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ABSTRACT A large body of work has offered compelling evidence of the influence of social
context on individual decision-making, but the reasons why individuals tend to cooperate with
others remain elusive. The prisoner’s dilemma constitutes a powerful, yet elementary, social game to
study the drivers underlying cooperation. Here, we empirically examined a prisoner’s dilemma game
where small groups of participants played with controlled, virtual players over a series of rounds.
Toward investigating how individual decisions on cooperation are influenced by others, the virtual
players were engineered so that they would have a higher cumulative score than some participants
and a lower cumulative score than others. Our results corroborate upward social comparison theory,
whereby only participants who had a lower cumulative score than cooperating virtual players
displayed an increased tendency to cooperate. Overall, our experimental findings indicate that
the players’ cumulative score plays a critical role within the prisoner’s dilemma game, thereby
offering a mean for increasing cooperation. For practitioners, this finding sheds light on how players’
cumulative score alone modulates decision-making processes toward choices that are suboptimal
for the individual, but optimal for the entire group.

INDEX TERMS Cooperation, Cumulative Score, Small group, Social game, Virtual players.

I. INTRODUCTION

WHY people cooperate is a long-standing ques-
tion, which bears important ramifications in

biology, political sciences, and economics [1], [2]. Co-
operation is defined as the process where two or more
individuals exchange benefits or work together to obtain
a higher reward than they would obtain working alone
for a selfish purpose [1]. Potential drivers for cooperation
in humans have been extensively investigated from a
game-theoretical perspective [3]–[5].

Among the most popular games is the prisoner’s
dilemma, a non zero-sum game where two players si-
multaneously choose to either cooperate or defect and
receive appropriate scores (or payoffs) according to their
choices [6]. In both one-time and iterated prisoner’s
dilemmas, the Nash equilibrium [7]–[9] that maximizes
individual payoffs corresponds to the case where both
players defect, even though the group payoff is maxi-
mized when all players cooperate. This dichotomy be-

tween individual and group benefits is found in many
versions of the iterated prisoner’s dilemma, where the
number of players simultaneously participating in the
iterated prisoner’s dilemma ranges from two [10] to more
than a thousand [11].
A pressing challenge is to identify the social drivers

that could lead to cooperation. For example, an empiri-
cal study on the iterated multiplayer prisoner’s dilemma
demonstrated that cooperation emerges through the tit-
for-tat strategy [12], where individuals choose to coop-
erate only when others have cooperated in the previous
round. Other social drivers of cooperation include peers’
reputation [13], game’s fairness [14], friendship [15], [16]
or acquaintanceship [17], and heterogeneity of players’
strategy [18]. These studies indicate the importance of
a social context in individual decision-making toward
cooperation [6], [19]–[21].
A less studied aspect in the iterated prisoner’s

dilemma is the relationship between players’ cumulative
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score and their choices. An improved understanding of
this relationship might offer insight into dynamics of
many complex systems where decision-making is linked
to performance. In competitive sports, for instance, high
performing teams are known to attract more sponsorship
than others [22]. Likewise, higher quality institutions
attract more investments [23]. A similar scenario is also
documented in economics, where past studies have pro-
posed that subjects with higher worth tend to be in priv-
ileged positions, which may further attract additional
worth – this concept can be summarized in the “rich get
richer” hypothesis [24]. Despite the empirical evidence of
the role of performance on individual decision-making,
the role of the players’ cumulative score in the prisoner’s
dilemma is yet to be experimentally studied.

Will players choose to cooperate even if it is not the
optimal choice for them when top-performing individ-
uals cooperate? And, what will happen, instead, when
low-performing individuals cooperate? To the best of our
knowledge, these questions are yet to be answered and,
more in general, the relationship between cumulative
score and choices in the prisoner’s dilemma has only
been investigated from a theoretical point of view in [25].
Therein, it has been shown that only those individuals
with high cumulative scores can influence the peers’ an-
swers over time. In this mathematical model, individuals
play the iterative prisoner’s dilemma against their peers
and imitate the strategy of the peer who has the highest
cumulative score. Players are also given the possibility
to rewire the network of interactions, whereby they can
punish or reward their peers by removing or sustaining
interactions with them. Theoretical results suggest that
only the individuals with high cumulative score can
enhance or promote cooperation in the group. Such a
possibility is supported by upward social comparison
theory [26]–[28], in which peers would mimic the choices
of better performing individuals.

In order to empirically investigate the relationship
between players’ cumulative scores and their choices,
we propose the use of virtual players. The possibility
of integrating virtual players affords the opportunity to
create unique social experiments, in which the experi-
menter has full access to several independent variables
that would be impossible to manipulate otherwise.

For instance, in [29], the use of virtual players was
shown to be successful in sustaining cooperation in the
iterated prisoner’s dilemma for a number of rounds.
In [30], the authors explored virtual players that could
interact with players through different communication
means (text, voice, or face and voice), concluding that
cooperation is favored by interaction through text. More
recent research on communication pathways of virtual
players has also been conducted by [31], where facial
expressions of avatars were found to have a subtle effect
on cooperation in the prisoner’s dilemma. In [32], it was
found that virtual players can promote cooperation bet-

ter than humans. However, cooperation decreases when
information about the nature of the peer is revealed.
Likewise, in [33], it was determined that people tend to
cooperate more with people rather than robots in the
prisoner’s dilemma game.
Our past research [34], [35] also offers evidence about

the potential of virtual players in social experiments,
where we found virtual players to be conducive to
increasing players’ commitment and engagement. In-
terestingly, the use of virtual players is not limited to
humans; for example, in [36], results on pigeons playing
an iterated prisoner’s dilemma against virtual players,
indicate that pigeons are impulsive decision-makers that
tend to defect.
Through the use of virtual players, we sought to ex-

amine whether individuals would be willing to choose a
strategy that is suboptimal for them (cooperation), but
optimal for the group, if a high-performing individual
was systematically cooperating. To delve into the role of
social context and in contrast to previous research [29]–
[32], we systematically varied the number of virtual play-
ers in the group and their strategy. These factors have
been proposed to be determinants of individual decision-
making processes in the iterated prisoner’s dilemma
game [37]–[39], but never have they been examined in
conjunction with virtual players.
Ultimately, we formulated two hypotheses. First, we

