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Abstract

Case studies of cartels and recent theory suggest that communication is a
key factor for cooperation under imperfect monitoring, where actions can
only be observed with noise. We conduct a laboratory experiment to study
how communication affects cooperation under different monitoring structures.
Pre-play communication reduces strategic uncertainty and facilitates very
high cooperation rates at the beginning of an interaction. Under perfect mon-
itoring, this is sufficient to reach a high and stable cooperation rate. However,
repeated communication is important to maintain a high level of cooperation
under imperfect monitoring, where players face additional uncertainty about
the history of play.
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1 Introduction

Many social and economic relationships are characterized by repeated interactions
in which the behavior of partners is observable only with noise. Two examples are
teamwork arrangements in which workers repeatedly produce goods for each other,
and cartels with repeated price-setting by its members. How much effort a worker
exerts in the production of the good cannot be observed directly but only inferred
from the good itself — a noisy signal (Sekiguchi, 1997; Compte and Postlewaite,
2015). Likewise, whether or not other cartel members stick to a collusive agreement
cannot be observed directly but only inferred from noisy signals like own sales in
Stigler’s (1964) or the market price in Green and Porter’s (1984) seminal treatments
of oligopolies. The former is the classic example for imperfect private monitoring —
own sales can be observed only by the firm itself; the latter is the classic example
for imperfect public monitoring, the market price being publicly observable.

Sustaining cooperation under imperfect monitoring has been the central topic in
the theory of infinitely repeated games for the last three decades. This literature
identifies communication as a key factor (see, e.g., Matsushima, 1991; Compte, 1998;
Obara, 2009; Awaya and Krishna, 2016). However, empirical evidence that allows
to answer the question if communication is particularly important under imperfect
monitoring compared to perfect monitoring is so far missing in the literature. This is
unfortunate not only from a scientific but also from a policy perspective as evidence
of cartel communication is an important source of evidence for antitrust authorities.
Hence, it is important to know if communication is necessary and, if so, how much of it
is needed to sustain a collusive agreement. Several experimental studies with perfect
monitoring have demonstrated that the mere existence of cooperative equilibria is
by no means sufficient for the emergence of cooperation (see, e.g., Dal Bg, 2005;
Blonski et al., 2011; Breitmoser, 2015; Dal B6 and Fréchette, 2018). Therefore, it is
important to learn from data and not only from theory how communication affects
cooperation and how this depends on the monitoring structure. As many important
variables, such as private signals and communications, cannot be observed in the
field, we design a laboratory experiment, which allows us to study this interaction
in a tightly controlled setting.!

Our laboratory experiment follows a (3 x 3) design varying both the com-
munication and the monitoring structure of the game. We study the following

communication structures: (i) no communication; (ii) pre-play communication,

'Most cartel communication is not documented as such documents could be used as evidence in
legal cases. See Genesove and Mullin (2001), Andersson and Wengstrém (2007), and Cooper and
Kiihn (2014) for further discussion and examples of cartel cases.



where subjects can chat with their partner before the first round of an interaction;
and (iii) repeated communication, where subjects can chat with their partner before
every round of the interaction. The second treatment variable is the monitoring
structure. We study (i) perfect monitoring, (ii) imperfect public montoring, and
(iii) imperfect private monitoring. The game that we ask subjects to play is an
indefinitely repeated noisy prisoner’s dilemma, similar to that studied theoretically
by Sekiguchi (1997) and Compte and Postlewaite (2015), and experimentally, but
without communication, by Aoyagi et al. (2018). In this variant of the prisoner’s
dilemma, signals are independent conditional on actions. Payoffs depend on own
actions and received signals, which are noisy reflections of the other player’s actions.
Under perfect monitoring, signals and actions are observed; under imperfect public
monitoring, sent and received signals are observed; and under private monitoring,
only the received signals are observed.

In their comprehensive review of experimental studies of repeated games without
communication, Dal Bé and Fréchette (2018) show that the robustness of cooperation
to strategic uncertainty is a good predictor for cooperation under perfect monitoring
(see also Blonski et al., 2011; Breitmoser, 2015). We extend their measure of
robustness to strategic uncertainty — the basin of attraction for playing a defective
strategy — to the imperfect monitoring cases. According to this measure, robustness
to strategic uncertainty is low in all of our treatments and lower in the treatments with
imperfect monitoring than in those with perfect monitoring. Pre-play communication
might reduce strategic uncertainty and thus increase cooperation rates. Under
imperfect monitoring, full cooperation is not possible in equilibrium and simple
grim-trigger strategies lead to lower efficiency than more lenient and forgiving
strategies. Bad signals can also occur after a history of full cooperation, which adds
another type of uncertainty, as the history of play becomes becomes uncertain. If
communication makes subjects’ strategies more lenient and forgiving, this could
boost cooperation rates. As we will see, the opportunity to communicate after the
occurrence of a bad signal is important in this respect.

Our main results are the following: Cooperation rates are much higher in all pre-
play communication treatments than in the no-communication treatments (Result
1). With repeated communication, cooperation rates are high and stable under
all monitoring conditions, whereas they start high but decline rapidly over rounds
with pre-play communication when monitoring is imperfect (Result 2). As bad
signals occur with positive probability even after mutual cooperation under both
imperfect monitoring structures, subjects need to coordinate their behavior for

more contingencies than under perfect monitoring. While subjects do use pre-



play communication to coordinate behavior (Result 3a), we also find for all three
monitoring structures that most subjects merely coordinate on mutual cooperation
in the first round. If successful, they continue to cooperate. While this is enough to
lead to stable coordination under perfect monitoring, it is not when signals are noisy.
To reduce uncertainty about the history of the game under imperfect monitoring,
subjects use repeated communication phases to exchange private information (Result
3b), and to revisit their incomplete pre-play agreements. Our subjects’ behavior
becomes more lenient and forgiving with pre-play communication, and even more so
with repeated communication, than in the absence of communication opportunities
(Result 4). These results corroborate the importance of communication for high
cooperation rates and of repeated communication for the stability of cooperation in
noisy environments.

In summary, our results suggest that communication promotes cooperation by
reducing two types of uncertainty. First, communication before the first round of the
game reduces strategic uncertainty, or more precisely, the risk of meeting another
player who follows a non-cooperative strategy in the game. Second, communication
between rounds reduces uncertainty about the history of play, which stems from
the noisy signals. Participants’ play becomes more lenient and forgiving after bad
signals, which facilitates relationships with high and stable cooperation rates.

Several laboratory experiments have been conducted to explore the effects of
communication and test predictions from renegotiation-proofness refinements (Pearce,
1987; Farrell and Maskin, 1989) in experiments without noise (Andersson and
Wengstrom, 2012; Fonseca and Normann, 2012; Cooper and Kiihn, 2014) or imperfect
public monitoring (Embrey et al., 2013; Arechar et al., 2017). While they offer
important insights, these experiments do not allow for a comparison of the use and
the effects of communication across monitoring structures.? Moreover, we are not
aware of any previous empirical study of communication under private monitoring.
Given the important role that communication plays for this monitoring structure in
the theoretical literature, this is quite surprising. Our study makes a first step to fill

these gaps, and provides novel insights into how communication reduces uncertainty

2Camera et al. (2013) study communication in a setting with random re-matching within groups
after every round of the repeated game. Kamei and Nesterov (2020) study endogenous reports
of opponents’ choices after a supergame to their next interactions partners. Wilson and Vespa
(2020) study an indefinitely repeated version of a sender-receiver game (Crawford and Sobel, 1982).
Another string of recent studies focus on communication and cooperation in various one-shot or
finitely repeated games (Charness and Dufwenberg, 2006, 2010; Utikal, 2012; Fischbacher and
Utikal, 2013; Camera et al., 2013; Cooper and Kiihn, 2014; Cason and Mui, 2014, 2015; Landeo and
Spier, 2015; Wang and Houser, 2019). The experimental literature on indefinitely repeated games
with imperfect monitoring but without communication further includes the papers by Aoyagi and
Fréchette (2009) and Fudenberg et al. (2012), who study public monitoring.



under all three monitoring structures.

The rest of the paper is structured as follows. In the next section, we present
the game, the experimental design, the theoretical background and our research
questions. We turn to the experimental results in Section 3. In Section 4, we discuss

our key findings, before we state our conclusions in Section 5.

2 Theoretical Background and Experimental Design

2.1 Set-up

In the indefinitely repeated noisy prisoner’s dilemma, two players interact with each
other in indefinitely many rounds of an interaction, henceforth called a supergame.
Let § denote the fixed continuation probability after any given round. In every
round, each of the two players can choose between two actions, C' or D. After both
players have chosen an action a € {C, D}, a noisy process translates both actions
into conditionally independent signals. Each signal w € {¢,d} corresponds to the
chosen action with probability (1 — €). With probability € an error occurs and the
action is translated into the wrong signal (C' to d and D to ¢). All aspects of this
process, the conditional independence of signals as well as the probability of an
error are common knowledge. The payoff 7; of player ¢ from the current round is
defined by player i’s own action a; and the signal of the other player’s action w_;.3
The left panel of Figure 1 shows the normalized expected stage-game payoffs of
action profiles which take the noise into account. The upper right panel of Figure 1
shows the payoff in experimental currency units that a subject receives in a round
of a supergame as a function of the action and the signal received about the other
player’s action. We use the same payoff structure, the same continuation probability
of § = 0.8 and the same error probability of € = 0.1 in all treatments. These values
translate into expected stage-game payoffs for actions depicted in the lower right
panel, which can be normalized by substracting 19 from all payoffs and then dividing
them by 8. Hence, g =1 and [ = 2 in the experiment.

With g > 0 and [ > 0 the stage game has the form of a prisoner’s dilemma. The
restriction 1 4 [ > g prevents that coordinated switching between cooperation and
defection yields a greater expected payoff than mutual cooperation. Both conditions

are fulfilled with our parameters. We consider three different monitoring structures.

3This might reflect the interaction of two workers where each worker exerts low or high effort on
the production of a good for the other worker, and where whether the good is useful for the partner
or not is a noisy signal of effort (Sekiguchi, 1997). For an alternative but similar interpretation,
see Compte and Postlewaite (2015).



