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Abstract

The electronic mail game of Rubinstein (1989) showed that a lack
of common knowledge generated by faulty communication can make
coordinated action impossible. This paper shows how this conclusion
is robust to having a more realistic timing structure of messages, more
than two players who meet publicly but not as a plenary group, and
strategic decisions about whether to communicate.

JEL: C72, D8

1 Introduction

When a group of individuals must coordinate on a risky course of action, it is
valuable to collect the group together and publicly agree on how to proceed.
By meeting together, it is possible for the underlying facts motivating their
joint action and the details of their plan of action to become common knowl-
edge among the group. Because everyone was present in the room together,
each person is confident not only of the underlying facts and plan of action,
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but is also confident that those facts and that plan are common knowledge
among the group.

Risky coordinated action requires some degree of common knowledge.
Without a public meeting, it is hard to achieve the requisite degree of com-
mon knowledge. Unless there is a very tightly prescribed protocol specifying
how information (the underlying facts, the details of the plan of action) is
transmitted to the group members, common knowledge breaks down very
easily. A famous example of Rubinstein (1989) suggests why this might be
the case.

A pair of players must decide whether to make a costly investment. They
must make their choices simultaneously, but they have the opportunity to
communicate about their plans before hand. If a player’s private state is bad,
he will lose two million dollars if he chooses to invest. If his private state is
good, he will make a net profit of a million dollars if he invests, but only if
the other player invests: there are strategic links between their projects and
if only one of the players invests, that player will lose two million dollars,
regardless of his private state. If either entrepreneur decides not to invest,
his profits are zero.

Player 2’s state is good for sure. The ex ante probability that player
1’s private state is good is % If player 1’s state is good, he passes that
information on - by electronic mail - to player 2. (If his state is bad, he
doesn’t send any message). If player 1’s message arrives safely, player 2 then
sends a confirmation to player 1, informing him that she has received his
message. Player 1 in turn sends a confirmation back to player 2, and so on.
At each stage, there is a probability € that the message will get lost. How
many messages are required before the players are prepared to invest?

Clearly, player 1 does not invest if his state is bad and player 2 is not
prepared to invest if she has not received a message from player 1. But how
many messages are enough? The surprising answer is that they should never
be prepared to invest. Suppose the players followed the rule that as long as a
player knows that k£ > 1 messages have been successfully sent and received,
he should invest. But then consider a player who has successfully received
the kth message and has sent off the (k + 1)th message but has not received
a confirmation. He will assign probability at least a half to the possibility
that his reply was lost (the other possibility is that his message arrived, but
the confirmation was lost). But if his reply was lost, then the other player
knows only that k£ —1 messages have been successfully sent and received, and
will therefore not invest. But given the payoffs (a loss of two million if the
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other player invests, a gain of one million if he does), it does not pay player
1 in terms of expected revenue to invest in that circumstance. A version of
this argument by contradiction can be used to show that no investment ever
takes place, however many messages end up being sent (this result is more
formally reviewed in section 2).

The result suggests why coordination might be tricky with faulty commu-
nication. There seems to be a general logic at work: as players communicate
using a faulty technology, every communication sent generates new uncer-
tainty about whether that communication arrived. In order to show that a
strategy profile is not an equilibrium, it is enough to find one type of one
player who is supposed to invest under the putative equilibrium but who is
sufficiently uncertain about what information has reached the other player
that he is not prepared to risk it.

But however general the logic, the example is obviously highly stylized.
This paper examines the robustness of the argument to three elements.

While it is natural to assume that there is a positive probability that
any message gets lost, it was also assumed that there is no upper bound
on the number of messages that could conceivably be sent. A more satisfy-
ing assumption might be that there is a finite amount of time available for
communication before a decision must be made, and each message takes a
random length of time to arrive. In section 3, such a timing game with real
time messages is analyzed. Conditions on the message arrival technology that
imply no coordinated action are identified, and a natural example satisfying
them is provided.

