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Abstract—In this short paper we survey recent research views in 
non-traditional brain-computer interfaces. That is, interfaces 
that can process brain activity input, but that are designed for 
non-clinical purposes, that are meant to be used by ‘healthy’ 
users, that process other user input as well, and that even allow 
input, voluntarily or involuntarily, from multiple users. This is a 
rather new research and BCI application area. Control of 
applications can be made more robust by fusing brain activity 
information with other information, either explicitly provided by 
a user (such as commands) or extracted from the user by 
interpreting his or her behavior (movements, posture, gaze, facial 
expression, nonverbal speech) or sensing (neuro-)physiological 
characteristics (skin conductivity, heart rate, brain activity). We 
see also research where brain activity of multiple users is fused to 
get a (sometimes critical) control task done. We see also the 
emergence of applications where BCI measurements help to 
improve group performance, for example, during meetings, or 
where information obtained from these measurements helps to 
learn about audience preferences. Multi-brain BCI has also 
become a paradigm in artistic and game applications. Artistic 
interactive BCI applications may require audience participation. 
In game environments brain activity of various players can be 
used to control or adapt the game. Both competition and 
collaboration in serious games, entertainment games and artistic 
installations requires fusion of EEG measurements from different 
subjects. 

Keywords: Brain-Computer Interfaces (BCI); multi-modal 
user interfaces; passive BCI; multi-brain computing; hybrid 
BCIs; BCI games; multimodal interaction; human-computer 
interaction; artistic BCI applications 

I.  INTRODUCTION 
Brain-Computer Interface (BCI) research used to focus on 

BCI applications for disabled users. Users were addressed who 
had BCI control as the only way of communicating with the 
‘external’ world. This has changed completely in recent years. 
BCI is now becoming integrated with multimodal interaction 
research, where BCI is only one of the possible modalities that 
provide information about what the user wants and 
experiences. 

What the user ‘wants’ is usually about direct control of the 
application. How can we intentionally control the environment 
and make changes to the environment by multimodal 
interaction? That is, have the environment understand our 

intentional interactions with the environment. This interaction 
can be done by traditional interfaces and devices, such as 
keyboard, joystick, and remote controllers. But nowadays we 
can also use more human-like interaction modalities, including 
gestures, facial expressions, gaze behavior, body language, and 
physiological information, to control an environment or an 
application. 

In human-human interaction social signals can be 
distinguished that we unconsciously generate, analyze, and 
interpret when interacting with our (conversational) interaction 
partners [1]. Natural interaction with our digitally enhanced 
physical environments requires that such environments, 
including tangibles, robotics, and wearables, are aware, 
understand and are able to provide natural feedback to this 
natural input. We can distinguish between (1) executing 
commands and making otherwise intentionally demanded 
changes to properties of our interaction environment, and (2) 
having changes in the environment and how to interact with it 
because of information that human interactants provide 
involuntarily, for example, social signals or (neuro-) 
physiological signals that provide information about our mental 
and emotional state. 

There is no clear-cut distinction between these two 
viewpoints. Firstly, commands given by a user can be given a 
different interpretation because of the mental or emotional state 
of the user. In fact, this may lead to a situation where the 
environment knows better than the user. Secondly, a user can 
learn how a particular interaction environment interprets 
naturally occurring social and physiological signals. It makes it 
possible to attempt to manipulate them and turn them into 
commands that aim to control the environment. For games this 
can be a useful add-on to other, more explicit commands, 
usually using more traditional input modalities (mouse, 
keyboard, and joystick). We can say that in a sense we are 
displaying deceptive behavior. It can be interesting to integrate 
such behavior in (serious) game situations. 

It becomes interesting when we look at applications that 
exploit these viewpoints. We can have applications that 
become more robust or allow more natural interaction when 
available brain activity information is added to other 
information that is provided to the interface in order to get a 
certain task done. Or the other way around, we want to give a 
command that has to follow from the interpretation of 
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consciously manipulated brain activity, but it is supported by 
information obtained from other user information providing 
modalities. Somewhere in the processing track (from signal 
analysis to decision making) information obtained from these 
different modalities of a single user needs to be integrated 
(fused).  

