T Vii ™~ g
Thus
!/ /
3 E Lican - Rev(Mapa(Zi 5, B5))
. v~ .
1 J J
Z. ! 'jLED/ j ”U,'j’IVED,'J JEME gy
i —i, —1, 7, 7
/ /
=Y E E Liens Log>e o, ) rig(veig) (24)

V—i,j~D—i j vij~Dij

where the second equality is again by sampling v; from D; and projecting on G to get v’ We write
/

Ti; as T ]( 7”) to highlight this fact. Note that glven Uﬁl], rgj( 7”) depends on the dlstrlbutlon

D’ but not on any concrete v . Also note that r] ( ) > [:.. Next, we divide the last term in
Equatlon 24 into two parts, dependlng on Whether T J( ) < 5@3 or not. That is,
E E Loy Iy (v
qu,jNDq,j vij~Di; JEM{ " Tuy2ry (Vi) ”( W)
= . ;o ;o (-
B vai,j§'D7i,j vijINEDij IJEMI L 152755 (Vi) <Irij(v*ivﬂ')<ﬁij + Irij(v*id’)z’gij> "ij (U_w)' (25)

For the 7} ( ) < fij part in Equation 25, we have

(v
Z v_; ijE:'Dfi j vijINEDij IjEMil Ivéjzr;j(vil J) I ;J( - g)<f8” "ij (U_W)
= E E E 1. Ml ( > > —|—I S > )r,(vl_)
- 'Ufi,j’\‘Dfi,j UZJNDZJ JE ’U ﬁ” T U —1 ]) 'BZJ ’U T (’071 j) () 2y
— E E E 1. Ml ( > > +I S >yl ) r,(vl_ )
— v_;,;~D_; j vij~Djj 7€ 2PBij>1; U*l ) Bij>vij 2r; (vﬂ J) ) ©J
i
<> E E Lo ( By +1 v )
I M > > 7, S >r) L 7,
— v j~D—i jvij~Dij 7€ 2Py (Vi) T Prgzvis2riy () =T
= | PRSI A ‘L. .55 - B
Z v J@l)iz i ’UU"I?D” ]GMZ- 61] >Tij (/Ufi,j) Vij Zﬁ” 57‘.]
+ Z ED K I]EMI Iﬁ”>v”>r (U—z ]) " Vi (26)
V—i, g~ —i,j Vig~ i

8Strictly speaking, under the Bayesian instance Z’, the Individual 1-Lookahead mechanism for item j works as
follows. Given v} ~ Dj, it finds the highest bidder ¢ for j with ties broken lexicographically, as well as the second
highest bid which is exactly 5{] It then tries to sell j to ¢ at price réj. For generic distributions, there are no ties in
v; and the mechanism can be run on each instance Z;; and B;; separately, without ever selling j to more than one
players. For arbitrary distributions, this can be done by introducing proper tie-breaking rules.
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The first equality above is by distinguishing whether 3;; < vl’j or not. The second equality is because

v =] ; whenever j € Mil. The inequality is because r;j(vli’j) < Bi; following the indicator in the
first term and rgj (v Z»7 j) < v;; following the indicator in the second term. Finally, the last equality
is because 1, >, S, ) = Iﬁij>r§j W, )" I,;;>p,; in the first term.

For the first term in Equation 26, because the indicators I M} and Iﬁingj (o

) does not depend

on v;;, we have

Z E E 'IjEMl_l . Iﬁij>'r;j(vl—i,]’) . I”ijZﬁij . ,BZJ

5 U—i,j~D—ij vij~Dij

- Z E  Tem Igy>r0r, ) <v E Lu>p, 'Bij>
ij

G v—ij~D—ij ij~Dij

< Z E  Tienmp Igyor o )< E ReU(MlLA(ji,jaﬁij))>,

o v-i,j~Di 77 \wij~Dij

where the inequality is because on the Bayesian instance Z] and given the reserve price (3;;, mech-
anism M4 chooses the optimal price r;; to maximize the expected revenue and is no worse than
simply setting r;; = fi;.

