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Abstract

We provide new and tight lower bounds on the ability of players to implement equilibria using
cheap talk, that is, just allowing communication among the players. One of our main results is
that, in general, it is impossible to implement three-player Nash equilibria in a bounded number
of rounds. We also give the first rigorous connection between Byzantine agreement lower bounds
and lower bounds on implementation. To this end we consider a number of variants of Byzantine
agreement and introduce reduction arguments. We also give lower bounds on the running time of
two player implementations. All our results extended to lower bounds on (k, t)-robust equilibria,
a solution concept that tolerates deviations by coalitions of size up to k and deviations by up to ¢
players with unknown utilities (who may be malicious).
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1 Introduction

The question of whether a problem in a multiagent system that can be solved with a trusted mediator can
be solved by just the agents in the system, without the mediator, has attracted a great deal of attention in
both computer science (particularly in the cryptography community) and game theory. In cryptography,
the focus on the problem has been on secure multiparty computation. Here it is assumed that each
agent ¢ has some private information z;. Fix functions fi,..., f,. The goal is have agent 7 learn
fi(z1,...,z,) without learning anything about x; for j # ¢ beyond what is revealed by the value of
fi(z1,...,x,). With a trusted mediator, this is trivial: each agent 7 just gives the mediator its private
value x;; the mediator then sends each agent i the value f;(z1,. .., z,). Work on multiparty computation
(see [Gol04] for a survey) provides conditions under which this can be done. In game theory, the focus
has been on whether an equilibrium in a game with a mediator can be implemented using what is called
cheap talk—that is, just by players communicating among themselves (see [Mye97] for a survey).

There is a great deal of overlap between the problems studied in computer science and game theory.
But there are some significant differences. Perhaps the most significant difference is that, in the com-
puter science literature, the interest has been in doing multiparty computation in the presence of possibly
malicious adversaries, who do everything they can to subvert the computation. On the other hand, in the
game theory literature, the assumption is that players have preference and seek to maximize their utility;
thus, they will subvert the computation iff it is in their best interests to do so. Following [ADGHO6],
we consider here both rational adversaries, who try to maximize their utility, and possibly malicious
adversaries (who can also be considered rational adversaries whose utilities we do not understand).

1.1 Our Results

In this paper we provide new and optimal lower bounds on the ability to implement mediators with
cheap talk. Recall that a Nash equilibrium o is a tuple of strategies such that given that all other players
play their corresponding part of o then the best response is also to play 0. Given a Nash equilibrium
o we say that a strategy profile p is a k-punishment strategy for o if, when all but k players play their
component of p, then no matter what the remaining % players do, their payoff is strictly less than what it
is with 0. We now describe some highlights of our results in the two simplest settings: (1) where rational
players cannot form coalitions and there are no malicious players (this gives us the solution concept of
Nash equilibrium) and (2) where there is at most one malicious player. We describe our results in a
more general setting in Section 1.2.

No bounded implementations: In [ADGHO6] it was shown that any Nash equilibrium with a medi-
ator for three-player games with a 1-punishment strategy can be implemented using cheap talk. The
expected running time of the implementation is constant. It is natural to ask if implementations with
a bounded number of rounds exist for all three-player games. Theorem 2 shows this is not the case,
implementations must have infinite executions and cannot be bounded for all three-player games. This
lower bound highlights the importance of using randomization. An earlier attempt to provide a three-
player cheap talk implementation [Ben03] uses a bounded implementation, and hence cannot work in
general. The key insight of the lower bound is that when the implementation is bounded, then at some
point the punishment strategy must become ineffective. The details turn out to be quite subtle. The only
other lower bound that we are aware of that has the same flavor is the celebrated FLP result [FLP85] for



reaching agreement in asynchronous systems, which also shows that no bounded implementation exists.
However, we use quite different proof techniques than FLP.

Byzantine Agreement and Game Theory: We give the first rigorous connection between Byzantine
agreement lower bounds and lower bounds on implementation. To get the lower bounds, we need to
consider a number of variants of Byzantine agreement, some novel. The novel variants require new
impossibility results. We have four results of this flavor:

1. Barany [Bar92] gives an example to show that, in general, to implement an equilibrium with
a mediator in a three-player game, it is necessary to have a 1-punishment strategy. Using the
power of randomized Byzantine agreement lower bounds we strengthen his result and show in
Theorem 4 that we cannot even get an e-implementation in this setting.

2. Using the techniques of [BGWS88] or [For90], it is easy to show that any four-player game Nash
equilibrium with a mediator can be implemented using cheap talk even if no 1-punishment strat-
egy exists. Moreover, these implementations are universal; they do not depend on the players’
utilities. In Theorem 3 we prove that universal implementations do not exist in general for three-
player games. Our proof uses a nontrivial reduction to the weak Byzantine agreement (WBA)
problem [Lam83]. To obtain our lower bound, we need to prove a new impossibility result for
WBA, namely, that no protocol with a finite expected running time can solve WBA.

3. In [ADGHO06] we show that for six-player games with a 2-punishment strategy, any Nash equi-
librium can be implemented even in the presence of at most one malicious player. In Theorem 5
we show that for five players even e—implementation is impossible. The proof uses a variant of
Byzantine agreement; this is related to the problem of broadcast with extended consistency intro-
duced by Fitzi et al. [FHHWO3]. Our reduction maps the rational player to a Byzantine process
that is afraid of being detected and the malicious player to a standard Byzantine process.

4. In Theorem 8, we show that for four-player games with at most one malicious player, to implement
the mediator, we must have a PKI setup in place, even if the players are all computationally
bounded and even if we are willing to settle for e-implementations. Our lower bound is based on
a reduction to a novel relaxation of the Byzantine agreement problem.

Bounds on running time: We provide bounds on the number of rounds needed to implement two-
player games. In Theorem 9(a) we prove that the expected running time of any implementation of a two-
player mediator equilibrium must depend on the utilities of the game, even if there is a 1-punishment
strategy. This is in contrast to the three-player case, where the expected running time is constant.
In Theorem 9(b) we prove that the expected running time of any e—implementation of a two-player
mediator equilibrium for which there is no 1-punishment strategy must depend on e. Both results are
obtained using a new two-player variant of the secret-sharing game. The only result that we are aware of
that has a similar sprit is that of Boneh and Naor [BNOO], where it is shown that two-party protocols with
“bounded unfairness” of e must have running time that depends on the value of €. The implementations
given by Urbano and Vila [UV02, UV04] in the two-player case are independent of the utilities; the
above results show that their implementation cannot be correct in general.



1.2 Our results for implementing robust and resistent mediators

In [ADGHO6] (ADGH from now on), we argued that it is important to consider deviations by both
rational players, who have preferences and try to maximize them, and players that can be viewed as
malicious, although it is perhaps better to think of them as rational players whose utilities are not known
by the other players or mechanism designer. We considered equilibria that are (k,t)-robust; roughly
speaking, this means that the equilibrium tolerates deviations by up to k rational players, whose utilities
are presumed known, and up to ¢ players with unknown utilities (i.e., possibly malicious players). We
showed how (k,t)-robust equilibria with mediators could be implemented using cheap talk, by first
showing that, under appropriate assumptions, we could implement secret sharing in a (k, ¢)-robust way
using cheap talk. These assumptions involve standard considerations in the game theory and distributed
systems literature, specifically, (a) the relationship between k, ¢ and n, the total number of players in
the system; (b) whether players know the exact utilities of other players; (c) whether there are broadcast
channels or just point-to-point channels; (d) whether cryptography is available; and (e) whether the
game has a (k + t)-punishment strategy; that is, a strategy that, if used by all but at most k + ¢ players,
guarantees that every player gets a worse outcome than they do with the equilibrium strategy. Here we
provide a complete picture of when implementation is possible, providing lower bounds that match the
known upper bounds (or improvements of them that we have obtained). The following is a high-level
picture of the results. (The results discussed in Section 1.1 are special cases of the results stated below.
Note that all the upper bounds mentioned here are either in ADGH, slight improvements of results in
ADGH, or are known in the literature; see Section 3 for the details. The new results claimed in the
current submission are the matching lower bounds.)

e If on > 3k + 3t, then mediators can be implemented using cheap talk; no punishment strategy
is required, no knowledge of other agents’ utilities is required, and the cheap-talk strategy has
bounded running time that does not depend on the utilities (Theorem 1(a) in Section 3).

o Ifn < 3k+ 3t, then we cannot, in general, implement a mediator using cheap talk without knowl-
edge of other agents’ utilities (Theorem 3). Moreover, even if other agents’ utilities are known,
we cannot, in general, implement a mediator without having a punishment strategy (Theorem 4)
nor with bounded running time (Theorem 2).

o If n > 2k + 3t, then mediators can be implemented using cheap talk if there is a punishment
strategy (and utilities are known) in finite expected running time that does not depend on the
utilities (Theorem 1(b) in Section 3).

o Ifn < 2k + 3t, then we cannot, in general, e-implement a mediator using cheap talk, even if there
is a punishment strategy and utilities are known (Theorem 5).

o If n > 2k + 2t and we can simulate broadcast then, for all ¢, we can e-implement a mediator
using cheap talk, with bounded expected running time that does not depend on the utilities in the
game or on ¢ (Theorem 1(c) in Section 3). (Intuitively, an e-implementation is an implementation
where a player can gain at most € by deviating.)

o If n < 2k + 2t, we cannot, in general, e-implement a mediator using cheap talk even if we
have broadcast channels (Theorem 7). Moreover, even if we assume cryptography and broadcast
channels, we cannot, in general, e-implement a mediator using cheap talk with expected running
time that does not depend on e (Theorem 9(b)); even if there is a punishment strategy, then we
still cannot, in general, e-implement a mediator using cheap talk with expected running time
independent of the utilities in the game (Theorem 9(a)).

e If n > k + 3t then, assuming cryptography, we can e-implement a mediator using cheap talk;



moreover, if there is a punishment strategy, the expected running time does not depend on e
(Theorem 1(e) in Section 3).

e If n < k + 3t, then even assuming cryptography, we cannot, in general, e-implement a mediator
using cheap talk (Theorem 8).

e If n > k + t, then assuming cryptography and that a PKI (Public Key Infrastructure) is in place,’
we can e-implement a mediator (Theorem 1(d) in Section 3); moreover, if there is a punishment
strategy, the expected running time does not depend on € (Theorem 1(e) in Section 3).

The lower bounds are existential results; they show that if certain conditions do not hold, then there
exists an equilibrium that can be implemented by a mediator that cannot be implemented using cheap
talk. There are other games where these conditions do not hold but we can nevertheless implement a
mediator.

1.3 Related work

There has been a great deal of work on implementing mediators, both in computer science and game
theory. The results above generalize a number of results that appear in the literature. We briefly discuss
the most relevant work on implementing mediators here. Other work related to this paper is discussed
where it is relevant.

In game theory, the study of implementing mediators using cheap talk goes back to Crawford and
Sobel [CS82]. Barany [Bar92] shows that if n > 4, k = 1, and t = 0 (i.e., the setting for Nash
equilibrium), a mediator can be implemented in a game where players do not have private information.
Forges [For90] provides what she calls a universal mechanism for implementing mediators; essentially,
when combining her results with those of Barany, we get the special case of Theorem 1(a) where k = 1
and ¢ = 0. Ben-Porath [Ben03] considers implementing a mediator with cheap talk in the case that
k = 1if n > 3 and there is a 1-punishment strategy. He seems to have been the first to consider
punishment strategies (although his notion is different from ours: he requires that there be an equilibrium
that is dominated by the equilibrium that we are trying to implement). Heller [HelO5] extends Ben-
Porath’s result to allow arbitrary k. Theorem 1(b) generalizes Ben-Porath and Heller’s results. Although
Theorem 1(b) shows that the statement of Ben-Porath’s result is correct, Ben-Porath’s implementation
takes a bounded number of rounds; Theorem 2 shows it cannot be correct.”> Heller proves a matching
lower bound; Theorem 5 generalizes Heller’s lower bound to the case that ¢ > 0. (This turns out to
require a much more complicated game than that considered by Heller.) Urbano and Vila [UV02, UV04]
use cryptography to deal with the case that n = 2 and k = 1;> Theorem 1(e)) generalizes their result to
arbitrary k and ¢. However, just as with Ben-Porath, Urbano and Vila’s implementation takes a bounded
number of rounds; As we said in Section 1.1, Theorem 9(a) shows that it cannot be correct.

In the cryptography community, results on implementing mediators go back to 1982 (although this
terminology was not used), in the context of (secure) multiparty computation. Since there are no util-
ities in this problem, the focus has been on essentially what we call here t-immunity: no group of ¢
players can prevent the remaining players from learning the function value, nor can they learn the other

"We can replace the assumption of a PKI here and elsewhere by the assumption that there is a trusted preprocessing phase
where players may broadcast.

2 Although Heller’s implementation does not take a bounded number of rounds, it suffers from problems similar to those of
Ben-Porath.

3However, they make somewhat vague and nonstandard assumptions about the cryptographic tools they use.



players’ private values. Results of Yao [Yao82] can be viewed as showing that if n = 2 and appropriate
computational hardness assumptions are made, then, for all €, we can obtain 1-immunity with probabil-
ity greater than 1 — € if appropriate computational hardness assumptions hold. Goldreich, Micali, and
Wigderson [GMWS87] extend Yao’s result to the case that £ > 0 and n > ¢. Ben-Or, Goldwasser, and
Wigderson [BGW88] and Chaum, Crépeau, and Damgard [CCD88] show that, without computational
hardness assumptions, we can get t-immunity if n > 3¢; moreover, the protocol of Ben-Or, Goldwasser,
and Wigderson does not need an ¢ “error” term. Although they did not consider utilities, their protocol
actually gives a (k, t)-robust implementation of a mediator using cheap talk if n > 3k + 3¢; that is, they
essentially prove Theorem 1(a). (Thus, although these results predate those of Barany and Forges, they
are actually stronger.) Rabin and Ben-Or [RB89] provide a t-immune implementation of a mediator
with “error” € if broadcast can be simulated. Again, when we add utilities, their protocol actually gives
an e—(k, t)-robust implementation. Thus, they essentially prove Theorem 1(c). Dodis, Halevi, and Ra-
bin [DHRO0] seem to have been the first to apply cryptographic techniques to game-theoretic solution
concepts; they consider the case that n = 2 and & = 1 and there is no private information (in which case
the equilibrium in the mediator game is a correlated equilibrium [Aum87]); their result is essentially
that of Urbano and Vila [UV04] (although their protocol does not suffer form the problems of that of
Urbano and Vila).

Halpern and Teague [HT04] were perhaps the first to consider the general problem of multiparty
computation with rational players. In this setting, they essentially prove Theorem 1(d) for the case that
t = 0 and n > 3. However, their focus is on the solution concept of iterated deletion. They show
that there is no Nash equilibrium for rational multiparty computation with rational agents that survives
iterated deletion and give a protocol with finite expected running time that does survive iterated deletion.
If n < 3(k 4 t), it follows easily from Theorem 2: that there is no multiparty computation protocol that
is a Nash equilibrium, we do not have to require that the protocol survive iterated deletion to get the
result if n < 3(k + t). Various generalizations of the Halpern and Teague results have been proved.
We have already mentioned the work of ADGH. Lysanskaya and Triandopoulos [LT06] independently
proved the special case of Theorem 1(c) where k = 1 and ¢ + 1 < n/2 (they also consider survival of
iterated deletion); Gordon and Katz [GK06] independently proved a special case of Theorem 1(d) where
k=1,t=0,and n > 2.

In this paper we are interested in implementing equilibrium by using standard communication chan-
nels. An alternate option is to consider the possibility of simulating equilibrium by using much stronger
primitives. Izmalkov, Micali, and Lepinski [IMLO05] show that, if there is a punishment strategy and we
have available strong primitives that they call envelopes and ballot boxes, we can implement arbitrary
mediators perfectly (without an e error) in the case that £ = 1, in the sense that every equilibrium of
the game with the mediator corresponds to an equilibrium of the cheap-talk game, and vice versa. In
[LMPS04, LMSO05], these primitives are also used to obtain implementation that is perfectly collusion
proof in the model where, in the game with the mediator, coalitions cannot communicate. (By way of
contrast, we allow coalitions to communicate.) Unfortunately, envelopes and ballot boxes cannot be
implemented under standard computational and systems assumptions [LMS05].

