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Abstract

We used a mobile eye-tracking system (in the form of glasses) to study the characteristics

of visual perception in decision making in the Prisoner’s Dilemma game. In each experi-

ment, one of the 12 participants was equipped with eye-tracking glasses. The experiment

was conducted in three stages: an anonymous Individual Game stage against a randomly

chosen partner (one of the 12 other participants of the experiment); a Socialization stage,

in which the participants were divided into two groups; and a Group Game stage, in which

the participants played with partners in the groups. After each round, the respondent

received information about his or her personal score in the last round and the overall winner

of the game at the moment. The study proves that eye-tracking systems can be used for

studying the process of decision making and forecasting. The total viewing time and the

time of fixation on areas corresponding to noncooperative decisions is related to the par-

ticipants’ overall level of cooperation. The increase in the total viewing time and the time of

fixation on the areas of noncooperative choice is due to a preference for noncooperative

decisions and a decrease in the overall level of cooperation. The number of fixations on the

group attributes is associated with group identity, but does not necessarily lead to coopera-

tive behavior.

Introduction

The eyes are part of a synergetic system that reflects brain activity. The oculomotor activity of

the eyes is a correlate of certain brain processes [1]. Eye-tracking offers significant opportuni-

ties for the study of decision making because it allows us to access the hidden internal forms of

activity that we normally cannot observe and allows us to examine the both the results and the

procedural characteristics of the decision making process. Recent works have investigated
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cooperation in evolutionary social dilemmas set factors that affect cooperation among agents,

such as probabilistic participation and inactivity [2], reputation assortment [3], and coupling

of utility assessment [4]. Studies on network structures are focused on such characteristics as

the synchronization behavior of networks [5], attack vulnerability [6], controllability and net-

work size [7], neighborhood size [8], and heterogeneous coupling between interdependent lat-

tices [9], which are important for consideration in the complete description of real-world

complex systems. These works provide significant advancement of our understanding of coop-

eration. At the same time, eye-tracking allows us to build behavioral models that consider the

cognitive component, to make them more accurate.

Researchers in the field of experimental economics [10–13] apply eye-tracking methods to

explore the strategic component of the behavior of the players, as well as various individual

psychological characteristics that lead to certain decisions, rather than the output feedback of

the results of each round. Studies that exclude feedback show that two decision making strate-

gies can be identified that correspond to different levels of a level-k model [11]. In [14] it was

noted that some results of applying eye-tracking methods in one-shot games could not be fully

explained by level-k models (the models are described in [15–18] or cognitive hierarchy

[19,20]). In [14] potential explanations for those results were shown in diffusal drift models,

which allow one to analyze procedural data such as decision making time and eye movement

characteristics. The general thrust of these studies is to explore the possibility of forecasting a

player’s decision by tracking his or her eye movements, followed by verification and generali-

zation of the results in various spheres of human interaction. However, the exclusion of output

results makes researchers work exclusively with the pure strategic behavior of participants

when they take into account their opponent’s action only on the basis of their forecasts, while

economic agents whose behavior is modeled in such experiments see the consequences of

their behavior. Therefore, we believe it is important to include research feedback, otherwise

the results obtained in laboratory experiments may not be able to interpret the real processes

that they are intended to explain.

Today all experimental economics studies are conducted in computer classes. Our study of

the characteristics of eye movements in the decision making process was also carried out in a

computer class. The Prisoner’s Dilemma game has been used as a research tool [21–24].

This study is part of a series of experiments whose main is to study the impact of socializa-

tion and social interaction on cooperation. It is known that people, being social animals, try to

cooperate with each other because our survival depends on common goals and interactions

within the group [25,26]. It was shown experimentally that a person within the group seeks

cooperation and reciprocity, thereby improving his or her reputation [27–31]. Prosocial

behavior can be generated through social interaction between members of the group, accom-

panied by identification with the group, which leads to the appearance of added value of collec-

tive interaction, as well as a sense of in-group favoritism and the positive emotions of being in

a particular group [32,33]. Thus, sociality becomes a mechanism for boosting cooperation.

Sociality serves as one more component in the utility function, responsible for the group result

and group cohesion, and comes from a sense of social identity [34].

