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Summary

The ’social brain’ has become a central focus of interest in neuroscience research in
order to define the neurophysiological basis of social behavior and inter-subjective
interactions [1]. Cooperation and competition, in particular, can be considered as a
social interaction between two or more agents who intend to facilitate, but also ob-
struct, others goal achievement [2]. This paper aims to analyze team neurodynamics
during cooperative and competitive interactions.

This study set out to analyze team neurodynamics during cooperative and com-
petitive interaction with EEG in four directions: (1) analyzing to what extent are neu-
ral synchronization measurements robust to the noise; (2) analyzing team neuro-
dynamics based on different neural synchrony measurements (3) explaining neural
synchrony in graph theory (4) relating team neurodynamics with team performance.

18 subjects (9 pairs) participated in the experiment, playing competitive and co-
operative computer pong-games in dyads with EEG. Five functional connectivity
methods were applied to quantify neural synchronies: intersite phase clustering,
phase lag index, spectral coherence, power correlation and mutual information.
Team brain networks were generated based on intra- and inter-brain neural syn-
chrony. Topological properties of brain networks, which include small-world-ness,
global efficiency and betweenness centrality, were calculated to quantify team neu-
rodynamics.

The results show that: (1) with regard to robust of neural synchrony measure-
ments: mutual information is very sensitive to noise; power-correlation is the least
noise-sensitive NS measurement; phase-lag-index can lose some significant neural
synchronies; intersite phase clustering and spectral-coherence have similar sensitiv-
ity to white noise; (2) Intra-brain neural synchronization shows prefrontal and paras-
triatel were highly activated on cooperation and competition; (3) Neural synchrony
is unstable over frequency and fluctuate dramatically over time; (4) Inter-brain syn-
chrony on cooperation is slightly stronger than interpersonal synchrony on competi-
tion; (5) Inter-brain synchrony does not highly correlate with team-performance; (6)
Intra-brain network exchange information more efficient than team-brain network; (7)
Individual brain exchanges information more efficient on competition as compared
with cooperation; (8) Individual brain network has more clusters on cooperation as
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compared with competition; (9) Team-brain network has more cluster as compared
with individual-brain network; (10) Global efficiency and small-world-ness of brain
networks are relatively unstable over time and relatively stable over frequency; (11)
Small-world-ness of intersite-phase-clustering-based networks has large variance;
(12) Brain hubs changes over time; (13) Statistically significant INS between co-
operation and competition dynamically changes over time, frequency and among
different neural synchrony measurements.

This research has many limitations. As regards the experiment, pong-game can
not perfectly imitate cooperation and competition; dyads are acquaintances instead
of close friends; experiments were not conducted in a quiet environment; there was
no baseline experiment in this research to compare cooperative or competitive sce-
nario as neural patterns may be not elicited by cooperation or competition. With
regard to methodologies: only one arbitrary frequency band (beta) was applied in
this study instead of multiple frequency bands, while results showed that neural syn-
chrony is unstable over frequency; data were averaged over time while neural syn-
chrony fluctuates dramatically over time; there are many variance definitions of the
topological properties (s.t., brain hubs could be measured by betweenness centrality
or degree centrality), but this research only applied one definition by time constraint.

In the future work, experiments could be redesigned to better imitate cooperative
and competitive interactions. More subjects (close friends) could be recruited with
similar age. Results could be analyzed over time or frequency instead of averaging
on time and frequency. Baseline experiments could be conducted (in human-to-
machine setting or the same game setting without social interaction). Topological
properties could be calculated based on different definitions. Multi-layer network
could be generated in temporal or frequency domain.
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Chapter 1

Introduction

1.1 Context

The ’social brain’ has become a central focus of interest in neuroscience research
in order to define the neurophysiological basis of social behavior and inter-subjective
interactions [1]. When people interact with each other, neurophysiological, perceptual-
motor, and cognitive-behavioral patterns emerge between subjects that would not
otherwise develop individually [3]. Cooperation and competition, in particular, can
be considered as a social interaction between two or more agents who intend to
facilitate, but also obstruct, others goal achievement [2]. Cooperation and compe-
tition are two common and opposite models of interpersonal exchange [4]. Earlier
work investigated how cooperation and competition is influenced by creativity [5] [6],
feedback [1] [7] [8] [1] [9] [10] [1] [11] [12] [13] [14] [1], personality [2] [1] [11] [14],
emotion [15] [16] and belief [17] and strategies [13] [9] [10] [1] [18].

As for the neural networks involved during cooperative and competitive behav-
iors, involvement of relevant prefrontal areas has been founded [5] [8] [2] [9] [10]
[11] [12] [14] [19]. Particularly, higher The Prefrontal Cortex (PFC) activity was re-
lated with post-feedback than pre-feedback [8]; brain activation in The Dorsolateral
Prefrontal Cortx (DLPFC) was related with negative feedback [13] [18] [1] [9] [7]
and the creative performance [6]. However, although cooperation and competition
share some important neural patterns, they do have some differences: Interpersonal
Neural Synchronization (INS) increased in the right DLPFC and right Temporal-
Parietal Junction (TPJ) only on cooperation [19]; brain activation in Inferior Frontal
Gyrus (IFG) reduced/increased during cooperative/competitive interaction [20]; acti-
vation in DLPFC is greater on competition [18].

Notably, all previous studies did not apply graph theory to analyze neural dynam-
ics on cooperation and competition. Graph theory, which is a valuable framework
to study the organization of functional and anatomical connections in the brain, can
offer a different perspective to explain neural patterns. For example, many brain

1



2 CHAPTER 1. INTRODUCTION

disorders, such as Alzheimer’s disease, schizophrenia, autism, attention deficit/hy-
peractivity disorder and epilepsy, often present abnormalities in brain networks [21].
Topological properties, which can be calculated based on brain networks, also can
offer some meaningful explanations in neural patterns. For example, brain hubs are
central in brain communication and neural integration [22], brain with attention-deficit
disorder exhibit large local efficiency as compared with health brains [23].

A second critical point is that only one synchrony measurements was applied
in each previous study. However, different neural methods have different features,
therefore, it is interesting to check weather neural patterns are consistent among
all different neural synchrony measurements. In this research, neural synchrony is
quantified by Functional Connectivity (FC), which is the connectivity between brain
regions that share functional properties. More specifically, it is the temporal corre-
lation between spatially remote neurophysiological events, expressed as deviation
from statistical independence across these events in distributed neuronal groups
and areas [24].

1.2 Problem Statement

The present research therefore intends to extend team neurodynamics analysis with
Electroencephalography (EEG) in four directions: (1) To what extent is neural syn-
chrony measurements robust to noise (2) What are intra- and inter-brain neural syn-
chronizations on different functional connectivity methods (3) How to explain neural
synchrony in graph theory (4) What is the relationship between team -performance
and team neural dynamics

EEG is very sensitive to noise and it is hard to obtain the clean brain signals,
therefore the first objective is measuring to what extent are FC methods robust to
noise.

As for the second objective, nearly all papers only applied one FC method to
quantify Neurophysiologic Synchronies (NS) and draw conclusions without compar-
ing results from other FC methods. However, each FC method has features and
assumptions. For example, Mutual Information (MI) can capture nonlinear informa-
tion while most other methods (s.t. power correlation) are unable to do so. Although
Phase-Lag Index (PLI), spectral coherence and Intersite Phase Clustering (ISPC)
are all phase-based methods, ISPC measures how phase angle differences cluster,
PLI measures weather phase angle difference vectors point to the same direction
on the polar plane while spectral coherence weights phase angle differences with
power. Therefore, it is interesting to figure out weather neural patterns are consis-
tent among different FC methods. Five FC methods were analyzed in this paper:
ISPC, spectral coherence, PLI, power correlation and MI.
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In terms of the third objective, network neuroscience successfully detects some
cognitive-capacity-related disease (s.t attentiondeficit/hyperactivity disorder [23], schizophre-
nia [25]) with topological properties. However, so far, very little attention has been
paid to explain team neurodynamics in graph theory.

With regard to the fourth objective, although extensive research has linked team
performance with INS for cooperation [26] [27] [28] [29] [30] [31], nearly no signal
study investigated how team-performance relates with topological properties of the
team brain network. This paper analyzed how team-performance relates with INS
and Global Efficiency (GE) of the team brain network.

1.3 Paper structure

The remainder of this paper is organized as follows. Chapter2 first gives a brief
literature overview of studies about competition and cooperation, introduces two
neural systems that are involved in social interaction, and lays out the theoretical di-
mensions of the research: NS calculation, network formation and topological prop-
erties calculation. Chapter3 begins by looking at participants distribution followed
by introducing experiment setting-up, procedure and workflow. Chapter.4 presents
the findings of the research, focusing on the 6 dimensions: robust of neural syn-
chrony measurements; strong neural synchrony; statistically significant inter-brain
neural synchrony; inter-brain synchrony over frequency; relationship between be-
havioral data and team-performance; topological properties of intra- and team-brain
networks. In Chapter5 and Chapter6, discussion and conclusion are given respec-
tively.
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Chapter 2

Literature review

2.1 Cooperation/Competition

The ’social brain’ has become a central focus of interest in neu- roscience research
in order to define the neurophysiological basis of social behavior and inter-subjective
interactions [1]. When people interact with each other, neurophysiological, perceptual-
motor, and cognitive-behavioral patterns emerge between subjects that would not
otherwise develop individually [3]. Cooperation and competition, in particular, can
be considered as a social interaction between two or more agents who intend to fa-
cilitate, but also obstruct, others goal achievement [2]. Cooperation and competition
are two common and opposite models of interpersonal exchange [4]. A significant
association between cognitive performance and inter-brain connectivity measures
was founded [5]. Inter-brain synchrony increased when subjects were more coop-
erative with each other [32]. Earlier work investigated how cooperation and com-
petition is influenced by creativity [5] [6], feedback [1] [7] [8] [33] [9] [10] [11] [12]
[13] [14], personality [2] [33] [11] [14], emotion [15] [16] and belief [17] and strate-
gies [13] [9] [10] [1] [18]. These factors are summarized in the following paragraphs.
Literature overview of neural studies about cooperation and competition is shown in
Appendix.A.5.

Personality An increased left The Prefrontal Cortex (PFC) responsiveness was
found for subjects who has higher behavioral activation system rating (which means
more self-motivated) in case of both cooperation and competition conditions [2];
subjects with higher behavioral activation system ratings showed greater frontal left
activity during the cooperative task [2] and responded in greater measure to post-
feedback condition with better real performance [1].

Feedback A worse performance after the negative feedback in the form of a
specific pattern of brain activation involving the The Dorsolateral Prefrontal Cortx
(DLPFC) and the superior frontal gyrus [9]. Post-feedback induced a decreased

inter-brain synchrony [9].

5
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Belief Inter-brain synchronization in P3b during cooperation suggested that a
cooperative relationship is built up when the memory system (which support belief
updating) of two interacting person reach a high level of coordination [17].

Both behavioral performance and physiological measures exhibited higher vari-
ance in holistic than in analytic subjects [34]; differences in amplitude and P300
latency suggest that decision making was easier for the holistic subjects in the co-
operation condition, in contrast to analytic subjects for whom decision making based
on these measures seemed to be easier in the competition condition [34].

Creativity Strong interpersonal brain synchronization between group members
as evoked in two low-creative subjects, this interpersonal brain synchronization in
right DLPFC and right Temporal-Parietal Junction (TPJ) covaried with the creative
performance and cooperation [6].

Neural Networks Involved During Cooperation and Competition As for the
neural networks involved during cooperative and competitive behaviors, involvement
of relevant prefrontal areas has been founded [5] [8] [2] [9] [10] [11] [12] [14] [19].
Particularly, higher PFC activity was related with post-feedback than pre-feedback
[8]; brain activation in DLPFC was related with negative feedback [13] [18] [1] [9] [7]
and the creative performance [6]. However, although cooperation and competition
share some important neural pattern, they do have some differences: INS increased
in the right DLPFC and right Temporal-Parietal Junction (TPJ) only on coopera-
tion [19]; brain activation in Inferior Frontal Gyrus (IFG) reduced/increased during
cooperative/competitive interaction [20]; greater beta (12-24Hz) activation in the
DLPFC when participants defect; there is a greater general amount of activated
to defection as compared with cooperation [18];a stronger interpersonal brain syn-
chrony was evoked between the regions in prefrontal and posterior temporal regions
in the cooperation conditions, as compared with the competition mode [19].

2.2 Neural Systems Involved In Social Interaction

Social interaction contains two main neural systems, which are Mirror Neuron Systems
(MNS) (includes the primary motor cortex and posterior parietal cortex) and Mentalizing
System (MS) (consists of the TPJ,The Prefrontal Cortex (PFC)). These two systems
are shown in Fig.2.1.

2.2.1 Mirror Neuron Systems

Mirror neurons, which respond similarity to both performing an action and observ-
ing the same action, was proposed to be involved in learning ability by imitation, to
understand other peoples actions, to simulate other people’s intentions, thoughts,
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Figure 2.1: Brain regions considered for the MNS and the MS masks (both hemi-
spheres).Adopted from Chiara Begliomini et al. [35].

and even emotions [36]. In human brains, the MNS (Fig.2.1) consists of the inferior
frontal gyrus ( which can provide additional supplemental information, such as the
goal of the action) and inferior parietal lobe ( which is related to language, motor and
sensory detection) [37]. MNS was first discovered in monkey [38] and then be iden-
tified in human [39] [40]. Acting in a social context induced analogous modulations
of motor and sensorimotor regions in observer and actor [40].

2.2.2 Mentalizing Systems

Mentalizing is responsible for understanding others intentions or emotions by their
gestures, behaviors and facial expressions. The TPJ and PFC are two brain regions
that are associated with mentalizing process. Activation in the TPJ manipulates
memory, attention, language and social cognition [41]. PFC is responsible for the
planning, regulation, integrating of information, and other high cognitive functions
[37] and it is related to INS [42] [43] [10], such as INS existed in the Dorsomedial
Prefrontal Cortex (dmPFC), during cooperative interaction. [42].

2.3 Functional Connectivity

NS were quantified by FC, which includes ISPC, spectral coherence, PLI, power
correlation and MI.
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2.3.1 Intersite Phase Clustering

ISPC means clustering in polar space of phase angle differences between elec-
trodes, voxels, or neurons and it calculates the average of phase angle differences
between electrodes over time and/or over trails.

ISPCf =

∣∣∣∣∣n−1
n∑
t=1

ei(φxt−φyt)

∣∣∣∣∣ (2.1)

If ISPC is computed over time, n is the number of time points, and φx and φy are
phase angles from electrodes x and y at frequency f . If ISPC is calculated over
trails, t refers to trail and n refers to the number of trails instead of the number of
time points.

The averaged phase angle difference between two signals over time and/or fre-
quency

2.3.2 Spectral Coherence

Spectral coherence is similar to ISPC, but the phase values are weighted by power
values, so spectral coherence are likely to be influenced by strong increase or de-
crease in power. For example, if connectivity increases but power simultaneously
decreases, spectral coherence may provide biased results.

Coherxy =

∣∣∣∣ Sxy
SxxSyy

∣∣∣∣ (2.2)

Sxy is the cross-spectral density between activities at electrode X and Y, and Sxx and
Syy are the auto-spectral densities for electrodes X and Y . Eq.2.3 equals Eq.2.2 in
a Euler-like format.