Under perfect monitoring, each player ¢ is informed about the actions {a;,a_;} and
the signals {w;,w_;}. Under imperfect public monitoring (Green and Porter, 1984),
players cannot observe the action of the other player and the information set reduces
to {a;,w;,w_;}. Under imperfect private monitoring (Stigler, 1964), players also
remain uninformed about w;, the signal the other player receives, as the information
set reduces to {a;,w_;}. In addition to the three different monitoring conditions, we
consider three different communication conditions. The benchmark case is that of no
communication. In the pre-play communication condition, players can communicate
before the first round of a supergame. In the repeated communication condition,

players additionally enter a communication stage before each of the following rounds.

Figure 1: The Stage-Game

c d
C| 30 0
C D
D | 37 17
C 1,1 —l,14g

C D
D | 1+g,—1 0,0 C | 27,27 3,35
D | 353 19,19

Notes: The payoffs depicted in the right panel are in experimental currency units. The exchange rate was 50
ECU = EUR 1. Subjects saw both representations of the stage-game at all times when making their decisions.

We choose open chat as the mode of communication to avoid reducing the potential
roles that communication might play. Free-form communication is also the most

natural type and allows us to study its use and content.

2.2 Procedural Details

To keep the length of the supergames constant between treatments, we generate two
sequences of supergames beforehand using a series of random numbers to determine

the length of each supergame.* Both sequences are implemented for all treatments in

4We use the Stata random number generator with seeds 1 and 2 to create two series of uniformly
distributed random numbers between 0 and 1. The first supergame had x rounds if the xth random



different sessions. At the end of every round of a supergame, subjects receive feedback
about their earnings and additional information which allows them to (imperfectly)
monitor the other player’s decisions. The realized random number, which determines
whether the supergame continues or not, is also displayed at the end of each round,
and could thus be used as a public randomization device. To allow for learning,
each participant in our experiment plays seven supergames with different partners.
The matching proceeds as follows: we divide the subjects of an experimental session
into matching groups of 8-12 subjects. For the first supergame, each subject is
then randomly matched with another participant from their matching group. After
the termination of a supergame, participants are re-matched with a new partner
from their matching group who they did not interact with before. Subjects were
informed about this matching procedure. In the communication treatments, subjects
can exchange messages via a chat box. In the pre-play communication condition,
the chat can be used by both players of the current match to exchange messages
for 120 seconds. In the repeated communication condition, players additionally
enter a communication stage before each of the following rounds where they can
exchange messages for 40 seconds. Before the start of all treatments, participants
had to answer control questions to check their understanding of the instructions (see
Appendix D).

We collected data from three matching groups per sequence-treatment combina-
tion, that is from six matching groups per treatment. A total of 458 participants
(average age 22, 60% female) participated between January and April of 2016 in
the 24 sessions of our experiment at the LakeLab of the University of Konstanz.®
The average earning was EUR 18, and the session length 75-90 minutes. Table
1 summarizes the distribution of sessions, subjects, and matching groups across
experimental treatments and depicts the average size of a matching group as well as

the average length of the supergames.

number was less than or equal to 0.2 and all previous numbers were greater than 0.2. Then the first
x random numbers were deleted and the following numbers determined the length of the second
supergame, and so forth. We used the two series to determine the lengths of seven supergames
each. The length of the two resulting sequences of supergames are: SQ1 (113515 2 11) and SQ2
(2557134 4). Average supergame lengths were moderately longer than the expected length of
five of the underlying geometric distribution (SQ1: 5.4; SQ2: 5.7). Random termination is the
most widely used way of implementing infinitely repeated games in the lab. See Fréchette and
Yuksel (2017) for a study of other implementation methods.

SThe experiment was programmed in z-Tree (Fischbacher, 2007) and subjects were recruited
via ORSEE (Greiner, 2015).



Table 1: Summary Statistics for the Experimental Treatments

Perfect Public Private
No Pre Rep No Pre Rep No Pre Rep

Sessions 2 2 2 3 3 4 2 3 3
Matching groups 6 6 6 6 6 6 6 6 6
Subjects 52 54 54 48 52 50 48 50 50
Mean group size 87 9.0 90 80 87 83 80 83 83

Mean supergame length 5.6 5.6 56 5.6 56 56 56 56 5.6

Notes: Mean group size indicates the average number of subjects who formed a matching group. The modal size
of a matching group was eight (44 groups). Seven groups were of size 10 and three of size 12. Subjects did not
know the exact size of their matching group. Mean supergame length indicates the average number of rounds of
all supergames played in a treatment.

2.3 Equilibria and Strategic Uncertainty

Equilibria Table 2 gives an overview of the types of cooperative equilibria that

have been described in the literature and that exist for our experimental parameters.®

Table 2: Cooperative Equilibria and Stability

repeated pre-play no

private | TT,BB,T1BF BB,T1BF BB,T1BF

public | PS-SPE,BB,T1BF | PS-SPE,BB, T1BF | PS-SPE,BB,T1BF

perfect | PS-SPE,BB,M1BF | PS-SPE,BB,MIBF | PS-SPE,BB,M1BF

Notes: PS-SPE: pure-strategy SPE, BB: belief-based (mixed-strategy) equilibria, M1BF: memory-one belief-free
equilibria (in behavior strategies), T1BF: threshold memory-one belief-free equilibria, TT: truth-telling equilibria.
The equilibria in boldface are evolutionarily-stable equilibria (Heller, 2017).

The conditions for the existence of cooperative pure-strategy subgame-perfect equilib-
ria (PS-SPE) under perfect and imperfect public monitoring are well-known results of
the theoretical literature (see, e.g., Mailath and Samuelson, 2006). With perfect mon-
itoring, players can condition on the intended actions and support full cooperation
using pure strategies, such as the grim-trigger strategy, if the continuation probability

§ is greater or equal to §57F = 1—7-;g' With public monitoring and strategies condi-

6Trivially, mutual defection in every round of the repeated game is an equilibrium under all
three monitoring conditions.



§SPE — m applies.

Both conditions are fulfilled in our experiment, as 6 = 0.8 > m > Fll

The second condition implies reduced efficiency under imperfect public monitoring

tioning only on the public signals, the stricter condition

since defection occurs with positive probability on the equilibrium path. Lenient
and (or) forgiving strategies, which do not start punishment immediately after the
first bad signal or punish for fewer rounds as compared to the grim-trigger strategy,
counteract the efficiency loss caused by the monitoring imperfections.

With private monitoring, cooperation cannot be supported by a subgame-perfect
equilibrium based on pure strategies and players have to rely on mixed (Bhaskar and
Obara, 2002; Sekiguchi, 1997) or behavior strategies (Ely and Valiméki, 2002; Ely
et al., 2005; Piccione, 2002), giving rise to belief-based (BB) or belief-free equilibria
(BF).” Players, who follow a behavior strategy, randomize between actions (C' and
D) in each round. The probabilities with which actions are chosen depend on the
history. A strategy that only considers the latest observed signals and actions is
called a memory-one belief-free (M1BF) strategy. The theoretical literature has
largely focused on this type of behavior strategy (Ely and Valiméki, 2002; Piccione,
2002; Heller, 2017). An M1BF strategy under perfect monitoring would, for example,
specify the five probabilities to cooperate (i) at the beginning of the supergame (after
the empty history), (ii) after mutual cooperation C'C in the previous round, (iii) after
mutual defection DD, (iv) after C'D and (v) after DC.%? For the existence of M1BF
equilibria, the continuation probability ¢ has to be greater or equal to a threshold
§PE . 1f § > §BT a continuum of equilibria exist. The cooperation probabilities (ii)-(v)
are exactly pinned down if § = §8¥. The cooperation probability (i) at the start of
the game is always a free parameter. We call the equilibria with the cooperation
pattern at the threshold T1BF equilibria. The resulting T1BF equilibrium strategies
are a lenient version of tit-for-tat with cooperation probabilities o = (¢, 1,0.5,1,0)

conditional on the memory-one action-signal histories (oy, C'c, C'd, Dc, Dd).

"Under private monitoring, players lack a public history of play to coordinate behavior in such
a way that defection is the mutual best-response after a defection signal. Instead, a player who
believes that the other player is still in the cooperative state and obtains a defection signal would
want to ignore the defection signal to keep the partner in the cooperative state. The incentive to
ignore defection signals undermines the necessary responsiveness of the cooperative strategy to
defection.

8Under imperfect monitoring, the five states upon which the cooperation probabilities depend
would be the first round and the four different possible signal-action combinations of the previous
round. Under public-monitoring, M1BF could condition either on the public signals or the private
signal, whereas under private monitoring only the latter is possible.

9Semi-grim strategies are a sub-class of M1BF strategies with the property that the probabilities
of cooperation after CD and DC are the same. Breitmoser (2015) provides empirical evidence
that under perfect monitoring, behavior on both the aggregate, and the individual level is well
summarized by semi-grim strategies.



With our experimental parameters, cooperative mixed-strategy and belief-free
equilibria exist under all three monitoring conditions. The parameters rule out that
the set of M1BF equilibria is different between public and private monitoring since
no M1BF equilibria exists in which strategies condition on the public signals, and
so only M1BF which condition on the private signal (and the player’s own action)
can be played in equilibrium. To pinpoint the behavior of M1BF strategies, we set
§ = 6BF,

When players can communicate repeatedly under private monitoring, private
signals can be reported, which creates a quasi-public history and thereby allows
for simpler and more stable equilibria (Heller, 2017). Such truth-telling equilibria
(TT) can exist if certain revelation constraints are fulfilled (Compte, 1998). The
punishment stage is constructed in a way that makes every player indifferent between
truthfully reporting the private signal and misreporting or staying silent. This
requires that no player benefits or suffers from entering the punishment phase in
which the other player is punished. The stability of these equilibria stems from the
fact that they provide strict incentives for cooperation, whereas the other equilibrium
constructions by Sekiguchi (1997), Piccione (2002), or Ely and Valimaki (2002) do
not (see Heller, 2017).1° In the experiment, we are interested in whether subjects
use communication to transform the game with private monitoring into one with
quasi-public signals. Our parameters assure that such truth-telling equilibria exist.
They also assure the existence of renegotiation-proof cooperative equilibria under
perfect and public monitoring.!!

The equilibria in boldface Table 2 are evolutionarily-stable equilibria (Heller,
2017). Note that there are no stable cooperative equilibria without repeated com-
munication under private monitoring. This is different for the other two monitoring
conditions and the reason for the special role that communication plays under private

monitoring in the theoretical literature.

