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This roadmap was developed by the Future BNCI Project and colleagues within 

the H3 INFSO Cluster, part of the Information and Communication Technologies 

(ICT) theme of the Seventh Framework of the European Commission. 
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Three other projects (ABC, BackHome, and Way) are just beginning now, and 

do not have logos. This document does not necessarily represent the views of 
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be held responsible for any misuse of any information contained herein.  
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Section 1: Executive Summary 

Executive Summary  
 

Brain-computer interface (BCI) systems are improving in various ways. Key trends include improved 

sensors, software that is more usable, natural, and context aware, hybridization with other 

communication systems (including brain/neuronal computer interfaces or BNCIs), new applications 

such as motor recovery and entertainment, testing and validation with target users in home settings, 

and using BCI technology for basic scientific and diagnostic research. These and other developments 

are making BCIs increasingly practical for conventional users (persons with severe motor disabilities) 

as well as numerous emerging groups. BCIs are gaining more and more attention in academia, 

business, the assistive technology community, the media, and the public at large. 

However, despite this progress, BCIs remain quite limited in realworld settings. BCIs are slow and 

unreliable, particularly over extended periods with target users. BCIs require expert assistance in 

many ways; a typical end user today needs help to identify, buy, setup, configure, maintain, repair 

and upgrade the BCI. Most BCIs still use gel-based sensors that also require expert help to set up and 

clean. User-centered design is underappreciated, with BCIs meeting the goals and abilities of the 

designer rather than user. Integration with other assistive technologies, different BNCI systems, 

other head-mounted devices, and usable interfaces is just beginning.  

Many infrastructural factors also limit BCI development and adoption. Most people either do not 

know about BCIs, or have unrealistic views about how they work or might help. There is inadequate 

communication among different user groups, caregivers, relevant medical professionals, and 

researchers in academic, industrial, and other sectors. Our recent survey showed that most of the 

BCI community wants improved standards, reporting guidelines, certifications, ethical procedures, 

terms, and other canon. Resources to facilitate BCI development remain too limited and complicated. 

Amidst these challenges, expectations among technology experts, funding sources, and the public at 

large are high ς perhaps unrealistically high. Therefore, the next five years should be both dynamic 

and critical for BCI research and development. Hence, an effective and focused effort is necessary to 

address key challenges and help ensure that BNCI development can progress quickly and effectively. 

This roadmap reviews the state of the art in BCIs and related systems, identifies major challenges and 

trends, analyzes case scenarios reflecting different users and needs, presents major BNCI research 

efforts and surveys, summarizes financial and ethical issues, and presents recommendations for joint 

research ventures combining academic, commercial, and other sectors. Scientific and technical 

recommendations generally include supporting the trends described above. Both invasive and 

noninvasive BCI systems could provide different solutions for different users, and could address 

distinct scientific and diagnostic challenges. Infrastructural recommendations focus largely on 

encouraging improved interaction, dissemination and support, such as fostering a BCI Society and 

publicly available web-based resources. Online resources to facilitate development, such as 

introductory information, telemonitoring tools, software platforms, data, documentation, problem 

solving guides, friendly support tools, and databases of references and events could all help BCIs 

transition from a nascent and fairly unknown technology into a mainstream research and 

development endeavor. 
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Introduction  
 

Motivation and  Need 
Why develop BCIs, or a roadmap about them? Both of these questions can be addressed in terms of 

the growing gap between the potential benefits of BCIs and the actual benefits they provide. There 

are many indications that the state-of-the-art is advancing quickly, and that BCIs and related 

technologies are gaining attention worldwide from many groups, including academics, government 

funding entities, companies, various groups of healthy and disabled users, and the public at large. 

However, there remains considerable challenge in developing BCIs into practical realworld tools that 

fulfill the needs, desires, and expectations of each user. The people who need BCIs most ς persons 

who have severe disabilities that leave them unable to effectively communicate through other 

means ς are usually not getting them. This is especially problematic because the need for practical 

BCIs is growing, due largely to the increase in the mean age and the potentially greater benefits that 

BCIs could provide for both conventional and new user groups. That is, as BCIs become more 

powerful and flexible, the loss resulting from inadequate exploitation increases.  

On an individual level, the lost opportunity can be severe ς and is also, unfortunately, the status quo 

ǘƻŘŀȅΦ aŀƴȅ ǇŜƻǇƭŜ ǿƛǘƘ άƭƻŎƪŜŘ-ƛƴ ǎȅƴŘǊƻƳŜέ Ŏŀƴƴƻǘ ŜȄŜǊŎƛǎŜ ŎƻƳƳŀƴŘ ŀƴŘ ŎƻƴǘǊƻƭ ƛƴ ŀƴȅ ǿŀȅΦ 

This can lead to extreme dependence and social exclusion, in addition to the obvious frustration and 

discomfort from this situation. Similarly, the demands on carers, doctors, and support personnel 

entail considerable personal and financial costs.  

Hence, there is a clear need to develop different aspects of BCI and BNCI systems, including scientific 

and technical challenges as well as infrastructural and support issues. This roadmap, and the FBNCI 

project, are needed to identify, analyze, disseminate, and address the various challenges in the near 

future, as well as recommended solutions. These efforts should reduce the fragmentation, confusion, 

misdirected funding, and wasted time that can occur with any rapidly advancing technology. 

Terminology and Scope 

What  is a BCI or BNCI?  
¢ƘŜ ŎŀƴƻƴƛŎŀƭ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ŀ ά./Lέ ƛǎ ŦŀƛǊƭȅ ǎǘǊƛŎǘ (Wolpaw et al., 2002; Pfurtscheller et al., 2010). The 

latter article1 states that: 

 

Hybrid BCIs, like any BCI, must fulfill four criteria to function as BCI: 

1. Direct: The system must rely on activity recorded directly from the brain. 

 
1
 This article was published in an open access journal, and the entire text is available for free. It is accessible 

ŦǊƻƳ ǘƘŜ άbŜǿ 5ƛǊŜŎǘƛƻƴǎέ ǎǳōǘŀō ƻŦ ŦǳǘǳǊŜ-bnci.org. 
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2. Intentional control: At least one recordable brain signal, which can be intentionally modulated, 

must provide input to the BCI (electrical potentials, magnetic fields or hemodynamic changes).  

3. Real time processing: The signal processing must occur online and yield a communication or control 

signal.  

4. Feedback: The user must obtain feedback about the success or failure of his/her efforts to 

communicate or control.   

 

A BNCI differs only in the first criterion; signals may also reflect direct measures of other nervous 

system activity, such as eye movement (EOG), muscle activity (EMG), or heart rate (HR). Hence, 

devices such as cochlear implants or deep brain stimulators are definitely not BCIs and not discussed 

in this roadmap.  

The definitions of these terms have both evolved significantly since the beginning of this project only 

two years ŀƎƻΦ ¢ƘŜ ǘŜǊƳ ά.b/Lέ ǿŀǎ ƛƴǘǊƻŘǳŎŜŘ ƴƻǘ ƭƻƴƎ ōŜŦƻǊŜ ǘƘŜƴ ōȅ ǘƘŜ 9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴΣ 

ŀƴŘ ƻƴƎƻƛƴƎ ŜŦŦƻǊǘǎ ǘƻ ŦƛƴŘ ŀƴȅ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ǘƘŜ ŀŎǊƻƴȅƳ ƻǊ ŦŜŜŘōŀŎƪ ŦǊƻƳ ǘƘŜ ǘŜǊƳΩǎ ŎǊŜŀǘƻǊ ƘŀǾŜ 

not been successful. Also, various efforts have emerged over the last two years to broaden the 

definition of a BCI, such as with passive, emotional, and affective BCIs. To address different 

expectations, this roadmap discusses both classically defined BCIs and many related systems that, 

even if not BCIs, are relevant to BCI development. For example, passive BCIs, BCI systems for 

rehabilitation, neuromarketing, and BCI applications for scientific research are all addressed.  

A BCI may be invasive or noninvasive. This roadmap focuses primarily on noninvasive BCIs, since 

these devices are more prevalent and have much broader potential appeal, but discuss different 

invasive systems too. 

  

Expanding  the  BCI definition  
{ƻƳŜ ƎǊƻǳǇǎ ƘŀǾŜ ǳǎŜŘ ǘŜǊƳǎ ǎǳŎƘ ŀǎ άǇŀǎǎƛǾŜ ./LέΣ άŀŦŦŜŎǘƛǾŜ ./LέΣ άŜƳƻǘƛǾŜ ./LέΣ ƻǊ άƳŜƴǘŀƭ ǎǘŀǘŜ 

ƳƻƴƛǘƻǊέ ǘƻ ŘŜǎŎǊibe devices that directly measure brain activity, and often provide real-time 

feedback, but do not require intentional mental activity for each message of command (Müller et al., 

2008; Garcia Molina et al., 2009; Mühl et al., 2009; Nijholt et al., 2011; Zander and Kothe, 2011). 

Another high-profile new definition of a BCI (Wolpaw and Wolpaw, 2012) greatly expands the 

definition from the most heavily cited article in the BCI literature (Wolpaw et al., 2002).  

Expanding the BCI definition requires consensus not only 

that the term must be changed, but also what exactly is 

(and is not) a newly defined BCI. The conventional and new 

definitions generally differ on whether passive monitoring 

tools are BCIs. The above definitions also generally conflict 

with each other on issues such as whether realtime 

interaction or enhancing human-computer interaction is required. There is less debate about 

whether a BCI is a device that reads directly from the brain. These issues were explored in our 

Asilomar survey (Nijboer et al., 2011a, 2011b, 2011c), which asked conference attendees what they 

thought about the terms and definitions used for BCIs. One respondent from the first of these 

άIf a BCI does not provide 

feedback there is no 

ΨƛƴǘŜǊŦŀŎŜΩ and the device or 

system is simply a monitor.έ 
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articles commented that άLŦ ŀ ./L ŘƻŜǎ ƴƻǘ ǇǊƻǾƛŘŜ ŦŜŜŘōŀŎƪ ǘƘŜǊŜ ƛǎ ƴƻ ΨƛƴǘŜǊŦŀŎŜΩ ŀƴŘ ǘƘŜ device or 

ǎȅǎǘŜƳ ƛǎ ǎƛƳǇƭȅ ŀ ƳƻƴƛǘƻǊέΦ 

Developing common terms and definitions is a major challenge, and FBNCI recommends strong 

support for these and other infrastructural improvements. While our project has been active in 

disseminating terms and encouraging a BCI Society that could develop and maintain a BCI 

infrastructure, more work is needed (Allison, 2011; Müller-Putz et al., 2011; Nijboer et al., 2011; 

Allison et al., 2012). 

  

Other terms interpreted differently  
There is general accord on many terms wƛǘƘƛƴ ǘƘŜ ./L ƭƛǘŜǊŀǘǳǊŜΣ ǎǳŎƘ ŀǎ άǎȅƴŎƘǊƻƴƻǳǎέΣ άƴƻ-control 

ǎǘŀǘŜέΣ ƻǊ άŦŜŜŘōŀŎƪΦέ IƻǿŜǾŜǊΣ ƛƴ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ ŜȄŀŎǘ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ŀ ./LΣ ǎƻƳŜ ƻǘƘŜǊ ǘŜǊƳǎ ƘŀǾŜ 

different definitions in the literature2. Examples include: 

 

Illiteracy: A 2007 book chapter inǘǊƻŘǳŎŜŘ ǘƘŜ ǘŜǊƳ ά./L ƛƭƭƛǘŜǊŀŎȅέ ǘƻ ǊŜŦŜǊ ǘƻ ǘƘŜ ǇǊƻōƭŜƳ ǘƘŀǘ ǎƻƳŜ 

users cannot use some BCIs (Kübler and Müller, 2007). Some people dislike this term because it is 

unclear or implies that illiteracy reflects a failing of the end user. Other terms includŜ άǇǊƻŦƛŎƛŜƴŎȅέ ƻǊ 

άŘŜŦƛŎƛŜƴŎȅέ ό!ƭƭƛǎƻƴ ŀƴŘ bŜǳǇŜǊΣ нлмлΤ .ƭŀƴƪŜǊǘȊ Ŝǘ ŀƭΦΣ нлмлύΦ  

Invasiveness: This refers to whether or not surgery is needed to implant the sensors necessary to 

ǊŜŀŘ ōǊŀƛƴ ƻǊ ƻǘƘŜǊ ǎƛƎƴŀƭǎΦ ¢ƘŜ ǘŜǊƳǎ άƛƴǾŀǎƛǾŜέ ŀƴŘ άƴƻƴƛƴǾŀǎƛǾŜέ ŀǊŜ Ƴost often used, but other 

ǘŜǊƳǎ ǎǳŎƘ ŀǎ άƛƴǘǊŀŎǊŀƴƛŀƭέ ŀƴŘ άƛƳǇƭŀƴǘŜŘέ ƘŀǾŜ ŀƭǎƻ ōŜŜƴ ǳǎŜŘΦ  

Rehabilitation: BNCIs and related systems might be used for rehabilitation of stroke, autism, 

epilepsy, or other disorders. The goal is not to provide communication or control, but produce 

ǇŜǊƳŀƴŜƴǘ ƻǊ ŀǘ ƭŜŀǎǘ ƭŀǎǘƛƴƎ ŎƘŀƴƎŜǎΦ hǘƘŜǊ ǘŜǊƳǎ ƛƴŎƭǳŘŜ άƴŜǳǊƻƳƻŘǳƭŀǘƛƻƴέΣ άǘƘŜǊŀǇȅέΣ ƻǊ 

άƴŜǳǊƻǘƘŜǊŀǇȅέΦ {ƛƳƛƭŀǊ ǘŜŎƘƴƻƭƻƎƛŜǎ ƳƛƎƘǘ ŀǇǇŜŀƭ ǘƻ ƘŜŀƭǘƘȅ ǳǎŜǊǎΣ ǿƘƻ ŀǊŜ ƴƻǘ ǎŜŜƪƛƴƎ 

rehabilitation but improved sleep, relaxation, or memory. 

Hybrid: A hybrid BCI was initially defined as a device that combines a BCI with another means of 

sending information (Millan et al., 2010; Pfurtscheller et al., 2010; Allison et al., 2012). This is the 

definition used here. However, other work defines a hybrid BCI more broadly. 

Exogenous and endogenous: BCIs may rely on brain signals directly elicited by outside events such as 

P300 and SSVEP, or internally generated signals such as ERD changes from motor imagery. These 

have also been called reactive and active (Zander and Kothe, 2011).  

Users: ¢ƘŜǊŜ ƛǎ ǎƻƳŜ ŘŜōŀǘŜ ŀōƻǳǘ ǘƘŜ ǇǊƻǇǊƛŜǘȅ ƻŦ ǊŜŦŜǊǊƛƴƎ ǘƻ ǎƻƳŜ ǇŜǊǎƻƴǎ ŀǎ άǇŀǘƛŜƴǘǎέΣ 

άŘƛǎŀōƭŜŘ ǇŜǊǎƻƴǎέΣ ƻǊ ƻǘƘŜǊ ǘŜǊƳǎ ǘƘŀǘ Ƴŀȅ ōŜ ƻŦŦŜƴǎƛǾŜΦ ¢Ƙƛǎ ǘŜǊƳƛƴƻƭƻƎƛŎŀƭ ƛǎǎǳŜ ƎƻŜǎ ǿŜƭƭ ōŜȅƻƴŘ 

ǘƘƛǎ ǊƻŀŘƳŀǇΦ ¢ƘŜ ǘŜǊƳ άŎƭƛŜƴǘέ ƛǎ ŀ ƳƻǊŜ ƴŜǳǘǊŀƭ ǘŜǊƳ ǘƘŀǘ ŀƭǎƻ ŎƻƴƴƻǘŜǎ ǘƘŀǘ ǳǎŜǊǎ ŀǊŜ ǇŀȅƛƴƎ 

customers with unique needs and desires. 

An initial effort was made to standardize all terms within this roadmap. However, this elicited some 

objections from different contributors, and may obscure some subtleties intended by the authors. 

 
2
 The glossary contains additional terms and definitions. 
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Moreover, the roadmap keeps highlighting the importance of learning from different disciplines, and 

hence slight terminological differences are potentially didactic. For example, the material written by 

¦ ¢ǿŜƴǘŜ ǳǎŜǎ ǘƘŜ ǿƻǊŘ άŎƭƛŜƴǘέΣ ǿƘƛŎƘ ƛǎ ƳƻǊŜ ŎƻƳƳƻƴ ƛƴ I/L ŀƴŘ ŀǎǎƛǎǘƛǾŜ ǘŜŎƘƴƻƭƻƎȅ ό!¢ύΣ ŀƴ 

area of focus for that institute.  

 

Terminological  relevance  
Readers might by now recognize that discussions about terminology 

occupy an increasing amount of time and effort at conferences, and 

were not trivial in the development of this roadmap. Indeed, 79% of respondents in our 2010 

Asilomar survey thought that a standard BCI definition should be established within five years. 

However, some dissenting opinions were strong. In that survey, someone raised a question that also 

arose during efforts to work toward common terms during workshops and other events (Nijboer et 

ŀƭΦΣ нлммŀύΦ άbƻǘ ǘƻ ōŜ ƛƴŎŜƴŘƛŀǊȅΣέ ǘƘŜ ǊŜǎǇƻƴŘŜƴǘ ǿǊƻǘŜΣ άōǳǘ ǿƘƻ ŎŀǊŜǎΣ ǊŜŀƭƭȅέΚ  

From many perspectives, this is a valid question. End users care most about whether a product meets 

their needs at an acceptable price. The label may be unimportant. BCIs and BCI-like systems will still 

develop in tandem, heavily influencing each other, regardless of what they are called. 

In other cases, though, terms and definitions do matter. Any document that aims to discuss general 

BCI issues, such as a review article, roadmap, or textbook, needs to establish which devices are and 

ŀǊŜƴΩǘ ǊŜƭŜǾŀƴǘΦ {ƛƳƛƭŀǊƭȅΣ ƎǊŀnt documents, including call texts and guidelines for reviewers, need to 

unequivocally establish whether a possible proposal fits within the call. Reporters, students, and 

others who want to produce a paper or story about a new device need to know what it is, possibly 

amidst false claims from manufacturers or researchers. This challenge is exacerbated by numerous 

instances of bad reporting (Racine et al., 2010). Companies, insurers, and regulatory entities may also 

need to establish whether a device should heed any regulations or guidelines for BCIs. Thus, 

terminological issues can matter to many groups for many reasons.  