Coherxy =

∣∣n−1∑n
t=1 |mtx||mty|eiφtxy

∣∣2
(n−1

∑n
t=1 |mtx|2) (n−1

∑n
t=1 |mty|2)

(2.3)

mx and my are the analytic signals X and Y ,φxy is the phase angle difference be-
tween electrodes X and Y , and t refers to trials and/or time points, depending on
whether coherence is computer over time and/or over trials. The denominator is
simply the product of the average power values from electrodes X and Y .

2.3.3 Phase Locked Index

Because effects of volume conduction are instantaneous within measurement ca-
pabilities of M/EEG acquisition within frequencies typically investigated in M/EEG
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research, spurious connectivity results that are caused by two electrodes measur-
ing activity from the same source will have phase lags of zero or π (π if the electrodes
are on opposite sides of the dipole).

The phase lag index measures the extent to which a distribution of phase angle
differences is distributed toward positive or negative sides of the imaginary axis on
the complex plane (that is, whether the vectors are consistently pointing ”up” or
”down” in polar space when the imaginary axis corresponds to a vertical line). Thus,
with the phase-lag index, the vectors are not averaged, but instead, the sign of the
imaginary part of the cross-spectral density is averaged.

PLIxy =

∣∣∣∣∣n−1
t=1∑
n

sgn(imag(Sxyt))

∣∣∣∣∣ (2.4)

in which imag(s) indicates the imaginary part of the cross-spectral density at time
point (or trial) t; sgn indicates the sign (-1 for negative values, +1 for positive values,
and 0 for zero values).

2.3.4 Power Correlation

Phase-based connectivity analyses assume that the connectivity is instantaneous
(although not necessarily with zero phase-lag), and at the same frequency. Power-
based connectivity analyses do not have this constraint. Another feature of this
method is that this measure ignores the temporal structure in the data, and treats
the time series as realizations of random variables [44].

The Spearman coefficient measures correlation and is defined as the covariance
of two variables, scaled by the variance of each variable.

r =

∑n
t=1(xt − x̄)(yt − ȳ)√∑n

t=1(xt − x̄)2
∑n

t=1(yt − ȳ)2
(2.5)

The numerator is simply the sum of variables x times variable y at each time point
(or trial) t, after subtracting the mean of each variable (the bar on top of the variable
indicates the mean). The denominator is the variance of each electrode.

Spearman coefficient is applied in this paper rather than Pearson coefficient as
the power of brain signals does not normalized distributed, which against the as-
sumption of Pearson correlation [45]. Surprisingly, most studies applied Pearson
correlation without any normality test [46]

2.3.5 Mutual Information

Entropy Entropy is the basic building block of mutual information and it measures
uncertainty. To compute entropy with continuous data such as an EEG, first the data
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should be binned to create a histogram to calculate probabilities.

H(X) = −
n∑
i=1

p(xi)log2p(xi) (2.6)

where H is the measure of entropy, p is the probability of observing the ith value of
the bin series data x, and n is the number of bins. Entropy is not subject to power-
law scaling effects over frequency and is also unrelated to the temporal structure of
the data.

The number of bins into which to discretize the data influences the data distribu-
tion, and thus influence the entropy.

Joint Entropy Joint entropy is the total entropy of a pair of variables.

H(X, Y ) = −
m∑
j=1

n∑
i=1

p(xi, yi)log2p(xi, yi) (2.7)

Mutual Information Mutual information is the amount of the shared information
between two variables.

MI(X, Y ) = H(X) +H(Y )−H(X, Y ) (2.8)

MI can capture non-linear relationship, while other synchrony measurements
(e.g. power correlation) can not. Another feature of this method is that this measure
ignores the temporal structure in the data, and treats the time series as realizations
of random variables [44].

2.3.6 Comparison of All Functional Connectivity Methods

Strength and weakness of all FC methods are listed in Tab.2.1.
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Features
ISPC ISPC measures the clustering in

polar space of phase angle differ-
ences between electrodes, voxels,
or neurons

1. Phase-based connectivity analy-
ses assume that the connectivity is
instantaneous and at the same fre-
quency [47]
2. Phase synchrony are computed
from the frequency domain repre-
sentation of a pair of signals, which
represents across a set of observa-
tions (epochs or time windows) [44].

spectral-
coherence

Spectral coherence is similar to
ISPC, but the phase values are
weighted by power values

PLI 1. Robust to the volume conduction
( zero phase difference between
two signals)
2. It assumes that both the phase
lag and the frequencies of activities
of the two electrodes are stationary
for the duration of time used in the
analysis

Power-
correlation

This measurement ignores the tem-
poral structure in the data, and
treats the time series as realiza-
tions of random variables [44]

MI 1. MI is robust for quantifying the
amount of information that is shared
between two variables
2. It can identify patterns of connec-
tivity regardless of the distribution of
the data (e.g, linear, non-linear, cir-
cular)
3. MI ignores the temporal structure
in the data, and treats the time se-
ries as realizations of random vari-
able [44]

Table 2.1: Brief summarization of features of FC methods
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2.4 Brain Network

FC of the brain is usually obtained by measuring a specific type of physical signal
(e.g., blood oxygen level dependent contrast as in Functional Magnetic Resonance
Imaging (fMRI) or magnetic field as in Magnetoencephalography (MEG)) from dif-
ferent regions and then comparing pairwise signals by means of some similarity
measure (e.g., cross-correlation [48], transfer of entropy, spectral coherence [49],
etc.) [50].

Graph theory is a mathematical framework for characterizing networks that can
be represented as graphs containing nodes and vertices (for EEG connectivity,
nodes and vertices are, respectively, electrodes and connectivity( strengths).

The advantage of graph theory analysis is that it offers useful and easy-to-
interpret characterizations of multivariate network. Topological properties of net-
works are useful, such as community in brain network can help detect schizophre-
nia, Alzheimer’s disease and other cognitive disorders since neuropsychiatric disor-
ders can be thought of as dysconnectivity syndromes [51]; Katelyn L. Arnemann et
al. [52] used modularity of brain network to detect patients with brain injury.

2.4.1 Network Formation

Standard networks can be represented by adjacency matrices, indicating the pres-
ence and the intensity of connections among the brain’s units [50].

Nodes and edges represent interested electrodes and FC respectively. In weighted
network, edge are weighted by FC strength. In order to find significant edges among
the team brain network, threshold ( one standard deviation above median of intra-
and inter-brain NS) is applied into the weighted team brain network. Another thresh-
old applied in this study is that: for intra-brain network, threshold is visually detected
by intra-brain neural synchrony distribution (since there is always a clear gap in dis-
tribution that separate weak intra-brain ns clusters and high intra-brain NS); for inter-
brain network, top 10 highest INSs were chosen since there is no gap in distribution
and INSs are strongly clustered.

eij =

{
rij, ifrij ≥ T

0, otherwise

where rij is the weight and T is the threshold.
With regard to the threshold, some papers specify the number of connections

and then keep the k strongest connections, setting the rest to zero [47]. This ap-
proach is not optimal for condition comparisons because the relative strengths of
connectivity may differ across conditions. The threshold of one standard deviation
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above the median connectivity value is recommended by Mike X Cohen [47] as he
stated that this threshold seems to work well in the EEG datasets in his studies.
Nonetheless, the threshold can be any reasonable value, such as .5 [53].

Notably, this threshold was only applied to find strong NS and it was not employed
for calculating topological properties.

2.4.2 Network Topological Properties

Topological properties are useful in detecting some illnesses. For example, Liang
Wang et al. [23] found that brains with attentiondeficit/hyperactivity disorder exhibit
large local efficiency and smaller global efficiency as compared with healthy brain.
Brain hubs, which are measured by centrality, are central in brain communication
and neural integration [22].

Small-world networks, which is quantified by small-world-ness, are formally de-
fined as networks that are significantly more clustered than random networks [54].
Health brain is small-world network because health brain has evolved both to max-
imize the efficiency of information transfer and to minimize connection cost, at all
scales of space and time [51]. Small-world-ness is influenced by cognitive-related-
illness(s.t., schizophrenia [55]).

Three topological properties were calculated in this paper: Global Efficiency,
Small-World-Ness and betweenness centrality.

Global efficiency

Efficiency measures how efficient a network exchanges information. In neuroscience,
global efficiency has been linked with a range of cognitive variables, including spatial
orientation [56], memory retrieval [57], mathematical abilities [58], intelligence [59]
and creativity [60].

The average efficiency of a network G is defined as:

E(G) =
1

n(n− 1)

∑
i 6=j∈G

1

d(i, j)
(2.9)

where n denotes the total nodes in a network and d(i, j) denotes the length of the
shortest path between a node i and another node j. The global efficiency of network
G is defined as:

Eglob(G) =
E(G)

E(Gideal)
(2.10)

where Gideal is the graph, where all possible edges are present.
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Small-World-Ness

Path length

Path length measures how efficient the information transports on a network. The
path length measures the average minimal distance between the 2 nodes, defined
as:

L =
1

N(N − 1)

∑
i 6=j,i,j∈G

d(i, j) (2.11)

where d(i, j) is the shortest distance between node i and j.
Clustering Coefficient A clustering coefficient is a measure of the degree to

which nodes in a graph tend to cluster together. Clustering coefficient is based on
transitivity is explain in Eq.2.12

c =
3× number of triangles
numberofpathoflength2

(2.12)

where a ’triangle’ is a set of three nodes in which each contact the other two.
Small-World-Ness The network G is said to be a small-world network if Small-

World-Ness (SWN) is greater than 1. SWN is defined in Eq.2.13.

S =
C

Crand

L
Lrand

(2.13)

where L is the mean value of the minimum path length over all node pairs of network
G and C is clustering coefficient. Lrand and Crand are the corresponding quantities
for the corresponding E − R random graph, which has the same amount of nodes
and edges of network G.

Definition of SWN does not remain the same in papers. Beside global clustering
coefficient (Formula.2.12, clustering coefficient can also be explained locally [61],
which will lead SWN value a slightly different. Furthermore, there are other ways to
quantify SWN [62] [63]. This research only calculated SWN based on one definition
based on the time constraint.

Betweenness Centrality

Indicators of centrality identify the most important vertices within a graph and be-
tweenness centrality is a centrality measurement based on shortest paths. The
betweenness centrality of a node v is defined as:

g(v) =
∑
s 6=v 6=t

σst(v)

σst
(2.14)

where σst is the total number of shortest paths from node s to node t and σst(v) is
the number of those paths that pass through v. For weighted network, the shortest
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path between nodes is calculated by the sum of weights of edges rather than the
number of edges.

There are many ways to quantify centrality in graph theory, such as degree cen-
trality, closeness centrality and eigenvector centrality, just name a few. Since cen-
trality measures how ”important” a node is in the network, the world ”importance”
has a wide number of meanings, leading to many different definitions of centrality.
Betweenness centrality captures network characterization by walk structure, as it is
the number of shortest paths which pass through the given vertex. Different central-
ity measurements have different features, which may draw different brain hubs. This
diversity makes result comparison among papers difficult.
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Chapter 3

Method

To explore team neurodynamics during cooperation and competition with EEG, the
pong-game is designed to imitate cooperative and competitive social interaction
since EEG is very sensitive to noise while this game only requires finger movements
to minimize noise. To obtain clean brain signals, EEG signals were preprocessed to
remove noise. Team neurodynamics are quantified by NS, which are calculated by
FC methods. Following calculating FC, graph theory was applied to visually explore
functional brain structure. Strong neural synchrony during cooperation and competi-
tion were detected by applying threshold to intra- and inter-brain synchronies. To find
different neural patterns between cooperation and competition, statistical significant
INS was calculated.

This section introduces the workflow, experiments, the participants population,
neural synchronization analysis, FC robust analysis and how to calculate statistically
significant INS between cooperation and competition.

3.1 Participants

The experiments were conducted in the DBS lab at the university of Twente. Written
informed consent was obtained from each subject after the explanation of the study,
which was approved by the ethics committee of Electrical Engineering, Mathematics
and Computer Science faculty of the university of Twente,the Netherlands. The
participants consisted of healthy subjects (N=18), with a mix of gender (6 female
and 12 male) as well as age (M = 30.94, SD = 10.62). The participants were
contacted via emails and given further instruction once they accept the request to
participants in the research. They reported no history of neurological or chronic pain
disorders, or other significant health issues. They were instructed to avoid the use
of alcohol and narcotics, and the over-consumption of coffee for at least 24 hours
before the experiment; sufficient sleep was recommended before the experiment.

17
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Each participant was given complete details of the experimental procedure and was
familiarized to cooperative/competitive pong-games at the onset of the experiment.
Written consent forms were obtained from all participants.

3.2 Cooperative/Competitive Interaction

To simulate competition and cooperation between dyads, pong-game (similar to that
of a table tennis) was designed, in which dyads were required to bounce the ball
back with the paddles. This game was designed based on EEG constraint: mini-
mizing body movements to reduce the signal noise. Therefore, this experiment only
requires subject to use two fingers to control the game.

In competition scenario, two subjects controlled one paddle respectively to move
up and down to hit the ball back. Once the subject missed a ball, the other subject
would win one score. The subject who first gained 10 scores would win this game.
Illustration of this competitive game is shown in Fig.3.1b.

As for cooperative game (Fig.3.1a), two subjects were told to work as a team.
They had 10 scores at first, which was shown on the top of the court. Each paddle
can only move half width of the court (e.g, the left paddle can only move over the left-
half-side of the court and cannot move to the right-half-side ). If the team missed a
ball, they would lose one score; if they lose all 10 scores, they would lose the game.
Different with competitive game, the cooperative experiment requires subjects to
discuss strategies about how to improve team-performance before game started.

For each dyad, there are 4 trails for cooperation and competition respectively.
In order to add the difficulty to the game, the ball would speed up if subjects kept
succeeding in hitting the ball back.

3.3 Experiment Procedure

Experiments were conducted in a lab, which contains all required equipment. Two
subjects were seated in arm-chairs alongside with each other, playing competi-
tive/cooperative pong-game together with Twente Medical Systems Internation B.
V (TMSI) EEG equipment.

The experiment consisted of two blocks: cooperative-game-playing and competitive-
game-playing. Each block contains 4 trials. During cooperative session, two sub-
jects were required to discuss strategies to improve game-performance. Each ses-
sion was separated by a period of 10s to relax subjects. The entire experiment took
about 1 hours.
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(a) Illustration of computer-based cooperative
Pong-game. The team has 10 scores at first, which
are shown on the top in ten solid rectangles, each
subject controls one paddle to move left and right
with two keys. Once the team loses a ball, they
lose one score. Team performance is measured by
game duration

(b) Competitive Pong-game. Each subject controls
one paddle to move up and down with two keys. If
one subject misses the ball, another subject will win
one score. The winner is the subject who first wins
10 scores

Figure 3.1: Screen-shots of cooperative/competitive computer pong-game

A complete step-by-step description of the experimental protocol can be found in
Appendix.A.4.

3.4 Analysis Work-flow

Fig.3.2 illustrates analysis workflow, which includes three phrases: EEG signal pre-
possessing, NS calculation and brain network formation.