Strategic Uncertainty FExperimental evidence suggests that the SPE-existence
conditions are necessary but insufficient to observe high levels of cooperation in

the indefinitely repeated prisoner’s dilemma with perfect monitoring (see Dal B6

10Tf signals are correlated, which is not the case in our set-up, truthful communication equilibria
with strict revelation constraints can be constructed (Kandori and Matsushima, 1998), and higher
levels of efficiency might be achievable by exploiting the informational content of the correlation
(Awaya and Krishna, 2016). Awaya and Krishna (2016) study a set-up with a fixed discount rate,
whereas other studies have focused on proving Folk theorems (Ben-Porath and Kahneman, 1996;
Compte, 1998; Kandori and Matsushima, 1998; Obara, 2009).

"Tn Appendix A, we provide the technical details behind the results in this section. We derive
the 6BF threshold and present a truth-telling equilibrium for the private monitoring as well as
renegotiation-proof equilibria for the perfect and public monitoring conditions.



and Fréchette, 2018). An obstacle for the emergence of cooperation is that mutual
defection remains an equilibrium of the repeated game when cooperative equilibria
exist. Without the possibility to coordinate strategies, the uncertainty about
the strategy choice of the other player makes cooperation risky. Dal Bé and
Fréchette (2011) propose the basin of attraction of defection (BAD) as a predictor
for cooperation. In a mixed population of grim-trigger (GRIM) and always-defect
(ALLD) players, the BAD is defined as the share of GRIM which makes players
indifferent between the two strategies.

In contrast to the SPE condition, the BAD also takes the sucker payoff —I into
account. The BAD is inversely related to the frequency of cooperation observed in
laboratory experiments with perfect monitoring (Dal B6é and Fréchette, 2018).12

The role of strategic uncertainty for the emergence of cooperation under imperfect
monitoring is not well understood. We derive BADs under public and private
monitoring. For this purpose, we use variants of GRIM that are very robust to
strategic uncertainty as they defect forever after a bad signal (see Subsection A.1
in the appendix). Lenient or forgiving versions of GRIM are more vulnerable to
defection and result in higher values of the BAD. This highlights the trade-off
between the efficiency of cooperative strategies and their robustness to strategic
uncertainty under imperfect monitoring. The BADs under public and private
monitoring suggest that, in the frequently studied cases g =l and 1+ ¢g = [ (as
in the experiment), the negative impact of strategic uncertainty on cooperation is
amplified under imperfect monitoring. With our experimental parameters, the BAD
is 0.4 under perfect monitoring 0.76 under imperfect public and 0.77 under imperfect
private monitoring.

We expect low levels of cooperation under imperfect monitoring and a slightly
higher but still low level under perfect monitoring. These expectations are formed
on the basis of our analysis of the BAD and the cooperation rates in other studies
with different levels of BAD as reviewed by Dal B and Fréchette (2018). This leaves

scope for higher cooperation levels in the communication treatments.'3

12Blonski et al. (2011) use an axiomatic approach to derive a critical value of § for the emergence
of cooperation which is also related to strategic uncertainty. This d-threshold turns out to be the
value of ¢ that makes cooperation risk-dominant in the sense of Harsanyi and Selten (1988).

130ur no-communication treatments complement the treatments of Aoyagi et al. (2018) where
the BAD takes lower values of 0.03 (0.06), 0.15 (0.53), 0.13 (0.43) for perfect, public, private
monitoring, in their low (high) noise treatment, respectively.

10



2.4 Research Questions and Predictions

We state three main research questions. As we explain below, we expect different
answers to them for the three monitoring regimes based on the different existing

sets of equilibria and their complexity.

Question 1: Does pre-play communication increase cooperation rates?

Prediction 1: We expect a positive effect for perfect and imperfect public monitoring,
while the absence of stable cooperative equilibria under private monitoring suggests

no such effect for this monitoring condition.

According to our measure, robustness to strategic uncertainty is low in our parametriza-
tion in all three monitoring structures. However, while strategic uncertainty has been
shown to matter, at least under perfect monitoring without communication, it has
also long been recognized that communication can help coordination (e.g., Cooper
et al.,; 1992; Rabin, 1994; Ellingsen and Ostling, 2010) and that coordination on a
cooperative equilibrium would decrease strategic uncertainty (Kartal and Miiller,
2018). Therefore, we expect pre-play communication to facilitate coordination and
thereby to lower strategic uncertainty. However, while efficient equilibria are easy
to find in the perfect monitoring case, this task becomes a lot more difficult under
imperfect public monitoring. Even if players cooperate, bad signals occur with
positive probability and thus players will likely have to enter a phase of punishment
at some point. For this reason, simple punishments, such as “defect forever” after
a bad signal, are inefficient and players have to coordinate on lenient or forgiving
strategy profiles to reap a greater share of the potential gains of cooperation. With
private monitoring it becomes even more complicated. The equilibria that have been
found and analyzed in the literature are all mixed (or behavior) strategy profiles,
which are extremely hard to find, and coordination on these equilibria seems highly
unlikely (Compte and Postlewaite, 2015).

So, while we expect a positive effect of pre-play communication on cooperation
rates for perfect and public monitoring, compared to the no communication treat-
ments, the effect might be more pronounced under perfect monitoring than under
public monitoring. Under private monitoring, there might be no effect at all, given
the absence of stable cooperative equilibria without repeated communication (Heller,
2017).

Question 2: Is repeated communication tmportant for stable cooperation over

rounds?

11



Prediction 2: As stable cooperative (truth-telling) equilibria under private moni-
toring only exist with repeated communication, the positive effect should be largest
i this condition. We expect pre-play communication to be sufficient for high co-
operation under perfect monitoring and hence no additional benefit from repeated
communication. For imperfect public monitoring, the additional uncertainty about
the history of play as compared to perfect monitoring lets us expect higher and more

stable cooperation with repeated communication.

For the case of private monitoring, Heller (2017) shows that only defection can be
sustained, by any of the mechanisms discussed in the literature, as an equilibrium
that survives the evolutionary-stability criterion. He further shows that if players
can communicate repeatedly, there typically are cooperative truthful communication
equilibria, which are evolutionarily stable. In our parametrization, this is the case.
Moreover, stable cooperative equilibria also exist without communication under
public and perfect monitoring. We would thus expect a large positive effect of
repeated communication on cooperation under private monitoring, whereas high
cooperation is already achievable in stable equilibria without communication under
public and perfect monitoring. However, repeated communication might have an
additional benefit also under imperfect public monitoring where coordination on
an efficient equilibrium is more difficult than under perfect monitoring, too, and
players might need to revisit incomplete agreements after round one, in particular

when a bad signal occurs for the first time.

Question 3: What are the mechanisms through which communication affects

behavior?

Prediction 3: We expect attempts to coordinate behavior through communication
wn order to reduce strategic uncertainty. For private monitoring, truthful sharing
of private information is part of any stable cooperative equilibrium; hence, we also

expect to find it in our data.

We expect pre-play communication to be used for coordination to reduce strategic
uncertainty. Under imperfect private monitoring, we expect a very specific and
important role for repeated communication. The sharing of private information
is the key role ascribed to communication under private monitoring in the recent
theoretical literature (e.g., Compte, 1998; Kandori and Matsushima, 1998; Awaya
and Krishna, 2016; Heller, 2017). The reduction of uncertainty regarding the history
of play is important in this context, which could also play a role under imperfect

public monitoring.

12



3 Experimental Results

A common result in the experimental literature is that participants need a few
supergames to adapt their behavior to the experimental environment (e.g., Dal Bé,
2005). Figure 2 shows that participants generally become more cooperative over
the course of the experiment. With communication, most participants eventually
manage to coordinate on cooperation in round one under every monitoring condition.

For cooperation after round one, we observe differences in the effect of pre-
play and repeated communication that persist until the very last supergame in the
treatments with imperfect monitoring. To acknowledge learning over supergames, we
will report the main results for all supergames as well as the last three supergames,

when participants’ behavior has largely stabilized.

Figure 2: Evolution of Cooperation over Supergames
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Notes: The upper three panels display average cooperation rates in round one over the seven
supergames. The lower three panels display average cooperation rates after round one over the seven
supergames.
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3.1 Cooperation

Figures 3 and 4 present two measures of cooperation: the average frequency of
cooperation, and the average stability of cooperation over rounds. We provide
answers to Questions 1 and 2 based on these two figures. The reported p-values, p.;
(pi3), result from one-sided t-tests of regression coefficients with two-way clustered
standard errors at the participant-match level (Cameron et al., 2011), including all

(the last three) supergames.
Question 1: Does pre-play communication increase cooperation rates?
Figure 3: Average Frequency of Cooperation Across Treatments
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Notes: Bars show the relative frequency of cooperation. Whiskers depict 95% confidence intervals
based on clustered standard errors of the mean (clustered on subject and match).

Figure 3 shows the average frequency of cooperation across the nine experimental
treatments. The depicted levels of cooperation mostly reflect the amount of coopera-
tion observed in the first four rounds, where each participant contributes two or three
observations depending on the length of the supergames played. The bars indicate
that the mean cooperation level in the treatments with pre-play communication is
substantially higher compared to the treatments without communication (p,; < 0.01,
miz < 0.01). The effect of pre-play communication on the average cooperation rate
is largest under perfect monitoring. Under perfect monitoring, the average coopera-
tion rate is b3 percentage points higher with pre-play communication (66 ppt, last
three sg). Under imperfect public monitoring, the average cooperation rate is 39
percentage points higher with pre-play communication (44 ppt, last three sg). Under
imperfect private monitoring, the average cooperation rate is 44 percentage points

higher with pre-play communication (54 ppt, last three sg). Difference-in-differences
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tests indicate that the effect of pre-play communication is larger under perfect
compared to imperfect public monitoring (perfect vs. public: py; = 0.04, pj3 < 0.01;
perfect vs. private: po; < 0.12, pj3 = 0.06).

Result 1: Pre-play communication leads to a large increase in cooperation rates

under all three monitoring structures. The effect is largest under perfect monitoring.

Question 2: Is repeated communication tmportant for stable cooperation over

rounds?

Figure 4: Stability of Cooperation over Rounds
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Notes: The graph depicts the frequency of cooperation over rounds averaged over all supergames
(top) and the last three supergames (bottom). The average number of observations per treatment
decreases from 355 (153) in round one to 77 (51) in round eleven because of the different lengths
of the supergames (see footnote 16).