It is reasonable to ask at this point whether mediators are of practical interest. After all, if three
companies negotiate, they can just hire an arguably trusted mediator, say an auditing firm. The dis-
advantage of this approach in a setting like the internet, with constantly shifting alliances, there are
always different groups that want to collaborate; a group may not have the time and flexibility of hiring
a mediator, even assuming they can find one they trust. Another concern is that our results simply shift



the role of what has to be trust elsewhere. It is certainly true that our results assume point-to-point
communication that cannot be intercepted. If n < k + 3¢, then we must also assume the existence of
a public-key infrastructure. Thus, we have essentially shifted from trusting the mediator to trusting the
PKI. In practice, individuals who want to collaborate may find point-to-point communication and a PKI
more trustworthy than an intermediary, and easier to work with.

The rest of this paper is organized as follows. In Section 2, we review the relevant definitions. In
Section 3, we briefly discuss the upper bounds, and compare them to the results of ADGH. In Section 4,
we prove the lower bounds. The missing proofs appear in the appendix.

2 Definitions

In this section, we give detailed definitions of the main notions needed for our results. Sometimes there
are subtle differences between our differences and those used in the game-theory literature. We discuss
these differences carefully.

2.1 Maediators and cheap talk

We are interested in implementing mediators. Formally, this means we need to consider three games: an
underlying game T, an extension I'; of I" with a mediator, and a cheap-talk extension I'ct of I'. Our un-
derlying games are (normal-form) Bayesian games. These are games of incomplete information, where
players make only one move, and these moves are made simultaneously. The “incomplete information”
is captured by assuming that nature makes the first move and chooses for each player ¢ a type in some
set 7;, according to some distribution that is commonly known. Formally, a Bayesian game I is defined
by a tuple (N, 7, A, u, ), where N is the set of players, 7 = X;en7; is the set of possible types,
is the distribution on types, A = X;cnA; is the set of action profiles, and u; : 7 x A is the utility of
player ¢ as a function of the types prescribed by nature and the actions taken by all players.

A strategy for player i in a Bayesian game ' is a function from ¢’s type to an action in A;; in a
game with a mediator, a strategy is a function from ¢’s type and message history to an action. We
allow behavior strategies (i.e., randomized strategies); such a strategy gets an extra argument, which is
a sequence of coin flips (intuitively, what a player does can depend on its type, the messages it has sent
and received if we are considering games with mediators, and the outcome of some coin flips). We use
lower-case Greek letters such as o, 7, and p to denote a strategy profile; o; denotes the strategy of player
1 in strategy profile o; if K C N, then o denotes the strategies of the players in K and o_ i denotes
the strategies of the players not in K. Given a strategy profile o a player ¢ € N and a type t; € T; let
u;(t;, o) be the expected utility of player ¢ given that his type is ¢; and each player j € N is playing the
strategy o;.

Given an underlying Bayesian game I' as above, a game I'; with a mediator d that extends I is,
informally, a game where players can communicate with the mediator and then perform an action from
T". The utility function of a player ¢ in I'g is the same as that in I'; thus, the utility of a player ¢ in I'y
depends just on the types of all players and the actions taken by all players. Formally, we view both the
mediator and the players as interacting Turing machines with access to an unbiased coin (which thus
allows them to choose uniformly at random from a finite set of any size). The mediator and players
interact for some (possibly unbounded) number of stages. A mediator is characterized by a function



‘P that maps the inputs it has received up to a stage (and possible some random bits) to an output for
each player. Given an underlying Bayesian game I where player i’s actions come from the set A; and
a mediator d, the interaction with the mediator in I'; proceeds in stages, where each stage consists of
three phases. In the first phase of a stage, each player ¢ sends an input to d (player ¢ can send the empty
input, i.e., no input at all); in the second phase, d sends each player ¢ an output according to P, (again,
the mediator can send the empty output); and in the third phase, each player i chooses an action in A;
or no action at all. A player can play at most one action from A; in each execution (play) of I'4. Player
¢’s utility function in I'; is the same as that in the underlying game I', and depends only on the action
profile in A played by the players and the types. To make this precise, we need to define what move
an action in A; is played by player i in executions of I'; where ¢ in fact never plays an action in A;.
For ease of exposition, we assume that for each player ¢, some default action a;] € A is chosen. There
are other ways of dealing with this issue (see, for example, [AHO3] for an alternative approach). Our
results do not depend on the choice, since in our upper bounds, with probability 1, all players do play
an action in equilibrium, and our impossibility results are independent of the action chosen if players
do not choose an action. (We remark that the question of what happens after an infinite execution of the
cheap-talk game becomes much more significant in asynchronous systems; see [ADH].)

Although we think of a cheap-talk game as a game where players can communicate with each other
(using point-to-point communication and possibly broadcast), formally, it is a game with a special kind
of mediator: player ¢ send the mediator whatever messages it wants to send other players in the first
phase of a round; the mediator forwards these messages to the intended recipients in the second phase.
We can model broadcast messages by just having the mediator tag a message as a broadcast (and sending
the same message to all the intended recipients, of course).

We assume that cheap talk games are always unbounded; players are allowed to talk forever. The
running time of an execution of a joint strategy o is the number of steps taken until the last player makes
a move in the underlying game. The running time may be infinite.

It is standard in the game theory literature to view cheap talk as pre-play communication. Thus, al-
though different plays of I'ct may have different running times (possibly depending on random factors),
it is assumed that it is commonly known when the cheap-talk phase ends; then all players make their
decisions simultaneously. It is not possible for some players to continue communicating after some
other players have decided (see, for example, [Hel05], where this assumption is explicit). For their
possibility results, ADGH define games and give recommended strategies for these games such that, as
long as players use the recommended strategy, all players make a move at the same time in each play of
the cheap-talk game. However, it is not assumed that this is the case off the equilibrium path (that is, if
players do not follow the recommended strategy). The assumption that all players stop communicating
at the same time seems to us very strong, and not implementable in practice, so we do not make it here.
(Dropping this assumption sometimes makes our impossibility results harder to prove; see the proof
of Theorem 7 in Appendix A.5 for an example.) Thus, there is essentially only one cheap-talk game
extending an underlying game I',; I'ct denotes the cheap-talk extension of I'.

When we consider a deviation by a coalition K, we want to allow the players in K to communicate
with each other. If T is an extension of an underlying game T (including T itself) and K C N, let
I + CT(K) be the extension of I where the mediator provides private cheap-talk channels for the
players in K in addition to whatever communication there is in I'". Note that T'er + CT(K) is just Ter;
players in K can already talk to each other in I'ct.



2.2 Implementation

Note that a strategy profile—whether it is in the underlying game, or in a game with a mediator ex-
tending the underlying game (including a cheap-talk game)—induces a mapping from type profiles to
distributions over action profiles. If I'; and I's are extension of some underlying game I', then strat-
egy o1 in I'y implements a strategy oo in I's if both o and ¢’ induce the same function from types to
distributions over actions. Note that although our informal discussion in the introduction talked about
implementing mediators, the formal definitions (and our theorems) talk about implementing strategies.
Our upper bounds show that, under appropriate assumptions, for every (k, t)-robust equilibrium o in a
game I'y with a mediator, there exists an equilibrium o’ in the cheap-talk game I's corresponding to I'y
that implements o; the lower bounds in this paper show that, if these conditions are not met, there exists
a game with a mediator and an equilibrium in that game that cannot be implemented in the cheap-talk
game. Since our definition of games with a mediator also allow arbitrary communication among the
agents, it can also be shown that every equilibrium in a cheap-talk game can be implemented in the
mediator game: the players simply ignore the mediator and communicate with each other.

2.3 Solution concepts

We can now define the solution concepts relevant for this paper. In particular, we consider a number of
variants of (k, t) robustness, and the motivation behind them.

In defining these solution concepts, we need to consider the expected utility of s trategy profile
conditional on players having certain types. We abuse notation and continue to use u; for this, writing for
example, u;(tx, o) to denote the expected utility to player ¢ if the strategy profile o is used, conditional
on the players in K having the types tx. Since the strategy o here can come from the underlying game
or some extension of it, the function u; is rather badly overloaded. We sometimes include the relevant
game as an argument to u; to emphasize which game the strategy profile o is taken from, writing, for
example, u;(tx, 17, o).

k-resilient equilibrium: A strategy profile is a Nash equilibrium if no player can gain any advantage
by using a different strategy, given that all the other players do not change their strategies. We want to
define a notion of k-resilient equilibrium that generalizes Nash equilibrium, but allows a coalition of up
to k players to change their strategies. One way of capturing this, which goes back to Aumann [Aum59],
is to require that there be no deviations that result in everyone in a group of size at most k£ doing better.

To make this intuition precise, we need some notation. Given a type space 7, a set K of players,
andt € T,let 7 (tx) = {t’ : t’ = tx}. If T is a game over type space 7, o is a strategy profile in T,
and Pr is the probability on the type space 7, let

uilt, o)=Y Pr(t' | T(tg))uw(t, o).

T (t)
Thus, u;(tx, o) is ¢’s expected payoff if everyone uses strategy o and types are restricted to 7 (tx ).

Definition 1. o is a k-resilient’ equilibrium if, for all K C N and all types t € T, it is not the case that
there exists a strategy T such that u;(tx, T, 0K ) > ui(tx,0) forall i € K.



Thus, o is k-resilient” if no subset K of at most k players can all do better by deviating, even if they
share their type information (so that if the true type is ¢, the players in K know tx). This is essentially
Aumman’s [Aum59] notion of resilience to coalitions, except that we place a bound on the size of
coalitions.

As the prime suggests, this will not be exactly the definition we focus on. ADGH consider a stronger
notion, which requires that there be no deviation where even one player does better.

Definition 2. o is a strongly k-resilient’ equilibrium if, for all K C N with |K| < k and all types
t € T, it is not the case that there exists a strategy T such that u;(tg, T, 0-) > ui(tx, o) for some
1€ K.

Both of these definitions have a weakness: they implicitly assume that the coalition members can-
not communicate with each other beyond agreeing on what strategy to use. While, in general, there are
equilibria in the cheap-talk game that are not available in the underlying game (so having more commu-
nication can increase the number of possible equilibria), perhaps surprisingly, allowing communication
between coalition members can also prevent certain equilibria, as the following example shows.

Example 1. Consider a game with four players. Players 1 and 2 have a type in {0, 1}; the type of
players 3 and 4 is 0. All tuples of types are equally likely. Players 3 and 4 can each choose an action
in the set {0, 1, PUNISH, PASS}; players 1 and 2 each choose an action in {PUNISH, PASS}. If anyone
plays PUNISH, then everyone gets a payoff of —1. If no one plays PUNISH, the payoffs are as follows:
If player 3 plays PASS, then 3 gets a payoff of 1; similarly, if player 4 plays PASS, then 4 gets a payoff
of 1. If player 3 plays O or 1 and this is 1’s type, then 3 gets 5; if not, then 3 gets -5; similarly for
player 4. Finally, if player 2’s type is 0, then player 1 and 2’s payoffs are the same as player 3’s payoffs;
similarly, if player 2 has a 1, then 1 and 2’s payoffs are the same as 4’s payoffs. It is easy to see that
everyone playing PASS is a 3-resilient’ equilibrium in the underlying game and it is also an equilibrium
in the game with a mediator, if the players cannot communicate. However, if players can communicate
for one round, then players 1, 2, and 3 can do better if player 1 sends player 3 his type, and player 3
plays it. This guarantees player 3 a payoff of 5, while players 1 and 2 get an expected payoff of 2.5.

Now suppose that we consider a variant of this game, where the actions are the same and the payoffs
for players 3 and 4 are the same, but the payoffs for players 1 and 2 are modified as follows. If player
2’s type is 0, then if no one plays PUNISH, player 1 and 2’s payoffs are the same as player 3’s payoffs if
player 4 plays PASS; if player 4 plays O or 1, then their payoff is —5. Similarly, if player 2’s type is 1,
then player 1 and 2’s payoffs are the same player 4’s payoffs if player 3 plays PASS; if player 3 plays 0
or 1, then their payoff is —5. It is easy to show that everyone playing PASS is still 3-resilient’ if we allow
only one round of communication. But with two rounds of communication, everyone playing PASS is
no longer 3-resilient’: players 1, 2, and 3 can do better if player 2 sends player 1 his type, player 1 sends
player 3 his type if player 2’s type is O (and sends nothing otherwise), and player 3 plays player 1’s type
if player 1 sends it. O

Since it seems reasonable to assume that coalition members will communicate, it seems unreason-
able to call everyone playing PASS 3-resilient if some communication among coalition members can
destroy that equilibrium. More generally, we clearly cannot hope to implement a k-resilient equilibrium
in the mediator game using cheap talk if the equilibrium does not survive once we allow communication
among the coalition members. This motivates the following definition.



Definition 3. o is a (strongly) k-resilient equilibrium in a game I if, for all K C N with |K| < k and
all types t € T, it is not the case that there exists a strategy T such that u;(t i, '+ CT(K), T),0_f) >
ui(tx, I, o) for some i € K.

This definition makes precise the intuition that players in the coalition are allowed arbitrary communi-
cation among themselves.

Note that Nash equilibrium is equivalent to both 1-resilience and strong 1-resilience; however, the
notions differ for £ > 1. It seems reasonable in many applications to bound the size of coalitions; it
is hard to coordinate a large coalition! Of course, the appropriate bound on the size of the coalition
may well depend on the utilities involved. Our interest in strong k-resilience was motivated by wanting
to allow situations where one player effectively controls the coalition. This can happen in practice in
a network if one player can “hijack” a number of nodes in the network. It could also happen if one
player can threaten others, or does so much better as a result of the deviation that he persuades other
players to go along, perhaps by the promise of side payments. While it can be argued that, if there
are side payments or threats, they should be modeled in the utilities of the game, it is sometimes more
convenient to work directly with strong resilience. In this paper we consider both resilience and strong
resilience, since the results on implementation obtained using the different notions are incomparable.
Just because a strongly resilient strategy in a game with a mediator can be implemented by a strongly
resilient strategy in a cheap-talk game, it does not follow that a resilient strategy with a mediator can be
implemented by a resilient strategy in a cheap-talk game, or vice versa. However, as we show, we get
the same lower bounds for both resilience and strong resilience: in our lower bounds, we give games
with mediators with a strongly k-resilient equilibrium o and show that there does not exist a cheap-talk
game and a strategy that o’ that implements ¢ and is k-resilient. Similarly, we can show that we get the
same upper bounds with both k-resilience and strong k-resilience.

Other notions of resilience to coalitions have been defined in the literature. For example, Bernheim,
Peleg, and Whinston [BPW89] define a notion of coalition-proof Nash equilibrium that, roughly speak-
ing, attempts to capture the intuition that o is a coalition-proof equilibrium if there is no deviation that
allows all players to do better. However, they argue that this is too strong a requirement, in that some
deviations are not viable: they are not immune from further deviations. Thus, they give a rather compli-
cated definition that tries to capture the intuition of a deviation that is immune from further deviations.
This work is extended by Moreno and Wooders [MW96] to allow correlated strategies. Although it is
beyond the scope of this paper to go through the definitions, it is easy to see that our impossibility results
apply to them, because of the particular structure of the games we consider.

For some of our results we will be interested in strategies that give “almost” k-resilience, in the
sense that no player in a coalition can do more than e better by deviating, for some small e.

Definition 4. If ¢ > 0, then o is an ek-resilient equilibrium in a game I" if, for all K C N with
|K| < k and all types t € T, it is not the case that there exists a strategy T such that u;(tg,I" +
CT(K),Tk,0-k) > ui(tg,I",0) + € foralli € K.

Clearly if € = 0, then an e—k-resilient equilibrium is a k-resilient equilibrium.