There are 6 steps during the preprocessing phrase. First, raw data was extracted
based on game-start and game-end event trigger.Then, a band-pass filter (1-45Hz)
was applied to extract interested frequency band and remove 50Hz line noise. In
order to minimize computer computation workload, signal was down-sampled from
1284Hz into 512Hz. The first and last 5 second data were removed since there were
delays in these moments. DC signals were removed. To increase data quality, noise
was removed by multiple artifact rejection algorithm (MARA). Following data clean-
ing, epochs were extracted based on 1-second window with .5 second overlapping.
Rather than averaging 1 second of the data, this pipeline was also conducted based
on the whole last 30 and 15 seconds of the data, the results can be founded in
Appendix.A.3 and Appendix.A.2 respectively. To increase the data quality, dataset
which contained more than 60% noise components in ICA analysis were removed.
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Figure 3.2: The workflow of this study. It contains three phrases: prepossessing,
NS calculation and network formation.
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Accordingly, 25 competitive trials and 17 cooperative trials are obtained from 32
trials (8 dyads x 4 competitive/cooperative trials for each dyad).

Following data-cleaning, NS were calculated on different FC methods. Based on
previous studies [64] [40], brain signals were filtered by beta frequency band since
beta brain wave dominates human normal waking state of consciousness when at-
tention is directed towards cognitive tasks and the outside world. Differently, for
MI-based FC method, gamma band was applied based on previous studies [31]
. Notably, to compare intra- and inter-brain strength, NS are normalized into 0 to
1 on team level for each FC method (the largest intra- and inter-brain Fc value is
normalized into 1 and the smallest value is normalized into 0).

Following NS calculation, NS were applied into 4 different analyses: (1) topolog-
ical properties analysis; (2) statistically significant INS analysis; (3) strong NS/INS
analysis; and (4) behavioral data analysis.

Regarding topological properties analysis, weighted intra- and team-brain net-
works were generated first. Then, three topological properties-GE, SWN and be-
tweenness centrality-were calculated based on brain networks.

Concerning statistically significant INS between cooperation and competition, the
permutation test with 500 shuffles was applied. To further explore whether these
results are valid, one significant INS were illustrated over time and frequency.

With regards strong NS/INS analysis, two different types of thresholds were ap-
plied into intra- and inter-brain NS :(1) one standard deviation plus median of intra-
and inter-brain NS without outliers, which are more than three scaled median abso-
lute deviations; (2) for intra-brain NS, the threshold was visually detected based on
intra-brain neural synchrony distribution; for inter-brain NS, top 10 highest INS were
chosen. The reason why chosen these thresholds were discussed in Sec.2.4.1.

As for behavioral data analysis, in order to find the relationship between team-
performance and INS/GE, game-performance was quantified by game-duration and
one degree polynomial curves were applied between these two predictors (game
duration and INS/GE).

Robust of FC methods was analyzed with the clean EEG signals. First, FC of
two identical clean brain signals was calculated and the result should be 1 for all
normalized NS measurements. Different level of white noise was added into the
clean brain signal to obtain noise-contaminated brain signal with different Signal to
Noise Ratio (SNR). FCs were calculated between the clean signal and noisy data
to test how Gaussian noise influences NS.
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3.5 Neural Synchrony Analysis

Phase-based and power-based neural synchrony measurements are based on time-
frequency analysis. This study applied a sinusoidal wavelet (short time discrete
Fourier transform) to transform brain signal from time-amplitude into time-frequency
domain. In this transform, the number of cycles were increased slowly with fre-
quency: overlapping time window began with a 3-cycle wavelet (with a Hanning-
tapered window applied) and the number of cycles in the wavelets used for higher
frequencies continued to expand slowly, reaching half (0.5) the number of cycles at
its highest frequency. This feature offers better frequency resolution at higher fre-
quencies than a conventional wavelet approach that uses constant cycle length [65].
Time scale is 0.

As for MI-based FC method (a non-frequency-decomposition-required method),
1000 bins were applied to create signal distributions.

Based on previous paper [31], signals were filtered by gamma band (31 to 45Hz)
before MI calculation. For other FC methods, beta brain waves(13 to 30Hz) was
employed as the beta rhythm is associated with normal waking consciousness.

FC was calculated between each electrode pairs (21 × 21 = 441,21 electrodes
from player A and 21 electrodes from player B), averaged over time, frequencies,
epochs and trials for different conditions. For example, each condition has ISPC
matrix in time × frequency × epoch × trials × 441 format. There are 25 trials on
competition and 17 trials on cooperation. The ISPC-based team NS matrix is to
average time × frequency × epoch × trials × 441 over the first 4 dimensions to get
1× 441 matrix, where each column represents one electrode pair.

Instead of 1-second-epoch-ed data, FCs were also calculated based on the last
15 and 30 seconds, the corresponding results are shown in Appendix.A.2 and Ap-
pendix.A.3.

FC was also calculated over frequency or time to inspect weather NS is stable.

3.6 Functional Connectivity Robust Analysis

Two clean signals were randomly chosen (one from subject 1’s Fp1 electrode on
cooperation while the other clean signal was from subject 2’s Fp1 electrode during
competition).

For each clean data,different levels of Gaussian noise was added into the clean
signal to create noise-contaminated brain signals with different SNR. In this paper,
5 noisy signals with 2db, 4db, 8db and 10db signal-to-noise ratio were generated
based on the clean data. The lowest SNR is 2db because results show that all FC
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methods already lose power at this noise level. To test FC robust, NS was measured
between the clean data and the noise-contaminated data.

The clean signal is denoted as u and the Gaussian noise is denoted as n with
zero man and σ2

n variance. It is assumed that Gaussian noise is not correlated with
the signal u. The noise-contaminated data is

v = u+ n

Accordingly, the SNR is

SNR[db] = 10× log10(σ2
u/σ

2
n)

where σ2
n and σ2

u are the variance of Gaussian noise and the clean signal respec-
tively.

3.7 Linear polynomial curves

To fit a line between game-duration ( predictors) and INS or GE value (response
variables), one degree polynomial curves are applied.

Y = p1 ∗ x+ p2 (3.1)

Y is response variables, x is the predictor value.

3.8 Statistically significant Inter-Brain Synchrony

In order to find statistically significant INS between cooperation and competition,
a permutation test with 500 shuffles was applied. The null hypothesis is for each
INS pair, the mean of INS during cooperation and competition are the same. How-
ever, t-test was applied in most papers without any normality test [66] [42] [67] [4].
Some papers also applied some non-parametric tests, such as the wilcoxon rank-
sum test [68] [46], which equals to replacing each observation by its rank, then do a
permutation test using the sum of the (ranks of the) responses.

Suppose Icoop and Icomp represents the inter-brain synchrony between all pairs of
subjects during cooperation and competition respectively. Note that each of these
matrices have 3 dimensions (i × j × n) where (i = 1, 2, . . . 21) and (j = 1, 2, . . . 21)

represent the EEG channels of player A and player B respectively and n represents
the number of trails (or pair of subjects) in our experiments. Competition consists of
23 trials and cooperation contains 17 trials.

In order to find statistically significant INS between different experimental scenar-
ios, the permutation test was applied. First, for each INS pair, INS were averaged
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over trials for cooperation and competition. For example, to determine if the edge
linking the prefrontal area under the electrode labelled Fp1 in subject A with the
corresponding prefrontal location in subject B, was significantly different in two sce-
narios, two vectors {Icomp(1, 1, n)|n = 1, 2, · · · 23} and {Icoop(1, 1, n)|n = 1, 2, · · · 17}
were averaged over trials to obtain Icomp(1, 1) and Icoop(1, 1). Then, these two av-
eraged INS based on each condition was subtracted with each other to calculate
observed value of the test statistic, which denotes Tobs in this paper. For example,
Tobs = Icomp(1, 1)− Icoop(1, 1). Next, trials on cooperation and competition were shuf-
fled with each other 500 times. On each time, aforementioned steps were repeated
to calculate INS difference in two different condition. After obtaining 500 calculated
differences, the one-sided p-value of the test is calculated as the proportion of sam-
pled permutations where the difference in means were greater than or equal to Tobs.
For statistical comparison, a strict threshold on p-values at 0.01 was applied. To
correct the type 1 errors, multiple comparisons were compensated by applying false
discovery rate correction at a significance level of 0.5%.

False discovery rate

The false discovery rate (FDR) is a method of conceptualizing the rate of type I
errors in null hypothesis testing when conducting multiple comparisons.

Based on definitions,
Q = V/R = V/(V + S) (3.2)

where V is the number of false positive (Type I error), S is the number of true pos-
itives (a.k.a ”true discoveries”), R (R=V+S) is the number of rejected null hypothe-
ses (a.k.a ”discoveries”, either true or false),Q is the proportion of false discoveries
among the discoveries (rejection of the null hypothesis). The false discovery rate
(FDR) is defined as:

FDR = Qe = E[Q] (3.3)

where Q is defined to be 0 when R = 0. One wants to keep FDR below a threshold
q. To include the case when R =0 , formally

FDR = E[V/R|R > 0] . . . P (R > 0) (3.4)
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Results

Bain map of electrode distribution and the corresponding brain area for each elec-
trode can be found in Appendix.A.7.

4.1 Robust of Neural Synchrony Measurements

The first research task is to analyze to what extent FC methods are robust to noise.
NS measurements include power-correlation, ISPC, PLI, spectral-coherence and
MI.

Figure 4.1: Time-amplitude plot of the clean data and the noisy data with 2db SNR.
The red line represents the clean data while the blue line represents the
noisy data with 2db SNR.

The clean brain signal extracted from Pz electrode from one subject during com-
petition, is shown in Fig.4.1 with read color, noisy data with 2db SNR is shown in
blue color.

25
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(a) Clean data from person 1

(b) clean data from person 2

Figure 4.2: Heat-map of FC between clean and noisy brain signals. Row repre-
sents how the clean signal synchronized with the noisy brain signals
with different SNR. For example, the first row represents how to iden-
tical clean signals synchronized with each other, the second row rep-
resents how the clean signal synchronized with the noisy signal with
10db SNR. Columns represent different FC methods, from the left to the
right, 5 columns respectively represent ISPC, PLI, spectral coherence,
power correlation and MI. The first row should be 1 for all normalized
FC since two identical clean signals should be theoretically perfectly
synchronized with each other. PLI is zero for the synchronization be-
tween two identical signals. The plots shows ISPC, spectral coherence
and power correlation shows that FC decreases as SNR decreases. FC
cannot quantify NS if data is heavily contaminated by noise. MI is very
sensitive to noise since MI drops dramatically if noise is added into the
clean signals. PLI is not influenced by noise.
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Fig.4.2 shows how noise influences NS. The clean signals in Fig.4.2a and Fig.4.2b
are from one subject’ Fp1 electrode during cooperation and another subject’ Fp1
electrode on competition respectively.

After contaminating the clean signals with white noise, 5 noisy signals with 10db,
8db, 6db, 4db, 2db SNR were generated. Each row (except the first row) represents
how the clean signal synchronized with noisy data. For example, the second row
of Fig.4.2a and Fig.4.2b shows synchronization between the clean signal and the
noisy data with 10db SNR.

The summarization of robustness of all FC methods are listed in Tab.4.1. Since
MI- and PLI-based FC methods are less robust, the following analysis results based
on these two methods are only listed in Appendix.A.1.

FC methods Robustness
MI MI is most sensitive to noise
ISPC ISPC decreases as noise increases
PLI 1. PLI can not captures some significant NS

2. Noise does not influence PLI
Spectral coher-
ence

The similar pattern with ISPC

Power correla-
tion

Power-correlation is least sensitive to noise

Table 4.1: Summarization of robustness of five FC methods

4.2 Strong Neural Synchrony

The second research task is measuring NS during cooperation and competition. NS
are shown in the team brain network format with intra- and inter-brain NS. Based on
the previous findings(Fig.4.2), results from less-robust FC methods-MI-based and
PLI-based NS- are listed in Appendix.A.1.2.

In adjacency matrix, FP1,FPz,FP2,F7,F3,Fz,F4,F8,T7,C3,Cz,C4,T8,
P7,P3,Pz,P8,O1,Oz,O2 are EEG electrodes from subject 1. FP12, FPz2, FP22,
F72, F32, Fz2, F42, F82, T72, C32,Cz2,C42,T82,P72,P32,Pz2,P82,O12,Oz2,O22 are
EEG electrodes from subject 2. The color-bar on the right shows FC strength. The
arbitrary threshold: one standard deviation above median is applied to generate
these adjacency matrix: Fig.4.4, Fig.4.6,Fig.4.8 respectively show ISPC-, power-
correlation- and spectral-coherence-based adjacency matrix.
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(a) Distribution of spectral-coherence-based competitive intra-brain NS. X-axis
shows the spectral-coherence value while y-axis shows the count. There is a gap
around 0.45 spectral-coherence-value: on the left of this threshold, NS are highly
clustered; on the right, there are few strong NS.

(b) Distribution of spectral-coherence-based competitive INS. Different with
Fig.4.3a, there is no gap clearly that separate the weak and strong NS, instead in
this plot INS clustered with each other. Therefore, top N (for example, 10) highest
INS are chosen to be the strong NS

Figure 4.3: Distribution of spectral-coherence-based NS on competition



4.2. STRONG NEURAL SYNCHRONY 29

(a) Adjacency matrix of ISPC-based intra-brain net-
work during competitive interaction

(b) Adjacency matrix of ISPC-based inter-brain net-
work during competitive interaction

(c) Adjacency matrix of ISPC-based intra-brain net-
work during cooperative interaction

(d) Adjacency matrix of ISPC-based inter-brain net-
work during cooperative interaction

Figure 4.4: Adjacency matrix of ISPC-based team brain network during coopera-
tive/competitive interaction. Intra-brain NS are more strong than INS.
There are similar amount of intra-/inter-brain NS during cooperation and
competition. Intra-brain NS, which are shown in (a) and (c), indicate
brain activities at pre-frontal lobe are highly synchronized with occipital
lobes; brain signals at the frontal lobe are highly synchronized with oc-
cipital,frontal and prefrontal lobes respectively; INS, which is shown in
(b) and (c),indicates signals at occipital and prefrontal lobes are strongly
synchronized with the other whole brain.
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(a) ISPC-based team brain map during competitive interaction

(b) ISPC-based team brain map during co-operational interaction

Figure 4.5: Team brain maps of ISPC-based team brain network. Line thickness
indicates neural synchrony strength. Within-brain lines represent intra-
brain synchronizations while inter-brain lines represent inter-brain syn-
chronization. Intra-brain NS with lower power-correlation value (smaller
than 0.6) were removed. 0.6 was visually detected by intra-brain syn-
chrony distribution. Top highest 10 intra-brain synchronizations are dis-
played. Inter-brain synchronization show the similar pattern during co-
operation and competition: the prefrontal and occipital lobes are highly
activated. In competition, the prefrontal lobe is also connected with the
frontal lobe. Inter-brain links between cooperation and competition also
show similar patterns: the occipital and prefrontal lobes are connected
with each other. During cooperation, INS also appeared between Pz
and Oz. This brain map shows similar results with the Fig.4.4
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(a) Adjacency matrix of power-correlation-based
intra-brain network during competitive interaction

(b) Adjacency matrix of power-correlation-based
inter-brain network during competitive interaction

