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1. Introduction

There are countless experiments on games in which subjects repeatedly play the same game.
The vast majority of them involve complete information about the game. These experiments
can roughly be further classified into two strands, those that involve a fixed group of players
that have to solve a difficult coordination task® and those in which players repeatedly play a
game against a randomly determined ever changing opponent®®. Both strands of research fo-
cus on the investigation of player’s adaptation to updated beliefs about opponent’s play. The
analysis is directed towards the detection of optimal or sub-optimal play among subjects. In
order to avoid conflict with issues relating to the search for information these game environ-
ments assume away any lack of knowledge about the setting of the game. Especially, subjects
are typically provided with all details about the sequence of decision tasks and possible pay-
offs. While this approach certainly has the virtue of eliciting adaptive behaviour resulting
from adjusted beliefs about other subjects’ likely play, it neglects the importance of the in-
formational assumption. Real-world situations are often characterised by uncertainty about the
strategic situation the players are faced with. In the computer industry, for example, products
that were supposed to compete against each other ended up being used complementary (e.g.
computers and mobile phone technology). Others suddenly turned out to be heavy competitors
(browsers and office packages). It is therefore an important task to elicit the effect of the in-

formational assumptions on behaviour.

This study is concerned with the analysis of players’ behaviour within an environment that is
characterised by little information about the underlying strategic relationship among players.
Particularly, at the beginning of a repeated task, players do not know whether they have
common or opposing interests. In such a setting players are forced to gather and process in-
formation during the course of repeated play so that a satisfactory payoff is achieved. How-
ever, players are never explicitly told which game they actually played or which they are go-
ing to play.

Games which under rich informational conditions produce interesting decision problems typi-
cally degenerate to tasks almost impossible to solve when information about the strategic rela-
tionship is foreclosed. For example, without knowledge about being involved in a game with

multiple Pareto-ranked Nash-equilibria it is hardly conceivable that players reach efficiency

! Examples for this category are almost all public goods games (see e.g. Ledyard 1995 for an overview) and
coordination games (e.g. Van Huyck et al. 1997).

2 Most bargaining games are played this way (see e.g. Roth 1995 and Giith 1995 for overviews).

® There are, however, a number of experimental settings that fall in between the two classes, e.g. the evolutionary
games of which Van Huyck (1997) gives an overview.
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within a reasonable number of repetitions. Likewise, bargaining games degenerate to “guess-
ing in the dark” if subjects are not provided with any information about the payoff the oppo-
nent receives and if additionally the opponent changes from one repetition to the next. For this
reason games involving little information have to be somehow “simpler” in nature if one aims

at generating behaviour that is driven by the subjects’ hope to achieve a certain goal®.

While uncertainty has been studied extensively in single-person decision tasks’, there are only
few studies dealing with games (of two or more players) involving little information. By little
information we mean that neither the payoff matrix, nor its structure, nor feedback about the
opponent’s actions and payoffs are provided®.

Very recently there have some attempts been made to experimentally investigate behaviour
under uncertainty in addition to the lack of knowledge of opponents’ behaviour. This has
mainly been done in experiments in which subjects were not given the full description of the
game they were going to play. The results from these experiments have been mixed. They

show that we are far from understanding what the driving forces of knowledge acquisition are.

In a symmetric Matching Pennies Game, which is characterised by a unique and symmetric
mixed strategy Nash equilibrium, Mookherjee and Sopher (1994) show that behaviour under
little information shows significantly more and persistent inertia. This result suggests that

subjects fail to derive complete knowledge of the game structure by simply playing the game.

The results of Nagel and Vriend (1997) are similar in that subjects obviously do not accord to
complex dynamics in order to find the (in their experiment) complicated structural implica-
tions. They rather accord to the simple learning direction theory (Selten and Stoecker 1986),
which gives them a first approximation of the optimal solution. A similar finding is reported
by Huck et al. (1999) for a repeated 4-player oligopoly game under little information. A vari-
ant of learning direction theory is found to predict individual behaviour best and outperforms

adaptation rules that rely on more information even if this information is actually given.

The sequentially played Ultimatum Game has also been studied under uncertainty. Slembeck
(1999) has conducted an experiment under various conditions and has found that behaviour of
responders as well as proposers significantly differs depending on how much information
responders get. In particular, responders having information about proposers’ payoffs were

* By restricting the set of possible payoffs to {0,1} we limit the goal to be the maximisation of the own payoff.
This argument is explicated in more detail in section 2.

> For an overview, see e.g. Camerer (1995).

® From a game-theoretic point of view the ranking of payoff entries already contains most of the information
necessary to calculate the Nash-equilibirum. A weaker, but still “more-than-little” information is to provide the
best-response structure of the game. Interesting results on the ability of subjects to extract the best-response



less inclined to accept offers in later periods than those responders who knew only about their
own payoff. Lack of information was also found to cause a significant and lasting loss of effi-
ciency.

Trials to relate behaviour of players under little information to recently developed adaptive
rules can be found in Erev and Roth (1998) and Chen and Khoroshilov (2001). While the
former find the reinforcement learning rule which was developed by Roth and Erev (1995) to
track the data best in several probabilistic two-person games with unique mixed-strategy equi-
librium, the latter find the same scheme being outperformed by variants of Camerer and Ho’s
(1999) and Sarin and Vahid’s (1999) adaptation schemes. For one game, however, Chen and

Khoroshilov complain about obtaining bad fit for all models.

A similar dissatisfying result can be found in Mitropoulos (forthcoming) in an experiment on
mutual fate control. He found that learning behaviour is far from efficient. Subjects hardly
accord to simple learning dynamics. While the Roth-and-Erev scheme is found to outperform
a probabilistic variant of win-stay lose-change, qualitative characteristics of the data are not
captured by any learning rule. The present study extends this analysis by giving the same
amount of information by way of a probability distribution over games. We, hence, control for
the beliefs of subjects on the set of possible games and are able to analyse behaviour on a set
of four different games. We further use a within-subject replication so that the effect of ex-
perience with a learning task can be studied.

For most of the previous studies a simple learning rule — if applied by all players simultane-
ously — would have led players to an optimal solution. Moreover, since the ability of players
to coordinate plays an important role in achieving a near optimal payoff, group sizes are cho-
sen rather small (two to four players). Our study remains within this general framework.
However, we depart from previous studies in that we do not simply foreclose information on
the underlying payoff scheme but provide our subjects with the complete set of possible

games”®,

Our study also differs from most other approaches in the methods used to study behaviour.
We focus on the identification of structural characteristics within subject’s play and refrain

from ranking theories on purely quantitative grounds, such as the mean squared deviation or

structure when repeatedly playing a game under information conditions similar to ours can be found in Oechssler
and Schipper (2000).

" Mitropoulos (forthcoming) argues that the inability of subjects to figure out the whole set of possible games
may, for a rather technical reason, considerably complicate coordination tasks.

® Independently, Shachat and Walker (2000) conducted an experiment in which they, too, provide subjects with
the whole set of possible games. However, they show subjects their own payoff matrix and provide a distribution
over all possible payoff matrices for their opponents only. Similar, but still different is Feltovich (2000).
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log-likelihood of predictions. We will use estimation results only for the purpose of tracking

behavioural changes as experience with the task rises.

Our main focus will rest on the coordination task subjects have to solve within three of the
four possible games. In section 2 we discuss the set of possible games. and show that a simple
learning rule (i.e. win-stay lose-randomise) is able to achieve almost complete efficiency. We
take this result as our benchmark. Section 3 is devoted to presenting the experimental design
while section 4 contains the general data analysis. As it turns out, compared to the benchmark,
subjects in our experiments suffer a considerable amount of loss of efficiency. They earn up
to 30 percent less than the benchmark payoff. We find the main determinant to be whether
subjects succeed in coordinating or not. Since we allowed subjects to repeat the 40-round re-
peated game with randomly assigned opponents and games, we further investigate for an ex-
perience effect and, indeed, we find such an effect: As subjects repeat the learning task they
obviously succeed in coordinating more quickly, even though the number of successfully co-
ordinating pairs does not increase. In search for the reason for the improvement in speed of
coordination we analyse in section 5 nine different learning rules that have been proposed in
the recent, as well as the more distant past. The characteristics of all rules are shown by way
of expected motion as well as simulations. We then compare the dynamics with the actual
data. We further fit the learning models to individual as well as aggregated data. The discour-
aging result from our efforts is that none of the rules is able to capture any effect that might be
due to experience. Finally in section 6, we show one reason for the failure of all rules to un-
cover important determinants of behaviour: while adaptive rules always focus on round-by-
round adaptation, we show that subjects make frequent use of multi-round patterns. We sus-
pect that such behaviour is driven by a disposition to explore the environment before taking

goal-specific action. We conclude in section 7.

2. The games

Consider the situation of subjects not being told which repeated game they are actually going
to play. A Bayesian approach would be to first collect the given constraints and subsequently
to derive the complete set of possible games. Having determined this set, one is able to con-
struct one’s own optimal strategy much in the same way as should be done under complete
knowledge of the game, the only difference lying in the consideration of a distribution of

games instead of only one game.

A typical situation of uncertainty, however, is that of a subject not having a clue as to what

the underlying game is. The game is only revealed gradually by actually playing the game



repeatedly. Usually, such a situation is implemented by way of simply withholding the actual
payoff matrix. The drawback of this approach is that beliefs of subjects about the set of possi-
ble games may vary and may substantially influence behaviour. Mitropoulos (forthcoming)
reports that subjects made various guesses about the actual payoff matrix which rarely coin-

cided with the true payoff scheme applied in that study.

