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Abstract

With the increasing interest in the role information providers
play in multi-agent systems, much effort has been dedicated
to analyzing strategic information disclosure and signaling by
such agents. This paper analyzes the problem in the context
of auctions (specifically for second-price auctions). It pro-
vides an equilibrium analysis to the case where the infor-
mation provider can use signaling according to some pre-
committed scheme before introducing its regular (costly) in-
formation selling offering. The signal provided, publicly dis-
closes (for free) some of the information held by the infor-
mation provider. Providing the signaling is thus somehow
counter intuitive as the information provider ultimately at-
tempts to maximize her gain from selling the information
she holds. Still, we show that such signaling capability can
be highly beneficial for the information provider and even
improve social welfare. Furthermore, the examples provided
demonstrate various possible other beneficial behaviors avail-
able to the different players as well as to a market designer,
such as paying the information provider to leave the system
or commit to a specific signaling scheme. Finally, the paper
provides an extension of the underlying model, related to the
use of mixed signaling strategies.

Introduction

Recent advances in information processing and communica-
tion technologies have given rise to the emergence of strate-
gic information providers in Multi-agent settings. These in-
formation providers (typically referred to as information
brokers or experts) are capable of disambiguating much
of the uncertainty associated with the different alternatives
available to agents (e.g., in search-based markets (Nahum
et al. 2012; Chhabra, Das, and Sarne 2014b), online dating
(Das and Kamenica 2005), e-commerce (Hajaj, Hazon, and
Sarne 2015)).

One domain where the choice of the information available
to the different players is of great importance is auctions. In
particular, whenever the bidders’ valuations of the auctioned
item depend on some uncertain property of the auctioned
item, e.g, its common value, the detail and completeness
of the information disclosed is crucial (Johnson and Myatt
2006; Board 2009). The information disclosed to the bid-
ders affects the identity of the winner in the auction and the

Copyright (© 2017, Association for the Advancement of Artificial
Intelligence (www.aaai.org). All rights reserved.

David Sarne
Bar-Ilan University, Israel
sarned @cs.biu.ac.il

319

Igal Milchtaich
Bar-Ilan University, Israel
igal.milchtaich@biu.ac.il

auctioneer’s profit. In this context, an external information
provider can be of relevance, whenever the auctioneer her-
self does not have the information necessary to fully disam-
biguate the uncertainty associated with the item (e.g., does
not have the specific expertise or special equipment required
for generating the information) or does not want to disclose
such information for her own strategic considerations. For
example, an individual selling an antique she found in her
attic does not necessarily have the expertise needed in order
to determine its authenticity and condition. She can, how-
ever contact an expert that knows about these things in order
to get this information.

Despite their importance in auctions, the study of profit-
maximizing information providers in this domain has been
limited, to date, to the price setting problem, i.e., the pricing
of the information offered for sale (e.g., see (Sarne, Alkoby,
and David 2014)). The choice of what information to dis-
close in auctions was studied only in the context of informa-
tion available to the auctioneer that can possibly be disclosed
to the bidders (Dufwenberg and Gneezy 2002; Es6 and
Szentes 2007; Emek et al. 2012; Miltersen and Sheffet 2012;
Ganuza and Penalva 2010; Jewitt and Li 2012). The analysis
of information disclosure by an external self-interested in-
formation provider entity, however, calls for a different anal-
ysis framework and may reveal much new insight. For exam-
ple, it has been shown in various domains that information
brokers can gain much by limiting their information offers
and its accuracy (Chhabra, Das, and Sarne 2014a) or even
offering some of it for free (Alkoby, Sarne, and Das 2015;
Rysman 2009; Hajaj and Sarne 2014).

In this paper, we introduce a similar approach to the
auction domain, focusing in extending an information
provider’s strategy space to include signaling that aims to
selectively disclose, for free, some of the information she
holds. The signal is disclosed to the auctioneer and bid-
ders prior to making the decision of whether to purchase the
information offered for sale. In doing so, the information
provider, at times, fully discloses the information she holds
and hence the information is not purchased. Yet, this strat-
egy, as demonstrated in the paper, substantially improves the
price the players will be willing to pay for the information
in other cases, hence overall the effect on the information
provider’s profit is positive.



Contributions The main contribution of the paper is
the demonstration that partial free information disclosure
may be beneficial for the information provider, despite the
counter-intuitiveness of the action. This is demonstrated
by a three-party equilibrium analysis for an information-
provider-based auction setting with signaling. Furthermore,
we show that the benefit of the information provider is not
entirely at the expense of the auctioneer. In addition we
show that in various settings players may find it beneficial to
pay the information provider to leave the system entirely or
switch to a different strategy. Finally, the paper offers vari-
ous extensions to the information provider’s strategy, such as
the use of mixed signaling and restricting her strategy space.