 

Scope 
This roadmap focuses mainly on the next five to seven years, with occasional discussion of more 

distant futures. In addition to discussing technologies themselves, the roadmap addressed some 

related topics, such as commercial development, joint research efforts, standards, guidelines, case 

scenarios, media and perception, and other matters.  

 

Roadmap and Development  

Roadmap structure  
This roadmap begins with a one page Executive Summary, followed by this Introduction.  As noted 

above, many articles identify four components of a BCI: signal acquisition, signal processing, output, 

and an interface that governs the interactions between different components and the user. This 

ǊƻŀŘƳŀǇ ƛƴŎƭǳŘŜǎ ǘƘǊŜŜ ƳŀƧƻǊ άƳƛƴƛ-ǊƻŀŘƳŀǇǎέ ƻƴ ŀ ǎǇŜŎƛŦƛŎ ŀǎǇŜŎǘ ƻŦ ./LǎΣ ǿƛǘƘ ŀƴ ƛƴǘǊƻŘǳŎǘƛƻƴΣ 

άWho cares, reallyέΚ 
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ǎǘŀǘŜ ƻŦ ǘƘŜ ŀǊǘ ǎǳƳƳŀǊȅΣ ŀƴŀƭȅǎŜǎ ƻŦ άŎƘŀƭƭŜƴƎŜǎέ ŦƻƭƭƻǿŜŘ ōȅ άǎƻƭǳǘƛƻƴǎ ŀƴŘ ǘǊŜƴŘǎέΣ ŀ ŦƛǾŜ ȅŜŀǊ 

view, and a concluding text box that summarizes challenges and recommendations. The first mini-

roadmap addresses sensors, signals, and signal processing, corresponding to the first two elements 

of a BCI, which essentially involve getting a control signal. The second section addresses the output 

(devices and applications) and interfaces for disabled users. The third section addresses devices, 

applications, and interfaces for general consumers.  

The following section, part VI, presents Case Scenarios that help describe how different people use 

different BCIs. The next four sections discuss financial and business issues, review surveys that ask 

different stakeholders and users about BCIs, summarize relevant research projects, and address 

ethical issues. Section XI contains our funding recommendations, and section XII contains our 

summaries and conclusions.  

This roadmap also contains supplemental video materials3. The representation video presents a 

major BCI conference in Utrecht in May 2011. The FBNCI project also interviewed many stakeholders 

about major issues in BCI research, which were based on this roadmap. Hence, the interviews 

supplement many of the points made in this roadmap, and provide personal elaboration from many 

of the people who are most active and well-known within the research community.  

 

Ȱ1ÕÉÃË ÁÎÄ ÅÁÓÙȱ ÒÏÁÄÍÁÐ ÇÕÉÄÅ 
Most people will not have the time to read this entire roadmap. Hence, most sections end with a text 

ōƻȄ ǎǳƳƳŀǊƛȊƛƴƎ ƳŀƧƻǊ ƛǎǎǳŜǎ ƛƴ ǘƘŀǘ ǎŜŎǘƛƻƴΦ ά9ȄŜŎǳǘƛǾŜ {ǳƳƳŀǊȅέ ŀƴŘ ǎŜǾŜǊŀƭ ǇŀƎŜǎ ƻŦ ά{ǳƳƳŀǊȅέ 

are one-page overviews. The interviews available on our website provide an alternate way of 

ƭŜŀǊƴƛƴƎ ǎǘŀƪŜƘƻƭŘŜǊǎΩ ǾƛŜǿǎΣ ŀƴŘ ƻǘƘŜǊ ǾƛŘŜƻ ƳŀǘŜǊƛŀƭǎ ǇǊƻǾƛŘŜ ƛƴǘǊƻŘǳŎǘƻǊȅ ŜȄǇƭŀƴŀǘƛƻƴǎ ŀƴŘ ǎƘƻǿ 

some of the newest BCI systems and events.  

 

Roadmap development p rocess 
This roadmap, like the FBNCI project, officially began in January 2010. For the first few months, we 

worked on developing the infrastructure for our project and roadmap, including hiring people, 

developing the Advisory Board, and creating the website. Until June 2010, our main focus was on 

researching the state of the art and major issues, both through literature research and stakeholder 

discussions. By September 2010, we had a framework and some initial text ready for discussion at 

our FBNCI conference near Graz. We then focused increasingly on an iterative process of developing 

different roadmap sections, discussing them with the Advisory Board and other stakeholders (often 

at a workshop), and revising our materials.  

Workshops were a major component of roadmap development. Our 2010 conference featured about 

40 attendees who were divided into four workshops, each of which focused on a different roadmap 

section. In 2011, FBNCI hosted several workshops attached to other major conferences or events. 

FBNCI held workshops in Utrecht in May, Barcelona in June and November, Memphis in October, and 

Alicante in November. These workshops each focused on different issues corresponding to different 

 
3
 The Utrecht video is accessible from the Future BNCI website at future-ōƴŎƛΦƻǊƎ ōȅ ŎƭƛŎƪƛƴƎ ƻƴ ά±ƛŘŜƻǎέ ǳƴŘŜǊ 

ά!ōƻǳǘ ./LǎέΦ ¢ƘŜ ά{ǘŀƪŜƘƻƭŘŜǊ LƴǘŜǊǾƛŜǿǎέ ǘŀō ǳƴŘŜǊ άwƻŀŘƳŀǇέ Ŏƻƴǘŀƛƴǎ ƛƴǘŜǊǾƛŜǿǎΦ  
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roadmap sections. For example, the Utrecht workshop included small group discussions with 3-4 

people per group focused on different case scenarios.  

 

Figure 1: The left panel presents most attendees of the 2010 conference near Graz. The right panel shows 

some of the attendees listening to a presentation (left to right: Melanie Ware, Michel Ilzkovitz, Michael 

Tangermann, Aureli Soria-Frisch, Diane Whitmer, and Clemens Brunner). 

Small group discussions were one of many techniques employed during the workshops. Typically, the 

small groups developed a summary to discuss with the plenary attendees to solicit further feedback. 

Workshops also included general discussion periods, focused writing or discussion targeted toward 

specific points or issues, short presentations, review and discussion of existing roadmap text and 

issues, and question-and-answer sessions.  

In addition to these FBNCI workshops focused on the roadmap, many other events provided 

opportunities to improve the roadmap. At the Brussels ICT Exposition in September 2010, FBNCI 

hosted a ά.b/L ǾƛƭƭŀƎŜέ ƎǊƻǳǇ ƻŦ ŜȄƘƛōƛǘǎ ŀǎ ǿŜƭƭ ŀǎ ŀ ŘƛǎŎǳǎǎƛƻƴ ŦƻǊǳƳΦ C.b/L ƘƻǎǘŜŘ ƻǊ ŦŀŎƛƭƛǘŀǘŜŘ 

several evening workshops with major conferences, such as the Asilomar conference in May 2010, 

the TOBI workshop in December 2010, and the Society for Neuroscience conferences in November 

2010 and 2011. Teleconferences, emails, telephone calls, and direct personal contacts also provided 

more information and opinions that were incorporated in this roadmap.  

 

Roadmap responsibilities  
Before the FBNCI project began, the partners discussed general responsibilities for different sections. 

For example, the partner that manufactures sensors, Starlab, was an obvious choice for developing 

the roadmap section involving sensors. We further fine-tuned the section responsibilities after the 

project began, but did not deviate from our general plan. The roadmap outline, with the partner 

primarily responsible for each section, is shown below. 

 

I. Executive Summary (Graz University of Technology)      
II. Introduction (Graz University of Technology)       
III. Sensors, Signals, and Signal Processing (Starlab)    
IV. Devices, Applications, and Interfaces for Disabled Users (Ecole Polytechnique Federale de 

Lausanne)    
V. Devices, Applications, and Interfaces for Everyone (University of Twente)   
VI. Case scenarios (University of Twente)     
VII. Financial and Business Issues (Starlab, Graz University of Technology)   
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VIII. Surveys of Stakeholders (Graz University of Technology) 
IX. Summaries of Relevant Projects (Graz University of Technology) 
X. Ethics (University of Twente)         
XI. Recommendations for Funding and Joint Agendas (Graz University of Technology) 
XII. Summary and Conclusions (Graz University of Technology) 
XIII. Contributors (Graz University of Technology) 
XIV. Glossary (Graz University of Technology) 
XV. References (Graz University of Technology) 
XVI. Appendix I: Invasive and non-invasive technologies (Graz University of Technology) 
XVII. Appendix II: Sample funding mechanisms (Ecole Polytechnique Federale de Lausanne) 
XVIII. Appendix III: Follow-up plan (Graz University of Technology)  
 

While each section had a clear leader, we also relied on each other for contributions and feedback. 

All workshops were led by the relevant section leader, but were attended by at least one FBNCI team 

member from another institution. A lot of material was moved between sections, and coordinating 

different contributions was nontrivial. In our last Barcelona workshop, each partner was assigned 

two other sections to read, and two partners provided comments on the entire document. 

 

Our project  and team  
This roadmap was developed as part of the Future BNCI project, which is funded by the Seventh 

Framework of the European Commission (Project number ICT-248320). FBNCI ran from January 2010 

through December 2011. Future BNCI was a Coordination and Support Action, and thus aimed to 

help bolster interaction among other BNCI research efforts and support them. In addition to efforts 

directly related to our H3 BNCI research cluster, such as facilitating dissemination and scheduling 

joint events or teleconferences, FBNCI was also responsible for indirect support, such as developing 

web resources and a book. 

Future BNCI was led by a consortium of four institutions: Graz University of Technology (TU Graz or 

just TUG), University of Twente (UT), Ecole Polytechnique Federale de Lausanne (EPFL), and Starlab. 

We developed this roadmap in collaboration with our Advisory Board and numerous experts in our 

research cluster and elsewhere4.  

 

Advisory Board 

The Advisory Board provided feedback about the roadmap, updated us on the most recent 

developments, kept us in contact with the best stakeholders, and participated in events such as our 

workshops. Because BCI research involves so many different disciplines, sectors, regions, and 

interests, any Advisory Board had to include a range of people. The Advisory Board features people 

from different sectors (academia, industry, government, and nonprofit); disciplines (including 

Psychology, Engineering, and Medicine); regions (including different areas within and outside of 

Europe); and interests (such as invasive and non-invasive BCIs, patients and healthy users, and 

different BCI approaches). 

  

 

 
4
 tƭŜŀǎŜ ǎŜŜ ά/ƻƴǘǊƛōǳǘƻǊǎέ ŦƻǊ ŀ ƭƛǎǘ ƻŦ C.b/L ǘŜŀƳ ƳŜƳōŜǊǎΣ ǘƘŜ !ŘǾƛǎƻǊȅ .ƻŀǊŘΣ ŀnd other contributors. 
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The H3 project cluster 

Future BNCI is part of a cluster of thirteen projects that are all funded by the EC and focus on BCI and 

BNCI research. Future BNCI is focused on helping BNCI research and the BNCI community, including our 

cluster partners. The other projects in our cluster focus primarily on new scientific research and 

technological development, such as conducting new experiments, developing new hardware or 

software, and testing new systems with patients and other users5.  

 

Figure 2: The logo representing the H3 BNCI research cluster. 

Additional roadmap contributors  

This roadmap was developed over two years, with extensive interactions with a variety of people. 

People contributed in many different ways, from commenting on which problems are important, to 

being interviewed, to writing a subsection. In addition to the many people and institutions listed above 

who helped to develop this roadmap, was also wish to thank6: 

 

1) All the participants in our conference and our workshops.  

2) Everyone who completed one of our surveys. 

3) Labmates and others who helped with practice versions of surveys, case scenarios, and other work. 

4) All administrative support staff at our host institutions.  

5) Anna Sanmarti, who very kindly donated her time to help with our video projects. 

6) Corona Zschusschen and Cecilia Puglesi, who developed logos and graphics used in this roadmap. 

7) All of the interviewees and other persons who were presented in our video materials.  

8) Our colleagues at the European Commission who funded and supervised the Future BNCI project. 

State of the Art Summary  
Brain-computer interface (BCI) systems allow communication without movement. BCIs may be 

invasive or non-invasive. Invasive BCIs require surgery to implant the necessary sensors, whereas 

non-invasive BCIs do not. Over 80% of BCIs are non-invasive systems that measure the 

electroencephalogram (EEG), which reflects the electrical activity associated with mental tasks 

 
5
 Please see the Project Summaries for more details about cluster projects, including FBNCI. 

6
 Please see Contributors for a summary of contributors. 
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(Mason et al., 2007). Some groups are trying to broaden the definition of BCI. A few years ago, the 

9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴ ό9/ύ ƛƴǘǊƻŘǳŎŜŘ ǘƘŜ ǘŜǊƳ ά.Ǌŀƛƴ-bŜǳǊƻƴŀƭ /ƻƳǇǳǘŜǊ LƴǘŜǊŀŎǘƛƻƴέΣ ƻǊ .b/LΦ 

This term includes BCIs as well as devices that monitor other physiological signals (not directly 

ǊŜŎƻǊŘŜŘ ŦǊƻƳ ǘƘŜ ōǊŀƛƴύΣ ǎǳŎƘ ŀǎ ŘŜǾƛŎŜǎ ǘƘŀǘ ƳŜŀǎǳǊŜ ŜȅŜ ƻǊ ƳǳǎŎƭŜ ŀŎǘƛǾƛǘȅΦ .b/Lǎ ŀƭǎƻ ŘƻƴΩǘ 

require intentional control, but do still require realtime feedback.  

 

Progress in  each of the four components  
Any BCI has four components: signal acquisition 

(getting information from the brain); signal processing 

(translating information to messages or commands); 

devices and applications (such as a speller or robotic 

device); and an application interface (or operating 

environment) that determines how these components 

interact with each other and the user (see Figure 3). 

BNCIs also have these four components, but the signal 

may be acquired from other sources.  

 

Figure 3: The components of any BCI system (from Allison, 2011). 

 Rapid progress is being made in all four components. New sensors are being developed that do not 

require electrode gel, which reduces preparation time and hassle and makes BCIs more accessible to 

new users. Dry sensors over the forehead can acquire not only brain signals, but also other relevant 

signals such as EOG and facial EMG. Companies like Quasar, Emotiv and NeuroSky have heavily 

advertised dry electrode systems for gaming and other goals. The ENOBIO dry electrode system 

developed by Starlab is currently available, and Starlab is working on numerous improvements. 

Twente Medical Systems (TMSi) has a different type of practical electrode that relies on water 

instead of gel. Other means of detecting brain activity such as functional Magnetic Resonance 

Imaging (fMRI) and Near Infrared Spectroscopy (NIRS) are also being explored within the BCI research 

community, although fMRI and NIRS have yet to provide any real benefit over EEG and are overrated 

for most BCI applications. Improved sensors for invasive BCIs could provide a better picture of brain 

Any BCI has four components: 

signal acquisition; signal 

processing; devices and 

applications; and an interface 

or operating system. 
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activity in many ways while reducing the cost, time, and the inconvenience of surgery. Furthermore, 

many invasive BCIs have shown they can provide reliable control years after implantation, which 

helps to address concerns about long-term reliability.  

άIȅōǊƛŘέ ./Lǎ combine a BCI with another means of sending information, such as another BCI or 

BNCI, another assistive technology, or conventional interface like a keyboard or mouse. The 

additional communication system could improve bandwidth, confirm selections, turn the primary 

channel on or off, provide a backup if the user is fatigued, or yield other benefits. Hybrid BCI research 

is beginning to explore BCIs as multimodal interfaces in which users can interact, in an intuitive and 

natural way, using BCIs as one of the communication channels. άtŀǎǎƛǾŜέ .b/L ǎȅǎǘŜƳǎ could 

augment our interactions with computers and other devices by assessing alertness, anticipation, 

image recognition, perceived error, or other mental states based on activity from the brain, eyes, 

muscles, heart, or other sources. 

New signal processing approaches have reduced training time for some BCI approaches and 

improved accuracy and reliability. Progress is also apparent in BNCI signals that are not acquired 

directly from the brain, both alone and in combination with EEG activity. Although the prospect of 

combining different signal types has been validated, many resulting challenges in signal fusion 

remain unexplored, due largely to inadequate communication and networking among relevant 

stakeholders in both the sensor and signal processing communities. 

Many new BCI devices and applications have recently been validated, such as control of smart 

homes or other virtual environments, games, prosthetic devices such as artificial limbs, wheelchairs, 

and other robotic devices. A whole new category of BCI applications is being developed: devices for 

rehabilitation of disorders, rather than simple communication and control. These and other emerging 

applications adumbrate dramatic changes in user groups. Instead of being devices that only help 

severely disabled users and the occasional curious technophile, BCIs could benefit a wide variety of 

disabled and even healthy users.  

New and well-designed application interfaces also show promise. Recent work has validated BCIs as 

a communication channel using advanced virtual environments, which reduce training time while 

improving accuracy, performance, and user satisfaction. While research in Human Computer 

Interaction (HCI) has definitely shown that well designed, user centred interfaces yield many 

benefits, many fundamental design and validation principles in HCI and assistive technology are still 

ignored in the BCI community. To integrate BCIs in the HCI framework, designers must also consider 

fundamental interface issues such as whether a BCI is synchronous or asynchronous, how to handle 

ǘƘŜ άbƻ /ƻƴǘǊƻƭ {ǘŀǘŜέ ƛƴ ǿƘƛŎƘ ǘƘŜ ǳǎŜǊ ŘƻŜǎ ƴƻǘ ǿƛǎƘ ǘƻ Ŏƻƴvey information, and both how and 

when to present feedback.  