We, therefore, choose to give subjects a complete characterisation of the distribution of possi-
ble games while keeping the situation as close as possible to that of uncertainty about the un-
derlying payoff matrix. Our instructions are almost equivalent to saying that the payoff matrix
may be any, the only restriction being that payoffs are either 0 or 1. More specifically, the
support of the distribution over games consists of all those 2-player, 2-action normal-form
games that contain only the values 0 or 1 and do not involve a weakly dominated strategy for
either player. What we are left with is a set of twelve different payoff matrices. Due to some
matrices being structurally the same as others, the sole difference lying in the permutation of
names of actions, we are left with four structurally different payoff matrices, which we subse-

quently call stage games and which we now describe in more detail.

Table 1 shows Mutual Fate Control (henceforth MFC; for a detailed description of this game,
see Rabinowitz et al. 1966). The game represents the situation in which each player’s action
determines the payoff of the opponent. Sidowski et al. (1956) emphasise that this is the sim-
plest game involving non-trivial actions and payoffs, and therefore call it the minimal social

situation.

player 2
A B
0 1
0 0
0 1
1 1

Table 1: Mutual Fate Control

A

i
—
2

S
o

B

Results from earlier work on this game under little information show that subjects had consid-
erable difficulty in coordinating on the efficient cell. In almost all cases of successful coordi-
nation pairs either coordinated during the first rounds of play or failed to do so until the very
end (of 100 rounds). This was so, despite the fact that the simple learning rule win-stay lose-
change would quickly have guided them towards efficiency. However, the analysis was in-

complete since the set of possible games had not been controlled for.



player 2
A B
1 0
0 0
0 1
1 1

Table 2: Fate-Control Behaviour Control

A

playerl

B

Fate-control behaviour-control FCBC (for a more detailed description, see Arickx and van
Avermaet 1981) is very similar to MFC. Again the actions of both players determine the pay-
off of the opponent. In FCBC, however, the action with which one player (in table 2 it is
player 2) gives the payoff to the opponent is determined by the action of the opponent. So,

one player has some influence on his own payoff while the other one has not.

As similar as MFC and FCBC look from the point of view of the stage games, as different
they are from the dynamical point of view. The simple rule of win-stay lose-change illustrates
this point. Given that both players fully accord to the win-stay lose-change rule, in MFC the
pair will converge to the efficient cell within two rounds and stay there forever, no matter
where the starting point lies. This is different in FCBC. After starting in the efficient cell,
players will stay with their actions forever. If starting in any other of the three remaining cells
players will be involved in a continuous cycle. In order to avoid the inefficient cycling a sub-
stitution of the lose-change part, for example into a lose-randomise behaviour would be ad-
visable. We will return to this point later in the text when studying efficiency and the adapta-
tion behaviour of the subjects.

player 2
A B
1 0
1 0
0 1
0 1

Table 3: Coordination

A

-
S
=

i
o

B

In the coordination game CO players have simply to coordinate on one or the other combina-
tion of actions in order to yield the efficient outcome. In case they do not succeed to coordi-
nate they both get a payoff of zero. To our knowledge this CO game has never been played
before. In fact, this game looks more or less trivial. We chose to include it into our set of
games because in the debriefing of our earlier experiment (Mitropoulos forthcoming) some of

the participants clearly indicated that they assumed this game to have been the underlying



game. Later we will see that a non-trivial number of pairs did not reach coordination until the
end, which suggests that, given little information, CO is not as trivial a game as it seems.

player 2
A B
1 0
0 1
0 1
1 0

Table 4: Matching Pennies

A

playerl

B

The matching-pennies game MP has earlier been studied by Mookherjee and Sopher (1994)
and Ochs (1995). It is the constant-sum game in which each action allows for both winning
and losing. Game Theory implies that subjects will end up playing each strategy with equal
probability. However, players have no positive incentive to do so; instead, giving equal prob-
ability to both strategies is the sole mixed strategy that impedes exploitation®. Because of this,
it is far from obvious that subjects will accord to the Nash-equilibrium. The analysis by
Mookherjee and Sopher (1994) showed that subjects approximate the Nash equilibrium fairly
closely when being informed about the game, but do not conform to stochastic play when left
ignorant about the payoff matrix. Ochs (1995) further investigated play under complete in-
formation and found that even when knowing the payoff matrix and when being allowed to
issue mixed-strategies, the accordance to the Nash equilibrium in the MP game is mainly due

to the extreme symmetry of the game.

The distribution over games placed equal probability on each of the four games. Given the
game, the distribution placed equal probability on each of the payoff matrices belonging to
each game. Subjects were neither informed of which player position (player 1 or player 2)
they were assigned. This was again determined via a random draw giving equal probability to

each position.

3. Experimental procedure

We conducted the experiment at the MaXLab (the Magdeburg Experimental Laboratory) in a
fully computerised laboratory. In each session 10 subjects — most of them first-year business
and economics students — were randomly allocated to computer terminals, which were sepa-
rated by mobile cardboard devices. A custom-made computer program, written in Java,
helped to make decisions conveniently and to view all information gathered during play. In

total, there were 120 subjects participating in the experiments.

® This point has extensively been discussed by Fudenberg and Levine (1993).
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At the beginning of each session, subjects were handed out the instructions on paper. The ex-
perimenter (always being the same person) read aloud the instructions. Subjects were then
given the opportunity to privately ask questions to the experimenter. Most questions could be
answered by simply repeating the corresponding sentences from the instructions. After that,
trial rounds were played in which four rounds of each of the four games were played against a
computer opponent. Prior to playing the trial rounds, subjects were informed of what the
computer was exactly going to play and that these decisions were not going to be paid. They
were explicitly told that the trial rounds were intended to make subjects familiar with the
computer program, the decision task and the set of possible games. After finishing the trial
rounds subjects again were given the opportunity to ask questions. This part of the experiment
took 30 to 45 minutes.

By internal computer assignment subjects were then randomly matched to pairs and payoff
matrices. Subjects played 40 repetitions of the stage game. They were neither told which of
the possible payoff matrices nor which of the possible games they actually played. They were
also left ignorant about their player position. In order to leave the focus on payoff maximisa-
tion and to avoid subjects playing for the revelation of the underlying game we decided not to
tell subjects which game they had been playing even after the games were ended. The only
feedback they got was their own payoff of the last round stated in lab dollars. On the screen, a
separate window stored all information they got until that round (round number, action, pay-
off), so subjects did not need to take down any notes. The same procedure was repeated four
times. We term these repetitions of the forty-round repeated game as parts. Hence, games and
opponents were assigned randomly to the subjects in each part. Pairs were matched so that no
subject played with the same opponent more than once. Subjects were informed of all this in

the instructions.

At the end of the experiment the experimenter separately and privately paid off subjects. Each
lab dollar was converted into 0.30 German Marks. A show-up fee of 5 German Marks was
added. Money earnings varied between 25 German Marks and 50 German Marks with the
average lying at 38 German Marks, while sessions lasted for 90 to 120 minutes. At the time

the experiments were run students’ wages were approximately 14 German Marks per hour.

In the instructions, subjects were presented all relevant payoff matrices, i.e. all four payoff
matrices as described above as well as all payoff matrices with all possible permutations of
actions. They were explicitly told that each of the games could occur with equal probability
and each of the permutations of a game again could occur with equal probability. We re-
stricted the random assignment only in the way that in each part each game was played by
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exactly 15 pairs. In order to make the games more comprehensible we provided a brief verbal

description of the games. We took great care to design the description as neutrally as possible.

4. Data analysis

4.1 Coordination

We start the analysis with the coordination rate within games and parts. The large data set
does not allow for a single simple definition to capture all the details of the individual coordi-
nation dynamics. There were some pairs that succeeded in coordinating very late in the part,
while others coordinated rather soon and exhibited some deviations from the efficient cell
towards the end. In order to capture the former as well as the latter we decided to use a step-
wise criterion (requiring an appearance rate of roughly 80%) to discriminate between coordi-

nating and non-coordinating pairs:

Definition 1:
A pair coordinated on the efficient cell if (i) within the last 7 rounds at least 6 rounds,
or (it) within the last 10 rounds at least 8 rounds, or (iii) within the last 20 rounds at

least 16 rounds resulted in the efficient cell.

Implicitly, we exclude consideration of the MP game in which the term *“coordination” could
be interpreted as joint play of the Nash-equilibrium using mixed strategies giving equal prob-
ability to both actions. For the moment, we also do not take into account those pairs that ful-
filled the above definition for a different than the efficient cell. We only mention that there
were two such pairs (2.2.4 and 12.4.4) that both were FCBC games wherein player 1 for a
very long sequence continuously played action A while player 2 showed some variable behav-

iour.

We now turn to the analysis of the coordination success of the pairs between games and parts.
The following Table 5 provides an overview of coordination frequencies, whereby each inner

cell contains a set of 15 observations.

part

1 2 3 4 sum

MFC 6 9 9 6 30
FCBC 4 7 12 8 31
Cco 12 15 14 12 53
sum 22 31 35 26 114

Table 5: Frequencies of coordinating pairs

We notice that, not surprisingly, the coordination rate for CO is very high. However, there is a

non-trivial amount of non-coordinating pairs (7 out of 60). For MFC as well as FCBC we find
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that the overall coordination rate is almost exactly 50%. However, the coordination rates for
MFC and FCBC are a bit lower for part 1 and so are rather similar to what has been observed
in previous experiments with complete uncertainty about the set of possible games (Rabi-

nowitz et al., 1966, Mitropoulos, forthcoming). We summarise this as

Observation 1:
As compared to complete uncertainty about the underlying game, the coordination
rate of pairs playing MFC or FCBC is roughly the same as when prior to playing the

game the probability distribution over games is given.

