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Abstract

The great improvements in brain—computer interface (BCI) performance that are brought
upon by merging brain activity from multiple users have made this a popular strategy that
allows even for human augmentation. These multi-mind BClIs have contributed in changing
the role of BCIs from assistive technologies for people with disabilities into tools for human
enhancement. This chapter reviews the history of multi-mind BClIs that have their root in the
hyperscanning technique; the collaborative and competitive approaches; and the different
ways that exist to integrate the brain signals from multiple people and optimally form groups
to maximize performance. The main applications of multi-mind BClIs, including control of
external devices, entertainment, and decision making, are also surveyed and discussed, in
order to help the reader understand what are the most promising avenues and find the gaps
that are worthy of future exploration. The chapter also provides a step-by-step tutorial to the
design and implementation of a multi-mind BCI, with theoretical guidelines and a sample
application.
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36.1 INTRODUCTION

Brain—computer interfaces (BCIs) have traditionally been employed to help people with disabili-
ties communicate or control prostheses (Wolpaw et al. 2002; see Chapter 4 [“Brain—Computer
Interfaces for Motor Rehabilitation, Assessment of Consciousness, and Communication”] by Guger
et al. and Chapter 5 [“Therapeutic Applications of BCI Technologies”] by McFarland in this hand-
book). Many advances have been done in research in the last few decades that have allowed for the
development of more reliable BCIs (see Chapter 6 [“Neuroprosthetics: Past, Present, and Future”]
by Dambrot). For example, new hardware has improved the signal-to-noise ratio of brain signals
recorded and used to control BCIs, while innovative algorithms and machine learning techniques
have boosted classification performance. As a result, innovative applications of BCIs have been
proposed, targeting a broader range of users (van Erp et al. 2012).

One of the main focuses of this new line of investigation is the development of new BCIs based
on the brain activity recorded from multiple users simultaneously. These devices have been intro-
duced as hyperscanning systems when used for passive applications, such as monitoring the brain
activity (Babiloni and Astolfi 2014), and as multi-mind (also called multi-brain or multi-user) BCIs
for active control, for example, to improve human performance in target detection (Wang and Jung
2011). Despite the fact that this area of research has just recently appeared, a high number of papers
have been published in this field. Multi-mind BCIs have shown the potential of improving the per-
formance of single-user BClIs for people with disabilities (Li and Nam 2016), as well as augmenting
human performance (Wang and Jung 2011). While this research field is relatively new, much effort
has been put in investigating different modalities of implementing a collective brain (Cecotti and
Rivet 2014a; Wang and Jung 2011), so that current and future researchers could focus on innovative
applications of these technologies.

The aim of this chapter is to provide the reader with an overview of multi-mind BCIs based on
electroencephalography (EEG). We assume that the reader is familiar with BCIs (for a detailed
introduction to these systems, please refer to Chapter 1 [“Brain—Computer Interface: An Emerging
Interaction Technology”] by Nam et al.). We will consider as multi-mind BCIs all those devices
that use the brain activity of at least two participants to perform an active task (i.e., the BCI is
actively being used to achieve a goal, and not only for monitoring, e.g., to move a prosthetic arm or
make a selection on the screen). These include both collaborative and competitive BClIs, as long as
the state of the interface depends on the brain signals of multiple people. If the users are trying to
reach a common goal, the multi-mind BCI will be categorized as a collaborative BCI, regardless of
the way in which the information from their brains is fused. If, on the contrary, users are compet-
ing against each other or are given individual goals that do not allow collaboration between them,
we will consider this to be a competitive BCI. Both collaborative and competitive BCIs are active
BCls, since the brain activity of the participants has a direct impact on the state of the interface.
Passive multi-mind BCIs (or hyperscanning systems, see Chapter 3 [“Passive Brain—Computer
Interfaces: A Perspective on Increased Interactivity”] by Krol et al.), traditionally used to moni-
tor the brain activity of multiple users while performing a certain task, will not be covered in this
chapter.

Occasionally, the name “collaborative BCIs” has been associated with systems where the out-
put depends on a combination of artificial intelligence and single-user BCIs (Gohring et al. 2013;
Katyal et al. 2014) and not on the brain signals of multiple users. Such systems are more com-
monly described as hybrid BCls (see Chapter 27 [“Hybrid Brain—Computer Interfaces and Their
Applications”] by Pan and L1i), a term that can refer either to shared control with an artificial agent—
for example, when controlling a wheelchair, sensors will stop it if they detect an obstacle (Philips
et al. 2007)—or to situations in which multiple (different) signals from the user are used to con-
trol the BCI—for example, physiological signals (e.g., amount of sweat and heart rate), behavioral
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measures (e.g., key presses), or different types of EEG-evoked responses (Miiller-Putz et al. 2011).
Nevertheless, this definition does not exclude the possibility of creating multi-mind hybrid BClIs.

The organization of this chapter is as follows. Section 36.2 reviews the origin and development
of multi-mind BCIs and describes the techniques that have been used in this field, introducing the
main technological challenges and open issues. Section 36.3 presents an overview of the main appli-
cations of multi-mind BClIs found in the literature. Section 36.4 provides a tutorial on how to build
a multi-brain BCI. Finally, in Section 36.5, we outline some suggestions for future developments of
BClIs based on brain signals of multiple users.