In addition to single user applications, nowadays we see 
also many BCI applications that assume multiple users. A 
game can have competing and collaborating BCI users. More 
generally, we can look at BCI applications where all users are 
using BCI, some of the users are using BCI, and, both in 
decision making, serious and entertainment game situations, 
users and teams of users can collaborate and compete. In task- 
and decision-oriented multi-participant situations, brain activity 
measurements provide information that can support task 
performance in real-time and off-line analysis that supports 
future task performance (e.g., analysis of task performance of 
individual team members). In game, entertainment, and 
(serious game) simulation situations we can also think of 
naturally emerging and intended competition and collaboration 
behavior. In artistic applications we have the artist who designs 
the roles of performers and audience members. Rather than 
passively enjoying a performance, participants in an artistic 
BCI installation enjoy their active participation and contribute 
to a joint art performance. 

In the next section (section II) we have some observations 
on developments in BCI and BCI applications that have led to 
multi-modal and multi-brain computer interfaces. These 
developments already started in the late sixties and early 
seventies of the previous century. In artistic explorations of 
EEG brain activity measurements as early as the nineteen 
seventies we often see artists exploring brain activity patterns 
of two users or more to create a playful application or a piece 
of art [2,3]. Since nowadays we have sensors and actuators 
everywhere, and have wearable sensors that allow the 
measuring of behavioral and physiological information, we 
may also assume that wearable sensors collect our brain 
activity and have the Internet of Things interpret this activity in 
the context of our daily multi-modal activities. We end this 
short paper with some conclusions in section III. 

II. EXPLORING BCI IN NON-CLINICAL GAME AND HCI 
CONTEXTS 

In 1968 Psychology Today published a study by Joe 
Kamiya on conscious control of brain waves [4]. The paper, 
based on earlier work of 1962 and submitted in 1966, is about 
EEG monitoring of alpha rhythms and the ability of subjects to 
consciously control their alpha waves. In the paper there are 
references to Zen mediators and LSD experiences, probably 
inspired by the 1968 ‘Zeitgeist’. At that time artists had already 
started to explore monitoring and controlling brain activity for 
playful and artistic applications. We have some mentioning of 
this work in the following subsections. 

More influential, especially in the clinical world, was a 
paper by Jacques J. Vidal, published in 1973 [5]. In this paper 
on collecting and distinguishing EEG signals from different 
brain areas Vidal mentions spontaneous or ongoing electrical 
activity and buried in them wave forms can be found that are 

evoked, for example, by external stimuli. Vidal made the 
following observation: “Can these observable electrical brain 
signals be put to work as carriers of information in man-
machine communication or for the purpose of controlling such 
external apparatus as prosthetic devices or spaceships?” And, 
in addition, “Even on the sole basis of the present states of the 
art of computer science and neurophysiology, one may suggest 
that such a feat is potentially around the corner.” In the years 
that followed clinical BCI research focused on distinguishing 
and evoking internal stimuli and how to use external stimuli for 
the benefit of patients and disabled persons. Patients can 
control prosthetic devices or a wheelchair by imaging 
movements, rather than performing these movements. External 
stimuli can help to determine a patient’s interest, his or her 
emotional state and assist the patient in decision making. 
Research efforts have focused on providing ALS (Amyotrophic 
Lateral Sclerosis) patients with communication abilities. 

A. Multimodal Interaction Revisited 
In multimodal interaction research the focus is on human-

computer interaction research and applications that aim at 
detecting, integrating and interpreting information that can be 
obtained by a computer from perceiving behavior and activity 
of its human interactants. The interface between human(s) and 
computer can be a keyboard, but also an interface that 
understands speech, gestures, facial expressions, eye gaze, 
body language and (neuro-) physiological information. BCI 
can be integrated as one of the many modalities in this kind of 
research. Early applications of BCI research in HCI dealt with 
measuring mental load, for example, to evaluate alternative 
interface designs, not yet aiming at on-line adaptation of an 
interface to the user. In later years, in HCI research, we can 
also find applications of BCI research that aim at close to real-
time adapting interface properties and interactions to brain 
activity measurements [6]. More recently the HCI community 
has embraced a user’s brain activity as an input modality that 
needs to be integrated with information obtained from other 
input modalities. 