For both MFC and FCBC we further find a single peaked curve of coordination rates over
parts; however, neither a chi-square nor a Kolmogorov-Smirnov test can find a significant (to
the 10%-level) difference to a flat distribution (i.e. 7.5 coordinations for each game in each
part) for either of the games or even for the sum of both. Somewhat astonishing is that even
for CO we observe the single-peaked coordination rate; this, however, is a very weak observa-

tion and may very well be due to chance events.

We further checked for the correlation of successes among subjects and did not find any sign
of concentration of successes. In more detail, we ran Monte Carlo simulations for the success
of subjects, once taking the true rate of coordination for each game and each part as underly-
ing distribution and once taking coordination to be a 50-50 chance event, and compared the
resulting simulated distributions of the number of subjects over the number of successes with
the according actual distribution via a chi-squared test. The results are displayed in table 6.

number of coordinations

0 1 2 3or4 chi-square p-value
actual observation 33 60 19 8
expectation 1 35.41 54.03 24.28 6.28  3.4517 0.4853
expectation 2 3755 51.65 24.44 6.37 47247  0.3167

Table 6: Actual numbers of subjects with the according number of successful coordinations
and average numbers from simulations

The comparison of actual observations with the expected numbers calculated from 10,000
simulations of populations using the empirical frequencies (row titled “expectation 1) is not
significant. Likewise the observed distribution is not significantly different to a distribution
calculated from 10,000 simulations of populations using the uniform distribution of success
(row titled “expectation 2”). We, hence, cannot reject the hypothesis that subjects’ successes
to coordinate were determined with equal probability for all subjects. Note that the above tests
are rather strict, since we did not take into account that subjects’ successes were determined

within pairs.
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For the understanding of how people got to coordinate to the efficient cell it is equally impor-
tant to have a look at the starting round of coordination. Since for some pairs play turned out
to be quite variable we had to fix some rule according to which the first encounter of a large
number of coordination outcomes can be uniquely identified. Notice that we separate the gen-
eral definition of coordination from the time at which coordination starts, because a joint defi-
nition appeared to result in a very complicated rule that would have impeded interpretation.
For the definition of the starting round of coordination we took the following rule (a formal

definition requires some notation, and therefore is given in appendix B).

Definition 2:

The starting round of successful coordination of a coordinating pair is determined by
the first round of the first sequence of successful coordinations that’s length is nei-
ther eventually exceeded by a sequence of non-coordination nor is exceeded by 3

times the length of the directly following sequence of non-coordinations.

We are aware of the fact that this definition does not include sequences in which a large num-
ber of coordination outcomes have regularly been interrupted by single non-coordinating out-
comes. On the other hand, it does include sequences in which pairs had a sequence of 5 or 6
coordination outcomes early on, then had a long sequence of variable outcomes and finally
returned to regularly coordinate. Both types of pairs, however, have rarely been observed.
Given our above definition table 7 summarises the data.

part
1 2 3 4 all
MFC 11.83 10.44 9.78 2.83 9.00
FCBC 18.75 13.14 10.00 4.25 | 10.35
CO 9.00 5.07 4.86 7.92 6.55
all 1155 8.45 7.89 5.60 8.2

Table 7: Average starting round of coordination

Recall that from Table 5 we did not get evidence in favour of the hypothesis that with experi-
ence subjects learn to coordinate more often. As we see from table 7, however, the starting
round of coordination is persistently declining over parts; the only exception being part 4 in
CO. A Jonkheere test for samples ordered by parts gives us asymptotic two-tailed p-values of

<0.05 for each game separately as well as for all games combined. We may, hence, conclude

Observation 2:

With experience subjects tend to coordinate more quickly.

Coordination was clearly easiest in CO. However, contrary to table 5 table 7 suggests that
there is a distinction to be made between FCBC and MFC. It looks as though the average
12



starting round of coordination is lower for MFC. However, a custom-made randomisation test

fails to show significance (p = 0.27).

4.2 Efficiency and payoffs

We now turn our attention to the efficiency issue. We first have to determine what efficiency
actually is. Since at the beginning of a game subjects were not aware of how to gain their
payoffs and naturally needed time to learn about the incentives of the game, we deem it unjus-
tified to compare actual payoffs with the maximum payoff available. We prefer the bench-
mark to be defined by the average payoff that is gained when both players apply the most ef-
ficient simple adaptive rule, which for our games turns out to be the win-stay lose-randomise
dynamics®. From this ideal model the benchmark payoffs for the games MFC, FCBC, and
CO were found to be 69.8, 68.3, and 78, respectively. This benchmark also functions as a
moderator between the games as efficiency requires a higher payoff in those games in which

coordination was easier. The average payoffs for pairs over parts are shown in figure 1.

100 )
80 ———%
o0 | ——MFC
S —=—FCBC
40 -
co
20 -
0
1 2 3 4
part

Figure 1: Efficiency rate over parts based on benchmark payoffs
We first notice that there are considerable inefficiencies in all three games. As expected, effi-
ciency is generally highest in CO, lying between 83% (part 4) and 96% (part 2). However,
due to the higher benchmark the difference to the other games is not very pronounced. We

further notice that

Observation 3:
The expected increase in efficiency over parts can only be observed for FCBC
(Jonkheere-test, p < 0.01).

This test includes the data from part 4, meaning that the rise from part 1 to part 3 (62% to
93%) overcompensates for the drop to 83% in part 4. For MFC and CO we cannot find a sig-

19 A more elaborate justification of the choice of win-stay lose-randomise is given in section 5.1.
13



nificant trend over all parts. However, for CO we find a significant rise in efficiency over

parts 1 to 3 (Jonkheere-test, two-tailed, p < 0.01). For MFC even this cannot be found.

When comparing efficiency rates between games we only find significant differences between
CO and the other two games, while a difference between MFC and FCBC cannot be con-
firmed. Separate Mann-Whitney-U tests for parts show that differences between MFC and CO
cannot be attributed to single parts as for none of the parts the p-value lies below 0.1. How-
ever, the overall significance is p = 0.04. Tests on the difference between FCBC and CO show
that efficiency is significantly higher in CO only for parts 1 and 2 (p = 0.000 and p = 0.023,
respectively).

In addition to the payoff for a whole pair, we are also interested in the payoff development of
the individuals. The following figure 2 (a — ¢) provides information on this issue. Each figure
shows the development of average payoffs for one game over 8 blocks of 5-round averages.

Each line stands for one part.
MFC FCBC CO

0,9 - 0,9 - 0,9 -
08 - 081 AT
0,7 { 07 1
0,6 - 06 1
05 - o5
5 04/ 04 04
03 1 03 A 03 A
0,2 1 0,2 1 0,2 1
0.1 1 0.1 A 0.1 A

ge payoff
(=]
)

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
block block block

[] part1 — part2 A part3 X part 4
Figure 2: Individual average payoffs over 8 blocks of 5-round averages
In addition to observation 3 we can state that, not surprisingly, payoffs always slightly in-

crease over time, while the marginal rate of payoff gain roughly declines.

As for the development of average payoffs over parts we checked whether there are differ-
ences within the first 10 rounds, rounds 16 to 25 and the last 10 rounds of each part. For MFC
we do not find any significant differences at any of the investigated time intervals. Hence,
experience does not lead to higher payoffs in this game. In contrast to that, for FCBC we find
that, within the first 10 rounds, average payoffs rise with experience (Jonkheere test, p < 0.01,
two-tailed), though differences between successive parts cannot be detected (corresponding
Mann-Whitney-U tests always yield p > 0.1). Towards the end, however, average payoffs
appear to converge. In particular, no significant differences between any two parts can be de-
tected and the corresponding Jonkheere test for a trend with experience yields insignificance
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(p = 0.67, two-tailed). In CO differences in average payoffs between parts can only be found
for the first 10 rounds, where Mann-Whitney-U tests show differences between parts 1 and 4
on the one hand and parts 2 and 3 on the other hand (significances always with p < 0.01). A
Jonkheere test for a trend over parts is not significant when considering all parts, but yields

significance for parts 1 to 3 (p = 0.452 and p < 0.01, respectively). Summing up we may state

Observation 4:

Significant experience effects on average payoffs are rarely noticeable. The only
ones we could detect were limited to either the first rounds (CO) or the intermediate
part of play (FCBC). These can be explained by the number of successfully coordi-
nating pairs and the corresponding starting round of coordination.

For FCBC, we additionally examined whether there are specific differences between the
player roles, i.e. those players having a unique strategy with which they give a point to the
opponent and those whose giving strategy depends on the action played by the opponent. We

did not find any such difference.

5. Analysis of learning

5.1 Basic one-period adaptation behaviour

In terms of learning we first investigate compliance to the win-stay lose-change scheme,
which has often been proposed to account best for bivariate decisions under uncertainty (see
e.g. Rabinowitz et al. (1966)). The following figure 3 shows aggregate data on the win-stay
part of the learning scheme. We separated aggregation between those pairs that did converge
and those that did not converge. Win-stay rates for coordinating pairs are calculated only for

the rounds until the coordination phase sets in.
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Figure 3 (a and b): Average win-stay rate over parts
(left: non-coordinating pairs; right: coordinating pairs)
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We first note that all win-stay rates (i.e. the rate of staying after succeeding in getting a point)
always lie within the range of 0.5 and 0.8, which is rather low as compared to the theoretical
prediction of 1. One may argue that since subjects did not know which game they were actu-
ally about to play, they may have assumed that the underlying game was MP in which a win-
stay rate of 0.5 is just a Nash-equilibrium. However, considering that MP had a 0.25 chance to
occur, the win-stay rates are too close to 0.5 to be justified by this argument. We further do
not find any correlation between experience (as expressed in the part) and win-stay rates. We,

hence, state

Observation 5:
Subjects’ accordance to stay after winning a point does not depend on the experience

gained.

