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From the recording of surface EEG to the
estimation of cortical sources

M1 Hand area

Linear inverse 
estimates with 
8000 dipoles 
on the cortex 
are computed 

Scalp EEG
electrodes

Methods
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A is the lead field matrix

b is the measured data

x is the estimated cortical 
current strength

l is a regularization parameter

M is the metric for the data 
space

N is the metric for the source 
space

The estimation of cortical signals from EEG
measurements
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The difference
between modeled
and measured
potentials/fields is
minimized, together
with the energy of
the sources

Solutions x are obtained by using x = G b where
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Temporal domain: from the estimation of
cerebral current strength to the probabilistic
map
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An observed time series a(n) is said to Granger-cause another 

series b(n) if  knowledge of  a(n)’s past significantly improves 

prediction of  b(n):

b(n) = B1b(n-1)+…+BNb(n-N)+eB(n)

b(n) = B1b(n-1)+…+BNb(n-N)+A1a(n-1)+A2a(n-2)+…+AMa(n-M)+eB,A(n)

eB,A(n)< eB(n) 

It can be a(t)  b(t) without necessarily being b(t)  a(t)

-> DIRECTIONALITY 

Granger causality

t

a(t)

b(t)

Clive Granger, Nobel Laureate in Economics, 2003
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Measuring brain activity with EEG
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The dark matter of social neuroscience

hyperscanning

Ecologic validity of 
the setup

Task that matters
to the individuals
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•The approach followed until now in the neuroscience is to measure the
neuroelectric and the hemodynamic activity of one brain at time, during the social
activity, although the “brains” in a group could work collectively in the solution of a
common problem.

•This approach appears clearly unsatisfactory if one wants to measure how the
activity of the brain modifies when is engaged in competition or cooperation with
other brains.

Measuring brain activity during social
interactions
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•The challenge is then to
describe how the brains
activity are engaged during
cooperative and competitive
behaviour, by studying the
cortical areas involved in
cooperation.

•The distinctive point of this
research is that the brains
activities will be followed
concurrently and
simultaneously during the
social interactions.

•Brain(s) Hyperscanning.

The (im)possible challenge
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Hemodynamic Hyperscanning
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Brain Functional Hyperlinks?

•The brain functional hyperlinks
are “functional connections”
that could exist between cortical
areas of different subjects

•Supposed to be elicited by a
cooperative behavior

•Are they real?

•Hemodynamic hyperlinks on
Science paper (King-Casas et
al., 2005).

•Which is the meaning of such
hyperlink in the case of the
neuroelectric signature?
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•Easy to perform.

•Scans in the same
time brain activity of
different subjects.

•Track in a msec-
base the mental
activity of a group
with a spatial
resolution of 1-2 cm2

at the cortical level.

Neuroelectric Hyperscanning?



15

• Neuroelectric hyperlinks are defined as functional connectivity links estimated
from different EEG rhythms in distinct cortical areas between different
participants to the same “social” or “cooperative” task.

• They could be estimated by using appropriate signal processing techniques,
derived from the Granger theory (Granger, 1969), such as Partial Directed
Coherence (PDC).

• A set of EEG signals could be modelled as a single multivariate autoregressive
process (MVAR). From such MVAR it is possible to estimate by using PDC the
functional connectivity links between the different signals.

Neuroelectric Hyperlinks

• The direct extension of this
MVAR process to a EEG data
set obtained by a couple of
subjects will return causal
connections between
different cortical areas of the
brains of the different
individuals.

• In this case the MVAR
process will be performed on
the data from the two
subjects simultaneously
(hyperconnectivity).
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Hyperconnectivity Estimation



Ecological settings with EEG: card game
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14 couples of players engaged



19

EEG hyperlinks related to the winning 
couple
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The estimation of the functional connectivity between the signals
estimated in the cortical areas of different subjects has been
performed for all the possible pairs of subjects that participated in
the same game session
Results suggested that only the players that belonged to the same
team showed statistically significant functional connectivity
between the signals estimated from different cortical areas, at the
chosen level of statistical significance (p<0.001 Bonferroni
corrected for multiple comparisons).