Figure 3 also shows that the mean cooperation level in treatments with repeated

communication is higher compared to the treatments with pre-play communication

(perfect: pu; < 0.01, pi3 = 0.02; public: py; < 0.01, pi3 < 0.01; private: pg; = 0.01,
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mis = 0.04). The size of the effect is largest under public monitoring where the mean
cooperation level is 17 percentage points higher (19 ppt in the last three sg) with
repeated communication. Difference in differences tests indicate that the effect of
repeated communication is not significantly different under public monitoring (public
vs. perfect: po; = 0.49, pi3 = 0.34; public vs. private: p,; = 0.18, pi3 = 0.14).

Figure 4 shows the mean cooperation level over rounds. The mean cooperation
level is depicted up to round 11 to assure that each participant contributes at least
one observation to every round. The slopes of the lines indicate that the decline
of cooperation over rounds varies between treatments. With communication, the
cooperation rate in round one is around 85% (95% in the last three supergames)
and does not differ much between the monitoring structures. In the treatments with
repeated communication, the cooperation rate is generally more stable over rounds
compared to the treatments with only pre-play communication. The differences in
the stability of cooperation between the repeated and the pre-play communication
treatments are more pronounced under imperfect monitoring. Under imperfect
monitoring with pre-play communication, the average cooperation rate is around
30 percentage points lower after 10 rounds without communication opportunities,
but at most 13 percentage points lower with repeated communication. In contrast,
if monitoring is perfect, the average cooperation rate only reduces by around 10
percentage points with pre-play communication, and does not decline at all with
repeated communication. Without communication, cooperation declines over the
rounds of a supergame at a similar rate under all three monitoring structures.

To test whether the stability of cooperation over rounds differs between the
pre-play and repeated communication treatments, we use the data of both treatments
and regress cooperation on a dummy for the repeated communication treatment,
the round number, and the interaction of the two variables. We test whether the
coefficient of the interaction term is positive and significantly different from zero
using two-way clustered standard errors for participant and match. The results
indicate that cooperation is more stable with repeated communication if monitoring
is imperfect (perfect: pyy; = 0.10, pi3 = 0.17; public: p.; < 0.01, pi3 = 0.01; private:
Pan < 0.01, pi3 = 0.02). If we compare the treatments with pre-play communication,
we find that the decline of cooperation over rounds is significantly stronger under
imperfect monitoring (perfect vs. public: py; < 0.01, pi3 < 0.01; perfect vs. private:
pan < 0.01, pi3 < 0.01).* Finally, Figure 4 shows no differences in the stability of

14The results are robust if we additionally include fixed effects for the supergame length in the
regressions. Cooperation is more stable with repeated communication if monitoring is imperfect
(perfect: pau = 0.10, pi3 = 0.16; public: p,; < 0.01, pjs = 0.01; private: p,u < 0.01, p;s = 0.02)
and the decline of cooperation over rounds is significantly stronger under imperfect monitoring
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cooperation between the perfect and the imperfect monitoring structures without

communication.

Result 2: While pre-play communication is sufficient for reaching a high and stable
cooperation rate under perfect monitoring, repeated communication is important for

stable cooperation under both imperfect monitoring structures.

Efficiency In Figure 5, we relate the observed cooperation rates in the experiment
to the equilibria discussed in Section 2.3. For this purpose we compute a measure
of efficiency relative to simulated mutual cooperation in all rounds. We simulate
cooperation rates in different cooperative equilibria using the noise realization in
the experiment and compare their efficiency to the efficiency of the observed rates

in our matching groups.'®

Figure 5: Efficiency (last 3 supergames)
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Notes: Boxplots show the distribution of relative efficiency (matching group averages) over the
last three supergames. The efficiency of the payoffs is depicted relative to simulated symmetric
play of ALLD (0 on y-axis) and simulated symmetric play of ALLC (1 on y-axis). The horizontal
line within each box indicates the median, the boxes the interquartile range, and the whiskers
the minimum and maximum efficiencies. The efficiency of the equilibria is computed based
on 1000 simulation runs using the actual implementation of the noise in each treatment (that
is, whether the correct or the incorrect signal is transmitted in a certain round). Note that
the larger differences between the matching groups in the imperfect monitoring treatments, as
compared to the perfect monitoring treatments, is partly due to this noise.

The comparison reveals that efficiency under imperfect monitoring is far lower without
communication, and also with pre-play communication, than what is theoretically
possible in cooperative equilibria. The same holds for perfect monitoring without
communication. With pre-play communication under perfect monitoring, and with
repeated communication under all three monitoring conditions, efficiency is close to

the most efficient equilibria in the last three supergames.

(perfect vs. public: pay < 0.01, pj3 < 0.01; perfect vs. private: pgy < 0.01, pi3 < 0.01).

15We simulate cooperation rates for the most efficient pure-strategy-SPEs, for the most efficient
MI1BF equilibrium (the most efficient T1BF equilibrium), belief-based equilibria (mixing GRIM
and ALLD), and the truth-telling equilibrium described in Appendix A.3.3.

17



Conditional Cooperation Rates Table 3 offers a detailed picture of when play-
ers cooperate in the nine different treatments. The upper part shows the frequency
of cooperation conditional on five different histories of play - focusing on information
about the previous round. The first history is the empty information set (§)) in
round one of a supergame. For perfect monitoring, the four remaining histories
are the possible action combinations {a;,a_;} of the previous round. For imperfect
monitoring, we focus on the four possible action-signal combinations {a;,w_;}.1® To
test for significant differences between treatments, we use one-sided t-tests of logistic

regression coefficients with standard errors clustered on participant and match.

Table 3: Conditional Cooperation Rates

Perfect Public Private

history No Pre Rep No Pre Rep No Pre Rep

cooperation rate

0 034 08 091 025 079 0.85 0.37 085 0.83
CC/Cc 094 098 098 0.86 0.88 094 091 094 0.94
CDh/Cd  0.29 0.29 043 042 058 0.69 036 0.51 0.61
DC/Dc 028 033 043 0.17 035 046 0.16 042 0.56
DD/Dd  0.09 0.07 0.32 0.11 0.18 0.33 0.07 0.13 0.38

absolute frequency

0 364 378 378 336 364 350 336 350 350
CC/Cc 192 1290 1496 162 807 1085 210 889 1063
CDh/Cd 244 70 47 225 273 208 184 238 223
DC/Dc 244 70 47 309 221 129 264 171 131
DD/Dd 984 296 136 840 359 176 878 300 185

Notes: The upper part of the table shows the frequency of cooperation after five different histories
of the last round. The first history is the empty history () in round one of a supergame. For
perfect monitoring, the remaining four histories represent four possible combinations of last round
actions {a;,a_;}. For imperfect monitoring, the remaining four histories are the action-signal
combinations {a;,w_;} of the last round. The lower part of the table shows the absolute frequency

of the histories in each treatment. Data of all supergames is presented.

The first row of Table 3 shows that pre-play communication facilitates coordination
on cooperation in the first round. Repeated communication opportunities further

increase the frequency of cooperation by at most 6 percentage points (under public

I6For perfect and public monitoring, the reported histories only represent a subset of the available
information about the last round. Analyses of participants’ strategies suggest that the behavior in
these treatments is explained best by assuming that participants condition on the action profile
under perfect monitoring, and the action-signal profile under public monitoring.
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monitoring). The additional benefit of repeated communication is even smaller in
the last three supergames (not reported here).

The frequencies reported in the second row of Table 3 can be interpreted as a
measure for unjustified defection since most cooperative strategies cooperate after
CC (Cc). The frequency of unjustified defection is one minus the frequency reported
in the second row. Unjustified defection is generally rare across all treatments and
does not substantially decrease when communication opportunities are available. An
exception is public monitoring where unjustified defection is more frequent and does
significantly decrease with repeated communication (6 ppt difference, p < 0.01).

The largest effect of communication on the probability to cooperate is observed
after histories that indicate defection (rows 3-5). A comparison of the reported
cooperation frequencies across the communication treatments shows that leniency
towards defection (signals) shown in row three and forgivingness - the probability
to return to cooperation after defection shown in row four and five - increase in
the number of communication opportunities. In the treatments with imperfect
monitoring, the additional increase of leniency and forgivingness with repeated
communication is significant (all comparisons p < 0.1). With repeated communica-
tion opportunities, participants are 10-11 percentage points more lenient towards
defection signals (11-14 ppt in the last three supergames), and 11-25 percentage
points more likely to return to cooperation after defection (7-30 ppt in the last
three supergames). We also find more mutual cooperation after wrong defection
signals with repeated communication under imperfect monitoring by looking only
at rounds in which both players jointly cooperated in the previous round and one

player received a defection signal (public: 9 ppt, p = 0.06; private 11 ppt, p = 0.07).

3.2 Mechanisms

Question 3: What are the mechanisms through which communication affects

behavior?

Communication Content We analyze the content of communication based on a
classification of two independent raters. Our two raters made an average of 2.65
classifications into 72 sub-categories per participant-round observation, resulting
in 18,678 and 18,984 classifications in total. To make the interpretation of the
communication content easier, we collapse the 72 sub-categories into five main

categories: Coordination, Deliberation, Relationship, Information and Trivia.'” The

17See Tables B1 and B2 in Appendix B for the mapping of sub-categories to main categories,
the frequency of occurrence of messages in the (sub-)categories and the average Cohen’s k (across
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category Coordination includes all attempts by participants to coordinate behavior
in future rounds. The category also includes implicit or explicit announcements of
choices since such announcements could also be used to coordinate behavior. The
category Deliberation includes all instances in which participants discuss choices or
strategies. All content that concerns the relationship of a matched pair of participants
is included in the category Relationship. The category also covers motivational talk
and positive feedback that we find to be quite common. The category Information
includes all statements that contain reports of actions, signals or payoffs from the
current supergame, which cannot occur before round one. Our last main category,
Trivia, contains content that is off-topic or classified as small talk by our raters. In
contrast to the Relationship category, the content does not have an obvious relation
to the game.

Table 4 reports the relative frequency of the five main categories in the last
three supergames.'’® The frequencies are very similar when all supergames are
considered (see Table B1, Appendix B). Overall, we observe that the frequencies
of the categories in round one of the repeated communication treatments (column
Rep-f) are similar to those of pre-play communication. This indicates that the
communication phase before the first round is used similarly by the participants of

the pre-play and repeated communication treatments.