(k, t)-robust equilibrium: We now define the main solution concept used in this paper: (k,t)-robust
equilibrium. The k indicates the size of coalition we are willing to tolerate, and the ¢ indicates the
number of players with unknown utilities. These ¢ players are analogues of faulty players or adversaries
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in the distributed computing literature, but we can think of them as being perfectly rational. Since we do
not know what actions these ¢ players will perform, nor do we know their identities, we are interested
in strategies for which the payoffs of the remaining players are immune to what the ¢ players do.

Definition 5. A strategy profile o in a game I is t-immune if, for all T C N with |T'| < t, all strategy
profiles T, all i ¢ T, and all types t; € T; that occur with positive probability, we have u;(t;,I" +
CT(T), g_T, TT) > ui(ti, F, O‘).

Intuitively, o is t-immune if there is nothing that players in a set T" of size at most ¢ can do to give
the remaining players a worse payoff, even if the players in 7' can communicate.

Our notion of (k,t)-robustness requires both ¢-immunity and k-resilience. In fact, it requires k-
resilience no matter what up to ¢ players do. That is, we require that no matter what ¢ players do, no
subset of size at most k can all do better by deviating, even with the help of the ¢ players, and even if all
k + t players share their type information.

Definition 6. Given ¢ > 0, o is an e—(k, t)-robust equilibrium in game T if o is t-immune and, for all
K, T C N such that |K| < k, |T| < t,and K N'T = 0, and all types tx,r € Txur that occur with
positive probability, it is not the case that there exists a strategy profile T such that

ui(tgur, T+ CT(KUT), Tkur, 0—(kur)) > wilts, T+ CT(T), mr,0-1) + ¢
foralli e K. A (k,t)-robust equilibrium is just a 0—(k, t)-robust equilibrium.

We can define a strongly (k,t)-robust equilibrium by analogy to the definition strongly k-resilient
equilibrium: we simply change “for all ¢ € K™ in the definition of (k, t)-robust equilibrium to “for some
i € K”. Thus, in a strongly (k, t)-robust equilibrium, not even a single agent in K can do better if all
the players in K deviate, even with the help of the players in 7T'.

Note that a (1, 0)-robust equilibrium is just a Nash equilibrium, and an e—(1, 0)-robust equilibrium
is what has been called an e-Nash equilibrium in the literature. A (strongly) (k, 0)-robust equilibrium
is just a (strongly) k-resilient equilibrium. The notion (0, ¢)-robustness is somewhat in the spirit of
Eliaz’s [Eli02] notion of ¢ fault-tolerant implementation. Both our notion of (0, ¢)-robustness and Eliaz’s
notion of ¢-fault tolerance require that what the players not in 7" do is a best response to whatever the
players in 7' do (given that all the players not in 1" follow the recommended strategy); however, Eliaz
does not require an analogue of ¢-immunity.

In this paper, we are interested in the question of when a (k, ¢)-robust equilibrium o in a game I'y
with a mediator extending an underlying game I" can be implemented by an e—(k, t)-robust equilibrium
o’ in the cheap-talk extension I'ct of I'. If this is the case, we say that o’ is an e—(k, t)-robust imple-
mentation of o. (We sometimes say that (I'ct, o”) is an e~(k, t)-robust implementation of (I'y, o) if we
wish to emphasize the games.)

3 The Possibility Results

All of our possibility results have the flavor “if there is a (k,t)-robust equilibrium in a game with a
mediator, then (under the appropriate assumptions) we can implement this equilibrium using cheap
talk.” To state the results carefully, we must define the notions of a punishment strategy and a utility
variant.
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Definition 7. If I'; is an extension of an underlying game 1" with a mediator d, a strategy profile p in
T" is a k-punishment strategy with respect to a strategy profile o in 'y if for all subsets K C N with
|K| < k, all strategies ¢ inT' + CT(K), all types t i € Tk, and all players i € K:

ui(tr,L'a,0) > ui(tg, I + CT(K), ¢, p—K)-
If the inequality holds with > replacing >, p is a weak k-punishment strategy with respect to o.

Intuitively, p is k-punishment strategy with respect to o if, for any coalition K of at most k players,
even if the players in K share their type information, as long as all players not in K use the punishment
strategy in the underlying game, there is nothing that the players in K can do in the underlying game
that will give them a better expected payoff than playing o in I'.

Notice that if £ +t < n < 2k + t, 'y is a mediator game extending I, and o is a (k, t)-robust
equilibrium in Iy, then there cannot be a (k + t)-punishment strategy with respect to o. For if o is
a (k + t)-punishment strategy, consider the strategy in the mediator game where a set 7' with |T'| =
t > n — (k + t) players do not send a message to the mediator, and just play p. If o is t-immune,
ui(ocn—7, pr) > ui(o). Butin the underlying game, if the players in N — T share their types, they can
compute what the mediator would have said, and thus can play o _7, contradicting the assumption that
o is a punishment strategy.

The notion of utility variant is used to make precise that certain results do not depend on knowing
the players’ utilities; they hold independently of players’ utilities in the game. A game I'’ is a urility
variant of a game T" if '’ and I" have the same game tree, but the utilities of the players may be different
inT" and T'’. Note that if I" is a utility variant of I', then " and "’ have the same set of strategies. We
use the notation I'(u) if we want to emphasize that u is the utility function in game I". We then take
I'(u') to be the utility variant of T with utility functions u’.

We say that broadcast can be simulated, if for all § > 0, broadcast channels can be implemented
with probability 1 — §. Broadcast can be simulated if, for example, there are broadcast channels; or if
there is a trusted preprocessing phase where players may broadcast and assuming cryptography; or if
unconditional pseudo-signatures are established [PW96].

In the theorem, we take “assuming cryptography’ to be a shorthand for the assumption that oblivious
transfer [Rab, EGL85] can be implemented with probability 1 — e for any desired € > 0. It is known that
this assumption holds if enhanced trapdoor permutations exist, players are computationally bounded,
and the mediator can be described by a polynomial-size circuit [Gol0O4].

Theorem 1. Suppose that I is Bayesian game with n players and utilities u, d is a mediator that can be
described by a circuit of depth ¢, and o is a (k, t)-robust equilibrium of a game T4 with a mediator d.

(a) If 3(k +t) < n, then there exists a strategy oct in Tcr(u) such that for all utility variants T'(u),
if o is a (k,t)-robust equilibrium of Tq(u'), then (Icr(u'), ocr) implements (T'y(u'),0). The
running time of ocr is O(c).

(b) If 2k + 3t < n and there exists a (k + t)-punishment strategy with respect to o, then there exists
a strategy oct in Ucr such that ocr implements o. The expected running time of oct is O(c).

(c) If 2(k + t) < n and broadcast channels can be simulated, then, for all € > 0, there exists a
strategy o&p in It such that o&.; e-implements o. The running time of o&.r is O(c).

(d) If k +t < n then, assuming cryptography and that a PKI is in place, there exists a strategy o
in Ter such that o&p e-implements o. The expected running time of o&y is O(c) - f(u) - O(1/e)
where f(u) is a function of the utilities.
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(e) If k+ 3t <norifk+1t < nanda trusted PKI is in place, and there exists a (k + t)-punishment
strategy with respect to o, then, assuming cryptography, there exists a strategy o¢r in Icr such
that oy e-implementers o. The expected running time of o&r is O(c) - f(u) where f(u) is a
function of the utilities but is independent of .

Note that in part (a) we say “the running time”, while in the other parts we say “the expected running
time”. Although all the strategies used are behavior strategies (and thus use randomization), in part (a),
the running time is bounded, independent of the randomization. In the remaining parts, we cannot put
an a priori bound on the running time; it depends on the random choices. As our lower bounds show,
this must be the case.

We briefly comment on the differences between Theorem 1 and the corresponding Theorem 4 of
ADGH. In ADGH, we were interested in finding strategies that were not only (k,¢)-robust, but also
survived iterated deletion of weakly dominated strategies. Here, to simplify the exposition, we just
focus on (k,t)-robust equilibria. For part (a), in ADGH, a behavioral strategy was used that had no
upper bound on running time. This was done in order to obtain a strategy that survived iterated deletion.
However, it is observed in ADGH that, without this concern, a strategy with a known upper bound can
be used. As we observed in the introduction, part (a), as stated, actually follows from known results
in multiparty computation [BGW88, CCD88]. Part (b) here is the same as in ADGH. In part (c), we
assume here the ability to simulate broadcast; ADGH assumes cryptography. As we have observed, in
the presence of cryptography, we can simulate broadcast, so the assumption here is weaker. In any case,
as observed in the introduction, part (c) follows from known results [RB89]. Parts (d) and (e) are new,
and will be proved in [ADGHO7]. The proof uses ideas from [GMW87] on multiparty computation. For
part (d), where there is no punishment strategy, ideas from [EGL85] on getting e-fair protocols are also
required. (An e-fair protocols is one where if one player knows the mediator’s value with probability p,
then other players know it with probability at least p — €.) Our proof of part (¢) shows that if n > k4 3¢,
then we can essentially set up a PKI on the fly. These results strengthen Theorem 4(d) in ADGH, where
punishment was required and n was required to be greater than k + 2.

4 The Impossibility Results

No bounded implementations

We prove that it is impossible to get an implementation with bounded running time in general if 2k +
3t < n < 3k + 3t. This is true even if there is a punishment strategy. This result is optimal. If
3k 4 3t < n, then there does exist a bounded implementation; if 2k + 3t < n < 3k + 3t there exists an
unbounded implementation that has constant expected running time.

Theorem 2. If 2k + 3t < n < 3k + 3t, there is a game 1" and a strong (k,t)-robust equilibrium o
of a game T4 with a mediator d that extends T such that there exists a (k + t)-punishment strategy
with respect to o for which there do not exist a natural number c and a strategy ocr in the cheap talk
game extending 1" such that the running time of oct on the equilibrium path is at most c and oct is a
(k, t)-robust implementation of o.

Proof. We first assume that n = 3, k = 1, and ¢ = 0. We consider a family of 3-player games Fg’kH,
where 2k + 3t < n < 3k + 3t, defined as follows. Partition {1, ..., n} into three sets By, Be, and Bs,
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such that By consists of the first |n/3| elements in {1,...,n}, B3 consists of the last [n/3] elements,
and B; consists of the remaining elements.

Let p be a prime such that p > n. Nature chooses a polynomial f of degree k + t over the p-
element field GF(p) uniformly at random. For i € {1,2, 3}, player i’s type consists of the set of pairs
{(h, f(h)) | h € B;}. Each player wants to learn f(0) (the secret), but would prefer that other players
do not learn the secret. Formally, each player must play either O or 1. The utilities are defined as follows:

e if all players output f(0) then all players get 1;
e if player ¢ does not output f(0) then he gets —3;
o otherwise players ¢ gets 2.

Consider the mediator game where each player is supposed to tell the mediator his type. The medi-
ator records all the pairs (h, vy) it receives. If at least n — ¢ pairs are received and there exists a unique
degree k + t polynomial that agrees with at least n — ¢ of the pairs then the mediator interpolates this
unique polynomial f’ and sends f/(0) to each player; otherwise, the mediator sends 0 to each player.

Let o; be the strategy where player ¢ truthfully tells the mediator his type and follows the mediator’s
recommendation. It is easy to see that o is a (1,0)-robust equilibrium (i.e., a Nash equilibrium). If
a player 7 deviates by misrepresenting or not telling the mediator up to ¢ of his shares, then everyone
still learns; if the player misrepresents or does not tell the mediator about more of his shares, then the
mediator sends the default value 0. In this case 7 is worse off. For if O is indeed the secret, which it is
with probability 1/2, ¢ gets 1 if he plays 0, and —3 if he plays 1. On the other hand, if 1 is the secret,
then ¢ gets 2 if he plays 1 and —3 otherwise. Thus, no matter what ¢ does, his expected utility is at most
—1/2. This argument also shows that if p; is the strategy where 7 decides 0 no matter what, then p is a
1-punishment strategy with respect to o.

Suppose, by way of contradiction, that there is a cheap-talk strategy ¢’ in the game I'cr that imple-
ments o such that any execution of ¢’ takes at most ¢ rounds. We say that a player i learns the secret by
round b of o’ if, for all executions (i.e., plays) r and 7’ of ¢’ such that 7 has the same type and the same
message history up to round b, the secret is the same in 7 and /. Since we have assumed that all plays
of o’/ terminate in at most ¢ rounds, it must be the case that all players learn the secret by round c of ¢’.
For if not, there are two executions r and r’ of ¢’ that 7 cannot distinguish by round ¢, where the secret
is different in ~ and 7’. Since ¢ must play the same move in r and 7/, in one case he is not playing the
secret, contradicting the assumption that o’ implements o. Thus, there must exist a round b < ¢ such
that all three players learn the secret at round b of ¢’ and, with nonzero probability, some player, which
we can assume without loss of generality is player 1, does not learn the secret at round b — 1 of ¢’. This
means that there exists a type ¢; and message history h; for player 1 of length b — 1 that occurs with
positive probability when player 1 has type ¢; such that, after b — 1 rounds, if player 1 has type ¢; and
history hq, player 1 considers it possible that the secret could be either O or 1. Thus, there must exist
type profiles ¢ and ¢’ that correspond to polynomials f and f’ such that ¢; = ¢}, f(0) # f/(0) and, with
positive probability, player 1 can have history 41 with both ¢ and ', given that all three players play o’.

Let ho be a history for player 2 of length b — 1 compatible with ¢ and h; (i.e., when the players play
o', with positive probability, player 1 has hq, player 2 has hs, and the true type profile is t); similarly,
let hg be a history of length b — 1 for player 3 compatible with ¢ and hy. Note that player i’s action
according to o; is completely determined by his type, his message history, and the outcome of his coin
tosses. Let o} [t2, ho] be the strategy for player 2 according to which player 2 uses o for the first b — 1
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rounds, and then from round b on, player 2 does what it would have done according to % if its type had
been ¢, and its message history for the first b— 1 rounds had been 5y (that is, player 2 modifies his actual
message history by replacing the prefix of length b — 1 by h9, and leaving the rest of the message history
unchanged). We can similarly define o4[t, h3]. Consider the strategy profile (o, o [t2, ha|, o4[t5, hs]).
Since o?[t;, h;] is identical to o, for the first b — 1 steps, for ¢ = 2, 3, there is a positive probability that
player 1 will have history h; and type ¢; when this strategy profile is played. It should be clear that,
conditional on this happening, the probability that player 1 plays O or 1 is independent of the actual
types and histories of players 2 and 3. This is because players 2 and 3’s messages from time b depend
only on ¢’s messages, and not on their actual type and history. Thus, for at least one of 0 and 1, it must
be the case that the probability that player 1 plays this value is strictly less than 1. Suppose without loss
of generality that the probability of playing f(0) is less than 1.

We now claim that o [t4, hg] is a profitable deviation for player 3. Notice that player 3 receives the
same messages for the first b rounds of o’ and (o7, 0%, 05[th, hs]). Thus, player 3 correctly plays the
secret no matter what the type profile is, and gets payoff of at least 1. Moreover, if the type profile is
t, then, by construction, with positive probability, after b — 1 steps, player 1’s history will be h; and
player 2’s history will be he. In this case, o} is identical to o5[ta, ha], so the play will be identical to
(0], oh[ta, hal, ob[th, hs]). Thus, with positive probability, player 1 will not output f(0), and player 3
will get payoff 2. This means player 3’s expected utility is greater than 1.

For the general case, suppose that 2k + 3t < n < 3k + 3t. Consider the n-player game I'"™*?,
defined as follows. Partition the players into three groups, By, B, and Bs, as above. As in the 3-player
game, nature chooses a polynomial f of degree k + ¢ over the field {0, 1} uniformly at random, but
now player ¢’s type is just the pair (7, f(4)). Again, the players want to learn f(0), but would prefer that
other players do not learn the secret, and must output a value in F'. The payoffs are similar in spirit to
the 3-player game:

e if atleast n — ¢ players output f(0) then all players that output f(0) get 1;
e if player ¢ does not output f(0) then he gets —3;
e otherwise player 7 gets 2.