(c) Adjacency matrix of power-correlation-based
intra-brain network during co-operational interac-
tion

(d) Adjacency matrix of power-correlation-based
inter-brain network during co-operational interac-
tion

Figure 4.6: Adjacency matrix of power-correlation-based team brain network. Co-
operation and competition have similar amount of intra-brain NS, while
there are more INS one cooperation. Intra-brain NS is more strong than
inter-brain NS. With regard to intra-brain NS, (a) and (c) show that sig-
nals at frontal lobe are highly synchronized with data at pre-frontal lobe.
(c) illustrates that signals at parietal lobe lobe also synchronized with
brain activities at prefrontal and frontal lobes. As for INS, (b) shows INS
is scattered between nodes. (d) shows signal at central and parietal
lobes are highly synchronized.
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(a) The power-correlation-based team brain map during competitive interaction

(b) The power-correlation-based team brain map during co-operational interaction

Figure 4.7: Team brain map of the power-correlation-based team brain networks.
Line thickness indicates neural synchrony strength. Within-brain lines
represent intra-brain synchronizations while inter-brain lines represent
inter-brain synchronization. Intra-brain NS with lower power-correlation
value (smaller than 0.6) were removed. 0.6 was visually detected by
intra-brain synchrony distribution. Top highest 10 intra-brain synchro-
nizations are displayed. Intra-brain links show that the pre-frontal and
occipital lobes are activated. Intra-brain connection also appeared be-
tween Fz and F4. Inte-brain links on competition show that the left cen-
tral lobe is connected with the right frontal lobe. Cooperative INS show
the frontal lobe is connected with the other brain’s right central and right
frontal lobes. Although all connections in this plot do appear in Fig.4.6,
Fig.4.6 shows more patterns that do not appeared in this brain map
:intra-brain shows that the prefrontal and occipital lobes connected with
each other; cooperative INS show that the parietal lobe connects with
the central the parietal lobes.
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(a) Adjacency matrix of the spectral-coherence-
based intra-brain network during competitive inter-
action

(b) Adjacency matrix of the spectral-coherence-
based inter-brain network during competitive inter-
action

(c) Adjacency matrix of the spectral-coherence-
based intra-brain network during co-operational in-
teraction

(d) Adjacency matrix of the spectral-coherence-
based inter-brain network during co-operational in-
teraction

Figure 4.8: Adjacency matrix of spectral-coherence-based team brain network. Co-
operation(c) has more intra-brain NS and they are more strong as com-
pared with competition(a). Intra-brain NS show that the frontal and oc-
cipital lobes are highly activated; INS indicates that the parietal lobe is
strongly activated.
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(a) The spectral-coherence-based team brain map during competitive interaction

(b) The spectral-coherence-based team brain map during cooperative interaction

Figure 4.9: Team brain map on spectral-coherence-based team brain network. Line
thickness indicates neural synchrony strength. Within-brain lines repre-
sent intra-brain synchronizations while inter-brain lines represent inter-
brain synchronization. Intra-brain NS with lower power-correlation value
(smaller than 0.45) were removed. 0.45 was visually detected by intra-
brain synchrony distribution. Top highest 10 intra-brain synchronizations
are displayed. Intra-brain NS show similar patterns during cooperation
and competition: the prefrontal, frontal and occipital lobes are activated;
F4 connects with Fp2. Cooperative INS shows that more brain areas on
the parietal lobe is activated as compared with competitive INS, which
show that the right central lobe is activated. This plot shows a slightly
different results with the Fig.4.8, where intra-brain NS show the frontal-
lobe and parietal lobes does not connected with themselves, instead
they connected with each other; intra-brain NS also show the frontal
lobe connected with the prefrontal and occipital lobes while this plot
does not show this pattern; INS in Fig.4.8 shows that the parietal is
nearly synchronized with the other whole brain, while this pattern does
not appeared in this brain map.
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In the brain map,the EEG electrodes of two subjects are shown on the brain
schematics by yellow dots on the left brain and right brain respectively. The lines
represent the functional synchrony between the cortical areas under those elec-
trodes: within-brain lines indicate intra-brain NS while inter-brain lines represent
inter-brain NS. Link thickness corresponds to neural synchrony value: thick lines in-
dicate strong NS while thin links represent weak NS. Intra-brain NS are symmetrical
in subjects since intra-brain NS are averaged over all trials (subjects). The thresh-
old for intra-brain neural synchrony is visually decided by their distribution (Fig4.3a).
Top 10 highest INS are chosen because of the INS distribution (Fig.4.3b). Fig.4.5,
Fig.4.7, Fig.4.9 respectively show the brain-map of ISPC-, power-correlation- and
spectral-coherence-based NS.

The summarization of brain maps of ISPC-, spectral-coherence- and power-
correlation-based brain networks is shown in Tab.4.2.

FC method Intra-brain networks Inter-brain networks
ISPC 1. Pre-frontal, frontal and occipi-

tal lobes are highly activated during
both cooperation and competition;
2. Cooperative and competition
intra-brain networks have similar
NS strength;
3. Strong competitive intra-brain
NS appeared between the pre-
frontal and frontal lobes.

1. Occipital and prefrontal lobes
are highly synchronized with each
other and themselves;
2. Similar synchronized pattern for
cooperation and competition

Spectral-
coherence

1. The same activation areas with
ISPC;
2. cooperative intra-brain network
has more strong NS

1. Competitive INS show that the
right central lobe is highly activated
2. Cooperative INS show that more
brain areas on the parietal lobe
highly synchronized with the frontal
lobe,

Power-
correlation

1.Pre-frontal, frontal and occipital
lobes are highly activated on coop-
eration and competition.

1. Competitive INS show that the
left central lobe strongly synchro-
nized with the right frontal lobe.
2. Cooperative INS show that the
prefrontal lobe synchronized with
the central lobe.

Table 4.2: Brief summarization of intra- and inter-brain networks based on ISPC, spectral-coherence
and power-correlation methods.
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4.3 Statistically Significant Inter-Brain Synchrony

4.3.1 Brain maps of significant Inter-Brain Synchrony

For each INS pair, the permutation test with 500 shuffles was applied to find sta-
tistically significant INS pairs during cooperation as compared with competition.
Fig.4.10a, Fig.4.10b respectively illustrate statistically significant INS on ISPC-, power-
correlation-based team brain networks. The result based on spectral-coherence is
shown in Appendix.A.1.3. The line between two brain represents one statistically
significant INS. Node represent electrode. Node that have more links (more statisti-
cally significant INSs) are larger.

Results show that statistically significant INS is different among NS measure-
ments. All p-values of these statistically significant INS are zero.

(a) Statistically significant ISPC-based INS are illustrated for coopera-
tion vs. competition. Lines represent statistically significant INSs. Node
represent electrode. Node has more links are more large. C4 and T7,
P3 are three biggest nodes.

(b) Statistically significant power-correlation-based INS are illustrated
for cooperation vs. competition. F7 and T8 are two biggest nodes.
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4.3.2 Significant Inter-Brain Synchrony on Different Time-range/Brain-
waves

To inspect weather significant INS are stable over different frequency bands, statis-
tically significant INS on alpha wave were calculated and shown in Fig.4.10d. The
results show that statistically significant INS is totally different on different frequency
bands.

(c) Statistically significant ISPC-based INS during cooperation and competition
on beta frequency band. It was calculated based on the last 15-seconds of the
data.

(d) Statistically significant power-correlation-based INS during cooperation and
competition on alpha frequency band. It was calculated based on the last 15-
seconds of the data.

Figure 4.10: Statistically significant power-correlation-based INS on alpha and beta
brain waves.
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4.3.3 Significant Inter-brain Synchrony over frequency and time

(a) ISPC-based INS between T7 and O2 during cooperation and competition over fre-
quency. The left panel shows the competition while the right shows the cooperation. X-axis
shows frequency, which ranges from 0 to 45; y-axis indicates ISPC strength. Each line rep-
resents a trial, as shown in the legend. The black line represents the mean value over all
trials while the gray line represents the median value. The black lines on cooperation and
competition slightly fluctuate around 0.1. Notably, the ISPC value range from 0 to 0.3. As
compared with Fig.4.11b, where y-axis ranges from 0 to 1, this INS is relatively stable over
frequency.

(b) ISPC-based INS between T7 and O2 during cooperation and competition over time.
The left panel shows the competition while the right shows the cooperation. X-axis show
the time, ranges from 0 to 15 seconds, y-axis show this INS strength. Each line represents
a trial, as shown in the right legend. The black line represents the mean value over all trials
while the gray line represents the median value. Notably, the ISPC value range from 0 to
1 and ISPC fluctuates dramatically over time. However, the mean value on two conditions
behave quite similar over time: slightly fluctuate around 0.9.

Figure 4.11: Line plot of ISPC-based T7-O2 INS over time and frequency
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Fig.4.10c shows INS between T7 and O2 is the statistically significant INS during
cooperation and competition, which means the mean INS over cooperative trials is
different with the mean INS over competitive trials.

To exploratory inspect this difference over time or frequency, Fig.4.11a and Fig.4.11b
respectively illustrate this INS over frequency and time. The mean INSs between two
conditions (which shown in black line in Fig.4.11a and Fig.4.11b) do not show strong
difference.

4.4 Inter-brain Synchrony over frequency

Because INS is relatively stable over frequency (as shown in Fig.4.11a), INS on
competition is compared with INS on cooperation over frequency. Box-plot of INS
on different condition over frequency is shown in Fig.4.12. Results show that INS
during cooperation is slightly strong as compared with INS on competition.

Figure 4.12: ISPC-based INS over frequency. X-axis represent frequency (from 1
to 45Hz) while y-axis shows ISPC-value. INS on cooperation is shown
in red while INS on competition is shown in green, as shown in the
right legend. This plot is based on the last-15-seconds data. INS on
cooperation is slightly higher than INS on competition; INS have the
same distribution on cooperation and competition.
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4.5 Behavioral Data

4.5.1 Team-Performance and Inter-Brain Synchrony

Team performance was quantified by game duration: long game duration implies
bad team performance.

Fig.4.13 illustrates the scatter-plot between game-duration and PLI-based INS.
More scatter-plots based on other FC methods can be found in App.A.1.4. Results
show that INS is not correlated with game-performance.

Figure 4.13: Scatter-plot between game-duration and PLI-based INS. Team-
performance is quantified by game-duration. X-axis shows the game
duration in seconds; y-axis show the INS strength. Each dot repre-
sents a trial: green dots represent cooperative trials while competi-
tive trials are shown in blue dots. The line donates the best linear fit
between predicted and original values. There is no strong relation-
ship between INS and game duration as dots are not tightly attached
around lines.

4.5.2 Team-Performance and Global Efficiency

Fig.4.14 shows how team-performance is related with GE of power-correlation-based
team brain network. The results based on other FC methods can be found in Ap-
pendix.A.1.4. Results show that team-performance does not relate with GE.
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Figure 4.14: Scatter-plot between game duration and the GE of team brain network.
Team-performance is quantified by game duration in seconds. Each
dot represents a trial: green dots represent cooperative trials;blue dots
represent competition trails; The line denote the best linear fit between
predicted and original values: blue line denotes the best linear fit on
competitive data while the green line is based on the cooperative data.
The relationship between the game duration and GE of the team-brain
network is very weak.

4.6 Topological Properties of Networks

Three topological properties were calculated: SWN, GE and betweenness centrality.

4.6.1 Global Efficiency

Team-brain network Intra-brain network
FC method Competition Cooperation Competition Cooperation
ISPC 0.3994 0.3982 0.6716 0.4867
Power-correlation 0.2572 0.2469 0.5761 0.3168
Spectral-coherence 0.2076 0.1998 0.7482 0.3024

Table 4.3: GE of team- and intra-brain networks on averaged-1-second data
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Tab.4.3shows the global efficiency of team- and intra-brain networks during co-
operational and competitive interaction. GE results on the last 30 and 15 seconds
of data can be found in Tab.A.3 and Tab.A.1. Based on these three tables, findings
are listed in Tab.4.4.

Facts Findings
GE of intra-brain network is higher than
GE of team-brain networks

Individual brain exchange information
more efficient than team-brains

GE of competitive intra-brain network is
higher than GE of cooperative intra-brain
network

individual brain exchange information
more efficient on competition than coop-
eration

GE of competitive and cooperative team-
brain are similar

Cooperative and competitive team-brain
network exchange information with similar
efficiency

Table 4.4: Findings based on GE of intra- and team-brain networks

Figure 4.15: Box-plot of GE of ISPC-based team-brain network over time and fre-
quency. The upper plot shows GE over frequency while the lower plot
indicate GE over time. X-axis in the upper plot represent frequency,
which ranges from 0 to 45Hz; while x-axis in the lower plot represent
time, range from 0 to 15 seconds. Y-axis shows GE value. Notably,
the upper plot shows that GE over frequency ranges from 0.25 to 0.35;
while the lower plot shows that GE over time ranges from 0 to 1, which
indicates that GE is unstable over time and stable over frequency. GE
over time is overall higher than GE over frequency.

To inspect weather GE of the team brain network is stable over time and fre-
quency, Fig.4.15 shows GE of ISPC-based team brain network over time and fre-
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quency This figure indicates that GE is unstable over time while stable over fre-
quency.

4.6.2 Small-world-ness

Small world coefficient measures how the network acts as functionally integrated
network. Small-world networks are featured by high clustering coefficient and low
shortest path. Tab.4.5 illustrates SWN of team- and intra-brain networks on averaged-
1-second data, the corresponding results on the last 15 and 30 data are respectively
shown in AppendixA.2.4. and Appendix.A.3.4.

Intra-brain networks on cooperation have a slightly large SWN as compared with
competition. Low GE and high SWN of the intra-brain network on cooperation in-
dicates this network is highly clustered. Differently, SWN of team-brain networks
change over time and FC methods: there is no common pattern in SWN of team-
brain networks on averaged-1-second data, the last 15 and 30 seconds data.

Team-brain network Intra-brain network
FC method Competition Cooperation Competition Cooperation
ISPC 0.8670 0.8661 0.8944 0.8972
Power-correlation 1.2006 1.2227 0.8921 0.9125
Spectral-coherence 1.2378 1.1945 0.9041 1.0923

Table 4.5: SWN of team- and intra-brain networks during cooperation and competition on averaged-
1-second data

Combined with GE, findings based on SWN are shown in Tab.4.6.

Facts of SWN Combined with Facts of GE Findings
SWN of cooperative intra-
bran network is slightly
larger than SWN of com-
petitive intra-brain networks

GE of cooperative intra-
brain network is smaller
than GE of competitive
intra-brain networks

There are more cluster in
cooperative intra-brain net-
work as compared with
competitive intra-brain net-
work

SWN of team-brain network
is similar with SWN of intra-
brain networks

GE of team-brain networks
is way smaller than GE of
intra-brain networks

There are more clusters
in team-brain networks as
compared with intra-brain
networks

Table 4.6: Findings based on SWN and GE

To inspect weather SWN stable over time and frequency, Fig.4.16a show SWN
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of cooperative power-correlation-based intra-brain network over frequency and time.
SWN of power-correlation-based network can be found in Appendix.A.2.5. Results
indicate that SWN is stable over time and frequency. SWN variances are heavily de-
pendent on neural synchrony measurements. Fig.4.16b shows SWN of cooperative
ISPC-based intra-brain network over frequency.