Table 4: Frequency of Codings per Individual-Round Observation

Perfect Public Private
Pre Rep-f Rep-l Pre Rep-f Rep-l Pre Rep-f Rep-l

Coordination  0.98 096 0.11 097 097 021 097 097 0.28
Deliberation 0.54 0.51 0.08 0.65 0.60 0.09 058 071 0.09
Relationship 0.12 0.19 021 024 0.15 033 029 017 0.31
Information — — 0.21 — — 0.38 — — 0.40
Trivia 0.96 0.99 0.68 091 093 058 083 099 0.60

Notes: Level of the analysis are individual-round observations. “Rep-f” (Rep-1) indicates the
first (later) rounds in the repeated communication treatments. The data is from the last three
supergames. A coding is considered as valid if both raters indicated the same category for a

participant-round observation.

The category Coordination occurs in the vast majority of participant-round observa-

tions of the pre-play phase. Its relative frequency in the later rounds of the repeated

treatments) of all categories and sub-categories.
18The average Cohen’s x across treatments is above 0.7 for all five main categories, which
indicates a high level of agreement between the two raters.
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communication treatments is lower, which suggests that coordination predominantly
occurs before the first round. The frequencies of the sub-categories of the Coordi-
nation category reveal that an initial suggestion to play C'C' is made by roughly
half of all participants, and in almost all pairs of participants in the communication
treatments.

Our raters indicate content related to Deliberation in roughly every second
participant-round observation with pre-play communication. In the repeated com-
munication treatments, content related to deliberation becomes less frequent after
round one. Content related to the category Relationship is more frequent under
imperfect monitoring. In contrast to the categories Coordination and Deliberation,
the category Relationship does not become less frequent after round one. Content
falling in the Information category is most frequent with repeated communication
under imperfect monitoring. In order to assess whether participants report private
information, we will look at data from sub-category level in the following. The

Trivia category is always among the most frequent in all treatments.

Strategic Uncertainty The probability of facing a non-cooperative player is much
lower in the communication treatments than in the no-communication treatments.
Most likely, communication also reduces subjective strategic uncertainty, that is,
the players’ beliefs in their opponents’ cooperativeness. To understand how this is
achieved, we relate the content of communication to the behavior observed in the
experiment. It is important to stress that, since the content of communication is
endogenous, the results presented in the following reflect correlations between the
content of communication and behavior.

We find that agreements to cooperate are associated with a higher frequency of
mutual cooperation in round one. If participants agree to cooperate, the frequency
of mutual cooperation in round one is 35 percentage points higher under perfect
monitoring, 49 ppt higher under public monitoring, and 38 ppt higher under private
monitoring (data of all supergames). The differences are smaller in the last three
supergames, in which nearly all pairs start with cooperation. Participants who agree
to cooperate in round one actually cooperate in 95% of all cases. This appears to
be the key channel to reduce strategic uncertainty. Some participants also suggest
DD but this occurs at a frequency below 10% in all treatments. More complex
suggestions than C'C' or DD for coordinated play or explicit or implicit threats of
punishment in the case of defection occur at very lower frequencies (even lower than

DD).
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Uncertainty about the History of Play The mere coordination on behavior
in the first round means that most pairs of participants enter the game without an
agreed-upon plan for how to deal with defections or bad signals in the imperfect
monitoring treatments. It seems plausible that this incomplete coordination on an ef-
ficient equilibrium explains the decline in cooperation in the pre-play communication
treatments under imperfect monitoring.

To shed more light on this, we exploit the randomness of the signals to investigate
what happens under imperfect monitoring when participants have the opportunity to
talk repeatedly after a wrong defection signal. We compare the communication after
a random interruption of a perfectly cooperative history (crisis) to the communication
after an uninterrupted perfectly cooperative history (when things go well) in Table
5 (see Table B4, Appendix B for all supergames). Participants make more proposals
regarding future play (mostly C'C') in the crisis situations than when things go well,
suggesting that the first defection signal generates some demand for (re)coordination.
The frequency of communication related to deliberation and the relationship of the
matched participants does not change in crisis situations. However, an analysis of the
subcategory level reveals that the tone of the communication about the relationship
of the matched participants is negatively affected by the first defection signal. We
see an increase in the frequency of expressions of disappointment, and an increase in
the frequency of accusations of cheating (see Tables B5 and B6 in Appendix B). At
the same time, we see a drop in off-topic talk in crisis situations and a substantial
increase in information exchange about signals and payoffs. Table 5 also reveals that
communication about signals increases after the first defection signal. Moreover,
participants frequently respond to the uncertainty triggered by the first defection
signal by reporting that their previous action was C, which is a truthful exchange
of private information. In many cases, this appears to be sufficient to decrease the
uncertainty triggered by the defection signal to a level that prevents participants
from switching to defection.

Table 6 takes a closer look at the exchange of private information under imperfect
public and imperfect private monitoring. It depicts the frequency and the truthfulness
of the exchange of private information in all communication opportunities of the
last three supergames (see Table B7, Appendix B for all supergames). Under public
monitoring, this concerns the actions which cannot be observed by the other player.
The left columns show that an action is reported in only 10% of all participant-round
observations after round one. The vast majority of reports indicate cooperation in
the last round, which is true in 93% of all cases.

The right columns of Table 6 show a similar pattern of reports for private
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Table 5: Message-content comparison: cooperative history vs. first defection signal

Public Repeated Private Repeated

Category d signal c¢ signals diff p-value d signal c signal diff p-value
Coordination 0.32 0.17 0.15 0.05 0.49 0.24 0.25 0.00
Deliberation 0.11 0.10 0.01 0.89 0.02 0.08 -0.06 0.22
Relationship 0.33 0.35 -0.02 0.79 0.30 0.37 -0.06 0.46
Information 0.68 0.32 036 0.00 0.70 0.40 0.30 0.00
Trivia 0.51 0.61 -0.10 0.17 0.47 0.66 -0.20 0.04
Report of action  0.46 0.01 0.45 0.00 0.47 0.11 0.36 0.00
Report of C 0.46 0.01 0.45 0.00 0.47 0.11  0.36  0.00
Report of D - - - - - - - -
Report of signal 0.56 0.32 0.23 0.00 0.70 0.37 0.33 0.00
Report of ¢ 0.08 0.32 -0.24 0.00 0.00 0.37 -0.37 0.00
Report of d 0.46 - - - 0.70 0.00 0.69 0.00

Notes: Frequency of communication categories for subject-round observations with cooperative history of both
players up to round t. A participant has a cooperative history if all her previous actions were C and all signals
she observed in rounds < t were ¢. Columns compare the communication in round ¢ + 1 conditional on the
signals received in round ¢. Frequencies indicate the probability that both raters indicated the category for a
text unit. P-values derived from logit models with standard errors clustered on participant and match. Zero
frequencies omitted (-).

Table 6: Frequency and Truthfulness of Private Information Exchange

Public Private

p(report) p(true) p(report) p(true)

Actions

Report of action 0.10 0.93 0.17 0.93
Report of C 0.09 0.93 0.16 0.93
Report of D 0.01 0.86 0.00 1.00
Report of C'if w; =d 0.22 0.82 0.24 0.75
Report of C'if w; =d and a; = C 0.38 1.00 0.35 1.00
Report of C'if w; = d and a; = D 0.07 0.00 0.12 0.00
Report of D if w; =d and a; = D 0.09 1.00 0.03 1.00
Signals

Report of signal - - 0.38 0.96
Report of ¢ - - 0.27 0.99
Report of d - - 0.10 0.87
Report of d if w_; =d - - 0.48 -

Notes: Frequencies of coding in all participant-round observations after round one of the last three
supergames for the repeated communication treatments with public monitoring (columns 2 and 3)
and private monitoring (columns 4 and 5). A coding is considered valid if both raters indicated
the same sub-category for a participant-round observation. Values might not add up as expected
due to rounding.
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monitoring. Reports of C' occur in 24% of all cases when the partner has received a
defection signal in the last round. As under public monitoring, this strategy is not
systematically used by defectors (only in 12% of all cases, 9 absolute cases). One
important difference concerns the interpretation of reporting C' when the signal is d.
Under private monitoring, the difference compared to the baseline frequency of C
reports suggests that their partners reported the d signal in the first place. This
indirect evidence is supported by the values in the lower part of the table. A signal
is reported in 38% of all participant-round interaction after round one. Most of
the reports reveal a ¢ signal truthfully. In 10% of all participant-round interactions
participants report a d signal. To put this value into perspective, remember that
d signals occur very seldom because of the high level of cooperation. The last line
shows the frequency of d reports when a d signal actually occurred: it is 48%.

Approximately half of the defection signals observed stem from defection (54%
under public, 48% under private monitoring), while the other half is due to noise.
Honest revelation of defection in the communication phase after the partner observed
a defection signal is rare and only happens in 9% of all cases under public, and 3% of
all cases under private monitoring. Table 6 also lists the frequency of C reports if the
signal was d. In 22% of the cases where a d signal occurs, it is followed by a report
of C (truthful in 82% of cases). The next two rows indicate that deceptive reports
of C are not systematically used by defectors. While participants who defected in
the last round report C' in response to a d signal in only 7% of all cases (5 absolute
cases), cooperators did so in 38% of all cases. Together with the high frequency of
cooperation, this explains why reports of C' after a defection signal are generally
credible (even though defectors self-select into this state).

Summarizing the results reported in Table 6, we can say that participants make
ample use of repeated communication to exchange private information. Actions
are communicated less often than signals and both types of reports are generally
credible. As a result, it seems highly likely that uncertainty about the history of
play is substantially reduced with repeated communication.

Table 7 shows that the exchange of private information is correlated with the
frequency of mutual cooperation after a defection signal. We consider all cases where
a defection signal was obtained by one of the participants in the last round. If the
player for whom the last signal indicated defection reports cooperation (denying the
accuracy of the signal), the frequency of mutual cooperation is higher under public
monitoring. The difference in the frequency of mutual cooperation after reporting
(' is larger under private monitoring when the reporting player is not aware of the d

signal. The interaction term indicates that, when a report of C' occurs together with
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a report of d, the frequency of mutual cooperation after reporting C' is smaller but
still substantial. Truthfully reporting a defection signal under private monitoring
is also associated with a higher frequency of mutual cooperation. For data of all
supergames, the differences in the frequency of mutual cooperation after private

information exchange are similar (Table BS).

Table 7: Private Information Exchange and Mutual Cooperation after a bad Signal

Public Private

estimate std. error p-value estimate std. error p-value

Intercept 0.00 0.38 1.00 -0.32 0.52 0.54
Report of C 0.79 0.41 0.05 16.84 0.81 0.00
Report of d - - - 1.02 0.69 0.14
Report of C' x Report of d - - -16.29 1.25 0.00

Trivia 1.00 0.40 0.01 0.13 0.40 0.75

Notes: Coefficients of logit models with standard errors clustered on participant and match. Report
of C' is a dummy that indicates if C' is reported by the player for whom the signal indicated d in
the last round. Report of d is a dummy that indicates whether the defection signal was reported
by the player who received the defection signal. Data of the last three supergames. A coding is
considered valid if both raters indicated the same sub-category for a participant-round observation.