At this point it is useful to introduce some views on 
multimodal interaction as they were introduced many years 
ago and see how they provide insight on integrating BCI in 
multimodal human-computer interaction research. It should be 
mentioned that during these early years of multimodal 
interaction research the emphasis was on giving an interface 
commands that reflected human-human interaction commands 
or requests. “Tell me more about this one.” while pointing at a 
map that shows the position of army divisions. Understanding 
this multimodal utterance requires the fusion of information 
made available from speech and gesture recognition devices. 
We will return to this issue later in this section. There are of 
course many more examples of human-human and human-
computer interaction where the understanding of an utterance 
or an activity can profit from information provided by  
(nonverbal) speech, eye gaze, gestures, body language, facial 
expression, or (neuro-) physiological information.  

Multimodality is about processing two or more input 
modes in a coordinated way. We can have multimodality in 
parallel, requiring simultaneous processing of signals, or 
sequential, alternating modalities. An example of parallel 



 

                                      
 

modality is a situation where a facial expression supports or is 
in contrast with nonverbal speech or the contents of a message 
that is delivered in an utterance. This allows for more natural 
interaction and it allows uncertain or missing information in 
one modality to be compensated with information that is 
obtained from another modality. It helps to get a more 
complete picture of a computer’s conversational partner, or, 
more concretely, to disambiguate his or her commands. In a 
sequential or alternate processing of modalities we process the 
modality signals in sequence. We do not know in advance 
whether there will be signals coming from a next and maybe 
different modality that will modify the interpretation of the 
previous modality signals. And, when the aim is to have real-
time natural interaction behavior, we should not wait for 
information that can be obtained from signals that are detected 
later in the human-computer interaction. Unless it can be done 
in a way that we expect from a human person that re-interprets 
his or her previous judgements because of new information 
arriving. 

Oviatt [7] introduced ten myths of multimodal interaction. 
One of them is the assumption of simultaneity. According to 
Oviatt simultaneity is more an exception than a regular 
appearance of multimodality. But clearly, in her views she 
mainly addresses speech and gestures and she and many others 
who have been investigating multimodal interaction do not 
address the more nontraditional information detecting from 
(neuro-) physiological sensors. This (neuro-) physiological 
information can help to adapt the interface to the user, to better 
interpret information coming from other modalities, or, in the 
case of a brain-computer interface, it can even be used to issue 
commands. 

B. Multimodality and BCI Research 
What about BCI and multimodality? One obvious 

observation is that brain activity is a continuous process. There 
is always brain activity, it can be measured and it can be 
related to our cognitive and emotional states, and the tasks we 
are performing or intend to perform. Moreover, we can 
measure brain activity that arises from explicit external stimuli 
and there is also the possibility that we can manipulate our 
brain activity, for example, trying to relax, simulating an 
aggressive mental state, imagine performing a complex task, 
or imaging a particular movement. 

Hence, when investigating multimodality that includes the 
Brain Activity Modality we can either 

(1) Support the interpretation of traditional interaction 
modalities by taking into account brain activity 
information that tells us about the mental state of the 
user 

(2) Add to the interpretation of traditional interaction 
modalities by taking into account brain activity 
information that appears because of an action that 
addresses one or more particular interaction 
modalities. 

(3) Issue commands by consciously activating brain 
regions (and have this activity translated into 
commands) or allowing external stimuli to change 

brain activity patterns (and use the detection of 
changes to issue commands). Information obtained 
from other modalities can of course help to find the 
right interpretation of not necessarily perfect signals 
obtained from brain signals.  