The e-mail game involves two players who never meet face to face: if the
two players ever met face to face, they could immediate generate the requisite
common knowledge to co-ordinate their behavior. A perhaps more relevant
scenario is when a large number of players must co-ordinate their behavior,
but while subgroups meet together publicly, they never get to meet together
as a body. In the meetings game of section 4, N players meet together
publicly and often in groups of m players. In order to co-ordinate their
actions, each player must be confident that at least n of the N will invest.
If m > n, one meeting is enough to coordinate their behavior. If m < n
and there is significant uncertainty about what meetings will take place in
the future, then under weak conditions it is possible to rule out coordinated
actions, however many meetings take place.

The players of the e-mail game had no choice but to keep sending out
confirmation after confirmation until a message got lost: the communication
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process was exogenously given. Would the same difficulty in coordination
arise if players could decide how many confirmations to send? If players
could commit ex ante to a rule for sending messages, they would have an
incentive to agree on a protocol where player 1 sends out one message only
about his private state and player 2 sends at most one confirmation. If
the probability of message loss was sufficiently small, such a scenario would
allow both players to invest with positive probability in equilibrium and thus
be better off. Although players have a slight conflict of interest over the
exact numbers of confirmations,! they have a common interest in containing
the number of anticipated confirmations. The underlying problem created
by anticipated confirmations is that if I send you a message, anticipating a
confirmation, and I do not receive a confirmation, then I assign probability
(about) % to my message never having reached you; however, if I had not
anticipated a confirmation, I would assign probability £ (the probability of
a message getting lost) to my message never having reached you. Thus
anticipated confirmations reduce confidence in the current communication.

However, if players cannot commit ex ante to the number of confirma-
tions, the situation becomes very different. While anticipated confirmations
are damaging, unanticipated confirmations are Pareto-improving. If I did
not expect to receive a confirmation from you, a failure to receive one will
not discourage me from investing. But if I do receive an unexpected confir-
mation, I am all the more confident that you will invest and therefore even
more likely to invest myself. This provides you with an incentive to send the
unanticipated confirmation. Of course, there are no unanticipated confirma-
tions in equilibrium and the effect of the incentive to provide unanticipated
confirmations is to put us back in a world where many (anticipated) confir-
mations get (strategically) sent and no coordinated investment takes place.
In the strategic communication game of section 5, a formal analysis of this
intuition is presented.?

IThis issue is discussed in more detail in section 5.

?Binmore and Samuelson (1999) present a similar model of strategic communication
in the e-mail game, with more optimistic conclusions about the possibility of coordinated
action. Their model and conclusions are discussed in section 5.



2 The Electronic Mail Game

If a player’s private state is good (G), he has an incentive to invest if his
opponent invests. His payoffs are given by the following matrix (the row
represents a player’s action and the column represents his opponent’s action):

G Invest | Not Invest
Invest 1 —c
Not Invest | 0 0

where ¢ > 0. If a player’s private state is bad (B), he has a dominant strategy
to not invest, with payoffs given by the following matrix.

B Invest | Not Invest
Invest —c —c
Not Invest | 0 0

Player 2’s state is good for sure, but the ex ante probability that player 1’s
state is good is % If the state is good, player 1 sends a message to player 2,
informing her of this fact. The message gets lost with exogenous probability
0 <e< % If player 2 receives the message, she sends a confirmation to
player 1, stating that she received the message. This message also gets lost
with probability . If player 1 receives the confirmation, he sends a re-
confirmation, stating that he received the confirmation. This message also
gets lost with probability €. And so on.?

After all the messages have been sent (eventually a message will get lost)
each player chooses an action (invest or not invest) simultaneously. Observe

that from the communication stage, there are an infinite number of possible

3This differs from the game analyzed by Rubinstein (1989). First, this version is “pri-
vate values,” so each player is certain of his own payoffs. Second, this version gives player
1 a dominant strategy for one private state (bad), while in the original game players simple
faced the problem of coordinated on an efficient Nash equilibrium that varied across states.
Both changes simplify the presentation of later results, but do not effect the qualitative
conclusions.



states of the system:

Player 1's Total Mess.ages Mess.ages N
State Messages Received Received Probability
Sent by Player 1 by Player 2
bad 0 0 0 2
good 1 0 0 %5
good 2 0 1 s(1—¢)e
good 3 1 1 1(1-¢)e
good 4 1 2 1(1— e)’e
good 5 2 2 1(1-¢)e
good 2n n—1 n T(1l-eg)™ ¢
good 2n +1 n 1(1-e)™¢

Proposition 1 If ¢ > 1 — ¢, this electronic mail game has a unique equilib-
rium: both players never invest.