hypothesized that only a high-performing cooperating
player is able to incentivize others toward cooperation.
Second, we hypothesized that individual choice would be
modulated by group decision-making, such that an indi-
vidual would have a higher tendency to cooperate when
the majority of the other players chose to cooperate.
To empirically test these two hypotheses, we simulta-

neously conducted two experiments in which groups of
three participants played the iterated prisoner’s dilemma
with virtual players. The participants were instructed to
play with each other and were not informed about the
presence of virtual players in the game. We recruited a
total of 144 participants in groups of three. For each
group, two out of the three participants played with
one virtual player, and the remaining participant played
with two virtual players. All the 144 participants were
part of a competition for monetary rewards, which was
introduced as a motivational factor to maintain players’
engagement [40], [41]. The game was conducted through
a computer where participants interacted only through
the information displayed on their computer screens. At
the end of the experiment, participants were asked to fill
out a survey with general demographic information and
questions regarding the experiment itself.
The first experiment (involving two participants and

one virtual player) was designed to test whether a high-
performing player is able to incentivize other players
toward cooperation. The behavior and presentation of
the virtual player were varied with respect to the choice
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(mostly cooperate or mostly defect) and performance
(high or low cumulative score). We expected that par-
ticipants would cooperate more only when the high-
performing virtual player would mostly cooperate.

The second experiment (involving one participant and
two virtual players) was designed to test whether a
participant is more likely to cooperate when the majority
of the other players cooperate, despite he/she would gain
more by defection. To this end, we programmed the first
of the two virtual players to either mostly cooperate
or mostly defect, as in the first experiment, and the
second virtual player to either copy the choice of the
first one from the previous round or do the opposite. To
further delve into the underlying drivers of cooperation,
we explored correlations between participants’ choices in
the game and their knowledge about the game and their
perception of the other players.

II. MATERIALS AND METHODS
A. EXPERIMENTAL SETTING
The experimental setup consisted of three computer
monitors (Acer, V246HQL), three partition walls (Ama-
zon, SKY3028), two Raspberry Pi 3 Model B (RS Com-
ponents Ltd and Allied Electronics), and five custom-
made remote controllers. A sketch of the setup is pre-
sented in Fig. 1b. Each controller included a microcon-
troller (LightBlue Bean+, Punch Through) in a custom-
made case (15.7×4.6×3.8 cm, length × width × height),
with five pushbuttons labelled as “A”, “B”, “C”, “D”,
and “E”. Different from [42] where all the buttons were
needed, for the purpose of this study, we covered buttons
“A”, “B”, and “E” with black tape. The remaining
“C” and “D” were used for choosing cooperation and
defection, respectively. The controllers were wirelessly
connected to the Raspberry Pi’s via Bluetooth.

We recruited participants in groups of three. Partici-
pants were deceivingly informed that they were playing
together, as in Fig. 1a, although they were actually
assigned to two groups, as shown in Fig. 1b. One group
was composed of participants 1 and 2 with virtual player
3, and the other was comprised of participant 3 with
virtual players 1 and 2. Each group was assigned to
one of the two experiments: one virtual player with two
participants (1V2P) and two virtual players with one
participant (2V1P). Experiments 1V2P aimed at testing
the first hypothesis that a cooperating player with a high
cumulative payoff is able to incentivize others toward
cooperation, while experiment 2V1P was designed to
test the second hypothesis that a participant would
tend to cooperate when interacting with two cooperating
players.

B. ITERATED PRISONER’S DILEMMA GAME
We implemented the iterated prisoner’s dilemma for
both experimental settings 1V2P and 2V1P. Each game
comprised of 45 successive rounds. The payoff matrix

used in our experiment is given in Fig. 2a, where we
set the cooperation payoff R = $30, the “punishment”
payoff P = $5, the “temptation” payoff T = $50, and
the “sucker” payoff S = $0. Monetary values displayed
refer to virtual amounts. The payoffs were set such
that T > R > P > S and 2R > T + S, following
the classical iterated prisoner’s dilemma [6]. Indeed, the
payoff relationships T > R and P > S imply that
defection is the dominant strategy. In addition, the
relationships R > P and 2R > T + S guarantee that
mutual cooperation is favored over mutual defection and
that mutual cooperation is favored over alternating a
defection with a cooperation, respectively [6].
In our experimental setting, we considered an all-to-

all network of interactions, where each player simultane-
ously played two separate games, each against one of the
two peers. The same answer was used in both games. For
example, in Fig. 2b, we illustrate the case when only one
player cooperated, while the others defected for a single
round. For this combination, the player who cooperated
received $0 and the two players who defected gained $55
each, as shown in Fig. 2c.

C. COMPUTER INTERFACE
The computer interface was developed in Python GUI
programming to run two different experiments and con-
sisted of two phases: phase 1 included the first 15 rounds
and phase 2 the remaining 30 rounds. Two screenshots
that exemplify these two phases are shown in Fig. 3a
and Fig. 3b, respectively. In both phases, the inter-
face provided general information, such as the possible
choices (cooperate and defect), the relative cumulative
scores according to the payoff matrix in Fig. 2a, and the
seconds left for the players to make their choice out of
the maximum of four seconds. If a player failed to choose
within four seconds, their choice in the previous round
was used. If they failed to choose in the first round of the
experiment, the choice (either cooperation or defection)
was randomly selected.

During phase 1, players saw all relative percentage
scores with respect to the winner (who had the highest
cumulative payoff), as shown in Fig. 3a. For instance,
if a player had half of the points of the winner, the
height of the bar was scaled to 50%. This phase served
to build the performance of each player. During phase
2, participants were able to see all players’ choices
from their previous round, their nominal increment from
the two interactions in the previous round, and all
cumulative scores from the beginning of that game, as
shown in Fig. 3b. This phase was designed to study
whether participants’ decisions were influenced by the
choices of the other players.