User-centered design is critical, and testing with healthy users may be inadequate. Healthy users and 

designers may have trouble appreciating issues unique to a severely disabled user. Consider a patient 

ǿƛǘƘ ![{ ό[ƻǳ DŜƘǊƛƎΩǎ ŘƛǎŜŀǎŜύΣ ǿƘƻ Ŏŀƴƴƻǘ ƳƻǾŜ ƻǊ ōƭƛƴƪΣ ŀƴŘ Ƴŀȅ ƘŀǾŜ ǎǇŀǎƳǎΣ ƴŜǳǊƻǇǎȅŎƘƛŀǘǊƛŎ 

disorders, and very different goals, abilities, and expectations. Tasks such as mounting a cap and later 

washing the hair, which may seem trivial for healthy persons, can be much more burdensome for 

disabled persons and their caretakers. 
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Increasing attention to BCI research  
BCI research is in transition from a field in its infancy to a full-fledged, mainstream research 

endeavour. This emerging success is apparent in both academic and commercial progress, as well as 

EC decisions and the popular media. In the academic community, progress can be measured by the 

dramatic rise in peer-reviewed publications, attendance at BCI conferences and other events, and 

the number of active BCI research labs. Figure 4 shows the increase in BCI conferences. The number 

of peer-reviewed BCI publications has also increased significantly in the last decade, with the number 

of publications more than tripling since 2001 (Schalk, 2008). 

 

Peer-Reviewed BCI Research

Wolpaw, J.R. and Wolpaw, E.W. Brain-computer interfaces: something new under 
the sun. In Brain-Computer Interfaces: Principles and Practice, edited by J.R. 
Wolpaw and E.W. Wolpaw. Oxford University Press, Oxford, 2012, pp. 3-12.

 

Figure 4: Two indices of increasing BCI research. The left panel presents attendance at the five Graz 

International BCI Workshops, which were held in 2002, 2004, 2006, 2008, and 2011. The right panel shows 

peer-reviewed BCI publications. We thank Prof. Jonathan Wolpaw for permission to use the figure in the 

right panel, which will appear in the introductory chapter of his upcoming book from Oxford University Press 

(Wolpaw and Wolpaw, 2012). 

Several sources also indicate that commercial interest in BNCI research is increasing. Within the 

business community, there has been a major increase in non-invasive BCI sales. According to an 

email from Dr. ¢ƘƻƳŀǎ {ǳƭƭƛǾŀƴ ŦǊƻƳ bŜǳǊƻ{ƪȅ ƛƴ aŀǊŎƘ нлммΣ ά²Ŝ Řƻ ǎŀȅ ǇǳōƭƛŎƭȅ ǘƘŀǘ ǿŜ Ƙave 

shipped over 1 million integrated circuits that process EEG signals. This is not just in our own 

ƘŜŀŘǎŜǘǎΣ ōǳǘ ƛƴ ǘƘŜ ƘŜŀŘǎŜǘǎ ƻŦ ƻǳǊ ǇŀǊǘƴŜǊǎ ƭƛƪŜ aŀǘǘŜƭΦέ A Wired magazine article also includes the 

estimate of one million units, with sales of five million projected by the end of 20117. The 

aforementioned dry sensors have led to simple games based on head-mounted sensors that did not 

exist a few years ago. Users might levitate a rock or car by focusing attention on a target object and 

trying to relax. Other manufacturers of BCI products for both laboratories and end users are thriving. 

Dr. Günther Edlinger from Guger Technologies reports that g.tec had an increase in annual sales of 

./L ŜǉǳƛǇƳŜƴǘ ƻŦ ŀōƻǳǘ ор҈ ǇŜǊ ŀƴƴǳƳ ǎƛƴŎŜ нллрΦ {ǘŀǊƭŀōΩǎ 9bh.Lh ǎȅǎǘŜm was launched in late 

2009. Seventy-five percent of all ENOBIO sales have been for BCI applications. Two high-profile 

American companies devoted to invasive BCIs have been less successful. One such company, 

Cyberkinetics, ceased operations in 2009, although they had some excellent people, solid 

publications, and impressive BCIs. Many small to medium companies such as TMSi, Starlab, and 

Quasar have focused heavily on developing improved sensors for BCI systems over the past few 

years. Huge companies like Philips have some projects involving BCIs and similar systems.  

 
7 http://www.wired.co.uk/magazine/archive/2011/07/start/mind-controller 

http://www.wired.co.uk/magazine/archive/2011/07/start/mind-controller


 

  

24 

24 

Section 2: Introduction  

 

© 2012   future-bnci.org 

Enthusiasm for BCI research is also apparent through funding decisions by the EC and national 

ŦǳƴŘƛƴƎ ŜƴǘƛǘƛŜǎΦ ¢ƘŜ 9/ ǎǇŜƴǘ ŀōƻǳǘ ϵоу Ƴƛƭƭƛƻƴ ƻƴ ǘŜƴ ǇǊƻƧŜŎǘǎ ōŀǎŜŘ ƻƴ ./Lǎ ŀƴŘ ǊŜƭŀǘŜŘ ǎȅǎǘŜƳǎ 

during its Seventh Framework Funding Programme (FP7), and three more are expected to begin 

soon. One example of an FP7 funded project is Future BNCI, led by the author, which focuses on 

analyzing and facilitating BCI and BNCI research. Another is the BrainAble project, which is 

developing a suite of improved BNCI tools for a variety of applications and heavily emphasizes testing 

and development for severely disabled users in real-world settings. The Dutch government provided 

ϵнп Ƴƛƭƭƛƻƴ ŦƻǊ ǘƘŜ .ǊŀƛƴDŀƛƴ ǇǊƻject, and some other national governments in Europe and elsewhere 

(primarily the US and Asia) are funding BCI projects. The United States has focused much more 

heavily on invasive research than the European Union recently, resulting in several impressive recent 

American papers on invasive BCIs. These figures only reflect projects that focus primarily on BCIs and 

BNCIs. Many other funded projects focus primarily on other efforts, such as robotic wheelchairs, but 

do include some BCI or BNCI work, such as providing one of several mechanisms to control a robotic 

wheelchair system. 

Finally, BCIs are suddenly gaining widespread attention in the popular media. Popular printed 

publications have featured cover stories about BCI research recently, including Scientific American, 

Scientific American Mind, Discover, Popular Science, and Wired. Members of the Future BNCI project 

have presented BCI research twice each on CNN, Fox, and 3SAT, as well as the Discovery Channel, 

WDR, and other networks. Other major networks like ABC, NBC, CBS, NPR, and BBC News have also 

presented work highlighting BCI research. BCIs have also been plot elements in many mainstream 

movies and TV shows, such as all five televised Star Trek series, House, Fringe, Surrogates, and the 

Matrix and X-Men series.    

 

Analytica l framework  
One of the early challenges encountered when evaluating future directions is identifying all of the 

ŦŀŎǘƻǊǎ ǘƘŀǘ ƳƛƎƘǘ ƛƴŦƭǳŜƴŎŜ ǎƻƳŜƻƴŜΩǎ ŘŜŎƛǎƛƻƴ ǘƻ ōǳȅ ƻǊ ǳǎŜ ŀ .b/LΦ !ǎ ǿƛǘƘ ŀƴȅ ŎƻƴǎǳƳŜǊ ŘŜǾƛŎŜΣ 

price and performance are important, but performance involves far more considerations than simply 

information throughput (Schalk, 2008). Similarly, the price of a BNCI system in terms of financial cost 

may be insignificant compared to the cost of wasted time; each session of conventional BCI use can 

require as much as an hour of preparation and cleanup. Furthermore, BNCI development could be 

disrupted by numerous related disciplines. For example, a breakthrough in electronics or 

manufacturing technology could alter the BNCI landscape dramatically.   

The figure below presents an analytical framework ŦƻǊ .b/L ǎȅǎǘŜƳǎ ό!ƭƭƛǎƻƴΣ нлмлύΦ ¢ƘŜ άƪŜȅ ŦŀŎǘƻǊǎέ 

summarize the numerous factors that affect BNCI adoption. Many of these factors are often 

overlooked, and could represent underappreciated potential roadblocks or opportunities. For 

example, a new BCI that delivers particularly high information throughput might seem appealing ς 

but what if a competing product requires less distraction and can be ready to use within minutes 

without any expert help? 
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Figure 5: An analytical framework for identifying factors in BCI adoption (from Allison, 2010). 

 

Success stories  
While success within academic, commercial, and public sectors is important, one of the key 

indicators of success is helping persons with severe disabilities. Since BCI research, until recently, 

focused mainly on these users, some success should be expected. On the other hand, this is a very 

difficult task, and success should be defined accordingly. Here, we present three examples of 

successful BCI users, along with some brief discussion of the relevant lessons. Please note that the 

first two persons have chosen to publicly disclose their names.  

 

Dr. Scott Mackler is a professional neuroscientist who runs a 

neuroscience lab in New York. Several years ago, he was 

diagnosed with ALS. He could use an eye tracker as an 

assistive technology, but it became increasingly tiring as his 

disease progressed. In 2008, he began using a P300 BCI 

provided by the Wadsworth Center. He has since relied 

ƘŜŀǾƛƭȅ ƻƴ Ƙƛǎ ./L ŦƻǊ ŎƻƳƳǳƴƛŎŀǘƛƻƴΣ ǎǘŀǘƛƴƎ ǘƘŀǘ άL ŎƻǳƭŘƴΩǘ 

run my lab without BCI. I do molecular neuroscience research 

ŀƴŘ Ƴȅ ƎǊŀƴǘ Ǉŀȅǎ ǘƘǊŜŜ ǇŜƻǇƭŜΦ LΩƳ ǿǊƛǘƛƴƎ ǘƘƛǎ ǿƛǘƘ Ƴȅ 99D 

courtesy of the Wadsworth Center Brain-ComǇǳǘŜǊ LƴǘŜǊŦŀŎŜ wŜǎŜŀǊŎƘ tǊƻƎǊŀƳΦέ ¢Ƙƛǎ ǉǳƻǘŜ ŀƴŘ 

other supporting information have been published (Allison, 2009; Sellers et al., 2010), and Dr. 

Mackler and other BCI users were featured in a story in the prestigious news program 60 Minutes8.  

 

 

 
8
 http://www.cbsnews.com/stories/2008/10/31/60minutes/main4560940.shtml 

άL ŎƻǳƭŘƴΩǘ Ǌǳƴ Ƴȅ ƭŀō 

ǿƛǘƘƻǳǘ ./LΧΦ LΩƳ ǿǊƛǘƛƴƎ 

this with my EEG courtesy 

of the Wadsworth Center 

Brain-Computer Interface 

wŜǎŜŀǊŎƘ tǊƻƎǊŀƳΦέ 

http://www.cbsnews.com/stories/2008/10/31/60minutes/main4560940.shtml
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Tim Hemmes lost control of his arms and legs after a 

motorcycle accident. A group of researchers from the 

University of Pittsburgh implanted an ECoG based BCI that 

allowed Mr. Hemmes to control a prosthetic hand. With some 

training, Mr. Hemmes learned to move the arm in all directions 

and hit targets at nearly 100% accuracy. "It's the first time I've 

reached out to anybody in over seven years," Mr. Hemmes 

said. "I wanted to touch Katie. I never got to do that before." 

The research team plans another phase with six human users9. 

 

An artist also chose to participate in a research subject for a 

ǇǊƻƧŜŎǘ ǘƘǊƻǳƎƘ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ ²ǸǊȊōǳǊƎ ŎŀƭƭŜŘ ά.ǊŀƛƴtŀƛƴǘƛƴƎΦέ 

This BCI system allows people to create new artistic images with a 

BCI, such as the image shown below. The artist wrote that άIŜǊŜ ƛǎ 

my feedback to my first Brain Painting image; I am deeply moved 

ǘƻ ǘŜŀǊǎΦ L ƘŀǾŜ ƴƻǘ ōŜŜƴ ŀōƭŜ ǘƻ Ǉŀƛƴǘ ŦƻǊ ƳƻǊŜ ǘƘŀƴ р ȅŜŀǊǎΦέ 

Several other healthy and disabled users were able to use the BrainPainting system as well 

(Münssinger et al., 2010). 

 

Figure 6: An example of a BrainPainting created by a BCI user (Münssinger et al., 2010)
10

. 

Hence, there certainly are examples of BCIs providing real benefits to real patients in realworld 

scenarios. Critically, though, all of these stories present users who had ongoing support from a local 

BCI research lab, using a BCI system with one application designed for nobody in particular. 

 
9
 http://www.msnbc.msn.com/id/44843896/ns/health-mens_health/t/paralyzed-man-uses-brain-powered-

robot-arm-touch/#.TvbL8Fbv18F 

10
 http://www.frontiersin.org/neuroprosthetics/10.3389/fnins.2010.00182/fullΦ !ƭǎƻΣ ǎŜŜ ά/ŀǎŜ {ŎŜƴŀǊƛƻǎέΦ 

"It's the first time I've 

reached out to anybody 

in over seven years," Mr. 

Hemmes said. "I wanted 

to touch Katie. I never 

got to do that before."  

άHere is my feedback 

to my first BrainPaint 

image; I am deeply 

moved to tears.έ  

http://www.msnbc.msn.com/id/44843896/ns/health-mens_health/t/paralyzed-man-uses-brain-powered-robot-arm-touch/#.TvbL8Fbv18F
http://www.msnbc.msn.com/id/44843896/ns/health-mens_health/t/paralyzed-man-uses-brain-powered-robot-arm-touch/#.TvbL8Fbv18F
http://www.frontiersin.org/neuroprosthetics/10.3389/fnins.2010.00182/full
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Therefore, the main gap in BCI research is not in proving that BCIs can sometimes work, but in 

developing them as flexible, reliable, usable solutions that meet the needs of individual users with 

minimal dependence on carers or outside support. 

 

Learning mor e about the State of the Art  
Please see the following sources to learn more: 

 

 The following three sections of this roadmap contain a more detailed review of progress in 

the different BCI components. 

 The Financial and Business section reviews commercial developments. 

 The Project Summaries each summarize ongoing projects within the European Commission.  

 The Surveys of Stakeholders presents the different perspectives on the state of the art from 

different researchers and end users. 

 The FBNCI website has many sources of additional information, including downloadable 

lectures from BCI classes, free peer-reviewed articles, and videos. 
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Sensors, Signals, and Signal Processing 
 

In this section we present a short overview of the state-of-the-art of Sensors, Signals and Signal 

Processing, including trends in research. Taking this as a starting point we identify problems and 

challenges, suggest solutions and outline a five-year view for BNCI research on these topics.  

State of the Art  

BNCI signals from invasive sensors  

Although invasive sensors and their associated signals are not the primary focus of the Future BNCI 

project, no SoA would be complete without a discussion of this topic. For more information the 

following articles provide more thorough reviews of invasive BCI research including road-mapping 

from an invasive BCI perspective: "Brainςmachine interfaces: past, present and future" (Lebedev and 

Nicolelis, 2006), "Sensors for Brain-Computer Interfaces" (Hochberg and Donogue, 2006), ά.ǊƛŘƎƛƴƎ 

ǘƘŜ .Ǌŀƛƴ ǘƻ ǘƘŜ ²ƻǊƭŘΥ  ! tŜǊǎǇŜŎǘƛǾŜ ƻƴ bŜǳǊŀƭ LƴǘŜǊŦŀŎŜ {ȅǎǘŜƳǎέ (Donoghue, 2008), and "Neural 

control of motor prostheses" (Scherberger, 2009), άIǳƳŀƴ ŎƻǊǘƛŎŀƭ ǇǊƻǎǘƘŜǎŜǎΥ ƭƻǎǘ ƛƴ ǘǊŀƴǎƭŀǘƛƻƴέ 

(Ryu et al., 2009) provides a balancing perspective from the clinical point of view. 

To summarize the field of invasive BCI research, the majority has been focused on decoding signals 

from the motor cortex to move a cursor or device in 2D or 3D space; these recordings have been 

accomplished primarily with either single and multi-unit recordings from non-human primate motor 

cortex, or human ECoG recordings from epilepsy patients. There are also studies on the use of local 

field potentials from a spatial scale between spikes and ECoG fields, and in achieving BCI control from 

electrodes surgically implanted in the brains of human patients. 

 

Single and multi-units 

The first demonstration of primate closed-loop control was achieved more than forty years ago when 

monkeys were operantly conditioned to control the firing rate of cortical neurons via biofeedback 

(Fetz et al., 1969). There was a significant gap in time from the first suggestion that signals recorded 

invasively from cortical neurons could be used to control a prosthetic device (Schmidt et al., 1980). 

until populations of cortical neurons in monkeys were used to move a robot arm in 3d space with 

closed loop control (Taylor et al., 2002) and to drive natural enough movement for a monkey to feed 

itself with a prosthetic arm (Velliste et al., 2008). In this time period, significant effort was devoted to 

characterizing and decoding the signals of the motor cortex associated with movement; it was a 

breakthrough to the field of neuroscience to find that the population activity of single unit motor 

cortex can decode the endpoint of an arm movement independent of the specific pattern of muscle 

activations required to arrive at that endpoint (Georgopolous et al. 1982). !ǎ ǘƘŜ άǇƻǇǳƭŀǘƛƻƴ ǾŜŎǘƻǊ 

ŎƻŘŜέ ōŀǎŜŘ ƻƴ ǎǇƛƪŜǎ ōŜŎŀƳŜ ŀ ǇǊƻƳƛǎƛƴƎ Ǉƻǎǎƛōƛƭƛǘȅ ŦƻǊ ǘƘŜ ŘŜŎƻŘƛƴƎ ƻŦ ƳƻǾŜƳŜƴǘ ƛƴǘŜƴǘƛƻƴΣ ƳǳŎƘ 

work was devoted to characterizing the relationships between spikes and the parameters associated 

with motor control, such as direction, force, and velocity. At the same time, electrode arrays for 

chronically recording from large numbers of neurons were developed (Nicolelis, 1995; Maynard, 

1997), and a proof-of-principle that motor cortical neurons could control an external device with 1D 

control was carried out with a population of single units from rats (Chapin et al., 1999). Cortical 
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single-unit and multi-unit recordings from the primate motor cortex then became the focus of 

research into the development of brain-controlled motor output based on invasive signals. Wessberg 

et al., 2000 demonstrated that populations of neurons distributed through monkey premotor, 

primary motor cortex, and parietal motor regions, could predict 1D and 3D arm movement 

trajectories. Shortly thereafter, Serruya et al., 2002 demonstrated 2D cursor control based on 

recordings from monkey M1 neurons, and Taylor et al., 2002 showed 3D online control. Carmena et 

al., 2003 demonstrated combined 2D cursor control and hand grasping force control. 