What we do find, however, is that subjects in pairs that eventually coordinate do have a
slightly stronger tendency to accord to the win-stay rule. In particular, Mann-Whitney-U tests
show that win-stay rates are higher for subjects in coordinating pairs in MFC (p < 0.01) and in
FCBC (p < 0.1). However, a closer look reveals that for both games this significant difference
is solely caused by the observations within part 3. We therefore do not dare to state this find-
ing as an assumedly stable observation and, hence, cannot confirm that accordance to the win-
stay rule is a major vehicle for coordination. We further note that in MP the rate to stay after
winning a point persistently lies at about 0.7. This is much higher than the theoretically pre-
dicted 0.5. At this stage we may suspect that this effect is caused by a significant amount of
inertia. However, we also have to look at dynamics within each part in order to finally assess

this. This is done below.

Before turning to the dynamics within a part, we have a brief look at the aggregate data on the

compliance to the lose-change part, which is summarised in figure 4.
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Figure 4 (a and b): Average lose-change rate over parts
(left: non-coordinating pairs; right: coordinating pairs)
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Again we find that compliance is rather low, lying at about 0.5 on average. Note that, contrary
to the win-stay part of the strategy, randomisation after losing may well be more advisable in
all games except MFC. So, we are not surprised to find lose-change behaviour to roughly ac-
cord to randomisation. We also do not find any tendency that is dependent on experience. The
same is true for subjects in coordinating pairs. However, we are surprised to find the lose-
change rate to lie highest for MP (pair wise Mann-Whitney-U tests, p < 0.01, two-tailed),
since the game dynamics of MP should favour randomisation more than in other games. We
suspect that this phenomenon is a consequence of over-randomisation on part of the subjects,
which has been found to be frequent in games with unique mixed-strategy equilibria (see for

example Brown and Rosenthal 1990). We summarise our findings in

Observation 6:

Compliance with changing action after losing is rather low, lying at about 0.5. No
dependency on the amount of experience can be found. The lose-change rate is high-
est for MP.

We next examine the win-stay lose-change dynamics within parts. For this purpose we subdi-
vide the forty rounds of play into two blocks of 20 rounds each. We then analyse differences
between the first and the second half of a part. We again start with the win-stay analysis (table
8).

rounds rounds
2-20 21-40 observations

MFC  0.67 0.67 60
FCBC 0.67 0.63 58
CO 0.60 0.60 14
MP 0.72 0.67 120

Table 8: Average win-stay rates over 20-round blocks
(only non-coordinating pairs)

The first thing to notice is that none of the games shows a tendency towards more compliance
to the win-stay process from one half of the part to the second. This is contrary to what Rabi-
nowitz et al. (1966) have found but in line with the findings of Mitropoulos (forthcoming).
The decline is strongest for MP and may partially be due to the incentive to play stochasti-
cally. Nevertheless, the findings suggest a disprove of the win-stay assumption. The next table
9 shows the aggregate data for the lose-change part of the theory.
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rounds rounds
2-20 21-40 observations

MFC  0.50 0.49 60
FCBC 0.52 0.47 58
CO 0.47 0.46 14
MP 0.59 0.59 120

Table 9: Average lose-change rates over 20-round blocks
(only non-coordinating pairs)

Even for the lose-change part of the theory we cannot find any shift towards more compliance
to the simple dynamics. The rates are rather stable. In table 9 the most dramatic decline can be
observed for FCBC. This time for MP we find neither more nor less accordance to the lose-

change process. We summarise the findings in

Observation 7:
None of the games shows an increase in either the win-stay rate or the lose-change

rate from one half of the game to the second.

We checked the robustness of this observation in two ways. We, first, replicated table 8 and
table 9 using the first and the last 10-round blocks instead of the first and last 20-round
blocks. We came to the same conclusion, the only difference lying in the lose-change rate
within MP that slightly increases over the two blocks. Second, we also looked at the same
rates for each part separately and found only few instances where there were increases in ei-
ther the average win-stay rate or the average lose-change rate over the two 20-round blocks.
Overall, we were confirmed in the finding, that a decline in both win-stay and lose-change

rates is the rule.

5.2 learning rules

Observation 2 indicates that, as subjects repeat the 40-round task, they obviously improve
skills in coordination. The question now is how subjects manage to do this. A natural hy-
pothesis is that subjects in the first part of the experiment start with the application of a certain
adaptive rule and adapt to their experiences in the past by changing the shape of adaptation in
later parts of the experiment. This calls for an analysis of meta-adaptive behaviour, which, as
yet, has rarely been studied in experimental games™. Our approach is to take a large set of

adaptive rules, all of which are applicable to our low-information environment, and to com-

1 An exception is Stahl (1999), who includes a parameter in his maximum likelihood estimation that measures
the extend to which adaptation rules from one part of a repeated game with full information are transferred to
another repeated game.
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pare characteristics of the rules with actual play. In this section, all adaptive rules are thor-

oughly introduced. In the next section the results on these rules are presented.

In order to keep our presentation as simple as possible, we decided to use a unified notational
framework. In our two-person two-action two-valued payoffs setting we denote players by

i0{L,3 and actions by jO{A, B} . In case the model is based on probabilistic decision proc-
esses, we denote the probability of player i to play action j at time t by p/ (t) Some models

are based on evaluations of approximates to expected payoffs associated with actions. Such

approximates for player i and action j at time t are then denoted by u/ (t) In some models
these approximates are somehow processed to G,/ (t) which then give the basis for the subse-
quent decision. The actual choice of player i at time t is given by a, (t) and the actual payoff
to player i at the end of period t is given by ni(t). Some models further consider aspiration

levels that develop over time. They are addressed by b, (t).

Most of the learning rules we present below are parameterised versions of adaptation rules
that have been analysed in the past; the only exception being the adaptation rue discussed first
which is free of any parameters. We restricted models to have up to 2 parameters, which we
call a and . Mind that a and S do have different meanings in each model and therefore are
added a suffix for the model they are related to. The reason for restricting the parameterised
models in such a way is to keep degrees of freedom constant. We thereby circumvent the us-
age of information criteria for the comparison of different theories. We are aware of the fact
that the strength of certain adaptation rules is their simplicity while others are better in nesting
different aspects of cognition via a number of parameters. In this sense, the restriction of the
number of parameters to two is a compromise between reducing theories to their cores and
allowing for calibration to our data. For the simulations in this section we will use arbitrary
chosen values that help to show the basic dynamics of the adaptation rules. In the next subsec-

tion, parameters will be determined via maximum likelihood estimations.

Win-Stay Lose-Randomise

Consider first the rule win-stay lose-change. This rule has been shown to be very successful in
settings involving dilemma situations, sometimes even outperforming tit-for-tat (see Nowak
and Sigmund 1993). This simple learning rule is related to the learning direction scheme de-
veloped for larger strategy spaces by Selten and Stoecker (1986) while analysing Prisoner’s
Dilemma supergames and further investigated by Selten and Buchta (1994) on auction data.

The idea is simply that whenever the individual fails to reach the optimal goal she will com-
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pute the direction of ascent and adjust her decision accordingly. In our two-strategy two-
outcome space this scheme translates into staying with one’s strategy if it yielded a payoff of
1 and changing if it resulted in a payoff of zero.

One can easily see that in our game space this adaptation rule is not very efficient. Even when
assuming that both players are strictly following the win-stay lose-change rule we get into
inefficient cycles of adjustment. Applying this rule to both players of a pair, the MFC game is
solved rather quickly (for sure within 3 rounds of play). However, in CO starting in one of the
two inefficient cells would lead this process into an infinite cycle between these two cells,
and, similarly, in FCBC they are quite likely to get stuck in the inefficient cycle (AA), (AB),
(BA).

Such cycles can be avoided by introducing randomisation. Since the win-stay part is neces-
sary for lasting coordination in MFC, FCBC, and CO randomisation is better introduced by
replacing the lose-change part with lose-randomise. As a consequence the time needed to co-
ordinate in MFC and CO slightly increases, but in turn FCBC is solved almost as quickly as
MFC. In order to accept win-stay lose-randomise as a good benchmark in our setting we still

have to clarify the dynamics within MP.

From the outset, it is clear that in MP the sole Nash-equilibrium is for both players in each
round to choose each strategy with equal probability. Since in all other games this is not a
good rule we have to dismiss this trivial adaptation rule as an optimal strategy for our game-
space. Playing best-response strategies to both win-stay lose-change as well as win-stay lose-
randomise, however, result in best-response cycles. Using the obvious abbreviations we get (i)
WSLC > WCLC > WCLS > WSLS > WSLC, and (ii) WSLR > WRLC > WCLR >
WRLS -> WSLR. Still, there is good reason to become involved in cycle (ii) rather than in
cycle (i). While payoffs from strategies in cycle (i) are completely eradicated by the best-
response strategies, payoffs are diminished only partially in strategies involving the lose-
randomise part. Hence, win-stay lose-randomise has the virtue of being an almost optimal
strategy in MFC, FCBC, and CO whilst also being part of a small best-response cycle within
MP.

Bush and Mosteller

Psychologists started to theoretically describe learning processes in the early 20" century.
Thorndike (1932) and Estes (1950) already formulated basic characteristics of simple learning
processes. They drew their findings mainly from laboratory experiments with rats and humans
involving single-person decision tasks. Subsequently, a number of stimulus-response models
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were developed in order to account for observed behaviour. Among them, the most prominent
which is also applicable in settings of multi-person games and therefore is of much interest
until today is one variant of the theory developed by Bush and Mosteller (1955).