Result 3: Communication opportunities are mainly used to (a) coordinate behavior
before the start of the interaction, which appears to reduce strategic uncertainty, and
(b) to exchange information about the history of play in later rounds under imperfect

monitoring, which appears to reduce uncertainty about what has happened.

Strategies One limitation of conditional cooperation rates, as reported in the
Section 3.1, is that they can only partially reflect more complex strategies that
participants might use. To assess the robustness of the finding that communication
opportunities make participants’ play more lenient and forgiving, we perform a
treatment-wise strategy frequency estimation (Dal B6 and Fréchette, 2011) (see
Appendix C for details). We use a candidate set of pure strategies for imperfect
monitoring (Fudenberg et al., 2012), augmented by four memory-one belief free
strategies - including T1BF, the unique memory-one belief-free equilibrium strategy

under imperfect monitoring (see Appendix A).' We assume that all strategies of the

9The other three belief-free strategies are: SGRIM, M1BF, and RAND. SGRIM is a semi-grim
strategy (Breitmoser, 2015) which starts with cooperation, cooperates after CC (Cc), defects after
DD (Dd), and cooperates with probability 0.35 in the remaining states, CD (Cd) and DC (Dc).
The probability 0.35 is the average cooperation probability that Backhaus and Breitmoser (2021)
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treatment condition on the same information. The strategies fitted to the data of
the perfect monitoring treatments condition on the action profile {a;,a_;} observed
in the previous round. The strategies fitted to the data of the imperfect monitoring
treatments condition on the action-signal profile {a;, w_;} observed in the previous
round.

Table 8 depicts strategy estimation results. It show the estimated strategy shares
of "always-defect” (ALLD), an alternating strategy (DC) that starts with D and
subsequently alternates between C' and D, the false-cooperator (FC) that cooperates
only in the first period and subsequently defects, the grim-trigger strategy (GRIM),
and a strategy that randomly plays either C' or D (RAND). To facilitate the in-
terpretation of the strategy estimation results, the shares of all remaining lenient
or forgiving strategies are pooled into a single category (Table C1 in Appendix C
shows the strategy shares of the pooled strategies together with standard errors).
The proportion of participants that use lenient or forgiving strategies increases
substantially with pre-play communication under all three monitoring structures.

Repeated communication further increases the use of lenient or forgiving strategies.

Table 8: Strategy Frequency Estimation

Perfect Public Private

No Pre Rep No Pre Rep No Pre Rep

ALLD 0.42 - - 0.61 0.02 - 0.50 0.02 -
DC - - - - - - - - -
FC - - - - 0.08 0.01 - - -
GRIM 0.08 0.23 - - 002 - 0.03 - -
RAND 0.03 0.05 0.08 0.05 0.03 0.11 0.03

lenient /forgiving 0.46 0.77 1.00 0.34 0.79 0.94 0.45 0.87 0.97
¥ 0.06 0.01 0.01 0.07 0.06 0.03 0.05 0.02 0.04

Notes: Treatment-wise strategy estimation for 24 strategies listed in Tables C2-C5 assuming
constant strategy use over the last three supergames. Strategies condition on the observed actions
in perfect treatments, and on action-signal profiles in public and private treatments. The parameter
~y reflects the probability of a tremble. Zero shares are omitted (-). The sum of strategy shares in a
treatment might differ from one due to rounding.

report for these states. M1BF refers to the unique belief-free strategy under perfect monitoring
with ¢ = 0.8 that starts with cooperation, cooperates after CC (Cc) and defects after DD (Dd)
(see Appendix A for the derivation of these strategies). RAND cooperates with 50% probability
after all histories.
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Result 4: With more communication opportunities, subjects’ play becomes more

lenient and forgiving.

4 Discussion

In the theoretical literature, communication has played a particularly prominent role
in combination with private monitoring. For this monitoring structure, it has been
shown that repeated communication opportunities can enlarge the set of achievable
equilibria (Matsushima, 1991; Ben-Porath and Kahneman, 1996; Compte, 1998,;
Kandori and Matsushima, 1998; Obara, 2009; Awaya and Krishna, 2016). Truth-
telling equilibria, in which players reveal their private signals, are stable, while the
cooperative equilibria without repeated communication that have been analyzed in
the literature are not (Heller, 2017). Moreover, any cooperative equilibrium without
repeated communication requires complicated mixing, which makes coordination
with or without pre-play communication extremely difficult; this led Compte and
Postlewaite (2015) to characterize them as “unrealistically complex and fragile” (p.
45). These considerations suggest low cooperation rates in the private monitoring
treatment without communication; this is, indeed, what we observe. They also
suggests low cooperation rates with pre-play communication (Prediction 1); instead,
we observe high cooperation rates (Result 1). This suggests that pre-play communi-
cation is effective in reducing strategic uncertainty through improved coordination
on cooperation, even in the absence of stable equilibria. However, subjects’ mere
coordination on mutual cooperation in the beginning of the interaction is insuffi-
cient to maintain a high and stable cooperation level both under imperfect private
monitoring and under imperfect public monitoring, where efficient equilibria require
the use of complex strategies as well. In our experiment, subjects fail to identify
and communicate these strategies, which further increases the uncertainty about
the history of play when bad signals occur for the first time.

Our key finding that repeated communication is important for stable cooperation
in noisy environments (Result 2), which confirms Prediction 2, is consistent with
evidence from a number of case studies of cartels, which point to different roles for
repeated communication. Genesove and Mullin (2001) note in their account of the
sugar-refining cartel that its weekly “/m/eetings were used to interpret and adapt the
agreement, coordinate on jointly profitable actions, and determine whether cheating
had occurred” (p. 379); put differently: meetings were used to reduce strategic
uncertainty and uncertainty about the history of play. Levenstein and Suslow (2006)

review the empirical literature on cartels and identify repeated communication as a
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key ingredient of successful cartel organizations — “not only to provide flexibility in
the details of the agreement, but to build trust as well” (p. 67). Finally, Harrington
and Skrzypacz (2011), who study various cartel agreements, conclude that repeated
truthful communication of sales is an important property of all of them. These
accounts are consistent with our findings of more lenient and forgiving behavior with
communication (Result 4), and of the use of communication to coordinate behavior
and to share private information (Result 3), which confirms Prediction 3.

It is long known that the mere existence of cooperative equilibria is an insufficient
condition for reaching high cooperation rates in indefinitley repeated interactions
(e.g., Dal B6 and Fréchette, 2019). Our results show how powerful communication
is to achieve high cooperation rates. However, while pre-play communication boosts
cooperation, it does not increase it all the way up to the theoretically possible
efficiency levels under imperfect monitoring. Repeated communication opportunities
are important in these environments. We observe that repeated communication is
mainly used to share information about the history of play, which is the key role

ascribed to communication in the theoretical literature.

5 Conclusion

We set out to answer the central question how communication affects the level and
stability of cooperation in long-term interactions with different monitoring structures,
such as cartels, teams or friendships. Our results give a comprehensive overview
of how communication is used and affects cooperation and strategy choices. They
demonstrate that communication can have an enormous impact on cooperation and
its stability. The controlled laboratory environment allows us not only to cleanly
identify and separate the effect of communication, but also to understand the mech-
anisms through which communication affect cooperation. Our results suggest that
communication fosters cooperation by reducing two types of uncertainty, strategic
uncertainty and uncertainty about the history of play, and thereby reveal an impor-
tant interplay between communication opportunities and the quality of monitoring.
Most importantly, we find that repeated communication opportunities are important
for sustaining cooperation under imperfect monitoring where uncertainty about
the history of play becomes important. This finding is consistent with case study
evidence on cartels and corroborates that cracking down on communication is a
reasonable strategy for antitrust authorities. Without repeated communication
opportunities, it becomes very difficult to sustain cooperation even in the relatively

simple setting of our laboratory experiment.
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We would finally like to point to some interesting avenues for future research.
Communication affects choices and vice-versa. Ideally, we would thus like to estimate
strategies that treat communication content as a choice and condition behavior
not only on past actions and signals but also on past communication. To have a
chance to recover such strategies from the data, one would have to strongly limit
the message space, as do Arechar et al. (2017), who allow for communication only
about intended actions. To gain more insights into the role of information exchange
under private monitoring, it could be useful to limit communication to the reporting
of private signals in future studies. However, while that would help to gain insights
into this important role of communication, our results, and those from other recent
studies of communication in repeated games, clearly suggest that thinking about
communication as a mere exchange of information is insufficient. Kartal and Miiller
(2018) make a first step in broadening this narrow theoretical view of communication
by modeling how communication reduces strategic uncertainty. Taking further steps
in this direction, for example, by combining the two key roles that communication
appears to play under imperfect monitoring — the reduction of strategic uncertainty
and the reduction of uncertainty about the history of play — in one framework,

promises to be a fruitful agenda for future research.
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[FOR ONLINE PUBLICATION]

Appendix A Theoretical Appendix

In A.1, we present an extensions of the BAD to the two imperfect monitoring structures.
In A.2, we derive existence conditions for equilibria in memory-one belief-free strategies in
general, and for the subset of semi-grim memory-one belief-free equilibria. The latter give
us the SG-thresholds. Further, we provide a characterization of these equilibria. In A.3, we
construct renegotiation-proof equilibria for perfect and imperfect public monitoring and a
truthful communication equilibrium for the case of imperfect private monitoring. It will be

useful to recall the normalized stage game parameters:

C D

cl 11 —l,14g

D|1+g,~1| 00

A.1  BAD under imperfect monitoring

Extending the BAD to imperfect monitoring requires to adapt the GRIM strategy to the
imperfect monitoring structures. To derive lower bounds of the BAD, we use the adaptation
of GRIM which is most robust to strategic uncertainty. This adaptation prescribes that
players play D if they already played D in the previous round or when the last signal was

not cc (¢) under public (private) monitoring.

A.1.1 Public Monitoring

With public monitoring, indifference between GRIM and ALLD requires

1 l B (1+9)
7T1—5(1—6)2 _<1_7T)1—56<1—6) _7‘-1—56(1—6).

