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Abstract

We investigate the effect of absence of common knowledge on the outcomes of

coordination games in a laboratory experiment. Using cognitive types, we can
explain coordination failure in pure coordination games while differentiating be-
tween coordination failure due to first- and higher-order beliefs.
In our experiment, around 76% of the subjects have chosen the payoff-dominant
equilibrium strategy despite the absence of common knowledge. However, 9%
of the players had first-order beliefs that lead to coordination failure and another
9% exhibited coordination failure due to higher-order beliefs. Furthermore, we
compare our results with predictions of commonly used models of higher-order
beliefs.
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1. Introduction

If you have lost your spouse in a department store and both of you are trying to
find each other, the answer to the (seemingly simple) question of “Will she look
for me at the coffee bar or at the exit?” depends not only on the answer to the
question “Does she think I am looking for her at the coffee bar or at the exit?” (i.e.,
something we will call the first-order belief) but also on the answers to “Does she
think that I think that she thinks that I am looking for her at the coffee bar or at
the exit?” (i.e., the second-order belief or “What is her first-order belief?”) and
on infinitely more levels of beliefs. This paper addresses the question if people
actually use beliefs of a higher order.

When modeling human behavior, most works assume that players have com-
mon knowledge about the structure of the game, i.e., that all players know the
structure, that all players know that everyone else knows the structure and so
on Furthermore, we assume that players do not only have common knowledge
about publicly known properties of the game but also about the distributions of
unknown factors of the game, like the other players’ types (for example if I'd rather
wait at the coffee bar or the exit). The absence of common knowledge leads to
complex belief hierarchies, so called higher-order beliefs. The first level of these be-
liefs, so called first-order beliefs, might be a belief over the other player’s type.
A second-order belief would then be a belief over the belief of the other player
about your type (i.e., a belief over the other player’s first-order belief) and so on
ad infinitum.

In the game theoretical literature many different assumptions and models of
higher-order beliefs exist and many of these lead to very different predictions even
in simple games like the pure coordination game we are using in this paperE] The
question, what kind of model of higher-order beliefs players actually use, seems
to be an empirical question which we are trying to address in this paper.

To do so, we take up the experimental results and setup of Blume and Gneezy
(2010), in which there is an issue of cognitive difficulties, to analyze the effects of
higher-order beliefs. Blume and Gneezy|(2010) used a slightly difficult coordina-
tion game (the so-called 5-sector disc), in which there is a better (i.e., risk- and
payoff-dominant) option which is harder to find. They were able to show that
participants form beliefs about the cognitive abilities of other participants and, if
these beliefs are pessimistic, they hinder coordination between the players (i.e.,

However, there is a (mostly theoretical) literature on universal type spaces, introduced by [Harsanyi
(1967/68) and formalized by Mertens and Zamir|(1985) and [Brandenburger and Dekel (1993), anal-
ysis games without common knowledge.

2A brief overview of some models of higher-order beliefs can be found in and a more

detailed discussion in



that “beliefs matter”). However, they have not taken into account the effect of
higher-order beliefs about cognitive abilities. Therefore, we modify their experi-
mental setup in order to distinguish the effect of first-order beliefs players form
about the cognitive ability of their opponents (i.e., if players trust in the cognitive
ability of their partners) and higher-order beliefs.

We introduce a new treatment in which participants guess what other partici-
pants play against themselves. This allows us to identify first-order beliefs and
therefore separate first- from higher-order beliefs.

Using the data from these treatments, we can answer the following three ques-
tions:

¢ Are players able to coordinate in the absence of common knowledge?

* Can coordination fail because players underestimate the skill of the other
players? Or, in other words, do first-order beliefs matter?

* Can coordination fail because players think “too much” about what others
might think? Or, in other words, do higher-order beliefs matter?

Using Blume and Gneezy(s (2000) 5-sector disc, we were able to find answers
to all three questions: In the experiment, we were able to reproduce Blume and
Gneezy/s (2010) result, that the majority of players had no problem choosing the
Pareto-dominant equilibrium strategy of the game (i.e., coordination is possible).
Furthermore, some players switch to the worse equilibrium strategy because of
first- and higher-order beliefs (i.e. first- and higher-order beliefs matter).

More important applications than the search for one’s husband or wife in a

department store are suggested by recent studies in sociology and development
studies, like Bicchieri| (2005). She claims that common knowledge plays a signif-
icant role in the fight against female genital mutilation. Our results might help
to improve our understanding of why some organizations are significantly more
successful in the fight against female genital mutilation (FGM) than others. In[Sec-
we discuss this application in more detail and compare it to the fight against
foot binding.
Apart from the FGM application, higher-order beliefs have applications in many
different fields. For example, they might be a reason for bank runs (i.e., the belief
that a bank will be fine but a fear that others might think that the bank is in trouble
might cause a bank run on this bank), arms races and financial crises.

The paper is organized as follows: In[Section 1.1} we will give an overview of the

relevant literature and how our work fits into it. Then we will explain an example

of the game we use in [Section 2| In [Section 3| we will explain the model. This is
followed by the experimental design in[Section 4)and the results of the experiment
in The aforementioned application to the fight against female genital

mutilation is discussed in[Section 6} Finally, we will conclude in [Section 7




1.1. Related works

There is a large theoretical literature, beginning with the seminal paper on the
“email game” by Rubinstein| (1989), showing that higher-order beliefs play a role
in determining the outcome of a game. For instance, Carlsson and Van Damme
(1993) use higher-order beliefs (in their model of global games) to identify the risk-
dominant equilibrium as the unique rationalizable outcome of the coordination
game. This uniqueness result spawned a large applied literature on, among other
areas, bank runs and arms races, in e.g. Morris and Shin| (1998), Morris and Shin
(2004), Baliga and Sjostrom| (2004), (Corsetti, Dasgupta, Morris, and Shin! (2004),
and (Goldstein and Pauzner| (2005). [Weinstein and Yildiz (2007b), however, have
shown that this uniqueness result, that this whole literature depends on, is fragile
to the exact specification of the higher-order belief model. Other “nearby” higher-
order belief models have very different “unique” predictions. In fact, they show
that any rationalizable outcome of the original game, can be obtained as the unique
rationalizable strategy profile of some higher-order belief model.