The Model

We consider a standard second-price sealed-bid (Vickrey)
auction setting where bidders’ private values depend on
some uncertain value X pertaining to (or characterizing) the
auctioned item (e.g., the number of people passing by next
to an auctioned ad space).! The parameter X may obtain any
value from a finite set X *, where the probability it receives
a value z is given by p(z) (O_, ¢ x« p(z) = 1). We will call
X the state of the world.

Each bidder can be of any type T from a finite set 7™,
where the probability of a bidder being of a type ¢ is given
by q(t) O ,cr-q(t) = 1). The different types are in-
dependent. An agent’s type t determines its valuation of
the auctioned item (i.e., its private value) for each value x
that X may obtain, denoted V;(z). Finally, it is assumed
that all players (information provider, auctioneer and bid-
ders) are familiar with the distributions of X and 7" and
the number of bidders taking part in the auction, denoted
n, and that each bidder knows her own type. Similar to re-
cent prior work (both in auctions and other domains) we
assume that the uncertainty associated with the value of
X can be disambiguated by some agent denoted “infor-
mation provider” (Cheng and Koehler 2003; Hagiu 2004;
Evans and Schmalensee 2005). The information provider
can sell this information to the auctioneer. We further as-
sume that if such information is purchased by the auctioneer,
then she must reveal it to the bidders as well, e.g., as part of
fair information disclosure regulations.

Unlike prior work that also used the above underlying
model, our model enables the information provider, in ad-
dition to setting the price for her information providing ser-
vice, to send a signal that partially reveals the information
she holds. While we do not put any constraint on the signal
itself (i.e., it can have any form and its content can either
directly relate or have nothing to do with the actual value
of X) we assume the signal becomes public domain in the
sense that it is revealed both to the auctioneer and bidders.
Furthermore, we assume that the information provider must
publicly commit to a specific strategy.

Formally, the information provider’s strategy, denoted

'A specific case is where X represents the common value of the
auctioned item (Jewitt and Li 2012; Goeree and Offerman 2003;
Miltersen and Sheffet 2012; Klemperer 2004) and bidders’ private
values depend to some extent on that common value.
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(M, S, C), specifies a set M of possible messages, a func-
tion S : X* — M specifying the message S(z) that will be
sent when the state of the world is x (X = x), and a func-
tion C' : M — Ry that specifies the price C'(m) > 0 asked
for revealing the true state of the world when the message is
m € M.

The course of the game is therefore as follows (see Figure 1
for the extensive form game representations):

e The Information provider publicly commits to a set of
possible signals M, a mapping function S, and a pric-
ing function C'. The pair (M, S) will be denoted signaling
scheme onward.

e The information provider learns the true state of the world
and sends the appropriate signal m according to the sig-
naling scheme she has committed to.

e The auctioneer either purchases from the information
provider the information regarding to the true value of X
(and truthfully discloses it to the bidders) or does not pur-
chase it.

e Each bidder becomes acquainted with her type and places
her bid.

All actions according to the above flow are publicly visible
to the other players. Notice that there are several nodes in
Figure 1 that are in fact in the same information set. For
example, it is possible that S(2’) = S(z”) (where 2’ # z)
hence the nodes of type 3 coming out of the “not-purchase”
auctioneer decisions (originating from type 2 nodes) when
the information provider commits to a strategy which uses
S are all part of the same information set. One important
detail that is not being presented in the figure is the fact that
the bidders can be of different types hence provide different
bids for the same state of the world.

All players are assumed to be fully-rational self-interested
agents, aiming to maximize their expected profits. The infor-
mation provider’s profit is her revenue from selling the infor-
mation. The auctioneer’s profit is calculated as her revenue
from the auction (captured by the second best bid) minus the
payment made to the information provider if the information
is purchased. A bidders profit is the difference between her
valuation of the auctioned item and her payment to the auc-
tioneer in case of winning the auction and zero if she loses.
Finally, we measure the social welfare as the sum of the auc-
tioneer’s, bidders’ and the information provider’s expected
profits. The social welfare is also equal to the expected true
valuation of the item in the eyes of the winning bidder. This
is due to the fact that both the auctioneer’s and the infor-
mation provider’s profits are exclusively based on payments
made by or to the other players, thus canceled out by other
players’ profits, resulting in a social welfare measure that is
the true valuation of the item in the eyes of the winner. This
represents the efficiency of the allocation made and aligns
with the way social welfare is measured in prior work, even
when not considering an information provider in the model
(Krishna2002 p.75-76).
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Figure 1: Extensive form game representation of the game.
Analysis (i.e., the second highest bid) when the information provider