D. VIRTUAL PLAYERS’ STRATEGIES
In Tables 1 and 2, we summarize the strategies of
the virtual players during phase 1 and phase 2 for
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Figure 1: Experimental setting: participants’ expectation versus implemented defection. Solid dark lines represent partitions
that prevented participants from seeing the others. Black dashed lines illustrate the connections between computers and
participants. Panel (a) shows the setting that was expected by all three participants, as they were instructed to play the game
against each other. Panel (b) depicts the actual experimental settings where two independent games took place simultaneously.
In the 1V2P experiment, participants 1 and 2 were connected to the same computer and virtual player 3 substituted participant
3. In the 2V1P experiment, virtual players 1 and 2 substituted participants 1 and 2 in playing with participant 3.

and questions regarding the experiment itself.
The first experiment (involving two participants and one virtual player) was designed to test whether a

high-performing player is able to incentivize other players toward cooperation. The behavior and presen-
tation of the virtual player were varied with respect to the choice (mostly cooperate or mostly defect) and
performance (high or low cumulative score). We expected that participants would cooperate more when the
high-performing virtual player would mostly cooperate. The second experiment (involving one participant
and two virtual players) was designed to test whether a participant is more likely to cooperate when the
majority of the other players cooperate, despite he/she would gain more by defection. To this end, we
programmed the first of the two virtual players to either mostly cooperate or mostly defect, as in the first
experiment, and the second virtual player to either copy the choice of the first one from the previous round
or do the opposite. To further delve into the underlying drivers of cooperation, we explored correlations
between participants’ choices in the game and their knowledge about the game and their perception of the
other players.

2. Materials and methods

2.1. Experimental setting
The experimental setup consisted of three computer monitors (Acer, V246HQL), three partition walls

(Amazon, SKY3028), two Raspberry Pi 3 Model B (RS Components Ltd and Allied Electronics), and five
custom-made remote controllers. A sketch of the setup is presented in Fig. 1b. Each controller included a
microcontroller (LightBlue Bean+, Punch Through) in a custom-made case (15.7 × 4.6 × 3.8 cm, length ×
width × height), with five pushbuttons labelled as “A”, “B”, “C”, “D”, and “E”. Different from (Nakayama
et al., 2019) where all the buttons were needed, for the purpose of this study, we covered buttons “A”, “B”,
and “E” with black tape. The remaining “C” and “D” were used for choosing cooperation and defection,
respectively. The controllers were wirelessly connected to the Raspberry Pi’s via Bluetooth.

We recruited participants in groups of three. Participants were deceivingly informed that they were
playing together, as in Fig. 1a, although they were actually assigned to two groups, as shown in Fig. 1b. One
group was composed of participants 1 and 2 with virtual player 3, and the other was comprised of participant
3 with virtual players 1 and 2. Each group was assigned to one of the two experiments: one virtual player
with two participants (1V2P) and two virtual players with one participant (2V1P). Experiments 1V2P
aimed at testing the first hypothesis that a cooperating player with a high cumulative payoff is able to
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FIGURE 1. Experimental setting: participants’ expectation versus implemented defection. Solid dark lines represent partitions that prevented participants from
seeing the others. Black dashed lines illustrate the connections between computers and participants. Panel (a) shows the setting that was expected by all three
participants, as they were instructed to play the game against each other. Panel (b) depicts the actual experimental settings where two independent games took
place simultaneously. In the 1V2P experiment, participants 1 and 2 were connected to the same computer and virtual player 3 substituted participant 3. In the
2V1P experiment, virtual players 1 and 2 substituted participants 1 and 2 in playing with participant 3.
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Figure 2: Illustration of the game, through the selected payoff matrix and an example of a single round. Panel (a) illustrates
the payoff matrix, whose entries constitute the payoffs two players gain by playing against each other. The first entry in the
parenthesis is the reward of the player who chooses the strategy C (cooperate) or D (defect) on the rows, and the second is the
one of the peer on the columns. Panel (b) depicts the network of interaction, where each player (circle) simultaneously plays
two distinct prisoners’ dilemma games, against each of the two players. In the example, one player chooses to cooperate, and
the other two to defect. Panel (c) shows the payoff for the three players, illustrating the rationale for the payoff of each of the
players – each row isolates a focal player. The player who cooperated gains $0, while the other two who defected get $55 each.

incentivize others toward cooperation, while experiment 2V1P was designed to test the second hypothesis
that a participant would tend to cooperate when interacting with two cooperating players.

2.2. Iterated prisoner’s dilemma game
We implemented the iterated prisoner’s dilemma for both experimental settings 1V2P and 2V1P. Each

game comprised of 45 successive rounds. The payoff matrix used in our experiment is given in Fig. 2a, where
we set the cooperation payoff R = $30, the “punishment” payoff P = $5, the “temptation” payoff T = $50,
and the “sucker” payoff S = $0. Monetary values displayed refers to virtual amounts. The payoffs were set
such that T > R > P > S and 2R > T + S, following the classical iterated prisoner’s dilemma (Rapoport
et al., 1965). Indeed, the payoff relationships T > R and P > S imply that defection is the dominant
strategy. In addition, the relationships R > P and 2R > T + S guarantee that mutual cooperation is
favored over mutual defection and that mutual cooperation is favored over alternating a defection with a
cooperation, respectively (Rapoport et al., 1965).

In our experimental setting, we considered an all-to-all network of interactions, where each player simul-
taneously played two separate games, each against one of the two peers. The same answer was used in both
games. For example, in Fig. 2b, we illustrate the case when only one player cooperated, while the others
defected for a single round. For this combination, the player who cooperated received $0 and the two players
who defected gained $55 each, as shown in Fig. 2c.