36.2 THEORETICAL ASPECTS OF MULTI-MIND BCls

This section reviews different aspects of multi-mind BCIs from a theoretical point of view. We will
start by providing a short summary of the origin and evolution of these systems over the last few
decades and then consider different features that reflect the state of the art in multi-mind BClIs.

36.2.1 History or Murti-MinD BCls

The origin of multi-mind BCIs can be found in hyperscanning, a technique to measure and analyze
the brain activity of two or more people while they participate in a common activity, for example,
playing cards (Astolfi et al. 2010). The first EEG hyperscanning results date from 1965 (Babiloni
and Astolfi 2014; Duane and Behrendt 1965). Hyperscanning allowed researchers to discover that
collaborative and competitive tasks have different effects on the connections in the brains of par-
ticipants performing behavioral experiments. For a review on hyperscanning, we refer the reader to
Babiloni and Astolfi (2014).

The hyperscanning technique was primarily conceived as a way of measuring, at a neurological
level, the effects of social interaction. The idea of monitoring multiple people was later used in what
can be considered as passive multi-mind BCIs. Examples of this can be found in the work of Hasson
et al. (2004) and Hasson et al. (2008), in which the authors assessed the effects of feature films on
brain activity during free movie watching. The main result of their work was to show that aspects
such as movie content, editing, and directing style have a direct impact on the level of control over
the viewer’s brain activity. Later studies used passive multi-mind BCIs to show the high level of
intersubject correlation during natural vision (Bridwell et al. 2015). This discovery made it possible
to study the brain’s naive responses to stimuli by averaging signals across multiple users, hence
increasing the low signal-to-noise ratio that is typical in EEG-based BCIs. Moreover, the high time
resolution provided by EEG systems allows researchers to use this technique also for active multi-
mind BCls, for example, in those based on event-related potentials (ERPs), which traditionally rely
on multiple repetitions of a stimulus in single-user interfaces (Farwell and Donchin 1988; Jiang et
al. 2015; Kapeller et al. 2014; Korczowski et al. 2015; Matran-Fernandez and Poli 2015; Vidal 1973).

Multi-mind BClISs started being developed in the 2000s using mainly a competitive form. Ilstedt
Hjelm and Browall (2000) conceived a multi-mind BCI as a neurofeedback tool to help people learn
how to relax through gamification. Babiloni et al. (2007) also employed the competitive approach in
a game with the aim of shortening user training times in modulating alpha and mu rhythms. They
were also the first ones to include disabled participants in their study, showing that multi-mind BCIs
can also be useful to the disabled community (e.g., for user training). During the following years,
the focus was placed mostly on collaborative BClIs, especially for augmenting human capabilities.
As we will show below, research in the 2010s was devoted to studying different ways of merging
evidence from multiple people (Cecotti and Rivet 2014a,b; De Vico Fallani et al. 2010), identify-
ing an optimal group size (Cecotti and Rivet 2014a; Eckstein et al. 2012; Poli et al. 2014), and, as
in the case of single-user BCIs, reducing the number of electrodes while maintaining good levels
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FIGURE 36.1 Different strategies to merge the brain activity in multi-mind BClIs.

of performance (Cecotti and Rivet 2014a). Hence, most of the recent research followed an offline*
approach, in which no interaction from the users was considered.

36.2.2 IMPLEMENTING A COLLECTIVE BRAIN

A traditional single-user BCI is usually composed by a signal acquisition module, a feature extrac-
tion module, and a decision module. The brain activity of multiple users can thus be combined at
four different levels: signal, feature, decision, and application levels (see Figure 36.1).

The simplest mode of combining evidence from multiple users is at the signal level. At this level, EEG
signals of different users are averaged and either fed into a unique classifier directly, without extracting
any feature (Cecotti and Rivet 2014a,b; Jiang et al. 2015; Kapeller et al. 2014; Korczowski et al. 2015;
Matran-Fernandez and Poli 2014; Matran-Fernandez et al. 2013; Poli et al. 2013a), or used to perform
multi-user analyses, taking advantage of the increased signal-to-noise ratio that can be achieved by aver-
aging trials from multiple users (De Vico Fallani et al. 2010; Matran-Fernandez and Poli 2015).

In a second scenario, features extracted from each user’s EEG signals could be merged. The
fusion can be done by simple concatenation to form a unique feature vector or any other combina-
tion (Eckstein et al. 2012; Wang and Jung 2011), so that only one classifier is used.

Third, the outputs of individually tailored classifiers can be merged. At this level, we should
mention the work from Cecotti and Rivet (2014a,b), who studied different modes of combining
the BCI decisions on a P300-based collaborative BCI and a steady-state visual evoked potential
(SSVEP) multi-mind BCI. Their strategies for merging the classifiers’ outputs included majority
voting, average of classifiers’ outputs, and maximum and minimum values. They found that averag-
ing the classifiers’ outputs provided the best performance.