In the experiment, sociality is formed through social interaction or socialization, that is,

through the familiarization of participants and their division into groups. This laboratory

model combines the classic social psychology minimal group paradigm with group manipula-

tions that cause a sense of social attachment [35,36]. The use of this model in the experiments

revealed that socialization leads to higher levels of cooperation and its persistence in partici-

pants within social groups, compared to the initial level of cooperation in a random group of

strangers [37].
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In a series of experiments conducted at the Moscow Institute of Physics and Technology

and Tomsk State University, the effect of socialization on cooperation was studied. The mobile

eye-tracking system was used in nine experiments to find answers to the following questions:

1. How are decision making process data, obtained via a mobile eye-tracking system related to

the level of cooperation?

2. Are there any differences between visual perception features before socialization and after

it?

3. Which areas of a payoff matrix show the greatest difference in visual perception before and

after socialization?

Materials and methods

Participants

Nine experiments were conducted. Twelve participants took part in each experiment. One par-

ticipant of the 12 in each experiment was equipped with the mobile eye-tracking system. The

sample for eye-movement recording (n = 9) included five women and four men aged from 20

to 40 years old (M = 23.7, SD = 6.2). All the participants were recruited on a voluntary basis

through the social network VKontakte (vk.com). The study procedures involving human par-

ticipants were approved by Tomsk State University Human Subjects Committee. Written

informed consents were obtained from participants. Experimental data are readily available on

Harvard Dataverse: https://goo.gl/0hDljy.

Design and procedures

All the participants were invited to a computer class where they completed the participant’s

consent form. One participant of 12 was randomly chosen out of the group who was then

equipped with the mobile eye-tracking system Eye Tracking Glasses v.1.8. by SensoMotoric

Instruments GmbH (hereinafter ETG). Following a brief description of the research proce-

dures, the participants received written and verbal instructions for the Prisoner’s Dilemma

game.

Stage 1. Individual game. The participant with ETG did a 1-point calibration accuracy

test. Then, all 12 participants proceeded to the Prisoner’s Dilemma game (11 rounds). A spe-

cialized tool to design and carry out group experiments in experimental economics, z-Tree

developed at the University of Zurich, was used [38] (Fig 1). The interface design for the par-

ticipant with ETG was identical to the interface design of the other participants, and was used

in all experiments.

The participants were able to move to the next round only after all 12 participants made

their choices. No one knew who their opponents were and in each round the pairs of partici-

pants changed randomly. After each round, the result of the round and the overall result for

the current point in the game were displayed on the monitor. After the game was completed,

calibration verification took place and the participant removed the ETG.

Stage 2. Socialization. Social communication between the participants was built by a

snowball exercise (each participant should remember the names of the other participants and

their descriptions of themselves using a word beginning with the first letter of their name) and

telling a brief story about themselves. Next, two captains were voluntarily selected and all the

participants were divided into two groups (six members each). The participants were asked to
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find 3–5 characteristics common to all members of the group and choose a name for their

group.

Stage 3. Group game. After the Socialization stage, the participants took their seats at the

computers. They were instructed that they would be asked to play the Prisoner’s Dilemma

game again, but this time their partner would be a random member from the newly formed

group of six people. The participant, who during the Individual Game stage was equipped with

ETG, put on the ETG and completed the calibration accuracy test once again. Then all the par-

ticipants proceeded to the Prisoner’s Dilemma game, which consisted of 15 rounds. After each

round, the participants could see the result of each round and the total personal result for the

game at the moment, as well as the overall results for the two groups on their monitors.

After the Group Game stage the participants were tested to determine the index of group

identity according to the Fishbach-Ellemers scale [39]. They also reported on the moves they

used, as well as on those moments in the game that caused any experiences or thoughts.

The roles (who would select rows or columns) during the Individual Game and Group

Game stages were assigned randomly so that each participant played approximately the same

number of rounds in each role (6 and 5 before Socialization, 8 and 7 after Socialization).

The gains matrix content was unchanging. However, at the Group Game stage, group

names proposed by the participants were added to the screens (Fig 2).