The mediator’s strategy is essentially identical to that in the 3-player game (even though now it is
getting one pair (h, vp,) from each player rather than a set of such pairs from a single player). Similarly,
each player 7’s strategy in Fg’k’t, which we denote o7}', is essentially identical to the strategy in the 3-
player game with the mediator. Again, if p} is the strategy in the n-player game where ¢ plays 0 no
matter what his type, then it is easy to check that p” is a (k + t)-punishment strategy with respect to 0.

Now suppose, by way of contradiction, that there exists a strategy o’ in the cheap-talk extension
I gfk’t of T™ that is a (k, t)-robust implementation of ¢™ such that all executions of ¢’ take at most
¢ rounds. We show in Appendix A.3 that we can use o’ to get a (1,0)-robust implementation in the
3-player mediator game Fg:g”, contradicting the argument above. O

Byzantine Agreement and Game Theory

In [ADGHO6] it is shown thatif n > 3k+ 3¢, we can implement a mediator in a way that does not depend
on utilities and does not need a punishment strategy. Using novel connections to randomized Byzantine
agreement lower bounds, we show that neither of these properties hold in general if n < 3k + 3t.
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We start by showing that we cannot handle all utilities variants if n < 3k 4+ 3t. Our proof exposes
a new connection between utility variants and the problem of Weak Byzantine Agreement [Lam83].
Lamport [Lam83] showed that there is no deterministic protocol with bounded running time for weak
Byzantine agreement if t > n/3. We prove a stronger lower bound for any randomized protocol that
only assumes that the running time has finite expectation.

Proposition 1. [f max{2,k + t} < n < 3k + 3t, all 2" input values are equally likely, and P is a
(possibly randomized) protocol with finite expected running time (that is, for all protocols P" and sets
|T| < k + t, the expected running time of processes Pn_r given (Py_r, PJ) is finite), then there
exists a protocol P’ and a set T of players with |T| < k + t such that an execution of (Pnx_r, Py) is
unsuccessful for the weak Byzantine agreement problem with nonzero probability.

Proof. See Appendix A.1. O

The idea of our impossibility result is to construct a game that captures weak Byzantine agreement.
The challenge in the proof is that, while in the Byzantine agreement problem, nature chooses which
processes are faulty, in the game, the players decide whether or not to behave in a faulty way. Thus, we
must set up the incentives so that players gain by choosing to be faulty iff Byzantine agreement cannot
be attained, while ensuring that a (k, ¢)-robust cheap-talk implementation of the mediator’s strategy in
the game will solve Byzantine agreement.

Theorem 3. If 2k + 2t < n < 3k + 3t, there is a game I'(u) and a strong (k,t)-robust equilibrium
o of a game Ty with a mediator d that extends T such that there exists a (k + t)-punishment strategy
with respect to o and there does not exist a strategy ocr such that for all utility variants T'(u") of T'(u),
if o is a (k,t)-robust equilibrium of Ty(u’), then (Tcr(u’), ocr) is a (k,t)-robust implementation of
(I‘d(u /), O’).

Proof. See Appendix A.1. O

Theorem 3 shows that we cannot, in general, get a uniform implementation if n < 3k + 3¢. As shown
in Theorem 1(b)—(e), we can implement mediators if n < 3k + 3¢ by taking advantage of knowing the
players’ utilities.

We next prove that if 2k+3t < n < 3k+3t, although mediators can be implemented, they cannot be
implemented without a punishment strategy. In fact we prove that they cannot even be e-implemented
without a punishment strategy. Barany [Bar92] proves a weaker version of a special case of this result,
where n = 3, k = 1, and ¢ = 0.1t is not clear how to extend Barany’s argument to the general case, or to
e—implementation. We use the power of randomized Byzantine agreement lower bounds for this result.

Theorem 4. If 2k + 2t < n < 3k + 3t, then there exists a game I, an € > 0, and a strong (k,t)-robust
equilibrium o of a game T3 with a mediator d that extends T, for which there does not exist a strategy
oct in the CT game that extends T such that ocr is an e—(k, t)-robust implementation of o.

Proof. See Appendix A.2. O

We now show that the assumption that n > 2k + 3t in Theorem 1 is necessary. More precisely, we
show that if n < 2k + 3t, then there is a game with a mediator that has a (k, t)-robust equilibrium that
does not have a (k, t)-robust implementation in a cheap-talk game. We actually prove a stronger result:
we show that there cannot even be an e—(k, t)-robust implementation, for sufficiently small e.
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Theorem 5. If k + 2t < n < 2k + 3t, there exists a game I, a strong (k,t)-robust equilibrium o of a
game Ty with a mediator d that extends T, a (k+t)-punishment strategy with respect to o, and an € > 0,
such that there does not exist a strategy ocrt in the CT extension of I such that ocr is an e—(k,t)-robust
implementation of o.

The proof of Theorem 5 splits into two cases: (1) 2k+2t <n < 2k+3tandt > 1and 2) k42t <
n < 2k 4+ 2¢. For the first case, we use a reduction to a generalization of the Byzantine agreement
problem called the (k,t)-Detect/Agree problem. This problem is closely related to the problem of
broadcast with extended consistency introduced by Fitzi et al. [FHHWO03].

Theorem 6. If 2k + 2t < n < 2k + 3t and t > 1, there exists a game T, an € > 0, a strong (k,t)-
robust equilibrium o of a game Iy with a mediator d that extends I, and a (k + t)-punishment strategy
with respect to o, such that there does not exist a strategy oct in the CT extension of I which is an
e—(k, t)-robust implementation of o.

Proof. See Appendix A.4. O

We then consider the second case of Theorem 5, where k£ + 2t < n < 2k + 2t. Since we do not
assume players know when other players have decided in the underlying game, our proof is a strength-
ening of the lower bounds of [SRAS81, Hel05].

Theorem 7. If k + 2t < n < 2k + 2t, there exist a game T, an € > 0, a mediator game 1 extending T,
a strong (k,t)-robust equilibrium o of 'y, and a (k + t)-punishment strategy p with respect to o, such
that there is no strategy ocr that is an e—(k,t)-robust implementation of o in the cheap-talk extension
of I, even with broadcast channels.

Proof. See Appendix A.S. O

Our last lower bound using Byzantine agrement impossibilities gives tight bounds to the result of
Theorem 1(e) for the case that n > k4 3t. We show that a PKI cannot be set up on the fly if n < k4 3t.
Our proof is based on a reduction to a lower bound for the (k,t)-partial broadcast problem, a novel
variant of Byzantine agreement that can be viewed as capturing minimal conditions that still allow us to
prove strong randomized lower bounds.

Theorem 8. [fmax(2,k +t) < n < k + 3t, then there is a game T, a strong (k,t)-robust equilibrium
o of a game Ty with a mediator d that extends U for which there does not exist a strategy ocr in the
CT game that extends T such that oct is an e—(k,t)-robust implementation of o even if players are
computationally bounded and we assume cryptography.

Proof. See Appendix A.6. O

Tight bounds on running time

We now turn our attention to running times. We provide tight bounds on the number of rounds needed
to e-implement equilibrium when k +t < n < 2(k+1t). When 2(k +¢) < n then the expected running
time is independent of the game utilities and independent of €. We show that for k + ¢ < n < 2(k +t)
this is not the case. The expected running time must depend on the utilities, and if punishment does not
exist then the running time must also depend on e.
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Theorem 9. If k +t < n < 2(k +t) and k > 1, then there exists a game I, a mediator game T that
extends T, a strategy o in Iy, and a strategy p in T such that

(a) for all € and b, there exists a utility function u®€ such that o is a (k,t)-robust equilibrium in
Ty(u®€) forall band e, p is a (k, t)-punishment strategy with respect to o in T'(u>€) if n > k+2t,
and there does not exist an e—(k, t)-robust implementation of o that runs in expected time b in the
cheap-talk extension Tep(ub€) of T'(u”€);

(b) there exists a utility function u such that o is a (k,t)-robust equilibrium in T ;(u) and, for all b,
there exists € such that there does not exist an e—(k,t)-robust implementation of o' that runs in
expected time b in the cheap-talk extension I'ct(u) of T'(u).

This is true even if players are computationally bounded, we assume cryptography and there are broad-
cast channels.

Proof. See Appendix A.7. O

Note that, in part (b), it is not assumed that there is a (k,¢)-punishment strategy with respect to
o in I'(u). With a punishment strategy, for a fixed family of utility functions, we can implement an
e—(k, t)-robust strategy in the mediator game using cheap talk with running time that is independent of
€; with no punishment strategy, the running time depends on € in general.

5 Conclusions

We have provided conditions under which a (&, ¢)-robust equilibrium with a mediator can be imple-
mented using cheap talk, and proved essentially matching lower bounds. There are still a few gaps in
our theorems, as well as other related issues to explore. We list some of them here.

e In Theorem 1(c), we get only an e-implementation for some € > 0. Can we take ¢ = 0 here?

e We require that the cheap-talk implementation be only a Nash equilibrium. But when we use a
punishment strategy, this may require a player to do something that results in him being much
worse off (although in equilibrium this will never occur, since if everyone follows the recom-
mended strategy, there will never be a need for punishment). It may be more reasonable to re-
quire that the cheap-talk implementation be a sequential equilibrium [KW82] where, intuitively, a
player is making a best response even off the equilibrium path. To ensure that the cheap-talk strat-
egy is a sequential equilibrium, Ben-Porath [Ben03] requires that the punishment strategy itself
be a Nash equilibrium. We believe for our results where a punishment strategy is not required,
the cheap-talk strategy is in fact a sequential equilibrium and, in the cases where a punishment
strategy is required, if we assume that the punishment strategy is a Nash equilibrium, then the
cheap-talk strategy will be a sequential equilibrium. However, we have not checked this carefully.
It would also be interesting to consider the extent to which the cheap-talk strategy satisfies other
refinements of Nash equilibrium, such as perfect equilibrium [Sel75].

e Our focus in this paper has been the synchronous case. We are currently exploring the asyn-
chronous case. While we had originally assumed that implementation would not be possible in
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the asynchronous case, it now seems that many of the ideas of our possibility results carry over
to the asynchronous case. However, a number of new issues arise. In particular, we need to be
careful in dealing with uncertainty. The traditional assumption in game theory is to quantify all
uncertainty probabilistically. But with asynchrony, part of the uncertainty involves, how long it
will take a message to arrive and when agents will be scheduled to move. (In general, in an asyn-
chronous setting, one player can make many moves before a second agent makes a single move.)
It is far from clear what an appropriate distribution would be to characterize this uncertainty.
Thus, the tradition in distributed computing has been to assume that an adversary decides mes-
sage delivery time and when agents are scheduled. The results in the asynchronous case depend
on how we deal with the uncertainty, which in turn affects the notion of equilibrium.

e We have assumed that in the cheap-talk game, every player can talk directly to every other player.
It would be interesting to examine what happens if there is a communication network which
characterizes which players a given player can talk to directly.

e In the definition of ¢-immunity and (k, t)-robustness, we have allowed the players in 7' to use
arbitrary strategies. In practice, we may be interested only in restricting each player ¢ in 7' to
using a strategy in some predetermined set .

We hope to return to all these issues in future work.
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Appendix

A Proofs

This section includes the proofs for all results stated in the main text. We repeat the statement of the
results for the readers’ convenience.

A.1 Proof of Theorem 3

In the weak Byzantine agreement problem, there are n processes, up to ¢ of which may be faulty
(“Byzantine”). Each process has some initial value, either 0 or 1. Some processes (chosen by nature)
are faulty; their “intention” is to try to prevent agreement among the remaining processes. Each non-
Byzantine process must decide 0 or 1. An execution of a protocol P is successful for weak Byzantine
agreement if the following two conditions hold:

I. (Agreement:) All the non-Byzantine processes decide on the same value in {0, 1}.

II. (Weak Nontriviality:) If all processes are non-Byzantine and all processes have the same initial
value 7, then all the processes must decide .

Proposition 1. If max{2,k + t} < n < 3k + 3t, all 2" input values are equally likely, and P is a
(possibly randomized) protocol with finite expected running time, then there exists a protocol P' and a
set T' of players with |T| < k + t such that an execution of (Px_r, P}) is unsuccessful for the weak
Byzantine agreement problem with nonzero probability.

Proof. The proof is based on the argument of [FLM86]. Partition the processes N = {1,...,n} into
three sets By, By, Bo such that | B;| < k+t. Letry,...,r, be the random tapes such that process i uses
tape r;.

Let c be an integer parameter that will be fixed later and consider the scenario consisting of 2¢n pro-
cesses arranged into 6en sets Ag, Ay, .. ., Agen—1. The number of processes in the set A; is [ B; (mod 3)l»
and the indexes of processes A; correspond to the indexes of processes in the set B; (o4 3)- Thus, for
each value j in N, there are 2c¢ processes whose index is set to j. If 7 € B; then there is exactly one
such process in each set Agpy; for £ € {0,1,...,2¢ — 1}.

Each process whose index is j € N executes protocol P; with random tape 7;. Messages sent by
processes in A; according to P reach the appropriate recipients in A;_1 (mod 6en)> Air Ait1 (mod 6en)
the processes in A; start with 1 if —6¢n/4 (mod 6¢n) < i < 6¢n/4 (mod 6en) and 0 otherwise.

Any two consecutive sets A;, Aj {1 (mod 6cn) define a possible scenario denoted .S; where the non-
faulty processes, Ai, Aj11 (mod 6en)» €xecute P and the faulty processes simulate the execution of all
the remaining sets of processes. Let e; denote the probability that protocol P fails the weak Byzantine
agreement conditions in scenario .5;.

Fix ¢ = 2°b and consider the scenarios S; and Ss.,. Since the expected running time is at most b
then by Markov inequality, with probability at least 7/8 the processes in S; require at most 8b rounds.
So with probability at least 1/2 both the processes in S7 and the processes in Ss.,, decide in at most 8b
rounds, denote this event as £.
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Since we fixed ¢ = 25 and all processes that have the same index use the same random tape then
given &£, we claim that the processes in .S cannot distinguish their execution from an execution where
all processes are non-faulty and begin with a 1 and similarly processes in S3., cannot distinguish their
execution from an execution where all processes are non-faulty and begin with a 0. Therefore, given
£, the non-faulty processes in S; decide 1 and the non-faulty processes in Ss.,, decide 0. Given &, it
cannot be the case that e¢; = 0 for all <. Hence there must exist an index ¢ such that e; > 0 given &.

Now consider the strategy P’ for processes in B;_; (mod 3) that guesses the random tapes of the
processes in Bi, Bi11 (mod 3) and simulates the processes Ag, Ay, . .., Agen—1 except for the processes
in Aj, Ai{1 (mod 6en)- With non-zero probability, the initial values of the non-faulty processes will be
as the initial values of A;, A; 1 (mod 6en)- Given this, with probability 1/2 event £ occurs. Given this,
the faulty processes may guess the tapes of the non-faulty processes with non-zero probability. Given
this, with probability e; > 0 the non-faulty processes will fail. O

Theorem 3. If 2k + 2t < n < 3k + 3t, there is a game I'(u) and a strong (k,t)-robust equilibrium
o of a game Ty with a mediator d that extends " such that there exists a (k + t)-punishment strategy
with respect to o and there does not exist a strategy oct such that for all utility variants T'(u") of T'(u),
if o is a (k,t)-robust equilibrium of Ty(u’), then (Tcr(u’), ocr) is a (k,t)-robust implementation of
(Ta(u'), o).

Proof. Consider the following game I' with 2k + 2t < n < 3k + 3t players. A player’s type is his
initial value, which is either O or 1. We assume that each of the 2" tuples of types is equally likely. Each
player must choose a characteristic G (for “good”) or B (for “bad”); if the player chooses G, he must
also output either 0, 1, or PUNISH. The utility function u is characterized as follows:

e If there exists a set R of at least n — (k + t) players that choose G such that

— all players in R either commonly output 0 or commonly output 1; and
— if all players in R have initial value 7 then the common output of R is %;

then we call this a good outcome, the utility is 1 for players that choose G and output the same
value as the players in R, and the utility is O for all other players.

e If n — (k + t) or more players choose G and output PUNISH or all players choose B, then we call
this a punishment outcome; the utility is —1 for all players.

e Otherwise we have a bad outcome, and the utility is —2n for players that choose G and 2 for
players that choose B.