One research direction in motor control BCI has been to recording from larger and larger numbers of 

single neurons (Nicolelis, 1995, 1997). Another has been to expand the number of discontinuous 

brain regions that have simultaneous implants (Nicolelis et al., 2003; Hastopoulos, 2004; Musallam et 

al., 2004). Hastopoulos, 2004 demonstrated that the hierarchical organization of the motor cortex 

can be used in simultaneous multi-region recordings for hierarchical decoding of movement selection 

and planning versus movement execution. The ensemble activity of the primary motor cortex more 

accurately predicts a specific hand movement trajectory, whereas the dorsal premotor area more 

accurately predicts target selection. Multi-area recordings for BCI do not necessarily have to be 

limited to the cortex only. Patil et al., 2004 demonstrated that ensemble thalamic recordings can be 

modulated based on visual feedback in terms of their responses to gripping force. 

Until recently it has been an open question as to how generalizable these promising results from 

healthy, intact monkey brains could be to the human patients who need BCIs.  The variety of 

neurological conditions, for which BCIs would be useful, include such diverse disorders as ALS, spinal 

cord injury, stroke, cerebral palsy, muscular dystrophy, and traumatic brain injury, among others. The 

first successful BCI in a human patient was achieved in the late 90s by Kennedy and colleagues 

(Kennedy and Bakay, 1998). Kennedy et al., 2000 used the outputs of motor cortex neurons in an ALS 

patient to control a cursor in 1D and 2D over a virtual keyboard as a communication device. In 

another break-through study, neuronal ensemble activity from a 96-channel microelectrode array 

over motor cortex was successfully used to achieve continuous 2D control over a cursor by a human 

tetraplegic patient who had suffered spinal cord injury (Hochberg and Donoghue, 2006). An 

extension of this study demonstrated that the same kinematic motor parameters (position and 

velocity) read out from the motor cortex of healthy, intact human cortices are present in the M1 

region of tetraplegic patients even after the loss of descending motor pathways (Truccolo, 2008), 

suggesting that the body of BCI research from healthy primate cortex studies can be applicable to 

patients with paralysis. Nevertheless, a recent review (Ryu et al., 2009) admonishes the field that 

these proof-of-principle studies are insufficient to suggest that invasive BCIs are ready for 

widespread use givŜƴ ǘƘŀǘ ǘƘŜǊŜ ǎǘƛƭƭ ǊŜƳŀƛƴ ōƻǘǘƭŜƴŜŎƪǎ ƛƴ άǎȅǎǘŜƳ ŘǳǊŀōƛƭƛǘȅΣ ǎȅǎǘŜƳ ǇŜǊŦƻǊƳŀƴŎŜΣ 

ŀƴŘ ǇŀǘƛŜƴǘ Ǌƛǎƪǎέ όǇΦоύΦ 

Although the majority of invasive BCI research programs have focused on motor output, there is a 

new research direction to expand beyond motor signaƭǎΣ ǘƻ ǘƘŜ ƛƴŎƭǳǎƛƻƴ ƻŦ άŎƻƎƴƛǘƛǾŜ ǇǊƻǎǘƘŜǘƛŎǎΦέ 

Cognitive prosthetics are defined ŀǎ ǎƛƎƴŀƭǎ ǘƘŀǘ άǊŜŎƻǊŘ ǘƘŜ ŎƻƎƴƛǘƛǾŜ ǎǘŀǘŜ ƻŦ ǘƘŜ ǎǳōƧŜŎǘΣ ǊŀǘƘŜǊ 

ǘƘŀƴ ǎƛƎƴŀƭǎ ǎǘǊƛŎǘƭȅ ǊŜƭŀǘŜŘ ǘƻ ƳƻǘƻǊ ŜȄŜŎǳǘƛƻƴ ƻǊ ǎŜƴǎŀǘƛƻƴέ ό!ƴŘŜǊǎŜƴ Ŝǘ ŀƭΦΣ нллпύΦ CƻǊ ŜȄŀƳǇƭŜΣ 

Musallam et al., 2004 demonstrate that activity from neurons in the parietal reach region of the 

posterior parietal cortex and the dorsal premotor cortex, can decode the intention or goal of a 

movement, rather than the kinematic parameters of a movement, even when the movement is 

ultimately not executed, providing a possible short-cut to the BCIs attempt to construct a specific 

movement trajectory. They also demonstrated a relationship between the decoding power of the 
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signals and the value of the reward. Cisek et al., 2004 uncovered similarly promising signals for 

cognitive prosthetics from the dorsal premotor cortex, possible single neuron correlates of mental 

rehearsal. Santhanam et al., 2006 demonstrated that the dorsal premotor (dPM) cortex can indeed 

provide a shortcut alternative to BCIs that are based on a decoding of the continuous movement 

trajectory. In this study, neural activity from dPM during the delay period of an instructed delay 

centre-out reach task could be used to quickly and accurately decode the target position at a rate of 

6.5 bits/second, which is significantly faster than that which had been previously achieved based on 

spikes or from scalp EEG. 

Local field potentials  

Local field potential (LFP) recordings measure the summation of excitatory and inhibitory post 

synaptic potentials of a population of neurons (Mitzdorf, 1985) estimated to cover a recording 

volume on the mm3 scale. The use of LFPs for BCI is a relatively new research direction. The 

amplitude of the spectra of LFP recorded from the motor cortex can be used to decode arm 

movement direction in a centre-out reaching task, and the best performance is achieved by a 

combination of different frequency ranges (Rickert et al., 2006). Researchers pursuing the use of LFP 

recordings for BCIs argue that LFPs represent a spatially optimal point between the fine resolution 

but sparse sampling of single neurons, and the widespread spatial sampling but limited specificity of 

EEG (Andersen et al., 2004; Pesaran et al., 2006).  Indeed, a direct comparison between LFP and 

macro cortical surface recordings during a center-out reaching task demonstrated that, at least for 

this particular task paradigm, LFP signals provided a higher resolution of decoded information than 

ECoG (Mehring et al., 2004). 

In addition to exploration for use in motor control, LFPs have also been tested for their efficacy for 

the development of cognitive neuroprosthetics.  For example, Pesaran et al., 2002 demonstrated 

that two different frequency bands of the LFP recordings from the lateral interparietal (LIP) region of 

ŀ ƳƻƴƪŜȅΩǎ ǇƻǎǘŜǊƛƻǊ ǇŀǊƛŜǘŀƭ ŎƻǊǘŜȄ ŘƛŦŦŜǊŜƴǘƛŀƭƭȅ ŘŜŎƻŘŜ ǇǊŜǎŜƴǘ ǎǘŀǘŜ ŜȅŜ Ǉƻǎƛǘƛƻƴ ǾŜǊǎǳǎ ǘƘŜ 

endpoint goal of saccadic eye movements. In another study, LFPs are shown to be even more 

effective at predicting reaching movements than saccades (Scherberger 2005). Both of these studies 

suggest that for some cognitive states, the decoding of LFPs outperforms that of simultaneously 

recorded spikes (Pesearan et al., 2002; Schereberger, 2005). A recent study showed that a change in 

the LFP spectrum in the parietal reach region can be an indicator of movement onset, even in the 

absence of a visual cue, and can be used for closed loop control (Hwang and Andersen, 2009). 

Electrocorticography (ECoG) 

Electrocorticography (ECoG), like LFP recordings, measure the fields produced by populations of 

neurons. The only difference is the cortical volume over which these signals integrate neural activity. 

ECoG recordings are believed to measure fields produced by hundreds of thousands of neurons along 

with volume conduction effects. 

As the LFP researchers argue that local fields are the ideal spatial scale in the trade-off between 

single units and scalp EEG, so argue the BCI researchers who use ECoG (Ryu et al., 2009). Although 

work as early as 1999 and 2000 suggested algorithms for ECoG-based BCI (Levine et al., 2000), the 

first demonstration of brain-controlled cursor movement via ECoG signals was in 2004, when 

Leuthardt et al., 2004 used ECoG signals from an epilepsy patient to control 1D cursor movements in 

offline processing and achieved 74-100% success in a closed loop binary control task. In this study, 

autoregressive spectral analysis was performed to determine the locations and spectral bands most 
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predictive of movement. An alternative approach used the time domain cortical surface potentials 

ŦǊƻƳ 9/ƻD ǊŜŎƻǊŘƛƴƎǎ όάƭƻŎŀƭ ƳƻǘƻǊ ǇƻǘŜƴǘƛŀƭǎέύ ǘƻ ŎƻƴǘǊƻƭ ŎƛǊŎǳƭŀǊ н5 cursor movements (Schalk et 

al., 2007). In this paradigm the local motor potentials produced better performance than the power 

spectra. The study was limited, however, in that the approach adopted was not necessarily 

generalizable to random cursor movements. The following year, Pisthol et al., 2008 addressed this 

critique in a study in which 2D arm movements to random targets were predicted from the low 

frequency filtered components of the ECoG signals recorded from the motor cortex. 

The decrease in focality of ECoG macrowire recordings as compared to microwire LFP could be seen 

as either a disadvantage or as an advantage since ECoG recordings cover broader brain areas and 

offer greater diversity in the cortical regions from which the recording will take place and greater 

selection in the locations of signals. The advantages that ECoG signals have over EEG include a higher 

spatial and spectral resolution. Gamma band power changes occur on a finer spatial scale than alpha 

and beta power changes (Miller et al., 2007), likely failing to produce widespread enough coherent 

signals measurable from the scalp. Some of the disadvantages of ECoG are the limited control over 

the placement of electrodes, since ECoG-based BCI studies currently are ethically approved only for 

those patients who have subdurally implanted electrodes for other clinical purposes. The risks 

associated with brain surgery (infection, complications of anaesthesia, etc.) are obvious drawbacks to 

this invasive approach. 

In 2011, a German startup, CorTec11, launched on the promise of practical and robust ECoG systems 

with improved biocompatibility for long-term implantation. Although not the first company to enter 

this space, their technology is novel and promising. 

Also in 2011, flexible ECoG arrays (Litt et al., 2011) have been introduced that can adapt to the 3D 

form of the cortex providing improved spatial resolution and access to data previously unavailable 

with 2D surface arrays. 

Invasive BCI conclusions 

To summarize, the vast majority of invasive BCI research has focused on the readout from the motor 

cortex for the control of external devices such as cursors and robot arms through 3-d space. The 

generalizability of signals and algorithms from motor read-out, to higher cognitive processes remains 

to be seen and is an active research area. Questions that will need to be addressed in this area 

include:  

 

i.) What kinds of signals would be most efficacious for cognitive prostheses?  

ii.) How can the current research on cognitive prosthetics in highly trained monkeys be 

generalized for use in human patients? 

 

Another interesting research direction is the use of multiple types of signals simultaneously. It could 

be advantageous to combine spikes and LFP recordings since they may represent different types of 

information: spikes represent the output of a recording area, whereas LFPs are representative of 

inputs and local processing. As described earlier, there are a few studies in monkeys in which spikes 

and LFP are recorded simultaneously (Pesaran et al., 2002; Scherberger, 2005). Both studies 

 
11 http://cortec-neuro.com/ 
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demonstrate that there are cognitive states for which the LFP is a better decoder than spikes.  There 

are also cases where the combination of both signals provides a better decoder than either alone 

(Mehring et al., 2003). There is also a study that compares the decoding power of monkey LFP to 

human ECoG in the same task, and finds that LFPs better predict target location in a centre-out 

reaching task (Mehring et al., 2004). Future directions in this area are: 

1. Which spatial scales (single units, multi-units, local field potentials, or 

electrocorticography) are the most useful for different BCI applications? Additional 

studies should be performed where data are recorded via different invasive modalities 

simultaneously.   

2. How can recordings at these different spatial scales be optimally combined? For 

example, new implantable multi-scale electrode montages used for epilepsy research 

(Worrel et al., 2008) in cognitive neuroscience (Quiroga et al., 2005) could be used for 

BCI research. 

 

Multi-scale recordings are just a specific example of multimodal brain imaging, and an important 

future direction for BCIs will be the use of multiple complementary imaging modalities in the 

generation of BCIs. For example, a study published just this year demonstrates the combined use of 

ECoG and fMRI, wherein fMRI is used in a pre-processing step to localize functional brain regions for 

ECoG-based cognitive control (Vansteensel et al., 2010). The combination of LFP or ECoG with EEG, 

EEG with fMRI, and EEG with NIRS are just a few examples of multimodal possibilities that could 

provide improved BCI performance. 

Finally, whereas plasticity was previously posed as a problem in the development of robust BCIs, 

since it is presumably an aspect of the cortical signals that required retraining of the system at the 

beginning of each session (Scherberger, 2009), the use of plasticity for improved BCI performance is a 

new and active area of investigation. For example, Ganguly and Carmena, 2009 demonstrate that 

after a random shuffling of weights, the decoding performance of movement BCI based on a 

population of spikes remains extremely high, as long as the specific ensemble of neurons from which 

the recording takes place remains stable. This finding has provided a degree of confidence to the 

notion that long-term recording from a population ensemble is possible. 

 

BNCI signals from noni nvasive sensors  

This section discussed the electrical potentials that can be measured on the surface of the body. The 

signals that are relevant for BNCI are Electroencephalography (EEG), Electromyography (EMG) and 

Electrooculography (EOG).  

 

Electroencephalography (EEG) 

Electroencephalography (EEG) is the measurement of field potentials produced by populations of 

neurons from the surface of the scalp, and has been used extensively for clinical applications as well 

as studying a wide range of cognitive and perceptual processes. As explained in the introduction of 

this section, current dipoles produced by synchronous activity in neurons with parallel oriented fibres 

sum linearly to produce macroscopic fields (Nunez and Srinivasan, 2006). The localization of current 

sources in the brain that produce the pattern of activity measured on the scalp is known as the 
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άƛƴǾŜǊǎŜ ǇǊƻōƭŜƳΣέ ŀƴŘ Ƙŀǎ ŀ ƴƻƴ-unique solution. This poses a problem for neuroscientists who are 

studying relationships between brain structure and function, but is not necessarily a problem for the 

application developer who would like to the use the signal with the highest predictability, 

irrespective of knowing where in the brain it came from. As such, EEG which is low cost and easy to 

use (as compared to invasive methods), has presented itself has a viable option for the development 

of BCIs. 

The first motor imagery BCI (in the modern sense) was proposed by Wolpaw, McFarland and 

colleagues in 1990, who demonstrated EEG-based cursor control the following year (Wolpaw et al., 

1991). The technical challenges of reading out brain intentions from such spatially diffuse signals 

measured outside the head is illustrated by the fact that only now, after twenty years of 

development, EEG signals can be used to obtain high performance control over 3D movement 

(McFarland et al,. 2010). An interim milestone was the achievement of EEG-based 2D cursor control 

in 2004 (Wolpaw and McFarland, 2004). 

Since some of the earliest EEG recordings, a salient 10 Hz rhythm, now referǊŜŘ ǘƻ ŀǎ άƳǳΣέ ǿŀǎ 

observed in over the sensorimotor cortex and would disappear during voluntary movement. The 

movement-ƛƴŘǳŎŜŘ ŎŜǎǎŀǘƛƻƴ ƻŦ Ƴǳ ǊƘȅǘƘƳΣ ŎŀƭƭŜŘ άƳǳ ōƭƻŎƪƛƴƎΣέ ƛǎ ŀ Ǌƻōǳǎǘ ǇƘŜƴƻƳŜƴƻƴ ƻōǎŜǊǾŜŘ 

with EEG, MEG, and intracranial EEG, during movements of the tongue, hand, arm, leg, and foot 

(Pfurtscheller, 1981; Pfurtscheller and Neuper, 1994; Pfurtscheller et al., 1987). Like alpha 

oscillations, beta range oscillations also contribute spectrally to the mu rhythm (Pfurtscheller, 1981; 

Pfurtscheller and Neuper, 1994). The frequency domain equivalent of mu blocking is the relative 

decrement in alpha and beta power. The movement-induced decrements in alpha (8-12 Hz) and beta 

(13-нр IȊύ ǇƻǿŜǊΣ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŜǾŜƴǘ-ǊŜƭŀǘŜŘ ŘŜǎȅƴŎƘǊƻƴƛȊŀǘƛƻƴέ ό9w5ύ ǘƘŜǊŜfore provide robust 

signals for predicting movement and have been used for EEG-based BCIs. 

In addition to its use for moving external effectors through space, EEG has also been used extensively 

for the development of communication BCIs. Stereotyped EEG signatures such as the visually evoked 

potential and the P300 signal (Kübler et al., 2001; Wolpaw et al., 2002; Sellers et al., 2006; Allison et 

al., 2007; Jin et al., 2011) provide robust signals for input to a variety of applications such as keyboard 

typing or the moving of a wheelchair. Visually evoked potentials are small changes in the EEG in 

response to visual stimuli, particularly measurable over the occipital area and most saliently elicited 

by flashing lights. The P300 is a positively deflected peak in the raw EEG signal that occurs 

approximately 300 milliseconds after the presentation of an unexpected stimulus (typically visual, 

auditory, or somatosensory). Slow cortical potentials, for example the bereitschaftpotential 

(Niedermeyer, 1999), or low frequency/DC shift that precedes movement, are another example of 

stereotyped EEG signals that can be used for BCIs. 

Some examples of new and interesting research directions for EEG-based BCIs include the use of 

inverse modelling to improve signal extraction (Noirhomme et al., 2008), the combined use of EEG 

with fMRI, and the mixing of different stereotyped EEG signals in a single BCI (Brunner et al., 2010), a 

ƴŜǿ ŀǇǇǊƻŀŎƘ ƪƴƻǿƴ ŀǎ άƘȅōǊƛŘ ./Lǎέ ǘƘŀǘ ǿƛƭƭ ōŜ ŘƛǎŎǳǎǎŜŘ ƛƴ ŦǳǊǘƘŜǊ ŘŜǘŀƛƭ ŜƭǎŜǿƘŜǊŜΦ 

Electromyography (EMG)  

As explained above, muscular cells are electrically active. Electromyography consists of recording the 

electrical signals associated with muscular fibers. The EMG is often used in clinics to study muscular 

disorders. Very thin needle electrodes can be inserted into muscle tissue, but also recordings from 
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the skin surface can be useful, because some portion of the electrical activity produced in muscle 

fibers is transmitted to the body surface.  