For the second term in Equation 26, for any valuation profile v, if there exists a player ¢ is such
that the two indicators both equal to 1, then we have 8;; > v;; > B;;, because Bi; > vi; > 7}, (v", ;)
and r;;(v"; ;) > Bj;. Thus the (lexicographically first) highest bidder i* for j in v; has his distribution
unknown, and j € M2 N M;+; and player i is the (lexicographically first) highest bidder for j in vi,
which is unique. Accordingly,

J

Z I E _:[J'€M¢1 'Iﬁij>vz‘jZT§j(v/ ) VT

i
7 v—i,j~D—ij vij~Dij !

,I\E::'D Z IjGMil . IIBZJ>’U”2T;J (v/fi,j) . Uij
T

< E I -max v < E L _oae -maxvy: = K I. .2 - max v,/
> eM2 NM,; iy = eM2 NM,; - Maxv; E eM2ny; - INaxX Uy,
vy IETE e vy I EME WM T, O, R £ J

where the last equality is because ¢* is the unique player such that the indicator is 1.
Combining the above two equations with Equation 26, for the r{;(v”; ;) < f;; part in Equation 25

we have

> E E Tieay Lo se o, ) T, yepy i (Vi)

 v—i,j~D—i j vij~Dij N

<> E Lien - Lgiyor (o )( E Re”(MlLA(ii,j,ﬁij))>

71'7'
. V=i j~D—i 77 \vij~Dij

+ E §I~ 217 - MAX V5
v;~D; i JEMINM; Eave i j

= zi:ijEDj (IjeM; Tz, ) RevMaraTig, Big)) + Liezaw, - 1ax vm’) :

For the r;(v_, ;) > Bi; part in Equation 25, we immediately have r{;(v_
the indicators are 1, because ng = D;; and vl’-j = v;; whenever j € Mil, and 7;;(v—_; ;) maximizes

the expected revenue over D;; conditional on v;; > 3;;. Thus

ij) = 1ij(v—i;) when
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/ /
v .LED . .y..@p..IjEMil Loz, ) T )28, i (Vi)
3 -7 —,J ") k¥

- Z E I ‘IjEMil ' Ivijzrij(vfi,j) ’ IT{~(UL¢,j)25ij i (V—i5)

G U—i,j~D—ij vij~Dij

= Z E IJ'EMZ.1 'Irgj(v’ )>Bij <U E IUz‘th‘j(”—i,j) 'Tij(v—l}j)>
ij

G v—ii~D—i; N i~Dij

= > E Loy Ly )zﬁij( E ReU(MlLA(Z,jaﬁij)))
o ;

7 V=i j~D—i; . i~Dij

Combining the above two equations with Equation 25 and then Equation 24, we have

Z E IjeMil-Rev(MlLA(Iz{,j’ z{j))

. Ui~
< E <IjeMi1 Aoy, ) BevMiza(Tig, i) + Lieaszon, - max Wj>
A
+ZU B Leap Ly, )28y (U.LED.. Re”(MlLA(Ii,jyﬁz‘j)))
i -] -] ) )

= > E <1jeMg - Rev(Mara(Zig, Bij) + Lienrzons, 'H}axvi'j> :
P vj~D; =

and Equation 23 holds.
Taking summation over all items j on both sides of Equation 23 and combining with Equation 22,
we have

EwDR@U(M,CSA(I)) > Z Z E IjeM} 'ReU(MlLA(I{,j» z{j))

jem i Vi~D;

= v’LED’Z Y Reo(Mira(Zi;, ) = E_ Rev(Mipa(Z') >

d
E IM(T),
. v/~ v/ ~D
i jEM,

N |

where the inequality is because M 4 is a 2-approximation to Myerson’s mechanism for each item.
Thus Lemma 13 holds. O

D Crowdsourced Bayesian Auctions for Player-wise Information

In our main results, the knowledge graphs for different items can be totally different and there is no
constraint about their structures. If all the knowledge graphs are the same, the problem becomes
a special case which is also interesting: that is, a player knows another player’s value distributions
for all items. We denote this setting as player-wise information, in contrast with previous settings
which can be considered as (player, item)-wise information.

Player-wise information setting can also model general combinatorial auctions. Recall that in
such an auction, each player ¢’s valuation function, v;, maps each subset of items to a non-negative
real, with v;()) = 0. Thus the distribution D; is over such functions rather than values for individual
items, and a player’s values for two subsets of items can be arbitrarily correlated. Given such a

33



Bayesian instance 7= (N,M,D = X;enD;), a corresponding crowdsourced Bayesian instance is
denoted by Z = (N, M, D, G), where G is a single knowledge graph: an edge (i,7') € G means that
player ¢ knows D;/.