We analyze the auction using backwards induction. We start
with the bidders’ best response strategy. A bidder’s bidding
strategy is influenced by the signaling scheme to which the
information provider had committed, the bidder’s own type
t, the signal m she disclosed or the state of the world z
disclosed by the auctioneer. It is captured by the function
By : MU X* — R as follows:

) Vi(a) a€X*
Bl = {Zyp(yla)Vt(y) a€M

where p(z|m) is the conditional probability of X = x given
that the signal sent is m, specifically:

zlm) = { =
p(z|m) {0

The optimality of the above subscribed strategy derives
from the fact that if the information is purchased eventu-
ally and the bidders receive the true value z, then this new
information necessarily overrides any prior information en-
capsulated in m. Hence since this is a second price (Vick-
rey) auction the bidders’ best response is necessarily to bid
their true valuation, i.e., V;(x) (Vickrey 1961). Otherwise,
if the true value is not purchased by the auctioneer (i.e.,
a € M) then the bidders should update the probabilities
assigned to each possible value z € X*: (a) each value z for
which S(x) # a obtains a probability 0 as the information
provider’s commitment precludes its legitimacy as a poten-
tial value X may obtain; (b) the probability of each value
2 for which S(z) = a is the conditional probability given
a, again due to the commitment of the information provider.
Based on the updated (posterior) probabilities, the best re-
sponse strategy is to bid the expected private value (Emek et
al. 2012).

Next, we analyze the auctioneer’s strategy. The auction-
eer’s strategy defines her action to any strategy (M, S, C)
used by the information provider and the signal m sent. It
needs to take into account the best response strategy of the
bidders. We use the function R,,. : M U X* — R for de-
noting the expected profit of the auctioneer from the auction

ey

p(x)
yes—1(m) p(y)

if S(x) =m

otherwise

@
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is committed to (M, S, C') and the bidders use their best re-
sponse bids. The argument of the function is the true state
of the world x € X* if the information was purchased and
the signal m € M sent otherwise. The auctioneer’s best re-
sponse is to purchase the information whenever its value is
greater than its cost. Formally, the information is purchased
whenever }, p(y|m) - Raue(y) — Rauc(m) = C(m).

Now that we have the best response strategies of the auc-
tioneer and bidders we can find an information provider’s
best response strategy. The information provider will choose
a strategy (M, .S, C') which maximizes her expected profit,
given by:

> @) C(S(@))

zeX

3)

where, for any m € M:?

C(m) = maX(ZP(ylm) “ Rauc(y) — Rauc(m),0)

The sum (3) calculates the expected profit of the infor-
mation provider when using a strategy (M, S, C') while hav-
ing every element C'(S(x)) set to be the maximum possible
fee at which the information is purchased by the auctioneer
whenever receiving the signal m € M. The calculation sums
all possible values in X* weighing the appropriate gain ac-
cording to the a priori occurrence probability of each value.

One important feature of the information provider’s sig-
naling strategy is that it induces a partition of the set X *.
Two states of the world z; and x;, are in the same parti-
tion element if and only if the same message is sent in both
states. Clearly, the only information revealed by a message
is the identity of the partition element that includes the true
state of the world; the actual content is irrelevant. Therefore,
there is no loss of generality in specifying a strategy as a
partition of X* and a cost c¢ for each partition element.

“Note that for the case where C(m) = 0 (i.e., >, p(ylm) -
Rauc(y) < Rauc(m), hence the information has no value for the
auctioneer) there is an infinite number of best-response strategies
for the information provider, as any positive price will lead to the
same result of not purchasing the information upon disclosing m.



This observation has two implications. The first is con-
ceptual, as it reveals the main interpretation of the signaling
- giving away information. This is further discussed in much
detail in the following numerical section. The second im-
plication is computational. Seemingly, the solution concept
outlined above would require iterating over an infinite num-
ber of signaling schemes. With the observation that the in-
formation provider’s signaling strategy induces a partition of
X* one needs to consider only a Bell number (of the number
of values in X*) of schemes.? This is still intractable when
the set of possible values is large, or continuous, however in
practice we typically have a very limited set of world-states
(or categories). For example, a geologist selling information
about the quantity of oil buried under a land will usually pro-
vide you with one out of several ranges. Similarly, the value
of a rare coin offered for sale is affected by the era it was
made (of a limited set).