The basic idea of their model is that an action chosen in one period will be played with higher
probability at the next decision node, if it has resulted in a reward and will be played with less
probability, if it has resulted in non-reward. This translates to

prt)= o™ el el

+ ,BBM [(]1_ piB (t))ﬂ{%]gzt:)/-\:ow [ﬁ_ piB (t))Eﬂ[%

An important feature of this rule is that reinforcement of an action after having resulted in

e

success (or reward) and reinforcement of this action after the alternative action has resulted in
failure (or non-reward) is larger the less likely the choice of this action has been. Bush and
Mosteller assume that there is a linear relation between current choice probability and subse-

guent choice probability whereby the reinforcement parameter may be different between
situations in which the action chosen resulted in success (a®) and situations in which the

action chosen resulted in failure (8®™).

The dynamics resulting from this scheme are shown in figure 5. The first row shows the tran-
sition dynamics for each of the four stage games, whereby the x-axis denotes the probability
of player 1 playing action B and the y-axis denotes the probability of player 2 playing action
B. The arrows indicate the direction and the relative strength of the expected adjustment of
the mixed-strategy profile. Note that the sizes of the arrows are normalised, so that no com-
parison on the strength of adjustment can be made between diagrams. In order to show the
predicted speed of adjustments and to capture the impact of time-varying influences we added
one more row showing simulations of representative pairs of players. In more detail we first
divided the unit space of mixed-strategy profiles into four quadrants and then printed the av-
erage path resulting from all pairs starting in the respective quadrant. We used average pro-
files of 1000 simulated pairs at each round to approximate the path'?.

12 Similar figures for the average path of play of simulated players can be found in Feltovich (2000).
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Figure 5: Dynamics of the Bush-Mosteller (BM) learning scheme (a®M=£"=0.5)

Because of the BM-scheme describing a Markov chain it is no surprise that the dynamics co-

incide very much with the simulated pairs. In MFC quick adjustment towards the efficient

pair of strategies (pi°, p2°) = (1, 1) can be observed. In FCBC there is a tendency to adjust

much more slowly towards (1,1). In the CO game there is quick guidance towards the diago-

nal from where there is no incentive to adjust further. And in MP pairs cycle clockwise to-

wards the only Nash-equilibrium (0.5, 0.5) whereby convergence is reached rather quickly.

In order to illustrate the difference to the next learning rule by Mookherjee and Sopher (1994)

we also need to look at the dynamics of asymmetric parameters. For this purpose we take

a®™ =0.8and B =0.2 and show the corresponding figure 6.
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Figure 6: Dynamics of the Bush-Mosteller (BM) learning scheme (a®'=0.8, ,BBM:O.Z)
The main difference to figure 5 is that convergence of profiles is reached more slowly. Addi-
tionally, in FCBC there is a slight drift towards the upper left quadrant, reflecting the influ-
ence by player 1’s action on his own payoff. Finally, in CO we observe a slight tendency to
drift towards the efficient states (0, 0) and (1, 1).

Mookherjee and Sopher

A model which is very similar but not quite the same as that by Bush and Mosteller is the one
formulated by Mookherjee and Sopher (1994). They also take a linear difference equation but
assign different reinforcement parameters to the vindication or refutation of a specific action
rather than the confirmation of either action. Mathematically this means

p(t+1)= pP(t) +a™ (- p [ S 40
ko] al-

D I

+,BMS | N t
" () E '.(t)J[ (()

In case a®™ = B°® and a™ = B™ we get identical special cases of the two models. In case
we use asymmetric parameters, however, we do observe different dynamics. For illustration

we take the case of & = 0.8 and £"° = 0.2 and show the corresponding figure 7.
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Figure 7: Dynamics of the Mookherjee-Sopher (MS) learning scheme (a°=0.8, £°=0.2)
Compared to the figures within the Bush-Mosteller scheme we see that in MFC incentives to
adjust towards the efficient (1,1) are identical in shape but stronger, as the simulations show.
A similar, but slightly deranged picture is drawn for FCBC. In the CO game, despite its sym-
metry concerning the two actions, the Mookherjee-Sopher scheme suggests a drive towards
(1,1). And for the MP game we again observe a clockwise cycle, but one that is shifted to-
wards player 1 playing B with high probability, while player 2 keeps up playing both strate-
gies with equal probability.

The dynamics obviously result from the parameters simply implying stronger adjustment for
vindictive experience with B than with A, which is a rather unreasonable assumption in a
situation in which the names for the actions are nothing but labels. In our environment players
start off playing the repeated game without knowing the labels of one’s actions. Unless there
is evidence that subjects try to match labels (e.g. due to focal points) which they quickly iden-
tify while playing there is little sense in assuming anything else than & = 8. From this
point of view, the Bush-Mosteller scheme looks richer in structure, since it allows for differ-
ent reinforcements depending solely on the feedback rather than on combinations of feedback

and label.

Cross
Drawing from the same stimulus-response concept, Cross (1973) formulated another similar
model. The difference to the two models above lies in the different interpretation of payoffs.
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p? (t+1)= p? (1) +a(m )~ p? )1, (10
~a(m(t))p (t) A, ()=a
To Cross the reinforcement parameter for the linear difference equation is a monotonic func-
tion a(.) of the payoff resulting from the respective action. A payoff of 0, hence, does not
necessarily mean that the probability of repeating the same action will be reduced. Cross even
considers a(.) to be the identity, so that a(0)=0, meaning that a payoff of 0 results in the
continuation of the given choice probabilities. We follow Cross and use a(77)=a® Gr+ <.

In figure 8 we use a“" = 0.9 indicating a rather strong tendency to adjust, and 5°% = 0.
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Figure 8: Dynamics of the Cross (CR) learning scheme (a“?=0.9, f°*=0)

Again, the dynamics can be seen to differ from the learning rules above. While in MFC there
is no drive towards any direction, i.e. pairs will wander around according to chance events, in
FCBC there will be a simple adjustment by player 1 only, the one player who has some influ-
ence on his own payoff. In CO there are symmetric drifts towards the efficient pairs (0,0) and
(1,1), while the strength of the drifts diminishes the closer the pair gets to the diagonal or the
anti-diagonal. Finally, in MP one again observes a clockwise cycling around the unique Nash-
equilibrium. However, differently to Bush-Mosteller and Mookherjee-Sopher the cycling does
hardly show any attraction towards the center.

Borgers and Sarin
A model that is still in the tradition of reinforcement rules but introduces aspiration is that by

Borgers and Sarin (1997). They let the agent’s aspiration evolve according to a simple linear
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process, while choice probabilities are reinforced by an amount proportional to the distance
between the aspiration level and last period’s payoff.
p(t +1) = p? (t) - [ (t) - b(t) PP (t) + 7 t) - b (t)lﬂ{ a5 1 an )
07 (t)>b; (t) [Dm(t)sbi(t)
The aspiration level of individual i evolves according to

b(t+1)= B%b,(t)+ (L~ 8% ) (1)
The second parameter is given by the initial aspiration level, i.e. & = bi(1). The evolving
aspiration level b causes the stationary look at the dynamics to neglect certain time-dependent
aspects. For illustration we, hence, provide dynamics and simulations for two distinct cases,
namely o®° = 0.9 (i.e. initially optimistic agents) in figure 9 and &®° = 0.1 (i.e. initially pessi-

mistic agents) in figure 10.
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Figure 9: Dynamics of the Borgers-Sarin (BS) learning scheme (a”°=0.9, £°°=0.1)
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Figure 10: Dynamics of the Borgers-Sarin (BS) learning scheme (a°°=0.1, £°°=0.1)
The main difference between optimistic and pessimistic players is that pessimists adjust more
smoothly to vindictive experiences. For pessimists, vindictive experience causes the chosen
strategy to be reinforced strongly, while refuting experience causes small adjustments of
choice probabilities. For optimists the opposite is true; vindication has small effects and refu-
tation has large effects on choice probabilities. As a consequence, the volatile behaviour of
optimists in the game FCBC causes them to get stuck in intermediate choice probabilities un-
til the aspiration level has decreased to values in the order of expected payoffs. To the con-
trary, pessimists show steady adaptation in the direction of efficient play. The rising aspiration
level causes the reinforcing effect of vindication to decrease at much higher choice probabili-

ties for action B than is observed for optimists.

Similarly for the game MP we find that the Borgers-Sarin scheme with optimistic aspiration
levels resembles that of the cycling Cross dynamic, while the Borgers-Sarin scheme for pes-
simists looks more similar to the converging symmetric Bush-Mosteller scheme. The differ-

ences vanish as the aspiration levels approach levels near 0.5.

Roth and Erev’s reinforcement learning

The above reinforcement learning rules are all restricted to process only current choice prob-
abilities and last periods payoffs. In this respect they all share the feature of complete loss of
memory, i.e. they can be visualised as infinite-set Markov Chains. A model still confined to
the reinforcement idea but with an additional consideration of memory is that by Roth and
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Erev (1995)'%. The idea of this process is that probabilities are indirectly determined by cumu-

lated propensities. The propensities evolve via

u! (t+1)= g™ m/ (t) + m (t)1

a(t)=j

i.e. the propensity of an alternative is first discounted by a depreciation parameter 8¢ (Roth
and Erev 1995 call it the “forgetting parameter”). If this alternative has been chosen in the last
round then its propensity is added the actual payoff that resulted from that decision, otherwise
the propensity stays at the discounted level. The second parameter of the model determines
the strength of initial experience, which is defined as the sum of initial propensities, i.e.

a™ =ul(1)+u? ).
The choice probabilities within a round are then simply proportional to the sum of propensi-

ties:

u/ t)

uy (t)

k{ A,B}
The basic dynamics are depicted in figure 11. In fact, the diagrams show little difference to

pg&):

the ones for the Cross scheme, the reason being that the only difference lies in the introduc-
tion of diminishing effects of feedback via increasing values for the propensities. Hence, the
basic difference lies in the process tending to slow down after a while, which has been termed
by psychologists the power law of practice.