2.3. Computer interface
The computer interface was developed in Python GUI programming to run two different experiments

and consisted of two phases: phase 1 included the first 15 rounds and phase 2 the remaining 30 rounds.
Two screenshots that exemplify these two phases are shown in Fig. 3a and Fig. 3b, respectively. In both
phases, the interface provided general information, such as the possible choices (cooperate and defect), the
relative cumulative payoffs according to the payoff matrix in Fig. 2a, and the seconds left for the players
to make their choice out of the maximum of four seconds. If a player failed to choose within four seconds,
their choice in the previous round was used. If they failed to choose in the first round of the experiment,
the choice (either cooperation or defection) was randomly selected.
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FIGURE 2. Illustration of the game, through the selected payoff matrix and an example of a single round. Panel (a) illustrates the payoff matrix, whose entries
constitute the payoffs two players gain by playing against each other. The first entry in the parenthesis is the reward of the player who chooses the strategy C
(cooperate) or D (defect) on the rows, and the second entry is the one of the peer on the columns. Panel (b) depicts the network of interaction, where each player
(circle) simultaneously plays two distinct prisoners’ dilemma games, against each of the two peers. In the example, one player chooses to cooperate, and the other
two to defect. Panel (c) shows the payoff for the three players, illustrating the rationale for the payoff of each of the players – each row isolates a focal player. The
player who cooperated gains $0, while the other two who defected get $55 each.

the 1V2P and 2V1P experiments, respectively. For the
1V2P experiment, we designed virtual player 3 to behave
differently in phase 1 and phase 2. At the end of phase
1, the virtual player could reach the highest cumulative
score, by having always defected (winner, indicated by
the acronym W), or not achieve the highest cumulative
score by having mostly (at least 60%) cooperated (not
a winner, indicated by NW). Analogously, in phase
2, virtual player 3 was programmed to either mostly
(80%) cooperate (indicated by C) or mostly (80%) defect
(indicated by D). Therefore, the four strategies were
obtained by combining the two in phase 1 with the two
in phase 2, that is, WC, WD, NWC, and NWD. For
instance, WC identifies the strategy in which the virtual

player emerged as the winner of phase 1 and mostly
cooperated in phase 2.

In the 2V1P experiment, we designed virtual player 1
to emerge as the player with the highest cumulative score
at the end of phase 1, while virtual player 2 was designed
to systematically fall behind. In phase 2, virtual player
1 was programmed to either mostly (80%) cooperate
(indicated by C) or mostly (80%) defect (indicated by
D). Virtual player 2 either imitated virtual player 1,
who was the winner of phase 1, (indicated by W) or
chose the opposite answer to that of virtual player 1
in the previous round (indicated by NW). Overall, four
strategies exemplified the difference in behavior of two
virtual players in phase 2, that is, WC, WD, NWC, and
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(a)

(b)

Figure 3: Computer interfaces created for the game. Panel (a) shows a screenshot of the interface the three participants used
in phase 1, while panel (b) presents a screenshot of phase 2. On the left hand side of both panels, users were reminded to press
“C” to cooperate and “D” to defect. Therein, users were also displayed the payoffs they would get from interacting with one
of their peers. On the bottom of both panels, we presented the remaining time participants had to answer. On the right hand
side of panel (a), players could see their relative cumulative score with respect to the winner, who has 100%. On the right
hand side of panel (b), participants could see the choices of all the players from the previous round, their payoff from the two
interactions in the previous round (orange), and their cumulative payoff since the beginning of that game (black).

During phase 1, players saw all relative percentage scores with respect to the winner (who had the highest
cumulative payoff), as shown in Fig. 3a. For instance, if a player had half of the points of the winner, the
height of the bar was scaled to 50%. This phase served to build the performance of each player. During
phase 2, participants were able to see all players’ choices from their previous round, their nominal increment
from the two interactions in the previous round, and all cumulative payoffs from the beginning of that game,
as shown in Fig. 3b. This phase was designed to study whether participants’ decisions were influenced by
the choices of the other players.

2.4. Virtual players’ strategies
In Tables 1 and 2, we summarize the strategies of the virtual players during phase 1 and phase 2 for

the 1V2P and 2V1P experiments, respectively. For the 1V2P experiment, we designed virtual player 3
to behave differently in phase 1 and phase 2. At the end of phase 1, the virtual player could reach the
highest cumulative score, by having always defected (winner, indicated by the acronym W), or not achieve
the highest cumulative score by having mostly (at least 60%) cooperated (not a winner, indicated by NW).
Analogously, in phase 2, virtual player 3 was programmed to either mostly (80%) cooperate (indicated by
C) or mostly (80%) defect (indicated by D). Therefore, the four strategies were obtained by combining the
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FIGURE 3. Computer interfaces created for the game. Panel (a) shows a screenshot of the interface the three participants used in phase 1, while panel (b)
presents a screenshot of phase 2. On the left hand side of both panels, users were reminded to press “C" to cooperate and “D" to defect. Therein, users were also
displayed the scores they would get from interacting with one of their peers. On the bottom of both panels, we presented the remaining time participants had to
answer. On the right hand side of panel (a), players could see their relative cumulative score with respect to the winner, who has 100%. On the right hand side of
panel (b), participants could see the choices of all the players from the previous round, their payoff from the two interactions in the previous round (orange), and
their cumulative payoff since the beginning of that game (black).

NWD. For instance, WC identifies the strategy in which
the virtual player 2 copied virtual player 1 who mostly
cooperated.

In order to favor more instinctive decisions [43], we
gave to players only four seconds to choose between co-
operation and defection in each round. Further, players
had five seconds while transitioning from phase 1 and
phase 2, and 10 seconds between each game. A whole ex-
perimental trial lasted 20 minutes. In both experiments,
virtual players’ strategies were predetermined, and thus,
not influenced by the participants’ choices.