Interestingly, already in the sixties and seventies of the 
previous century we can see artists exploring brain activity 
information for artistic expression [2]. Creative use can be 
made of brain activity measurements, embedded in a context 
of multiple modalities, to design creative, playful and artistic 
applications. In these interactive art pieces we have people 
synchronizing their brain activity in order to obtain an 
aesthetic pleasing visualization or have their brain activity 
manipulate a soundscape or transform brain activity into 
playing a new instrument or an electronic modification of a 
traditional instrument during a music performance. 

HCI applications came later. One obvious application is 
comparing different interface designs by EEG measurements 
of mental workload while using the interfaces. Task 
classification using EEG was done in Lee and Tan [8]. Chen 
and Vertegaal [9] introduced EEG measurements of mental 
workload to manage, in real-time, interruptions in what they 
called physiologically attentive user interfaces. It is an 
example of ‘passive BCI’. Brain activity is measured 
continuously, that is, it is monitored and the interface decides 
how to use this information in future interactions with the 
user. Passive BCI is also discussed in Cutrell and Tan [10] and 
in Girouard [11]. A survey of early passive brain-computer 
interfaces can be found in George and Lecuyer [12]. Zander et 
al. [13] claimed the notion of passive BCI, but clearly we can 
find passive BCI applications in the previous century and in 
the papers just mentioned. 

C. Multimodality and BCI Communities 
It is useful to note that there are different BCI 

communities. Researchers in BCI applications with a clinical 
background turn out not to be interested in playful and game-
like applications of BCI. Their ideal user is an ALS patient 
and other than the BCI modality where other includes 
behavior modelling, task modelling, and common sense 
modelling, such other knowledge and also interaction 
modalities, are not yet considered and made part of their 
research. BCI researchers do not necessarily have a 
background in computer science or human-computer 
interaction. Human-computer interaction research, artificial 
intelligence research and entertainment technology research 
are research contexts with which traditional and clinical BCI 
researchers are not familiar. 

In clinical BCI research there have hardly been attempts to 
research BCI beyond one particular BCI paradigm. The 
assumption is that a BCI needs to be responsible for providing 
full and unique assistance to a user who has no other 
possibilities to communicate with the world than through a 
BCI interface. In more recent years, rather than embedding 
BCI research in a multimodal interaction context, traditional 
BCI researchers introduced the notion of hybrid BCI [14]. 
Rather than have their BCI research fully embedded in 
multimodal and human-computer interaction research, 



 

                                      
 

including research on artificial intelligence, we see only 
modest attempts to redefine BCI in such a way that a BCI 
interface allows the use of more than one BCI paradigm. In 
[14] both simultaneous and sequential use of different BCI 
paradigms is considered, in particular ERD (motor imagery) 
and SSVEP. An early review of hybrid BCIs is [15]. 

In computer science and human-computer interaction 
research BCI has been welcomed as an additional source of 
information that can help to have more robust and enjoyable 
interaction with a multimodal interaction device, a wearable, 
or an environment with embedded sensors and actuators.  In 
our research group we experimented with many modalities and 
BCI paradigms. For example, rather than use imagery 
movement, use brain activity that follows from real movement 
[16], have simultaneous use of keyboard and relaxation (alpha 
activity) in a BCI adaptation of the World of Warcraft game 
[17], integrate SSVEP and alpha activity in the Bacteria Hunt 
game [18], or have multiple players cooperating in a game 
where SSVEP, keyboard, speech and alpha activity can be 
used to navigate and issue commands in a game (Mind the 
Sheep!) [19].  

Sequential and parallel (simultaneous) multimodal 
interaction was discussed in Nigay and Coutaz [20]. A 
roadmap for multimodal research was developed in 2001 at a 
Dagstuhl seminar [21. In this roadmap there is no mentioning 
of BCI but it mentions non-obtrusive multimodal sensors and 
it mentions biometrics as an enabling technology. Fusion of 
information coming from different modalities is needed in the 
case of simultaneous multimodality in order to get a correct 
interpretation of the user’s input, voluntarily or involuntarily. 
We can look at BCI as a means to process brain activity 
information (from EEG) that has to be integrated with 
information that is obtained simultaneously from other input 
modalities such as eye gaze, speech, facial expressions, 
gestures, physical body movements, or other physiological 
signals. Early integration or low-level processing and late 
integration (at the decision level) and their advantages and 
disadvantages are discussed in a review paper by Matthew 
Turk [22]. Late integration may miss possible cross-modal 
interactions. Usually three possible levels for fusion are 
distinguished: the signal level, the feature level and the 
decision (or application) level. 