 

Electrooculography (EOG) 

Precise control of eye movements is crucial for accurate perception of the outside world. The eyeball 

is an electrical dipole and its movements distort the electrical potential of neighbouring areas. 

Another distortion on the potential is created with the blinks, as the eyelids and other tissues 

surrounding the eyeball change their position, changing the electrical permeability of the space 

around the eye, and thus the pattern of the electrical field. The electrooculography (EOG) technique 

is concerned with measuring changes in electrical potential that occur when the eyes move or blinks 

are performed. The EOG has been useful in a wide range of applications from the rapid eye 

movements measured in sleep studies to the recording of visual fixations during normal perception, 

visual search, perceptual illusions, and in psychopathology. Studies of reading, eye movements 

during real and simulated car driving, radar scanning and reading instrument dials under vibrating 

conditions have been some of the practical tasks examined with eye movement recordings. Eye 

blinks are easily recorded with EOG procedures and are particularly useful in studies of eyelid 

conditioning, as a control for possible eye blink contamination in EEG research, and as: measures of 

fatigue, lapses in attention, and stress. There are also periodic eye blinks that occur throughout the 

waking day that serve to moisten the eyeball. Still another type of eye blink is that which occurs in 

response to a sudden loud stimulus and is considered to be a component of the startle reflex. The 

startle eye blink is muscular and is related to activity in the muscles that close the lids of the eye. 

Research on the eye blink component of startle has revealed interesting findings that have 

implications for both attentional and emotional processes. 

 

Magnetoencephalography (MEG)  

Magnetoencephalography (MEG) is the recording of the magnetic fields produced by electrical 

currents occurring in the brain. The acquisition of these signals is non invasive as it is performed by 

magnetic field sensors placed on the surface of the scalp. The first MEG recordings where done in 

1968 at the University of Illinois by the physicist David Cohen using a copper coil in a shielded room 

to avoid the interference of external magnetic fields, including the one from the earth (Cohen, 1968). 

Nowadays arrays of Superconducting Quantum Interference Devices (SQUIDS) are used for sensing. 

Counterpoised to EEG where the mean contribution to the signal comes from extracellular volume 

currents, the main signal recorded with MEG devices is the one generated by synchronized 

intracellular axonal currents (Barth et al., 1986). About 50000 neurons with a similar orientation are 

required to create a signal that is detectable (Okada et al., 1983).  

 

Functional magnetic resonance imaging (fMRI)  

Functional magnetic resonance imaging (fMRI) is a non-invasive measurement of a task-induced 

blood oxygen level-dependent response, and has been a core methodology of cognitive neuroscience 

research for decades. fMRI data are traditionally analȅǎŜŘ ƻŦŦƭƛƴŜΣ ŀǎ ŀ άŎƻƴǘǊŀǎǘ ƛƳŀƎŜέ ƛǎ ƎŜƴŜǊŀǘŜŘ 

from the difference between an image from some baseline hemodynamic response and an image of 

hemodynamic responses in the brain during a specific task. Within the past five or so years there has 

been a paradigm shift in the way fMRI data are analysed, as researchers have discovered what is now 

ǊŜŦŜǊǊƛƴƎ ǘƻ ŀǎ ǘƘŜ άŘŜŦŀǳƭǘ ƴŜǘǿƻǊƪέΣ ƻǊ άǊŜǎǘƛƴƎ ǎǘŀǘŜ ŦawLΦέ bŜǳǊƻǎŎƛŜƴǘƛǎǘǎ ƘŀǾŜ ǊŜŀƭƛȊŜŘ ǘƘŀǘ 

there is no true baseline state of the brain, and that the patterns oŦ ōǊŀƛƴ ŀŎǘƛǾŀǘƛƻƴ ŘǳǊƛƴƎ άǊŜǎǘέ 

actually reveal the regions of the brain that are functionally connected when the subject is merely 
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άǘƘƛƴƪƛƴƎέ ƻǊ ŘŀȅŘǊŜŀƳƛƴƎΦ wŜǎǘƛƴƎ ǎǘŀǘŜ ŦawL ƛǎ ŀƴŀƭȅǎŜŘ ƛƴ ǘƘŜ ŎƻƴǘƛƴǳƻǳǎΣ ǊŀǘƘŜǊ ǘƘŀƴ ǘǊƛŀƭ-average 

domain, which may have opened the door to analyse of fMRI in a real-time mode which is what 

would be required for an fMRI-based BCI. Additionally, recent technological advances in the speed of 

data acquisition and processing have allowed for the feasibility of real-time processing of fMRI data, 

giving rise to the recent surge in real-time fMRI studies.  

A number of studies in recent years demonstrate with real-time fMRI that subjects can achieve 

closed loop neuromodulation of specific brain regions. For example, (Yoo et al., 2002) use feedback 

from fMRI recordings to modulate the extent of activity in sensory and motor cortex. Posse et al., 

2003 demonstrated a proof of principle that amygdala activation changes on a single-trial basis in 

response to self-ƛƴŘǳŎŜŘ ǎŀŘƴŜǎǎ ƛƴ ŀƴ άopen-ƭƻƻǇέ ǎȅǎǘŜƳΦ ¢Ƙƛǎ ǿŀǎ ŦƻƭƭƻǿŜŘ ōȅ ŀ ŎƭƻǎŜŘ-loop 

demonstration of closed-loop neuromodulation of the anterior cingulate cortex with training 

(Weiskopf et al., 2003). In a later study, Caria et al., 2007 showed in a carefully controlled study that 

visual feedback from fMRI can be used for real-time modulation of the signals in anterior cingulate 

cortex. deCharms, 2005 demonstrated that real-time fMRI-based neuromodulation of the rostral ACC 

allowed for both healthy subjects and patients of chronic pain to control their subjective experience 

of pain in response to a noxious stimulus. fMRI neuromodulation for rehabilitation or functional 

improvement has gained considerable attention recently, as discussed in the next section.  

 
Near-infrared spectroscopy (NIRS)  

Near-infrared spectroscopy (NIRS) involves a specific band in the electromagnetic spectrum with a 

wavelength in the range of 780 to 2500 nm. This wavelength corresponds to the energy of molecular 

vibration. The selective absorption of the near-infrared energy at certain frequencies is related to 

specific type of molecules. When a sample of matter is exposed to near-infrared light, the spectrum 

of the light measured after the exposure to the sample shows a characteristic trace dependant upon 

the different chemical compositions of the sample. This optical method is used in a number of fields 

of science including physics, remote monitoring, physiology, or medicine for a variety of applications 

as chemical analysis or the study of the atmospheres of cool stars in astronomy, among others. It is 

only in the last few decades that NIRS began to be used as a medical tool for monitoring patients. 

The interest of BNCI in NIRS is based on the capability of this technique to obtain non-invasive 

measures related to the functional activity of the brain. NIRS can detect changes in the amount of 

oxygen content of haemoglobin. The kinetics of the oxygen concentration in the brain is related with 

metabolic processes that indicate major or minor energy consumption associated with neural 

activity. The NIRS signal can be thought as a brother of fMRI; the main advantage of the first one is 

that the systems are cheaper, portable and easier to use than an fMRI machine (Muehlemann et al., 

2008). The main drawback is that the poor penetration of the light on the brain tissues only allows 

measurement of activity in cortical areas. The terms near infrared imaging (NIRI) and functional NIRS 

(fNIRS) are often used to refer to this technique. 

 

Invasive BNCI sensors 
Multi Electrode Arrays (MEA's)  

Multi Electrode Arrays (MEA's) have been widely used in in-vitro cell cultures (non-implantable 

MEAs). Nowadays there is a tendency to move from in-vitro to in-vivo solutions (implantable MEAs). 

When used in-vivo, these sensors are often used to record Electrocorticogram (ECoG). The reason is 
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to avoid brain damage that would occur when introducing the MEA into the deep brain. In this 

review we will focus on implantable MEAs (i.e. in-vivo), since those are the ones that can be used in 

potential BCI applications. 

There are three major categories of implantable MEAs: 

 Microwire MEAs: these are usually made of stainless steel or tungsten and are useful to 
estimate the position of individual neurons by triangulation. 
 

 Silicon-based MEAs: There are two specific models: the Michigan and Utah arrays. Michigan 
arrays allow a higher density of sensors for implantation as well as a higher spatial resolution 
than microwire MEAs. They also allow signals to be obtained along the length of the shank, 
rather than just at the ends of the shanks. In contrast to Michigan arrays, Utah arrays are 3-
D, consisting of 100 conductive silicon needles (Maynard et al., 1997). However, in a Utah 
array signals are only received from the tips of each electrode, which limits the amount of 
information that can be obtained at one time. Furthermore, Utah arrays are manufactured 
with set dimensions and parameters while the Michigan array allows for more design 
freedom.  
 

 Flexible MEAs: made with polyimide, parylene, or benzocyclobutene, provide an advantage 
over rigid microelectrode arrays because they provide a closer mechanical match, as the 
¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻŦ ǎƛƭƛŎƻƴ ƛǎ ƳǳŎƘ ƭŀǊƎŜǊ ǘƘŀƴ ǘƘŀǘ ƻŦ ōǊŀƛƴ ǘƛǎǎǳŜΣ ŎƻƴǘǊƛōǳǘƛƴƎ ǘƻ ǎƘŜŀǊ-
induced inflammation.  

Most MEAs are used for studies in animals, rather than in humans. One study shows an interesting 

design for an implantable microelectrode and as a proof of concept they present their results on 

recordings on rat brain slices (Song et al., 2005). Kipke et al., 2003 presents results of a silicon based 

MEA implanted in 6 living rats. 5 out of the 6 implanted MEAs were operational for 6 weeks and 4 

out of 6 during more than 28 weeks. These results are optimistic regarding MEAs implants in 

humans. Hoogerwerf and Wise, 1994 showed a similar result with implants in guinea pig cortex. After 

three months in vivo, no significant tissue reaction was observed surrounding the MEAs.  

Impressive work has been done by the group at Duke University, Durham, North Carolina, United 

States of America. Using BCI based on implantable electrodes they have shown how a Macaque 

monkey was able to reach and grasp using a robotic arm (Nicolelis et al., 2003). 

Another interesting work describes the use of a BNCI by 5 tetraplegic subjects (Kilgore et al., 1997). 

By controlling the movement of their shoulder, they were able to grasp and release. It is a good 

example of on operative implant of a neuroprostheses but close to a muscle rather than in the brain 

itself. 

To finalize this subsection, we would like to present a European funded project, called 

NeuroProbes12, to stress the relevance of the implantable electrodes in the neuroscience research 

field today and in the future: 

NeuroProbes is a European Project aiming at developing a system platform for the scientific 

understanding of cerebral systems, and for the treatment of the associated diseases.  

 
12 http://naranja.umh.es/~np/index.php 

http://naranja.umh.es/~np/index.php
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ά¢ƘŜ ǿƻǊƪ ǿƛƭƭ ŜƴŀōƭŜ ŀƴ ƛƴǘŜƎǊŀǘŜŘ ǘƻƻƭ ǘƘŀǘ ŎƻƳōƛƴŜǎ ƳǳƭǘƛǇƭŜ ŦǳƴŎǘƛƻƴǎ ǘƻ ŀƭƭƻǿ ŜƭŜŎǘǊƛŎŀƭ ŀǎ ǿŜƭƭ 

as chemical sensing and stimulation of neurons. Fourteen partners, from all over Europe and both 

from academic and industrial worlds, form the NeuroProbes consortium. The aim of the proposed 

research is to develop a system platform that will allow an extremely wide series of innovative 

diagnostic and therapeutic measures for the treatment and for the scientific understanding of 

cerebral systems and associated diseases. The proposed work will enable a new integrated tool that 

combines multiple functions to allow electrical recording and stimulation as well as chemical sensing 

and stimulation. The resulting potential is expected to lead to a new era of work in the field of 

fundamental, scientific, as well as clinical brain research. Furthermore, the medical relevance of this 

work will also be demonstrated in the course of the project, specifically in the context of vision 

ǊŜǎǘƻǊŀǘƛƻƴ ƻŦ ǇǊƻŦƻǳƴŘƭȅ ōƭƛƴŘ ǇŀǘƛŜƴǘǎΦέ 

 

Noninvasive BNCI sensors 
Non-invasive sensors do not require surgical intervention to place the electrodes. In other words, the 

electrodes are placed outside the head. More information can be found in the summary of signals. 

 

Biopotential/Local Field Potental transducers 

A local field potential transducer is a type of hardware aimed at recording brain activity. There are 

two basic types: resistive contact and capacitive non-contact. 

 

Non-polarisable metal biopotential transducers 

Since these sensors are non-invasive, (i.e. surgical intervention is not required to place the sensor) 

and relatively cheap and easy to set up they are by far the most common sensors used nowadays in 

BCI designs. 83% of BCIs in Mason et al., 2007 are EEG systems, and we can assume that most of 

these used Ag/AgCl sensors. 

Both active and passive versions of the sensors exist. There are several companies that 

commercialize sensors, which are very different in concept and design. For instance we have dense 

array EEG systems such as the ones offered by the company EGI and we also have 1 channel single 

electrode system such as the one offered by Neurosky. 

In the research environment, several wireless systems have recently appeared, including those from 

g.Tec13, Neuroelectrics14 and Mindmedia15. This move to wireless systems is essential and 

inevitable for user friendly systems such as those that can be used at home. 

 

 
13

 http://www.gtec.at 

14
 http://neuroelectrics.com 

15
 http://www.mindmedia.nl 

http://www.gtec.at/
http://neuroelectrics.com/
http://www.mindmedia.nl/
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Conclusions: Signals and sensors 
Another line of research that could improve the ease of performing ubiquitously physiologic 

recordings is the development of better electrodes. Two major directions can be found in this line. 

1. Dry electrodes. Some prototypes already incorporate the use of dry electrodes in 
unobtrusive physiologic recordings (Lin et al., 2009). Other, even more unobtrusive, 
ǘŜŎƘƴƻƭƻƎƛŜǎ ŀǊŜ ŀǇǇŜŀǊƛƴƎ ƭƛǘǘƭŜ ōȅ ƭƛǘǘƭŜΦ IƻǿŜǾŜǊΣ ƛǘ ŘƻŜǎƴΩǘ ǎŜŜƳ ǊŜŀǎƻƴŀōƭŜ ǘƻ ŀŘŘǊŜǎǎ 
the use of these innovative sensors until it has been thoroughly proved that, within the 
limiting hardware conditions ςlow sampling rate, few electrodes- robust results can be 
obtained. 

2. Capacitive electrodes (see next section). The use of capacitive electrodes also promises to 

bring better levels of unobtrusiveness concerning hardware monitoring. The problem is that 

since currently the electrodes need to maintain a constant distance with the surface, the 

overall hardware setup is easy to apply and remove, but remains quite big. A recent example 

of a system for EEG monitoring using several capacitive sensors was developed (Oehler et al., 

2008).  

In conclusion, although current developments promise to bring new levels of usability of EEG 

interfaces, the main focus should go into proving that within the limitations of the hardware, the 

signals that can be obtained can be successfully used for biometry, and in particular in activity related 

scenarios. For this, specific hardware should be used if it is available, but if not then obtaining data 

with a general physiology sensor would be enough to adapt the data to the constraints that these 

portable hardware implies. 

 

Non-contact capacitively coupled biopotential transducers 

The capacitive electrodes have the enormous advantage that they do not need a direct contact with 

the skin. On the other hand, as the distance between the skin and the capacitive electrode has a 

large effect on the signal, it is complicated to place them in such a way that this distance does not 

change. In other word, capacitive electrodes are very sensitive to movement artifacts. 

There are some more recent advances in the field of capacitive electrodes (Chi et al., 2009).  This 

work presents a non-contact capacitive biopotential electrode with a common-mode noise 

suppression circuit. The sensor network utilizes a single conductive sheet to establish a common 

body wide reference line, eliminating the need for an explicit signal ground connection. Each 

electrode senses the local biopotential with a differential gain of 46dB over a 1-100Hz bandwidth. 

Signals are digitized directly on board with a 16-bit ADC. The coin-sized electrode consumes 285uA 

from a single 3.3V supply, and interfaces with a serial data bus for daisy-chain integration in body 

area sensor networks. 

One of the most interesting developments in this field is the Electric Potential Integrated Circuit 

(EPIC) from the Prance group at the University of Sussex. This technology has recently been licensed 

by Plessey Semiconductors16 for use in medical applications such as ECG but the technology has a lot 

of potential for EEG also. The sensors are capable of recording biopotentials at a distance and are 

more robust to motion artifacts than prior art. 

 
16

 http://www.plesseysemiconductors.com/epic.html 

http://www.plesseysemiconductors.com/epic.html
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Hybrid transducers (resistive and capacitive) 

The company QUASAR17 has developed an innovative bioelectrode that uses hybrid technology: it 

records through normal standard resistive electrodes and at the same time it records the same signal 

using capacitive electrodes. The key is the electrode itself that contains several pins. These can make 

contact through the hair with the skin. Once the electrode is set up, the distance should remain 

constant, allowing the capacitive electrode, which is embedded in the electrode, to work properly. 

There are two publications that describe this system (Sellers et al., 2009) and (Matthews et al., 2007). 

Superconducting quantum interference device (SQUID) magnetometers 

These devices are used for Magnetoencephalography (MEG). David Cohen recorded the first MEG 

signal back in 1968 before the invention of the SQUID (Cohen, 1986). MEG devices nowadays are 

based on the SQUID detectors and the signals recorded are of very good quality, i.e. comparable to 

EEG signals. Present-day MEG arrays are set in helmet-shaped dome that typically contain 300 

sensors, covering most of the head.  