Weinstein and Yildiz|(2007a) establish a condition, called “global stability under
uncertainty”. This condition implies that, if the change in equilibrium actions is
small in the change of kth-order beliefs and higher, equilibria can be approximated
by the equilibrium with at most kth-order beliefs. Unfortunately, pure coordina-
tion games do not fulfill “global stability under uncertainty”.

Strzalecki (2014) and Kneeland| (2016) develop different non-equilibrium ap-
proaches, inspired by the experimental literature discussed later, using bounded
levels of reasoning to explain behavior in coordinated attack problems (e.g. |Ru-
binstein[s (1989) email game).

A more in-depth discussion of models of higher-order beliefs and their predictions
of the results of our experiment can be found in[Appendix B}

The experimental literature, however, has so far mostly focused on strategic un-
certainty. The most prominent example for this is probably the literature on level-
k thinking or cognitive hierarchy models, which was started by Nagel (1995) and
Stahl and Wilson! (1995). In recent years, there have been many studies conducted,
using and analyzing level-k reasoning, for example Ho, Camerer, and Weigelt
(1998), Costa-Gomes, Crawford, and Broseta| (2001), Camerer, Ho, and Chong
(2004) and [Crawford, Gneezy, and Rottenstreich, (2008). For a recent survey, see
Crawford, Costa-Gomes, and Iriberri (2013).

But there also have been works which do not focus on strategic uncertainty.
For example Heinemann, Nagel, and Ockenfels| (2004), Cornand| (2006), (Cabrales,
Nagel, and Armenter|(2007) and Dufty and Ochs| (2012) who directly test implica-
tions of the theory of global games, i.e. individuals play an incomplete information

game as in Carlsson and Van Damme| (1993). The results however, are mixed and



range from full support to full rejection of the predictions made by global games.

Another, closely related work is Kneeland (2015), in which she explores the level
of rationality, a requirement for higher-order beliefs, of players experimentally.
She shows that, in her experiment, 94% of all players are rational with decreasing
numbers for second- (71%), third- (44%) and forth-order (22%) rationality.

We explore experimentally the “depth of reasoning” individuals employ when
playing slightly difficult coordination games. In fact we want to abstract away
from purely strategic concerns by only looking at coordination games in which the
incentives of the players are perfectly aligned and a Pareto-dominant equilibrium
exists. The fundamental uncertainty in the model will be one about the cognitive
abilities of the opponents.

Differences in cognitive abilities have been studied before, for example by Gill
and Prowse|(2016), who have shown that more cognitively able subjects converge,
in repeated p-beauty contests, more frequently to equilibrium play and earn more.
Furthermore, Proto, Rustichini, and Sofianos| (2014) have shown that intelligence
affects the results of repeatedly played prisoner’s dilemmas, in which groups of
higher intelligence tend to cooperate more frequently in later stages of the game.
Agranov, Potamites, Schotter, and Tergiman| (2012) have shown, by manipulating
the perception of the cognitive levels of other players, that beliefs about the level of
reasoning do play a significant role in the presence of strategic uncertainty. |Alaoui
and Penta|(2015) establish a framework in which the depth of reasoning is endoge-
nously determined by different cognitive costs of reasoning.

The way we model cognitive differences however, builds on another branch
of literature. Motivated by [Schelling(s (1960) discussion of focal points, a vari-
ety of authors have tried to formally capture his ideas, most notably Bacharach
(1993) and Sugden (1995). The importance of focal points is supported by many
experiments, for example by Mehta, Starmer, and Sugden| (1994), who have repli-
cated Schelling’s results and have shown that coordinating on a focal point is dif-
ferent from accidental coordination. |Crawford, Gneezy, and Rottenstreich/ (2008)
have shown that, in a pure coordination game with symmetric payoffs, salient la-
bels lead to a high percentage of coordination whereas even slight asymmetries in
payoffs might lead to a coordination failure. [Isoni, Poulsen, Sugden, and Tsutsui
(2013) extend the analysis to bargaining problems and show that payoff-irrelevant
clues help to improve coordination, even if there is no efficient or equal division.

In the absence of clues however, the theory of focal points can not be applied.
Formally the absence of clues can be modeled as symmetries between strategies
and players in a given game. In fact Nash (1951) has already discussed equilib-
rium under symmetry restrictions (and shown existence also of such symmetric

(mixed) equilibria for finite games). (Crawford and Haller| (1990) have defined



symmetries in games and used these definitions to see what focal points in highly
symmetric repeated coordination games would look likeﬁ Blume| (2000) has fur-
ther developed this symmetry concept to talk about play under the absence of a
common language. Other notions of symmetries have been put forward and stud-
ied in Harsanyi and Selten! (1988), Casajus| (2000) and Casajus| (2001). |Alés-Ferrer
and Kuzmics| (2013) have then clarified the difference between different notions
of symmetries and characterized all the possible ways a frame (the way a game
is presented to players in the lab, for instance) could lead to different symmetry
restrictions (and therefore to different focal points).

All these models of symmetries and restrictions are implicitly or explicitly in-
vestigated under the assumption of perfectly rational individuals. However, iden-
tifying all symmetries (and especially non-symmetries) in a game can be a difficult
task. Bacharach| (1993) has proposed his variable frame theory to allow for indi-
vidual players with different states of mind or, as developed by |Blume (2000) and
employed by Blume and Gneezy| (2000) and Blume and Gneezy| (2010), with dif-
ferent cognitive abilities.

This finally brings us to the goal of our study. We want to take up the exper-
imental results and setup of Blume and Gneezy| (2010) to analyze the effects of
higher-order beliefs. They were able to show that participants form beliefs about
the cognitive abilities of other participants and, if these beliefs are pessimistic,
they hinder coordination between the players. However, they have not taken into
account the effect of higher-order beliefs about cognitive abilities. Therefore, we
modify their experimental setup in order to distinguish the effect of first-order be-
liefs players form about the cognitive ability of their opponents and higher-order
beliefs.