The equilibrium can thus be calculated by finding a strat-
egy profile in which all players are using their best response
strategy. Since the information provider chooses the solu-
tion that maximizes her expected profit and we have already
shown that the seemingly infinite strategy space can be re-
duce to a Bell number, an equilibrium solution necessarily
exists.

One key feature of interest in our model where the in-
formation provider can use signaling is the change in the
different players’ expected profit and in particular the social
welfare compared to the case where signaling is precluded.
While we discuss and demonstrate numerically typical pat-
terns of changes in the different parties’ expected profit in
the next section, we can also prove some relationships be-
tween the equilibrium social welfare for the two cases.

For this purpose we first define the concept of signaling
refinement in the context of signaling schemes in our model,
leading to a partial order of equilibria.

Definition 1 A signaling scheme (M,S) induces a finer
partition of the set X* than the signaling scheme (M',S")
if for any x the following holds: {y|S(y) = S(x)} C
{y|S"(y) = S’(x)} and there exists at least one x for which
the inclusion is strict.

Proposition 1 Any equilibrium E such that there is no other
equilibrium E' that uses a finer signaling scheme is effi-
cient (maximizes the social welfare). In particular, an effi-
cient equilibrium exists.

Proof. 1t suffices to show that if there is an equilibrium by
which the social welfare is not maximized then there also
necessarily exists an equilibrium that uses a finer signaling
scheme (hence eventually there is an equilibrium that max-
imizes social welfare). Consider equilibrium E by which
the information provider is using a strategy (M, .S, C) and
the social welfare is not maximized. Since the social wel-
fare in the auction is equal to the true valuation of the item
in the eyes of the winner, the social welfare is maximized

3The number of possible partitions of a set of size b is a Bell

number, given by the recursive formula: By11 = Y 0_ (°) - B,
Bo=1.

322

whenever the auctioned item is always allocated to the bid-
der that values it most. In our model this happens whenever
all bidders bid their exact valuation according to the true
state of the world.* Since the social welfare is not maxi-
mized in F then there is necessarily a signal m € M that
is used in S for at least two different states of the world
(3z;,x; € X* for which S(z;) = S(x;) = m) and the in-
formation is not purchased by the auctioneer upon sending
the signal m. Now consider a strategy (M’,S’, C") which
differs from (M, S, C) only in having a different (new) sig-
nal for every state of the world for which the signal used with
strategy (M, S, C) is m. The expected profit of the infor-
mation provider is identical with both strategies (M, S, C)
and (M’,S’,C") as the new signals fully disclose the cor-
responding states of the world and the information is not
purchased in those cases. Therefore since (M, S, C) is in
equilibrium, so is (M’,S’,C") (as it maximizes the infor-
mation provider’s profit). The new equilibrium uses a finer
signaling scheme than the one used by E by definition. [

One important implication of Proposition 1 is that there
exists at least one socially optimal equilibrium. This as op-
posed to the case of a model where signaling is not used at
all, where it is possible that there is no positive value for
the auctioneer from the information held by the informa-
tion provider (hence the information is not purchased). The
model where signaling is not used at all is equivalent to the
case where the information provider provides an uninforma-
tive signal. An uninformative signal is one that encapsulates
no information whatsoever, e.g., when always providing the
same signal regardless the true world state. Therefore by en-
abling signaling we can guarantee at least one equilibrium
with an improved social welfare, if initially the information
offered no value for the auctioneer. Furthermore, the social
welfare in this latter case is a lower bound for the social
welfare achieved with any signaling scheme as the follow-
ing proposition states.

Proposition 2 The social welfare when the bidders do not
get any signal or get an uninformative signal is lower than
or equal to the social welfare in case of getting any other
signal.

Proof. The information is a random element y. (In the case
of the free information (i.e., signaling), y = S(z), where
is the random state of the world). For any fixed vector of bid-
der types, bidder i’s valuation is a random variable V;, (x) (as
it depends on the state of the world). Given the information
1y, the bidder’s bid is the conditional expectation of his val-
vation, E(V;, (z)|y). The winning bid is max; E(V;, (z)|y),
which is also the conditional expectation of the social wel-
fare, given y. The unconditional expectation is therefore:

E(maxE(Vi, (w)]y)) >
max E(E(Vy, (z)]y)) = max E(V;, (z))

The expression on the right-hand side is the expected social
welfare without the information y. O

“This can also happen when bidders bid according to expecta-
tions however there is one bidder who values the item more than
others for each state of the world.



On the other hand, if the information is purchased when
not using signaling then the social welfare cannot further im-
prove with the use of signaling, as the equilibrium is already
efficient.