Randomizing the partners

XX
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Hyperlinks for a winning couple

Between-subjects functional connectivity indexes



Functional EEG hyperlinks 
in Prisoner’s Dilemma



23

Competition and cooperation
using the game theory

• Game theory provides a
framework in which study
competition or cooperation
activity of the subjects

• Prisoner’s dilemma is a typical
task analyzed under fMRI
paradigm in one subject per time

• Players A and B could press one
of the two button each trial, one
for “cooperate with the other
player” or the other to “Defect
the other player” Cooperation Defect

A

B
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Figure 1. Timeline of the experiment. At each round, or trial, players are asked to choose either to cooperate (C) or defect (D) through a special

keyboard. A trial (k) consists of two distinct time intervals. During the first interval, players have to communicate their strategies on the base of the

outcome at the previous trial (k-1). Typically, this interval ranged from 0.5 seconds to 2 seconds. After communicating their choice, a report

summarizing the strategy and the score at the trial (k) is displayed for 4 seconds. At the beginning of this second interval, the two subjects make the

new decision to be communicated in the next trial (k+1). In particular, we considered the first second (i.e., 1 s of EEG recordings) as period of interest

(POI) for the initial decision-making processes.

26 couples plays in Italy and USA the game 
with the same payoff matrix
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DEFECTCOOPERATION TIT-FOR-TAT
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• Are we able to “predict”
what happens in the
game on the basis of the
neural signals gathered
from both subjects?

• The brains of two
players which both act
as defectors, i.e. non–
cooperatively, are more
separated than in all
other strategies

May we predict if both subjects
are attempting to defect?



• Prisoner’s Dilemma, average results
obtained for 52 subjects









Cooperation

Defect

Tit-for-Tat

Mixed behavior

Classification accuracy = 
91%

Results for the prisoner dilemma



Competition and cooperation using more than two
people



Measuring cooperation in aeronautic by EEG 
hyperscanning in full motion simulators
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Cooperation on simulated flights as
assessed by EEG hyperscanning
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The experimental design

Take off Cruise

Electrical fault: the first officer
will take the control of the plane

Landing
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EEG hyperscanning on professional pilots
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• Assessing statistical significance with the use
the appropriate asymptotic statistic
(Takahashi et al., 2007), that works better
and faster in simulations than the shuffling
procedure previously adopted in this field.

• False positive functional connections are
avoided by using the False Discovery Rate
(FDR) method (Benjamini and Hochberg,
1995; Benjamini and Yekutieli, 2001).

• Estimate of the number of significant
connections between crew members of the
same flight when compared to the possible
ones (density).

• Estimate of the number of significant
connections between the captain and the
first officer (density 1->2) and viceversa
(density 2->1).

• Aij is the generic element of the connection
matrix A that has the value of the PDC value
estimated from electrode/region i to
electrode/region j.

How we estimate these functional EEG
hyperlinks between crew members

N

AA

D

N

Ni

N

j

ij

N

i

N

Nj

ij

Hyper






  


 





2

2

1 11

2

1

N

A

D

N

i

N

Nj

ij 






 
1

2

1

21
N

A

D

N

Ni

N

j

ij 


 

 

2

1 1

12

,    



34

• In the representation of each
couple, the first head corresponded
to the First Officer and the second
head to the Captain.

• Different hyperlinks appears to be
statistically significant after the
estimation of the PDC between
couples and the contrast with the
appropriate statistics (Takahashi et
al,2007).

• Statistically significant connectivity
patterns elicited in Alpha Band (8-
13 Hz) during TakeOff (first
column), Cruise (second column)
and Landing (third column) phases
by each pilots’ couple involved in
the study (one couple each row).

EEG Hyperlinks between crew
Alpha band

#1

#2

#3

#4

#5

#6

First     Capt First       Capt First     Capt
TAKEOFF                            CRUISE                          LANDING           
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• In the representation of each couple,
the first and the second head
correspond to the First Officer and to
the Captain respectively.

• Statistically significant connectivity
patterns elicited in Theta Band (3-7
Hz) during TakeOff (first column),
Cruise (second column) and Landing
(third column) phases by each pilots
couple involved in the study (one
couple each row).

• The scalp is seen from the above with
the nose pointing to the bottom of the
page.

• Effective connections between the two
pilots are represented by means of
arrows whose color and diameter code
for the corresponding connectivity
values estimated by means of Partial
Directed Coherence. I

First     Capt First       Capt First     Capt
TAKEOFF                            CRUISE                          LANDING           

#1

#2

#3

#4

#5

#6

EEG Hyperlinks between crew Theta band
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• Results of ANOVA performed on the Density
Index computed on hyper-networks
estimated on pilots’ couples in Alpha band,
using TASK as within main factors.

• The diagram shows the mean value for the
Density computed on the adjacency
matrices extracted for each flight phase in
Alpha band. The bars represent their
relative 95% confidence intervals.

• The symbols (*), (**) and (***) indicate a
statistical difference, highlighted by means
of Duncan’s post hoc test, between the
phases TakeOff and Cruise, Landing and
Cruise and TakeOff and Landing respectively
(p<0.05).