2. Example

In this example, players only have access to two strategies | and / and are trying
to coordinate on one of them; the payoffs are as depicted in the payoff matrix
in As (h, h) has a higher equilibrium payment it would therefore be the

focal point (and the risk- and payoff-dominant Nash equilibrium) of this particular

gameﬁ

3Bhaskar| (2000) and more comprehensively Kuzmics, Palfrey, and Rogers| (2014), have studied theo-
retically and in the latter case also experimentally, what the possible focal points of the symmetric
repeated battle-of-the-sexes and its generalizations could be.

40r, in the words of Luce and Raiffa| (1957) and Schelling| (1960) a solution in the strict sense.
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Figure 1: Payoff matrix of a high-cognition player

However, if we introduce cognitive differences, i.e., if action / is only available
to a high-cognition player and low-cognition players are not aware of the existence
of action / (and the high type) and are therefore forced to play /, beliefs about the
other player’s type might lead to coordination failureE] even if both players are
high-cognition players. The driving force of this result is the absence of common
knowledge about the players’ type or the fraction of high cognition players.

This game models the situation in which one player is not aware that there even
is an action to take (i.e., they don’t have complete knowledge about the structure
of the game).

The following two examples show how beliefs could lead to coordination failure
between two high-cognition players: First imagine that the first player (she) thinks
that the other player (he) is a low-cognition player. Then she would play [, as he
would have no other choice than playing /. This is what we will call coordination
failure due to a first-order belief. The second example is that she thinks that his
type is high, he thinks she is a high-type player but she thinks that he thinks her
type is low. Again, she would play I as she thinks that he will play /. Here we
have a coordination problem due to her second-order belief. Therefore, even if
both players have the ability to coordinate on the best equilibrium, they might
end up failing to coordinate on the better equilibrium (%, h).

The existence of infinitely many levels of beliefs and that a “bad” belief at any
level makes the player switch to the “bad” strategy I/ makes one wonder, if, even
with a high fraction of high-cognition players, coordination on the good equilib-
rium (h, h) is possible.

Therefore, the first main question this paper addresses is if coordination on the
good equilibrium can be expected even in the absence of common knowledge. The
second question is if systematic underestimation of other players’ skills can be a
source of coordination failure, or if first-order beliefs matter. The third and last
question is if higher-order beliefs, e.g. if she thinks that he thinks that she is a low
type, are a possible cause for coordination failure or if these levels of reasoning are

too complex and play no significant role in coordination games.

5Tn this paper, we follow the notion for coordination failure of Van Huyck, Battalio, and Beil (1990),
i.e., the failure to coordinate on the best achievable outcome. That means, even if two high-cognition
players coordinate on a Pareto-inferior equilibrium we will call it coordination failure.



The concepts of coordination games and higher-order beliefs will be formalized
in the following section and the experimental design will be explained in[Section 4}

3. The model

We begin by defining a pure coordination game for two players.

Definition 1 (Pure coordination game). A pure coordination game is a game with 2
players, who each have access to m different actions ({a1,a2,...,a,}).

In this game payoffs of a player i are defined as

xip Vi,jri=j
Mi(ﬂi,ﬂj) =
0 otherwise

with x;;, > x21 > -+ > xq.

This means that each player can choose from the same set of actions and when-
ever they have picked the same action they get the same payoff and if they don’t
manage to coordinate their actions, both get nothing. Furthermore, there is a
Pareto ordering of these equilibria. shows an example of a pure coor-
dination game with three possible actions.

a1 az as
ap 1,110,000
a | 0,0 12,200
az | 0,0 | 0,0 [ 4,4

Figure 2: A pure coordination game

Let us now introduce cognitive differences into this pure coordination game. For
the sake of simplicity, we are only introducing two cognitive types, a low-cognitive
type and a high-cognitive type. The latter has access to a “better” strategy, which
is not available to the low type. Furthermore, the low type is unaware of the
existence of the high type, as proposed by Bacharach! (1993).

This means that the low type has no complete knowledge about the structure of
the game and therefore common knowledge about it is, as long as there is at least
one low cognition player, not possible.

Definition 2 (Pure coordination game with cognitive differences). A pure coordi-
nation game with cognitive differences is a game with 2 players. Each of the players
has a type t; € {low, high} and has access to different strategies, depending on his

type t;. The types of a player are her private information. Low cognition players



have access to {ay,ay,...,a,,—1} whereas high cognition players also have access
to the action ay,, i.e. to {ay,ay,...,a,}. Furthermore, low cognition players have
no knowledge about the existence of the high type or action a,,.

In this game payoffs of a player i are defined as

x;p Vijjii=j
Mi(ai,ﬂ]‘) =
0 otherwise

with x,, > x,_1 > -+ > x7.

These cognitive differences can also be thought of as symmetry constraints on
attainable strategies, as proposed by Crawford and Haller| (1990) and further de-
veloped by Blume (2000) and |Al6s-Ferrer and Kuzmics (2013). Here, the high-
cognition player has less symmetry constrains and has therefore more attainable
strategies.

In the experiment we are using the notion of cognitive differences as proposed
by Blume and Gneezy| (2010) (a generalization of Bacharach’s variable frame the-
ory, using different symmetry constraints on the attainable strategies as used in
Blume| (2000)).

For a formal description of the belief hierarchy of these games, we would like
to refer to However, we believe for understanding the results of this

work, the idea conveyed in this section should suffice.

4. Experimental design

Measuring higher-order beliefs is very complicated, as there is an ”“uncertainty
principle” (as already discussed by Blume and Gneezy| (2010)) at work; i.e., it is
hard to measure beliefs without introducing or changing themE] Furthermore,
introducing absence of common knowledge is difficult; When told that they are
given a random number, subjects usually assume that it is drawn from a uniform
distribution. Explicitly stating that the distribution is unknown leads to a myr-
iad of other problems. Subjects could, for example, assume a strategic selection
of the distribution by the experimenter. Finally, we need to have some sort of
control over the fraction of high-cognition players, so that the action only avail-

able to the high-cognition players is the one with the highest expected payoff (see

Appendix B).