For future reference, we take the utility function 4" to be identical to u, except that in a punishment
outcome, a player that chooses B gets 2/, while a player that chooses G gets —2nM (so that v = u).

Consider the strategy o; for player 7 in the game I'; with a mediator based on I" where 7 sends its
value to the mediator, and chooses characteristic G and outputs the value the mediator sends if the value
is in {0, 1}, and outputs O if the mediator sends PUNISH. The mediator sends PUNISH if there are less
than n — (k + t) values sent; otherwise it sends the majority value (in case of a tie, it sends 1). Let p; be
the strategy in the underlying game I" of choosing B and outputting 0.

Lemma 2. The strategy o is a strong (k,t)-robust equilibrium in the utility variant game T g(u™) for
all M. Moreover, o results in a good outcome and p is a (k + t)-punishment strategy with respect to o.
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Proof. If |T'| < t, and all the players in N — T play o, then the mediator will get at least n — ¢ values.
If the majority value is ¢, then all the players in N — T will decide ¢. Since n > 2t, there must be at
least one player in N — T that has type i. Moreover, |[N — T'| > n — (k + t), so the players in N — T
constitute a set 12 that makes the outcome good. Thus we have ¢-immunity.

Now fix K,T C N such that K, T are disjoint, |K| < k, and |T| < t. Clearly for any 71 €
Skur, and i ¢ K U T we have u;(0_(xur), T(kur)) = 1. If at least n — (k + t) players play o
then the outcome will be good and all the players that play o will get a utility of 1, no matter what the
other players do; moreover, any player that chooses B will get utility of 0. Here we need the fact that
n > 2k + 2t, so there cannot be two sets of size at least n — (k + t) where the players output different
values. It easily follows that o is a (k, t)-robust equilibrium. Note that if any set of n — (k 4 t) or more
players play p in the underlying game I' then, no matter what the remaining players do, the utility for
all the players is —1, whereas, as we have seen, if n — (k + t) or more players play o in Iy, then these
players get 1. Thus, o is a (k + ¢)-punishment strategy with respect to o. O

Returning to the proof of Theorem 3, by way of contradiction, suppose that there exists a strategy o’
in the CT extension It of I' such that (Tep(u), o) is a (k, t)-robust implementation of (I'g(u), o),
for all M. Let P; be the protocol for process ¢ where process i sends messages according to o, taking
its initial value to be its type, decides ¢ if o} chooses G and outputs ¢ € {0, 1}, and outputs 0 if ¢ chooses
B or chooses G and outputs PUNISH.

By Proposition 1, there exists a protocol P’, sets K, T with |K| < kand |T| < T, and an € > 0
such that (P_( KUT)s P ) has probability e of having an unsuccessful execution. Without loss of
generality, we can assume that | K| = k and |T'| = t. (If not, we can just add k — | K| processes to K and
t — |T'| processes to T and have them all use protocol P.) Let 0;’ be the strategy where player j chooses
B and sends messages according to Pj’ . It is easy to see that (o’ (KUT)> o) results in a bad outcome
whenever (P_xyr), Pj ) results in an unsuccessful outcome. For if (o (KUT)? o) results in a
punishment outcome, then all players not in K U T output O with (P,( KUT)> Py 1) so the outcome is
successful. Thus, the probability of a bad outcome with (o’ (KUT) ohur) s €

Fix M > 2/e. In the game I'cp(u™), if j € K, we have uj-w(a’_(KuT),a}’(UT) > 3 (since j’s
expected utility conditional on a bad outcome is greater than 4/¢, and a bad outcome occurs with prob-
ability €, while j’s expected utility conditional on a good or punishment outcome is at least —1). Since
o’ is a (k,t)-robust equilibrium, if j € K, we must have ué\/[(a’_T, all) > u;-‘/f(a’_(KuT), our) > 3.
Thus, the probability of a bad outcome with (¢’ ., ¢//.) must be positive. Note that ¢t-immunity guar-
antees that, for all ¢ ¢ T, uZM (0! p,0l) > 1. Thus, the total expected utility of the players in N — T’
when playing (¢’ ., /) must be at least n — ¢ + 2k (since the players in K have expected utility at
least 3). However, in a good outcome, their total utility n — (¢ 4+ k); in a punishment outcome, their
total utility is —n + ¢ < 0; and in a bad outcome, their total utility is less than O (since even if all but
one of the players in N — (7' — K) choose characteristic B and get utility 2/, the player who chooses
characteristic G gets utility —2Mn). Thus, the only way that the total expected utility of the players in
N — T can be greater than n — t 4 2k is if £ = 0 and the probability of a bad outcome (or a punishment
outcome) with (o’ (KUT)’ o) is 0. This gives us the desired contradiction, and completes the proof
of Theorem 3. O
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A.2 Proof of Theorem 4

Theorem 4. If 2k + 2t < n < 3k + 3t, then there exists a game T, an € > 0, and a strong (k,t)-robust
equilibrium o of a game T3 with a mediator d that extends I, for which there does not exist a strategy
oct in the CT game that extends T such that ocr is an e—(k, t)-robust implementation of o.

Proof. Consider a variant of the game described in the proof of Theorem 3:

Game I" has 2k + 2t < n < 3k + 3t players. Players are partitioned into three sets B, Ba, B3 such
that | B;| < k+ t¢. Nature chooses three independent uniformly random bits by, b2, b3 € {0, 1} and gives
each player in B; the type b;. Each player must choose a characteristic G or B; if the player chooses G,
he must also output either O or 1. The utility function w is characterized as follows:

e If there exists a set R of at least n — (k + t) players that choose G such that

— all players in R either commonly output 0 or commonly output 1; and
— if all players in R have initial value 7 then the common output of R is 7;

then we call this a good outcome, the utility is 1 for players that choose G and output the same
value as the players in R, and the utility is O for all other players.

e Otherwise we have a bad outcome, and the utility is O for players that choose G and 16 for players
that choose B.

Consider the same mediator as in Theorem 3, except that rather than sending PUNISH if fewer than
n — (k + t) values are sent, the mediator simply sends 0. Again, it is easy to see that the strategy o of
sending the true type and following the mediator’s advice is a (k, t)-robust equilibrium in the mediator
game. Note that there is no (k + t)-punishment strategy with respect to o in this game.

Let ¢’ be any strategy in the cheap talk game T'cr such that for any set K UT with |[K UT| < k -+t
and any protocol 7x 7 the expected running time of (a?v_ (KUT)? Trur) is finite. Let P be the protocol
for Byzantine agreement induced by o’. Specifically, protocol P; simulates o by giving it its initial
value, sending messages according to o} and finally decide on the same value that o outputs.

We use the following lower bound on randomized Byzantine agreement protocols.

Proposition 3. If 2t < n < 3t and processes are partitioned into three sets By, Bo, Bs such that
|B;| < t. Nature chooses three independent uniformly random bits by, ba, bs € {0,1} and gives each
player in B the initial value b;. Then there exists a function ¥ that maps protocols to protocols such
that for any joint protocol P there exists a set T of processes such that T = B; for some i € {1,2,3}
and the execution (Py_p, V(P)r) fails the Byzantine Agrement problem with probability at least 1/6.
The running time of V(P) is polynomial in the number of players and the running time of P.

Proof. The proof follows from [KY84]. See Proposition 5 for a self contained proof that also handles
this special case. O

Let T be the set whose existence is guaranteed by Proposition 3 for protocol P. Then consider
the strategy 7r in I'cr where players choose B and play according to the protocol W(P)r. Since with
probability at least 1/6 the execution of (Py_7, ¥(P)r) fails the Byzantine Agrement problem then
with probability at least 1/6 the execution of (o/y,_, 7r) reaches a bad outcome and the expected utility
of each member in 7" is > 2. Hence there does not exist a (k + ¢)-robust equilibrium in the cheap talk
game that can e-implement the equilibrium with a mediator for any € < 1. O
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A.3 Proof of Theorem 2

Theorem 2. If 2k + 3t < n < 3k + 3t, there is a game I and a strong (k,t)-robust equilibrium o
of a game T g with a mediator d that extends T such that there exists a (k + t)-punishment strategy
with respect to o for which there do not exist a natural number c and a strategy ocr in the cheap talk
game extending 1" such that the running time of oct on the equilibrium path is at most c and oct is a
(k, t)-robust implementation of o.

Proof. Tt remains to show that we can use ¢’ as defined in the main text to get a (1,0)-robust imple-
mentation in the 3-player mediator game Fgﬁ”, contradicting the argument above. The idea is straight-
forward. Player ¢ in the 3-player game simulates the players in B; in the n-player game, assuming that
player j € B; has type (j, f(j)). (Recall that, in the 3-player game, player i’s type is a tuple consisting
of (4, f(j)) forall j € B;.) In more detail, consider the strategy o} where, in each round of the 3-player
game, player ¢ sends player j all the messages that a player in B; sent to a player in B; in the n-player
game (noting what the message is, to whom it was sent, and who sent it). After receiving a round &
message, each player ¢ in the 3-player game can simulate what the players in B; do in round k£ + 1 of
the n-player game. If a player ¢ does not send player j a message of the right form in the 3-player game,
then all the players in B; are viewed as having sent no message in the simulation. If all players in B;
decide on the same value in the simulation, then player 7 decides on that value in the 3-player game;

otherwise, player ¢ decides O.

It is easy to see that ¢’ implements o in Fg’kH and there is a bound c such that all executions

of o take at most ¢ rounds, because ¢’ implements " in the n-player game and takes bounded time.
It follows from the argument above that ¢” cannot be (1,0)-robust. Thus, some player ¢ must have
a profitable deviation. Suppose without loss of generality that it is player 3, and 3’s strategy when
deviating is 3. Note that 73 can be viewed as prescribing what messages players in B3 send to the
remaining players in the game Fg’gﬁ’t. (Recall, that if player 3 does not send a message to player j in
the 3-player game that can be viewed as part of such as description, and player j is running 0;’ , then
player j acts as if all the players in B3 had sent the players in B; no message at all. Thus, all messages
from player ¢ to player j in the 3-player game can be interpreted as messages from B; to B; in the
n-player game.) Note that ¢ < |Bs| < k + t. (We must have & > 1, since otherwise we cannot have
2k + 3t < n < 3k + 3t, son > 3 4 3t.) Choose a subset T' of B3 such that |T| = ¢. Let 7, be the
strategy in the n-player cheap-talk game whereby the players in Bs simulate 73, the players in By — T’
make the same decision as player 3 makes using 73, and the players in 7" make the opposite decision. It
suffices to show that if all players in Bs play 7, then the players in Bs — T are better off than they are
playing o”.

Note that every execution r of (o’ _ By 7B,) in the cheap-talk extension of '™kt corresponds to
a unique execution 1’ of (0%’172}, 73) in the cheap-talk extension I‘g’k’t. Thus, it suffices to show that
the players in Bs — T do at least as well in r as player 3 does in /. Let R{,, R, and R/, be the set of
executions of (0/{,1,2}’ 73) where player 3 gets payoff —3, 1, and 2, respectively. Let R; be the set of
executions of (o’ _ By 71’93) that correspond to an execution of Rg-. If ' € Ry, then clearly a player
in B3 — T does at least as well in r as player 3 does in r’. If ¥’ € R/, then all three players play the
secret in 7. Thus, in r, all the players in B3 — T play the secret, so they all get at least 1. Finally, if
r’ € RY, then in 1/, player 3 plays the secret, and either player 1 or 2 does not. Hence some player in
By or By does not play the secret in the cheap-talk extension of I'™**. Moreover, all the players in T
do not play the secret. Thus, at least ¢ + 1 players do not play the secret, so the players in B3 — 71" get 2.
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This completes the argument.

A.4 Proof of Theorem 6

Theorem 6. If 2k + 2t < n < 2k + 3t and t > 1, there exists a game T', an € > 0, a strong (k,t)-
robust equilibrium o of a game Ty with a mediator d that extends T, and a (k + t)-punishment strategy
with respect to o, such that there does not exist a strategy ocrt in the CT extension of I' which is an
e—(k, t)-robust implementation of o.

The proof uses a reduction to a generalization of the Byzantine agreement problem called the (k, t)-
Detect/Agree problem, which, as we said, is closely related to the problem of broadcast with extended
consistency introduced by Fitzi et al. [FHHWO03]. We have two parameters, k and ¢. Each process has
some initial value, either 0 or 1. There are at most k£ + ¢ Byzantine processes. Each non-Byzantine
process must decide 0, 1, or DETECT. An execution is successful for Detect/Agree if the following three
conditions all hold (the first two of which are slight variants of the corresponding conditions in weak
Byzantine agreement):

I. (Agreement:) If there are ¢ or fewer Byzantine processes, then all non-Byzantine processes decide
on the same value, and it is a value in {0, 1}.
II. (Nontriviality:) If all non-Byzantine processes have the same initial value v and no non-Byzantine
process decides DETECT, then all the non-Byzantine processes must decide v.
III. (Detection validity:) If there are more than ¢ Byzantine processes, then either all the non-Byzantine
processes decide DETECT, or all non-Byzantine processes decide on the same value in {0, 1}.

Note that if & = 0, then clause III is vacuous, so the (0,t)-Detect/Agree problem is equivalent
to Byzantine agreement with ¢ faulty processes [LSP82]. Note that the non-triviality condition for
Byzantine agreement requires all processes to decide v if they all had initial value v, even if there are
some faulty processes. Thus, it is a more stringent requirement than the weak nontriviality condition of
weak Byzantine agreement.

The following argument, from which it follows that there does not exist a protocol for the (k,t)-
Detect/Agree problem if n < 2k + 3¢, is based on a variant of the argument used for Proposition 1. If
T C N, let I70y_7 denote the input vector where the players in T" get an input of 1 and the players in
N — T get an input of 0.

Proposition 4. If max{2,t} < n < 2k + 3t andt > 1, then for all joint protocols P, there exist six
scenarios Sy, . .., Ss, six protocols P!, for j = 0,1, h = 0, 1,2, and a partition of the players into three
nonempty sets By, B, and By such that |By| < t, |B1| < k+1t, and |Bs| < k + t, and

e in scenario Sy, the input vector is 0, in S, itis (_)‘BIUB2 TBO; and in Ss, it is 632 TBouBl ;in Ssip,
the input vector is the complement of the input vector in Sy, for h = 0,1, 2 (that is, if process i
has input { in Sy, it has input 1 — £ in Ssp,); for all protocols P?, for j = 0,1;

e in S3j4y the processes in By, are faulty and use protocol P}Z, for 3 =0,1and h = 0,1, 2, while
the remaining processes are correct and use protocol P;

e the processes in Bjg,o receive exactly the same messages in every round of both both Ss;.}, and
S3j+hae1 (Where we use &y and Sy to denote addition and subtraction mod ().
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Figure 1: The construction for the proof of Proposition 4.

Proof. We explicitly construct the scenarios and protocols. Given P, we simultaneously describe the
protocols P/ and scenarios S35, for j = 0,1, h = 0, 1, 2, by induction, round by round. Suppose we

have defined the behavior of protocol P}JL and the scenario S3;, for the first £ rounds. As required by the

proposition, in scenario 53, the processes in By, are faulty and use protocol P} the correct processes
use protocol P, and the inputs are as required by the protocol. The hexagon in Figure 1 implicitly
defines the scenarios and what happens in round (£+ 1). In round £ + 1 of scenario S3;,4, the processes
in By, are faulty; each process 7 € Bj, sends messages to the processes in Byg,1 as if ¢ is using P; and
in the first k£ rounds has received exactly the messages it would have received in scenario S3;4noq1,
and sends messages to the processes in B3jpc,1 as if 7 is using P; and has received exactly the same
messages it would have received in the first & rounds of 53 441. Note that in scenarios S3;pg41 and
S3j+hog—1, a process i € By, uses protocol P;. Thus, i € Bj, sends the same message to processes in
Bhg,1 in both scenarios S3;1 4 and 534 p441. Finally, note that there is no need for processes in By, to
send messages to other processes in By, in scenario S3;. . The behavior of the processes in B}, does not
depend on the messages they actually receive in scenario S3;; they are simulating scenarios S3;4pa41
and S3;po41. This behavior characterizes protocol P]h.