Bonnet et al. (2013) also proposed an additional level of integration of brain signals called the
application level. In this case, the implementation of the multi-mind BCI is not done by the BCI
itself but by the application operated by the BCI. This is very common in competitive scenarios,
where the outputs of different single-user BCIs may be (a) used to control different avatars in a
game (e.g., Li et al. 2013), (b) compared to control a unique aspect of the interface according to the
intentions of the “winner” (e.g., Ling and Vuckovi¢ 2016), or (c) taken into account independently
for shared control of a unique interface (Bonnet et al. 2013; Le Groux et al. 2010; Li and Nam 2016;

* When talking about offline/online BCIs, we follow the traditional definition: online (multi-brain) BCIs are those in which
the brain signals of the users are being processed at the time of collection to control the BCI. On the contrary, an offline
BCl is that in which the brain activity of the users is recorded for posterior analysis, and the state of the interface is either
static or manipulated by the experimenters.
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Schultze-Kraft et al. 2013). Other possible ways of making a final decision in a multi-mind system
at the application level include choosing the fastest available output (e.g., if speed is a requirement
of the system and it can be safely assumed that faster responders are also more accurate, perhaps
in the form of a collaborative hybrid BCI), the most consistent brain activity, or the strongest one
(Nijholt and Poel 2016).

A considerable amount of work has been conducted to establish which level of fusion is opti-
mal, obtaining quite consistent results across laboratories and applications. In particular, the two
approaches that are often compared are the single-trial averages across participants (i.e., signal
level) and fusion at the decision level (usually averaging classifiers’ outputs to send a command).
Since most of this work has been done based on different ERPs, given the intersubject differences in
latencies and amplitudes, it is not surprising that the best performance is obtained when information
is merged at the decision level (Cecotti and Rivet 2014a,b; Matran-Fernandez and Poli 2014; Wang
and Jung 2011). Such differences in performance are statistically significant (Matran-Fernandez and
Poli 2014, 2017), even at the lowest level of fusion.

36.2.3 How MaNY MINDS AR NEEDED?

Years of research in decision making have shown that bigger groups tend to lead to better decisions
(Kerr and Tindale 2004). The aggregation of information from different sources can help reduce
bias and increase certainty in the system’s final output. In general, this is also true in the field of col-
laborative BCIs, where increasing group sizes has steadily led to better classification performance
(Cecotti and Rivet 2014a,b; Matran-Fernandez and Poli 2017; Wang and Jung 2011) and group
decisions (Eckstein et al. 2012; Poli et al. 2014; Valeriani et al. 2016). However, this increase in
performance does not follow a linear relationship with the number of people included in the BCL.
Indeed, there is a tipping point at group sizes between 5 and 10 users (Eckstein et al. 2012), above
which the addition of a new member to a group might not be cost-effective (i.e., the small increase in
performance brought upon by this member does not justify the expenses required for the additional
hardware). This tipping point will vary depending on the complete system and should be studied
depending on the specific application at hand. For example, Eckstein et al. (2012) found that seven
brains were required to match the mean behavioral accuracy of a single observer (not using a BCI)
when making perceptual decisions.

As we will show in Section 36.2.4, it might be possible to reduce the number of users of a col-
laborative BCI by finding users who perform similarly. Hence, in some applications, it may be worth
developing a study of potential candidates and select them to perform the task at hand to obtain a
small group of users that are able to outperform a bigger one at a fraction of the total cost.

36.2.4 INFLUENCE OF PARTICIPANT SIMILARITY WHEN FORMING GROUPS

Depending on the level of information fusion, taking into account how similar the brain’s responses
from multiple users are may boost performance when creating collaborative BCIs, regardless of
the metric used to assess it. This was first mentioned by Matran-Fernandez et al. (2013) in a target
detection task following a rapid serial visual protocol. The authors noticed that the increase in perfor-
mance obtained by pairs of observers was higher when the classification accuracy of their individual
BClIs was similar, irrespective of the actual individual accuracy values. Korczowski et al. (2015) also
noticed a high correlation between user similarity and BCI performance but did not explore further.

Perhaps the most comprehensive study of this effect to date is that of Matran-Fernandez and Poli
(2017), who showed numerically that the biggest gains for groups of sizes between 2 and 11 can be
obtained when participants are very similar, both at the signal and the classifier fusion levels, and
that these gains are statistically significant even when compared against the best individual of the
group. The higher gains achieved when merging the brain signals at the decision level (with respect
to the signal level) could be due to the fact that the groups were created based on classification
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performance, which might give an inherent advantage to this fusion strategy. When fusion is done
at the signal level, the differences in peak latencies and amplitudes between different users could
be employed to form the groups based on similarity of their ERPs, which might yield better BCI
performance (Matran-Fernandez and Poli 2016).

It should be noted that the results described above are referred to collaborative BCIs. To the best
of our knowledge, there is no study of participant similarity/dissimilarity and its effects in competi-
tive BCIs. Competitive BCIs could highly benefit from grouping participants according to their level
of control, especially when used to reduce training times—for example, when learning to control
the mu and alpha rhythms (Babiloni et al. 2007)—which may increase the motivation of the users.

36.2.5 CHALLENGES

There are some challenges that apply to BClIs, regardless of the number of users needed to control
it. For example, in cue-based BClIs, there is the need of synchronizing the whole system, from
the display to the acquisition modules and, possibly, also to the processing and feedback parts
of the BCI. This problem is accentuated in multi-mind BClIs, both self-paced and cue-based, as
the synchronization needs to be done to multiple displays (if applicable), acquisition devices, and
processing nodes (Cecotti and Rivet 2014b). This issue is particularly important in online systems,
where a small jitter might have a large impact in performance of both collaborative (e.g., if merging
information at the signal level) and competitive (e.g., where the difference in timing may result in
an advantage for one of the users) systems.