• Results observed suggested that the total
density of the estimated functional
connectivity are statistically significantly
different between take off and landing from
cruise.

Are these hyperlinks between crew members
different by chance?

• A possible interpretation is related to
the increased cooperation needed to
land the aircraft due to the role
inversion (First Officer became
Captain and viceversa)

ALPHA BAND
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• Results of repeated measure ANOVA 
performed on the density index 
computed on hyper-networks 
estimated on pilots couples in Alpha 
band, using FLIGHT-PHASE as within 
main factor. 

• The diagram shows the mean value 
for the index computed on the 
adjacency matrices extracted for 
each flight phase in Alpha band. The 
bars represent their relative 95% 
confidence intervals. 

• The symbols (*), (**) and (***) 
indicate a statistical difference, 
highlighted by means of Duncan’s 
pairwise comparisons, between the 
phases TakeOff and Cruise, Cruise 
and Landing and TakeOff and 
Landing respectively (p<0.05).

THETA BAND

Are these hyperlinks between crew members
different by chance?



38

Differences in hyperlinks are not related to the
«role» in the cockpit but to the specific couple
during landing – Alpha band
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Differences in hyperlinks are not related to the
«role» in the cockpit but to the specific couple
during landing – Theta band
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• Bar diagram representing the density
of connections, averaged across the
population, departing from one pilot
and directed to the other one during
the TakeOff and Landing phases.

• In particular, in panel a we reported
the results corresponding to the
density of connections directed from
the Captain to the First Officer, in
panel b we reported the results
corresponding to the density of
connections directed from the First
Officer to the Captain.

• The symbol (*) indicates a statistical
difference between TakeOff and
Landing phases (p < 0.05),
highlighted by means of a paired t-
test, computed across the population.

Are the functional links between crew members related
to their role within the cockpit (Alpha band)?
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Are the functional links between crew members related to
their role within the cockpit (Theta band)?

• Bar diagram representing the
density of connections, averaged
across the population, departing
from one pilot and directed to the
other one during the TakeOff and
Landing phases.

• In particular, in panel a we
reported the results
corresponding to the density of
connections directed from the
Captain to the First Officer
(D1→2), in panel b we reported
the results corresponding to the
density of connections directed
from the First Officer to the
Captain (D2→1).

• The symbol (*) indicates a
statistical difference between
TakeOff and Landing phases (p <
0.05), highlighted by means of a
paired t-test, computed across
the population.
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During take off the Captain generates more
links toward the first officer than viceversa
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During landing the First Officer generates the same
amount of links toward the Captain due the particular
role in landing for the proposed task (he acted as
Captain for landing)



Taking advantage of real time measurements 
of cerebral workload in ecologic settings  
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Experiences performed with Air Traffic
Controllers
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Atm interface triggered by mental workload
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State 
Classifier

Training WEEG
{Reference; H3}

E1, E2, E3, E4, E5
M1, M2, M3, M4, M5
H1, H2, H3, H4, H5

• Segmentation in 5 runs for each difficulty condition
• Reference and Hard conditions to train the state classifier
• H3 as Hard training condition because the scenario’s profile (reverse U shape)

WORKING HYPOTHESIS
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The WEEG index followed the difficulty of the
proposed task for each group and session

STATE CLASSIFIER WORKLOAD INDEX (1)
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Difficulty level Difficulty level

R~0.6
p=0.01

R~0.85
p=0.0001

R~0.85
p=0.0001

R~0.7
p=0.005

Strong significant correlation between the three measures of the mental
workload (Subjective, SME score and neurophysiological)

Difficulty level Difficulty level

R~0.6
p=0.01

R~0.85
p=0.0001

R~0.85
p=0.0001

R~0.7
p=0.005

ISA: CORRELATION ANALYSIS
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The vision for informing the artificial
intelligence in Air Traffic Control
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• There exists a theoretical mathematical
framework able to cope with the existence
of multiple subjects interactions in a task.

• The study of the multiple subjects
interactions could discover new way to
describe and quantify the behavior of
cooperative groups during the face of a
difficult situations.

• Possible targets of this device (personnel
and their companies):

• Pilots and relative Airline companies

• Professional drivers (bus, taxis,
trucks, train, underground)

• Operators in difficult conditions
(ATCs, surveillance operators)

• Assessing cooperation «mental states»
between crew members during operations
in challenging environments

More than a neuroscience of interactions

Industrial cognitive neuroscience
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The question is therefore not
whether, but rather when and
how, neuroscience will shape
our future. (Martha J. Farah, TRENDS in

Cognitive Sciences Vol.9 No.1 January 2005)