(a) SWN of power-correlation-based cooperative intra-brain network over fre-
quency and time. The upper plot shows SWN over frequency while the lower
shows SWN over time. X-axis in the upper plot shows frequency, which ranges
from 0 to 45Hz; x-axis in the lower plot shows the time, which ranges from 0 to 15
seconds. Y-axis represent SWN. SWN is stable over time and frequency.

(b) SWN of cooperative ISPC-based intra-brain network over frequency. Com-
pared with Fig.4.16a-SWN of power-correlation-based brain networks, SWN of
ISPC-based brain network has large variance as compared with SWN of power-
correlation-based brain network.

Figure 4.16: Boxplot of SWN over time/frequency and on different FC methods.

The stability of GE and SWN over time and frequency is summarized in Tab.4.7

Over
frequency

Over time Notes

GE relative
stable

relative
unstable

GE over time is larger as compared GE over
frequency
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SWN Relative
stable

Relative
unstable

1. Variance of SWN depends on FC method
2. SWN ( based on median FC value of
all trials) over frequency is larger than SWN
over time

Table 4.7: Stability of SWN over frequency and time

(a) Hubs of the ISPC-based team brain
network during competition

(b) Hubs of the ISPC-based team brain
network during cooperation

Figure 4.17: Illustration of hubs of ISPC-based team brain network on cooperative/-
competitive interaction. Hubs were measured by betweenness cen-
trality. Nodes that without zero betweenness centrality in the team
brain networks are displayed. Node side corresponds to betweenness
centrality value: big size means high centrality. Cz,F3 in (a) and P8
in (b) are most important electrodes in information exchange of the
ISPC-based team brain networks during competition and cooperation
respectively.

4.6.3 Betweenness centrality

Betweenness centrality is a way of detecting the amount of influence an electrode
has over the flow of information in a brain network. It is often used to find electrodes
that serve as a bridge from one part of a brain network to another. Fig.4.17, Fig.4.18
respectively illustrate brain hubs of ISPC- and power-correlation-based team brain
networks on cooperative/competitive interaction. Brain hubs on spectral-coherence
is shown in Appendix.A.1.5. Notably, there is no hubs in PLI- and MI-based net-
works. Hubs on the last 15 and 30 seconds of data are shown in Appendix.A.2.3
and Appendix.A.3.3.
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All results show that hubs are dynamic over time and neural synchrony measure-
ments.

(a) Hubs of the power-correlation-based
team brain network during competition

(b) Hubs of the power-correlation-based
team brain network during cooperation

Figure 4.18: Illustration of hubs of power-correlation-based team brain network on
cooperative/competitive interaction. Fz,Pz and Oz in (a) and F3,Oz
in (b) are most important electrodes in information exchange of the
power-correlation-based team brain networks during competition and
cooperation respectively.
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Discussion

The present study was designed to analyze neural-dynamics in cooperation and
competition with EEG.

5.1 Robust of Different Inter-Brain Synchrony

The first research task is to analyze to what extent FC methods are robust to white
noise.

The results, as shown in Fig.4.2, revealed that MI is very sensitive to noise,
power is the least sensitive measurement. ISPC-based and spectral-coherence-
based NS somewhat have the similar sensitive level to Gaussian noise and this is
maybe because spectral coherence is power-weighted ISPC.

PLI is robust to volume conduction. Interestingly, PLI is zero when measure
weather clean data is synchronized with itself. Zero PLI is explained into non-
synchronization, and this is counter-intuitive since clean data should be perfectly
synchronized with itself. The theoretical meaning of zero PLI is zero-phase-lag be-
tween two signals, which is abnormal in neural data and could be caused by volume
conduction. This shows that although PLI is robust to volume conduction, PLI can
miss some significant NS.

Another important finding is that all FC methods lose power to quantify NS if data
is heavily contaminated by noise.

Previous studies found normal SNR of EEG is below than 1, but the SNR were
computed as the ratio of ongoing brain activity to the amplitudes of blink related po-
tentials [69]. Another paper showed that normal SNR of EEG was mainly between 4
and 6, while SNR was measured as the root mean square (RMS) value of the mea-
sured signal divided by the RMS noise level [70]. Based on different SNR calculation
methods, it is hard to compare our results with these previous studies.

The limitation of our method is the noise source. In our method, white noise

47



48 CHAPTER 5. DISCUSSION

(Gaussian noise) is added in the clean signal while in EEG signals, noise artifacts
are strong deviated from Gaussian distribution [71]. This fact leads to our findings
are less valid and practical.

5.2 Neural Synchrony between Cooperation and Com-
petition

The second research task is to analyze NS during cooperative and competitive in-
teraction, which can be tackled in two ways: (1) finding statistically significant INS
between cooperation and competition (2) finding strong intra- and inter-brain NS.

5.2.1 Statistically Significant Inter-Brain Synchrony

Results show the mean INS between cooperation and competition are different for
all NS measurements. However, no consistent pattern was found during all these NS
measurements. Furthermore, statistically significant INS changes over time-range
and frequency waves.

This is probably because INS is slightly unstable over frequency and dramatically
unstable over time. This instability makes these statistically significant INS are less
valid. Different with permutation methods,Nishant Sinha at al. [46] applied nonpara-
metric methods (wilcoxon signed-rank test) to test whether the median of each INS
pair is the same between cooperation and competition. They found statistically sig-
nificant INS is unstable over frequency-band. However, their results are less valid:
(1) they only calculated one NS measurement; (2) power correlation based on the
Pearson correlation coefficient without normality check.

One statistically significant INS is further checked over frequency (Fig.4.11a) and
time (Fig.4.11b). Results show that this INS is unstable over frequency and fluctuate
dramatically over time. Further, the median of this statistically significant INS (shown
in black line in Fig.4.11a and Fig.4.11b) is slightly similar between cooperation and
competition regardless of time or frequency. They do not differ with each other a lot
over time or frequency, this fact further proves that our statistically significant INSs
are doubtful.

5.2.2 Strong Neural Synchrony

As for intra-brain synchrony, ISPC, spectral coherence and power-correlation show
similar patterns over time: frontopolar (Dorsolateral Frontal Cortex (DLFC)) and
parastriate (a.k.a secondary visual cortex) are highly activated. DLFC activation
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is consistent with previous studies: Baker, Joseph M et al. [64] found significant
activation in the right frontopolar; the coherence between signals generated by par-
ticipants’ right superior frontal cortices increased during cooperation [26]; parent’s
and child’s brain activities synchronized in the dorsolateral prefrontal and frontopo-
lar cortex during cooperation [27];lover dyads demonstrated increased INS in right
superior frontal cortex [68]. While parastriate involvement maybe due to its function-
ality: it is responsible for interpreting images.

Activation in the right superior frontal cortex during a cooperative game rather
than competition was explained merely by the similarities in action [26]. Activation in
the left prefrontal cortical also relates with personality traits: highly motivated person
show strong activation [2]. Further, prefrontal area activation was founded in many
social-interaction studies. In lieu thereof, INS in prefrontal brain areas might be a
neural mechanism which sub-serves social interaction [72].

Different with intra-brain NS, there is no consistent pattern among strong INS: it
changes over time-range and on NS measurements. Power-correlation- and spectral-
coherence-based INS show slightly similar patterns. This is maybe because spectral-
coherence is weighted by power as shown in Formula.2.2.

Intra-brain NS are much more strong than inter-brain NS, which is intuitive as the
brain is more synchronized within itself rather than with the other brain.

5.3 Inter-Brain Synchrony over Frequency

INS on cooperation is slightly stronger than INS on competition, as shown in Fig.4.12
(and Fig.A.1).

Nishant Sinha et al. [46] also found that INS during cooperation was much stronger
than INS during competitive interaction. Differently, Nishant Sinha et al. [46] only cal-
culated all statistically significant INS between two conditions, while we also include
all non-statistically significant INS. Further, Nishant Sinha et al. [46] segmented data
into 1 second without any overlapping, we tested results on two different time slice
methods: 1 second epoch with .5s overlapping; the last 15 seconds.

Another study [73] also found that inter-brain synchronizations are much denser
in cooperation as compared with defection. In this study, partial directed coherence
was applied. They applied t-test to find statistically significant INS between rest-state
and cooperation/competition. They found the pattern of inter-subject connectivity in
the cooperation condition is denser than in the defect case. During the rest state,
subjects were in the same experience setting without any human interaction ( they
just watch the images in Prisoners Dilemma game without cooperating/competing
with the other).
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5.4 Team-Performance and Neurodynamics

The third research task is to find how team-performance relates with INS and GE of
the team brain network.

INS does not relate with team-performance, which is against the previous find-
ings [26] [74] [29]: increased coherence was associated with better cooperation
performance.

There are some possible explanations: (1) our game difficulty changes over time,
this is different with most experiments in other papers, where difficulty remain the
same during experiments; (2) limited trials were analyzed; (3) game duration can
not perfectly quantify team-performance.

Further, previous studies [26] [74] only calculated the INS pair between the
same electrodes (s.t., two Fp1 electrode between two brains) instead all possible
INS pairs, which were analyzed in our method. Different methodology may lead
to different results. Caroline Szymanski et al. [29] fund that phase synchronization
correlates with behavioral team performance. But they conducted a simple visual
searching task without any changing difficulty. They also use reaction time instead
game duration to quantify team-performance.

5.5 Topological Properties

This study set out with the aim of explaining team neurodynamics in graph theory
perspective.In this research,three topological properties were calculated: GE,SWN
and betweenness centrality.

Global Efficiency

In the network theory, GE measures how efficient a network exchanges information,
and is quantified by the average inverse shortest path length in the network.

Results show that intra-brain network exchanges information more efficient as
compared with team-brain network and it is intuitive. Competitive intra-brain net-
works exchange information more efficient than the cooperative intra-brain network.

Small-World-Ness

Small-world networks are featured by the small shortest path length and high clus-
tering coefficient. SWN of intra- and inter-brain have similar values, while GE shows
that intra-brain network have more smaller shortest path length (high GE), this fact
indicates that there are more clusters in team-brain network.
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Intra-brain network has similar SWN on competition and cooperation, while GE
shows that competitive intra-brain networks have higher GE as compared with co-
operative network (which means competitive intra-brain network have much smaller
shortest path length). These facts indicate that cooperative intra-brain networks
have more clusters as compared with competitive intra-brain networks.

SWN is unstable over NS measurements, as shown in Fig.4.16. There are an-
other two ways of defining SWN, as discussed in Sec2.4.2. Different definitions may
lead to different results.

Betweenness

Nodes with high betweenness may have considerable influence within a network by
virtue of their control over information passing between others. Betweenness for MI-
based team networks are zero, which means electrodes are all directly connected
with each other.

Brain hubs are defined by betweenness centrality in this research, beside many
other definition of centrality (s.t. based on nodes or page-rank centrality), hubs can
also be defined as the nodes that connected two different communities.

Brain hubs changes over time, as the results show that brain hubs are totally
different on different time-slots. Besides, based on different hubs definition, it is
hard to find some consistent patterns during all different methods and over time.

Another obstacle is that the underlying neural theorems of these dynamic brain
hubs are still remained to be explained. Until now, some papers found that it can
reveal some dysfunction in cognitive-impaired brains (s.t. schizophrenia [75]). An-
other paper stated that hubs are central in brain communication and neural integra-
tion [22]. However, the underlying neural theories are still vague.

5.6 Limitation

There are many limitations in this study.
With regard to experiment, weather the pong-game can successfully elicit co-

operative and competitive pattern between subjects is doubtful. Cooperation and
competition are two common and opposite human interaction models, in which sub-
jects respectively facilitate and obstruct others’ goal achievement [2]. However, the
pong-game in this study did not require high level cooperation or competition: there
are not many options for they to facilitate or obstruct the other’s game performance.

In this study, only one arbitrary frequency band (beta) was applied based on pre-
vious studies [76] [77] [64]. However, consistent with our results, previous findings
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also showed phase-coherence-based INS across different frequencies behaves dif-
ferent ans can be attributed to a series of different processes (from perception to
cognition) [78]. Some papers analysis INS over different frequency bands [78] [46]
[2], some papers chosen frequency bands based on visual inspection of the data
(s.t., time-frequency analysis) [26] [79] or previous studies(s.t. a reduction of alpha
power in the left-frontal brain [1]). In this study, only one frequency band (beta)
is chosen based on previous studies. However, more frequency bands or tailored
frequency ranges (based on time-frequency results) need to be analyzed.

No baseline experiments were conducted in our method. However, to inspect
neural activity during social interaction, most papers applied human to machine in-
teraction as baseline to compare human to human interaction [80]. Some paper
employed the same experiment setting without human interaction as baseline. For
example, subject watched the images in Prisoners Dilemma game without any in-
teracting [73]. Baseline experiments were not conducted in our research, therefore,
neural patterns maybe existed at first, instead of being elicited by cooperative and
competitive interaction.

Topological properties were calculated on large-scale (data were averaged over
time and frequency) rather than time-scale or frequency-scale. However, as results
shown, NS are unstable over frequency and fluctuate over time.

Another limitations remains on the various definitions of the topological proper-
ties. For example, as discussed in Sec.2.4.2 and Sec.2.4.2, there are three ways of
defining SWN, brain hubs can also be explained by different centrality (s.t. degree
centrality or page-rank centrality) and by the nodes that connected different commu-
nities. Until now, there is no optimal definition. Different definitions lead to different
results. However, this research only considered one arbitrary definition, which could
generate biased and insufficient results.

The small amount of subjects in our experiment is also a limitation of this study.
Only 9 dyads(18 persons) joined the experiment. Since each person may have
totally different neural activities, it is hard to find some common neural patterns
based on such a small dataset.

Another limitation is about the subject populations. Cognition is related with the
age. In most papers, the age deviation of participants is quite small. However, in
this research, the age of subjects ranges a lot. Intimacy also influence INS, for
example, lovers have more strong INS as compared with strangers [68]. However,
in this study, some groups are acquaintance instead of close friends.

Constrained by the experiment location, there are many background noise during
experiment, which would distract subjects and could impair INS.
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Conclusions and Recommendations

6.1 Conclusion

This study set out to analyze team neurodynamics during cooperative and competi-
tive interaction with EEG in four directions: (1) analyzing to what extent that different
neural synchronization measurements are robust to the noise; (2) analyzing team
neurodynamics based on different NS measurements (3) explaining NS in graph
theory (4) relating team neurodynamics with team performance.

The results show that: (1) Concerning robust of neural synchrony measure-
ments, MI is very sensitive to noise, Power-correlation is the least noise-sensitive
NS measurement, PLI can lose some significant NS, ISPC and spectral-coherence
have similar sensitivity to white noise; (2) Intra-brain neural synchronization shows
prefrontal and parastriatel were highly activated on cooperation and competition; (3)
NS is unstable over frequency and fluctuate dramatically over time; (4) INS on coop-
eration is slightly stronger than INS on competition; (5) INS does not highly correlate
with team-performance; (6) Intra-brain network exchange information more efficient
than team-brain network; (7) Individual brain exchanges information more efficient
on competition as compared with cooperation; (8) Individual brain network has more
clusters on cooperation as compared with competition; (9) Team-brain network has
more cluster as compared with individual-brain network; (10) Global efficiency and
small-world-ness of brain networks are relatively unstable over time and relatively
stable over frequency; (11) SWN of ISPC-based networks has large variance; (12)
Brain hubs changes over time; (13) Statistically significant INS between coopera-
tion and competition dynamically changes over time, frequency and different neural
synchrony measurements.
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6.2 Future work

As regard with the subject population, subjects could belong the similar population
(better the youth) and dyads could be close friends. More subjects could be recruited
to eliminate individual neural differences.