Hence, the BAD is

l
DF
= S(1—e2—e(1=0)) ° (1)
=g+ 1—-6(1—e)2
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If g = [, the lower bound is

DF _ 1—6(1—e)? ]
((1—e)2—€e(1—¢)’
and 1P /0e = 16(3 — 4e — 6(1 — €)?)/(6(1 — 2€)?(e — 1)) > 0 for § < 1 and € < 0.5.
If 1+ g =1, the lower bound is

DF_l—(S(l—e)2

1 —6e(1 —e)l’

and OnP¥ /0e = 16(3 — 4e — (1 — €)?)/(1 — de(1 — €)? > 0 for § < 1 and € < 0.5. Note that
for € = 0 the equations above yield the BAD of perfect monitoring.

A.1.1 Private Monitoring

With private monitoring, indifference requires

7quLée(l—e)(l—l—g—l)/(l—5.5) (1) l _W(l-i—g)
1—6(1—¢)? 1—6e ~ 1-—de’

and the BAD is given by

l
DF
= 5(1—20)—<c(1—0)(—9)) ° (2)
l—g+ T 5(1—0)2 .

If g = [, the lower bound is

pr 1—06(1—¢)?
T o2

and 1P /0e = 21(1 — 6(e(1 —€))/(5(1 — 2¢)?) > 0 for § < 1 and € < 0.5.
If 1+ g =1, the lower bound is
DF 1—5(1—6)21
T 1—6e(l—¢)”
and 0Pt /9 = 15(3 — 2¢ — §(1 — €)?)/(1 — 6¢)? > 0 for § < 1 and € < 0.5. For € = 0, the
equations above yield the BAD of perfect monitoring. Note that under private monitoring

(GRIM, GRIM) is not an equilibrium in pure strategies but 7” equals the mixing probability

in Sekiguchi’s (1997) construction of a belief-based equilibrium.
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A.2  Belief-Free Equilibria

Depending on the monitoring structure, different versions of memory-one belief-free strategies
exist. We consider three cases: (1) M1BF strategies which condition on (a;,a—_;), (2) M1BF
strategies which condition on (w;,w_;), and (3) M1BF strategies which condition on (a;, w_;).
Under perfect monitoring, all three cases are possible. Under public monitoring, only cases
2 and 3 are possible while case 3 is the only possible case under private monitoring. The
existence conditions of semi-grim strategies which condition on public signals and action-signal

combinations are defined in Propositions 1.1.2, 1.2.2 and 1.3.2.

A.2.1 Actions (Perfect Monitoring)

Proposition 2.1.1 [Memory-One Belief-Free Equilibria Conditioning on Actions]

(1) If strategies condition on actions, the existence condition for symmetric memory-one
belief-free equilibria depends on the larger of the two values g and l. Let ¢ denote the

larger of the two values. The existence condition s:

¢

§> 0B —
— Jaa 1+¢

(3)

(ii) Above the threshold, a two-dimensional manifold of memory-one belief-free equilibria

exists given by
Ocd = O¢c + (Ucc — O0dd — _) g (4)
and

Ode = Odd — (Ucc—Udd— 5) [ (5)

(iii) For 6 = 631 all memory-one belief-free equilibrium strategies have the same cooperation
probabilities after nonempty memory-one histories and are o = (oy, 1, (1 — g/1),1,0) if
l>gqg,0=1(09,1,0,(1/g),0) if g > 1 and 0 = (09, 1,0,1,0) if g = 1. We call this the
threshold memory-one belief-free equilibrium T1BF.

Since g and [ are both positive values these equilibria exist for high enough values of §. Note
that if g > [ the 0 threshold corresponds to the one for cooperative subgame-perfect equilibria
of the repeated game with perfect monitoring. However, if [ > ¢ as in our case, the conditions

differ with §2F > §5PF The condition applies for belief-free equilibria in reactive strategies
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(Kalai et al., 1988) which condition on the other player’s action and require g = [ which

yields 68F = §5FF,

Proof of Proposition 1.1.1. Let Vara, denote player 4’s expected payoff for playing a; if player
j observed the action profile {a;,a;} in the previous round (we say player j is in state a;a;).

If 04,4, denotes the probability to play c for any player i after {a;, a;}, we have:

Ve =(1=0)(0w— (1 —04a)l) +0(0aaVee + (1 — 04a) Vae) (6)
Ve = (1=0)(04a(14g) + (1 = 044)0) + 0(0aaVea + (1 — 04a)Viaa) (7)

Following Bhaskar et al. (2008), we derive conditions for V.4 and V., which assure the strategies
are belief-free, that is, for any o,, € (0,1), player i is indifferent between playing ¢ or d
independent of player j’s state. Subtracting (7) from (6) gives:

0= O’aa{(l — 5)([ — g) —|—5(Vcc —Vea — Ve + Vdd))} — (1 — (S)Z +5(Vdc — Vdd)

The equation holds independent of o, if the terms in curly brackets and the last part are
both zero. Solving the the condition resulting from the last part for V. — V4 and inserting

the solution into the condition derived from the terms in curly brackets gives

(1-140)g

‘/cc:‘/cd+ S

and

(1—0)l

Vae = Vag + 5

Solving (6) for o.. using the condition on V. above and rearranging for V.. yields

(1 - 5)000 + 5(1 - Ucc)‘/dd

‘/;:c =
1— o,

Solving (6) for 044 using the condition on V.4 and V. above gives

_ Odd
1+ 50dd - (50cc

Vaa

Now, all V,, can be eliminated from (6) solved for 044 and o4 this yields (4) and (5) which
proofs (ii). Note that do.q/00 > 0, 00¢q/00. > 0 and Jo.q/004q < 0. The question is, how
big 6 must be at least in order to assure that 0.4 > 0 if 0. = 1 and o49 = 0. Inserting these
values into (4) and rearranging gives 6 > 655 with ¢ = g. Note that o4 < 1 is true even

if 0. = 1 and 049 = 0 for all feasible values of §, g and [. At the same time doy./00 < 0,
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004./00. < 0 and Jog./Dogq > 0. The question here is, how big 0 must be at least in order
to assure that o4. < 1if 0. = 1 and o4q = 0. Inserting these values into (5) and rearranging
gives § > 6B with ¢ = I. At the same time, og4. > 0 true even if o.. = 1 and o49 = 0 for
all feasible values of 9, g and [. Hence, the larger of the values ¢ and [ imposes the stricter
condition on § which proofs (i). To complete the proof, insert (3) together with o.. =1 and
044 = 0 into (4) and (5) to obtain the structure of the T1BF response defined by g and [. [

Next, we derive the 0 threshold, above which semi-GRIM equilibria exist. See Breitmoser

(2015) for an alternative derivation.

Proposition 1.1.2 [Semi-Grim M1BF Equilibria Conditioning on Actions]

(i) If strategies condition on actions, the ezistence condition for symmetric semi-grim

memory-one belief-free equilibria is:

g+

6>650 = — 8
- 149+ (8)
(ii) Abowve the threshold a continuum o.. € ((5(19+—+gl+l), 1) of memory one belief-free equilibria

in semi-grim strategies exists, given by:

g+1
Odd = Oce — —— 9
aa S(1+g+1) (9)
and
g

Oed = Ode = Opp — —————— 10
4o S(1+g+1) (10
(iii) For 6 = 629 all semi-grim memory-one belief-free equilibrium strategies have the

same cooperation probabilities after nonempty memory-one histories and are o =
(09,1,1—g/(g+1),,0). Ifl =g, then 0 = (0y,1,0.5,0.5,0).

Proof of Proposition 1.1.2. Using (4) and (5) yields (9) and (10). Note that o4q < 0.4 < 1
for o.. € (0,1) and any ¢ € (0,1). For existence o449 must be positive. Rearranging yields the
SG-threshold. Note that the condition on ¢ is always stricter than the condition on ¢, which
results from 0.4 = 04. > 0, and is 6 > g/(1 + g+ 1). O

Note that the condition for semi grim equilibria is a mixture of the two possible conditions
based on the different values of ¢ with equal weight on ¢ and [ as required by axiom 5 in

Blonski et al. (2011) while (3) gives full weight on the larger of the two values.
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A.2.2  Public Signals (Perfect and Public Monitoring)

Proposition 2.2.1 [M1BF Equilibria Conditioning on Public Signals]

() If strategies condition on the e-noisy public signals, the existence condition for symmetric
memory-one belief-free equilibria depends on the larger of the two values g and l. Let ¢

denote the larger and i) the smaller of the two values. The existence condition is:

(1—e¢p—ep
(1—=2€)(1 —2e+ (1 —€)p — e))

§ > 688 =

(11)

(ii) Above the threshold, a two-dimensional manifold of memory-one belief-free equilibria

exists given by

1
Occ = 0dd — §1_2¢)
1 —2e

Ocd = Ope + (1 —€)g—¢€l) (12)

and

1
O-cc_gdd_m((
1 — 2e

Ode = 0dd — 1—¢€)l—eg) (13)

(iii) For § = 6B all memory-one belief-free equilibrium strategies have the same cooperation
probabilities after nonempty memory-one histories and are o = (oy, 1, (1 — g/1),1,0) if
l>g, 0=/ (09,1,0,(l/g),0) if g > and 0 = (0y,1,0,1,0) if g = . We call this the
threshold memory-one belief-free equilibrium T1BF.

In contrast to result for actions, combinations of the parameters ¢, [ and € exists for which
OBF > 1.

Proof of Proposition 2.2.1. The proof follows the same steps as for actions. Let Vs‘jg denote

player i’s expected payoff for playing a; if player j observed {s;,s;} in the previous round

(which means player j is in state s;s;). If 04,5, denotes the (universal) probability of player
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to play c after {s;, s;}, we get:

Ve = (1= 0)(0ss — (1 = 05s)l) +0[(1 — €)(0s5(1 — €) + (1 — 05)€) Ve
+e(0ss(1 —€) + (1 — 045)€) Ve

+(1 —€)(osse + (1 — 055)(1 — €))

)

=

C

+e(osse + (1 — 045) (1 — €)) Va4 (14)
Vi = (1= 08)(05s(1+ g) + (1 = 045)0) + 8[e(055(1 — €) + (1 = 7)) Ve
+(1 —€)(oss(1 —€) + (1 — 045)€)Vey
+e(oss€ + (1 — 0g5) (1 — €)) Ve

)
+(1 —€)(osse + (1 — 055) (1 — €)) Vaal (15)

Again we derive conditions for V.4 and V. which together assure the belief-free property
following Following Bhaskar et al. (2008), that is, for any o, € (0,1), player ¢ is indifferent
between playing ¢ or d independent of player j’s state. First, subtracting (15) from (14)

gives:

0=04 {(1=0)(1—g)+0((1—26)Vee — (1 —26)*Vig — (1 — 26)*Vige + (1 — 26)* Vi) ) }
—(1=0)l4+6((1—2€)eVee — (1 —2€)eVeg + (1 —26)(1 — €) Ve — (1 — 2€)(1 — €)Viyg)

Note that he expression holds independent of o, if the terms in curly brackets and the terms
in the second line are both zero. Solving the the condition on the second line for V. — Vyq

and inserting into the other condition gives

—0)((1 —€)g —€l)

(1
‘/cc = ‘/c
at d(1 — 2¢)?

and

(1=9)((A =)l —eg)
O(1 — 2¢)?