Numerical Illustration

We continue by illustrating the benefit for the information
provider in free information disclosure (i.e., signaling in our
model) and the effect on social welfare and the different
players’ profit. Since the goal of the numerical examples
is primarily illustrative, we use abstract synthetic settings
where different bidder types are arbitrarily assigned their
private value for any possible state of the world.

n=4 private values
xr1 T xr3 g Ts5
p(Values)
Type 028 | 0.19 | 0.2 | 0.07 | 0.26
q(Types)
1 0.38 66 5 35 45 24
2 0.22 72 86 28 73 14
3 0.4 84 14 59 37 81

Table 1: The setting used in the example given in Figure 2

Consider the auction setting given by Table 1. In this ex-
ample there are four bidders, each assigned type 1, to or
t3 with probabilities 0.38, 0.22 and 0.4, respectively. The
state of the world (the value of X) may obtain one out of
five possible values, 1 through x5, with the probabilities
shown. The remaining values in the table are the private val-
ues that bidders of different types assign to the different pos-
sible values of X. In this setting, the information provider’s
expected profit if she decides to commit to the trivial strat-
egy of not disclosing any information through signaling (for-
mally: S(z1) = S(z2) = S(z3) = S(z4) = S(z5), orin
the shorter form that we will use onwards: {{1,2,3,4,5}}),
is 0 since the information is not being purchased by the auc-
tioneer.> The information provider can, however, commit to
a strategy S’ = {{1,3,4,5},{2}}, C({1,3,4,5}) = 1.24,
C({2}) = 0, in which case the expected profit is 1.01. This
example illustrates the benefit in free information disclo-
sure. The signal results in shrinking the set of possible states
of the world, hence the information provider is providing
to the other players some of the information she holds, for
free. This might seem somehow counter-intuitive, as poten-
tially the information provider could have tried “selling” this
information. In particular, whenever disclosing a signal m
which is unique, in the sense that there is only one value
x € X* that maps to it (as in the case of x5 in the example
above), the disclosure of the signal fully reveals the true state
of the world and the information provider’s service is neces-
sarily not used. Still, by distinguishing this case, the infor-
mation held by the information provider in other states of the
world becomes of greater value for the auctioneer and this

3An example where the information is being purchased even
when committing to an uninformative signaling scheme is obtained
by changing the value of ; to bidders of type ¢; in the table from
66 to 200.
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added benefit outweighs the loss incurred by giving away
part of the information for free. Specifically, in our exam-
ple, the auctioneer is willing to purchase the information,
whenever it is not x, for a payment of 1.24. This can be
intuitively explained by the fact that bidders of types ¢; and
ts (the two types associated with a substantial probability
compared to ¢2) have a relatively low value for z5. In the ab-
sence of indication concerning whether or not X = x there
is a chance that if purchasing the information the value will
turn to be x5 in which case the bidders of these two types
will place low bids, resulting in low expected second best
bid. Therefore, while the expected second best bid for all
other values will improve, the substantial decrease in profit
in case the value x» is obtained completely precludes pur-
chase. However, with the initial indication whether x5 is
possible or not, the auctioneer can choose to purchase the
information whenever knowing that x5 is not a possible out-
come. Therefore committing to a strategy that gives away
some of the information held by the information provider
through signaling can be highly beneficial.

We emphasize that in a 2-player setting of an informa-
tion provider and a potential buyer, where the information
offered by the information provider pertains to the true state
of the world, giving away free information of this kind can-
not be beneficial for the information provider. The proof is
similar to the one used in Proposition 2. In the model an-
alyzed in this paper, however, the free disclosure of infor-
mation through signaling influences the bids to be placed by
the bidders in case the information is not purchased. This di-
rectly affects the value of information for the auctioneer and
consequently her decision to purchase the information.

Figure 2 depicts the players’ expected profit and the social
welfare, as a function of the strategy used by the informa-
tion provider for the above setting. The 52 strategies, which
is the Bell number for the five values that X may obtain,
are aligned along the horizontal axis according to their ex-
pected profit to the information provider (ascendingly). The
bidders’ expected profit in this figure is the sum of the indi-
vidual expected profits weighted according to the types dis-
tribution.