Semantic Gaze Mapping, included in the SensoMotoric Instruments BeGaze, was used for

aggregating each participant’s results on the stimulus matrix. Semantic Gaze Mapping allows

us to determine the points of a subject gaze fixation on a stimulus for the selected trials, if the

Fig 1. Example of stimulus material during the Individual Game. Screenshot at the stage of the Individual

Game.

https://doi.org/10.1371/journal.pone.0175492.g001
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eye movements were recorded with the help of ETG. Further quantitative indicators were

exported from BeGaze and statistically processed by StatSoft Statistica v. 10. Parameters of

oculomotor activity in one round of the game were taken as the unit of analysis.

Results and discussion

Result 1. The decision making process before Socialization is accompanied by greater Dwell

Time and longer Fixation Time on the areas of noncooperative choices.

The cells of the Prisoner’s Dilemma payoff matrix were selected as areas of interest (AOI) to

compare the parameters of oculomotor activity during the stages of the Individual Game

(before Socialization) and the Group Game (after Socialization) (Fig 3).

Before socialization, longer Dwell Time (Dwell Time, %) and longer Fixation Time (Fixation

Time, %) was registered for AOI 3 (F 4.11, p = 0.008) and AOI 4 (F 4.0, p = 0.009) (Table 1).

Fig 2. Example of stimulus material during the Group Game. Screenshot at the stage of the Group

Game.

https://doi.org/10.1371/journal.pone.0175492.g002

Fig 3. Selected areas of interest (AOI). The illustration represents the payoff matrix of the Prisoner’s

Dilemma. Every cell is the area of interest (AOI).

https://doi.org/10.1371/journal.pone.0175492.g003
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AOI 3 in the case of a choice between the rows corresponds to the cell of noncooperative

choice (defect), where the gain is 10 points at 0 points for the partner. For the participant,

choosing columns AOI 3 corresponds to the cell of a choice to cooperate and a gain of 0 at 10

for the partner.

AOI 4 corresponds to a choice to defect for participants regardless of their role (whether

they choose a row or column) and is equal to the minimum outcome with a gain of 1 point for

each participant.

Moreover, there is no significant difference between decisions to defect and to cooperate

(p = 0.092). According to the descriptive data on the frequencies, participants preferred to

defect in 77.14% of rounds, if they selected rows and in 56.1% of rounds if they selected

columns.

In general, the Individual stage before Socialization with greater Dwell Time and longer

Fixation Time on the areas of defections (AOI 4 is always defection, AOI 3 is also defection,

for the choice between rows, but not always for the choice between columns) is accompanied

by a low level of cooperation—28.3% on average (S1 Table).

No differences in the parameters of oculomotor activity in areas of interest were found after

Socialization (Wilks lambda 0.91, F 1.12, p = 0.339). Perception of gains cells in the payoff

matrix after Socialization occurred with the same Dwell Time, Fixation Time, and number of

gaze returns to all AOI.

Thus, after Socialization no preferred payoff matrix cells according to eye movement

parameters were identified. The average percentage of cooperation of participants at this point

was 57.8% (S2 Table), and it was higher than before the Socialization stage.

Result 2. The increase in Dwell Time and Fixation Time is related to a preference for defec-

tion and a decrease in the overall level of cooperation.

The majority of participants showed high cooperation after the Socialization stage, except

for two participants, in whom reduction in the percentage of cooperation choices from 36% to

0% and from 45% to 27% (S1 Table, S2 Table) was observed, which raised the question of the

existence of possible differences in oculomotor activity settings based on an increasing or

decreasing level of cooperation. We combined data on the eye movements of participants that

showed reduction in cooperation (Defectors) and compared them with data on those partici-

pants whose cooperation increased after Socialization (Cooperators).

ANOVA analysis revealed significant differences in the parameters of eye movements of

the participants with regard to cooperation before (Individual Game) and after Socialization

(Group Game) (Wilks lambda 0.84, F = 2.47, p = 0.039).

The Dwell Time for AOI 4 (S3 Table) corresponding to noncooperation decisions (defects)

at the stage of the Group Game was greater among Defectors, the participants whose level of

cooperation fell after socialization (F 9.71, p = 0.003) (Fig 4). Participants with an increased

level of cooperation showed a shorter Dwell Time for AOI 4.