‘/clc:‘/;id+

Solving (14) for .. and rearranging for V.. yields

(1= 0) (0 = 1) +8(1 — € = 0ee(1 — 2€))Vigg + =M UZdleo) _ (=0
1 - 5(000(1 - 26) + 6) ‘

V;:c:

Solving (14) for 044 and inserting V.. yields an expression for V; (omitted here) that does not
depend on any other V. Now, all Vi, can be eliminated from (14) and we can solve for o4

and o4. which leads to (ii). For existence we need to assure that o4 € (0,1) and o4 € (0,1)
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for a feasible combination of values o, 04¢ and §. First assume (1 — €)1 — e¢p > 0 and
consider 0.4 (note that (1 —€)¢ — erp > 0 always holds for € < 0.5). In this case do.q/00c. > 0
and 0o.q/0045 < 0. Note that o,4 < 1 for any 6 € (0,1) even if o, = 1 and 049 = 0. To
establish 0.4 > 0 we use 0. = 1 and 049 = 0. Solving for § shows gives the condition § > §5%
with ¢ = g. Next, we consider oy, still assuming (1 — €)1) — e¢ > 0. Hence doy./00.. < 0
and 0o4./004q > 0. Again o4, > 0 for any 6 € (0,1) even if 0., = 1 and 049 = 0. To
establish o4. < 1 we use 0.. = 1 and 049 = 0 which gives § > 5SBSF with ¢ = [. Therefore, if
(1 — €)1 — ep > 0 the stricter condition on ¢ results from the larger of the two values g or [ as
in (11). Note that (1 — €)1y — ¢ < 0 also requires § > 65 to make the probabilities interior.
On the other hand, it implies ¢ > %w and 8% > 1. To see this we can rearrange 621 < 1
to ¢ < (=29°+2% 4nd show that this contradicts ¢ > =<9 for € € (0,0.5). This proofs (i).

2¢—2¢2
To complete the proof, insert (11) together with o, = 1 and o4q = 0 into (12) and (13) to
obtain the structure of the T1BF response defined by ¢ and |. O]

Proposition 2.2.2 [Semi-Grim M1BF Equilibria Conditioning on Public Signals]

(i) If players condition on the e-noisy public signals, the ezistence condition for semi-GRIM

equilibria is:

g+1
(1—=2¢)(1+g+1)

§>09¢ = (16)

(ii) Above this threshold, a continuum o.. € (WM, 1) of semi-grim equilibria exists
given by:
O0dd = Occ — g+ (17)
51 —-26)(1+g+1)
and
Ocd = Odc = Occ — J (18)

S1—20(1+g+1)

(iii) For 6 = 659 all semi-grim memory-one belief-free equilibrium strategies have the
same cooperation probabilities after nonempty memory-one histories and are o =
(00,1,1—g/(g+1),1—g/(g+1),0). Ifl =g, then 0 = (09, 1,0.5,0.5,0).

Proof of Proposition 2.2.2. Using the semi-grim property o.q = 04. for (12) and (13) yields
(17) and (18). Observe that 049 < 0.4 < 1 for o, € (0,1) and for existence o4g must be
positive which can be rearranged to yield (16). O
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A.2.3  Action-Signal Combinations (All Monitoring Structures)

Proposition 2.3.1 [M1BF Equilibria Conditioning on Action-Signal Combinations]

(i)

(i)

(i)

If players condition on their own action and the e-noisy signal of the other player’s
action, the existence condition for symmetric memory-one belief-free equilibria also
depends on the larger of the two values g and . Let ¢ denote the larger of the two

values and v the smaller of the two. The existence condition is:

¢
BF _
02 0y S 1-2c+(1—¢€)¢p—e (19)

If g = [ the condition is the same as for private signals.

Abowve the threshold, a two-dimensional manifold of memory-one belief-free equilibria

exists given by

Occ_o—dd_%
1—2e—¢€(g+1

Ocd = Occ +

9 (20)

and

1
Occ — 0dd — 5

T 1—2—e(g+1) (21)

Odec = 04dd

For § = 6BF all memory-one belief-free equilibrium strategies have the same cooperation
probabilities after nonempty memory-one histories and are o = (oy, 1, (1 — g/1),1,0) if
l>g, 0= (09,1,0,(l/g),0) if g > and 0 = (0y,1,0,1,0) if g = . We call this the
threshold memory-one belief-free equilibrium T1BF.

Proof of Proposition 2.3.1. Again the proof follows the same steps as for actions. Let Vars,

denote player i’s expected payoff for playing a; if player j played a; and observed s; in

the previous round (which means player j is in state a;s;). If 0,,,, denotes the (universal)

probability of player i to play c after {a;, s;}, we get:

Vas = (1= 0)(0as — (1 — 0qs)l)+

o ((1 - 6)O'asvcc + €045 Vea + (1 - 6)(1 - Uas)Vdc + 5(1 - Uas)vdd) (22)
VA = (1= 08)oas(1 4 g)+
o ((1 - 6)O'aS‘/cc + €045 Vea + (1 - 6)(1 - UaS)Vdc + 6(1 - UGS)Vdd) (23)
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Subtracting (23) from (22) gives:

0= 00y {(1— )1 — g) + 6 ((1 = 26)Vie — (1 — 26V — (1 — 26)Vie + (1 — 26)Via))}
(1= )+ 6 (1 —26)Vie — (1 — 26)Via)

The conditions on V,; and V.. based on the belief-free property are now:

B (1—0)l
Vae = Vaa + 507755
_ (1—-10)g

Solving (22) for o.. and rearranging for V. yields

(1= 0)(0cc — (1= 0ec)l) + (1 = 0e) Vaa — d0ee =G5 D 4 5(1 — ) f=9s

6(1—2¢)
1— 0.

‘/cc:

Solving (22) for 044 and inserting the solution for V. gives

Odd (1 - %) + (1 - 50’0(3) 1fl26

Vaa = 1+ 004q — 00

Next, all V,, can be eliminated from (22) solved for 044 and o4, proofs (ii). For existence
we need to assure that o4 € (0,1) and 4. € (0,1) for a feasible combination of values o,
04q and d. First assume 1 — 2¢ — ¢(g + () > 0 and consider o.4. In this case do.q/00.. > 0
and 00.q/0045 < 0. Note that o,y < 1 for any 0 € (0,1) even if 0., = 1 and o49 = 0. To
establish 0.4 > 0 we use o.. = 1 and o449 = 0. Solving for ¢ shows gives the condition § > (5st
with ¢ = g. Next, we consider oy, still assuming 1 — 2¢ — €(g +[) > 0. Hence do4./00. < 0
and Jog./0oqq > 0. Again o4, > 0 for any 6 € (0,1) even if o, = 1 and 049 = 0. To
establish 4. < 1 we use 0., = 1 and o49 = 0 which gives § > 6B with ¢ = [. Therefore, if
1 —2¢—¢€(g+1) > 0 the stricter condition on 0 results from the larger of the two values g or
[ as in (19).

If1—-2c—€e(g+1) <0, 0opg/00. < 0 and 00.q/0045 > 0. Using 0., = 1 and g4 = 0
we establish that 0.4 < 1 only if § > 1 (and the same can be shown for o4. > 0 when using
.. = 0 and 049 = 1). Note that (19) also requires § > 1 in this case. For the last case
1 —2¢—¢€(g+1) =0, 0.qg and o4 are not defined and (19) also requires § > 1. This proofs
(i). To complete the proof, insert (19) together with o.. = 1 and 049 = 0 into (20) and (21)
to obtain the structure of the T1BF response defined by ¢ and (. O
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Proposition 2.3.2 [Semi-Grim M1BF Equilibria Conditioning on Action-Signal Combina-

tions|

(i) If players condition on their own action and the e-noisy signal of the other player’s
action, the existence condition for symmetric memory one belief-free equilibria in semi
grim strategies 1S:

g+

> 53¢ = 24
02 O 1—2e+(1—¢€)(g+1) (24)

g+l
§(1—2e+(1—€)(g+1))?

(ii) Above this threshold, a continuum o.. € ( 1) of semi-grim equilibria

exists given by:

g+
= 0p — 25
T S0 2t (- (g + 1) %)
and
Ocd = Ode = Occ — J (26)
6(1—2c+(1—¢€)(g+1))
(iii) For 6 = 659 all semi-grim memory-one belief-free equilibrium strategies have the

same cooperation probabilities after nonempty memory-one histories and are o =
(007 17 1 - g/<g + l)? 1— g/(g + Z)a O) [fl =9 then o = (0—97 17 057 057 O)

Proof of Proposition 2.3.2. Using the semi-grim property o.4 = 04. for (20) and (21) yields
(25) and (26). Observe that 049 < 0.4 < 1 for o, € (0,1) and for existence o4g must be
positive which can be rearranged to yield (24). O

A.3  Renegotiation-Proof and Truthful Communication Equilibria

We give examples for the construction of renegotiation-proof equilibria for the perfect and
imperfect monitoring cases and for a truthful communication equilibrium under imperfect
private monitoring. These equilibria can be described by two states each: (1) a reward
stage, in which both players cooperate, and (2) a punishment stage; and transition rules
between the states. Unlike in equilibria in strongly symmetric strategies, the punisher and the
punished player have to play differently in the punishment stage to assure that this state is
not Pareto-dominated by the reward state. Hence, the continuation values of the two players

will be different once we enter the punishment state. We will use the following notation: V.
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for the continuation value of the reward state, and V},, (V,q) for the continuation value of the
punisher (the punished player) in the punishment state. The following condition has to hold

in any renegotiation-proof equilibrium:

Vip >V, (27)

The following condition has to hold in any truthful communication equilibrium, where the
revelation constr