Moreover, online systems are less flexible than offline ones for posterior data analysis, especially
those that involve some sort of interaction between the users. If the communication between the par-
ticipants modifies in some way their behavior, regrouping users (a technique widely used in offline
collaborative BCIs) might be a hard task. However, offline studies do not allow investigating the
impact of such interaction, which might play a crucial role in the final online BCI. Unfortunately,
this aspect remains unexplored in multi-mind BCIs of the collaborative type.

Online multi-mind BCIs also require multiple acquisition devices, which increases the overall
cost of the system, as opposed to the single piece of EEG equipment that is necessary for running
offline experiments. Despite the recent appearance of low-cost EEG systems, which aim at reducing
preparation times, using a multi-mind BCI remains quite costly, in terms of both time and money.

There are also difficulties associated with the different levels of merging information in the
multi-mind system. Leaving aside those of precisely synchronizing all the devices that are part of
the multi-mind BCI, the signals from multiple users will vary in amplitude and latency due to elec-
trode positioning and functional anatomy. Thus, it is necessary to normalize the EEG signals from
each participant, especially when fusion occurs at the signal level. The same applies to other levels
of fusion, where either features or classifier’s outputs should be on the same scale to guarantee that
the differences between them do not affect performance.

Another challenge that arises in multi-mind BClIs is that of finding a metric that can be used
to compare such systems with single-user BCIs. Measures such as accuracy or the area under the
receiving operating characteristic are still valid. However, if time should be considered (as it is
done, e.g., by including the number of repetitions needed to control a speller in the information
transfer rate [ITR], a standard of BCI performance), the formula for the ITR needs to be modified
accordingly to allow for the number of users (Cecotti and Rivet 2014a).

36.3 APPLICATIONS

The first BCI using data recorded from multiple brains to augment performance dates back to 2011,
when Wang and Jung (2011) proposed a collaborative framework for BCIs in which data from mul-
tiple participants performing a movement planning task were fused together. Since then, multi-mind
BClIs have been applied to a variety of contexts, which are reviewed in this section.
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36.3.1 COMMUNICATION

The first single-user BCIs—the matrix spellers—were developed to help people with severe dis-
abilities communicate (Farwell and Donchin 1988). Despite recent advances (Townsend and
Platsko 2016), the single-trial performance of such systems (typically based on the P300 ERP) is
still far from perfect (see Chapter 18 [“Gentle Introduction to Signal Processing and Classification
for Single-Trial EEG Analysis”] by Blankertz). Although averaging brain signals across a number
of repetitions of the same stimulus leads to higher accuracy, this approach also reduces speed
as it requires to record the ERPs associated to the same stimulus multiple times. However, BCI
spellers might represent the only opportunity for locked-in patients to communicate, so every
little step to improve reliability and practicality of these systems could represent a great benefit
to their users.

P300-based BClIs are an attractive test bed for multi-mind BCls, since they rely on the pres-
ence or absence of a relatively large EEG component. Since the original speller from Farwell
and Donchin (1988) relied on this ERP, several researchers have tested the performance of multi-
mind BCIs on spellers, admitting that it is not a realistic application of such devices, due to
the need for the multiple users to agree on what to spell beforehand (Cecotti and Rivet 2014a;
Kapeller et al. 2014).

Cecotti and Rivet (2014a) showed in an offline analysis how a cooperative BCI could be used
to improve the accuracy of the P300 speller using different methods (summarized in Section
36.2.4). Their results suggested that averaging the BCI outputs seemed to be the best method
for implementing a cooperative BCI. Increasing the group size led to better performance, as
would have been the case if the number of repetitions of each row/column of the speller had been
increased in a single-user BCI, although they showed that single-trial multi-mind BCIs perform
better than multi-trial single-mind BCIs. However, that study did not investigate a combined
approach where collaborative BCIs are based on the aggregation of trials over time and over
participants.

The performance of a collaborative P300-based BCI speller was validated online by Kapeller
et al. (2014), who showed that the aggregation of EEG signals of eight participants could allow a
single-trial BCI to reach perfect performance. However, it was not stated what the performance
would have been with fewer participants, and it raises the question of whether perfect accuracy is
really needed or if it is possible to sacrifice some of the performance for a lower number of users.

Although the two studies presented in this section recognized that communication is not a practi-
cal application for collaborative BCI, their results helped show the potential of multi-mind BCls,
opening the way to more practical applications.

36.3.2 CoNTROL OF EXTERNAL DEVICES

Another traditional application of BClIs is to control external devices (Wolpaw et al. 2002).
Current single-user BCI systems can achieve reasonable performance for simple control tasks,
such as controlling a cursor (Citi et al. 2008; Wolpaw et al. 1991) or using a robotic arm to reach
and grasp an object (Hochberg et al. 2012), but they might not be accurate enough to control
complex devices, such as manipulators with many degrees of freedom. In order to enhance accu-
racy of such complex devices, researchers have developed hybrid BCIs that take into account
domain knowledge from the area to automatize certain tasks (Miiller-Putz et al. 2011; Philips
et al. 2007).