MFC FCBC CO MP
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Figure 11: Dynamics of the Roth-Erev (RE) learning scheme (&*®=1, £*=0.95)

13 This process has first been presented by Harley (1981) as a solution to the problem of finding an evolutionary
stable learning rule.
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Apart from the apparent slowing down of the process as play advances, the process shares all
characteristics of the Cross scheme.

Karandikar et al.

Karandikar et al. (1998) also consider evolving aspirations but give up the idea of reinforced
choice probabilities. Rather, they vary the idea of win-stay lose-randomise by specifying the
randomisation process. The scheme win-stay lose-randomise as discussed above can be ap-
proximated by special cases of the Karandikar et al. scheme. Their approach is not construc-
tive in the sense that they only stated necessary conditions but did not explicate the randomi-
sation rule. The model they present looks as follows.

PPt +1) =1 e 1 +hbiO)-m AT e 1+ 00 E)-7END- a1,
[Dm (t)=b; (t)W [Dm (t)<b (tﬂ [Dm (t)<bi (t)

whereby h() fulfils (i) h(0)=1, (ii) —o<g<h'(x)<0 for all x and some §, and (iii)
h(x)=p >0 for all x and some P, so that the probability of change is bounded away from 0.

They also assume that the aspiration levels evolve probabilistically with
Plo;(t +1) = 1- 8% b, (t) + 875 (t)| =1-1** and
Plo.(t+2)= - 8 b (0)+ B 1) + S o, 1)] =

whereby G(b()) is a random variable with density g(.|b).

Since the perturbation of the aspiration level is important only for games involving Pareto-
ordered Nash-equilibria (such as in the stag-hunt game or the Prisoner’s Dilemma) we assume

deterministically evolving aspiration levels, i.e. 7* = 0. For further analysis we specify
KA
h(x) = arctan£y—2 + tan(z [ \\ £
X 2 m

whereby y** indicates the speed of decline as the gap between aspiration level and actual pay-
off rises and J* denotes the asymptotic bound from below. Just as the win-stay lose-
randomise rule, but contrary to all other schemes, the Karandikar et al. scheme suggests a
probability assessment that is solely based on the previous action and payoff and ignores pre-
vious choice inclinations. The dynamics for this scheme are depicted in figures 12 and 13. For
the purpose of exposition, we fix y** = 0.2 and 3 = 0.1, so that h(.) shows reasonable sensi-
tivity as its argument varies between 0 and 1. The basic characteristics of the process do not
depend on slight variations of these parameters. Similar to the Boérgers-Sarin scheme we show
the dynamics for players with initially optimistic aspiration levels and the dynamics for play-

ers with initially pessimistic aspiration levels.
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From the figures we see that for the Karandikar process the initial aspiration level has a mark-

edly different impact than on the Bérgers-Sarin scheme. Here, starting with a low initial aspi-

ration level easily causes players to get stuck in actions that regularly yield zero payoff, be-

cause the difference between the low aspiration level and the payoff of zero is not large

enough to induce a change in choice. This observation uncovers one of the weaknesses of the

scheme; even if we introduce small shocks in aspiration levels the process would need a large

amount of time to leave a strategy that returns the expected low payoff. Experimentation with
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the parameter o™ showed that for our game environment values of about 0.3 suffice to make

lock ins sufficiently improbable so that the dynamics follow the trajectory.

Somewhat surprising is the fact that the Karandikar scheme, when initialised with optimistic
players, roughly yields the same dynamics as the Bush-Mosteller scheme, even though it does

not make use of last round’s choice probabilities.

Sarin and Vahid

A completely different approach is that of using past payoffs to generate approximates for the
expected payoffs of the respective alternatives. Not the first, but probably the simplest ap-
proach in this line is the one by Sarin and Vahid (1999). They assume that the expected pay-
offs follow a reinforcement process with the difference equation being linear in the difference
between previous expectation and current payoff. The decision is then a stochastic process

depending on these payoff expectations.

Formally stated, the payoff expectation for action j evolves according to

u!(t+1)=u/(t)+a® (7Ti (t)-u/ (t))lj]'ai(t):j :
Before players choose their action these assessments are perturbed by a random variable Z

that may depend on time, i.e.

0 (t)=u’(t)+Z(t).
Players then choose the one alternative that promises the maximum payoff according to the

perturbed assessments, i.e.

a,(t)=argmax G,/ (t).
i{A8

Matsushima (1998) simultaneously analysed such processes in a much broader context. Con-

cerning the random variable Z(t) we will restrict ourselves to the normal distribution with
zero mean and standard deviation ¢°*, whereby the second parameter will be the standard
deviation of the perturbation, i.e. %' :\/0'T . For the dynamics diagrams we had to restrict
expected payoffs so that u* +u® =1 for all i. Since the u/ ’s evolve over time, the dynamics

diagrams again do not tell us the whole story of the process. In fact, the simulation results turn
out to be strikingly similar to the ones of the Bush-Mosteller scheme with asymmetric pa-

rameters. We do not have a proper account for this phenomenon.
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Figure 14: Dynamics of the Sarin-Vahid (SV) learning scheme (a°'=0.5, £"=0.2)

5.3 Aggregate paths and results from player-based estimations

Our approach is different from many other studies on adaptation behaviour in that it does not
focus on quantitative comparisons between learning rules, such as the goodness of fit or the
predictive success. We prefer to use methods that reveal structural characteristics of learning
rules and compare them to the characteristics of the data. The first such analysis concerns the
path of play. For this purpose we redraw the figures that show the average paths of pairs for
actual data. We proceeded in the following way: We, first, classified each pair of players ac-
cording to the choice frequencies within the first 10 rounds. Pairs for which both players
played action B four times or less were classified into quadrant 0, pairs for which player 1
played B four times or less and player 2 played action B five times or more often were classi-
fied into quadrant 1, likewise classification for quadrants 2 and 3 were determined. By this
procedure we classified each pair into one starting quadrant. Figure 15 shows, for each game
separately, the average paths of all pairs that fall into the respective starting quadrant. Since
variance of play was quite large, the pictures show only four data points per path, each one
relating to the average choice within a 10-round block.
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Figure 15: 40-round path of average choice proportions by game and coordination
The figures clearly show that subject behaviour of coordinating pairs was quite different from
behaviour of non-coordinating pairs. For the game MFC it is no surprise to see all paths of
coordinating pairs to lead to the efficient outcome (1,1), i.e. (B,B) for sure, since we selected
the pairs to contain only those that did approach this outcome. The same is true for the graphs
of coordinating pairs for the game FCBC. The figure for MP by definition does not contain
any data. However, the figure for the CO game is worth to be looked at in more detail. Those
pairs that start in quadrant 0 obviously quickly make their way through to the NE at (A,A). In
contrast to that, pairs that start in quadrant 3 do not always reach the coordination at (B,B). 3
pairs out of 15 starting in quadrant 3 finally coordinate on (A,A). Finally, there is only one
coordinating pair that starts in quadrant 1 and only two coordinating pairs that start in quad-

rant 2. Thus, it is no surprise, either, that paths for both classes of pairs follow a straight line
towards one of the pure strategy NE.

Overall, the essence of figure 15 is that for the non-coordinating pairs there is no trend to-
wards efficient play to be observed whatsoever. On average, play always amounts to roughly
allocate equal frequency to each strategy. This is independent of the game and the number of
rounds already played. Variance looks smaller for the MP game, but this is mainly due to the

significantly larger number of pairs over which aggregation has been performed. Our conclu-
sion is
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observation 8:
Subjects within pairs that do not succeed in coordination show no sign of a trend to-

wards efficient play™.

One way to find out whether subjects show a difference in adaptation behaviour when they
have experienced the learning task as compared to part one when they are not familiar with
the learning environment is to estimate the parameters of learning rules for the four different
parts separately. Since different games give rise to different dynamic processes we also per-
form estimations for each game separately. Each point in each diagram represents one estima-
tion performed on all data from coordinating pairs until coordination sets in. The underlying
idea is that the learning rules may be able to capture qualitative characteristics of play until
coordination sets in by way of a corresponding sensitivity of the parameters. Figure 16 shows
the path of estimated parameters over parts for each learning rule and each game. The game

MP is not included since coordination is not an issue there.

The results are rather discouraging. None of the learning rules is able to elicit any steady trend
of parameters. No conclusions from estimations can be drawn on the cognitive processes of
subjects over parts. We also did the same analysis with all non-coordinating pairs as well as
with estimations for all pairs combined. The same conclusion was reached. One criticism con-
cerning the method of analysis used concerns the representative agent approach. There may
very well be a trend over parts, which, however, is obscured by the heterogeneity of subjects’
behaviour. From a static point of view the maximum likelihood procedure weighs those pre-
dictions more for which prediction is difficult to achieve (i.e. to get a high likelihood). Like-
wise those subjects are given more weight whose path is difficult to fit by the respective
learning rule. A more rigorous analysis would thus involve estimation of parameters for indi-

vidual players, and this is what we present next.