®Either by making the subjects realize that there might be something like a higher-order belief or by
them trying to be a good subject (Orne| (1962)). A more extensive discussion of this uncertainty

principle can be found in[Appendix C



Figure 3: 5-sector-disc

We solve all three problems by utilizing |Blume and Gneezy(s (2000) 5-sector
disc. This is a disc with 5 equally large sectors on it, 2 black and 3 white, as de-
picted in

The disc has the same sectors on the front- and backside of the disc and can be
flipped and rotated.

As the disc can be flipped, the subjects face symmetry constraints and can there-
fore not distinguish all five sectors. These symmetries cannot be overcome and
therefore not all Nash equilibria are possible given the particular frame. Only
certain “attainable” equilibria are possible, as defined originally in Crawford and
Haller| (1990), and further developed by Blume (2000) and |Al6s-Ferrer and Kuzmics
(2013).

The property of this disc which is most important for this paper is that it has a
single distinct white sector: The sector adjacent to both black sectors

For the subjects there are then, in principle, three distinguishable sets of sectors:
the black sectors (B), the uniquely identifiable white sector (D), and the other white
sectors (W’).

The key assumption behind the experiment (and also behind Blume and Gneezy
(2000) and |Blume and Gneezy|(2010) and very much supported by their findings),
is that not all subjects realize that there is a uniquely identifiable sector, which
leads to two different cognitive types, the high type, who can identify the distinct
sector, and the low type, who cannot.

The low type then faces an additional symmetry constraint and has only two
distinguishable sets of sectors to choose from: One of the two black sectors (B) or
one of the three white sectors (W).

Note that the lower type has no knowledge about the existence of another type

"There is a second version of this disc, with a significantly harder to find distinct sector, with adjacent
black sectors. However, for this disc, the fraction of players who were able to identify the distinct
sector is too small (i.e., not satisfying the conditions derived in[Appendix B).

8More about the properties of this disc can be found in Blume and Gneezy! (2000).
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or the distinct sector.

The subjects then played three treatments in a random order without feedback
after hearing and reading the instructions and completing an extensive quizﬂ
The Self Treatment in which the subject gets the disc twice, every time randomly
turned and rotated, and gets £5 if she picks the same sector twice.

In the Prediction Treatment one subject (she) is told that another subject (he) plays
the Self Treatment (with a possibly differently turned and rotated disc). She has to
pick one sector and every time he picks the sector she picked, she gets £2.5E]

Finally, the Coordination Treatment, in which two players pick simultaneously a
sector on a (randomly turned and rotated) disc and, if both players pick the same

sector, both receive £5.

4.1. Predictions

How can we use this design to test the three initial questions stated in the intro-
duction? Let us have a look how we expect low- and high-cognition players to
behave in the three different treatments.

In the Self Treatment a high-cognition player has 9 possible choices: She can
pick any of three actions (D, B, W’) in the first stage and then pick any of the
three actions in the second stage. This decision problem for the high-cognition
player has a unique optimal solution: pick the distinct sector twice, giving her a
probability to win of 1.

A low-cognition player is only aware of four possible choices: He can pick B or
W in the first stage and then pick B or W in the second stage. The low-cognition
player also has a unique optimal choice: pick B in both stages, giving him a prob-
ability to win of 1.

Therefore, we would expect a high-cognition player to choose the distinct sector
twice and a low-cognition player to pick a black sector twice.

In the Prediction Treatment, the action taken by a subject should only depend
on her type and her first-order belief about the type of the other player. A low-
cognition player will always choose B, whereas a risk-neutral, high-cognition player
should pick D if his belief that the other player is also of the high type is at least §
and B otherwise ]

9For the complete instructions and a description of the quiz see the Online Appendix: http: //www.
kuelpmann.org/research/|
10Adding another treatment in which subjects have to predict what another subjects does in the Pre-
diction Treatment would, in theory, allow to explicitly check for second-order beliefs (or, when re-
peating this any higher-order belief). However, don’t belief this will work with the 5-sector disc, as
it probably requires too much attention and mental effort which most subjects might not be willing
to exert.
1 Allowing for risk-averse players, this fraction has to be between % and %, depending on the degree of
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The coordination treatment is best depicted as a bi-matrix game with three (for
the high-cognition player) and two (for the low-cognition player) pure strategies,

with winning probabilities as depicted in [Figure 4] and [Figure 5| We expect a

low-cognition player to play B, as it is the payoff- and risk-dominant equilibrium,
whereas a high-cognition player’s choice depends on her belief hierarchy: If any-
where in her complete hierarchy a belief lower than % (or 1 for very risk averse
players) that the other player is a high-cognition player or that the other player
thinks that she is a high-cognition player, ... (or, in short, that there is no common-
p belief among the high-cognition players of % or higher, that both players are

high-cognition players), she will choose B, otherwise she will choose D.

W B D
Wl o]0 W B
Bl O |30 W|ilo
D| 0|01 B| 0|3
Figure 4: High-cognition player win- Figure 5: Low-cognition player win-
ning probabilities ning probabilities

Unfortunately, neither the theoretical nor the experimental literature on higher-
order beliefs can tell us which of the two will be chosen. Even small variations
in the assumptions of theoretical models of higher-order beliefs can generate both
equilibria. Therefore, this question seems to be an empirical one, which we are try-
ing to answer in this paper. However, a more detailed explanation of how different
models of higher-order beliefs work in our game can be found in[Appendix B|

4.2. Hypotheses

Using our design, we can formulate three hypotheses to test the three research
questions stated earlier. In the following we will use a shorthand for players’
strategies such as: "W'W’ B D" means that a player selected one of the two white
sectors twice in the Self Treatment, one of the black sectors in the Prediction Treat-
ment and the distinct sector in the Coordination Treatment.