Multi-mind BCIs have also been introduced in this area to guarantee reliable control of exter-
nal devices based only on neural signals. Three main approaches have been explored in this area:
(a) single BCI users take turns to operate a shared external device, (b) a collaborative BCI is used to
control the whole device, or (c) multiple single-user BCIs control different parts of a shared device
(e.g., roll, pitch and yaw in a plane). The strategy of taking turns does not seem to be very promising
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as groups of users either perform on par (Li and Nam 2016) or worse (Nam et al. 2013) than single
BCI users. Therefore, this section will mainly focus on strategies (b) and (c).

Collaborative BCIs were first applied to simple control tasks, such as a movement-planning task
(Wang and Jung 2011) where participants were told the type of movement to perform (saccade to
target, reach without eye movements, or reach with eye movements) and the direction (left, right, or
center). Merging information from 20 participants at the signal, feature, and classifier levels yielded
accuracies of up to 95% (accuracy in the single-user case was 66%) when predicting the direction of
the movement (left vs. right) up to 250 ms before the actual motor response.

Poli et al. (2013a) developed a collaborative online ERP-based BCI where the neural signals from
two users were used jointly to control a spacecraft simulator through an analog BCI. They used
the normalized path length and the absolute angle deviation to compare the performance of their
multi-mind BCI with that of single-user BCIs, showing that the former was significantly better than
the latter. This suggests that collaborative BCIs could provide a better control of the simulator than
single-user BCIs. Moreover, they showed that the success rate of single-user BCIs was much higher
(67.5%) than that of a random controller (6.2%).

Other researchers developed SSVEP-based collaborative BCIs that allowed pairs of participants
to operate a robot by sending target sequences of commands (Li and Nam 2016). The EEG signals
of the two participants were processed by two independent BCIs and then aggregated following a
majority rule. The robot knew the sequence of tasks and reacted only to correct commands, so no
error correction was needed in case of BCI misclassification. An interesting aspect of those studies
was the fact that they included a cohort of patients with amyotrophic lateral sclerosis, who were also
able to operate the system with better accuracy and in less time than single BCI users.

The studies presented in this section showed that multi-mind BCIs can be used to control a broad
range of external devices. We envision that other innovative applications will be proposed in the
following years. For example, multi-mind BCIs could be used to jointly control an exoskeleton by
a physiotherapist and a patient, to enhance the training of the latter. Still within the scope of reha-
bilitation, competitive multi-mind BCIs can also be used to improve the level of engagement of the
patient while reducing training times (Ling and Vuckovi¢ 2016). Finally, multi-mind BCIs could
also be used as a switch to decide which agent should have the control (e.g., in an aircraft operated
by an automated system and two pilots, the BCI could be used to temporarily override the artificial
intelligence in case of perceived hazards).

36.3.3 Vibeo GAMES

Games provide a nice framework for testing the performance of a BCI while keeping users moti-
vated and entertained. Gaming was one of the first nonmedical applications of BCIs (see Chapter 11
[“BCI and Games: Playful, Experience-Oriented Learning by Vivid Feedback?”’] by Kober et al.),
showing a growing interest by both researchers and the entertainment industry (Bos et al. 2010;
Marshall et al. 2013; Nijholt et al. 2009; van Erp et al. 2012). Of course, there are many variet-
ies of games, each with different interaction modalities. Some games only allow a low number of
commands (e.g., arcade games), making BCI control feasible (Marshall et al. 2013). More complex
games (e.g., simulation or role-playing games) might require users to quickly react to different
events, or provide them with a myriad of possible actions. In the latter case, BCIs could be used as
an additional alternative input, for example, to change the shape of the avatar in World of Warcraft
(van de Laar et al. 2013).

The high number of actions supported by the majority of video games suggest that a promising
way of using multi-mind BCls in this area could be by sharing the control (see Section 36.2.2). This
was one of the approaches tested by Schultze-Kraft et al. (2013), where pairs of participants navi-
gated through a 2-D maze by controlling one dimension each.

Multi-mind BCIs have also been used in sports video games. Bonnet et al.’s (2013) BrainArena
involved pairs of users that scored goals on the left or right side of the screen using two motor
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imagery BClIs. The outputs of the individual classifiers were aggregated to produce the command to
be sent to the game. They tested a cooperative and a competitive manner. The performance achieved
by the paired users in the cooperative mode was compared with that obtained by (a) paired users in
the competitive mode and (b) single BCI users. Although no significant differences in performance
between the three methods were found, comparisons in the three forms using only the best partici-
pant of each pair showed that his or her performance was significantly better in collaborative mode
with respect to single-user mode.

The application fusion mode used in the competitive approach investigated by Bonnet et al.
(2013) compared the outputs of the individual classifiers to decide which user’s command to use to
control the ball (a unique avatar). An alternative approach in competitive multi-mind BCIs would be
to have users controlling different avatars in the game through independent BClIs, for example, to
control multiple cars in a racing game (Li et al. 2013) or play BrainPong (Babiloni et al. 2007) and
BrainBall (Ilstedt Hjelm and Browall 2000). This is also the approach that was used in the BCI race
of Cybathlon 2016 (see www.cybathlon.com), where paralyzed participants used a self-paced BCI
to overcome different virtual obstacles.