We, hence, leave the standard approach of the analysis of subject play which is usually based
on the representative agent assumption. We rather estimate parameters of learning rules for

each agent separately. This is one of few studies to perform this task™.

4 The author found this statement also to be true independent of the experience gained over parts.
'3 In fact, the author only knows of one other study that does individual estimations of updating behaviour and
this is the, as yet, unpublished work by Shachat and Walker (2000).
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Figure 16: Paths of estimation parameters over parts by learning rule and game using data from
coordinating pairs until coordination sets in

Our hope to get more insight as to which changes in adaptive behaviour cause the improved
ability to coordinate on the efficient cell was disappointed. Figure 17 gives an account of in-
dividual estimations for coordinating pairs. Each graph shows confidence ellipses around the
mean for individual parameter estimations of one learning rule. Ellipses are drawn for estima-

tions of a single part over all games*®. Each ellipse depicts the 90 percent confidence ellipse®’

18 There are not enough data points to perform the same analysis for each game separately.
17 As approximated by the ellipse with two times the standard deviations of the parameters as respective radii and
the correlation coefficient indicating the angle.
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around the mean of all estimated parameter points excluding outliers according to Hadi’s

(1992, 1994) algorithm and excluding players for which the estimation algorithm did not con-

verge®®. Estimations were done via a maximum-likelihood estimation for one-period ahead

predictions™®.
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Figure 17: Confidence ellipses for estimation parameters by parts and rules

'8 The exclusion of those players for which the estimation procedure did not lead to sensible results leads to a
slight bias in data selection. Typically, those players were excluded for which few changes in behaviour were

recorded.

19 Apart from the renunciation of the representative agent assumption this procedure is fairly standard in the
literature; see e.g. Camerer and Ho (1999) and references therein.
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Similar to figure 16, figure 17 shows that none of the learning rules is able to capture any be-
havioural trend over parts. The estimations fail to answer the question as to why or how sub-
jects were able to coordinate more quickly as they gained experience with the task. This over-
all picture does not change when depicting the same graphs for non-coordinating pairs. The
ellipses for non-coordinating pairs typically show slightly smaller variance, which is probably
due to the larger number of observations, but are very similar otherwise. We summarise these

results in

observation 9

None of the learning rules is able to capture a change of adjustment behaviour as is
suggested by observation 2. This is independent of whether estimations of parame-
ters are done using the representative agent approach or for each individual sepa-

rately.

It is informative to look at the number of observations that comprise a confidence ellipse.
Since estimations for different learning rules were performed for the same data the numbers
reflect the ability of the respective learning rule to produce reasonable estimation results. Af-
ter eliminating all those subjects that coordinated with their partner before period 10, those for
which the estimation procedure did not converge and those who were classified as outliers
according to Hadi’s criterion, we got the following numbers of successful estimation of indi-
vidual learning parameters, which are depicted in table 10.

part
rule 1 2 3
BM 19 17 22
MS 19 14 19
CR 13 9 14
BS 15 12 21
RE 6 7 6
KA 9 10 15
Ssv 13 17 17

Table 10: Number of successful estimations for players in coordinating pairs by parts and rules

ODNOUITO O 00 NP>

The results clearly depend on the way parameters were specified for the learning rules. They
also depend on the particular estimation procedure?’. Nevertheless, the numbers give a rough
impression of how stable estimations were. From table 10, and much more so when including
the numbers on non-coordinating pairs, we get the impression that the RE and the KA

schemes were much worse in producing useful results than were the other learning rules.

2 Estimations were performed using Stata 6.0. According to its manual the procedure uses the BFGS method
with some modifications as to the rescaling and the initialisation of the search algorithm. Control estimations
using the implementation of the BHHH and BFGS methods within TSP 4.5 produced similar results.
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6. Patterns

All the adaptation rules considered so far only capture round-by-round adjustments. However,
they fail to account for another aspect that has been put forward to be crucial in any learning
process, namely the investigation and understanding of the game environment. As has already
been observed by Mitropoulos (forthcoming), subjects appear to frequently be involved in
stationary patterns that supposedly serve to find an understanding of the feedback subjects get
from the environment. We systematically investigate subjects’ use of patterns by using the

following

Definition 3:
A pattern played by a subject is identified by one of the following sequences of ac-

tions that occurs before and until coordination of the corresponding pair sets in:
1) asequence of at least six consecutive rounds with the same action, i.e.
a) ...AAAAAA...or
b) ...BBBBBB...
il) a sequence of at least five consecutive alternations of actions, i.e.
a) ...ABABABA... or
b) ...BABABAB...

iii) a sequence of at least seven consecutive alternations between staying and

changing, i.e.
a) ...ABBAABBA...or

b) ...BAABBAAB...

In order to assess whether subjects used these patterns more often than randomly playing
agents we followed the following procedure. We, first, added up all rounds that lie within a
sequence identified as a pattern. We then used simulated agents to produce the corresponding
sequences of play. Each agent corresponded with a subject playing a forty-round repetition.
The agent chose his actions with fixed probabilities that were determined by the relative fre-
quency of play by the actual subject. Of course, we limited the simulation to the number of
rounds until coordination set in in the actual play. Finally, we calculated the number of rounds
captured by one of the above patterns just in the same way as we did for the actual subjects. In
order to approximate the distribution of the simulated results we repeated simulations for the
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whole of the 12 sessions 1000 times. The results are given in table 11. They show that each
pattern is played significantly more often than is suggested by random play.
pattern  observed simulated mean p-Value

1 1941 1823.95 0.000
2 633 528.93 0.000
3 683 405.63 0.000
sum 3257 2758.50 0.000

Table 11: Observed and simulated mean number of rounds captured by patterns
(p-values are determined using t-tests)

The following figure 18 shows that the occurrence of patterns is a rather stable phenomenon.

Playing patterns is common in all games and over all parts.

%

MFC
~FCBC

Figure 18: Frequency of rounds falling into patterns in percent of all rounds before coordination
Patterns always account for more than 20% of the total number of rounds before coordination
sets in (except for part 2 in CO where there are only few observations) and reach up to 41.8%
in part 3 with FCBC as the underlying game. There is neither a clear difference between the

games nor a trend over parts to be observed.

We further investigated whether playing patterns is typical for a rather small subpopulation of
the subjects and found that 113 out of the 120 subjects that participated in our experiments

showed an identified pattern within the 160 rounds of play. Summarising we state

Observation 10
The use of patterns is a stable phenomenon throughout all games and independent of
the previous experience with the forty-round task. 94% of all subjects eventually play

an identified pattern.
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7. Conclusion

Our experiment was designed to shed light on the acquisition of information in environments
in which players are provided little information about the underlying game. We confronted
subjects with a set of simple 2x2-games and let them play anonymously with the same oppo-
nent for forty rounds. By this means subjects had the opportunity to figure out the incentives
of the underlying game without knowing the exact shape from the beginning. Three of the
four games had a single efficient and dominant outcome. Despite the large number of repeti-
tions, subjects had considerable difficulty in coordinating. In the simple coordination (CO)
game there was a non-trivial number of pairs that did not reach coordination after forty
rounds. In the more subtle games of Mutual Fate Control (MFC) and Fate-Control Behaviour-
Control (FCBC) only half of the pairs finally reached coordination. Foreclosure of structural

information obviously has a considerable effect on the success of efficient coordination.

Experience is the second variable we investigate in our experiment. We let subjects play four
repetitions of the coordination task and found that experience does not significantly increase
the number of successful coordinations. However, there was a significant experience effect on
the time of coordination. Experience helps reducing the time needed to coordinate. This is a
clear sign in favour of the hypothesis that with experience subjects gain sophistication. Effi-
ciency, however, is not significantly affected. To the contrary, we observe a clear downward
trend in total payoff for pairs from the third to the fourth repetition of the task. Consequently,

individual payoffs do not show a steady increase over repetitions.

In terms of learning we find that the most popular approach to explaining learning behaviour
in such bivariate decision tasks, the win-stay lose-change strategy does not predict behaviour
very well. After winning a point, subjects repeat the same action only 50 to 80 % of the time.
An analysis between the first half and the second half of each part shows that even in the
course of learning subjects do not increasingly conform to the win-stay lose-change rule. In
some cases rather the opposite can be observed. Changing the action after experiencing a pay-
off of O is even less likely. In this case, subjects appear to rather accord to randomisation,
which in three out of the four games is indeed superior to the strict change of action.

A more elaborate consideration of adaptation rules that have been put forward for accounting
for behaviour in more recent studies shows that these learning rules are neither able to reveal
structural differences of adaptation behaviour. Thus, no learning rule was able to give us theo-
retical insights into what drives subjects to coordinate more efficiently as experience in-

creases.
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The last section gives a hint as to why adaptation rules may not be able to tell the most impor-
tant part of actual behaviour under little information. Subjects appear to use patterns of play
that last for considerably more than one period. These patterns seem to fulfil an exploratory
purpose much in the way Kalai and Lehrer (1995) have proposed that subjects approach tasks
of decision making involving an uncertain environment. Subjects seem to study the reaction
of the environment to their specific patterns and draw some conclusions after terminating their
exploration time. For our environment, in which subjects often had to coordinate on an effi-
cient cell, this complicated cognitive approach leads to a disability of the timing of explora-
tory phases. The result is a massive loss of efficiency as compared to a simple adaptive rule

such as win-stay lose-change.