Note that for small e, this reduces to the requirement that ¢ > 1, i.e., no
investment is the risk dominant equilibrium of the game.

PROOF. If player 1’s state is bad, he has a dominant strategy to not
invest. If player 2 receives no message from player 1, she assigns probability

1

3 1
1 1
5"‘56 1+4+¢

to the possibility that player 1’s state is bad. Thus her expected payoff to
investing is at most

1 €

O3

S l+4e

<0,

so she cannot be investing in any equilibrium. If player 1 receives no confir-
mation from player 2, he assigns probability

€ 1
l-¢)e 2-—c¢

1
2
L



to the possibility that his message never arrived. Thus his expected payoft
to investing is at most

1 1—¢ l—e—c¢
1) =
+2—€() 2—¢€

<0,

so he cannot be investing in equilibrium. Now let k£ be the smallest number
greater than or equal to 1 such that a player who knows that k& messages
have been sent and received invests with positive probability. A player who
receives the kth message but has not received a reply to the (k 4 1)th message
assigns probability

la-e)f'e 1
= -

Q1-e)fte+li(l-gle 2-c¢

N [—=

to the possibility that his message never arrived. If it did not arrive, then
his opponent knows only that & — 1 messages have been sent and received,
and therefore will not be investing. Thus his expected payoff to investing is
at most 1 1—¢ l—-e—c
2—5(_C)+2—6(1) T 2-¢

so he cannot be investing in equilibrium. This argument demonstrates by
contradiction that there is no investment in equilibrium. H

The result is tight in the following sense. If ¢ < ¢ < 1 — ¢, this game
has an equilibrium where player 1 always invests when his state is good and
player 2 invests whenever she receives at least one message. If ¢ < ¢, this
game has an equilibrium where player 1 always invests if his state is good
and player 2 always invests.

<0,

3 Timing

The timing game is identical to the electronic mail game of the previous
section, with one change. Instead of a message getting lost with exogenous
probability €, assume instead that it may take a long time to arrive. Let
F (1) be the probability that a message will take less than or equal to 7
minutes to arrive (and write f (-) for the density corresponding to F (-)). At
time 0, player 1 learns whether his state is good; if it is good, he sends a
message to player 2; if the message arrives, she sends a confirmation; and



so on. At time 7', however many messages have been sent and received, the
players must make their investment decisions.

Suppose you receive your last message at time ¢. What probability do
you assign to your message having been the last? If you have just received a
message at date t, the probability that your message never arrives is

N@t)=1—F[T —1;

the probability that your message arrives but you never receive a reply is

At) = Otf(T)(l—F(T—t—T))dT.

T=

The likelihood ratio of these two probabilities is

AWy [ Q-F(T—t—1)dr
N(t) 1— F[T —t

Thus the probability that your message was the last sent, conditional on you
not receiving a confirmation is
N (t) B 1
N@#)+A@®l) 1+L(@1)

Proposition 2 If ¢ > 1— F(T) and ¢ > L (t) for all t € [0,T], the timing
game has a unique equilibrium: both players never invest.

PROOF. Clearly, player 1 will not invest if his state is bad. If player 2

to player 1’s state

1
receives no messages, she assigns probability +—-=2—-—
3 t3(1-F(T))

, o L0 F(T)
b bad and bability 2 +———"=
eng bad and probabIity T\ Ti—rry)

player 1’s first message never arriving. Thus her expected payoff is at most

to player 1’s state being good but

s(1-F(D)) : 1-F(T)—c

STaro) Y T iaFrm) 9T 2Ry "

Now let t* be the earliest date for which a player who has sent a message
at date t* (but never received a confirmation) is prepared to invest with
L(t*)
1+L(t)
arrived (but not the confirmation); and he assigns probability HL;(H to his

positive probability. He will assign probability to his message having
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message having never arrived. If his message never arrived, his opponent’s
last message (if any) must have been sent before date ¢, so his opponent
cannot be investing. Thus his expected payoff at most

L(t) 1 L) —¢
a2 R T R ES A0

This is negative since ¢ > L (t*). B

This result is tight in the following sense. If 1 — F' (T') < ¢ < L(0), the
timing game has an equilibrium where player 1 always invests when his state
is good and player 2 invests exactly if she receives at least one message. If
¢ <1— F(T), the timing game has an equilibrium where player 1 always
invests when his state is good and player 2 always invests.