The answer to our first question “Is coordination possible? “ or, in the words
of our model ”"Do high-cognition players use the first-best strategy a,, despite the
absence of common knowledge? “ is suggested by the literature on focal points
(e.g.,Sugden! (1995) or|Crawford, Gneezy, and Rottenstreich|(2008)) and supported
by the experimental literature on coordination games (e.g., Van Huyck, Battalio,
and Beil| (1990) or Cooper, DeJong, Forsythe, and Ross|(1990)):

risk aversion.

12



Hypothesis 1 (Coordination is possible). High-cognition players choose in the Coor-

dination Treatment D more often than any other choice.

We are using a within-subject design to test the hypotheses: Only high-cognition
players can identify the best equilibrium, so we don’t have to consider other types.
We can identify these players with the help of the the Self Treatment. If high-
cognition players, i.e., the ones who have been able to identify “D” in the Self
Treatment, coordinate on D in the Coordination Treatment we know that coordi-
nation is possible, even in the absence of common knowledge.

The next two hypotheses extend on Blume and Gneezy(s (2010) hypothesis that
“beliefs matter”: formalizes the question “Does coordination fail
because some high-cognition players underestimate the fraction of high-cognition

players? “ or “Is there coordination failure due to first-order beliefs? “

Hypothesis 2 (First-order beliefs matter). There are high-cognition subjects who choose
a black sector in the Prediction Treatment and Cooperation Treatment, i.e., play “DD B B”.

We already know that we can identify players’ types with the help of the Self
Treatment. Furthermore, the Prediction Treatment identifies players who think
that more than % of the other players can not identify the distinct sector.

Most of the problems in models of higher-order beliefs stem from the fact that
there are infinitely many levels of beliefs. However, evidence from the labora-
tory indicates that people are not able to use higher-order rationalityF_ZI a require-
ment for coordination problems due to higher-order beliefs. Furthermore, even in
studies of level-k reasoning, where players are framed and incentivized on using
higher-order beliefs, players still rarely use high levels of reasoningF_gl

Therefore, the third question, if there is is coordination failure due to higher-
order beliefs, or if high-cognition players use the first-best strategy a,, despite the

absence of common knowledge, arises naturally:

Hypothesis 3 (Higher-order beliefs matter). There are high-cognition subjects who
play the distinct sector in the Prediction Treatment and a black sector in the Cooperation
Treatment, i.e., play “DD D B”.

Our design allows for another robustness check: There is an attainable strategy
which is very similar to the one we use to identify first- and higher-order beliefs:
“DD B D”. This strategy will only be chosen if players belief that their partner
is of the low type, but still plays “D” in the in the Coordination Treatment. This
strategy can therefore not be explained using our model.

12Kneeland! (2015) shows that only about 22% of all players use more than third-order rationality.
13Tn|Arad and Rubinstein's (2012) 11-20 game, 80 % of the players only use 3rd-order beliefs or lower
despite the game being designed to facilitate higher-order reasoning.
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Hypothesis (Robustness check). “DD B D” is played less often than “DD B B” and
“DD D B”.

5. Results

The experiment was conducted at the DR@W Laboratory at the University of War-
wick using the experimental software "z-Tree" developed by Fischbacher (2007).
130 subjects where recruited and received payments between £3 and £18. Before
showing the results, let us briefly discuss the preliminaries of the experiment de-
sign.

The first preliminary is the focality of the distinct and the two black sectors.
From the choice data in[Figure 6|we can see that more than 95% of all players have
chosen one of these sectors in the Coordination Treatment. Therefore, the black
and distinct sectors seem to be focal in our game. The second preliminary is that
there are enough high-cognition players, so that playing the high-cognition exclu-
sive action is a payoff-dominant equilibrium for the players. In we can see
that 58% of all players have chosen the distinct sector and are therefore considered
high-cognition players. Therefore, playing the distinct sector would maximize the
expected utility of high-cognition players in a game where the type distribution is
common knowledge among high types independently of the degree of risk aver-
sion (see [Appendix B). We can also see that the second most frequently observed
behavior is choosing a black sector twice, whereas choosing a white sector twice
(which includes choosing the distinct white sector once and another white sector

once) and picking one black and one white sector (labeled “Other”) was very rare.
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Figure 7: Results of the Self Treatment

These results are in line with Blume and Gneezy/s (2010) results where around
52% (58% in our experiment) have been able to identify the distinct sector and
around 23% (34%) have chosen the black sector. We contribute the significantly

lower level of noise (8% vs 25%) to the extensive instructions and the quiz we
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conducted before the experiment@

Due to the lower level of noise we are, unlike Blume and Gneezy| (2010), able
to use a within-subject design, in which each player has access to 625 possible
strategiesE] Of these strategies we consider 96.32% as ”noise”E] As the number
of strategies which support our hypothesis are very low (1, 4 and 2 out of 625),
the probability that someone chooses them by mistake is very low. For a detailed
overview of all possible strategies and how we categorize them see

Description Hypothesis # of strategies | Proportion
DDDD 1: Coordination is possible 1 0.16%
DD BB 2: First-order beliefs matter 4 0.64%
DD DB | 3: Higher-order beliefs matter 2 0.32%

BB BB (Low-cognition players) 16 2.56%
“Noise” - 602 96.32%
WWWW (part of "Noise”) 80 12.80%

Table 1: Overview of the strategies

Given the preliminaries, we can test hypotheses 1 through 3.

Hypothesis 1 (Coordination is possible). High-cognition players choose in the coordi-

nation treatment D more often than any other choice.

The choice data from our experiment confirms this hypothesis. In we
can see that 80% have chosen the strategy “DD D D”. As this strategy represents
only 0.16% of all available strategies (or 4% when excluding the Self Treatment),
we can reject the null hypothesis of this high level of coordination being a result
of random play (p < 0.00001).

4For the instructions and an overview of the quiz see the Online Appendix (http://www.kuelpmann.
org/research/).