Table 1. Dwell Time and Fixation Time before the Socialization stage.

Dwell Time, % Fixation Time, %

M SD M SD

AOI 1 4.34 4.64 4.02 4.19

AOI 2 3.99 5.22 3.71 4.86

AOI 3 8.62 6.73 7.71 5.80

AOI 4 6.34 5.63 5.74 4.97

Dwell Time (Dwell Time, %) and Fixation Time (Fixation Time, %) before the Socialization stage in the

different areas of interest (AOI).

https://doi.org/10.1371/journal.pone.0175492.t001
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The Fixation Time for AOI 4 (S4 Table) is also significantly shorter in participants whose

cooperation level increased during the Group Game stage (F 8.96, p = 0.004) (Fig 5).

Result 3. The number of gaze fixations in the area of the group name is higher in partici-

pants with a strong group identity.

During the Socialization stage the participants were divided into two groups. Each group

consisted of six people; one of them was equipped with ETG. The participants in both groups

were asked to find common characteristics for all their group members, as well as to come up

with a name for their group, which then appeared on the screen during the Prisoner’s

Dilemma in the Group Game stage.

After the Group Game stage, the index of group identity was measured on the Fishbach–

Ellemers scale [39], according to which each participant evaluated his or her relationship with

the group formed at the Socialization stage from 1 (weak) to 7 (strong) points. A border result

was 4.5 points, dividing the participants with a weak and a strong group identity (S5 Table).

We found that the number of fixations on the name of the group was higher in participants

with a strong group identity (F = 7.81, p = 0.007) (S6 Table). The number of gaze fixations on

the group name in participants with a weak group identity was 1.27 (Fig 6), while in partici-

pants with a strong group identity it was 2.49.

However, no significant differences were found in the parameters of eye movements for the

area with the name of the group in connection with the decisions taken by participants (F 0.01,

p = 0.905). The average number of gaze fixations on the name of the group in Cooperators

with a strong group identity was 2.4; in the case of Defector participants it was 2.6. The num-

ber of fixations on the name of the group in participants with a weak group identity was 1.2

for a cooperation decision and 1.3 for a defection decision. Thus, a greater number of gaze

Fig 4. Differences in Dwell Time (%) for AOI 4. The differences in Dwell Time (y-axis) between Cooperators

(blue) and Defectors (red) (x-axis) according to the behavior data from the Prisoner’s Dilemma game during

the Individual Game and Group Game stages.

https://doi.org/10.1371/journal.pone.0175492.g004
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fixations on the name of the group is related to a strong group identity but is not due to the

nature of a decision (preference for a “defect” or “cooperate” decision).

Result 4. Socialization influenced the nature of stimuli perception in the Prisoner’s

Dilemma game. The decision making process after socialization is accompanied by an increase

in Fixation Frequency and reduction in Fixation Duration, as well as greater Saccade Fre-

quency and shorter Scanpath Length.

To compare the general characteristics of oculomotor activity during the stages before and

after socialization, mean and frequency variables and one generalizing variable were used:

1. Visual Intake Frequency (count/s) is the number of gaze fixations per second;

2. Visual Intake Duration Average (ms) is the average fixation duration;

3. Saccade Frequency (count/s) is the number of saccades per second;

4. Scanpath Length (px) is the total length of all saccades in gaze trajectory.

ANOVA analysis showed significant differences between stages before socialization (Indi-

vidual Game) and after socialization (Group Game) (Wilks Lambda = 0.83496, F (6. 199) =

6.5559, p<0.000). The images below show the mean values and 95% confidence intervals.

During the Individual Game stage, the participants demonstrated lower fixation frequency

(Fig 7) (3.11 fixations per second before Socialization to 5.76 fixations per second after Sociali-

zation; F = 11.02, p = 0.001, S7 Table), but longer fixation duration (Fig 8) (201.21 ms before

and 162.86 ms after Socialization; F = 7.52, p = 0.007, S8 Table) compared to the Group Game

stage. Thus, the decision making process after socialization is accompanied by an increase in

the frequency of fixation and reduction of their duration.