To illustrate Proposition 2, suppose the density is exponential with f (t) =
Ae~*. Then

F(t) 1—e ™M
N (t) efA(Tft)
T—t
At) = / e A e A=) g — N AT=D (T — )
7=0
L(t) = XNT—1%)

Thus if ¢ > AT and ¢ > e *T, then there is no equilibrium where investment
takes place. Observe that \T is the expected number of messages that can be
sent and delivered, so this is a rather restrictive condition. However, consider
a density that is a sum of exponentials: f (t) = ede™ + (1 — ) de ™. As
A — 0 and X\ — oo, this generates essentially the e-mail information system
(with probability 1 — &, the message arrives very quickly; with probability e,
it takes a very long time to arrive). In this case we have,

Ft) = l—ee 2 —(1—¢g)e ™
N(t) = ge 2T-1) 4 (1—¢) e NT-1)

At) = 6QAe—A(T—t) +(1— 6)2 e MT=1) +e(1—¢) (ﬂ) (e—A(T—t) . e_X(T_t))
X



Since L (t) is decreasing, if L (0) < c there is no investment ever. Figure 1
plots the values of L (0) as A varies, setting T =1, e = 1z and A = 100.

insert figure 1 around here

4 Many Players Meetings

There are N players. Each will have to decide simultaneously whether to
invest or not. A player’s payoff from investing is 1 if a public state is good
and at least n players (including himself) invest, where 1 < n < N. If the
state is bad, or if less than n players end up investing, then the payoff to
investing is —c. The payoff to not investing is always 0.

The ex ante probability that the state is good is % Every so often, the
players meet in groups of m players to discuss what they should do. The
probability that there will be a total of k meetings is € (1 — )", where £ > 0.
Thus conditional on k& meetings having occurred, the conditional probability
that at least one more meeting will occur is always 1 — . The collection
of players gathered together at the jth meeting is random: each subset is
equally likely. Thus the probability than any one player attends any fixed
meeting is always %. If a first meeting occurs (this happens with ex ante
probability 1 — ¢), the players at that first meeting are informed whether
the state is good or bad. At each meeting, each player gets to learn all
the information about the state and previous meetings that was available at
previous meetings.*

Eventually, all the meetings are concluded. Each player must then decide

whether to invest or not, based on the history of meetings attended.

Proposition 3 If m < n and

1—¢)d=m
c>max{1 ( 2 N },

11— (1—g) 5

then the meetings game has a unique equilibrium: no player ever invests.

4This assumption makes most sense is m > %7 so that every meeting contains at least
one person who was present at every previous meeting. However, if m < %, we could
instead imagine that a record of previous meetings is kept and made available to current

attendees.
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Note that for very small €, the constraint on ¢ reduces to the requirement
that ¢ > max{l Nmm}

PROOQOF. No player will invest if he knows that the state is bad. Consider
a player who has never attended a meeting. The fact that he has never
attended a meeting conveys no information about the state. Thus he assigns
probability 1 5 to the state being good. Thus his payoff to investing is at most

%(_C)+<%> M=50-d<0

Now consider a player who knows that the state is good and who has just

attended a meeting. With probability €, no further meetings will take place.
With probability (1 — 5)k (N—;,m)k g, exactly k£ more meetings will took place,
but he will not be in attendance. Thus the probability that there is at least

one more meeting, but no meetings where he is in attendance, is
(1—¢) (B52)e
1—(1—¢) (%)

So the probability that any player assigns to the last meeting he attended
being the last meeting ever will always be

€ N—m
—1—(1—
ERCEIC DI 5)< N )
1-(1—¢)(&52)

Now let k£* be the smallest £ > 1 such that a player who knows that the state
is good and knows about exactly k meetings invests with positive probability.
If his last meeting was the last meeting that anyone attended, he knows that
at most m players will choose to invest (since only m players attended the
last meeting). Thus his payoff to investing is at most

(1_(1_6) (bﬁ))(—cwu—g) (N—;fm> (1)<0. m

This result is tight in the following sense. If ¢ < 1, there is an equilibrium

where all players invest as long as they do not know that the state is bad. If
(1) Nm
(17 )NNm
there is an equilibrium where all players invest if they know that the state is
good.