As mentioned above, in Figure 2 the information is not
being purchased when using the strategy {{1,2,3,4,5}}
and therefore the social welfare associated with this equi-
librium is a lower bound to those obtained with any other
strategy (see Proposition 2). The social welfare is maxi-
mized for all signaling schemes in which the true state of
the world is always revealed (i.e., either when it is necessar-
ily purchased (e.g., {{1,3,5}.{2,4}}), in partitions where
it is either purchased or revealed through signaling (e.g.,
{{3,4,5}.,{1},{2}}) or when fully revealed through signal-
ing (e.g., {{1}.{2}.{3}.{4}.{5}}). In this example, the in-
formation provider managed to generate profit through sig-
naling, reaching an equilibrium that is not only efficient but
also maximizing the bidders’ expected profit. The expected
profit of the auctioneer, however, actually decreased in com-
parison to the case where the signaling is uninformative, and
the decrease is greater than the corresponding increase in
the information provider’s profit when switching to infor-
mative signaling. The increase in the information provider’s
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Figure 2: The players’ expected profit and social welfare for the different signaling schemes the information provider can
commit to. The partition elements for which the information is purchased are highlighted.

profit does not necessarily need to come fully at the expense
of the auctioneer (an example for a case where the infor-
mation provider’s profit is higher than the auctioneer’s loss
can be obtained by changing the value of x; to bidders of
type t2 in the table from 72 to 60). This is best explained by
considering the two parts in which information that affects
the bidders’ bids is being revealed. At the signaling stage,
the information provider affects the posterior probabilities of
the different values, which reflects on the bids to be placed
(and hence bidders and auctioneer’s expected profit) if the
information is not being purchased. At this stage both the
bidders’ and the auctioneer’s expected profit can increase or
decrease. This is best illustrated by the strategies on the hori-
zontal axis, in which the information is not being purchased,
each resulting in a different profit to the different players
(and, of course, a zero profit to the information provider). At
the second stage, where the information can be purchased,
the auctioneer’s expected profit does not change, as the in-
formation provider sets the price such that she takes over
whatever additional profit the new information creates for
the auctioneer. The signaling scheme set by the information
provider therefore controls how much she will be able to
charge the auctioneer in the second part, and from the auc-
tioneer’s point of view, there is no difference between having
the second phase or not.

Based on Figure 2 we can extract several benefiting be-
haviors available to the different players. For example, play-
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ers can benefit from paying the information provider enough
to leave the market completely, or, alternatively, to initially
commit to a different signaling scheme which in the absence
of proper compensation is not optimal. For example, the
equilibrium S = {{1, 3,4, 5}, {2}}, C({1,3,4,5}) = 1.24,
C({2}) = 0, yields the auctioneer an expected profit of 52.8
and 1.01 to the information provider. Leaving the market
(equivalent to using the strategy {{1,2,3,4,5}} when the
information is not purchased and no information is revealed
trough signaling) yields the information provider’s profit
of zero, however the auctioneer’s profit is 54.15. There-
fore the auctioneer finds it beneficial to pay the information
provider slightly over 1.01 in order to leave. Similarly, the
auctioneer finds it beneficial to compensate the information
provider for the decrease in her expected gain when switch-
ing from the equilibrium strategy S = {{1,3,4,5},{2}},
C({1,3,4,5}) = 1.24, C({2}) = 0, to strategy S’ =
{{1,2,3}, {4,5}}, C({1,2,3})) = 0, C({4,5}) = 164,
i.e., paying her slightly over 0.47 as the auctioneer’s ex-
pected profit will increase, from 52.8 to 53.9.

Table 2 describes a setting where the bidders will benefit
from paying the information provider to commit to a partic-
ular strategy. In this example the information provider can
reach her maximal expected profit, 0.66, using twelve dif-
ferent strategies which among others include the strategy
S = {{1,3}.{2,4}.{5}}, C({1,3}) = 5, C({2,4}) =
2.125, C({5}) = 0. This strategy results in an expected



n=4 private values
1 T2 T3 Tq s
p(Values)
Type 03 | 03 | 021 0.1 0.09
q(Types)
1 0.18 96 57 46 21 41
2 0.01 69 70 86 76 2
3 0.81 72 5 9 72 14

Table 2: An example where the bidders benefit from paying
the information provider to commit to a different strategy.
For details see text.

profit of 3.4 for bidders. With the equilibrium strategy S’ =
{{2,4},{1}, {3}, {5}}, C({1,3}) = 8.65, C({1}) = O,
C({3}) = 0, C({5}) = 0, on the other hand, bidder’s ex-
pected profit is 3.46. Therefore, the bidders will find it ben-
eficial to pay the information provider any amount smaller
than 0.06 in order to make her choose the latter strategy.