Optimal e-BIC and BIC mechanisms have been designed in [12, 13] for combinatorial auctions,
and little is known in the literature about how to construct (approximately) optimal DST Bayesian
mechanisms here. In this section, we provide simple blackboz reductions from Bayesian to crowd-
sourced Bayesian mechanisms, showing that the latter can be obtained almost for free from the
former when there is player-wise information. The mechanism Mggp is defined in Mechanism 7,
which takes a Bayesian mechanism M p as a black-box. Notice that Bayesian Incentive Compatibil-
ity (BIC) are defined for crowdsourced Bayesian mechanisms in a similar way to that for Bayesian
mechanisms: that is, all players reporting their true valuations and true knowledge is a Bayesian
Nash equilibrium.

Mechanism 7. M¢ggp

1: Each player i reports a valuation function b; and a knowledge K; = (DZ-',)Z-/#.

2: Randomly partition the players into two sets, N1 and Ny, where each player is independently
put in Ny with probability ¢ =1 — (k + 1)_% and Ny with probability 1 — q.

3: Let N3 be the set of players in Ny whose distributions are reported by some players in Ny, and
let D;Vg be the vector of reported distributions.

4: Reward players in N; using Brier’s scoring rule, with total reward R < e.

5: Run Mp on the Bayesian instance fN3 = (N3, M, D;Vd) and the valuation functions by,; and
use the resulting allocation and prices to sell to players in Ns.

Theorem 6. For any k € [n — 1], for any combinatorial auction instances 7= (N, M,D) and
Z = (N,M,D,G) where G is k-bounded, if Mp is DST then M¢cgsp is 2-DST; and if Mp is BIC
then Mcsp is BIC. Moreover, if Mp is a o-approzimation to OPT (respectively, OPTp), then
Mesp is a Tgo-approzimation to OPT (respectively, OPTp ).

Proof. The fact that Mp being DST implies M¢ogp being 2-DST is proved in the same way as
previous mechanisms such as Mggsyp, thus all the details are omitted. Moreover, if Mg is BIC,
then M¢cgp is also BIC almost by definition. Indeed, given that all players but player i tell the
truth about their valuations and knowledge, if player ¢ is in N7, then his reported valuation is not
used and his reported knowledge only affects his utility via Brier’s scoring rule, thus telling the
truth about both maximizes i’s expected utility. If player ¢ is in No, then his reported knowledge is
never used and surely reporting the true knowledge is utility-maximizing. Moreover, given ¢ € Na,
whether ¢ € N3 or not solely depends on the other players’ strategies. If i ¢ N3, then i’s utility is 0
no matter what valuation he reports. If ¢ € N3 then, given that M p is BIC, D§V3 = Dp, and all the
others report their true valuations, reporting his own true valuation maximizes i’s expected utility.
Therefore Mggp is BIC.

The fact that Mcgp is a Tpo-approximation whenever M p is a o-approximation can be proved
in the same way as in the proof of Theorem 1, using similar notations. Below we only elaborate the
case when M p is a o-approximation to OPT. More precisely, we need to show

E,~pRev(Mcsp(Z)) > TkUOPT<2') — €.
First, for each player i,

Pr(i € N3) = Pr(i € No)Pr(37 € Ny s.t. (,4) € G | i€ Ny) > (1 —¢q)(1—(1—q)%) =
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Accordingly,

E Rew(Mesp(Z))=E E_ Rev(Mp(In,)) - R

v~D N3 1}1\]3’\/'D1\]3
> E 0OPT(Iy,)—€>0 EOPT(I)n, — €

N3 NS
= oE E Y P(OPT(I)-c¢=0 E_E Y P(OPT(I)) —e

N3 o~D N, v~D N3 N,

= Pr(i € N3)P;(OPT(I)) —

UWIVEDZ r(i € N3)P,(OPT (1)) — ¢

iEN

> Pi(OPT(I)) — € = 7,0 OPT(I) — ¢,
> TkUUINEDiGZI:\, ( (I)) —e=m,o (Z)—e¢

where the second inequality is again because, given that Mp is DST (respectively, BIC), running
the corresponding optimal Bayesian mechanism on Z and projecting the outcome to N3 is a DST
(respectively, BIC) Bayesian mechanism on Zy,. Thus Theorem 6 holds. O

Remark. With player-wise information, a player i’s valuation distribution D; is either “completely
known” or “completely unknown”. Thus for unit-demand auctions there is no need to adopt the
COPIES setting to handle the scenario where only part of D; is reported.