Multi-mind BCIs have also been employed to develop innovative video games where users score
points based on their ability to modulate their brain activity. In this direction, Ling and Vuckovié
(2016) developed a cooperative and a competitive video game. In the former, users had to modulate
their alpha band powers to be as similar as possible to score a point, while in the latter, the user with
the highest power would win.

Another category of video games where multi-mind BCIs have been applied is arcade games.
Korczowski et al. (2015) developed a two-user BCI video game based on Space Invaders in which
users scored extra points if they were able to reduce the number of repetitions needed for successful
selection of a target. They fused information at the classifier level, using a novel method based on
the assumption that the EEG signals recorded from users performing the same trials are not inde-
pendent. While this is a reasonable assumption when users share a common goal and are presented
the same stimuli, it would not be valid for competitive scenarios. However, this application shows
how multi-mind BCIs could make classic games even more exciting.

Multi-mind BClIs increase the range of possible applications of BCIs in the game industry.
Various types of multi-mind BCIs have been proposed in the last few years, adopting different
approaches to competitive and collaborative gaming. For a review, the reader could refer to Nijholt
and Poel (2016) and Nijholt (2015). Even though playing a video game using only a BCI is still dif-
ficult due to the high effort needed to control the BCI, which, could also affect the social interac-
tion between users (Obbink et al. 2012), multi-mind BCIs could be used with very simple games to
increase engagement of users while learning to modulate their brainwaves. However, shared-control
multi-mind BClIs could already be used as a complementary input for complex video games. We
envisage that future applications of multi-mind BCIs in games will be in these two contexts.

36.3.4 TARGET DETECTION AND DECISION MAKING

Decision making is one of the most promising applications of multi-mind BCIs. Every day, we have
to make decisions in various situations, some of which are critical and making the wrong choice
could result in dramatic consequences. Research in decision making has established that groups
generally make better decisions than individuals due to group’s abilities to integrate multiple per-
cepts and information (Kerr and Tindale 2004). On the basis of these findings, BCI researchers have
started investigating the possibility of using collaborative BCIs to keep the advantages of groups in
decision accuracy and the intrinsic ability of the BCI to bypass the motor channels and accelerate
decision making.

Considering the broad range of applications of decision making and the influence of psychology
experiments on BCI research, researchers have mostly applied multi-mind BCI to target detection
tasks, where groups of users have to decide whether a target object/person is present or not in a
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scene. A first attempt in this direction was made by Wang et al. (2011), who integrated EEG sig-
nals from multiple participants performing a detection task. Users were asked to release a button
when they saw a target stimulus. The detection accuracy achieved by the collaborative BCI was
significantly superior to that obtained with single-user BCIs. Furthermore, as in the case of Wang
and Jung (2011), the multi-mind BCI was able to accelerate the decision with respect to the motor
action. A following study (Yuan et al. 2013) validated these results with an online BCI with groups
of six participants, showing that the multi-mind BCI was more accurate than the actual key releases.

These studies demonstrated the potential of collaborative BCIs to improve and accelerate target
detection. However, the results were obtained with very simple tasks. In recent years, multi-mind
BCIs have been applied to progressively more complex and challenging decision-making tasks,
including face recognition (Jiang et al. 2015), detection of visual targets in slow (Yuan et al. 2012)
and rapid presentation of images (Matran-Fernandez et al. 2013; Stoica et al. 2013), and target local-
ization within images (Matran-Fernandez and Poli 2014, 2017). Studies from Matran-Fernandez
and collaborators also found that pairing participants on the basis of their similarity in performance
could further enhance the accuracy of the multi-mind BCIL.

The studies mentioned so far used multi-mind BCIs to improve the performance of single-user
BClIs. However, in order to present BCIs as an alternative way to make decisions, their performance
should be compared with that obtained using behavioral decisions. In a study on decoding the neu-
ral patterns of collective wisdom (discriminating between pictures of cars and faces), Eckstein et
al. (2012) compared the performance obtained by a multi-mind BCI with that achieved by non-BCI
observers. While the multi-mind BCI was faster than the behavioral decision, it required at least
seven users to achieve the same accuracy of individual observers. With such results, the authors
stated that it was hard to envision scenarios for which the neural voting would replace standard
behavioral voting practices.

In order to overcome the limitations of the multi-mind BCI shown by Eckstein et al. (2012), Poli
et al. (2013b) proposed a hybrid collaborative BCI that recorded the behavioral responses from mul-
tiple participants and used the neural signals to estimate the probability of each individual decision
to be correct and provide a measure of “confidence” for each user. The confidence was then used to
weigh individual responses and obtain group decisions. This approach was tested with a visual pat-
tern matching task (Poli et al. 2014). The authors showed that, for most group sizes (up to 10 users),
the decisions made using the hybrid collaborative BCI were superior to those made by the best indi-
vidual and those made by equally sized non-BCI groups using the standard majority. Similar results
were obtained in visual search tasks using geometrical shapes (Valeriani et al. 2016) and realistic
stimuli (Valeriani et al. 2015, 2017b) and for face recognition (Valeriani et al. 2017a).