15We are here ignoring the order in which treatments are played.

16This noise includes not only players not understanding the experiment or behaving randomly but
also “Eureka”-learning (which was a big problem in [Blume and Gneezy| (2010), see [Appendix C),
making a mistake (e.g., picking a not distinct white sector instead of the distinct sector, a mistake,
which both of the authors made multiple times while testing the experiment) and beliefs of low-
cognition players.
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Figure 8: Results of the Coordination Treatment (high-cognition players)

Blume and Gneezy|(2010) claim that “beliefs matter” and we test in
if there are subjects whose pessimistic beliefs about the other players’ skills lead

to coordination failure.

Hypothesis 2 (First-order beliefs matter). There are high-cognition subjects who choose

a black sector in the Prediction Treatment and Cooperation Treatment, i.e., play “DD B B”.

Our data confirms this hypothesis. shows us the results of all players,
of the high-cognition players. In these figures we can see that about
9% of the high-cognition players (or 5% of all players) have a first-order belief
problem, leading to coordination failure. As the fraction of strategies leading to
this conclusion is very small (0.64%) we can reject the null hypothesis that this
result is due to chance (p < 0.00001).

But do players really use higher-order beliefs in this type of games?
tests for this question.

Hypothesis 3 (Higher-order beliefs matter). There are high-cognition subjects who
play the distinct sector in the Prediction Treatment and a black sector in the Cooperation
Treatment, i.e., play “DD D B”.

From [Figure 9| and [Figure 10| we can see that there are high-cognition players

who think that their partner is with a high probability of the high type, they, how-
ever, still think there are coordination problems. Again, we can reject the null
hypothesis at the 1% level (p < 0.00001).
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Figure 10: Used strategies (high-cognition players)
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Figure 11: Robustness check

Hypothesis (Robustness check). “DD B D” is played less often than “DD B B” and
“DD D B”.

All these results are statistically significant at the 1% level, however, our de-
sign allows for another robustness check: There is a strategy which should not be
played by rational players: “DD B D”, which is about as likely to be picked at ran-
dom as “DD B B” and "DD D B” but can not be explained by our model.
shows us that only 2 subjects have chosen this strategy.

We expected to have significant order effects, as in Blume and Gneezy| (2010).
However, it turns out, that the only robust order effect is a weak effect in the Self
Treatment (i.e., more subjects have been able to choose the distinct sector twice
later in the experiment)m We attribute this to a small change in design. We have
explained every treatment before the experiment started and we have conducted
a quiz (see the Online Appendix(http://www.kuelpmann.org/research/), testing
if the instructions have been understood. This probably lead to “Eureka learning”

before instead of during the experiment.

7For the full analysis of order effects see|Appendix C
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6. The role of beliefs in the fight against
female genital mutilation

More important applications than the search for one’s husband or wife in a depart-
ment store are suggested by recent studies in sociology and development studies,
for example by Bicchieri (2005)@ She claims that common knowledge plays a sig-
nificant role in the fight against female genital mutilation (FGM)E FGM is prac-
ticed in, predominately African, communities and is required in many of these
communities to find a husband and to prevent social exclusion. Despite being
very dangerous and unnecessary, it has a long standing tradition and is, in areas
where it is still practiced, very common. It is estimated to effect up to 200 mil-
lion women in 2016 (UNICEF (2016)). In game theoretic terms the problem is one
of equilibrium selection: There is one equilibrium in which everyone accepts and
uses FGM and one in which no one does. The latter equilibrium is, given enough
knowledge about the subject, clearly better for everyone, but we still observe the
former equilibrium in many communities.

How is that problem related to higher-order beliefs? This game might be mod-
eled as a coordination game without common knowledge about the payoffs. While,
from our point of view, the no-FGM equilibrium is clearly better, there are societies
who disagree and belief in the (perceived) benefits while ignoring the risk. Using
this model, the game is very similar to the game we played in our experiment:FE
The high type knows the real payoffs (i.e., that the non-FGM equilibrium is better
than the FGM equilibrium), whereas the low type thinks that the opposite is true.
An important tool in the fight against FGM is to inform people about the dan-
gers and (lack of) benefits of it. The equivalent in this model would be to chance
the type of these families from low to high. However, from our experiment we
know, that just changing the type might not be sufficient, as some people have
beliefs that still lead to coordination failure. Here we can see that differentiating
between first-order beliefs and higher-order beliefs matters. While taking care of
first-order beliefs can be easily done by explaining, in addition to the risks and
lack of benefits of FGM, that other families have also been (or will be) educated
on this matter and that most families agree with these results, higher-order beliefs
are not as simple. To prevent coordination failure due to higher-order beliefs ev-
eryone has to be gathered and the education has to be done in very large groups,

which is significantly more difficult and expensive.

8More examples in which common knowledge plays an important role can be found in|{Chwe|(2013).

YMost studies, however, don’t use the terms “beliefs” or “common knowledge” but describe this con-
cepts in their own words, frequently restricting their attention to first-order and therefore ignoring
higher-order beliefs.

20The absence of common knowledge here is, however, over the payoffs, not the available actions.
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But how important is this issue really, considering that the model is very sim-
plistic (we are, e.g., ignoring all dynamic issues) and that generalizing from a lab
experiment, conducted with university students in Europe, to rural areas in Africa
requires much more research and data from (field) experiments. Studies like Bic-
chieri (2005) suggest that higher-order beliefs might play a role; She claims that
common knowledge of this education plays an important role because negative
beliefs about the opinion of the other members of a community might prevent a
coordination on the better equilibrium (i.e., the one without FGM): Even if I am
convinced that this practice should be abolished, I might still partake in it, to pre-
vent my daughters from being excluded from the community, as the others might
not be convinced (i.e., my first-order belief is that others have not been educated). I
also might think that others will continue this practice because they think I wasn’t
educated (i.e., because of my second-order belief) and so on.