As before, the approximation ratio of Mcgp increases as k gets larger and converges to that of
the Bayesian mechanism. When k£ = 1, it provides a 4-approximation using the optimal Bayesian
mechanism as a black-box. Also note that the model studied in [4] is a very special case even
compared with the player-wise information setting: that is, G is the complete graph and k =n — 1.
Since 7,1 = nn’/‘(ijil) —-1- % when n gets larger, the revenue of our mechanism essentially matches
that of [4] in this special case.

When not everything is known (that is, & = 0), we again consider the Bayesian instance projected
to the knowledge graph, and benchmark against the optimal revenue there. The following corollary
holds simply by setting g = % in Mcogp.

Corollary 3. In the player-wise information setting, for any combinatorial auction instances 7=
(N,M,D), T=(N,M,D,G) and ' = (N, M, D’) where D' is D projected on G, for any Bayesian
mechanism Mp, the revised mechanism Mcgcgp is such that: if Mp is DST then Mcgp is 2-DST;
if Mp is BIC then Mcgp is BIC. Moreover, if Mp is a o-approzimation to OPT (respectively,
OPTp), then Mcsp(Z) is a §-approzimation to OPT(Z') (respectively, OPTp(I")).

E Removing the No-Bluff Assumption

To remove the no-bluff assumption, recall that, without this assumption, player ¢ may report a
distribution for another player i"’s value for an item j even if (i,7") ¢ G;. However, if there exists a
third player 7 who knows i"’s distribution Dy, and if player i is also rewarded for player i’s report,
then intuitively 4 has no incentive to bluff about i’. That is, not only a player is paid for reporting
the distributions he knows, but he is also paid for keeping quiet about the distributions he does not
know and letting the experts speak. Surely reporting D;; maximizes player ¢’s expected reward, but
he does not have the information to decide what D;; is.? Therefore, as long as reporting “_1” gives

9Using the standard language, player i’s information set contains at least two different distributions for i’’s value
for j.
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player i the same utility as the unknown strategy of reporting Dj;, and as long as reporting any
distribution other than D;/; gives him a strictly smaller utility, player ¢ will report “ 1" about D ;.

More precisely, taking our mechanism for unit-demand auctions in Section 3 as an example, we
can change the reward steps to the following:

e For each player ¢ and item j, let R;; be the set of players who did not report “_L” about i’s
value for j. Randomly select a player i’ from R;; and compute r;; = BSR(DZ?;., bij), where Df;
is the distribution reported by ¢’ and b;; is ¢’s reported value for j. Reward all players other
than ¢ proportional to r;;.

Other parts of the mechanism remains the same. It is easy to see that, for any k-bounded crowd-
sourced Bayesian instance with k > 1, if all players except ¢ report their true values and true
knowledge, then player i’s best strategy is to tell the truth about his own. Thus the resulting
crowdsourced mechanism is BIC. All the other mechanisms with knowledge graphs being at least
1-bounded can be changed similarly. We have the following theorem, whose proof has been omitted.

Theorem 7. For any crowdsourced Bayesian mechanism M in previous sections with knowledge
graphs being at least 1-bounded, there exists a BIC crowdsourced mechanism M’ with the same
expected revenue in the same auction settings, without making the no-bluff assumption. Moreover,
all players reporting their true values and true knowledge is the unique Bayesian Nash equilibrium
in M, besides the unachieved ones where each player reports the unknown true distributions.

When not everything is known and the players may bluff, a player may not report “_1” about
a distribution he does not know, because he may still get some reward in case nobody knows that
distribution. It is an interesting open problem to design crowdsourced Bayesian mechanisms when
not everything is known and without the no-bluff assumption.

F Aggregating the Players’ “Insider” Knowledge

As mentioned in Section 1, since the common prior assumption implies that every player has correct
and exact (that is, no more, no less) knowledge about all the distributions, in the main body of this
paper we do not consider scenarios where the players have “insider” knowledge. Incorrect insider
knowledge has been studied in [9, 2, 20, 21, 10] and is not the focus of this paper. However, in some
scenarios each player may have extra knowledge about the other players’ value distributions besides
the prior, and such knowledge is actually correct!?: that is, it is a refinement of the prior. Different
players’ extra knowledge, although all correct, may refine the prior in different ways.