Applications of multi-mind BClIs to decision making are among the most promising avenues
for this technology. Hybrid collaborative BCIs could be used to assist groups, especially in critical
scenarios where erroneous decisions could cause loss of lives or money. Focus should be placed on
validating these approaches with online experiments, using more realistic decision-making tasks to
accelerate the deployment of these technologies.

36.3.5 Music

Repairing or augmenting human cognitive or sensorimotor functions is one of the major applica-
tions of BCIs. However, biomedical engineers and neuroscientists have occasionally joined forces
with artists to use BCIs as an alternative way to produce and perform music (Miranda and Castet
2014; see Chapter 10 [“BCI for Music Making: Then, Now, and Next”] by Williams and Miranda)
and other arts (Zioga et al. 2014; see Chapter 9 [“Toward Practical BCI Solutions for Entertainment
and Art Performance”] by Pradhapan et al.).

In music, single-user BCIs have been used to produce melodies from the EEG. However, music
could also be made by several people, for example, in an orchestra where every member plays a
different instrument, hence adjusting to our definition of multi-mind BClIs. This idea was proposed
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by Le Groux et al. (2010). Their “multimodal brain orchestra” was composed of four members, two
of them controlling an SSVEP-based BCI that modulated the articulation and accentuation of pre-
composed sounds, and the other two equipped with a P300-based BCI that allowed the addition of
discrete sound events, plus a director with a Wii Remote whose accelerometer controlled the tempo
and decided which sound should be played. This framework showed how paradigms developed for
common BCI applications (e.g., the P300 speller) could also be used in other contexts.

Music can also be used to evoke emotions. This is what Eaton et al. (2015) envisioned: valence
and arousal can be derived from EEG data, so they proposed a music generator that would generate
a piece based on the current states of two users in order to drive them to a common state. However,
to the best of our knowledge, this idea was not brought to life.

In other arts, multi-mind BCIs have been used to support and guide the creation of polygons
through interactive genetic algorithms (Kattan et al. 2015), an application that could easily lead to
the production of abstract paintings.

36.4 TUTORIAL

The previous sections provided an introduction to the theory behind multi-mind BCIs and the main
applications that have been explored for this technology. On the basis of this information, here we
summarize the main design choices that a researcher should make when implementing a multi-mind
BCI. Some of these are related, as they result from decisions made at an earlier stage. Hence, a bad
design choice made at an initial stage could lead to major drawbacks later on. However, it is always
possible to revert to a previous design choice and attempt a different path.

To help the reader follow this tuning process, we will use an example scenario in this section:
the design of a multi-mind BCI to assist investors in deciding whether or not to buy a stock. At the
end of each step of the tutorial, we will describe the design decision we would make in this context.

36.4.1 APPLICATION

The first step of designing a system is deciding the problem that it should solve. This decision
involves the area of application and will influence most of the following decisions regarding the
technical implementation of the system. Most of the applications you may have in mind could be
fitted in one of the main categories described in Section 36.3, which might help in deciding which
approach to follow. This decision will also determine the type of output the BCI should provide: a
continuous output is usually appropriate for control applications, while a discrete one is adopted by
most decision-making applications, where the number of possible outcomes is limited.

Example: the application would clearly fall under the decision-making category (see Section
36.3), as the BCI has to support investors to make a decision. Also, the type of output of the BCI
would be binary, as the possible decisions available are either to buy or not that stock (to simplify,
we assume the investors could only buy one stock, as the problem of deciding which or how many
stocks to buy would be different).

36.4.2 NuUMBER OF USERS

Deciding the number of users that will operate the multi-mind BCI is another important step of
the design, directly related to the requirements of the system. On the one hand, as we showed in
Section 36.2.3, a higher number of users results in better performance. On the other hand, more
users also require more resources for data acquisition (e.g., electrodes and amplifiers), processing,
and classification, which will in turn increase the cost of the multi-mind BCI.

This design choice is also highly dependent on the application of the multi-mind BCI. For most
purposes, a few users are usually sufficient for adequate control and communication applications
while keeping the system practical. When it comes to decision making, however, a higher number
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of users might be needed, especially when considering critical decision making (e.g., in finance,
health, or defense). If there is a non-BCI application that the multi-mind is supposed to replace, a
good starting point is to choose this number based on the non-BCI number of people needed and
adjust the number afterward.

Example: the decision to be made is critical, especially if the amount to invest is large. At the
same time, bigger groups will lower individual profits. Hence, our choice is to use a group of
between two and four investors to operate the multi-mind BCI.

36.4.3 REeAL-TIME REQUIREMENT

A BCI would usually work offline or online. Offline BCIs are generally used for testing and analysis
purposes, allowing the brain signals to be acquired at one time and process them at a different time.
On the contrary, online BCIs must satisfy real-time requirements, which may change depending on
the application: a few seconds can be acceptable in some areas, while for control of external devices,
the BCI response should arrive within milliseconds.

There is a trade-off between the time needed to issue a command and the accuracy of that com-
mand. In the case of single-trial decisions, it might be preferable to increase the number of users
operating the multi-mind BCI to enhance the accuracy. In this way, the BCI would still benefit from
quick outputs without sacrificing speed. As in the case of single-user BCls, it is a good idea to first
test a system offline to determine and adjust the requirements and then transition to online opera-
tion. However, this transition may not be straightforward, as it may be necessary to change some
processing methods that are too computationally heavy for the resources available.