¢ > 1 and either m > n or ¢ S and ¢ is sufficiently small, then
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5 Strategic Communication

The strategic communication game is identical to the electronic mail game of
section 2, with one change. When players in the electronic mail game were
forced to send messages, players in the strategic communication game can
choose whether to send the message or not. This gives rise to the somewhat
elaborate extensive form game illustrated in figure 2.

insert figure 2 around here

Also fix ¢ > 1 and ¢ < 1—}H: . In this game, equilibrium strategies uniquely
determine beliefs at off-the-equilibrium information sets. Information sets
where players send a message (S) or don’t send a message (D) are all single-
tons. When a player is (out-of-equilibrium) called upon to choose between
investing (I) and not investing (N), he knows that his opponent has sent one
more message than expected, and his out-of-equilibrium belief over his op-
ponent’s investment choice can be calculated from the opponent’s strategy.
We will look at perfect Bayesian equilibria in this game.

Behavioral strategies can be described by probabilities at each of the
binary choices facing the players. The easiest way to describe them is to
label the extensive form with these probabilities, as in figure 3.

insert figure 3 around here

Thus z is the probability that player 1 invests if his state is bad and zq is the
probability that player 2 invests if she never receives a message. For all k > 1,
the triple (7, zx, yx) describes the behavioral strategy of the player who has
the option of the sending the kth message in the game: 7y is the probability
that he chooses to send the message; xj is the probability that he invests if
he sends the kth message in the game but does not receive a reply; and y
is the probability that he invests if he chose not to send the kth message.

Thus (z, (They Tho, Yk ) e 3.5, ) describes the behavioral strategy of player 1

and (xo, (Th, Tho, Yk) e 6. ) describes the behavioral strategy of player 2.

Since z = 0 and z¢ = 0 in any equilibrium (because player 1 has a dominant
strategy to not invest if investment conditions are bad, and player 2 assigns
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probability at least % to player 1’s state being bad), we focus attention on
(ks Tk, Yk )p—1 2.3, it the following analysis.

Write f* (m) for the set of mixed strategy best responses if investment
conditions are good and you expect your opponent to invest with probability

7. Thus
{0}, if 7 < &=

. 1+c
fo(m) = [0,1],1f71':1%rc
{1},1f7r>1—iC

Figure 4 plots this correspondence.

insert figure 4 around here

We can use f, to state the equilibrium conditions on players’ investment
choices, taking as given their message sending strategies: for each k = 1,2, ...

ye € Jfo(rr-1) (1)
no€ | <6xk_1 +(1—¢e)(1—mes1) ypr1 + (1 —¢) 7rk+15xk+1>
F 0 5+(1—5)(1—7T/€+1)+(1—6)7T1€+16

Equilibrium conditions for message sending are more complicated to state in
general but are simple enough to check in practise.

One class of equilibria are “message threshold” equilibria. For some k > 1,
only k& > 1 messages get sent and each player is prepared to invest as long
as he knows that at least & messages have been sent.” This equilibrium is
illustrated in figure 5, for the case where k = 2 (the diagram includes the
beliefs at each information set implied by equilibrium strategies).

insert figure 5 around here

The person who sends the kth message is prepared to invest, even if he does
not receive a confirmation, because under the equilibrium strategies he was
not anticipating a confirmation. Because of this, he assigns probability 1 — ¢
to his message arriving and thus has expected payoff 1 — e — ec > 0.

5Thus7rkzlf_orallkgﬁandwk:0_forallk>%; xk:OfErallkgﬁfland
xp=1forall k >k—1;y,=0forall k <k andy, =1 for all £ > k.
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This equilibrium relies on the fact the player who receives the kth message
chooses not to send a confirmation. Under the equilibrium strategies, he is
indifferent between whether to send a confirmation or not. But notice that
if he fails to send a confirmation, he knows that the other player believes
that he will invest with probability 1 — . On the other hand, if he sent
an unanticipated confirmation then (in this equilibrium) he knows that the
other player will believe that he will invest with probability 1. This suggests
that he should break his indifference in favor of sending a confirmation.