This technology is non invasive, but the MEG device is very big and the sensors need to be placed in a 

Magnetically shielded room (MSR). The device is quite expensive and, as it has to be placed in a MSR, 

the cost of the use of a MEG increases. Moreover, in order to achieve high magnetic fields (up to 5 

Tesla in some cases), the sensor needs to be cooled down by means of cryogenic technology. The 

device price is around 2 Million Euros and it is important to take into account the maintenance cost 

as well. These devices need to run at a very low temperature in order to produce high magnetic 

fields. In order to reach very low temperatures, MEG devices contain liquid helium. 

In the last decade, the Prance group at the University of Sussex has been working on low noise 

electronic systems, with coil designs based on modern amorphous magnetic materials, to create 

compact induction magnetometer systems with SQUID level field sensitivity. These systems are 

robust, can operate at room temperature and have a large enough dynamic range to allow them to 

function without shielding or gradiometric balancing in most environments. While the technology 

has not yet been taken up by the community there is a lot of potential here for improved usability 

(Prance et al., 2006). 

Hemodynamic transducers  

Hemodynamic transducers are based on the recording of the blood flow rather than in recording the 

electric fields generated by the neurons. These recordings provide an insight into the brain activity 

because changes in blood flow and blood oxygenation (collectively known as hemodynamics) in the 

brain are closely linked to neural activity. This is known since 1890 (Roy and Sherrington, 1890). 

Several methods are used to record hemodynamic changes and all of them are non invasive.  In the 

next sections we will review these different techniques. 

 

Near infrared spectroscopy (NIRS) 

NIRS is a much less expensive and cumbersome method than some other options, and fairly new. 

Functional NIRS (fNIRS) examines changes in blood haemoglobin caused by neuronal activity. Some 

articles have described fNIRS based BCIs (Coyle et al., 2007; Kanoh et al., 2009; Power et al., 2011). 

Some custom fNIRS devices have been developed and tested for BCI applications (Benaron et al., 

2000; Coyle et al., 2004; Bauernfeind et al., 2008). fNIRS is also promising for scientific and medical 

 
17

 http://www.quasarusa.com/hardware.html 

http://www.quasarusa.com/hardware.html
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research, such as studying brain activity that is correlated with mental artithmetic or changes in 

motor areas following stroke (Eliassen et al., 2008; Bauernfeind et al., 2011).  

 

Functional Magnetic Resonance Imagery (fMRI) systems 

Many BCI systems based on fMRI are done offline, i.e. no closed loop exists and no neurofeedback is 

done (at least in real time). Weiskopf et al., 2004 shows a BCI system that could work in real time, 

providing the user a neurofeedback application. Yoo et al., 2004 is also done in real time. A set of 

subjects is able to navigate in a 2D maze by using their thoughts. 

 

Figure 7: Spatial and temporal resolution of most common non-invasive techniques. 

  

BNCI signal processing 
Features in signal processing 

The feature extraction methods regarding EEG data analysis can be separated into 2 main groups: 

temporal domain features and frequency domain features. Each one of these groups can be further 

divided in single channel type of features and synchronicity features (relations between 2 channels). 

Finally there are features that use more than two channels. As there are many techniques for each 

one of both groups, below we provide some of the main type of features used in both cases: 

 

Single Channel Time Domain Features: 

o Autoregression 
o {ǘŀǘƛǎǘƛŎŀƭ ŦŜŀǘǳǊŜǎ όƳŜŀƴΣ ǾŀǊƛŀƴŎŜΣ ƪǳǊǘƻǎƛǎΣ ǎƪŜǿƴŜǎǎΧύ 
o /ƻǊǊŜƭŀǘƛƻƴ ŦŜŀǘǳǊŜǎ όŀǳǘƻŎƻǊǊŜƭŀǘƛƻƴΣ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘǎΧύ 
o Energy 
o Entropy 
o Fractal dimension 

 

Single Channel Frequency Domain Features: 

o Band Power analysis 
o Wavelet related features 
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o Time Frequency related features 
o Bump Analysis (Vialatte et al., 2009) 

 

Synchronicity Time Domain Features: 

o Mutual information 
o Cross correlation 
o Phase synchrony 
o Synchronisation likelihood (Stam et al., 2002) 

 

Synchronicity Frequency Domain Features: 

o Coherence 
 

Multichannel Features: 

o Inverse problem resolution 
o Graph theory (Complex Networks) 
o Spatial Filters 

 

For a review of features used in BCI applications, please see Lotte et al., 2007.  

Computational intelligence methodologies for BNCI 

Since some works in the analysed literature already undertake a general survey on BCI (Bashashati et 

al., 2007; Mason et al., 2007), we review further approaches based on the employment of 

computational intelligence (CI) techniques for Brain-Neural Computer Interfaces. Computational 

Intelligence, also known as Soft-Computing, is a branch of Pattern Recognition that is characterized 

by the combination of different complementary techniques for the implementation of real 

applications. In this context, CI techniques are grouped in different types of techniques, each of them 

with its own characteristic function (Furuhashi, 2001):  

 

 Neurocomputing, which groups different neural network techniques.  

 Fuzzy Computing, which groups fuzzy logic, fuzzy sets, and fuzzy aggregation.  

 Evolutionary Computation, which is formed by Genetic Algorithms, Genetic Programming 
and Swarm Intelligence.  

 Probabilistic Computing, which includes several statistical techniques (Duda et al., 2001).  

 

Some authors add to this subset the research fields of Machine Learning, which in this context deals 

with classifier ensemble systems, and Chaos Computing, which includes some techniques based on 

Chaos Theory mainly employed in feature extraction.  

Projection techniques for BNCI 

Projection techniques used as an intermediate step between the feature extraction in a classical 

sense and the classification are gaining in importance in the field of BNCI. The general goal of 

projection is to achieve a feature representation (including or not a feature selection step) whereby 
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the underlying data can be better discriminated. There are two types of projection techniques: 

unsupervised and supervised. 

In this paragraph we explore unsupervised projection techniques used in BNCI. These are mostly 

based on the usage of independent component analysis (ICA), a technique used for separating a 

signal in different statistically independent components. Kachenoura et al., 2008 attempt to give an 

introduction to the widely used parameterization algorithms within ICA, namely SOBI, COM2, JADE, 

ICAR, FastICA, and INFOMAX. The application of these techniques in the BNCI field is also explained. 

They claim that an appropriate selection of the ICA algorithm significantly improves the BNCI 

performance. It is worth mentioning that most studies using ICA are based on Infomax and FastICA. 

ICA is similar to the more established principal component analysis (PCA) technique. The main 

concept in ICA is to find out a projection matrix that separates the signals in a set (of lower 

cardinality than the signal set) of sources. This is done by giving the so-called unmixing matrix as an 

output. The components of this matrix are computed through different procedures in the 

aforementioned algorithms but all are based on the maximization or minimization of a fitness 

function characterizing the independence (in some of these functions made equal to the non-

gaussianity). Not only the fitness function differentiates the algorithms, but the way it is maximized 

(or minimized) as well. Infomax is based on the maximization of the differential entropy, whereas 

FastICA maximizes the negentropy. The remaining functions maximize the so-called contrast 

function. It is worth mentioning that a further step differentiating these methodologies is the 

necessity of applying a previous standardization of the data, which is recommended in Infomax and 

mandatory for the rest except the ICAR. 

An interesting section in the paper makes a brief survey on what is the purpose of using ICA in 

different types of BNCI protocols. In P300 BNCI the two goals of the ICA employment is noise filtering 

and signal enhancement. In Bayliss and Ballard, 1998, ICA is used in order to separate signal from 

eye-movement artifacts, a quite frequently employed method nowadays. The second case can be 

found in the seminal paper of Xu et al., 2004. This work relies on ICA to select a signal and provide a 

reference that maximizes the SNR in an SSVEP BCI. A further extreme reduction in the number of 

channels is done as well in a mu-rhythm protocol, where ICA is applied for projecting 3 channels of 

data into a single one. In some protocols, ICA is applied to select the signal corresponding to the 

frequency band of interest. 

The final part of the paper analyses the performance of the different algorithms with synthetic data. 

The best performing algorithms are (all with very similar level) COM2, JADE, and FastICA. Infomax 

performance is only able to achieve similar performance with very noisy signals. 

Lin et al., 2009 describes a system to detect drowsiness and distraction in drivers. Although the paper 

does not directly descibe a BNCI application its methodology can be of interest for such an 

application field. The authors systematically show the application of ICA as a preprocessing stage. 

Then the components are separated between signal and artifact by applying 3 different 

methodologies: neural network / SVM classifiers, adaptive feature selection mechanism (AFSM), and 

k-means. In the second case the selected features are mapped onto a drowsiness estimation through 

the application of a neuro-fuzzy system denoted as ICAFNN.  

In spite of the works mentioned in the former paragraph, most systems use a supervised feature 

extraction stage. Here the most used technique is based on Common Spatial Patterns (CSP). Coyle et 
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al., 2008 presents a 2-class EEG-based brain-computer interface (BCI), either using 2 or 60 EEG 

channels, which claims to be the first work in this context. Furthermore (Blankertz et al., 2008) 

compares the performance for BCI classification of different types of Common Spatial Pattern 

algorithms. The paper describes in detail different CSP filters and variants, theoretical background 

and implementation. It focuses particularly on single-trial classification, revealing tricks of the trade-

off needed in order to achieve a powerful CSP performance. In a more recent work (Sannelli et al., 

2010) the same group discusses on the importance of previously selecting EEG channels for 

improving the performance of CSP. Some multi-class versions of CSP have been proposed as well, 

such as One Versus the Rest (Wu et al. 2005). 

Further supervised projection approaches, which are not based on CSP, are described in the 

following paragraphs. Coyle et al., 2005 presents neural networks for a BNCI application. Features in 

a two-class motor imagery paradigm are first extracted based on morphology of the time series and 

analysed with a supervised neural networks targeting class separability. Interestingly, they use two 

(neural networks) NNs, one per class (instead of using a multi-class approach). Lastly linear 

discriminant analysis (LDA) is used in the classification stage.  

Coyle, 2009 proposes to use a third type of filtering for BCI processing besides the usual spatial and 

spectral filtering. Neural networks are employed in a prediction based preprocessing framework, 

referred to as neural-time-series-prediction-preprocessing (NTSPP), in an electroencephalogram 

(EEG)-based BNCI. NTSPP has been shown to increase feature separability by mapping the original 

EEG signals via time-series-prediction to a higher dimensional space. The paper implements this 

temporal filtering through two different approaches, a self-organizing fuzzy neural network, and a 

multilayer neural network trained through back-propagation. Both types of networks are trained in 

order to answer to particular classes in a feature space of larger dimensionality than the input one, 

i.e. for M channels and C classes projects into at least MxC space. After this temporal filtering, CSP is 

applied. Interestingly the employment of a projection space takes into account both the eigenvectors 

of maximal eigenvalues (as usual) but also those with minimal eigenvalues as well. The results 

obtained are comparable in terms of performance to these obtained at Starlab with a simpler 

approach. 

A very recent study used a mix between Laplacian Filter and CSP (Sanelli et al., 2011). They achieve a 

similar performance as the one obtained using CSP, but using only 2-5 minutes of training data 

(compared to 20-50 minutes in the case of CSP). This study is a very good example of CI techniques 

applied to EEG classification. 

General pattern recognition 

Classification  

Lotte et al., 2007 includes a very extensive review of features and classifiers for BCI. The paper 

focuses particularly on classification in EEG-based BCI. It briefly analyzes features, mentioning: 

amplitude values of EEG signals, band powers (BP), power spectral density (PSD) values, 

autoregressive (AR) and adaptive autoregressive (AAR) parameters, time-frequency features and 

inverse model-based features.  

The paper discusses some theoretical aspects of classifiers such as different taxonomies. In the 

discussion on the curse of dimensionality the need of having 5 times so many train samples as the 

dimensionality of the feature vectors being classified is mentioned. This is just a rule of thumb 

extracted from the existing literature. We do not think this applied in all situations.  
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Moreover the paper justifies the application of classifier ensembles in order to reduce the variance 

term of the MSE, which is claimed to be particularly important in BCI data because of the variability 

from one acquisition set to the other. Besides this the paper makes a well-structured presentation of 

classifiers, distinguishing among the following groups: linear classifiers (LDA, SVM), neural networks 

(most focused on MLP), Bayesian (Bayesian quadratic, HMM), neighbour classifiers (KNN, 

Mahalanobis distance based), and classifier ensembles (different fusion strategies are discussed).  

Furthermore, Lotte et al., 2007 briefly describes each of these types of classifiers. However, the 

description does not allow a direct implementation. The intent of trying to analyse the features of 

each classifier type is very interesting and targets an unsolved question in pattern recognition 

research. As stated by PR theorems, there is no way to assess the general superiority of one classifier 

over another. Therefore a classifier is better than another one just on a particular data set, which can 

only be assessed experimentally (Duda et al., 2001). Therefore looking at general characteristics of 

classifiers, as is done in the paper, is, in our opinion, the right approach for selecting one classifier 

over another. However, they do not go deep enough, since their analysis is not grounded on the 

particular features of the data set, but on high-level features such as BNCI paradigm, the 

synchronous/asynchronous quality, and the existence or not of comparative studies of techniques. 

Although they attain such a comparison in Sec. 4.2 this analysis is not grounded on measurable 

features of the data (except the dimensionality of the feature vectors), but on theoretical expert 

knowledge on BNCI data. We summarize the recommendations stated in the paper in the following.  

For synchronous BNCI they report SVM, dynamic classifiers, and classifier ensembles outperforming 

other types of classifiers. SVM superiority is based on: robustness to outliers when being regularized 

(regularization is an important factor), minimization of the variance term in the error function, and 

robustness with respect to the curse of dimensionality. The only drawback of SVM is that they are 

slow, although it is possible to implement real-time BCIs with them.  

The good performance of dynamic classifiers is due to its capability of capturing temporal 

relationships. Moreover and since they classify vectors of smaller dimensionality they are not so 

affected by the curse of dimensionality. The problem they have is that they classify complete time 

sequences (this reason is not so well understood).  

Classifier ensembles are a good option because they reduce the variance term. In this context from 

all ensemble schemes, boosting is claimed to be excessively dependent on mislabelling data (but this 

does not normally occur, although the contrary is claimed in the paper).  

In the case of asynchronous BNCI, dynamic classifiers lose their superiority. No tests are known using 

SVM or ensembles of this type of BNCI (so good opportunity for advancing the SoA). Interestingly 

enough they finally claim the necessity on counting with prototyping toolkits for BNCI. They 

recommend BCI2000.  

Classifier ensembles for BNCI 

One classification paradigm currently very popular is that of classifier ensembles or multi-classifier 

systems. This paradigm originated within the Machine Learning community that has flowed into 

other research areas. In this kind of system different classifiers are applied to a data set and then the 

results are fused through an operator. Some works that take into account the application of this 

paradigm in BCI applications can be found in the following paragraphs and the literature (Lotte et al., 

2007). This work reflects the main advantage of using this type of approach in BCI. The employment 
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of a classifier ensemble decreases the variance of the classification error. Since the variability of 

signals is rather large in BNCI systems, i.e. the main component of the error function is that of the 

variance; such a feature is of enormous interest. 

The first approach we found in this context is this related to the BCI competition III by Shangkai Gao 

and colleagues (Wu et al., 2005). Although we have not found any paper in the literature describing 

the ensemble approach, we have analysed its structure (Cester et al., 2009). They make use of three 

different classifiers (LDA, fuzzy C-means, and SVM) in a bagging (Duda et al., 2001) structure. The 

fusion operator is the average. Performance is only acceptable when dealing with trial classification 

and not on a sample basis (as it would be desirable for a BCI system). Hammon et al., 2008 presents a 

further ensemble classifier approach for BCI. Up to 8 different types of feature extraction procedures 

are used. The features, which are extracted in all cases for each channel, they use are the following: 3 

autoregressive coefficients of an a 3rd order approximation; power estimates in 5 spectral bands 

based on a filter bank; EEG signals after artifact-removal and downsampling to deliver a 10 sample 

sequences; a wavelet decomposition of 3 levels based on a symlet function downsampled to deliver 

10 sample sequences; and 3 different feature sets based on ICA parameterized through the FastICA 

algorithm. Hence, a classifier stage is applied on the 8 extracted feature sets. Interestingly, they apply 

a multinomial logistic classification to these data sets, where the regularization parameter has been 

previously optimized through cross-fold validation. So we have eight classifiers, one per feature set, 

which are hence combined. Averaging is used as a fusion operator for the overall so-called meta-

classifier. The described framework is adapted to each of the users.  

We lastly comment on two recently presented frameworks. Fazli et al., 2009 tune the classifiers to 

subject-specific training data in a database with 45 subjects. In this case, subject-specific temporal 

and spatial filters form the ensemble. They claim such a system is able of real-time BCI use without 

any prior calibration (aka training). A slightly different approach is presented in White et al., 2010, 

where simulated neuron spike signals are used in a BNCI system. The work aims to use these signals 

for controlling a robotic arm. This data go through 3 different so-called neural decoders that map the 

spike signals into motor control signals. The result of these 3 neural decoders then goes through a 

decision fusion stage, which is implemented either with a Kalman filter or a Multilayer Perceptron. 

This is a slightly different approach than the other classifier ensemble approaches described herein, 

both from the used type of signals and the methodological point of view, but we mention it here for 

the sake of completeness. 

CI applied to BNCI 

Different classification techniques have been used in the BCI application field. They are described in 

the following paragraphs.  

Qin et al., 2007 makes use of Support Vector Machines (SVM) for classifying data from BCI 

competitions into two applications for non-invasive cursor control and invasive motor imagery. They 

claim the resulting system, which is qualified as semi-supervised, can reduce the need for training 

data. This feature characterizes spatial filtering techniques. 

A further work we briefly mention is in Herman et al., 2008, the performance of different spectral 

features, namely power spectral density (PSD) techniques, atomic decompositions, time-frequency 

(t-f) energy distributions, continuous and discrete wavelet approaches, for motor-imagery 

classification are analysed in terms of classification accuracy (CA). Different classifiers (LDA, its 
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regularized version, and SVM with linear and Gaussian kernels) performance is analysed. CA of all 

classifiers is in the interval 70-74% interval.  