That means, that just educating a family (or, in game theoretic terms: changing
their type) does not necessarily lead them to change their stance on FGM. But is
there any evidence that families use beliefs? Mackie| (1996) and Mackie and LeJe-
une (2009) have compared the old Chinese tradition of foot bindinézr] and FGM
and pointed out that both are similar: Both are required to find a husband, while
being very painful and dangerous without having any known benefits. Further-
more, they have a long-standing tradition (both can be traced back more than 1000
years) and were widely spread in their respective cultures. However, around 1910,
foot binding has dropped in certain parts of China from 99% to under 1% preva-
lence over the course of just 20 to 30 years, without any change in policy (Gamble
(1943), Keck and Sikkink](1998)), whereas even a combined effort of the UN, sev-
eral NGOs and governments over the last 40 years resulted only in a moderate
decline from about 51% to 37% of women effected by FGM in certain countries
(UNICEE (2016)). Mackie| (1996) claims that the main difference is the method of
information transmission: In China, societies have been founded in which mem-
bers publicly pledged to not bind their daughters’ feet and to prevent their sons
from marrying women with bound feet, whereas the effort to prevent FGM was
mainly focused on changing the laws and educating the people about the dangers
and problems. The societies fighting foot binding made the education and position
of the families common knowledge whereas most organizations fighting FGM fo-
cused on changing the opinion of the families without changing the higher-order
beliefs much.

But also between projects fighting FGM there have been differences. Tostan, a

Senegal-based NGO, has, according to |World Bank Group, (2012) successfully re-

2lFoot binding was a Chinese practice of bending and binding the four lower toes of young girls tightly
under the foot.
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duced the number of FGM in some parts of Senegal significantly. So, why did
Tostan succeed where others have failed? They claim that not only education but
” [...] public declarations are critical in the process for total abandonment [of fe-
male genital cutting.] “ (Tostan| (2016)) and are supported by World Bank Group
(2012) who emphasizes that education together with public discussion and public
declaration was an important factor in Tostan’s success.

These examples suggest that beliefs might play an important role, as the more
successful campaigns against foot binding and FGM also addressed higher-order
beliefs by introducing common knowledge whereas others who focused on pure
education have been less successful. However, it is not clear that common knowl-
edge is required to achieve coordination. It might be sufficient to explain that
others have also been educated (i.e., to take care of the first-order beliefs), which
would be much cheaper than providing common knowledge.

However, from our results we know that ignoring the higher-order beliefs can
have severe negative consequences. Our results can explain why education with-
out considering problems due to higher-order beliefs can have some effect but they
can also explain why NGOs like Tostan have significantly more success. Further-
more, these results give reason to belief that only explaining if others have been
educated and are against FGM (i.e., changing the first-order beliefs) might not be
sufficient and making this education common knowledge might be necessary to
achieve all possible benefits from it.

However, the results from this experiment conducted with students at a Euro-
pean university should of course not be generalized to explain behavior in small
rural communities without further research but gives us reason to belief that higher-

order beliefs do matter.

7. Conclusion

We have seen that, in this game, absence of common knowledge was not enough to
prevent subjects to choose the Pareto-dominant equilibrium strategy, as 76% of the
high-cognition players have done so. However, we still have a fraction of players
who have beliefs that lead to coordination failure (around 18%) and of these only
half could be attributed to first-order beliefs.

Of the models of higher-order beliefs discussed in[Section 4.2|and |[Appendix B}

only “assuming common knowledge’F_ZI or a common p-belief among high-cognition
players about the type distribution were able to explain coordination on the payoff-

dominant equilibrium. However, these assumptions can not explain any coordi-

22Meaning that one assumes that high-cognition players have common knowledge about the type dis-
tribution among themselves.
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nation failure due to beliefs, as the beliefs are fixed by the model, whereas the
models which can explain this type of coordination failure predict playing the
payoff-dominated strategy.

Therefore, as we have observed a coordination rate of about 76%, assuming
common knowledge (or a common p-belief among high-cognition players) might
be the best tractable approximation available in coordination games without com-
mon knowledge, depending on the focus of the research.

Our work opens up some questions for future research: Can these results be
generalized to other populations and environments? Are there certain parts of the
populations who are more likely to exhibit first- or higher-order beliefs which lead
to coordination failure? Are there other, maybe easier methods to make something
common knowledge? Furthermore, it might be worthwhile to check more gen-
eral structures of higher-order beliefs or if non-equilibrium models like [Strzalecki

(2014) or Kneeland! (2016) can explain this phenomenon better.
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Appendix A Belief hierarchies

Let BY := T; and B = T; x A(Bf™!) with A (B) being the space of probability
measures on B and A(X) being the space of probability measures on the Borel
tield of X, endowed with the weak topology. Using this notation, we can define a

belief hierarchy as follows.

Definition 3 (Belief hierarchy). A k-th order belief is defined as
b € A(B)

with B} = Tj and Bf = T; x A(Bf ™)
Furthermore, let us set b? =t
A belief hierarchy of a player i is then b = {1?,b},....}

1

We therefore have a first order belief b} € A({low, high}) = [0,1] and higher-
order beliefs b¥ € [0, 1.

Furthermore, we assume these beliefs to be coherent, i.e. that beliefs of different
orders do not contradict one another and that a low-cognition type does not
know about higher cognitive types, i.e., bf =0 = bf"' =0 Vk > 0.

This excludes, on the one hand, that a low-cognition player thinks that the other
player is a high-cognition player and, on the other hand, that a player has a first-
order belief that the other player is of a the high type and a higher-order belief that
the player is of the low type.

Appendix B Equilibrium selection and models

of higher-order beliefs

In this section we are going to discuss how different models of beliefs and fre-
quently used assumptions on the structure of higher-order beliefs influence the
specific game we analyze.

Using the results from the literature on focal points in coordination games (as
discussed in[Section 1.1)), we know that we can restrict our attention on the two ac-
tions with the highest payoffs a,,_1 and a,,. This simplifies the game to a Bayesian
game with two types, a low type whose only attainable action is a,,—1 and a high
type, who has access to a,,—1 and a,,, without common knowledge about the type
distribution. Then, we can denote, with a small abuse of notation, the strategy of a
player as the action she chooses if she is of the high-type, i.e., a,, or a,,_1, knowing

that she will play a,,_ if she is of the low type.