For example, when the prior distribution of a player i’s value for an item j is uniform over
[0,100], after v;; is drawn another player ' may observe whether v;; > 50 or not, and a third player
i may observe whether v;; € [20,80]. Thus player ¢ believes that v;; is uniform over [0, 50] or
(50, 100], depending on his signal; and player i also has his own beliefs depending on his signal.

The players’ correct knowledge must be consistent with each other and, by combining their
knowledge together one obtains an even better refinement of the prior. In the example above, if
player i’ observes v;; < 50 and player i observes v;; ¢ [20,80], then it must be that v;; € [0,20)
and the posterior distribution is uniform in this range. However, neither 7' nor " knows this fact.

To model the players’ extra knowledge, we equip the knowledge graphs in the crowdsourced
Bayesian setting with information sets. To begin with, for any two players 7,4’ and item j such that
(i,i') € Gj, there is a partition P} ; of the support of Dy;. After the true value vy is drawn, letting
S(viz;) be the unique set in the partition that contains vy ;, player i learns the fact that player i"’s

'9A similar scenario in the literature of contracts was considered in [15] with different concerns.
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true value for j falls into S(v;;) and the posterior distribution is Dy ;|S(vy;). More generally, the
partitions may depend on player i’s own true valuation w;, because it is part of the information
he has. To be consistent with the fact that different values are independently drawn, given v; and
the information sets observed by ¢ for different distributions of the other players, i considers the
posterior distributions to be independent.

It is not hard to see that for unit-demand auctions with arbitrary knowledge graphs, when the
players have refined knowledge our mechanisms remain 2-DST, where a player’s true knowledge is
now the posterior distributions known by him. Since the optimal Bayesian revenue increases when
the distributions are refined [4], the revenue of our mechanisms also increases. For additive auctions
the same holds when everything is known, and a more careful analysis will be needed to understand
how the revenue of our mechanism changes with respect to the players’ refined knowledge when
not everything is known. For single-good auctions when the knowledge-graph is 2-connected, one
needs to compute a player’s virtual value only when his distribution is reported for the first time,
otherwise the players may not report their true knowledge.

Finally, although our mechanisms and the ones in [4] allow each player to privately refine the
prior, the revenue benchmarks are still defined with respect to the prior (and the knowledge graphs),
without considering the refinements. An important open problem here is to design crowdsourced
Bayesian mechanisms whose revenue approximates an even more demanding benchmark — the
optimal revenue based on the “aggregated refinement” obtained by combining all players’ refinements
together.

References

[1] A. Archer and E. Tardos. Truthful mechanisms for one-parameter agents. In 42nd IEEE
Symposium on Foundations of Computer Science (FOCS’01), pages 482-491, 2001.

[2] G. Artemov, T. Kunimoto, and R. Serrano. Robust virtual implementation: Toward a reinter-
pretation of the Wilson doctrine. Journal of Economic Theory, 148(2):424-447, 2013.

[3] R. J. Aumann. Agreeing to disagree. The Annals of Statistics, 4(6):1236-1239, 1976.

[4] P. Azar, J. Chen, and S. Micali. Crowdsourced Bayesian auctions. In 3rd Innovations in
Theoretical Computer Science Conference (ITCS’12), pages 236-248, 2012.

[5] M. Babaioff, N. Immorlica, and R. Kleinberg. Matroids, secretary problems, and online mech-
anisms. In 8th Annual ACM-SIAM Symposium on Discrete Algorithms (SODA’07), pages
434443, 2007.

[6] M. Babaioff, N. Immorlica, B. Lucier, and S. M. Weinberg. A simple and approximately
optimal mechanism for an additive buyer. In 55rd Annual IEEE Symposium on Foundations
of Computer Science (FOCS’1/), pages 21-30. IEEE, 2014.

[7] C. W. Bach and E. Tsakas. Pairwise epistemic conditions for nash equilibrium. Games and
FEconomic Behavior, 85:48-59, 2014.

[8] S. Baliga and R. Vohra. Market research and market design. Advances in Theoretical Eco-
nomics, 3(1), 2003. Article 5.