The most complete review of classifiers for BCI applications can be found in Lotte et al., 2007. 

Extensive lists of different approaches can be found in this paper grouped by BCI paradigm. We 

review this paper in a separate section. 

 

Analyses 

Challenges  
During the development of this roadmap many researchers and stakeholders provided input on the 

topics that concern them in BNCI research. This involved written reports, interviews, workshops and 

conference sessions. The following is, we hope, a fair and representative synthesis of these 

contributions. 

The problems and challenges identified are: 

Ill-defined user segmentation: As the scope of BCI application development widens we are seeing 

more user groups with their own sets of requirements, needs and motivations. In an effort to address 

this issue we have grouped users into just two categories: standard users (healthy subjects, casual 

gamers, disabled patients with other options) and highly motivated users (disabled patients with few 

alternatives, extreme gamers, and/or technophiles). Any discussion on requirements and design 

must take the particular user into account.  

Lack of user centred design: Many BCI systems are built in labs and tested with healthy subjects. 

These are not realistic conditions and the approach does not lend itself to user acceptance or 

technology transfer in general. In order to improve user acceptance in the real world, the design of 

BCI systems (as with any consumer device) should be user-centred from the beginning. 

Poor industrial design: As BCIs penetrate the healthy user market; they are already becoming more 

cosmetically appealing and user friendly. However, this remains a major challenge for assistive 

technology solutions where these aspects receive less attention.  

Intrusive sensors: All available sensors for BCI were reviewed and their strengths and weaknesses 

identified. Not surprisingly, dry easy to use EEG systems are still considered the most desirable 

and/or likely source of an easy to use BCI sensor platform. More generally, non-invasive, nonintrusive 

systems are still not a reality and much remains to be done. 

Performance and robustness: Problems include persistently low classification performance (<100%), 

inadequate robustness (across days, across different field environments and situations, across users. 

New paradigms: Hybrid-BCI, Self paced BCI and Co-learning (Man and Machine) approaches are 

emerging as interesting themes. While providing new directions to explore such approaches also 

pose new problems in terms of new skill sets and lack of experience in the wider BCI community. 

Advances in applied neuroscience have also been discussed such as brain stimulation techniques (tCS 
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and TMS) and their potential influence in BCI research. This line of research brings with it as many 

questions as it does opportunities.  

Invasive vs. Non-invasive: This theme has been discussed for many 

years with a clear geographical divergence. Invasive work is far more 

widespread in the US, while non-invasive is more widespread in the 

EU. This was also noted in the 2007 WTEC report, showing that this 

is a longstanding trend. Hence, this geographic split between 

invasive and non-invasive research efforts is well entrenched.  

Clearly these problems and challenges are not all related to sensors, 

signals and signal processing but we feel that equally clearly a discussion of these technical issues 

cannot be separated from user and design aspects. 

 

Solutions  
The trend has been towards user centred design with a broad approach to problem solving. This 

takes the focus off the sensors and signal processing techniques in some cases and puts it squarely 

on the shoulders of the application developer. The tendency is now not to develop a 100% reliable 

BCI but to develop a 100% reliable application. Approaches include context awareness and hybrid 

systems that use multiple modes in order to improve robustness and accuracy. 

See BrainAble18 for an example of context aware systems or TOBI19 for an example of multimodal 

systems.  

In some research projects, BCI has been relegated to but one of many simple interaction modes. BCI 

must compete with other more established systems such as switches, eye tracking and newer ones 

such as sip/puff when being evaluated in a user centred design. This can mean that BCI is not chosen 

as the primary communication channel. See ASTERICS20 or Brain21 for examples of this approach. 

This, however, is not the whole story as many research groups continue to push the limits of what 

can be done in terms of EEG feature extraction and classification, which addresses some of the 

underlying problems that has led to the trend described above; poor classification performance and 

poor robustness. 

Other groups are pushing the limits of what can be done in terms of sensors. Including non-contact 

electric field sensors and room temperature induction magnetometer systems that rival SQUIDS and 

improved biocompatibility for ECoG arrays. 

In terms of solutions we believe that this leads to a two-tier approach: 

 
18

 http://www.brainable.org/en/Pages/Home.aspx 

19
 http://www.tobi -project.org/ 

20
 http://www.asterics.eu/ 

21
 http://www.brain-project.org/ 

Design and usability 

cannot be separated 

from any discussion 

of sensors and signal 

processing. 

http://www.brainable.org/en/Pages/Home.aspx
http://www.tobi-project.org/
http://www.asterics.eu/
http://www.brain-project.org/
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Short term: Focus on user-centred design and intelligent systems to maximise current SoA. 

Mid term: Continued basic research on sensors, signals and signal processing. 

 

User-centred design: The manufacturers of BCI systems should have user needs and user feedback as 

a top priority while designing BCI systems. This is a crucial point independent of sensors or signal 

processing and will often drive the choice and the number of sensors needed to achieve the desired 

result. 

Easy to use systems & improved industrial design: This point is very much related with the 

preceding one. In order to reach a wider market the system should be wearable, easy and fast to set-

up, comfortable, unobtrusive and wireless. Companies such as Neuroelectrics22 and Neurofocus23 are 

developing easy to use, wireless, wearable systems for research applications and Emotiv24 and 

Neurosky25 have recently released commercial wireless and easy to use EEG systems aimed at 

application developers and research. By following and taking advantage of this trend researchers can 

benefit greatly.  

New paradigms: The BCI community should continue to embrace new paradigms and opportunities 

provided by new research. While BCI is a well-developed field researchers should not become 

complacent or resigned to current technical limitations in terms of sensor technology or classification 

performance. 

 

Five Year View  

The following is a synthesis of the views of those that contributed to the roadmap. We have tried to 

represent all points of view fairly and comprehensively. There are clearly recurring themes in terms 

of both problems and opportunities. While recognising some serious limitations in current BCI SoA 

the community is very optimistic. 

This section serves as the conclusion to this part of the roadmap. We hope that it will influence 

future research and research funding decisions in an area that is, we feel, on the verge of 

mainstream social impact. 

The following themes are likely to play a role in the evolution of BNCI research and application 

development over the next 5 years. 

Smart Systems 

 
22

 http://neuroelectrics.com/ 

23
 http://www.neurofocus.com/ 

24
 http://emotiv.com 

25
 http://www.neurosky.com/ 

http://neuroelectrics.com/
http://www.neurofocus.com/
http://emotiv.com/
http://www.neurosky.com/
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A Smart Systems approach shall become more and more important while becoming ubiquitous in all 

fields of technology. By this we mean that context awareness and intelligent multimodal systems 

shall play a significant role in the deployment of BCI beyond the lab (Millan et al., 2010; Allison et al., 

2012. We expect that this shall be the case in many fields of technology during the next 5 years. 

Starlab is currently involved in the EU Technology Platform for Smart Systems Integration26 (EPoSS) 

and in promoting BCI technology to this group has received very positive feedback in terms of 

applicability and suitability.  

Through work carried out in another CSA HC2 27 we see a proliferation of Smart Systems and 

tŜǊǾŀǎƛǾŜ /ƻƳǇǳǘƛƴƎ ƻƴ ǘƘŜ ƘƻǊƛȊƻƴΦ ¢ƘŜ ƳǳŎƘ ǘŀƭƪŜŘ ŀōƻǳǘ άƛƴǘŜǊƴŜǘ ƻŦ ǘƘƛƴƎǎέΦ More data means 

more context. 

Dry sensor technologies 

Many companies have or are about to release dry electrode solutions for BCI applications and EEG in 

general. In most, if not all, cases these systems are not based on advances in material science but are 

simply progressive improvement in low noise and low power components coupled with clever design 

allowing relatively stable capture of EEG without gel or conductive paste. 

We expect that all manufacturers will release a dry system within the next 5 years with varying but 

adequate performance. A key issue will be industrial design and usability, rather than technology, as 

the playing field levels. 

However, this is not to say that technological advances will not disrupt the field.  

We foresee advances in three technology fields relevant to dry sensors: 

 Capacitive sensors 

 Magnetic sensors 

 Ultrasound sensors 
 

Capacitive Sensors: The EPIC sensor developed by the University of Sussex and licensed to Plessey 

Semiconductors (England). They are purely capacitive, dry, reusable, can be used over hair or clothes 

and are immune to the environmental and motion artifacts that typically plague such sensors. 

Currently they measure reliably in the mV range, which while sufficient for ECG is not yet sufficient 

for EEG. 

Magnetic Sensors: Some progress is being made in high temperature SQUIDs used in 

magnetoencephalography (MEG), which may yet lead to a more user friendly device suitable for BCI.  

Ultrasound sensors: Researcher at Heriot-Watt are developing miniaturised ultrasound sensors with 

integrated electronics that may pave the way for wearable US based BCI headsets. Recent work 

described a BCI based on transcranial Doppler ultrasound (Myrden et al., 2011). 

Low cost systems 

We have seen the emergence of consumer level BCI devices such as Emotiv and Neurosky. These 

systems are being widely used for unusual and novel applications as well as a platform for 

 
26

 http://www.smart-systems-integration.org/public 

27
 http://hcsquared.eu/home 

http://www.smart-systems-integration.org/public
http://hcsquared.eu/home
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hobbyists/hackers/makers. This trend will continue as the low cost encourages an extended 

development community that self supports. It is not clear if this business model can support 

hardware improvement to the point where they compete with mid-range research systems (Enobio 

and gTec) in terms of performance but it is not impossible. 

A new tendency that has appeared in recent years regarding general hardware development is the 

so-called open source hardware movement. Since pieces of hardware are often expensive, open 

source hardware projects provide all the needed information on how to build a hardware yourself 

(do-it-yourself) in a cheap manner. This is the case of the OpenEEG28 project.  

They provide all the instructions needed to build your own EEG acquisition hardware. The price of 

the components is around 300 Euros. 

Neuromodulation 

Neurofeedback has been unpopular in recent years due to associations with pseudoscience. 

However, in many studies Neurofeedback has shown promising results for applications in skill 

learning performance and treatment of !5I5 ŀƳƻƴƎ ƻǘƘŜǊǎΦ ²ƛǘƘ ŀ ǇƻǎǎƛōƭŜ άǊŜōǊŀƴŘƛƴƎέ ŀǎ 

Neuromodulation we will likely see greater uptake of these techniques in the coming years. 

 

New techniques 

Recent work has demonstrated the use of Electrical Impedance Tomography as a technique for brain 

activation detection. Although not a new technique per se, its use in BCI has gained some 

momentum due to recent technology developments. This recent work has provided for the first time 

systems portable enough for this to be considered a viable BCI technology. 

 

Physically closing the loop: Brain stimulation 

In some senses this is the opposite of BCI, we are inputting information to the brain rather than 

extracting it but we believe this research offers up some interesting possibilities in terms of closed-

loop systems with feedback. Techniques that are potentially wearable and therefore suitable for BCI 

include Transcranial Current Stimulation (both direct and alternating) and Ultra Sound. 

 

Signal processing 

In terms of signal processing it is more difficult to predict where we will find success. We know that 

work in applied neuroscience may provide possibilities but, for example, a new feature for control 

seems unlikely. What may be more likely are improvements in performance using co-learning 

systems (personalised classifiers that constantly update for their user). User state classification using 

connectivity maps, inverse solutions (tomography), inter-channel coherence and information content 

such as Kolmogorov complexity is a growing field often associated with affective BCI and its potential 

applications. This also ties into context awareness and the smart systems approach as a way to 

improve classification results. 

A new signal processing approach has been proposed recently: Common Spatial Patterns Patches 

(CSPP). It can be considered as a compromise between Common Spatial Patterns (CSP) filters and 

Laplacian filters. This method outperforms both former techniques even when very limited 

calibration data is available, i.e. around 2 minutes of data, about 10 times less than CSP. This is a 

 
28

 http://openeeg.sourceforge.net/doc/index.html 

http://openeeg.sourceforge.net/doc/index.html
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good example showing that improving the calibration time by using computational intelligence 

increases the willingness to use a BCI system. This customer driven innovation is a very important 

future direction for the BCI community, as stated in previous sections. 
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Summary  
 

 

  

Challenges & Recommendations 

To summarise, we highlight the following challenges and associated recommendations 

for future research and development. 

Challenges: 

 Ill-defined user segmentation ς target users are not always clearly defined 

 Lack of user centred design ς user centred design is not widely applied 

 Poor industrial design ς related to the previous two challenges the design of any 
systems is often poor 

 Intrusive sensors ς all currently used systems are intrusive by consumer goods 
standards 

 Performance and robustness ς classification rates without assistance are below 
100% and vary across users and scenarios 

 

Recommendations: 

BNCI is considered by some to be a mature technology that has entered the application 

development phase. While this is true in the sense that powerful systems are being 

developed using existing technology we believe that much remains to be done at a 

fundamental level. We therefore make the following recommendations: 

 Fundamental research on sensors for non-contact, non-invasive measurement, 
mainly with non-EEG sensing 

 Fundamental research on sensors for biocompatible, long-term invasive 
measurement 

 Fundamental research on advanced signal processing techniques for improved 
performance and robustness 

 Continued application of user-centred design, smart system design and multi-
modal system design in order to maximise performance, utility, ease of use and 
robustness 

 

New researchers entering the field should not accept the current SoA in sensors or signal 

processing before moving to the next phase of application development. 
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A significant number of individuals across the globe are suffering from various motor disabilities 

resulting from nervous system impairments such as Amyotrophic Lateral Sclerosis (ALS), Stroke and 

Spinal Cord Injury (SCI). ALS is an idiopathic, fatal neurodegenerative disease of the human motor 

system. Recent epidemiological studies revealed that the evidence of ALS in Europe alone is 2.16 per 

100.000 person-years (Mattew et al., 2011, Logroscino et al., 2011). A report from early this year by 

the American Heart Association (AHA) provided a stunning estimate that nearly 7.000.000 Americans 

above 20 have had stroke (Véronique et al., 2011). Overall stroke prevalence is estimated to be of 

3.0%, with each year 795.000 people experiencing a new or recurrent stroke. This means, in United 

States alone every 40 seconds someone has a stroke. Paraplegia is the impairment in motor or 

sensory function of the lower extremities. Depending on the level and extent of spinal damage, 

people with paraplegia may experience some, or complete loss of sensation in the affected limbs. 

Quadriplegia, also known as tetraplegia, is the paralysis caused by illness or injury to a person, which 

result in total or partial loss of all their limbs and torso motor or sensory functions. The impairment is 

most often associated with sensation and motor control. However, the cognitive abilities may be 

intact. Estimates from 2002 show that nearly 250.000 Americans have spinal cord injury, of which 

52% are paraplegic and 47% are quadriplegic. Approximately 11.000 new injuries occur each year. 

The symptoms and progress of ALS have been known for 

about a century, yet much has to be done to prevent 

and to improve the quality of life of people suffering 

from them. As Jean-Martin Charcot (1825ς1893) who 

first described ALS, motivates:  "Let us keep looking in 

spite of everything. Let us keep searching. It is indeed 

the best method of finding, and perhaps thanks to our 

efforts, the verdict we will give such a patient tomorrow 

will not be the same we must give this man today."  In 

most cases, depending on the level of disability, these 

individuals are currently either assisted by a family 

member, nurse or use assistive technology (AT) devices. 

These ATs may improve mobility using robotic devices and communication capabilities using 

software tools. These tools most often rely either on residual muscular activity or eye blinks and eye 

movements.   

In recent years, new research has brought the field of electroencephalographic (EEG)-based Brain-

Computer Interfacing (BCI) out of its infancy and into a phase of relative maturity through many 

demonstrated prototypes such as brain-controlled wheelchairs, keyboards, and computer games. 

With this proof-of-concept phase in the past, the time is now ripe to focus on the development of 

practical BCI technologies that can be brought out of the lab and into real-world applications. In 

particular, we must focus on the prospect of improving the lives of countless disabled individuals 

through a combination of BCI technology with existing assistive technologies (AT).  

 

"Let us keep looking in spite 

of everything. Let us keep 

searching. It is indeed the 

best method of finding, and 

perhaps thanks to our efforts, 

the verdict we will give such a 

patient tomorrow will not be 

the same we must give this 

man today." 
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In pursuit of more practical BCIs for use outside of the laboratories, in this mini-roadmap, we identify 

four application areas where these disabled individuals could greatly benefit from advancements in 

./L ǘŜŎƘƴƻƭƻƎȅΣ ƴŀƳŜƭȅΣ ά/ƻƳƳǳƴƛŎŀǘƛƻƴ ϧ /ƻƴǘǊƻƭέΣ άaƻǘƻǊ {ǳōǎǘƛǘǳǘƛƻƴέΣ ά9ƴǘŜǊǘŀƛƴƳŜƴǘέΣ ŀƴŘ 

άaƻǘƻǊ wŜŎƻǾŜǊȅέΦ ²Ŝ ŦƛǊǎǘ ǊŜǾƛŜǿ ǘƘŜ ŎǳǊǊŜƴǘ ǎǘŀǘŜ ƻŦ ǘƘŜ ŀǊǘ ŀƴŘ ǇƻǎǎƛōƭŜ ŦǳǘǳǊŜ ŘŜǾŜƭƻǇƳŜƴǘǎΣ 

while discussing the main research issues in these four areas. In particular, we expect the most 

progress in the development of technologies such as hybrid BCI architectures, user-machine 

ŀŘŀǇǘŀǘƛƻƴ ŀƭƎƻǊƛǘƘƳǎΣ ǘƘŜ ŜȄǇƭƻƛǘŀǘƛƻƴ ƻŦ ǳǎŜǊǎΩ ƳŜƴǘŀƭ ǎǘŀǘŜǎ ŦƻǊ ./L ǊŜƭƛŀōƛƭƛǘȅ ŀƴŘ ŎƻƴŦƛŘŜƴŎŜ 

measures, the incorporation of principles in human-computer interaction (HCI) to improve BCI 

usability, and the development of novel BCI technology including better EEG devices (Millán et al., 

2010). Secondly, to promote the development of BCI technology towards its end users, discussions 

were coordinated among several stakeholders during the FBNCI workshop held in [ŀʲƴƛǘȊƘǀƘŜΣ 

Austria (near Graz) in 2010. These discussions were focused on problems and challenges associated 

with BNCI devices and applications as well as their preferred solutions. Finally, we identify the five-

year view with special emphasis on developments that may address the needs of disabled users. We 

also provide the key recommendations that would lead to advancement of BNCI technology in 

general with a particular emphasis on disabled users. 