The six scenarios and protocols are implicitly defined by the hexagon in Figure 1. For example,
scenario Sy is defined by the four nodes in the hexagon starting with the one labeled P and going
counterclockwise. The inputs for the processes in By, are defined by the numbers in circle in the first
three nodes; in this scenario, all processes have input 0, because these numbers are all 0. The processes
in By, which are the faulty ones in this scenario, behave to the processes in B; as if they have input 0
and to the processes in Bs as if they have input 1. (This is indicated by the edge joining the node labeled
By(0) and By (0) and the edge joining By(1) and B(0)).

By construction, the processes in Bjg,2 are correct in both S3;. 5 and S3;4pq41; an easy proof
by induction on rounds shows that they receive exactly the same messages in every round of both
scenarios. O
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The following is a generalization of the well-known result that Byzantine agreement (which, as we
have observed, is just the (0, t)-Detect/Agree problem) cannot be solved if n < 3t.

Proposition 5. Ifn < 2k 4 3t and t > 1, then there is no protocol that solves the (k,t)-Detect/Agree
problem. Moreover, if there is a partition of the players into three > nonempty sets By, B1, and By, as in
Proposition 4, and the four input vectors 0, 130 OBNBQ, 1BOU31032, and 1 each have probability 1/4
then, for any protocol P, there exists a set T with |T'| < k + t and protocol P’ such that the probability
that an execution of (Pn_t, Py) is unsuccessful for (k,t)-Detect/Agree is at least 1/20.

Proof. Suppose that n < 2k + 3t and that P solves the (k,t)-Detect/Agree problem. Consider the six
scenarios from Proposition 4. Since ¢t > 1, each of By, B1, and Bj is nonempty. In scenario Sy, all the
correct processes must decide on 0, by the nontriviality condition. By Proposition 4, the processes in Ba
cannot distinguish Sy from S and are correct in both, therefore the correct processes must decide 0 in
Sy. Thus, by the agreement property (if | By| < t) or the detection validity property (if | Ba| > t), all the
processes in B; must also decide 0 in S;. A similar argument shows that all the processes in By U By
must decide 0 in So and all the processes in B; U By must decide 0 in S3. But in S3 the nonfaulty
processes must decide 1. This proves the first part of the claim.

Now suppose that each of 0, TBO 0 B, UBs> TBOU B 0 B,» and 1 have probability 1/4. Again, consider
the scenarios Sy, ..., S3. We claim that, for some j € {0,1,2,3}, if the faulty processes use the
strategies prescribed for scenario S;, then conditional on the input vector being that of scenario S;,
the probability that an execution is unsuccessful for (k,t)-Detect/Agree is at least 1/5. We prove by
induction on j that either the claim holds for some scenario S; with 0 < j < 3 or the probability that
each correct process in scenario S; decides O is greater than 1 — (j + 1)/5. For the base step, suppose
that in scenario Sy some correct process decides 1 with probability greater than 1/5. Then if processes
in By are faulty and use protocol P{, no matter what their input, if the input vector is actually 0 the
execution will be unsuccessful with probability greater than 1/5. Assume now that the claim does not
hold for processes in Sy. Since processes in By are correct in both Sy and 51, and cannot distinguish
Sp from S, they must decide 0 with probability at least 4/5 in S;. A similar argument now shows that
either the claim holds for Sy, or the processes in By must decide 0 with probability at least 3/5 in Sj.
The inductive step is similar, and left to the reader. We complete the proof by observing that in Ss, if
the claim does not hold, then all the processes must decide 0 with probability at least 1/5. But in S3, all
processes are correct and have initial value 1. Thus, again the probability of an unsuccessful execution
is at least 1/5. Since each relevant input vector has probability 1/4, the probability of an unsuccessful
execution is at least 1/20. 0

Proof of Theorem 6. Suppose that 2k+2t < n < 2k+3%,¢ > 1. Consider the same game and strategies
as in the proof of Theorem 3 with utility vector ", where M > 20(1 + ¢). By Lemma 2, o is a (k, t)-
robust strategy in the mediator game I';. Suppose, by way of contradiction, that ¢’ is an e—(k, t)-robust
implementation of & in the CT extension I'cr of I'z(u™). Let P; be the protocol for process i that sends
the same messages and makes the same decisions as o,. By Proposition 5, there is a protocol P and
a set T with |T'| < k + ¢ such that the probability that an execution of (Py_r, Pr) is unsuccessful
for (k,t)-Detect/Agree is at least 1/20. Let o” be the strategy where the players choose characteristic
B and play according P’ in the cheap-talk game, no matter what their actual input. With probability
1/20, the outcome will be bad (since an unsuccessful outcome with (Py_r, Pj.) corresponds to a bad
outcome with (o’y,_,, 07). Thus, the expected utility for the players in 7" is greater than 1 + ¢, so o is
not e—(k, t)-robust. O
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L R L R

U (3,3) (1,4) U 1/3 1/3
D (4,1) (0,0) D 1/3 0
A simple 2-player game. A correlated equilibrium.

Figure 2: The game used in the proof of Proposition 6
A.5 Proof of Theorem 7

To prove Theorem 7, we start with the case that n = 2, k = 1, and ¢ = 0. The ideas for this proof
actually go back to Shamir, Rivest, and Adleman [SRA81]; a similar result is also proved by Heller
[HelO5]. However, these earlier proofs assume that in the cheap-talk protocol, the players first exchange
messages and then, after the message exchange, make their decision (perhaps using some randomiza-
tion). That is, they are implicitly assuming that when the cheap-talk phase of the strategy has ended, it
is common knowledge that it has ended (although when it ends may depend on some random choices).
While this is a reasonable assumption if we have a bounded cheap-talk protocol, our possibility results
involve cheap-talk games with no a priori upper bound on running time. We do not want to assume that
the players receive a signal of some sort to indicate that the message exchange portion of the cheap-talk
has ended. Our lower bound proof does not make this assumption. We can, of course, find a round
such b that with high probability. This solves part of the problem. However, the earlier proofs also took
advantage of the fact that players decide simultaneously, after the cheap-talk phase ends. Since we do
not make this assumption, our proof requires somewhat more delicate techniques than the proofs in the
earlier papers.

Proposition 6. [f n = 2, then there exist a game I, € > 0, a mediator game 1"y extending T', a Nash
equilibrium o of Iy, and a punishment strategy p with respect to o such that there is no strategy o’ that
is an e—(1,0)-robust implementation of o.

Proof. Let I' be the game described in the left table of Figure 2, where player 1 is Alice and player 2 is
Bob, Alice can choose between actions U and D, and Bob can choose between L and R. The players
all have a single type in this game, so we do not describe the types. The boxes in the left table describe
the utilities of Alice and Bob for each action profile. The right table describes a correlated equilibrium
of this game, giving the probabilities that each action profile is played.

Consider the mediator game I'; extending I', where the mediator recommends the correlated equi-
librium described in the table on the right of Figure 2 (that is, the mediator recommends choosing an
action profile with the probability described in the table, and recommends that each player play his/her
component of the action profile). Let o be the strategy profile of following the mediator’s recommen-
dation. It is easy to see that o is a Nash equilibrium of the mediator game; moreover, (D, R) is a
punishment strategy with respect to o. Also, note that the requirement of a broadcast channel trivially
holds if n = 2.

Suppose, by way of contradiction, that o’ = (07, 04) is a (1/10)-Nash equilibrium that implements
o in a CT extension I'cr of I'y. Since ¢/ implements o, it must be the case that, with probability 1,
an execution of o’ terminates. Hence, there must be some round b such that, with probability at least
1-— é, o’ has terminated (with both players choosing an action in the underlying game) by the end of
round b. (We determine /3 shortly.)

28



The execution of ¢’ is completely determined by the random choices made by the players. Let R;
denote the set of possible sequences of random choices by player ¢. (For example, if player ¢ randomizes
by tossing coins, then » € R; can be taken to be a countable sequence of coin tosses.) For ease of
exposition, we assume that ¢ makes a random choice at every time step (if the move at some time step
in the cheap-talk game is deterministic, then ¢ can ignore the random choice at that time step). If  is a
sequence of random choices, we use 7¢ to denote the subsequence of 7 consisting of the random choices
made in the first £ steps. Since ¢’ implements o, with probability 1, both players choose an action in the
underlying game in an execution of ¢’. (That is, while it is possible that there are infinite executions of
o’ where some party does not choose an action, they occur with probability 0.) Let R = R x Ro. Note
that the probability on the random sequences in R determines the probability of outcomes according to

o’

Suppose that r is a finite random sequence of length ¢ for player i. We take Pr(r) = Pr({s €
Ri : s* = r}). We similarly define Pr(ry,72) for a pair (r1,72) of finite sequences of equal length.
The random sequences determine the message history and the actions. Given random sequences r; and
ro of length ¢, let H(r1,r2) be the pair of message histories (hy, ho) determined by (r1,72), and let
A(ry1,7r2) = (a1, az2) be the action profile chosen as a result of (r1,72) (where we take a; to be L if
player 7 has not yet taken an action); in this case, we write A;(r1,r2) = a;, fori = 1,2.

A pair of histories (h1, he) of equal length is deterministic for player i if it is not the case that both of
player i’s actions have positive probability, conditional on the message history being (h1, ha). We claim
that all history pairs that arise with positive probability must be deterministic for some player . For sup-
pose that a history pair (h1, h2) is not deterministic for either player. Let R} = {(r1,r2) : Ai(r1,72) =
D, H(Tl, 7“2) = (hl, hg)} and let R/Q = {(7"1, 7“2) : AQ(Tl, 7”2) = R, H(’I"l, 7“2) = (hl, hz)} By assump-
tion, Pr(R} | (h1,he)) > 0 and Pr(RY | (h1,h2)) > 0. Now let Ry = {(r1,72) : Iy, r5((r1, %) €
Ry, (r],re) € R4}. Ttis easy to see that for (r1,r2) € RS, we have H(r1,72) = (h1,h2) (we can
prove by a straightforward induction that h(r¢, %) = (h{, h%) for each round / less than or equal to the
length of ). Hence A(ry,r2) = (D, R). Moreover, Pr(RY% | (h1,hg)) > Pr(R) | (h1,h2)) x Pr(R), |
(h1,h2)) > 0. Thus, if (hy, ha) has positive probability, then the outcome (D, R) has positive proba-
bility, which contradicts the assumption that o’ implements o.

Consider the following two strategies o and o/ for players 1 and 2, respectively. According to o7,
player 1 sends exactly the messages that he would have sent according to ¢ until round b, but does
not take an action until the end of round b. If player 1 observes the histories (hi, h2) at the end of b
rounds, and if the probability of player 2 playing L conditional on having observed (h1, ho) is at least
1—1/p, then player 1 decides D, but keeps sending messages according to o/ ; otherwise, player 1 plays
exactly according to o}. (Note that computing whether to play U may be difficult, but we are assuming
computationally unbounded players here.) The strategy o is similar, except now player 2 will play R
if conditional on (hi, hs), player 1 plays U with probability at least 1 — 1/[. It is easy to see that if
player 1 plays a different action with o} when observing (h1, he) than with o}, it must be because o}
recommends U and player 1 plays D. Moreover, player 1’s expected gain in this case, conditional on
observing (h1, ho) (given that player 2 plays o) is atleast 1-(1—1/8)—3-(1/3) = 1—4/(. Similarly,
if player 2 plays a different action when observing (h1, ha), then player 2’s expected gain conditional
on observing (h1, ho) and that player 1 plays o7 is at least 1 — 4/3.

Let R'(U,L) = {(r1,r2) : A(r1,72) = (U, L), r1, 2 have length b}. Since ¢’ implements o, the
probability of the outcome (U, L) with ¢/ must be 1/3. Since b was chosen such that the probability of
not terminating within b rounds is less than 1/3%, we must have Pr(R'(U, L)) > 1/3 — 1/3%.
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Let H' consists of all message histories (h1, ho) of length b such that, with probability at least 1/,
at least one player does not terminate by the end of round b (where the probability is taken over pairs
(r1,72) such that H(ry,79) = (h1,h2)). The probability of H' must be at most 1/ (otherwise the
probability of not terminating by the end of round b would be greater than 1/32). Thus, for any history
that is not in H’, the probability that both players take an action in ¢’ is at least 1 — 1//3.

Let R"(U,L) = {(r1,72) € R'(U,L) : H(r1,72) ¢ H'}. The discussion above implies that the
inequality Pr(R”(U,L)) > 1/3 — 1/% — 1/3 holds. By the arguments above, at least half of the
histories in R” (U, L) are deterministic for one of the players. Without loss of generality, let it be player
1 (Alice). With probability at least 1/2 - (1/3 — 1/3% — 1/83), Alice would have made a choice of U
by the end of round b, if she had taken an action. With probability 1 — 1/ she will take an action,
and therefore Bob can play ¢ and will gain an expected utility (1 —4/3) - 1/2- (1/3 —1/8% — 1/8).
We can choose (3 such that the expected gain is at least 1/10. Thus, o’ is not a (1/10)-equilibrium. By
multiplying all utilities in I' by 10¢, we get a game I'* such that I'j has a (1,0)-robust equilibrium that
has no e-implementation. 0

We now prove Theorem 7 by generalizing this result to arbitrary &k and .

Theorem 7. If k + 2t < n < 2(k + t) there exist a game T, an € > 0, a mediator game Ty extending
T, a strong (k,t)-robust equilibrium o of T4, and a (k + t)-punishment strategy p with respect to o such
that there is no strategy ocr that is an e—(k,t)-robust implementation of o in the cheap-talk extension
of T, even with broadcast channels.

Proof. Divide the players into three disjoint groups: group A; and As have each have n — (k + t)
members, and group B has 2k + 2¢ — n members. It is immediate that this can be done, since 2(n —
(k—1t)) + 2k + 2t — n = n. Moreover, |A; U B| = |A2 U B| = k + t. Note that neither A; nor Aj is
empty; however, B may not have any members.

Players do not get any input (i.e., there is only one type). Intuitively, a player must output a value
in field F, with |F| > 6, signed by a check vector. More precisely, a player i € A; U Ay outputs
8(n — 1) + 2 elements of F, and optionally either U or D if i € A or L or R if i € Ag. The
first two elements of F' output by ¢ are denoted a;; and a;3. We think of these as i’s share of two
different secrets. The remaining 8(n — 1) elements of F consist of n — 1 tuples of 8 elements, denoted
(Y145 Y2i55 b1jis b2jis b3jij, C1jis C24is €35i). We have one such tuple for each player j # i. We require
that neither by;; nor byj; is 0. A player 4 in group B must output 3 + 9(n — 1) numbers, denoted
@his Yhij» Onjis Chji> for b = 1,2, 3 and for each player j # 7 (again, we require that by,;; # 0); together
with an optional element, which can be any of U, D, L, or R. For each player j # ¢, we would like to
have

ahi + Ynijbnij = Chijs (1)

for h = 1,2;if i € B, then we also would like to have ag3; + y3i;b3;; = c3;;. Note that the field elements
ap; and yp;; are output by player 7, while by;; and cy;; are output by player j. As we said, we think of the
values ap; to be shares of some secret. Thus, we would like there to be a function f; which interpolates
the values a1;; f1(0) is intended to encode an action in {U, D} for the players in A; to play. That is,
if f1(0) = 0, then the players in A; should play U; if f1(0) = 1, then they should play D.) Similarly
we would like there to be a function fo that encodes an action in { L, R} for the players in As to play.
Finally, the values a3; should encode a pair of values in {U, D} x {L, R}, where (U, L) is encoded by
0,(U,R)by 1, (D, L) by 2,and (D, R) by 3.
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The payoffs are determined as follows, where we take a player to be reliable if there exists a set N’
of n — 1 — ¢ agents j # ¢ such that Eq. (1) holds for k = 1 and & = 2, and for k = 3 if ¢ € B.

o If more than ¢ players are unreliable, then all players get 0.

e If all the players in group A; U B play the same optional value and some are unreliable, then all
players get O.

e If ¢ or fewer players are unreliable, but either (a) there does not exist a unique polynomial f;
of degree k£ + t — 1 that interpolates the values aj; sent by the reliable players ini € A; U B
such that f1(0) € {0,1}; (b) there does not exist a unique polynomial fo of degree k + ¢ — 1
that interpolates the values aq; sent by reliable players i in group Ao and the values ag; sent by
reliable players in group B such that fo(i) € {0,1}; (¢) (f1(0), f2(0)) encodes (D, R); or (d)
there does not exist a unique polynomial f3 of degree k + ¢ — 1 that interpolates the values as;
sent by reliable players ¢ € A; U Ao and the values as; sent by reliable players ¢ € B such that
f3(0) encodes (f1(0), f2(0)), in the sense described above, then all players get 8/3;

e if (a), (b), (c), and (d) above all do not hold, then suppose that g(0) encodes (x,y). Let 0; be =
unless everyone in A; U B plays 2’ as their optional value, where 2’ € {U, D}, in which case
o1 = 7/. Similarly, let o5 be y unless everyone in groups Ao U B plays 3/ as their optional value,
where y € {L, R}, in which case ¢y’ = 03. Let (p1,p2) be the payoff according to (o1, 02), as
described in Figure 2. Then everyone in group A; gets p;, for ¢ = 1,2. Payoffs for players in
B are determined as follows: if everyone in A; U B played 2’ € {U, D} as their optional value,
then players in B gets p1; if everyone in Ay U B played y' € {L, R} as their optional value, then
everyone in B gets po; otherwise, everyone in B gets 8/3.