The experiment could be redesigned to imitate cooperation and competition bet-
ter, since the pong-game did not necessarily require subjects to highly cooperate or
complete with the other.

Data could be analyzed over time and frequency instead on the averaged data.
With regard to the brain networks, topological properties can be calculated on

different definitions and to figure out common patterns during cooperation and com-
petition.

Directed functional connectivity, such as Granger causality and transfer entropy,
could be applied to explore directed influence of signal x on signal y.

Multilayer brain network could be generated based on different time-slots or dif-
ferent frequencies (which means each layer represents one time-slots/frequency).
By linking brain regions (nodes) by their interactions (time- or frequency-dependent
neural synchronization), nontrivial brain functional structure could be uncovered.
Some multilayer-dependent topological properties(s.t., motif) could be calculated.
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Appendix A

Appendix

A.1 Results of 1-second-epoched data

A.1.1 Inter-Brain Synchrony over frequency

Figure A.1: ISPC-based INS over frequency. X-axis represent frequency (from 1 to
45Hz) while y-axis shows ISPC-value. This plot is based on 1-second-
epoched data. cooperative INS are slightly higher with competitive INS
over all frequency bands except delta and theta brain waves. This re-
sult is slightly different with the result based on the last 15 seconds of
data(Fig.4.12), where INS on cooperation is slightly higher overall fre-
quency bands (1-45Hz).

75
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A.1.2 Strong Neural Synchrony

This section shows MI-based and PLI-based strong NS. Only one threshold was applied:
one standard deviation above median of intra- and inter-brain NS.

Fig.A.2 shows the adjacency matrix of MI-based intra- and inter-brain networks.

(a) Adjacency matrix of MI-based intra-brain
network during competitive interaction

(b) Adjacency matrix of MI-based inter-brain
network during competitive interaction

(c) Adjacency matrix of MI-based intra-brain
network during cooperative interaction

(d) Adjacency matrix of MI-based inter-brain
network during cooperative interaction

Figure A.2: Adjacency matrix of MI-based team brain network for cooperation/-
competition. There are more intra- and inter-brain NS on cooperation
as compared with competition. Intra- and inter-brain NS have similar
strength: all around 1. For intra-brain NS, (a) shows brain signals at F4
and F3 are highly synchronized; (c) shows that signals at Fz is highly
synchronized with Cz,C4,P7 and P4. For INS, (b) shows signals at two
subjects’ C3 and F3 electrodes are highly synchronized with each other
(d) shows the strong INS lies between one subject’s P4 and the other
subject’s Fz,P7 and P4;
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Fig.A.3 shows adjacency matrix of PLI-based intra- and inter-brain networks.

(a) The adjacency matrix of PLI-based intra-brain
network during competitive interaction

(b) The adjacency matrix of PLI-based inter-brain
network during competitive interaction

(c) The adjacency matrix of PLI-based intra-brain
network during cooperative interaction

(d) The adjacency matrix of PLI-based inter-brain
network during cooperative interaction

Figure A.3: Adjacency matrix of PLI-based team brain network during cooperative/-
competitive interaction. There are similar amount of intra-/inter-brain
NS on cooperation and competition. Intra- and inter-brain NS have
similar strength during two conditions. Intra- and inter-brain NS are
sparsely scattered around brain areas.
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A.1.3 Statistically Significant Inter-Brain Synchrony

This subsection shows statistically significant MI-, spectral-coherence- and PLI-based INS.

[h]

Figure A.4: Statistically significant spectral-coherence-based INS are illustrated for
cooperation vs. competition. Lines represent statistically significant
INSs. Node represent electrode. Node has more links are more large.
Cz,C4, F4 and Fz are the largest nodes

Figure A.5: Statistically significant MI-based INS are illustrated for cooperation vs.
competition. Lines represent statistically significant INSs. Node repre-
sent electrode. Node has more links are more large. F4,Pz,P8 are the
largest nodes
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Figure A.6: Statistically significant PLI-based INS are illustrated for cooperation vs.
competition. Lines represent statistically significant INSs. Node rep-
resent electrode. Node has more links are more large. F7,Pz are the
largest nodes.

A.1.4 Behavioral Data

This section shows how team-performance was related with INS and GE of team-brain net-
works.

Team-Performance and Inter-Brain Synchrony

Fig.A.7a, Fig.A.7b, Fig.A.7c and Fig.A.7d show scatter plot between game duration and
the ISPC-based INS, MI-based INS, power-correlation-based INS and spectral-coherence-
based INS respectively.
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(a) Scatter-plot between game duration and ISPC-
based INS

(b) Scatter-plot between game duration and MI-
based INS

(c) Scatter-plot between game duration and power-
correlation-based INS

(d) Scatter-plot between game duration and
spectral-coherence-based INS

Figure A.7: Scatter-plot between game-duration and the INS. Each dot is a single
trial: green dots represent competitive trails while blue dots represent
cooperative trials. team-performance was quantified by game duration
in seconds, which are shown in x-axis. Y-axis shows INS strength. The
line donates the best linear fit between predicted and original values:
the blue and red lines respectively represent best fit line for the compet-
itive and cooperative interaction. All plots show that team-performance
does not associate with INS.

Team-Performance and Global Efficiency

Fig.A.8a, Fig.A.8b, Fig.A.8c and Fig.A.8d show scatter plot between game duration and GE
of the ISPC-based team network,the MI-based team network, the PLI-based team network
and the spectral-coherence-based team brain network respectively.
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(a) Scatter-plot between game duration and the GE
of ISPC-based team brain network

(b) Scatter-plot between game duration and the GE
of MI-based team brain network

(c) Scatter-plot between game duration and the GE
of PLI-based team brain network

(d) Scatter-plot between game duration and the GE
of spectral-coherence-based team brain network

Figure A.8: Scatter-plot between game duration and the GE of team brain network.
Each dot is a single trial: green dots represent competitive trails while
blue dots represent cooperative trials. team-performance was quanti-
fied by game duration in seconds, which are shown in x-axis. Y-axis
shows INS strength. The line donates the best linear fit between pre-
dicted and original values: the blue and red lines respectively represent
best fit line for the competitive and cooperative interaction.

A.1.5 Brain hubs

Fig.A.9a and Fig.A.9b respectively show brain hubs of spectral-coherence-based team brain
networks.
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(a) Hubs of the spectral-coherence-based
team brain network during competition

(b) Hubs of the spectral-coherence-based
team brain network during cooperation

Figure A.9: Illustration of hubs of spectral-coherence-based team brain network on
cooperative/competitive interaction. Hubs were measured by between-
ness centrality. Fp1, Cz in (a) and P8 in (b) are most important elec-
trodes in information exchange of the spectral-coherence-based team
brain networks during competition and cooperation respectively. All
plots show that team-performance does not strongly associated with
GE of the team brain network.

A.2 Results Based on Last 15 Seconds of Data

This section shows analysis results based on the last 15 seconds of the data.

A.2.1 Strong Neural Synchrony

Fig.A.10,Fig.A.13, Fig.A.11 and Fig.A.12 respectively show adjacency matrix of power-correlation-
, spectral-coherence-, ISPC- and PLI-based team brain networks.
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(a) Adjacency matrix of power-correlation-based
intra-brain network during competitive interaction

(b) Adjacency matrix of power-correlation-based
inter-brain network during competitive interaction

(c) Adjacency matrix of power-correlation-based
intra-brain network during co-operational interac-
tion

(d) Adjacency matrix of power-correlation-based
inter-brain network during co-operational interac-
tion

Figure A.10: Adjacency matrix of power-correlation-based team brain network.
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(a) Adjacency matrix of ISPC-based intra-brain net-
work during competitive interaction

(b) Adjacency matrix of ISPC-based inter-brain net-
work during competitive interaction

(c) Adjacency matrix of ISPC-based intra-brain net-
work during co-operational interaction

(d) Adjacency matrix of ISPC-based inter-brain net-
work during co-operational interaction

Figure A.11: Adjacency matrix of ISPC-based team brain network.
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(a) Adjacency matrix of PLI-based intra-brain net-
work during competitive interaction

(b) Adjacency matrix of PLI-based inter-brain net-
work during competitive interaction

(c) Adjacency matrix of PLI-based intra-brain net-
work during co-operational interaction

(d) Adjacency matrix of PLI-based inter-brain net-
work during co-operational interaction

Figure A.12: Adjacency matrix of PLI-based team brain network.
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(a) Adjacency matrix of spectral-coherence-based
intra-brain network during competitive interaction

(b) Adjacency matrix of spectral-coherence-based
inter-brain network during competitive interaction

(c) Adjacency matrix of spectral-coherence-based
intra-brain network during co-operational interac-
tion

(d) Adjacency matrix of spectral-coherence-based
inter-brain network during co-operational interac-
tion

Figure A.13: Adjacency matrix of spectral-coherence-based team brain network.

A.2.2 Statistically Significant Inter-Brain Synchrony

Fig.A.14 and Fig.A.15 respectively illustrates PLI- and power-correlation-based statistically
significant INS between cooperation and competition.
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Figure A.14: Statistically significant PLI-based INS are illustrated for cooperation
vs. competition.Lines represent statistically significant INSs. Node
represent electrode. Node has more links are more large.

Figure A.15: Statistically significant power-correlation-based INS are illustrated for
cooperation vs. competition.Lines represent statistically significant
INSs. Node represent electrode. Node has more links are larger.

Fig.A.16,Fig.A.17 respectively illustrates ispc- and spectral-coherence-based statistically
significant INS between cooperation and competition.
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Figure A.16: Statistically significant ISPC-based INS are illustrated for cooperation
vs. competition. Lines represent statistically significant INSs. Node
represent electrode. Node has more links are larger.

Figure A.17: Statistically significant spectral-coherence-based INS are illustrated
for cooperation vs. competition.Lines represent statistically significant
INSs. Node represent electrode. Node has more links are larger.

Fig.A.18 illustrates statistically significant MI-based INS between cooperation and com-
petition. Notably, results based on 1-second-epoched data show that there is no statistically
significant PLI- and MI-based INS.
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Figure A.18: Statistically significant MI-based INS are illustrated for cooperation vs.
competition.Lines represent statistically significant INSs. Node repre-
sent electrode. Node has more links are larger.

A.2.3 Brain Hubs

Fig.A.19a and Fig.A.19b illustrate the hubs for ISPC-based team brain network during com-
petition and cooperation respectively.

(a) Hubs of the ISPC-based team brain network
during competition

(b) Hubs of the ISPC-based team brain network
during cooperation

Figure A.19: Illustration of hubs of ISPC-based team brain network on coopera-
tive/competitive interaction. Hubs were measured by betweenness
centrality.
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(a) Hubs of the power-correlation-based team
brain network during competition

(b) Hubs of the power-correlation-based team
brain network during cooperation

Figure A.20: Illustration of hubs of power-correlation-based team brain network
on cooperative/competitive interaction. Hubs were measured by be-
tweenness centrality.

(a) Hubs of the spectral-coherence-based
team brain network during competition

(b) Hubs of the spectral-coherence-based
team brain network during cooperation

Figure A.21: Illustration of hubs of spectral-coherence-based team brain network
on cooperative/competitive interaction. Hubs were measured by be-
tweenness centrality.

Fig.A.20a and Fig.A.20b illustrate the hubs for power-correlation-based team brain net-
work during competition and cooperation respectively. Fig.A.21a and Fig.A.21b illustrate the
hubs for spectral-coherence-based team brain network during competition and cooperation
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respectively. Consistent with previous findings, there is no brain hubs for MI and PLI-based
team brain networks.

A.2.4 Topological Properties

Global Efficiency

Tab.A.1 shows GE for team- and intra-brain networks. These results are consistent with
previous findings.(Sec.A.3.4).

Team-brain network Intra-brain network
FC method Competition Cooperation Competition Cooperation
ISPC 0.3642 0.3442 0.4880 0.4688
Power-correlation 0.2445 0.2115 0.5343 0.3177
Spectral-coherence 0.1673 0.1717 0.6798 0.3184

Table A.1: GE of team- and intra-brain networks

Small-World-Ness

Tab.A.2 shows the SWN of the team- and intra- brain networks.

Team-brain network Intra-brain network
FC method Competition Cooperation Competition Cooperation
ISPC 0.9446 0.9923 0.9380 0.9458
Power-correlation 1.1550 1.4169 0.9161 1.1066
Spectral-coherence 1.6940 1.9148 0.9000 1.1445

Table A.2: SWN of the team- and intra-brain networks

A.2.5 Global Efficiency and Small-World-ness over time/frequency

GE over time/frequency

This section show GE of ISPC- and power-correlation-based network over time and fre-
quency.
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(a) GE of competitive ISPC-based intra-brain net-
work over frequency

(b) GE of cooperative ISPC-based intra-brain net-
work over frequency

(c) GE of competitive ISPC-based team-brain net-
work over frequency

(d) GE of cooperative ISPC-based team-brain net-
work over frequency

Figure A.22: GE of ISPC-based intra- and team-brain network over frequency.
In (a),(b),(c),(d), the upper boxplot shows how GE of the network
changes over frequency; the lower line-plot shows how GE of the net-
work of median ISPC changes over frequency.

(a) GE of competitive power-correlation-based
intra-brain network over frequency

(b) GE of cooperative power-correlation-based
intra-brain network over frequency
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(c) GE of competitive power-correlation-based
team-brain network over frequency

(d) GE of cooperative power-correlation-based
team-brain network over frequency

Figure A.22: GE of power-correlation-based intra- and team-brain network over fre-
quency. In (a),(b),(c),(d), the upper boxplot shows how GE of the net-
work changes over frequency; the lower line-plot shows how GE of the
network of median power-correlation changes over frequency.

(a) GE of competitive ISPC-based intra-brain net-
work over time

(b) GE of cooperative ISPC-based intra-brain net-
work over time

(c) GE of competitive ISPC-based team-brain net-
work over time

(d) GE of cooperative ISPC-based team-brain net-
work over time

Figure A.23: GE of ISPC-based intra- and team-brain network over time. In
(a),(b),(c),(d), the upper boxplot shows how GE of the network
changes over time; the lower line-plot shows how GE of the network
of median ISPC changes over time.
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(a) GE of competitive power-correlation-based
intra-brain network over time

(b) GE of cooperative power-correlation-based
intra-brain network over time

(c) GE of competitive power-correlation-based
team-brain network over time

(d) GE of cooperative power-correlation-based
team-brain network over time

Figure A.24: GE of power-correlation-based intra- and team-brain network over
time.In (a),(b),(c),(d), the upper boxplot shows how GE of the network
changes over time; the lower line-plot shows how GE of the network
of median power-correlation changes over time.