E. EXPERIMENTAL PROCEDURE
We recruited 48 groups of three participants from a
University (144 participants in total). Each group was
escorted to a private room, where the experiment took
place. Before the experiment, each group took part in
a tutorial session, where they were instructed about
the goal of the experiment: “make as much (virtual)
money as possible”. To better engage the participants,
the experimenter informed the players that the top six
participants would be awarded with one $25 gift card
each. In the tutorial session, the experimenter explained

to players the game rules and payoff matrix (Fig. 2), with
examples of screenshots of the interface (Fig. 3). The
participants were told that they were going to be playing
four games of multiple rounds each, without disclosing
the exact number of rounds, as such information may
favor defection [44].
After the tutorial, participants signed a consent form

and proceeded to do the experiment. Since we did not
disclose to participants the presence of virtual players
until the end of the game, we ensured that the two
experiments - one where a participant played with two
virtual players, and the other where two participants
played with one virtual player - started at the same time,
thereby giving them an impression that they would play
the same game (Fig. 1a). To avoid bias in the game,
participants were provided only with their own number,
displayed in the interface, without knowing others’. This
setting was also adopted to reinforce the impression that
they would play with each other. Each group played all
four virtual player strategies in a random order, listed in
Tables 1 and 2. The order of the virtual player configura-
tions (WC, WD, NWC, and NWD) was balanced across
the 48 groups. No form of communication was allowed
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TABLE 1. Summary of the programmed strategies for virtual player 3, who played with two participants (1V2P). The first column of each table illustrates the
acronyms used for the experimental conditions. The second column shows the expected cumulative score of the virtual players at the end of phase 1. In order to
reach the highest cumulative score at the end of phase 1, virtual player 3 always defected in phase 1. On the contrary, in order to ensure a cumulative score less
than the highest one, virtual player 3 defected 40% of the rounds in phase 1 when its cumulative score was not the highest one; in a round where the virtual player
had the highest cumulative score it automatically cooperated. The third column shows the virtual players’ strategy during phase 2. When virtual player 3 mostly
cooperated, it defected only 20% of the rounds, while when it mostly defected, it defected 80% of the rounds. In every experiments, the virtual players’ fraction of
defection were fixed and we randomly picked without replacement the rounds when the virtual players defected.

during the experiment. At the end of a game, there was
a 10 second pause to ease the transition toward a new
game [45].

After the participants played the four games, they
filled out a survey. Other than general demographic
information, we asked the participants to answer a
question concerning the presence of virtual players: “Did
you suspect that some of your opponents were computer
programmed?”. Possible answers were: (a) “Not at all”,
(b) “Maybe”, (c) “Yes, I suspected that one of the
opponent was computer programmed”, and (d) “Yes, I
suspected that two of the opponents were computer pro-
grammed”. Willing participants also filled out personal
information for competing for the six $25 gift cards.
After they filled out the survey, the experimenter

informed the participants that they were not playing
together, as in Fig. 1a, but against virtual players, as in
Fig. 1b. The experimenter also informed the participants
that four gift cards were given to the top four partic-
ipants in the 1V2P experiment and two gift cards to
the top two in the 2V1P experiment, since in the 1V2P
experiment there were twice the participants than in the
2V1P experiment. Upon signing a debriefing form, the
experiment was concluded. A video of the experiment is
included in the supplementary information.

F. DATA ANALYSIS
All statistical analyses were performed with the statis-
tics software R (version 3.6.1). The overall compar-
isons of the participants’ fraction of defection between
the conditions of interest were carried out using the
Wilcoxon signed-rank test [46], with a significance level
α = 0.05. We used one-tailed tests, as we expected

the following directional relationships: in condition WD
participants would defect more than in condition WC; in
condition NWD participants would defect more than in
condition NWC; and participants who were suspecting
about virtual players would defect more than partici-
pants who did not have this suspicion. All 144 partici-
pants completed the game under all four virtual player
configurations summarized in Tables 1 and 2. Among
them, 96 participants played in the 1V2P experiment,
and 48 participants played in the 2V1P experiment.
In both 1V2P and 2V1P experiments, we focused

on phase 2 and computed the participants’ fraction
of defection in each of the four conditions (WC, WD,
NWC, and NWD). We performed a pairwise comparison
between conditions WC andWD to examine whether the
virtual player who emerged as the winner of phase 1 was
able to increase the participants’ tendency to cooperate,
by opting to mostly cooperate, rather than mostly
defecting. A similar analysis was performed between
NWC and NWD conditions.
In the 1V2P experiment, where a pair of participants

interacted with one virtual player, we performed the
classification in Table 3 to ease the statistical analysis.
Specifically, we compared the two participants’ cumula-
tive scores at the end of phase 2 to create two classes:
winners and losers. The winner was the participant who
had the higher cumulative score in the pair at the end
of phase 2, and the loser was the one with the lower
cumulative score. We discarded experiments where the
two participants tied at the end of phase 2, yielding the
following number of pairs: nWC = 41 for condition WC,
nWD = 42 for condition WD, nNWC = 38 for condition
NWC, and nNWD = 45 for condition NWD.
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TABLE 2. Summary of the programmed strategies for virtual players 1 and 2, which played with one participant (2V1P). The first column of each table illustrates
the acronyms used for the experimental conditions. The second column shows the expected cumulative score of the virtual players at the end of phase 1. In order
to reach the highest cumulative score at the end of phase 1, virtual player 1 always defected. On the contrary, in order to ensure a cumulative score less than the
highest one, virtual player 2 defected 40% of the rounds in phase 1 when its cumulative score was not the highest one; in a round when the virtual player had the
highest cumulative score it automatically cooperated. The third column shows the virtual players’ strategy during phase 2. When virtual player 1 mostly
cooperated, it defected only 20% of the rounds, and when it mostly defected, it defected 80% of the rounds. Virtual player 2 could either imitate virtual player 1,
by deterministically copying its answer in the previous round, or differ from virtual player 1, by choosing the opposite answer to virtual player 1 in the previous
round. In every experiment, the virtual players’ fraction of defection were fixed, and we randomly picked without replacement the rounds when the virtual players
defected.

Beyond separating participants based on their cumu-
lative score in phase 2, we also classified 1V2P pairs
on the basis of their suspicion regarding the presence
of virtual players. By considering that a participant
did not suspect about the virtual player only if he/she
answered “Not at all” to the related question (“Did you
suspect that some of your opponents were computer
programmed?”), we classified pairs into not suspect-
ing and suspecting. A pair did not suspect about the
presence of virtual players if none of the participants
had a suspicion. Otherwise, a group was considered
to be suspecting about the presence of virtual players
if at least one participant had a suspect. For 2V1P
experiments, we followed an equivalent classification,
based on the perception of the single participant.