The mediator chooses an output (01, 02) according to the distribution described in Figure 2. The
mediator then encodes o; as the secret of a degree k + t — 1 polynomial f;; that is, o; = f;(0) and
encodes (01, 02) as the secret of a degree k + ¢ polynomial g. Suppose players 1,...n — (k + t) are in
group Aq; players n—(k+t)+1,...,2(n—(k+t)) are in group Ag; and players 2(n—(k+t))+1,...,n
are in group B. The mediator sends each player j in group 4; (fi(7),g(j)), fori = 1,2, and sends each
player j in group B (f1(j), f2(j),g(4)). In addition, the mediator sends all players consistent check
vectors such that a (i) + Y1ijb1ij = c1ijs as (i) + Y2ijb2i; = c2;5 and as(i) + Y3ijb3i; = c3;5 for all
1,7 € N. If the players play the message sent by the mediator (and do not play the optional value), then
they get expected payoff 8/3.

We now show that this strategy is (k,t) robust. For ¢-immunity, note that the ¢ players cannot take
over all of A; U B fori = 1 or i = 2 (since both of these sets have cardinality k£ + t), so they cannot
take advantage of sending the optional element of {U, D, L, R}. If any of the ¢ players are shown to be
unreliable, it is easy to see that this cannot hurt the other players, since there will not be more than ¢
unreliable players. If the reliable players do not send values that pass checks (a), (b), (c), and (d) above,
then each player gets 8/3, which is the expected payoff of playing the recommended strategy. Finally,
if a large enough subset of the ¢ players manage to guess the check vectors and send values that satisfy
(a), (b), (¢), and (d) above, because they do not know any of the secrets, they are effectively making a
random change to the output, so the expected payoff is still 8/3.

For (k,t) robustness, note that a set of k + ¢ that consist of all of A; U B fori = 1 ori = 2 can
change the output by all playing the same optional value, but they cannot improve their payoff this way,
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since we have a correlated equilibrium in the 2-player game. If all k£ + ¢ players are in group A; U B,
and their value is U, they can try to change the outcome to (D, L) by all playing D and guessing shares
and check values in the hope of changing them to the (D, L) outcome. But if they are caught, they will
all get 0. Since |F'| > 6, the probability of getting caught is greater than 1/4, so they do not gain by
deviating in this way.

Note that if n > k + 2t, then if n — (k + t) players deliberately do not play the values sent them by
the mediator, then this is a (k + t)-punishment strategy with respect to o, since n — (k +t) > t.

Finally, the same argument as in the 2-player game shows that, by taking over either A; U B or
Ao U B, aset of size k + t can improve their outcome by deviating. O

A.6 Proof of Theorem 8

Theorem 8. I[fmax(2,k +t) < n < k+ 3t, then there is a game I, a strong (k, t)-robust equilibrium
o of a game Iy with a mediator d that extends U for which there does not exist a strategy ocr in the
CT game that extends I such that ocr is an e—(k,t)-robust implementation of o even if players are
computationally bounded and we assume cryptography.

Proof. We consider a relaxation of Byzantine agreement that we call the (k, t)-partial broadcast prob-
lem. There are n processes and process 1 is designated as leader. The leader has an initial value O or
1. Each process must decide on a value in {0, 1, PASS}. An execution of a protocol P is successful for
(k, t)-partial broadcast if the following two conditions hold:

I. (Agreement): If there are ¢ or fewer Byzantine processes and the leader is non-Byzantine then all
non-Byzantine processes decide on the leader’s value.
II. (No disagreement): If there are k£ + t or fewer Byzantine processes, then there do not exist two
non-Byzantine processes such that one decides 0 and the other decides 1.

Note that if the leader is faulty, it is acceptable that some non-Byzantine processes decide on a
common value v € {0, 1} and all other non-Byzantine processes decide PASS. Observe that the (0, ¢)-
partial broadcast problem is a relaxation of the well-known Byzantine generals problem [LSP82]. We
provide probabilistic lower bounds for this problem, which also imply known probabilistic lower bounds
for the Byzantine generals problem.

Proposition 7. If max(2,k +t) < n < k + 3t and each input for the leader is equally likely. Then
there exists a function V that maps protocols to protocols such that for all joint protocols P, there exists
a set T of processes such that either

(a) |T| <t 1¢ T and the execution (Pn_7,V(P)r) fails the agreement property with probability
at least 1/6; or

(b) |T| < k+t 1€ T and the execution (Py_7,V(P)r) fails the no-disagreement property with
probability at least 1/6.

The running time of V(P) is polynomial in the number of players and the running time of P.
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Proof. Partition the n players into 3 nonempty sets By, By, and By such that |By| < t, |B1| < k + t,
and |By| < t. Assume that B; contains process 1 (the leader). Consider the scenario consisting of
2n processes partitioned into six sets Ag, A1, ..., As such that the processes of A; have the indexes
of the processes of B; (104 3); Messages sent by processes in A; according to P reach the appropriate
recipients in A;_1 (mod 6)s Ais Ait1 (mod 6)- For example, if a processes £ € A; has index j € N
and is supposed to send a messages to a processes with index j° € N such that j' € By (mod 3) and
i' € {i —1,4,i 4+ 1} then this message will reach the process ¢/ € A; whose index is j'; the process
with index 1 (the leader) starts with initial value 1 in A; with with initial value O in A4.

Any two consecutive sets A;, A;11 (mod 6) define a possible scenario denoted S;, where the non-
faulty processes, A; U A; 11 (mod 6)» €xecute P, and the faulty processes simulate the execution of all
the 4 remaining sets of processes. For i € {0,1, 3,4}, let e; denote the probability that protocol P fails
the agreement condition in scenario S;; for i € {2,5} let e; denote the probability that protocol P fails
the no-disagreement condition in scenario S;.

We claim that e2 > 1 — (e + e3). Indeed with probability 1 — e; processes in Ay succeed in
S1 which implies that processes in Ao must decide 1 in this case. Similarly, with probability 1 — ej
processes in A3 must decide 0 due to S3, hence in S, the non-faulty processes must reach disagreement
with probability at least 1 — (e; + e3). A symmetric argument gives e5 > 1 — (e4 + €p).

Therefore it cannot be the case that for all i € {0,1,2}, e; + e;43 < 2/3. Let i be an index such

that e; + e;1.3 > 2/3 and consider the set B;_; (mod 3) Of processes that are Byzantine and simulate 4
sets of processers according to scenario S; or Sj1 3 (mod 6) With uniform probability.

Given that €;+€;13 (mod 6) > 2/3 then the expected probability of failure is 1/3 if the faulty players
know the initial value. Since they can guess the initial value, the faulty players in B; 1 (1,04 3) Will cause
P to fail with probability at least 1/6. If i = 1 then |B;| < t + k, 1 € B; and the no-disagreement
condition fails, and if ¢ € {0, 2} then |B;| < t, 1 ¢ B; and the agreement condition fails. O

We now construct a game that captures the (k, t)-partial broadcast problem. Given k and ¢, consider
the following game I' with n players. Player 1 is the broadcaster and has two possible types, 0 or 1,
both equally likely. Each player must choose a characteristic G or B and output a value in {0, 1, PASS}.
Let M > 6 + 6e. We define the utility function u as follows.

e If player 1 (the broadcaster) has type v, then
— if there exists a set S of at least n — ¢ players such that all players in S choose G and output
v, and the broadcaster chooses G, then the broadcaster gets 1;

— if there does not exist a set R of at least n — ¢ players and a value v € {0, 1} such that all
players in R choose characteristic G and output a value in {v’, PASS}, and the broadcaster
chooses characteristic B, then the broadcaster gets M;

— in all other cases, the broadcaster gets 0.
e Utility for player i # 1:

— if there exists a set R of at least n — (k + t) players and a value v' € {0, 1} such that all
players in R choose G and all players in R output a value in {v’, PASS}, then player 7 gets 1
if he chooses G and outputs a value in {v’, PASS} and gets 0 otherwise;

— in all other cases, if 7 chooses B he gets M and if he chooses G he gets 0.
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Consider a mediator that receives a value from the broadcaster and sends this value to all players. It
is easy to see that the strategy o where the broadcaster truthfully tells the mediator his type and chooses
characteristic G, and all other players choose characteristic G and output the value sent by the mediator,
is a (k, t)-robust equilibrium whose payoff is 1 for all players.

We claim that we cannot e-implement this mediator using cheap talk if n < k + 3t. Suppose, by
way of contradiction, that there exists a strategy ¢’ in I'c7 that e-implements o. Much as in the proof of
Theorem 3, we can transform ¢’ into a protocol P for the (k,t)-partial broadcast problem: take P; to
be the strategy where process 7 sends messages according to o7, taking its initial value to be its type if
i = 1, and decides on the value output by o7.

Viewing P as a protocol for the (k, t)-partial broadcast problem, let 7" be the set of processes guaran-
teed to exist by Proposition 7. If |T'| < ¢, 1 ¢ T and the execution (Py_7, V(P)r) fails the agreement
condition with probability at least 1/3, then it is easy to see that ¢’ is not e~t-immune. Otherwise,
if || < k+1t 1 € T and the execution (Py_7,¥(P)r) fails the no-disagreement condition with
probability at least 1/6, then it is easy to see that in I', deviating to ¥(P) and choosing B gives the
members of 7" an expected utility greater than M /6 = 1 + €, contradicting the assumption the o’ is
€ — (k,t)-robust. O

A.7 Proof of Theorem 9

Theorem 9. Ifk +t <n < 2(k+t) and k > 1, then there exists a game I, a mediator game T that
extends 1, a strategy o in Iy, and a strategy p in I' such that

(a) for all € and b, there exists a utility function u®¢ such that o is a (k,t) robust equilibrium in

Lq(u€) forall b and e, pis a (k,t)-punishment strategy with respect to o in T'(u>€) if n > k+2t,
and there does not exist an e—(k, t)-robust implementation of o that runs in expected time b in the
cheap-talk extension Tep(ub€) of T'(u”€),

(b) there exists a utility function u such that o is a (k,t) robust equilibrium in T y(u) and, for all b,
there exists € such that there does not exist an e—(k,t)-robust implementation of o* that runs in
expected time b in the cheap-talk extension Tcr(u) of T'(u).

This is true even if players are computationally bounded, we assume cryptography and there are broad-
cast channels.

Proof. First assume that £ = 1, ¢ = 0, and n = 2. Consider a 2-person secret-sharing game I" with the
secret taken from the field ' = {0, ..., 6}, and the shares are signed using check vectors. Specifically,
nature uniformly chooses a secret s € F' and a degree 2 polynomial f over F' such that f(0) = s and
all remaining coefficients are uniformly random. Nature also chooses for i € {1, 2}, check vectors: y;
uniformly in F, b; uniformly in F'\ {0} and ¢; such that f(i) + y;b; = ¢;. Let i = 3 — 4; thus, i is the
player other than .

Player i € {1, 2} gets as input (f(), y;, b;, ¢;) and must guess the secret. Let ufw"s be the following
utility function for player i € {1,2}: If player i gets the right answer (i.e., guesses the secret) and 7 does
not, then i gets M if both get the right answer, then i gets 1; if 7 gets the right answer and i does not,
then ¢ gets —M + 2 — 26; finally, if neither get the right answer, then ¢ gets 1 — 4.

Consider the following mediator. It expects to receive from each player ¢ 4 field values: a share a;,
a signature y;, and two verification values b;, c;. If any player does not send 4 values then the mediator
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chooses a value in F' at random, and sends that to both players. Otherwise the mediator interpolates the
degree 1 polynomial f from the shares a; and ag. Then it checks that a; + y;b; = ¢; for i € {1,2}. If
both checks are successful, he sends f(0) to both players, otherwise he sends both a value in F'\ { f(0)}
chosen uniformly at random.

Consider the truthful strategy o in the mediator game: players tell the mediator the truth, and the
mediator reports the secret. The strategy profile o gives both players utility 1 for all utility function .
Truthfulness is easily seen to be a 1-robust strategy in the mediator game (i.e., a Nash equilibrium). If a
player i lies and i tells the truth, then with probability 6/7, i will be caught. In this case, i will definitely
play the wrong value. (Note that ¢ will play the right value if f(0) is sent, since 7 will be able to calculate
what the true secret should have been, given his lie; his calculation will be incorrect if a value other than
£(0) is sent, which is what happens if i’s lie is detected.) On the other hand, i will play the right value
with probability 1/6. Thus, i’s expected utility if he is caught is 5(1 — 0)/6 + (—M + 2 — 26)/6 =
(7 =76 — M)/6. If player ¢ is not caught, then his utility is M. Thus, cheating has expected utility
1 — 4, so ¢ does not gain by lying as long as § > 0.

Moreover, it is easy to see that, if § > 0 and i chooses a value at random, then if player 7 chooses the
same value, his expected utility is 1/7 + 6/7(1 — §) = 1 — 65/7; if player i chooses a different value,
then his expected utility is M /7 + (=M +2 —26)/7+ (1 —6)(5/7) = 1 — §; it follows that player i’s
expected utility is at most 1 — 66/7. Thus, if § > 0, then choosing a value at random is a 1-punishment
strategy with respect to o in I'(uyy 5) (even if the other player knows what value is chosen).

For part (a), fix € > 0 and b. We show that there is no cheap-talk strategy ocr that e-implements
o and has expected running time b in Ter(uM€) if M > (1 — €) + 28be/3. Suppose, by way of
contradiction, that there exists such a cheap-talk strategy ocr. The key idea is to consider the expected
probability that a player will be able to guess the correct answer at any round, assuming that both players
use ocr. With no information, the probability that ¢ guesses the right answer is 1/7 and all values are
equally likely. When the strategy terminates, the probability must be 1 (because we assume that both
players will know the right answer at the end if they follow the recommended strategy). In general, at
round j, player i has acquired some information 7. (What I/ is may depend on the outcome of coin
tosses, of course.) There is a well-defined probability of guessing the right answer given I7. Thus, the
expected probability of player ¢ guessing the right answer after round j is the sum, taken over all the
possible pieces of information I/ that i could have at the end of round j, of the probability of getting
information I/ times the probability of guessing the right answer given I7. By Markov’s inequality,
both players terminate by round 2b with probability at least 1/2, the expected probability of guessing
the right answer by round 2b must be at least 4/7 for both players. (Since if an execution terminates,
he can guess the right answer with probability 1; otherwise, he can guess it with probability at least
1/7.) Thus, for each player 4, there must be a round ' < b such that the expected probability of player
i getting the right answer increases by at least 3/7b between round 4" and &’ + 1. It follows that there
must be some round b’ < b such that either the expected probability of player 1 guessing the answer
after round &’ + 1 is at least 3/14b more than that of player 2 guessing the answer at round after round
b', or the expected probability player 2 guessing the answer after round &’ + 1 is at least 3/32b more
than that of player 1 guess the answer after round b'. (Proof: Consider a round &’ such that player 1’s
expected probability of guessing the right answer increases by at least 3/7b. If player 2’s probability of
guessing the right answer is at least 3/14b more than that of player 1 at round ¥, then clearly player 2’s
probability of guessing the right answer at round b’ is at least 3/14b more than player 1’s probability
of guessing the right answer at b’ — 1; otherwise, player 1’s probability of guessing the right answer at
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round &’ + 1 is at least 3/14b more than player 2’s probability of guessing it at round '.)