The conclusion that we draw for future research is that for the study of behaviour under little
information it is necessary to investigate cognitive processes in more detail. In particular, it is
necessary to find out more about which exploratory patterns are being used, how long they
last and what inferences are drawn from the reaction of the environment by the subjects. By
this means we may well be able to shed much more light on coordination failure and its eco-

nomic implications that are due to the lack of information.
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Technical note

Statistical analyses have been done using SPSS 9.0 and Stata 6.0 and 7.0. Stata was also used
for drawing the confidence ellipses in section 5.3. Other graphics were drawn using MathCad
6.0 and Excel 97 and 2000.
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Appendix A: Instructions (translated from German)

General instructions

Welcome to today’s experiment of the Magdeburg Experimental Laboratory MAXLAB. The
experiment in which you are participating is part of a research project on experimental eco-
nomics and is being financially supported by public institutions.

The experiment is going to be performed using the computers in this laboratory. The com-
puter programme is easy to handle, so that no prior knowledge or practice is required in order
to use it. All actions can be performed using the mouse. During the whole experiment com-
plete anonymity among participants will be ensured. That is, no player will ever get to know
the actions of any other player. In order to make sure of this, we urge you to remain quiet and
not to try to contact any other participant. Any kind of communication between participants is
forbidden.

Some players were led to cabins while others are separated only by cardboard walls. This ar-
rangement has no consequences for the present experiment. The cabins do have importance in
other experiments. In the present experiment, however, all players are treated in the same
way. All players are handed out identical instructions and all players use the same computer
programme with which he/she can submit his/her decision.

The whole experiment will probably last for less than two hours. It is divided into three
phases. You are already in the first phase in which the instructions are read aloud by the ex-
perimenter. After that, you will have the opportunity to ask questions and to clarify possible
misunderstandings. Please do not speak aloud. Please do not speak to any of the other partici-
pants, either. Instead, please raise your hand, so that a member of our team can approach you
and privately answer your question.

In the second phase you will play a fixed number of trial rounds, within which the partner is
simulated by the computer. These trial rounds are intended to make you, first, accustomed to
the computer programme, and second, get to know the payoff schemes that will also be rele-
vant in the third phase. These decisions serve only as trials and are not paid out. More details
on the trial rounds are given below. After the trial rounds you will again have the opportunity
to ask questions. As before, we urge you to raise your hand, so that a member of our team can
approach you.

Finally, in the third phase for a fixed number of rounds you will face the same decision task as
has been shown to you in the trial rounds. Please note two important differences to the trial
rounds: First, now you will not play together with a player simulated by the computer, instead
your partner is a real player chosen among the other participants within this room. Second,
each round is payoff relevant, that is the points from each round that are assigned to you as a
result of the payoff scheme, your decision, and the decision of your partner, determine how
much money you will get at the end of the experiment. More details concerning the rounds of
this third phase follow later on.

At the end of this payoff relevant third phase each player will be paid out in cash. For this

purpose each player is separately called to the experimenter’s desk. There, he/she will get the
money in exchange for a signature.
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The payoff schemes

In each round two persons play with each other. Each of the two persons has a choice between
two actions, A or B. The actions of the two players determine the payoff of the two players.
For this purpose various payoff schemes are being used. Altogether, there are four payoff
schemes. In each round one of the payoff schemes is actually being used. In general a payoff
scheme looks as follows:

player 2

A B

a b
:| ’A w X
%’B ¢ d
= y 4

This payoff scheme shows for all possible combinations of actions how many points the two
players get. Points for player 1 are given in the upper left corner of each cell (a, b, ¢, and d),
while points for player 2 are given in the lower right corner of each cell (w, X, y, and z). For
example: In case player 1 chooses action A and player 2 chooses action B, then player 1 gets
exactly b points and player 2 gets x points.

The four actually used payoff schemes are the following. In each row one of these payoff
schemes is given. The corresponding payoff matrices within a row are generated by exchange
of actions. All matrices within a row, thus, share the same structure. What changes is only the
meaning of actions A and B. For each game the structure is briefly explained in words.

Game 1

player 2 player 2 player 2 player 2

A B A B A B A B

1 0 1 0 0 1 0 1
— A 1 1 — A 0 0 :| A 1 1 :| A 0 0
g 1 0 g 1 0 S 0 1 S 0 1
& B 0 0 & B 1 1 =B 0 0 =B 1 1

Each player has one action with which he can give a point to the other player. Using the other
action will result in zero points for the other player.

Game 2
player 2 player 2 player 2 player 2
A B A B A B A B
1 0 0 1 0 1 1 0
- A 1 1 - A 0 0 - A 1 1 - A 0 0
Q 0 1 Q 1 0 S 1 0 S 0 1
> > > >
= B 0 0 = B 1 1 =3 B 0 0 =3 B 1 1

Player 1. One action gives one point to player 2. The other action gives zero points to player
2.

Player 2: Depending on which action player 1 chooses, one action by player 2 gives one point
to player 1 and the other action gives zero points to player 1.

Example: Given the payoff matrix at the far left, player 1 gives a point to player 2 by choos-
ing action A, while player 1 gives zero points to player 2 by choosing action B. In case player
1 chooses action A, player 2 gives a point to player 1 by choosing action A. If player 1
chooses action B then player 2 gives a point to player 1 by choosing action B.
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player 2 player 2
A B A B
1 0 0 1
- A 1 0 - A 0 1
Q 0 1 Q 1 0
> >
E|B 0 1 E|B 1 0

One combination of actions yields one point for each player. In case both players choose the
alternative action they again get one point each. If, however, their actions do not “match” with
each other then none gets any point.

Game 4
player 2
A B
1 0
0 1
0 1
1 0

A

B

—
—
=

K
o

There is always only one player who gets a point. Player 1 gets the point, if both players
choose the same action. Player 2 gets the point, if the players choose differing actions.

The trial rounds

You will be given the opportunity to get accustomed to the computer programme and the pay-
off schemes. In more detail this trial phase is divided into four parts. Within the first part you
will face game 1. In the second part game 2 will be the underlying game. In the third part this
will be game 3, and in the fourth part this will be game 4. Within each part you will play ex-
actly four rounds of the corresponding game. Only the first of the alternative matrices will be
relevant, that is within the trial rounds only the matrices at the far left of each row will be
used. You will always take the role of player 2. Your partner will be simulated by the com-
puter. The computer, thus, in each part will always be player 1 and will play the sequence (A,
A, B, B).

Using the mouse pointer you submit your choice by clicking on one of the two buttons, A or
B. After that, the choice of your partner, who is simulated by the computer, and your payoff
will be shown to you.

Please note that the trial rounds are not going to be paid out, that is your actions in this phase
do not yield actual payoffs. This trial phase only serves the purpose to make you accustomed
to the computer programme and the payoff schemes.

The experiment

The actual experiment is also divided into 4 parts. Each part now consists of 40 rounds.
Hence, you will play 160 rounds altogether. In each part your partner will be a fixed person.
This person will be randomly assigned to you at the beginning of each part and will then stay
the same person throughout the 40 rounds. We will make sure that you will face a different
person in each of the four parts. You will never get to know who this person is.

In each part the payoff matrix also remains fixed. The payoff matrix will be randomly as-
signed to you at the beginning of each part and will remain the same throughout the 40
rounds. Each game can occur with equal probability. According to the same random process it
will be determined which of the possible matrices will be used. Furthermore, it is equally ran-
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domly determined whether you will be player 1 or player 2. Finally, each round is payoff
relevant, that is for each point you gain you will get exactly 0.30 DM.
In comparison to the trial rounds you will get less information. In more detail you will not be
told:

* who your partner is,

» which of the payoff schemes is being used,

» whether you are player 1 or player 2 within the payoff scheme, and

» which actions your partner has chosen in the last rounds.

You will get to know:
» your payoff from the last round, and
* your total payoff.

All information you gather within a part is shown to you in a separate window on the com-
puter screen. At the end of each part this window will be cleared.

Cash payoff

After the 160 payoff relevant rounds of the third phase you will be separately called to the
experimenter’s desk. The experimenter will pay you out according to your total payoff. Spe-
cifically, you will get a fixed amount of 5 DM for your participation plus 0.30 DM times your
total payoff. We will round the amount up to the next integer value. Please sign the receipt
before you leave the room.

Final remarks

» Please do not start any programmes, except of those named by the experimenter.

* In case of any kind of problems during the experiment, please contact a member of our
team by raising your hand.

» After the experiment, please do not talk to anybody about the content of this experi-
ment, so that future groups start their experiment with the same informational status as
you did.

Thank you for your participation. Good luck.
Your MAXLAB-Team
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Appendix B
In order to give a formal definition of the starting round of convergence, we first have to in-
troduce some notation. Let the set of possible outcomes of the stage game be denoted by
C :{CAA’CAB’CBA’CBB} .
Then the history of outcomes of 40 rounds of play by a pair i is denoted by the vector
)

whereby each o/ OC.

Distinguishing only between sequences of successive play of the coordination cell (cgg) and
sequences of successive non-coordination we can rewrite the history of outcomes in a vector
of sequence lengths,

S, = (S-o,...,SiTi ),

1
whereby for all j even all s] denote the length of the corresponding sequence of successive
non-coordinations, and for all j odd all s] denote the length of the corresponding sequence of

successive coordinations. Note, that only s’ (the first non-coordination sequence) is allowed

to have length 0, all other sequences necessarily having length greater than zero. Note also
that T; denotes the number of sequences in the history of pair i (including the possibly empty
initial sequence of non-coordinations).

The central definition is the first coordination sequence of a coordinating pair i:

(j even)
_ _ D(Dy>j,yeven:sij>siy)
Ji*=argminss; . "
idtL....T} D(SiJ > 3s/! )
u %)
The starting round of coordination (SRC) of a pair i is then given by

i1

SRC, = s/ +1.

i
j=0
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