To model this intuition formally, consider a perturbed version of the game
where a player does strictly prefer that his opponent is more confident that
he will invest. In particular, suppose that payoffs to player i in the good
state are:

G Invest | Not Invest
Invest 1—-6; | —c—0; (2)
Not Invest | 0 0

where 0, is drawn according to a c.d.f. s with support [—¢, 1] and is observed
by player ¢ only immediately before he makes his investment decision. Now
if player 7 assigns probability 7 to his opponent investing, he will invest only
if

—0;+7(1)+ (1 —m)(—c) > 0.

The probability of this occurring is
fs(m) = s (1 +c)m—¢)

Thus each f;s is a strictly increasing function with fs(0) =0 and fs (1) = 1.
We assume that as § — 0, Ws concentrates mass around 0: Ws(—06) < ¢
and Vs (6) > 1 — 6. This implies that as § — 0, f5 tends to the step
correspondence, fy, illustrated in figure 4. Figure 6 plots fs for small 6:

insert figure 6 around here

In this perturbed game, the equilibrium conditions for investment become:®

for each k =1,2, ...
Yo = [s(zp1) (3)

6We ignore the fact that player 2 will invest with positive probability even when she
receives no message (i.e., g > 0); this simplifying assumption does not change any quali-
tative conclusions.
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o = f exp_1+ (1 —¢&) (1 — mgr1) Yka1 + (1 — &) Tpr16@p 41
k b 5+(1—5)(1—7T/€+1)+(1—6)7T1€+16

An equilibrium is immune to strategic uncertainty if there exists a sequence of
equilibria in the perturbed game that converge to the candidate equilibrium
as 6 — 0.

The message threshold equilibria described above are not immune to
strategic uncertainty. In any equilibrium of the é-game close to the k-
equilibrium, we will have x7 ~ fs (1 — €) while yz, ; = f5(1). Thus the player
receiving kth message will have a strict incentive to send an unanticipated
confirmation in the perturbed game.

Another class of equilibria are “punishment equilibria.” For some & > 1,
only k£ > 1 messages get sent and each player is prepared to invest as long
as he knows that ezactly k messages have been sent.” This equilibrium is
illustrated in figure 7, for the case where k = 2.

insert figure 7 around here

As in the message threshold equilibria, the person who sends the Ath mes-
sage is prepared to invest, even if he does not receive a confirmation, because
under the equilibrium strategies he was not anticipating a confirmation. But
the person who receives the kth message is no longer indifferent between
sending an unanticipated confirmation or not. Under the punishment equi-
librium strategy profile, he will be punished if he sends a (E + 1)th message:
no player chooses to invest in equilibrium if he knows that a (E + l)th mes-
sage has been sent. Such punishment equilibria perhaps do capture why
many confirmations are not sent in practise: over some threshold, players
will become discouraged and not anticipate investment. However, one can
also make a traditional renegotiation proofness argument for why the pun-
ishments would not be time-consistent: a player sending an unanticipated
(E + 1)th message could point out to the other player that it is consistent
with equilibrium and Pareto-optimal to always invest from that point on,
and if this appeal were credible, the original equilibrium would break down.
In what follows, we will focus on ez post efficient equilibria, where, contin-
gent on strategies in the message sending phase, equilibrium strategies in

7Thus7rk:1forallkﬁ%amdﬂ'k:0fora11k>%; xzzlandxk:0forallk7é%;
:‘/E+1:1andyk:0forallk7éﬁ+1_
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the investment game maximize the amount of investment (there is such a
“maximal investment” equilibrium because of the strategic complementari-
ties in the game). The punishment equilibria are not ex post efficient. What
equilibria are left?