Suppose, without loss of generality, that b’ is such that player 1’s probability of guessing the right
answer at round b’ + 1 is at least 3/14b more than player 2’s probability of guessing the right answer
at round b'. Then player 1 deviates from oct by not sending any messages to player 2 at round ¥/,
and then making a decision based on his information at round &' + 1, using his best guess based on
his information. (Note that player 2 will still send player 1 a message at round b’ according to oct.)
The best player 2 can do is to use his round ' information. If a1, e, o, and ay are the probabilities
of player 1 getting the right answer and player 2 not, both getting the right answer, 2 getting the right
answer and 1 not, and neither getting the right answer, we must have or; — a3 > 3/14b. Moreover,
since oct is an e-implementation of o, by assumption, the expected utility of player 1 if he deviates is
at least (1 — €)(1 — (a1 — a3)) + M (a1 — a3). It easily follows that, since M > (1 — €) + 28be/3,
then 1’s expected utility by deviating at round b’ is greater than 1 + €. Hence, o is not an e-equilibrium
in Ter (u?he).

For part (b), consider the utility function u?°. Note that there is no 1-punishment strategy I'cr(u?")
with respect to o. We show that, for all b, there is no cheap-talk strategy ocr that e-implements o and has
expected running time b in Tep(u?C) if € < 3/14b. Suppose that ocr is a cheap-talk that e-implements
o and has expected running time b. The argument above shows that there must be a round b’ where one
of player 1 or player 2 can deviate and have expected utility at least (1 — (a1 — a3)) + 2(a1 — a3) =
1+ (a1 — ag) > 1 + 3/14b. The result immediately follows.

For the general argument, we do the proof of part (a) here; the modifications needed to deal with
part (b) are straightforward. Consider a k + ¢ 4+ 1 out of n secret sharing game, where the initial shares
are “signed” using check vectors. Specifically, for each share f(i) and for each player j € N \ i, player
t is given a uniformly random value y;; in I’ and player j is given a uniformly random value b;; in
F'\ {0} and a value c;; such that f(i) + y;;b;; = c¢;;. In the underlying game, players can either choose
a value in the field (intuitively, their best guess as to the secret) or play DETECT. The utility functions
are defined as follows:

e if at least n — t players play DETECT, then all players playing DETECT get 1, and all others get O;

e if fewer than n — ¢ players play DETECT and at least n — (k + t) but fewer than n — ¢ players play
the secret, then the players playing the secret get M and the other players get —M + 2 — 26

e if fewer than n — ¢ players play DETECT and either n — ¢t or more players or fewer than n — (k +1)
players play the secret, then the players playing the secret get 1, and the remaining players get
1-9.

In the mediator game, each player is supposed to send the mediator his type (share, signatures, and
verifications). The mediator checks that all the shares sent pass the checks. Note that each share can
be subjected to n checks, one for each player. A share is reliable if it passes at least n — ¢ checks. If
there are not at least n — ¢ reliable shares, but a unique polynomial f can be interpolated through the
shares that are sent, then the mediator sends a random value that is not f(0) to all the players; otherwise,
the mediator chooses a value in F' at random and sends it to all the players. If there are at least n — ¢
reliable shares, the mediator checks if a unique polynomial of degree k£ 4 ¢ can be interpolated through
the shares. If so, the mediator sends the secret to all the players; if not, the mediator sends DETECT to
all the players. Let o be the strategy for the players where they truthfully tell the mediator their type,
and play what the mediator sends.
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We claim that playing 1 is a (k + ¢)-punishment strategy with respect to o if 6 > 0 and n > k + 2t,
and that o is a (k, t)-robust equilibrium. The argument that playing 1 is a (k + ¢)-punishment strategy
is essentially identical to the argument for the 2-player game. However, note that if n < k + 2t, then
t > n — (k+t). If at most ¢ players play 1, this is not a punishment strategy since the remaining n — ¢
players can play DETECT and guarantee themselves a payoff of 1.

To show that o is a (k, t)-robust equilibrium, we first show it is -immune. Suppose that a subset 7'
of at most ¢ players attempt to fool the mediator by guessing shares and appropriate check values, and
the remaining players play o. Then at least n — ¢ shares will be reliable. Note thatn —¢ > k + ¢ 4 1.
Either the mediator can interpolate a unique polynomial f of degree k + ¢ through the reliable shares or
not. In the former case, the good players will learn the secret; in the latter case, the good players will
play DETECT. In either case, their payoff is 1. Thus, o is t-immune.

For robustness, suppose that a set 7" up to k + ¢ players deviate from the recommended strategy. If
the true polynomial is f, the players in T can convince the mediator that some polynomial f’ £ f is
the true polynomial, and the players in 7" know (k + ¢) of the points on f, then, once the players in T’
learn f/(0), they will know k + ¢ + 1 points on f’, and hence will be able to compute f’. They can then
compute the shares of all the other players, and thus compute f(0). This can happen only if |T'| = k+t,
2(k+t) —n of the players in T" send their true shares (and the correct check vectors), and the remaining
players in T send incorrect shares. So we assume that |T| = k + ¢, and n — (k + t) players in 7" send
incorrect values. If the mediator cannot interpolate a unique polynomial through the values sent, then
the mediator chooses a value in F' at random and sends it to all the players. Even if the players in T’
know that this is what happened, the players not in 7" are playing a punishment strategy, so a player in
T cannot get expected utility higher than 1 — 65/7, even if they know that the mediator is sending a
random value. If the mediator can interpolate a unique polynomial f through the shares sent, then the
mediator will send f(0) if all of the n — (k + t) shares received are reliable, and a value different from
f(0) otherwise. In the former case, which occurs with probability 1/ 77— (k+)  the players in T can
compute the true secret, and will get a payoff of M. In the latter case, they compute the wrong value.
With probability (1/6)(1 — 1/7%(k+1)_the other players get the right value and the players in T' get a
payoft of —M + 2 — 2§; otherwise, they get a payoff of 1. It is easy to see that the expected utility of
the players in 7" is at most 1 — 2§/7, so the rational players will not deviate.

Suppose that this mediator strategy can be implemented using cheap talk. We claim that, as in
the proof of Theorem 7, we can use the implementation to give a cheap-talk implementation in the 2-
player game. We simply divide the players into three groups: groups A and B both have n — (k + t)
members; group K has the remaining 2(k + t) — n players (group K may be empty). Notice that
|AUB| = |AUK| = k+t. Just as in the 2-player case, we can show that there must be a round b’ such
that if the players in group A pool their information together, the probability of them guessing the right
answer at round b’ + 1 is at least 3/14b more than the probability of the players in group B guessing the
answer after round b’ even if the players in group B pool their knowledge together, or the same situation
holds with the roles of A and B reversed. Assume that A is the group that has the higher probability of
guessing the right answer at time &’. Then we assume that the players in A U K deviate by not sending
around b’ message to the players in B. (Here we use the fact that |A U B| < k + t.) Now the argument
continues as in the 2-player case. O

37



References

[ADGHO06]

[ADGHO7]

[ADH]

[AHO3]

[Aum59]

[Aum87]

[Bar92]

[Ben03]

[BGW38S]

[BNOO]

[BPW&9]

[CCD88]

[CS82]

[DHROO]

[EGLS5]

I. Abraham, D. Dolev, R. Gonen, and J. Y. Halpern. Distributed computing meets game
theory: Robust mechanisms for rational secret sharing and multiparty computation. In
Proc. 25th ACM Symp. Principles of Distributed Computing, pages 53—-62, 20006.

I. Abraham, D. Dolev, R. Gonen, and J. Y. Halpern. Distributed computing meets game
theory: Robust mechanisms for rational secret sharing and multiparty computation. unpub-
lished manuscript, 2007.

I. Abraham, D. Dolev, and J.Y. Halpern. On implementing mediators with asynchronous
cheap talk. Unpublished manuscript.

R. J. Aumann and S. Hart. Long cheap talk. Econometrica, 71(6):1619-1660, 2003.

R. J. Aumann. Acceptable points in general cooperative n-person games. Contributions to
the Theory of Games, Annals of Mathematical Studies, IV:287-324, 1959.

R. J. Aumann. Correlated equilibrium as an expression of Bayesian rationality. Economet-
rica, 55:1-18, 1987.

I. Barany. Fair distribution protocols or how the players replace fortune. Mathematics of
Operations Research, 17:327-340, 1992.

E. Ben-Porath. Cheap talk in games with incomplete information. J. Economic Theory,
108(1):45-71, 2003.

M. Ben-Or, S. Goldwasser, and A. Wigderson. Completeness theorems for non-
cryptographic fault-tolerant distributed computation. In Proc. 20th ACM Symp. Theory
of Computing, pages 1-10, 1988.

Dan Boneh and Moni Naor. Timed commitments. In CRYPTO ’00: Proceedings of the 20th
Annual International Cryptology Conference on Advances in Cryptology, pages 236-254.
Springer-Verlag, 2000.

B. D. Bernheim, B. Peleg, and M. Whinston. Coalition proof Nash equilibrium: Concepts.
J. Economic Theory, 42(1):1-12, 1989.

D. Chaum, Claude Crépeau, and I. Damgard. Multiparty unconditionally secure protocols.
In Proc. 20th ACM Symp. Theory of Computing, pages 11-19, 1988.

V. P. Crawford and J. Sobel. Strategic information transmission. Econometrica,
50(6):1431-51, 1982.

Y. Dodis, S. Halevi, and T. Rabin. A cryptographic solution to a game theoretic problem.
In CRYPTO 2000: 20th International Cryptology Conference, pages 112—130. Springer-
Verlag, 2000.

S. Even, O. Goldreich, and A. Lempel. A randomized protocol for signing contracts. Com-
mun. ACM, 28(6):637-647, 1985.

38



[Eli02]

[FHHWO03]

[FLM&6]

[FLP85]

[For90]
[GKO6]

[GMW8&T7]

[Gol04]
[HelO5]

[HTO04]

[IMLOS]

[KWS82]

[KY84]

[Lam83]

[LMPS04]

[LMSO05]

[LSP82]

[LTO06]

K. Eliaz. Fault-tolerant implementation. Review of Economic Studies, 69(3):589-610,
2002.

M. Fitzi, M. Hirt, T. Holenstein, and J. Wullschleger. Two-threshold broadcast and de-
tectable multi-party computation. In Advances in Cryptology — EUROCRYPT ’03, volume
2656 of Lecture Notes in Computer Science, pages 51-67. Springer-Verlag, 2003.

M. J. Fischer, N. A. Lynch, and M. Merritt. Easy impossibility proofs for distributed
consensus problems. Distributed Computing, 1(1):26-39, 1986.

M. J. Fischer, N. A. Lynch, and M. S. Paterson. Impossibility of distributed consensus with
one faulty processor. J. ACM, 32(2):374-382, 1985.

Francoise Forges. Universal mechanisms. Econometrica, 58(6):1341-64, 1990.

D. Gordon and J. Katz. Rational secret sharing, revisited. In SCN (Security in Communi-
cation Networks) 2006, pages 229-241, 2006.

O. Goldreich, S. Micali, and A. Wigderson. How to play any mental game. In Proc. 19th
ACM Symp. Theory of Computing, pages 218-229, 1987.

O. Goldreich. Foundations of Cryptography, Vol. 2. Cambridge University Press, 2004.
Y. Heller. A minority-proof cheap-talk protocol. Unpublished manuscript, 2005.

J. Y. Halpern and V. Teague. Rational secret sharing and multiparty computation: extended
abstract. In Proc. 36th ACM Symp. Theory of Computing, pages 623632, 2004.

S. Izmalkov, S. Micali, and M. Lepinski. Rational secure computation and ideal mechanism
design. In Proc. 46th IEEE Symp. Foundations of Computer Science, pages 585-595, 2005.

D. M. Kreps and R. B. Wilson. Sequential equilibria. Econometrica, 50:863-894, 1982.

A. Karlin and A. C. Yao. Probabilistic lower bounds for byzantine agreement. Unpublished
manuscript, 1984.

L. Lamport. The weak byzantine generals problem. J. ACM, 30(3):668-676, 1983.

M. Lepinski, S. Micali, C. Peikert, and A. Shelat. Completely fair SFE and coalition-safe
cheap talk. In Proc. 23rd ACM Symp. Principles of Distributed Computing, pages 1-10,
2004.

M. Lepinksi, S. Micali, and A. Shelat. Collusion-free protocols. In Proc. 37th ACM
Symp. Theory of Computing, pages 543-552, 2005.

L. Lamport, R. Shostak, and M. Pease. The Byzantine Generals problem. ACM Trans. on
Programming Languages and Systems, 4(3):382-401, 1982.

A. Lysyanskaya and N. Triandopoulos. Rationality and adveresarial behavior in multi-party
comptuation. In CRYPTO 2006, pages 180-197, 2006.

39



[MWO6]

[Mye97]

[PWO6]

[Rab]

[RB8&9]

[Sel75]

[SRAS81]

[UV02]

[UV04]

[Yao82]

D. Moreno and J. Wooders. Coalition-proof equilibrium. Games and Economic Behavior,
17(1):80-112, 1996.

Roger B. Myerson. Game Theory: Analysis of Conflict. Harvard University Press, Septem-
ber 1997.

B. Pfitzmann and M. Waidner. Information-theoretic pseudosignatures and byzantine
agreement for ¢ >= n/3. Technical Report RZ 2882 (#90830), IBM Zurich Research
Laboratory, 1996.

M. Rabin. How to exchange secrets with oblivious transfer. 1981.
http://eprint.iacr.org/2005/187.

T. Rabin and M. Ben-Or. Verifiable secret sharing and multiparty protocols with honest
majority. In Proc. 21st ACM Symp. Theory of Computing, pages 73-85, 1989.

R. Selten. Reexamination of the perfectness concept for equilibrium points in extensive
games. International Journal of Game Theory, 4:25-55, 1975.

A. Shamir, R. L. Rivest, and L. Adelman. Mental poker. In D. A. Klarner, editor, The
Mathematical Gardner, pages 37—43. Prindle, Weber, and Schmidt, Boston, Mass., 1981.

A. Urbano and J. E. Vila. Computational complexity and communication: Coordination in
two-player games. Econometrica, 70(5):1893-1927, 2002.

A. Urbano and J. E. Vila. Computationally restricted unmediated talk under incomplete
information. Economic Theory, 23(2):283-320, 2004.

A. Yao. Protocols for secure computation (extended abstract). In Proc. 23rd IEEE
Symp. Foundations of Computer Science, pages 160—164, 1982.

40



	Introduction
	Our Results
	Our results for implementing robust and resistent mediators
	Related work

	Definitions
	Mediators and cheap talk
	Implementation
	Solution concepts

	The Possibility Results
	The Impossibility Results
	Conclusions
	Proofs
	Proof of [thm:lowerbound-2]Theorem 3
	Proof of [thm:lowerbound-3]Theorem 4
	Proof of [thm:lowerbound-4]Theorem 2
	Proof of [thm:lowerbound-5a]Theorem 6
	Proof of [pro:lowerboundbii]Theorem 7
	Proof of [thm:d-broadcast-lowerbound]Theorem 8
	Proof of [thm:d-lowerbound]Theorem 9