Players can also benefit from constraining the informa-
tion provider’s signaling scheme. Up until now, we assumed
the information provider may use any signal. In many cases,
however, it is possible that the information provider is lim-
ited to (or intentionally chooses (and commits to) limit her-
self to) a certain subset of possible signals. For example, the
information provider may be limited only to signals that par-
tition X * into two subsets (e.g., providing only signals of the
form “greater than w” or “lower than w”). Obviously such a
restriction cannot improve the information provider’s profit
as she uses the expected-profit-maximizing strategy any-
how. A constraint over the information provider’s strategy
space can, however, be beneficial for the other players, and
therefore a market designer may find constraining signaling
to specific schemes to be appealing. For example, consider
the setting used for Figure 2. Here, there are some strate-
gies (e.g, S = {{2,4},{3,5}, {1}}, C({2,4}) = 0.96,
C({3,5}) = 0, C({1}) = 0) for which the auctioneer’s
expected profit increases at the expense of the information
provider’s expected profit, while bidders’ expected profit
and the social welfare remain the same (all compared to the
equilibrium strategy in the non-restricted scenario). Similar
examples where strategy restriction can benefit also the bid-
ders and the social welfare can be produced.

Additional interesting phenomenon is related to the effect
of an increase in the number of bidders over the informa-
tion provider’s expected profit. Generally, one would expect
the information provider’s expected profit to increase as the
number of bidders increases. This is because by purchasing
the information the auctioneer guarantees that the bidders
who value the item most will bid their true valuation. Hav-
ing more bidders thus should increase the profit for the auc-
tioneer, as it is more likely to have more bidders who assign
high values to each state of the world. Since the information
provider takes over a substantial portion of the auctioneer’s
surplus from purchasing the information we expect the in-
formation provider’s expected profit to increase as a func-
tion of the number of bidders taking part in the auction, as
well. The following example, however, illustrates that this is
not necessarily the case. Assume there exists a type who will
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bid high value regardless of the state of the world. In such a
case, as the number of bidders rise, so is the probability that
there will be two bidder from this type participating in the
auction. The auctioneer will thus profit no matter what is the
true state of the world and therefore will not be interested in
purchasing the information from the information provider.

Mixed Signaling

The information provider can further improve her profit
through the use of mixed signaling strategies. In this case
the information provider’s strategy specifies a set M of pos-
sible messages, a stochastic matrix A|x«||as|, Where A3, j]
is the probability that the signal being sent is m; € M if the
state of the world is z; € X* (3_; Ali, j] = 1), and a func-

tion C' : M — R that specifies the price C'(m) > 0 asked
for revealing the true state of the world when the message
is m. Unlike the case of committing to a pure strategy, here
a strategy does not induce a partition of the set X* and the
information revealed by a message does not necessarily dis-
close the identity of a subset of X* that includes the true
state of the world. Instead, the message m leads to the pos-
terior probabilities of any of the values in X*, according to
a modification of (2)

Ams) = A[Zvj]p(xl)
Plaims) = S~ ) ATk ]

We illustrate the potential benefit of using mixed signal-
ing by the setting described by Table 3. The maximum ex-
pected profit the information provider can achieve through
a pure signaling strategy is 1.4 (obtained with the strat-
cgy 5 = {{1,3,4},{2,5}}, C({1,3,4}) = C({2,5}) =
1.4). Now consider an alternative mixed strategy that
uses M = (mq,mz), C(my1) = C(mg) = 1.43 and
A=1(0,1),(1,0),(0,1),(0.1,0.9), (1,0)]. This means that
whenever the state of the world is x; or x3, the information
provider uses the signal mo, whenever it is x5 or x5 the in-
formation provider uses the signal m, and in case the state
of the world is x4, the information provider mixes between
the signals m; and mqy with probabilities 0.1 and 0.9, re-
spectively. This strategy improves the expected profit of the
information provider to 1.43.

4)

n=4 private values
T T2 T3 T4 Ts5
p(Values)
Type 0.07 | 0.14 | 025 | 0.28 | 0.26
q(Types)
1 0.24 32 53 9 11 14
2 0.41 68 50 19 50 15
3 0.28 5 85 56 93 70
3 0.07 58 82 88 99 0

Table 3: An example where the information provider bene-
fits from using mixed signals. For details see text.

Related Work

Auctions focus much interest in research, mostly due to their
advantage in effectively extracting bidders’ valuations and