There is the “infinite messages - no investment” equilibrium, where play-
ers always send messages and never invest. There is also a “no messages -
no investment” equilibrium, where player 1 does not send his first message
if his state is good, but both players do always send confirmations if (out of
equilibrium) they receive messages. These are essentially the only equilibria
that are ex post efficient and immune to strategic uncertainty:

Proposition 4 If ¢ > 1, all ex post efficient perfect Bayesian equilibria im-
mune to strategic uncertainty in the strategic communication game have both
players not investing after every history; every player sends a confirmation
with probability close to 1, whenever they receive a message.®

Formal definitions of the refinements and a proof of the proposition are
presented in the appendix.

The proposition says that once a message has been received, each player
must have an incentive to send a confirmation with high probability in any
equilibrium. This implies no investment in equilibrium. One equilibrium
has an infinite numbers of costly messages sent, and no investment, while
another equilibrium has the first player never sending a message about his
private state (since it will not do any good anyway). Since there presumably
is a small cost of sending messages, we might imagine that this equilibrium
would be played in a richer model with small costs.

The refinements (“ex post efficiency” and “immunity to strategic uncer-
tainty”) are ad hoc. One can imagine other formal routes to reach similar
conclusions. For example, standard forward induction reasoning would seem
to argue against the punishment equilibria: there is no point in sending an
unanticipated confirmation if you expect it to lead to no investment; if a
player sends you an unanticipated confirmation, he surely does not expect
it to lower the probability of you investing. The ex post efficiency criterion
could also be related more formally to the renegotiation literature in game
theory. However, the modest purpose here is to suggest that making mes-
sage sending a strategic choice need not remove the coordination problem

8More precisely, T > % for all £ =2,3,...; and 2 = 0 and y; = O for all k. For

small e, this implies 7 close to 1.
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from the e-mail game and reasonable views of rational play in the game are
consistent with that view.

The above analysis formalized an intuition based on the Pareto-improving
nature of unanticipated confirmations. One can also imagine quite different
arguments in favor of the view that strategic message sending choices will not
reduce message sending. If we look at either message threshold equilibria or
punishment equilibria, the most preferred equilibria for player 2 (from an ex
ante perpective) are one message equilibria, where player 1 invests whenever
his state is good and player 2 invests whenever he receives one message
from player 1. The most preferred equilibria for player 1 (from an ex ante
perpective) are one message equilibria, where player 2 invests whenever he
receives a message from player 1 and player 1 invests whenever he receives
a confirmation from player 2. In the former case, player 1 bears the ex ante
risk of misco-ordination (with probability %5, player 1’s message gets lost,
player 1 invests and player 2 does not). In the latter case, player 2 bears the
risk (with probability % (1 —¢)e, player 2’s confirmation gets lost, player 1
invests and player 2 does not). Thus each player would like (ex ante) to be
the last one to receive a confirmation. One can easily imagine stories where
this lead to an ex post proliferation of messages. For example, if a player
could credibly make statements like “I know you were not planning to send
a confirmation; however, if I do not receive a confirmation, I will not invest,”
he would have an incentive to do so.

Binmore and Samuelson (1999) also examined the strategic communica-
tion game. They considered a game where each player decides how many
times to confirm a message received and whether to invest or not as a func-
tion of the confirmation strategies of both players. The extensive form of this
paper generates a slightly richer strategic form than the Binmore-Samuelson
game, since players’ behavior after their own deviations is part of the descrip-
tion of their strategies. However, this difference is not strategically relevant.’

Binmore and Samuelson showed the existence of equilibria analogous to
the message threshold equilibria of this paper, and they note how all such
equilibria rely on players choosing weak best responses. They therefore first
perturb the game and then apply evolutionary refinements in order to make
tighter predictions. They consider a game with “costs of paying attention,”
where players must incur a cost ex ante in order to be able to receive a

T am grateful to Larry Samuelson for helping me understand the relation between the
games.
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given number of messages. This game, too, many equilibria, but the “tacit”
equilibrium where players never invest fails to satisfy an evolutionary stability
criterion.!’

The strategic communication version of the e-mail game has a rich set of
equilibria. The results presented in this section and the work of Binmore and
Samuelson suggest that one could obtain many different conclusions by suit-
able perturbations of the game and choices of equilibrium refinement. Fine
details of the strategic communication environment may be important in de-
termining the likelihood of co-ordinated behavior using faulty communication
channels.