ZLe., higher-order beliefs of a player mapped onto the space of beliefs of a lower order are the same.
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Let us first start with the most common assumption, that the distribution of types
is common knowledge. Then the expected utility of a (risk neutral) high-cognition
player is as depicted in given her and her partners strategiesE] p denotes
here the probability of a player being of the high type. We can see that the pre-
diction of the model then depends on p. If the probability of a player being of the

Xm—1

high type p is too low (p < 1), only (a,_1,a,—1) will be an equilibrium. In

m—11+Xm

this paper we are going to assume that p > ﬁ which makes sure that the

“better” equilibrium always exists@ For risk-averse players, it is required that
p = %, so we know that as long as p > 3 the high-type equilibrium
always exists, independently of the degree of risk aversion. Furthermore, if the

equilibrium exists, it is payoff dominant.

Am—1 Am
Am—1 Xm—1,Xm—1 (1—p)xu-1,0
am | 0,(L=p)Xm—1|  PXm, PXm

Table 2: Expected utilities of two high-cognition players

Therefore, the prediction of assuming that the distribution of types is common
knowledge is that, for a high-enough p, we should expect full cooperation.

Monderer and Samet(s (1989) common p-belief is a generalization of the concept
of common knowledge and generates, in this model, the same predictions as as-
suming that the distribution of types is common knowledge, given a high-enough
p.

The game we are analyzing is very close to the original description of a global
game as introduced by Carlsson and Van Damme| (1993). Written down as in
[ble 2it is a very similar game as the main example used in|Carlsson and Van Damme
(1993). Therefore, we know that, given x;’;—n’ll < p < Hml (e, (ap,ay) is still a

Xm+Xm—1
Nash equilibrium but (a,,_1, a,_1) is risk dominant), (a1, a,—1) will be the only

rationalizable solution to the global game. Furthermore, Hellwig)(2002) shows that
higher-order uncertainty about preferences leads to results similar to/Carlsson and
Van Damme's (1993) higher-order uncertainty about payoffs, i.e., coordination on
the "less risky" equilibrium.

Rubinstein| (1989) shows that truncating common knowledge at any finite level
is equivalent to the situation without any common knowledge at all and therefore

suggests that players choose the save strategy a,,_1.

24In the analysis we restrict our attention to risk-neutral players. However, the analysis for the case of
risk-averse players is analogous and the experimental results are valid for every possible degree of
risk aversion.

2In the experiment this assumption requires p > % As the fraction of high-cognition players is 58%,
this assumption is not problematic.
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Model Coordination First-order be- | Higher-order belief
lief  coordination | coordination prob-
problems lems

Common knowl- | Full coordination No No

edge

Common Full coordination No No

p-belief

Global games No coordination Yes Yes

Almost common | No coordination No Yes.

knowledge

Table 3: Models of higher-order beliefs

Weinstein and Yildiz (2007a) establish a condition, called “global stability under
uncertainty” which implies that the change in equilibrium actions is small in the
change of kth-order beliefs and higher. Therefore, under this condition, equilibria
can be approximated by the equilibrium with lower-order beliefs. Unfortunately,
pure coordination games do, in general, not fulfill the conditions for “global sta-
bility under uncertainty” as the best responses are very sensitive to every order of
beliefs and even a small change in some higher-order belief might make a player

change from a,, to a,,—1.

Appendix C Order effects

Earlier, we have briefly discussed an uncertainty principle, in which higher-order
beliefs can not be measured without inducing them. This theory is a related to the
“good subjects hypothesis” (Orne (1962)) according to which some subjects try to
figure out the research question and then change their behavior to confirm said
hypothesis. However, in this case the difference is more subtle: As soon as they
realize that there is a higher-order belief problem, they might overestimate it.
Blume and Gneezy| (2010) have encountered a different case of this uncertainty
hypothesis. “Having a player play against himself may trigger an insight that
switches a player from low to high cognition ("Eureka!" learning). There may be
an uncertainly principle at work here in that we cannot measure a player’s cogni-
tion without altering it.” (Blume and Gneezy|(2010)) This suggests, that the order
of treatments might be important. Therefore, we implemented a random order.
However, it turns out that we have (almost) no order effect, as can be seen in
The only statistically significant effect is that, if the self treatment was the
first treatment, there was a significantly higher number of “Other” results than
when it was the second (p = 0.0062) or third treatment (p = 0.0139). Furthermore,
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Treatment Self Prediction | Coordination
Order DD BB |Other  D| B | W | D | B W
1st 18 | 10 8 23115 | 3 |22 |22 3
2nd 32 | 24 2 20116 2 |24 |10 0
3rd 25 | 10 1 32115 4 |23 |15 5

Table 4: Order effects of the different treatments

the distinct sector was played more often in the coordination treatment if it was
the second than the first treatment (p = 0.0277), however, there were no significant
effects when comparing the first and third and the second and third The former
has a intuitive explanation (i.e., practicing the task makes it less likely to make a
mistake) whereas the later is considered to be a type Il error by the authors.

The question now is, why did Blume and Gneezy|(2010) encounter strong "Eureka!"-
learning effects whereas we had (almost) no significant effect. The authors at-
tribute this to the fact that we used more extensive instructions and a quiz to
make sure the instructions where understood. More importantly, the participants
were instructed in all three treatments before they played the first game which
most likely triggered the learning before the first decision, whereas in |Blume and
Gneezy| (2010) the instructions for the second treatment were distributed after

completion of the first treatment.

26Using the one-tailed Fisher’s exact test.
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Guessing | Coordination

Self

Guessing | Coordination

Self

Guessing | Coordination

For the complete data set please refer to the Online Appendix (http://www.kuelpmann.

org/research/).

Appendix D Data

Self

Table 5: Strategic choice data
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