Small-world-ness over time/frequency

(a) SWN of competitive ISPC-based intra-bain net-
work over frequency

(b) SWN of cooperative ISPC-based intra-brain
network over frequency

Figure A.25: SWN of ISPC-based intra- and team-brain network over frequency.
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(c) SWN of competitive ISPC-based team-brain
network over frequency

(d) SWN of cooperative ISPC-based team-brain
network over frequency

Figure A.25: SWN of ISPC-based intra- and team-brain network over fre-
quency(Cont). In (a),(b),(c),(d), the upper boxplot shows how SWN
of the network changes over frequency; the lower line-plot shows how
SWN of the network of median ISPC changes over frequency.

(a) SWN of competitive power-correlation-based
intra-brain network over frequency

(b) SWN of cooperative power-correlation-based
intra-brain network over frequency

(c) SWN of competitive power-correlation-based
team-brain network over frequency

(d) SWN of cooperative power-correlation-based
team-brain network over frequency

Figure A.26: SWN of power-correlation-based intra- and team-brain network over
frequency. In (a),(b),(c),(d), the upper boxplot shows how SWN of the
network changes over frequency; the lower line-plot shows how SWN
of the network of median power-correlation changes over frequency.
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(a) SWN of competitive ISPC-based intra-brain net-
work over time

(b) SWN of cooperative ISPC-based intra-brain
network over time

(c) SWN of competitive ISPC-based team-brain
network over time

(d) SWN of cooperative ISPC-based team-brain
network over time

Figure A.27: SWN of ISPC-based intra- and team-brain network over time. In
(a),(b),(c),(d), the upper box-plot shows how SWN of the network
changes over time; the lower line-plot shows how GE of the network
of median ISPC changes over time.

(a) SWN of competitive power-correlation-based
intra-brain network over time

(b) SWN of cooperative power-correlation-based
intra-brain network over time

Figure A.28: SWN of power-correlation-based intra- and team-brain network over
time.
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(c) SWN of competitive power-correlation-based
team-brain network over time

(d) SWN of cooperative power-correlation-based
team-brain network over time

Figure A.28: SWN of power-correlation-based intra- and team-brain network over
time (Cont.). In (a),(b),(c),(d), the upper box-plot shows how SWN of
the network changes over time; the lower line-plot shows how SWN of
the network of median power-correlation changes over time.
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A.3 Results Based on Last 30 seconds of Data

This section shows analysis results from the data based on the last 30 seconds of brain
signals.

A.3.1 Strong Neural Synchrony

Fig.A.29,Fig.A.30, Fig.A.31 and Fig.A.32 respectively show adjacency matrix of power-correlation-
, ISPC-, PLI- and spectral-coherence-based brain networks. Notably, threshold was one
standard deviation plus median of intra- and inter-brain NS without outliers.

(a) Adjacency matrix of power-correlation-based
intra-brain network during competitive interaction

(b) Adjacency matrix of power-correlation-based
inter-brain network during competitive interaction

(c) Adjacency matrix of power-correlation-based
intra-brain network during co-operational interac-
tion

(d) Adjacency matrix of power-correlation-based
inter-brain network during co-operational interac-
tion

Figure A.29: Adjacency matrix of power-correlation-based team brain network.
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(a) Adjacency matrix of ISPC-based intra-brain net-
work during competitive interaction

(b) Adjacency matrix of ISPC-based inter-brain net-
work during competitive interaction

(c) Adjacency matrix of ISPC-based intra-brain net-
work during co-operational interaction

(d) Adjacency matrix of ISPC-based inter-brain net-
work during co-operational interaction

Figure A.30: Adjacency matrix of ISPC-based team brain network.
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(a) Adjacency matrix of PLI-based intra-brain net-
work during competitive interaction

(b) Adjacency matrix of PLI-based inter-brain net-
work during competitive interaction

(c) Adjacency matrix of PLI-based intra-brain net-
work during co-operational interaction

(d) Adjacency matrix of PLI-based inter-brain net-
work during co-operational interaction

Figure A.31: Adjacency matrix of PLI-based team brain network.
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(a) Adjacency matrix of spectral-coherence-based
intra-brain network during competitive interaction

(b) Adjacency matrix of spectral-coherence-based
inter-brain network during competitive interaction

(c) Adjacency matrix of spectral-coherence-based
intra-brain network during co-operational interac-
tion

(d) Adjacency matrix of spectral-coherence-based
inter-brain network during co-operational interac-
tion

Figure A.32: Adjacency matrix of spectral-coherence-based team brain network.

A.3.2 Statistically significant Inter-Brain Synchrony

Fig.A.33 illustrates statistically significant PLI-based INS between cooperation and competi-
tion. Player A’s FP1 electrode behaves mostly differently in INS during these two conditions.
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Figure A.33: Statistically significant PLI-based INS are illustrated for cooperation
vs. competition. Lines represent statistically significant INSs. Node
represent electrode. Node has more links are more large. C3 and C4
are the two largest nodes.

Fig.A.34 illustrates statistically significant power-correlation-based INS between cooper-
ation and competition. Brain signals at player A’s C3 and player B’s C4 electrodes behave
mostly differently in INS during these two conditions.

Figure A.34: Statistically significant power-correlation-based INS are illustrated for
cooperation vs. competition.Node size positively correlated with its
degree. Lines represent statistically significant INSs. Node represent
electrode. Node has more links are more large. P3,Oz,C3,C4 are the
largest nodes.

Fig.A.35 illustrates statistically significant power-correlation-based INS between cooper-
ation and competition. Brain signals at player A’s P3, Oz and player B’s C3,C4 electrodes
behave mostly differently in INS during these two conditions.
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Figure A.35: Statistically significant ISPC-based INS are illustrated for cooperation
vs. competition. Lines represent statistically significant INSs. Node
represent electrode. Node has more links are more large.

For MI-based and spectral-coherence-based INS, there is no statistically significant INS
during cooperation and competition.

A.3.3 Brain Hubs

Fig.A.36a and Fig.A.36b illustrate the brain hubs of ISPC-based team brain network during
competition and cooperation respectively. Fp1, Cz, P7 are three hubs of the team brain
network during competition while T8 is the hub for cooperation.

Fig.A.37a and Fig.A.37b illustrate the hubs of power-correlation-based team brain net-
work during competition and cooperation respectively. C3, Cz, T8,P7,P8 and Fz are three
hubs of the team brain network during competition while T8 and P3 are the hubs for coop-
eration.

Fig.A.38a and Fig.A.38b illustrate the hubs for spectral-coherence-based team brain net-
work during competition and cooperation respectively. Fp2 are three hubs of the team brain
network during competition while F3 and T8 are the hubs for cooperation.

For MI-based and PLI-based team brain networks, there is no hubs (which is measured
by betweenness centrality).
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(a) Hubs of the ISPC-based team brain net-
work during competition

(b) Hubs of the ISPC-based team brain net-
work during cooperation

Figure A.36: Illustration of hubs of ISPC-based team brain network on coopera-
tive/competitive interaction. Hubs were measured by betweenness
centrality.

(a) Hubs of the power-correlation-based team
brain network during competition

(b) Hubs of the power-correlation-based team
brain network during cooperation

Figure A.37: Illustration of hubs of power-correlation-based team brain network on
cooperative/competitive interaction.
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(a) Hubs of the spectral-coherence-
based team brain network during compe-
tition

(b) Hubs of the spectral-coherence-
based team brain network during coop-
eration

Figure A.38: Illustration of hubs of spectral-coherence-based team brain network
on cooperative/competitive interaction.

A.3.4 Topological Properties

Global Efficiency

Tab.A.3 shows GE of the team- and intra-brain networks.

Team-brain network Intra-brain network
FC method Competition Cooperation Competition Cooperation
ISPC 0.3618 0.3447 0.4856 0.4682
Power-correlation 0.2474 0.2513 0.5578 0.3559
Spectral-coherence 0.1831 0.1768 0.6816 0.3263

Table A.3: GE of team- and intra-brain networks

Small-World-Ness

Tab.A.4 shows the SWN for the team and intra-brain networks.

Team-brain network Intra-brain network
FC method Competition Cooperation Competition Cooperation
ISPC 0.9423 0.9906 0.9358 0.9453
Power-correlation 1.2525 1.1917 0.9352 1.0505
Spectral-coherence 1.6240 1.8794 0.8973 1.1306

Table A.4: SWN of team- and intra-brain networks
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A.4 Experimental Protocol

A.4.1 Background

Neural activity can be quantified by recording and analyzing the EEG signal. In order to
test team neurodynamics, dyads were required to play cooperative/competitive computer
pong-game. The materials required for such an experiment and the step-by-step protocol is
described next. The setup of the experiment is illustrated in Fig.A.39.

Figure A.39: Two subjects sat alongside with each other and played cooperative/-
competitive computer pong-game together. One subject used an ex-
ternal keyboard to control the game.

A.4.2 Required Materials

description # specification
general

computers 1
One computer with Openvibe acquisition and Openvibe
designer software. The computer should have at least
two USB ports.

external keyboard 1
One external keyboard that can share the keyboard with
the computer

USB hub 1 USB hub should at least have two ports

USB hub cable 1
The USB hub cable is used to connect a USB hub with
the computer

towel 2
Towel should be clean and dry. They are offered to two
subjects after experiment to clean up their hair.
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toothbrush 1 This is used to clean gel in EEG caps after experiments
EEG Measurements

porti device 2

The data acquisition device (Porti Amplifier) with one
ground input, one trigger input, one power connector
and 34 patient connections (unipolar, bipolar, auxiliary
or saturation)

optical fiber 2
Glass fiber used to provide isolation from the PC to
the patient

Fusbi 2
Module used as interface between glass fiber and
USB cable

power supply 2
Power supply to be used when thee device is powered
via mains

USB cable 2 Usb cable to connect Fusbi to the PC

EEG caps 2
TMSI 32-channel low-noise actively shielded caps.
Two median, one small and one large caps are
available for different head size of the subjects

EEG electrode gel 200ml Electro-gel(ECI), for injection in EEG cap electrodes

power cable 2
Power cable to be used in combination with power
supply

comfortable chair 2

Comfortable chair for subjects to relax during the
experiment. The chair should especially provide rest
to the muscles around the head and the neck, since
those might disturb the measurement.

A.4.3 Procedure

General Preparation

Time: > 1 day before experiment

1. Send the consent form with experiment information (which is attached in AppendixA.4.4
) and demographic questionnaire (which is attached in AppendixA.4.4) to participants
by email. Tell them:

(a) The date, time and location of the experiment

(b) Abstaining from alcohol for at least 24 hours before the experiment

(c) Drinking the same amount of coffee that they would normally drink on any other
day

2. After dates and time for the experiments have been planned, inform the subject about
the decided dates and time.

3. Make sure that the EEG equipment work well
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Apparatus preparation

Time: > 0.5 hours before experiment

EEG system

1. Set up experiment equipment.

Figure A.40: Equipment setting-up
Equipment setting-up. Two TMSI equipment were connected to one PC. An

external keyboard was also connected to the PC with the red USB hub.

(a) Driver and connection port setting of the OpenVibe acqui-
sition window

(b) Maps between electrode name and
index

Figure A.41: OpenVibe acquisition server setting-up
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OpenVibe software

1. Open two Openvibe acquisition windows. As shown in Fig.A.41a, ”TMSI amplifiers” is
chosen as ”Driver” and connection port are 1024 and 15361 for two acquisition win-
dows. Click on ”Driver Properties”, choose the right USB device on the Driver Settings
section. On ”Channel Settings” section, set the ”number of EEG channels” into 23, and
click ” Change EEG channel names” button. From index 1 to 23, the corresponding
electrode names are: Fp1,Fpz,Fp2,F7, F3,Fz,F4,F8,A1,T7,C3,Cz,C4,T8,A2,P7,P3,
Pz,P4,P8,O1,Oz and O2, as shown in Fig. Click ”Apply” on node selection window
and click ”Apply” on TMSI Universal Driver window. Click ”Preferences” to open global
configuration window, change ”TCP Tagging Port” into 8080 and 8000. Click ”Apply”
to close global configuration window. Click ”connect” to connect TMSI with PC.

2. Open two OpenVibe designer scenarios. One scenario is shown in Fig.A.42. In ”Ac-
quisition client” box. acquisition server ports are 1024 and 15361 for two TMSI EEG
equipment.

3. Click ”connect” on two opened OpenVibe acquisition windows to check TMSI con-
nected well with PC.

4. Click on ”execute” on two OpenVibe Designer scenarios to make sure real-time EEG
signals can be shown on screen and saved locally.

5. Check trigger-listening files. Run Tcp tagging.py file (shown in Sec.A.4.5), which lis-
tens key-pressing on 8080 port and sends simulations into OpenVibe designer sce-
narios.

6. If all equipment work well:

• Click ”disconnected” on two OpenVibe software windows.

• Click ”stop” on two OpenVibe designers scenarios.

• Stop running tcp tagginng.py files

Figure A.42: Screen-shot of the OpenVibe designer scenario.
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Pong-game

1. Open cooperative and competitive web pong-game. Game files are shared on github.
Two-person cooperative and competitive pong-games are also published online. Fig.A.43a
and Fig.A.43b show the competitive and cooperative pong-game respectively.

2. Check pressing corresponding keys controls game very well on two keyboards.

3. If pong-games work well, press F5 to refresh the web-pages.

(a) Competitive computer pong game. Press 0
to start the game. Press key E and D to control
left paddle to move up and down. Press key P
and L to control right paddle to move up and
down. Left and right paddle need to bounce
ball back. If the left paddle miss a ball, the
player who controls the right paddle will win
one score.The person who first win ten score
will win this game and end this game.

(b) Cooperative computer pong game.In this
game,press Q and W to control the left paddle
move left and right respectively. Key A and S
controls the right paddle to move left and right
respectively. Each paddle can only move on
the half side of the court((s.t., the left paddle
can only move within the left half court). In this
game, the team has total 10 scores, which are
shown on the top of the court. Every-time the
team miss a ball, they will lose a score. When
the team lose all 10 times, the game ends.

Figure A.43: Competitive/cooperative computer pong game

Materials Preparation

Time: > 0.25 hours before experiment make sure that the following materials are ready for
use an easy to reach:

1. Electrode caps

2. EEG electrode gel

3. Needles

subject Reception and Preparation

Time: start of the session.

https://github.com/RachelChen3/PongGame
http://qiurui0831.atwebpages.com/cooperation/two-person/index.html
http://qiurui0831.atwebpages.com/competition/two-person/index.html
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1. Be present at the lab entrance ten minutes before the session to receive the subject
and lead them into the lab.

2. Give the subject a hard copy of the information letter (of which they have received and
read a soft-copy in advance, preferably) and the consent form.

3. Ask the subject:

• ”have you read the information carefully?”

• ”Do you have any questions?”

4. Instruct the subject to fill in and sign a consent form if they would like to participate in
the experiment

5. Explain to the subject that the experiment will now begin and will take approximately
one hours. Instruct the subject:

• ”Make sure of the toilet if you need to, as the session will last for an uninterrupted
one hours”

• ”Please turn off your phone or put it on the Airplane Mode” IMPORTANT: Turn
your own phone on airplane mode as well.

6. Seat the subject in the designated chair and instruct them:

• ”Please sit in a comfortable position, The seat can be adjusted using the buttons
on the side.”