6 Conclusion

With faulty communication, fully rational players in a one-off strategic inter-
action may have great difficulty co-ordinating on an efficient outcome, even
if they are able to communicate a lot. This problem arises not merely in the
stylised example of the e-mail game, but in more realistic environments with
many players, real time communication structures and strategic decisions
about whether to communicate.

Of course, people carry out coordinated action without the benefit of
public plenary meetings all the time. But they are most likely to be success-
ful in doing so if they can commit ex ante to rules of communication that
generate the approximate common knowledge required for coordination. So-
cieties presumably evolve conventions for coordinating behavior that prevent
inefficiently many risky communications. Similarly, armies have rules about
who sends confirmations of what communications. The analysis in this paper
suggests that such conventions and rules may not be entirely self-enforcing
in each interaction, but may rely on outside constraints.

10 As Binmore and Samuelson note, it is key to their results that the costs of receiving
messages are incurred ex ante. The incentive to send unanticipated confirmation will
never arise as long as costs are incurred ex ante. It would be interesting to see if one could
combine a small ex post cost of sending messages (i.e., the cost is only incurred if you send
the message in equilibrium) with the §—payoff perturbation described above, and generate
evolutionary pressure in favor of the unanticipated confirmations.
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APPENDIX
We first formally define the refinements described in the text.

Definition 5 Perfect Bayesian Equilibrium (7, zx, yx) k=12, U ummune to

strategic uncertainty if there exists (zi, y,‘Z) — (g, yk)k:l,z,.. as 6 — 0

k=12,..

such that given (m) k=12, (mi,y,‘z) satisfy the equilibrium conditions

(3) for each 6.

k=1,2,..

Definition 6 Perfect Bayesian Equilibrium (T, Tg, Yk)r_1 5 S €T post ef-
ficient if, given (w)g_y o+ (Tk, Yk)peyo,. 18 the largest solution to the equi-
librium conditions (1).

PROOF OF PROPOSITION 4. A player who sends the kth message but
receives no confirmation believes that with probability

£
6—|—(1—6) (1 —7T/€+1) -+ (1 —8)7T/€+1€’

his message never arrived. Suppose that he expects that his opponent will
not invest if he did not receive that message and will invest if he does receive
that message. Then his expected payoft is

(1—5)(1—7Tk+1)+(1—6)ﬂk+16 1 9

e+ (1—e)(1—mpp1) + (A=) mppe ) e+ (1 =) (1 —mpyr) + (1 — &) Tppse (€)

This expression is non-negative if

(1—¢e)(1 —=mpy1) + (1 —€) mpy1e > ec
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or

l—e(1+¢)
T < —_—
k+1 > (1 _ 6)2
Thus if 7, > 22049 for k = 2, .., &, we have by the usual inductive argument

(1-¢)? _
that no player invests unless he knows that at least £ messages have been

sent. Conversely, if 77, < 165_(15;-2(;)’ there is an equilibrium where both

players invest they know that at least & messages have been sent. So we
have:

Observation: (7, Tk, Yk),_, o 1S an ex post efficient equilibrium if and
only if there exists k € {1,2,3,...,} U {oo} such that 7 > % for

2 <k <kifk < oo, mp,, < 1;18515;% zp =0 forall k <k — 1 and

xkzlforallkz>z—1;yk:()forallkzgzandyk:1forallk>%.

Now we check immunity to strategic uncertainty. Fix any ex post equi-
librium (7, zk, yk) ke1.2.. of the above form with finite k. Consider the rate
of change of 2 and y? with respect to 8, evaluated at § = 0. Since f5(0) =0
and f5 (1) = 1, this rate of change is equal to zero for all 0 and all 2{ with
k # k (since the limiting equations are of the form yj, or x; equal to fy (0) or
f1(1)). But

Ty = fo (1 - 6) s
d¥s(1—e(14c))

= TEe2 < 0. Thus for small 6§, 22 will be strictly less than

s
_k
S0 5

5=0 _
both z, and yj for all k > k. But this implies that a strict incentive to send
the (k: + 1)th message, a contradiction.
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Figure 5. "Message Threshold" Equilibrium withk = 2
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Figure 7. "Punishment” Equilibrium with k = 2