the guarantee of many auction protocols to result in efficient
allocation (Juda and Parkes 2009; Hajiaghayi et al. 2005;
Dobzinski and Nisan 2010; Bredin, Parkes, and Duong
2007; David, Azoulay-Schwartz, and Kraus 2006; Sarne and
Kraus 2005). The case where there is some uncertainty asso-
ciated with the value of the auctioned item is quite common
in auctions literature. Most commonly it is assumed that the
value of the auctioned item is unknown to the bidders at the
time of the auction and bidders may only have an estimate
or some privately known signal, such as an expert’s estimate,
that is correlated with the true value (Goeree and Offerman
2003; Klemperer 2004; Schwartz and Kraus 1997). Many of
the works using uncertain common value models assumed
asymmetry in the knowledge available to the bidders and
the auctioneer regarding the auctioned item, typically hav-
ing sellers more informative than bidders (Akerlof 1970;
Emek et al. 2012). As such, much recent emphasis was
placed on the role of information revelation (Dufwenberg
and Gneezy 2002; Es6 and Szentes 2007; Ganuza and Pe-
nalva 2010; Jewitt and Li 2012) and corresponding computa-
tional aspects (Emek et al. 2012; Miltersen and Sheffet 2012;
Dughmi, Immorlica, and Roth 2013). Still, all these works
either assumed the auctioneer necessarily obtains the infor-
mation (or initially holds it) or, in case considering an in-
formation provider (e.g., (Sarne, Alkoby, and David 2014;
Alkoby, Sarne, and David 2014)), have not taken the infor-
mation provider to be strategic or limited her strategic be-
havior to price-setting only. Our model uses an augmented
information provider’s strategy which enables a priori reve-
lation of some of the information for free through the notion
of signaling. This adds much to the complexity of the anal-
ysis as now both the auctioneer and bidders need to take
into consideration the strategic behavior of the information
provider.

Models where agents can disambiguate the uncertainty
associated with the opportunities they consider exploiting
through the purchase of information have been studied in
several other multi-agent domains, e.g., in optimal stop-
ping domains (Wilson, Szechtman, and Atkinson 2011;
Azoulay-Schwartz, Kraus, and Wilkenfeld 2004). Here, the
main questions studied were how much costly information it
makes sense to acquire before making a decision (Moscarini
and Smith 2003), in particular when additional attributes can
be revealed at certain costs along the search path (Lim, Bear-
den, and Smith 2006; Wiegmann, Weinersmith, and Seubert
2010). Relaxation of the perfect signals assumption has also
been explored in models of two-sided search (Das and Ka-
menica 2005). Alas, the entities providing the information
in such models usually take the form of matchmakers rather
than information brokers. Those that do consider a self-
interested information broker in these domains, e.g., Nahum
et al.(2012), focused on the way she should set the price for
the information she provides and did not consider the op-
tion of free information disclosure (Hajaj and Sarne 2014).
Our recent work in this area has suggested an information
provider that can provide the true value of an opportunity for
free, for some of the signals, showing that such strategy can
benefit the information provider (Alkoby, Sarne, and Das
2015). Nevertheless, the source of the achieved improve-
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ment in the information provider’s profit is completely dif-
ferent than in our case—the free information was shown to
push users to become more picky hence increased the over-
all search period and consequently the number of times the
information provider’s service was required. In contrary, in
our case the value derives from the fact that the value of the
remaining information held, and consequently the expected
profit, increases. Naturally the model and analysis of these
two cases are substantially different. Other justifications for
free information disclosure mentioned in prior work are in-
creasing user loyalty and attracting potential users (Rysman
2009).

Discussion, Conclusions and Future Work

The analysis provided in the paper enables demonstrat-
ing that by augmenting the information provider’s strategy
to include signaling she can increase her expected profit.
Through the use of signaling the information provider im-
poses herself on the auctioneer such that the information she
holds is actually being purchased even in cases where it can-
not be sold otherwise. The importance of this finding is in its
non-intuitiveness as the essence of the signaling is free dis-
closure of some of the information held by the information
provider.

The transition to a signaling-based strategy in real-life do-
mains does not require much, given the so many channels
available nowadays for disseminating information, like set-
ting up a web-page. In fact, it is almost impossible to prevent
such a strategic behavior and therefore this should be taken
into consideration by the auctioneer and bidders when set-
ting their strategies, making our model a realistic one.

We note that, much like in prior related work, the deci-
sion regarding purchasing the information is exclusively the
auctioneer’s. This holds in some real-world situations, e.g.,
when the information provider’s services might require di-
rect access to the auctioned item or some information that
the auctioneer holds. Still, we can envision settings where
the bidders are also capable of purchasing the information.
Solving for the case where the information can be sold also
to bidders requires, however, making many further modeling
choices. For example, can the information be sold to more
than a single bidder? Will the auctioneer be able to purchase
the information? Will those purchasing the information be
able to disclose it to any of the other players? Will the other
players know of those who purchased the information? Will
the information be offered for sale sequentially or to all play-
ers in parallel? Can the information provider set a different
price for different players (e.g., to the auctioneer and to the
bidders)? All these will certainly affect the analysis and the
nature of the dynamics formed. Finally we suggest for fu-
ture research the study of multi-information-provider com-
petition which can benefit much from the analysis provided
in the paper.
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