To delve into the mechanisms underlying the potential
influence of the virtual players on the participants’ de-
cision, we conducted an additional qualitative analysis.
For the 1V2P experiment, we computed the following
metrics: i) the fraction of rounds, during phase 2, in
which the virtual player’s cumulative score was higher
than the cumulative score of the participant who was
winning in the pair, and ii) the fraction of rounds, during
phase 2, in which the virtual player’s cumulative score
was higher than the cumulative score of the participant
who was losing in the pair. For the 2V1 experiment, we
scored the fraction of rounds, during phase 2, in which
the cumulative score of any of the two virtual players
was ahead of the participant (2V1P).

In both the experiments, we studied how suspecting
about the presence of a virtual player can influence

the participants’ decision-making process. Specifically,
we analyzed the fraction of defections across the whole
experiment by aggregating the four conditions. For the
1V2P, we averaged the fractions of defections of the two
participants in the pair.

III. RESULTS
We first studied how participants responded (Fig. 4)
to the virtual player(s)’s strategies (Tables 1 and 2).
In the 1V2P experiment (where two participants were
interacting with one virtual player), we registered a dif-
ference between conditions WC and WD. By classifying
participants as winners or losers depending on their final
cumulative score within the pair, we discovered that
losers defected less in condition WC than in condition
WD (Fig. 4a, Wilcoxon test, W = 665, p = 0.037).
Hence, changing the behavior of the virtual player in
phase 2 from mostly defecting to mostly cooperating in-
creased the tendency of some participants to cooperate,
against their own benefit. This statistically significant
result was not mirrored by other differences. In fact, the
virtual player did not elicit a change in the defection
rate of the winners (Fig. 4a, W = 864, p = 0.513). No
significant difference was found between the difference
in the defection rates in NWC and NWD conditions,
neither for losers (Fig. 4b, W = 721, p = 0.111) nor
for winners (Fig. 4b, W = 798, p = 0.290). Likewise,
for the 2V1P experiment (where one participant played
with two virtual players), we failed to identify significant
differences in the defection rates between conditions WC
and WD (Fig. 4a, W = 1014.5, p = 0.154), and be-
tween conditions NWC and NWD (Fig. 4b, W = 1058,
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Definition Description

Winner Participant who had
the higher cumulative score at the end of phase 2

Loser Participant who had
the lower cumulative score at the end of phase 2

Not
suspecting

A pair where none of
the participants suspected about the presence of virtual players

Suspecting A pair where at least one participant
suspected about the presence of virtual players

Table 3: Classification implemented for analysis of the 1V2P experiment, where one virtual player interacted with two partic-
ipants.

in Tables 1 and 2. Among them, 96 participants played in the 1V2P experiment, and 48 participants played
in the 2V1P experiment.

In both 1V2P and 2V1P experiments, we computed the participants’ fraction of defection in each of the
four conditions (WC, WD, NWC, and NWD). We performed a pairwise comparison between conditions WC
and WD to examine whether the virtual player who emerged as the winner of phase 1 was able to increase
the participants’ tendency to cooperate, by opting to mostly cooperate, rather than mostly defecting, during
phase 2. A similar analysis was performed between NWC and NWD conditions.

In the 1V2P experiment, where a pair of participants interacted with one virtual player, we performed
the classification in Table 3 to ease the statistical analysis. Specifically, we compared the two participants’
cumulative scores at the end of phase 2 to create two classes: winners and losers. The winner was the
participant who had the higher cumulative score in the pair at the end of phase 2, and the loser was the one
with the lower one. We discarded experiments where the two participants tied at the end of phase 2, yielding
the following number of pairs: nWC = 41 for condition WC, nWD = 42 for condition WD, nNWC = 38 for
condition NWC, and nNWD = 45 for condition NWD.

Beyond separating participants based on their cumulative score in phase 2, we also classified 1V2P pairs
on the basis of their suspicion regarding the presence of virtual players. By considering that a participant did
not suspect about the virtual player only if he/she answered “Not at all” to the related question (“Did you
suspect that some of your opponents were computer programmed?”), we classified pairs into not suspecting
and suspecting. A pair did not suspect about the presence of virtual players if none of the participants had
a suspicion. Otherwise, a group was considered to be suspecting about the presence of virtual players if at
least one participant had a suspect. For 2V1P experiments, we followed an equivalent classification, based
on the perception of the single participant.

To delve into the mechanisms underlying the potential influence of the virtual players on the participants’
decision, we conducted an additional qualitative analysis. For the 1V2P experiment, we computed the
following metrics: i) the fraction of rounds, during phase 2, in which the virtual player’s cumulative score
was higher than the cumulative score of the participant who was winning in the pair, and ii) the fraction of
rounds, during phase 2, in which the virtual player’s cumulative score was higher than the cumulative score
of the participant who was losing in the pair. For the 2V1 experiment, we scored the fraction of rounds,
during phase 2, in which the cumulative score of any of the two virtual players was ahead of the participant
(2V1P).

In both the experiments, we studied how suspecting about the presence of a virtual player can influence
the participant’ choices. Specifically, we analyzed the fraction of defections across the whole experiment by
aggregating the four conditions. For the 1V2P, we averaged the fractions of defections of the two participants
in the pair.
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Figure 4: How virtual players influence the participants’ choices, measured in terms of the fraction of defections of participants
during phase 2. Labels 1V2P-loser and 1V2P-winner refer to the participants who had gained the higher or lower cumulative
score within the pair for the 1V2P experiment. For the 1V2P experiment, results are presented in terms of the pair, such that
the fraction of defection is the average between the two participants. Panels (a) and (b) offer a comparison between condition
WC and WD and NWC and NWD, respectively, for the 1V2P and 2V1P experiments. For each boxplot, the red line is the
median, the box delimits the first and third quartiles, and the whiskers identify the minimum and maximum values. An asterisk
indicates a statistically significant comparison.
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Figure 5: Some insight into the mechanisms underlying the influence of the virtual players, measured through the fraction
of rounds when the virtual players were ahead of the participants in their cumulative scores. These quantities are scored by
counting when the virtual player’s cumulative score was higher the winning and losing participant in the pair (1V2P experiment)
or any of the virtual players was ahead of of the participant (2V1P). Panel (a) refers to the 1V2P experiment. Conditions
NWC and NWD are not displayed as the virtual player was never ahead of the participants. Panel (b) refers to the 2V1P
experiment; virtual player 2 is not displayed as it was never ahead of a participant.
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1V2P-loser and 1V2P-winner refer to the participants who had gained the higher or lower cumulative score within the pair for the 1V2P experiment. For the 1V2P
experiment, results are presented in terms of the pair, such that the fraction of defection is the average between the two participants. Panels (a) and (b) offer a
comparison between condition WC and WD and NWC and NWD, respectively, for the 1V2P and 2V1P experiments. For each boxplot, the red line is the median,
the box delimits the first and third quartiles, and the whiskers identify the minimum and maximum values. An asterisk indicates a statistically significant
comparison.