[9] D. Bergemann and S. Morris. Robust Mechanism Design. World Scientific, Hackensack, NJ,
2012.

37



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

21]

[22]

23]

[24]

D. Bergemann and S. Morris. Informational robustness and solution concepts. Princeton
University William S. Dietrich II Economic Theory Center Research Paper No. 067 2014,
http://ssrn.com/abstract=2538677, 2015.

G. W. Brier. Verification of forecasts expressed in terms of probability. Monthly Weather
Weview, 78(1):1-3, 1950.

Y. Cai, C. Daskalakis, and S. M. Weinberg. An algorithmic characterization of multi-
dimensional mechanisms. In 44th Annual ACM Symposium on Theory of Computing
(STOC’12), pages 459-478, 2012.

Y. Cai, C. Daskalakis, and S. M. Weinberg. Optimal multi-dimensional mechanism design:
Reducing revenue to welfare maximization. In 58rd Annual IEEE Symposium on Foundations
of Computer Science (FOCS’12), pages 130-139, 2012.

Y. Cai, N. R. Devanur, and S. M. Weinberg. A duality based unified approach to Bayesian
mechanism design. In 48th Annual ACM Symposium on Theory of Computing (STOC’16),
pages 926-939, 2016.

G. Carroll and D. Meng. Robust contracting with additive noise. Journal of Economic Theory,
166:586-604, 2016.

S. Chawla, H. Fu, and A. Karlin. Approximate revenue maximization in interdependent value
settings. In 15th ACM Conference on Economics and Computation (EC’15), pages 277-294,
2014.

S. Chawla, J. D. Hartline, and R. Kleinberg. Algorithmic pricing via virtual valuations. In 8th
ACM Conference on Electronic Commerce (EC’07), pages 243-251, 2007.

S. Chawla, J. D. Hartline, D. L. Malec, and B. Sivan. Multi-parameter mechanism design and
sequential posted pricing. In 43th ACM Symposium on Theory of Computing (STOC’10), pages
311-320, 2010.

S. Chawla, D. L. Malec, and B. Sivan. The power of randomness in Bayesian optimal mechanism
design. In 11th ACM Conference on Electronic Commerce (EC’10), pages 149-158, 2010.

J. Chen and S. Micali. Mechanism design with possibilistic beliefs. Journal of Economic
Theory, 156:77-102, 2013. Conference version appeared at 52nd IEEE Annual Symposium on
Foundations of Computer Science (FOCS’11), pages 87-96, 2011.

J. Chen, S. Micali, and R. Pass. Tight revenue bounds with possibilistic beliefs and level-k
rationality. Econometrica, 83(4):1619-1639, 2015.

R. Cole and T. Roughgarden. The sample complexity of revenue maximization. In 46th Annual
ACM Symposium on Theory of Computing (STOC’14), pages 243-252, 2014.

R. Cooke. FExperts in uncertainty: opinion and subjective probability in science. Oxford Uni-
versity Press on Demand, 1991.

J. Cremer and R. P. McLean. Full extraction of the surplus in Bayesian and dominant strategy
auctions. Econometrica, 56(6):1247-1257, 1988.

38



[25]

[26]

[27]

28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]

[42]

N. R. Devanur and J. D. Hartline. Limited and online supply and the Bayesian foundations
of prior-free mechanism design. In 10th ACM Conference on Electronic Commerce (EC’09),
pages 41-50, 2009.

N. R. Devanur, Z. Huang, and C. Psomas. The sample complexity of auctions with side
information. In 48th Annual ACM Symposium on Theory of Computing (STOC’16), pages
426-439, 2016.

P. Dhangwatnotai, T. Roughgarden, and Q. Yan. Revenue maximization with a single sample.
Games and Economic Behavior, 91:318-333, 2015.

S. Dobzinski, H. Fu, and R. D. Kleinberg. Optimal auctions with correlated bidders are easy.
In 43th Annual ACM Symposium on Theory of Computing (STOC’11), pages 129-138, 2011.

R. Fagin, J. Y. Halpern, Y. Moses, and M. Vardi. Reasoning about knowledge. MIT press, 2004.

T. Gneiting and A. E. Raftery. Strictly proper scoring rules, prediction, and estimation. Journal
of the American Statistical Association, 102(477):359-378, 2007.