D. Hyper Scanning and Multi-Brain BCI 
BCI research is not necessarily aimed at patients. We can 

look at domestic applications, challenging game applications, 
and applications that know about our preferences and take into 
account our emotional state. BCI has also been introduced in 
situations that assume or require brain activity input from 
more than one user. In fact, many first BCI explorations were 
done by artists and often incorporated more than one user [2]. 
As early as 1974, artist Nina Sobell [23] introduced a game 
where two subjects were required to synchronize their brain 
activity, measured by an EEG device. 

In [24] simultaneous scanning of multiple brains is 
discussed. Causality patterns were studied while the subjects 
were performing a cooperative game. The authors introduced 
the name ‘hyperscanning’ for this way of EEG recording. The 

aim of this research is to get informed about brain patterns that 
are related to social interaction (social neuroscience). A 
review paper on hyperscanning methodologies, studies and 
devices was published online in 2012 [25]. In Stevens et al. 
[26] team cognition is studied using wireless EEG headsets 
and focusing on attention, engagement and mental workload 
of the members of a team in a cooperative (serious) game. 

In [27,28] we introduced the name multi-brain computing 
for BCIs that required input from multiple subjects (often 
gamers) that are either competing or collaborating. This is 
different from hyperscanning since patterns related to 
interaction are less relevant - or not relevant at all - compared 
with, for example, the commands that need to be given by the 
gamers’ voluntary control of brain activity. Take as an 
example a game or serious application with two players. Using 
motor imagery or relaxation they can compete, each one trying 
to have a virtual ball rolling in the direction of the opponent’s 
goal. Hence, we have to ‘subtract’ their brain activity in order 
to see who wins. In a different situation we can for example 
use P300. Who is first with making a decision, that is, who is 
fastest in achieving the necessary accuracy needed to make a 
particular decision about how a game should proceed, a 
weapon can be chosen or a gun can be fired? Players that 
collaborate can join their brain power in order to decide about 
movements and making decisions. Teams of collaborating 
players can compete with each other. Many more examples 
and applications can be given. In many artistic BCI 
applications we see participants playing with visualizations or 
audifications that follow from their joint brain activity or they 
modify an existing soundscape or animation. We refer to [28] 
for a recent comprehensive survey of the literature on multi-
brain computing. 

Clearly, also for competing or collaborating multi-brain 
applications we need, similar to what we saw in multimodal 
applications, to take care that we fuse the multiple brain 
activity. However, unlike in the multimodal case where we 
integrate information originating from different modalities, 
here we have one modality, although different brain paradigms 
can be involved. Nevertheless, we can again distinguish data 
fusion at the (brain) signal level, the feature level and the 
decision level. In [29] a cooperative movement planning task 
is discussed using ERP for directional cues. The authors 
considered three fusion methods: ERP averaging (signal 
level), feature concatenation, and voting (decision level), 
leading to different accuracies (feature concatenation 84%, 
ERP averaging 92%, voting 95%), where a single user scored 
66%. Observations on different levels of fusion for multi-brain 
BCI can also be found in [30]. More research is needed in 
order to be able to decide which method for which kind of 
application and BCI paradigm should be preferred.  

III. CONCLUSIONS 
In this short paper we discussed some recent developments 

in brain-computer interfacing. Many new developments 
appear because the growing interest in BCI for non-clinical 
applications. There is interest for game, domestic, and artistic 
applications. Especially in game and artistic communities we 
see experiments and BCI installations that involve multiple 
users and combinations of various modalities. The number of 



 

                                      
 

such applications will grow and will also stimulate the 
introduction of new and cheaper EEG devices. 
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