Example: the fast-changing nature of stock markets implies that our multi-mind BCI needs to
be able to produce quick outputs (possibly with a few seconds of margin). Given that most of the
approaches found in the literature rely on algorithms that are capable of dealing with single-trial
decisions in real time, the system could first be validated through an offline analysis (to help decide
the number of users required) but quickly migrate to an online system for it to be relevant.

36.4.4 OprErRATION MODE

This is the core step of the design process, as it requires choosing what type of signals the multi-
mind is going to work with, together with the algorithms needed for processing the neural signals
and, if necessary, provide relevant feedback to the users. If using evoked potentials, as is the case
of target detection systems, a way of displaying the information is needed. Most of the decisions
required for the implementation of the BCI, however, are the same required to implement a single-
user BCI, so we will not analyze them here, referring the reader to the relevant literature (e.g.,
Chapter 23 of this handbook). It should also be noted that, in the case of online operation, training
data are needed to tune the machine learning component of the BCI.

Example: investors will be shown graphs representing the past story of the stock that they are
trying to decide on. They could be given the opportunity to select how far into the past they want
the information and also the evolution of prices for other related stocks. In order to train the BCI,
investors could be asked to decide whether to buy or not at different points of the timeline (with no
information of the future evolution from that point).

36.4.5 FusioN OF BRAIN SIGNALS

As explained in Section 36.2.4, the brain signals from multiple people could be fused at different
levels. Even if the literature shows that voting methods outperform signal and feature fusion, dif-
ferent multi-mind BCIs might benefit from different strategies, and it is up to the developer to study
which one is the most suitable for his or her purposes. For example, if the aim of the BCI is to exploit
the cognition processes of the group, it may be better to average EEG data directly instead.
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If the signals are combined at the decision level, a myriad of approaches is still possible (e.g.,
simple majority, weighted majority, second-layer classifiers, etc.). This choice will have an impact
on the complexity of the whole system. An important aspect to consider is how to deal with the
special case where a tie is generated, which might be frequent if using simple majority or impossible
if using a classifier.

Example: considering the low number of operators chosen and the possibility of having only two
of them, in order to avoid ties, we decided to adopt a weighted majority approach to fuse the deci-
sions of the investors. In this case, the weights could be given by their levels of expertise or assigned
through machine learning.

36.5 FUTURE DIRECTIONS

Less than a decade ago, the idea of fusing brain signals from multiple people to control a device
looked like it was taken from a science fiction movie. Recent advances in neuroscience and BCI
research have now made it possible through multi-mind BCIs, which, in turn, have given rise
to many interesting applications. However, multi-mind BCIs have still many challenges to face,
suggesting that further advances are needed in this field. One of the issues to be investigated is
related to the sociological aspects of multi-mind BCIs (Bonnet et al. 2013; Cecotti and Rivet
2014a,b; Nijholt and Poel 2016). Although several groups have compared individual performance
when alternating between collaborative and competitive scenarios with a multi-mind BCI (e.g.,
Bonnet et al. 2013), to date, very little research has been conducted on how team design, collabo-
ration, and motivation can influence task performance in collaborative BCIs (e.g., Schultze-Kraft
et al. 2013). Multi-mind BClIs give us the opportunity to study motivation and reward using ERP
characteristics, for example, in competitive or collaborative modes (Cecotti and Rivet 2014a).
Moreover, the fact that the performance of the system would depend on the group and not on a
single individual might have an impact on how success or failure is reflected in the neural signals
(Cecotti and Rivet 2014b).

Some of the applications presented in Section 36.3 will likely be explored and studied in the fol-
lowing years, while others may progressively be left out because they are naturally single-user (e.g.,
communication). We believe that using multi-mind BCIs for decision making is the most promising
application, since it is directly applicable to a range of daily problems. The transition from target
detection tasks used in current research to more advanced decision-making tasks (e.g., including
several possible answers) will not be easy. We believe that the advances in the understanding of the
human brain will help researchers identify and better characterize the processes associated with the
formation of a decision and develop multi-mind BClIs that are more capable of decoding the inten-
tions of the users. Developing low-cost EEG headsets will also affect the adoption of these systems,
especially in video games and other entertainment applications that are naturally multi-user and are
interesting for the general public. Furthermore, multi-mind BClIs also have the potential to be used
to control devices that are too complex to operate for a single person. This could be in the form of
assisting manual operations (e.g., passive systems that monitor attention or active ones for enhanc-
ing human performance) or fully operating a device via brain signals.

Multi-mind BClIs could also be used as tools to replicate social situations and give us a better
understanding of social psychology (Cecotti and Rivet 2014a), to access collective mental states
(Eckstein et al. 2012; cf. Chapter 8 [“Affective Brain—Computer Interfacing and Methods for
Affective State Detection”] by Daly), or as a tool for neuro-marketing. In a futuristic world, they
could be used in classrooms or theaters to give feedback to teachers or performers about the cogni-
tive state of the listeners (Cecotti and Rivet 2014a). If movies produce high intersubject correlations
(Bridwell et al. 2015), is the same true for real-life experiences such as a live performance?

New and established researchers in multi-mind BCIs should not limit their imagination to tradi-
tional applications and continue to conceive innovative uses of this technology, hence shaping the
future of human enhancement and new interfaces.
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