A. V. Goldberg, J. D. Hartline, A. R. Karlin, M. Saks, and A. Wright. Competitive auctions.
Games and Economic Behavior, 55(2):242-269, 2006.

J. C. Harsanyi. Games with incomplete information played by “Bayesian” players, I-I11. Part I:
The basic model. Management Science, 14(3):159-182, 1967.

S. Hart and N. Nisan. Approximate revenue maximization with multiple items. In 15th ACM
Conference on Electronic Commerce (EC’12), pages 656—656, 2012.

J. Hartline and A. Karlin. Profit maximization in mechanism design. In N. Nisan, T. Rough-
garden, E. Tardos, and V. V. Vazirani, editors, Algorithmic Game Theory, pages 331-361.
Cambridge, 2007.

J. D. Hartline and T. Roughgarden. Optimal mechanism design and money burning. In 40th
Annual ACM Symposium on Theory of Computing (STOC’08), pages 75-84, 2008.

J. D. Hartline and T. Roughgarden. Simple versus optimal mechanisms. In 10th ACM confer-
ence on Electronic commerce (EC’09), pages 225-234, 2009.

Z. Huang, Y. Mansour, and T. Roughgarden. Making the most of your samples. In 16th ACM
Conference on Economics and Computation (EC’15), pages 45-60, 2015.

W. James. Some Problems of Philosophy. Harvard University Press, Cambridge, 1979.

R. Kleinberg and S. M. Weinberg. Matroid prophet inequalities. In 44th Annual ACM Sympo-
stum on Theory of Computing (STOC’12), pages 123-136, 2012.

D. Lehmann, L. I. Oc¢allaghan, and Y. Shoham. Truth revelation in approximately efficient
combinatorial auctions. Journal of the ACM, 49(5):577-602, 2002.

X. Liand A. C.-C. Yao. On revenue maximization for selling multiple independently distributed
items. Proceedings of the National Academy of Sciences, 110(28):11232-11237, 2013.

N. Miller, P. Resnick, and R. Zeckhauser. Eliciting informative feedback: The peer-prediction
method. Management Science, 51(9):1359-1373, 2005.

39



[43]
[44]

[45]

[46]

147]

48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

R. B. Myerson. Optimal auction design. Mathematics of Operations Research, 6(1):58-73, 1981.
D. Prelec. A Bayesian truth serum for subjective data. Science, 306(5695):462—466, 2004.

G. Radanovic and B. Faltings. A robust Bayesian truth serum for non-binary signals. In 27th
AAAI Conference on Artificial Intelligence (AAAI’13), pages 833-839, 2013.

J. Renault and T. Tomala. Repeated proximity games. International Journal of Game Theory,
27(4):539-559, 1998.

J. G. Riley and W. F. Samuelson. Optimal auctions. The American Economic Review,
71(3):381-392, 1981.

A. Ronen. On approximating optimal auctions. In 8rd ACM Conference on Electronic Com-
merce (EC’01), pages 11-17, 2001.

A. Rubinstein and S. M. Weinberg. Simple mechanisms for a subadditive buyer and applications
to revenue monotonicity. In 16th ACM Conference on Economics and Computation (EC’15),
pages 377-394, 2015.

I. Segal. Optimal pricing mechanisms with unknown demand. The American Economic Review,
93(3):509-529, 2003.

A. D. Shaw, J. J. Horton, and D. L. Chen. Designing incentives for inexpert human raters.
In Proceedings of the ACM 2011 conference on Computer supported cooperative work, pages
275-284. ACM, 2011.

R. Wilson. Game-theoretic analysis of trading processes. In T. Bewley, editor, Advances in
Economic Theory: Fifth World Congress, pages 33—77, 1987.

J. Witkowski and D. C. Parkes. Peer prediction without a common prior. In 13th ACM
Conference on Electronic Commerce (EC’12), pages 964-981, 2012.

A. C.-C. Yao. An n-to-1 bidder reduction for multi-item auctions and its applications. In 26th
Annual ACM-SIAM Symposium on Discrete Algorithms (SODA’15), pages 92-109, 2015.

P. Zhang and Y. Chen. Elicitability and knowledge-free elicitation with peer prediction. In
13th International Conference on Autonomous Agents and Multigent Systems (AAMAS’14),
pages 245252, 2014.

40