p = 0.243).
To offer context into the mechanisms of decision-

making by participants, we calculated the fraction of
rounds that virtual players were ahead of the partici-
pants in phase 2 (Fig. 5). Predictably, in the 1V2P exper-
iment (Fig. 5a), the virtual player 3 was typically ahead
of the losers in both conditions WC and WD, but it was
ahead of winners only in WD. In the 2V1P experiment
(Fig. 5b), virtual player 1 was ahead the participant in
both conditions WD and NWD conditions, while virtual
player 2 was always behind the participant.

The average age of the participants was 22.58 ± 6.52
(mean ± standard deviation). 59 participants were fe-
male, 83 male, 1 agender, and 1 preferred not to disclose
the information. The suspicion about the presence of
virtual players in the game significantly influenced the
participants’ choices (Fig. 6). In the 1V2P experiment,

a total of 28 pairs suspected about the presence of a
virtual player, while 20 pairs did not suspected about it
(corresponding to 38 participants suspected that there
was a virtual player in the game, and 58 who did
not). The pairs that suspected about the presence of
a virtual player defected significantly more than those
that did not have such a suspicion (Fig. 6a, W = 159,
p = 0.006). In the 2V1P experiment, a total of 25
participants suspected about the virtual players, while
23 not. Participants who suspected about the presence
of virtual players defected similarly to those who did not
(Fig. 6b, W = 322, p = 0.765).

IV. DISCUSSION
The prisoner’s dilemma rests upon a dichotomy between
individual and group benefits: while the optimal strat-
egy for an individual is to systematically defect, the
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Figure 4: How virtual players influence the participants’ choices, measured in terms of the fraction of defections of participants
during phase 2. Labels 1V2P-loser and 1V2P-winner refer to the participants who had gained the higher or lower cumulative
score within the pair for the 1V2P experiment. For the 1V2P experiment, results are presented in terms of the pair, such that
the fraction of defection is the average between the two participants. Panels (a) and (b) offer a comparison between condition
WC and WD and NWC and NWD, respectively, for the 1V2P and 2V1P experiments. For each boxplot, the red line is the
median, the box delimits the first and third quartiles, and the whiskers identify the minimum and maximum values. An asterisk
indicates a statistically significant comparison.
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Figure 5: Some insight into the mechanisms underlying the influence of the virtual players, measured through the fraction
of rounds when the virtual players were ahead of the participants in their cumulative scores. These quantities are scored by
counting when the virtual player’s cumulative score was higher the winning and losing participant in the pair (1V2P experiment)
or any of the virtual players was ahead of of the participant (2V1P). Panel (a) refers to the 1V2P experiment. Conditions
NWC and NWD are not displayed as the virtual player was never ahead of the participants. Panel (b) refers to the 2V1P
experiment; virtual player 2 is not displayed as it was never ahead of a participant.
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FIGURE 5. Some insight into the mechanisms underlying the influence of the virtual players, measured through the fraction of rounds when the virtual players
were ahead of the participants in their cumulative scores. These quantities are scored by counting when the virtual player’s cumulative score was higher than either
the winning or losing participant in the pair (1V2P experiment), or any of the virtual players was ahead of the participant (2V1P). Panel (a) refers to the 1V2P
experiment. Conditions NWC and NWD are not displayed as the virtual player was never ahead of the participants. Panel (b) refers to the 2V1P experiment;
virtual player 2 is not displayed as it was never ahead of a participant.
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Figure 6: How suspecting about the presence of virtual players contributes to the fraction of defections. For the 1V2P
experiment, results are presented in terms of the pair, such that the fraction of defection is the average between the two
participants and the pair suspects about the presence of virtual players if at least a player does so. Results are presented using
boxplots. The red line represents the median, the two ends of the box the first and third quartile, and the two whiskers the
minimum and maximum values. An asterisk indicates a statistically significant comparison.

3. Results

We first studied how participants responded (Fig. 4) to the virtual player(s)’s strategies (Tables 1 and 2).
In the 1V2P experiment (where two participants were interacting with one virtual player), we registered
a difference between conditions WC and WD. By classifying participants as winners or losers depending
on their final cumulative score within the pair, we discovered that losers defected less in condition WC
than in condition WD (Fig. 4a, Wilcoxon test, W = 665, p = 0.037). Hence, changing the behavior of
the virtual player in phase 2 from mostly defecting to mostly cooperating increased the tendency of some
participants to cooperate, against their own benefit. This statistically significant result was not mirrored
by other differences. In fact, the virtual player did not elicit a change in the defection rate of the winners
(Fig. 4a, W = 864, p = 0.513). No significant difference was found between the difference in the defection
rates in NWC and NWD conditions, neither for losers (Fig. 4b, W = 721, p = 0.111) nor for winners
(Fig. 4b, W = 798, p = 0.290). Likewise, for the 2V1P experiment (where one participant played with two
virtual players), we failed to identify significant differences in the defection rates between conditions WC
and WD (Fig. 4a, W = 1014.5, p = 0.154), and between conditions NWC and NWD (Fig. 4b, W = 1058,
p = 0.243).

To offer context into the mechanisms of decision-making by participants, we calculated the fraction of
rounds that virtual players were ahead of the participants in phase 2 (Fig. 5). Predictably, in the 1V2P
experiment (Fig. 5a), the virtual player 3 was typically ahead of the losers in both conditions WC and WD,
but it was ahead of winners only in WD. In the 2V1P experiment (Fig. 5b), virtual player 1 was ahead
the participant in both conditions WD and NWD conditions, while virtual player 2 was always behind the
participant.