Fig 5. Differences in Fixation Time (%) for AOI 4. The differences in Fixation Time (y-axis) between

Cooperators (blue) and Defectors (red) (x-axis) according to the behavior data from the Prisoner’s Dilemma

game during the Individual Game and Group Game stages.

https://doi.org/10.1371/journal.pone.0175492.g005
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Comparison of the characteristics of the saccades (Fig 9) also revealed differences between

the stages before and after Socialization (F = 13.98, p<0.001, S9 Table). During the Individual

Game, a lower frequency of eye movement was observed. Scanpath Length (Fig 10) was greater

during this stage (F = 6.8, p = 0.01, S10 Table). This was due to the duration of decision making

before the choice of possible answers (an average length of 12553.5 ms in Individual Game and

4857.4 ms in Group Game).

Thus, the decision making process after Socialization is characterized by greater Saccade

Frequency and smaller Scanpath Length. The results can be summed up as follows: The pro-

cess of payoff matrix analysis before Socialization is characterized by a higher concentration of

attention by participants, which is expressed by their considering the options offered to them

for a longer time. During the Group Game stage (after Socialization), the analysis of the Pris-

oner’s Dilemma was faster. As we compared eye movements during different stages, we were

inclined to believe that these results were because the participants saw each round as a new

task during the Individual Game stage. After Socialization, they acquired certain ideas that

they followed, and particular strategies were formed and used by participants, which led to a

change in the nature of their perception of conditions in the subsequent rounds.

This conclusion is confirmed by the participants’ self-reports. Four of nine participants

with ETG said that after Socialization they tried to behave more cooperatively, that is, they

tried to use a cooperative strategy.

Conclusions

We used eye-tracking to study and forecast the decision making process in social interaction

in the Prisoners’ Dilemma game. Results showed that during the Individual Game stage,

Fig 6. Differences in Fixation Frequency on group name in participants with a weak and strong group

identity. The differences in Fixation Count (y-axis) between participants with weak and strong group identity

(x-axis).

https://doi.org/10.1371/journal.pone.0175492.g006
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Fig 7. Mean comparison of Fixation Frequency for the stages before and after Socialization. The dif-

ferences in Fixation Frequency [count/s] (y-axis) between the Individual Game and Group Game stages (x-axis).

https://doi.org/10.1371/journal.pone.0175492.g007

Fig 8. Mean comparison of Fixation Duration Average for the stages before and after Socialization.

The differences in Fixation Duration Average [ms] (y-axis) between the Individual Game and Group Game

stages (x-axis).

https://doi.org/10.1371/journal.pone.0175492.g008
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participants explore the payoff matrix in every new trial and so every trial is perceived as a new

challenge. During the Group Game stage, participants perceive the rounds as a series and

spend less time making decisions. Their analysis of the payoff matrix at the stage of the Group

Game is more thorough: The decision making process is accompanied by an increase in Fixa-

tion Frequency and reduction of Fixation Duration, greater Saccade Frequency, and a smaller

Scanpath Length. This analysis of the payoff matrix is in accordance with a particular strategy

formed under the influence of sociality on the basis of group identity.

Socialization promotes group identity development through interaction with other and

affects cooperation during the Group Game stage. Introduction of the Socialization stage

allows tracking changes in the characteristics of oculomotor activity in areas corresponding

to choices to cooperate or defect, depending on the level of cooperation and its dynamics.

Thus, the increase in Dwell Time and Fixation Time for noncooperative gains is associated

with a preference for noncooperative choices and a decline in the overall level of cooperation.

A greater number of fixations on the group name corresponds to a strong group identity,

but it is not related to a decision defect or cooperate.

This study demonstrates that eye-tracking systems can be used in group experiments. We

suggest further development of eye-tracking study of the influence of social factors on decision

making, to expand the subject matter from the visual perception of elements of the payoff

matrix to the attention paid by participants to other players. The ability to manipulate the size

of the room, the location of the computers, and other aspects of the physical space will enable

closer investigation of the effect of social factors on cooperation and the effect of the organiza-

tion of space on decision making.

Fig 9. Mean comparison of Saccade Frequency for the stages before and after socialization. The

differences in Saccade Frequency [count/s] (y-axis) between the Individual Game and Group Game stages

(x-axis).

https://doi.org/10.1371/journal.pone.0175492.g009
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