• ”Make sure there is enough space for your legs.”

• ”Incline the chair backwards to relieve tension in the neck muscles”

7. Place the appropriate electrode cap on the subject’s head, pulling it back from the
forehead.

8. Instruct the subject:

• ” Please fasten the cap strap under your chin as tightly as comfortably possible”

• ”Please use the tightening string given on the side to ensure a better fit.”

9. Measure the distance between the nasion and the inion, and the distance between
the two post-auricular points.

10. Check if the Cz electrode is exactly at the center of the measured distances and adjust
the cap if required.

11. Attach the EBA multi-connectors of the EEG cap to the inputs of the EEG amplifier.
The connectors are numbered in 1, 2, 3, 4, 5, 6, 7, 8, 13, 14, 15, 16, 17, 18, 19, 24, 25, 26, 27,

28, 30, 31, 32 and they correspond to the input number from 1 to 23 respectively.
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12. Attach the connectors of wrist-bands to the inputs of ground-signal in the EEG ampli-
fier.

13. Explain the next part to the subject:

• ”Gel will now be injected into the electrodes on your head using a blunt needle.”

• The needle will be used to scratch your skin and move hair out of the way, for
better connectivity. This should not hurt; in case it does hurt, please say no”

• ”If you feel any discomfort at any point, you can indicate this immediately.”

14. Take a new needle from the packet and show this to the subject. Attach the needle to
the syringe and fill the syringe with gel.

15. Fill each electrode in the EEG cap with gel, by first scratching the skin and moving hair
using a large circular movement. Make sure to extract the needle slowly while injecting
the gel to avoid gel from squeezing out from the sides and causing cross-connections
between electrodes.

16. Use the impedance display on the screen to ensure that all impedance are below 5kΩ.

17. Click on ”connect” button on two OpenVibe acquisition windows

18. Click ”execute” button on two openVibe designer scenarios. If two signals are being
measured correctly, 23 labeled brain signals should be seen on the screen.

19. click ”stop” button on two Openvibe designer scenario after checking data quality.

Familiarization

Time: 30 minutes after the start of session

1. Explain to the subjects

• ”You will play 8 rounds of pong-game. For each round, I will record your brain
signal, video the computer screen.”

• ” I will press 0 to start the pong game. When the game starts, you should hold
still and only move your two fingers to control the game. After the game ending,
I will press F5 to stop this game round. ”

2. Explain the game rule to two subjects

• ”For the cooperative computer pong-game, you two subjects are working as a
team to control two paddles to hit the ball back. You have 10 score at the begin-
ning, which is shown on the top of the court, and each time you lose a ball, your
team will miss a score. Key A and S control the right paddle to move left and
right while Key Q and W control the left paddle to move left and right. Each pad-
dle can only move half of the court, for example, the left paddle can only move
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within the left half side of the court. The game will end if your team lose all ten
scores. There are 4 rounds for cooperative game, and during these 4 rounds,
your team are allowed to talk strategy with each other about how to improve team
performance. ”

• ”In competitive pong-game, you two subjects are competitors to each other. Ky
E and D control the left paddle to move up and down. Key P and L control
right paddle to move up and down. If the left paddle miss a ball, the player who
controls the right paddle will win one score. The person who first win ten scores
will win this game.

3. Explain the familiarization procedure to the subject:

• ”The first part of the experiment is to get you acquainted with the pong-game, so
that you know what to expect during the actual experiment.”

4. Press key 0 to start the cooperative pong game for one round. Allow them to discuss
the cooperation strategy.

5. Press key 0 to start the competitive pong game for one round. IMPORTANT: shuffle
cooperative and competitive pong games order for different teams.

Experiment

Time: 40 minutes after the start of session

1. Explain the experimental procedure to the subject:

• ”To record precisely, I will say please prepare the game before I press key 0 to
start the game”

• ”In case you need a short break or want to talk (ask questions), you can press
F5 to stop the game and this trial will be dropped.”

2. Instruct the subject:

• ”Please keeping you focused on the game, do not distract, as far as possible.”

• ”Try to blink as few times as possible while playing this game”

• ”Try to relax; also relax your muscles, especially the reference arm”

• ”Do not talk or move while playing the game. In case you have/need to, press F5
to stop the game and this trial will be dropped”

• ”Following these instructions will greatly enhance the quality of the signals mea-
sured, and thereby of the result.”

3. When the subjects are both ready:

(a) Press screencastify icon (chrome extension) on the chrome to start video screen
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(b) Press ”execute” icons to execute two openVibe designer scenarios to record and
display signals on real-time

(c) Run ”python tcptagging8000.py” and ”python tcptagging8080.py two files to listen-
ing key pressing event on 8000 and 8080 port.

(d) Press 0 to start the game.

4. When the game ends:

(a) Press F5 to stop the game immediately.

(b) Press ”stop” on two Openvibe Designer scenarios.

(c) Press screencastify icon on the chrome toolbar to stop screen-videoing.

5. This process has to be repeated for each round. After each round of cooperative
game, the subjects are required to talk with each other about game strategy to improve
game performance.

Closure

1. Inform the subject that the experiment was completed successfully.

2. Disconnect the subject from all the cables.

3. Instruct the subject to take off the EEG cap and hand it over to you.

4. Inform the subject:

• ” You can wash hair at the sink.”

• ” You can clean your hair with clean towel.”

5. When the subjects is ready to leave, tell the subject:

• ”Thank you participating in this experiment”

• ”Would you like to be informed of the results of the experiment?”

• ”If you have any questions, please do not hesitate to contact me”

6. Provide the subject with contact information and lead them out of the lab.

Clean-up

1. Turn off the software and the EEG amplifier

2. Clean the cap electrodes directly after the experiment using warm water with tooth-
brush

3. Hang the cap on the provided fan to dry.

4. Put all the equipment in the proper places.
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A.4.4 Files

This section list consent file with experiment information, demographic ad health question-
naire and trigger-listening file.



  

Experiment Information  

 

● The research topic is to analyze teamneurodynamic during cooperational/competitive 

interaction with EEG  

● This is for Qiurui Chen’s master thesis.  

● Participants are required to play cooperational/competitive computer Pong-games together 

in two persons with TMSI EEG equipment. 

● This research project has been reviewed and approved by the EEMCS Ethics Committee. 

● Personal information includes age, gender, name initials and some health information.   

● All personal information will keep anonymous. There is no possibility to track down into the 

participant according the personal information collected.  

● EEG data will be recorded during  experiment. 

● The computer screen will be videoed during experiment 

● All data collected will only be used for academic study.  

● The participant has the right to request access to and rectification or erasure of personal 

data.  

● The data will be shared to and reused by other researchers for future research studies that 

may be similar to this study or may be completely different. 

● The researcher name is Qiurui Chen, and her email address is q.chen@student.utwente.nl  

● To file a complaint, the EEMCS Ethics Committee  email address is ethics-comm-

ewi@utwente.nl

Consent from



  

    Consent Form 

team neurodynamic analysis during cooperational and competitive interaction with EEG 

  

Please tick the appropriate boxes Yes No  

Taking part in the study    

I have read and understood the study information dated [__/__/2019], or it has been read to 

me. I have been able to ask questions about the study and my questions have been answered 

to my satisfaction. 

   

I consent voluntarily to be a participant in this study and understand that I can refuse to 

answer questions and I can withdraw from the study at any time, without having to give a 

reason.  

  

 

 

I understand that taking part in the study involves  

1. A competitive and cooperational computer pong-game 

2. Demograhic and health form 

 

 

 

 

 

I understand that taking part in the study involves the following risks:  When recording with 

EEG, a gel will be applied to your scalp. This leaves a residue on your hair. Gel is not harmful 

for physical or mental health. 

 

  

 

  

Use of the information in the study    

I understand that information I provide will be used for Qiurui Chen’s master thesis.   

 

 

 

 

I agree that my information can be quoted in research outputs  

 

 

 

 

Signatures    

 

_____________________                       _____________________ ________  

Name of participant [printed] 

 Signature                 Date 

   

I have accurately read out the information sheet to the potential participant and, to the best 

of my ability, ensured that the participant understands to what they are freely consenting. 

 

________________________  __________________         ________  

Researcher name [printed]  Signature                 Date 

 

   

Study contact details for further information:  [Qiurui Chen, q.chen@student.utwente.nl] 

Contact Information for Questions about Your Rights as a Research Participant  

If you have questions about your rights as a research participant, or wish to obtain 

information, ask questions, or discuss any concerns about this study with someone other than 

the researcher(s), please contact the Ethics Committee of the EEMCS at the University of 

Twente by ethicscommittee-bms@utwente.nl  

   

 



Participant information 1

Please fill this form before game-playing.

1 Participant information

1. Name initials?

...............................................................................................................

2. Age?

...............................................................................................................

3. Gender ?

2Female 2Male

4. Nationality?

...............................................................................................................

5. Experiment date

...............................................................................................................

2 Health condition

1. Are you in good health condition ? If not, what’s your illness name?
2Yes 2Not ......................

2. Did you have brain surgery before?
2Yes 2Not

3. Do you take any medicines or drugs that affect to nervous system?
2Yes 2Not

demographic and health questionnaire



Participant information 2

4. You are
2left handedness 2right handedness

5. Your history of medical and neurologic disease (e.g., Epilepsy, nervous
system disease)?
2Clean 2Not clean ............................................

6. Do you have binge eating disorders and other psychiatric disorders?
2Yes 2Not

7. Do you have head trauma?
2Yes 2Not

8. Do you assumption of Central Nervous System active drugs in the two
weeks prior to study entry? (e.g.,benzodiazepines, antidepressants, an-
ticonvulsants, and narcotics)
2Yes 2Not



120 APPENDIX A. APPENDIX

A.4.5 Trigger-listening file

import sys
import socket
from t ime import t ime , sleep
import keyboard

HOST = ’ 127 .0 .0 .1 ’
PORT = 8080

EVENT START = 0x00008001
EVENT STOP = 0x00008002
DELAY=0
def t o by te ( value , leng th ) :

for x in range ( leng th ) :
y i e l d value%256
value / /=256

# connect
s = socket . socket ( socket . AF INET , socket .SOCK STREAM)
s . connect ( (HOST, PORT) )

def messageSend ( even t i d ) :
padding =[0 ]∗8
even t i d = l i s t ( t o by te ( event id , 8 ) )
timestamp= l i s t ( t o b y t e ( i n t ( t ime ()∗1000)+DELAY, 8 ) )
s . senda l l ( bytearray ( padding+ even t i d +timestamp ) )

while True :
t ry :

i f keyboard . i s p ressed ( ’ 0 ’ ) : # game s t a r t
messageSend (EVENT START)

e l i f keyboard . i s p ressed ( ’ f5 ’ ) : # end of the game
messageSend (EVENT STOP)

else :
pass

except :
break

s . c lose ( )
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A.5 Literature Overview on Cooperation and Compe-
tition
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EEG electrode positions in this experiment is shown in Fig.A.44. The corresponding
brain areas of electrodes are listed in Tab.A.8 [147] [148].

A.7 Brain Areas of the Corresponding EEG Electrodes

Figure A.44: Electrodes position in this paper.

electrode
labels

Gyri BA Function name Function

FP1 Superior
frontal Gyri

10 Frontopolar
(DLFC)

it is involved in strategic processes in
memory recall and various executive

functions.FPz Bilat,medial 10
FP2 Superioro

forntal Gyri
10

F7 Inferior
frontal Gyri

45 Triangular It is active in semantic tasks, such
as semantic decision tasks (determin-
ing whether a word represents an ab-
stract or a concrete entity) and generation
tasks (generating a verb associated with
a noun).

F3 Middle frontal
Gyri

8 It is involved in planning complex move-
ments.
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Fz Bilat,medial 6 Premotor cortex
and Supplemen-
tary Motor Cortex

It is believed to play a role in the planning
of complex, coordinated movements.

F4 Middle frontal
Gyri

8 It is involved in planning complex move-
ments.

F8 Inferior
frontal Gyri

45 Triangular It is active in semantic tasks, such
as semantic decision tasks (determin-
ing whether a word represents an ab-
stract or a concrete entity) and generation
tasks (generating a verb associated with
a noun).

T7 Middle tem-
poral Gyri

21 It plays a part in auditory processing and
language.

C3 Postcentral
Gyri

123 Primary So-
matosensory
Cortex

It is the main sensory receptive area for
the sense of touch.

Cz Precentral
Gyri

4 Primary Motor
Cortex

It works in association with other motor
areas to plan and execute movements

C4 Postcentral
Gyri

123 Primary So-
matosensory
Cortex

It is the main sensory receptive area for
the sense of touch.

T8 Middle tem-
poral Gyri

21 It plays a part in auditory processing and
language.

P7 Inferior tem-
poral Gyri

37 Occipitotemporal BA37 is involved in lexico-semantic as-
sociations (i.e., associated words with vi-
sual percepts).

P3 Precuneus 19 Peristriate (Ter-
tiary or Associa-
tive visual cortex,
V3)

It is a visual association area, with
feature-extracting, shape recognition, at-
tentional, and multimodal integrating
functions.

Pz Superior pari-
etal L

7 Somatosensory
Association Cor-
tex

It is involved in locating objects in space.

P4 Inferior pari-
etal L

7 Somatosensory
Association Cor-
tex

It is involved in locating objects in space.

P8 Inferior tem-
poral Gyri

19 Peristriate (Ter-
tiary or Associa-
tive visual cortex,
V3)

It is a visual association area, with
feature-extracting, shape recognition, at-
tentional, and multimodal integrating
functions.
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O1 Middle occip-
ital Gyri

18 Parastriate
(Secondary visual

cortex, V2)

It is known as a ”Visual Association
Area” and is responsible for the

interpretation of images.Oz Ceneus 18
O2 Middle occip-

ital Gyri
18

A.8 Experimental data Software Package

A.8.1 Software Packages

Software packages applied in this paper include:

• EEGLab

• BCT: Brain Connectivity Toolbox. The website is https://sites.google.com/site/

bctnet/

• Easy Plot EEG Brain Network Matlab. A matlab file toolbox for plot brain networks.
Please check this webpage.

• SmallWorldNess. Matlab toolbox for calculating small-world-ness. Please check this
webpage.

A.8.2 Experimental Data and Code

9 dyads attended this pong-game experiment. Screen-videos of all these sessions are
shared on Good drive.

For the first 6 dyads, there are 4 sessions for competition and cooperation. For the
last 3 dyads, there are 2 sessions for competition and cooperation. The data is shared on
Google drive. The matlab code is shared on this link. Please read step.txt (which details the
workflow) first.

https://sites.google.com/site/bctnet/
https://sites.google.com/site/bctnet/
https://nl.mathworks.com/matlabcentral/fileexchange/57372-easy-plot-eeg-brain-network-matlab
https://github.com/mdhumphries/SmallWorldNess
https://github.com/mdhumphries/SmallWorldNess
https://drive.google.com/drive/folders/1rGj_WZusk7g_OjmOjnI63VvZX37TlXIq?usp=sharing
https://drive.google.com/drive/folders/1iOfnVZHHtJ_PpHSq12LXOsmPE9AF9J9J?usp=sharing
https://drive.google.com/file/d/1WPQKI-WU7MralYbCen_GC2kjbaxDc0tF/view?usp=sharing
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