The average age of the participants was 22.58 ± 6.52 (mean ± standard deviation). 59 participants
were female, 83 male, 1 agender, and 1 preferred not to disclose the information. The suspicion about the
presence of virtual players in the game significantly influenced the participants’ choices (Fig. 6). In the
1V2P experiment, a total of 28 pairs suspected about the presence of a virtual player, while 20 pairs did not
suspected about it (corresponding to 38 participants suspected that there was a virtual player in the game,
and 58 who did not). The pairs that suspected about the presence of a virtual player defected significantly
more than those that did not have such a suspicion (Fig. 6a, W = 159, p = 0.006). In the 2V1P experiment,
a total of 25 participants suspected about the virtual players, while 23 not. Participants who suspected
about the presence of virtual players defected similarly to those who did not (Fig. 6b, W = 322, p = 0.765)
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FIGURE 6. How suspecting about the presence of virtual players contributes to the fraction of defections. For the 1V2P experiment, results are presented in
terms of the pair, such that the fraction of defection is the average between the two participants and the pair suspects about the presence of virtual players if at
least a player does so. Results are presented using boxplots. The red line represents the median, the two ends of the box the first and third quartile, and the two
whiskers the minimum and maximum values. An asterisk indicates a statistically significant comparison.

maximum benefit to the group comes from coopera-
tion. The feasibility of modulating individual choices
toward collective benefits was the chief research question
of this study. Through the use of engineered virtual
players, we designed an experimental study to explore
two potential mechanisms for enhancing the tendency
to cooperate in the iterated prisoner’s dilemma game.
The first mechanism focuses on the players’ cumulative
score to establish an association between performance
and a specific strategy, which could be then imitated by
the participants. The second mechanism taps into group
decision-making process to form a reference strategy for
the majority that could be adopted by the individual.

We formulated two main hypotheses toward con-
tributing new insight into the role of these two mech-
anisms. We tested these hypotheses in a series of exper-

iments where virtual players were deceitfully introduced
in the iterated prisoners’ dilemma. First, we hypothe-
sized that the presentation of a virtual player that was
at the same time the top performer and a cooperating
player would incentivize participants toward coopera-
tion. Second, we hypothesized that the presentation
of multiple cooperating virtual players would promote
cooperation by the participants. Our experimental re-
sults offer compelling indication in favor of the first
hypothesis, but we failed to gather significant evidence
regarding the second hypothesis.

Our research can be framed within the theory of
social comparison [27], [47], [48], which proposes that
several decision-making processes rely on the compar-
isons that we draw between ourselves and others. So-
cial comparison can be downward or upward, as we
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compare ourselves with individuals who perform worse
or better than us [49]–[51]. Both these forms of social
comparison bear important consequences on individual
behavior [52]–[54], whereby individuals could apprehend
new valuable information as they observe the actions of
others and form associations between their performance
and actions [55], [56].

In our implementation of the prisoner dilemma, we
created a virtual player who could “lead by exam-
ple” [57]–[59] and offer participants a reference for social
comparison [60]–[62]. To test the first hypothesis, we
designed an experiment where the virtual player could
emerge as the winner in a first phase of the interactions,
by systematically defecting, and then it could change its
strategy to mostly cooperate or mostly defect for the
rest of the rounds. It is likely that upward social com-
parison was the driver of participants’ choices, whereby
only the participants with lower cumulative scores were
influenced by the strategy of the winning virtual player.
Specifically, changing the strategy of the virtual player
from mostly defecting to mostly cooperating improved
cooperation: participants who interacted with the coop-
erating virtual player had a higher tendency to cooperate
than participants who played with the defecting virtual
player.

Integrating with multiple virtual players at a time in
the other experiment, we failed to gather support in
favor of an effect of group-decision making on individual
choice. On the one hand, this may be related to a
deliberate strategy of the participant, such that the
gain obtained by defecting against two cooperating play-
ers counterbalanced upward social comparison. Social
comparison might be confounded by the presence of
multiple virtual players, whereby the participant might
not be able to identify which player to compare to and
he/she would rather opt for a strategy that will yield
personal victory, that is, defection. On the other hand,
it is possible that the presence of more than one virtual
player could have challenged the level of deception of
the experiment, thereby prompting the participants to
identify the presence of virtual players. Although we can-
not dispute this second possibility, empirical evidence
on the perception of the experiment by the participants
does not align with this explanation. In fact, we did not
register differences between the strategies of participants
who suspected that virtual players were present and
those who did not share this suspicion.

An effect of the perception regarding the presence
of virtual players was instead detected in the other
experiment, when participants were playing in pairs
against a single virtual player. Specifically, we found
that pairs of participants in which at least one of the two
suspected about the presence of a virtual player defected
more than pairs who did not have this suspicion. Likely,
pairs of participants who suspected about the presence
of virtual players could not socially compare [27], [47],

[48] themselves with the other players, and tended to opt
for the rational, self-centered choice of defecting. On the
contrary, pairs of participants who did not suspect about
the presence of virtual players attempted to build trust
with their peers [63]–[65], fostering mutual cooperation.
The main limitation of this research pertains to the

design of the virtual players, which were programmed to
randomly defect, without knowledge of the choices being
made by the participants. Such a one-directional interac-
tion between virtual players and participants was likely
to hamper the appraisal of the deception that was being
conducted, whereby real players should be able to adjust
their strategy as a function of the participants. The tit-
for-tat strategy [12] may constitute an improvement over
the present approach, which would, at least, afford some
form of bidirectional interaction with the virtual player
strategy driven by the participants’ previous choices.
The two experiments presented herein provide empir-

ical evidence about the feasibility of influencing individ-
ual choices through upward social comparison, estab-
lished via the integration of virtual players. Through
virtual players that “lead by example,” we demonstrate
the possibility of promoting strategies which support
group benefits, against the individual ones. Leading
by example will be effective only when the deception
is successful, so that the participants would create a
sense of trust toward the virtual player, pursuing actions
that benefit the entire group. Although specific to the
iterated prisoner dilemma, these findings may translate
to other domains of investigation where decision-making
can be linked to performance, from higher education to
professional sports [22]–[24].
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