State of the Art  
Recently, we have been witnessing a flourishing interest in developing BNCI technologies that decode 

mental intentions from the user's brain and bodily signals in order to control devices (Millán et al., 

2010; Allison et al., 2007; Pfurtscheller et al., 2010; Müller-Putz et al., 2011; Leeb et al., 2011). Typical 

applications of this technology are communication aids such as spelling devices (Birbaumer et al., 

1999; Millán, 2003; Obermaier, 2003) and prosthesis and mobility aids such as wheelchairs (Galán et 

al., 2008). These interfaces are originally intended as assistive devices for challenged individuals who 

lost control over their limbs (such as patients with ALS, stroke, tetraplegia and paraplegia) in order to 

improve their communication, mobility and independence (Millán et al., 2010). It is interesting to 

note that this technology has also the potential of improving capabilities of healthy individuals by 

direct brain interaction (such as for space applications, where the environment is inherently hostile 

and dangerous for astronauts who could greatly benefit from direct mental tele-operation of 

external semi-automatic manipulators (Negueruela et al., 2011), and for entertainment applications 

like multimedia gaming (Millán, 2003 and Nijholt, 2009) and serious games.  

The main focus of this mini roadmap is on the directions for further research and development on 

the design of devices and applications that address the needs of disabled users. Hence, in the 

following paragraphs we provide a brief state of the art of BNCI devices in various application areas 

that could greatly benefit to improve quality of life of these users. These areas have been recently 

reviewed in by Millán et al. (2011), and are Ψ/ƻƳƳǳƴƛŎŀǘƛƻƴ ϧ /ƻƴǘǊƻƭΩΣ ΨaƻǘƻǊ wŜƘŀōƛƭƛǘŀǘƛƻƴ ŀƴŘ 

wŜŎƻǾŜǊȅΩΣ ΨaƻǘƻǊ {ǳōǎǘƛǘǳǘƛƻƴΩΣ Ψ9ƴǘŜǊǘŀƛƴƳŜƴǘ ŀƴŘ DŀƳƛƴƎΩΣ ŀƴŘ ΨaŜƴǘŀƭ {ǘŀǘŜ aƻƴƛǘƻǊƛƴƎΩ. More 

recently, hybrid-BCIs along with shared control techniques have emerged. We also discuss the new 

idea of a synergetic combination of BNCIs with non-EEG signal based interfaces, i.e., hybrid-BCIs 

(hBCIs). Such an integration may improve the reliability of the interface as well as its usability, hence 

it would be a promising solution for bringing BNCI technologies to users (Müller-Putz et al., 2011, 

Millán et al., 2011). Below we provide a brief review of each of these application areas.  
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Figure 8: Application areas of BNCI technologies for disabled individuals (e.g. such as those suffering from 

ALS, stroke, quadriplegia and paraplegia etc.). 

Figure 8 shows how BNCI technologies can be exploited as tools for functional recovery in general, 

and for motor recovery in particular. This technology, together with current rehabilitation methods 

(e.g. portable virtual reality based tools), could be used for accelerating the rehabilitation process. 

Another much anticipated application is the restoration of motor function. This can be achieved by 

using neuro-prosthetic devices (e.g., a robotic neuroprosthetic device to restore the reach and grasp 

functions of upper limbs).  Mobility of these individuals can be enhanced by appropriate use of 

mobile robotic devices (e.g., brain actuated wheelchairs that could mobilize users and tele-presence 

robots that could help to socialize with family members). The use of BNCI technologies may 

ǎƻƳŜǘƛƳŜǎ ōŜ ŘŜƳŀƴŘƛƴƎΦ !ŎŎŜǎǎ ǘƻ ǘƘŜ ǳǎŜǊΩǎ ƳŜƴǘŀƭ ǎǘŀǘŜǎ όǎǳŎƘ ŀǎ ŦŀǘƛƎǳŜΣ ǎǘǊŜǎǎ ŀƴŘ ŜƳƻǘƛƻƴǎύ 

could be beneficial for enhancing the interaction with BNCI coupled devices. Finally, the 

entertainment and gaming application areas based on BNCI technology could reduce the 

dependence on the caregiver (see Millán et al., 2011).  
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Communication and control  
In ALS patients, communication difficulties usually result from 

progressive dysarthria, while language functions remain 

largely intact. When this status progresses, augmentative and 

alternative communication (AAC) systems that can 

substantially improve the quality life are needed (Andersen et 

al., 2005). For ventilated patients, eye-pointing and eye gaze based high-tech assistive technologies 

have been proven to be useful. Similarly, a BCI could help users communicate with devices and other 

people. Professor Birbaumer established the first communication with a locked-in patient in the 90s 

(Birbaumer, 1999). Later, several studies aimed to show the feasibility and to compare the 

performances with healthy subjects using either slow cortical potentials (Kübler, 2004) or cognitive 

evoked potentials like P300 (Piccione, 2006) or motor imagery (MI) (Kübler, 2005). Later research has 

further shown that persons, even despite severe disabilities, may interact with computers by only 

using their brainτin the extreme case using the brain channel as a single switch, just like a hand 

mouse. Research on establishing communication functions were mostly focused on writing (spelling) 

applications and surfing (browsing) the Internet. 

Several spelling devices based on the voluntary modulation of brain rhythms have been 

demonstrated. These systems can operate synchronously (Parra et al., 2003, Birbaumer et al., 1999) 

or asynchronously (Millán 2003, Millán et al., 2004, Müller & Blankertz, 2006, Scherer et al., 2004, 

Williamson et al., 2009, Perdikis et al., 2010). Mostly binary choices of the BCI were used to select 

letters, e.g. in a procedure where the alphabet was iteratively split into halves (binary tree). The big 

disadvantage of all these systems is that the writing speed is very slow. Particularly relevant is the 

spelling system called Hex-O-Spell (Williamson et al., 2009), which illustrates how a normal BCI can 

be significantly improved by state-of-the-art human-computer interaction principles, although the 

text entry system is still controlled only by one or two input signals (based on motor imagery). The 

principle of structuring the character locations based on an underlying language model speeds up the 

writing process. 

Other kinds of BCI spelling devices, especially those mostly used by disabled people, are based on the 

detection of potentials that are evoked by external stimuli. The most prominent is the approach that 

elicits a P300 component (Farwell and Donchin, 1988). In this approach, all characters are presented 

in a matrix. The symbol on which the user focuses her/his attention can be predicted from the brain 

potentials that are evoked by random flashing of rows and columns. Similar P300-based spelling 

devices have extensively been investigated and developed since then (e.g., Allison and Pineda, 2003; 

Sellers et al., 2006, Nijboer et al., 2006, Silvoni et al., 2009, Piccione et al., 2006). Additionally, steady-

state visual evoked potentials (SSVEPs) can be used for virtual keyboards. Either each character of 

the alphabet or each number on a number pad is stimulated with its own frequency and can be 

selected directly (Gao, 2003), or additional stimulation boxes (like arrows) are placed aside the 

keyboard and are used for navigating left/right/up/down and selecting the letter (Valbuena et al., 

2008). 

A BCI could help users 

communicate with 

devices and other people. 
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The first application to access the Internet via the BCI was 

a very simple solution, by displaying web pages for a fixed 

ŀƳƻǳƴǘ ƻŦ ǘƛƳŜ όΨ5ŜǎŎŀǊǘŜǎΩ by Karim et al., 2006), but 

later browsers allowed a more flexible selection of links 

όΨbŜǎǎƛΩ by Bensch et al., 2007). The challenge of selecting a 

large amount of links with only a limited amount of BCI 

commands (mostly two) can be overcome by applying 

scanning techniques, which allow a sequential switching or auto-switching between them. Even 

functions like zoom in/out, scroll up/down, go back/forward can be added in the user interface and 

selected by the BCI via a hierarchical approach (Perdikis et al., 2010). Nevertheless, users reported 

that the correct selection can be quite demanding (Leeb et al., 2011b). More recently, different 

groups have developed Internet browsers based on P300 potentials. In the first one, all possible links 

are tagged with characters, and a normal character P300 matrix (6x6 matrix) was used on a separate 

screen for selection (Mugler et al., 2008). In a more recent approach, an active overlay was placed 

over the web site that elicited the P300 by directly highlighting the links. Hence, switching between 

the stimulation device and the browsing screen was not necessary (Riccio et al., 2011).  

After nearly 20 years of research a first commercial BCI system for 

typing was released recently, called IntendiX® (g.tec medical 

engineering, Schiedelberg, Austria). The system relies on VEP/P300 

potentials to use for patients with motor disabilities. In the coming 

years, we anticipate more varieties of brain actuated AT products 

designed specifically for disabled user groups.  

 

Motor rehabilitation  and recovery  
People who sustained a stroke are often left with residual motor impairments that limit the ability to 

engage in meaningful occupations such as self-care, work and leisure (Nilsen et al, 2010). 

Consequently, occupational therapists working with such individuals use procedures that aim at 

optimizing motor behavior to restore the occupational performance. These treatments included 

repeated task related constrained movements over a few hours every week demanding active 

engagement of patients. Although after stroke, these patients appear to benefit from substantial 

time spent in practice, they may not be getting enough of it.  Thus, there is a practice-gap between 

the training needed and received. This inactive period may account for reduced sensorimotor 

capacity. This practice-gap can be reduced by mentally exercising goal-oriented actions in addition to 

the physical practice or singuarly when physical practice is not possible.  

Recent work by Nilsen et al. (2010) reviewed approximately 25 years of literature on motor 

rehabilitation of stroke patients. They determined whether mental practice is an effective 

intervention strategy to remediate impairments and improve upper-limb function after stroke. Their 

results suggested that mental practice when combined with physical practice improves upper-limb 

recovery. This may be due to the commonalities in the neural substrates involved in imagined and 

executed movements. They also suggested taking precautions on generalization issues of this 

strategy and further research warranting who will benefit from training and the most effective 

protocols etc.  

In the coming years we 

anticipate more varieties of 

brain actuated AT products 

designed specifically for 

disabled user groups. 

There is a practice-gap 

between the training 

needed and received. 
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The effectiveness of these protocols could be enhanced by direct feedback of the activity of sensory-

motor areas, during occupational therapy that involve mental practice or physical practice or both. 

The BCIs that use sensory motor rhythms are the best candidates for such purposes. Moreover, the 

BCI feedback may help to reduce maladaptation of the brain areas as compared to simple motor 

imagery alone. 

The use of BCI protocols to promote recovery of motor function by encouraging and guiding plasticity 

phenomena occurring after stroke (or more generally after brain injury) has been proposed 

recently (Jeannerod et al., 2001, Nilsen et al. 2010). Discussion is currently underway over several 

factors including: the extent to which patients have detectable brain signals that can support training 

strategies; which brain signal features are best suited for use in restoring motor functions and how 

these features can be used most effectively; and what are the most effective BCI approaches for BCIs 

aimed at improving motor functions (for instance, what guidance should be provided to the user to 

maximize training that produces beneficial changes in brain signals). Preliminary findings suggested 

that event-related EEG activity time-frequency maps of event-related EEG activity and their 

classification are proper tools to monitor motor imagery related brain activity in stroke patients and 

to contribute to quantify the effectiveness of motor imagery (Biasiucci et al., 2011, Silvoni et al., 

2011, Pichiorri et al., 2011, Ang et al., 2011). Preliminary studies on stroke patients using BCI found 

that the best signals were recorded over the ipsilateral (unaffected) hemisphere (Buch et al., 2009). 

Finally, the idea that BCI technology can induce neuroplasticity has received remarkable support 

from the community based on invasive detection of brain electrical signals (Millán et al., 2010).  

The continuous monitoring of mental tasks execution based 

on BCI techniques could support the positive effects of 

standard therapies not only for the functional restoration of 

the patient but also for the therapists as a measure to track the sensory motor rhythms. These BCI 

based rehabilitation strategies could be complimented by the use of practical virtual reality 

techniques as well as robotics to effectively reduce the practice-gap.  

As PǊƻŦŜǎǎƻǊ aƛƭƭłƴ ǎǳƎƎŜǎǘǎ ǘƻ ǎǘǊƻƪŜ ǇŀǘƛŜƴǘǎΣ άUse a BCI to get rid of it!έ That means a patient can 

stop using a BCI soon after she/he recovered functionally.  Extensive research is still needed for filling 

the missing knowledge of functional recovery and retention by BCI intervention. Therapeutic studies 

involving a large motor disabled population with various levels of functional loss are needed. Note 

that the recovery process in some patients may be quicker than others. A longer time frame is 

needed for completion of such studies.   

 

Motor substitution  
The restoration of grasp functions in spinal cord injured patients or patients suffering from paralysis 

of upper extremities typically rely on Functional Electrical Stimulation (FES). In this context, the term 

neuroprosthesis is used for FES systems that seek to restore a weak or lost grasp function when 

controlled by physiological signals. Some of these neuroprostheses are based on surface electrodes 

for external stimulation of muscles of the hand and forearm (Ijzermann et al., 1996, Thorsen et al., 

2001, Mangold et al., 2005). Others, like the Freehand® system (NeuroControl, Cleveland, US), uses 

implantable neuroprostheses to overcome the limitations of surface stimulation electrodes 

ά¦ǎŜ ŀ ./L ǘƻ ƎŜǘ ǊƛŘ ƻŦ ƛǘ!έ 
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concerning selectivity and reproducibility (Keith et al, 2002), but this system is no longer available on 

the market. 

Pioneering work by the groups in Heidelberg and Graz showed that a BCI could be combined with an 

FES-system with surface electrodes (Pfurtscheller et al., 2003). In this study, the restoration of lateral 

grasp was achieved in a spinal cord injured subject. The subject suffered from a complete motor 

paralysis with missing hand and finger function. The patient could trigger sequential grasp phases by 

imagining foot movements. After many years of using the BCI, the patient can still control the 

system, even during conversation with other persons. The same procedure could be repeated with 

another tetraplegic patient who was provided with a Freehand® system (Müller-Putz et al., 2007). All 

currently available FES systems for grasp restoration can only be used by patients with preserved 

voluntary shoulder and elbow function, which is the case in patients with an injury of the spinal cord 

below C5. So neuroprostheses for the restoration of forearm function (like hand, finger and elbow) 

require the use of residual movements not directly related to the grasping process. To overcome this 

restriction, a new method of controlling grasp and elbow function with a BCI was introduced recently 

(Müller-Putz et al., 2007). Thereby a low number of pulse-width coded brain patterns are used to 

control sequentially more degrees of freedom (Müller-Putz et al., 2010).  

./Lǎ ƘŀǾŜ ōŜŜƴ ǳǎŜŘ ǘƻ ŎƻƴǘǊƻƭ ƴƻǘ ƻƴƭȅ ƎǊŀǎǇƛƴƎ ōǳǘ ŀƭǎƻ ƻǘƘŜǊ ŎƻƳǇƭŜȄ ǘŀǎƪǎ ƭƛƪŜ ǿǊƛǘƛƴƎΦ aƛƭƭłƴΩǎ 

group used the motor imagery of hand movements to stimulate the same hand for a grasping and 

writing task (Tavella et al., 2010). Thereby the subjects had to split his/her attention to multitask 

between BCI control, reaching, and the primary handwriting task itself. In contrast with the current 

state of the art, an approach in which the subject was imagining a movement of the same hand that 

he is controlling through FES was applied. Moreover, the same group developed an adaptable 

passive hand orthosis, which evenly synchronizes the grasping movements and applied forces on all 

fingers (Leeb et al., 2010). This is necessary due to the very complex hand anatomy and current 

limitations in FES-technology with surface electrodes, because of which these grasp patterns cannot 

be smoothly executed. The orthosis support and synchronize the movement of the fingers stimulated 

by FES for patients with upper extremity palsy to improve everyday grasping and to make grasping 

more ergonomic and natural compared to the existing solutions. Furthermore, this orthosis also 

avoids fatigue in long-term stimulation situations, by locking the position of the fingers and switching 

the stimulation off (Leeb et al., 2010).  

The current state of these FES based movement based restoration techniques are still evolving, 

which in the coming years may extend the number of restoration functions as well as to incorporate 

improved usability and aesthetics.  

Towards control of mobility: Practical BCIs based on shared control techniques 

Another area where BCI technology can support motor substitution ƛǎ ƛƴ ŀǎǎƛǎǘƛƴƎ ǳǎŜǊΩǎ ƳƻōƛƭƛǘȅΦ 

Users could move directly through brain-controlled wheelchairs or by mentally driving a tele-

presence mobile robotτequipped with a camera and a screenτto join relatives and friends located 

elsewhere and participate in their activities. 

Driving a wheelchair or a robot in a natural environment demands a fine and quickly responding 

control signal. Unfortunately BCIs are limited by a low information transfer rate, because of the 

inherent properties of the EEG. Therefore the reqǳƛǊŜƳŜƴǘǎ ŀƴŘ ǘƘŜ ǎƪƛƭƭǎ ŘƻƴΩǘ ƳŀǘŎƘ ŀǘ ŀƭƭΦ 

Nonetheless, researchers have demonstrated the feasibility of mentally controlling complex robotic 

devices from EEG. A key factor to do so is the use of smart interaction designs, which in the field of 
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robotics corresponds to shared control (Flemisch et al., 2003, Vanhooydonck et al., 2003, Carlson 

& 5ŜƳƛǊƛǎΣ нллуύΦ Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ƴŜǳǊƻǇǊƻǎǘƘŜǘƛŎǎΣ aƛƭƭłƴΩǎ ƎǊƻǳǇ Ƙŀǎ ǇƛƻƴŜŜǊŜŘ ǘƘŜ ǳǎŜ ƻŦ ǎƘŀǊŜŘ 

ŎƻƴǘǊƻƭ ǘƘŀǘ ǘŀƪŜǎ ǘƘŜ Ŏƻƴǘƛƴǳƻǳǎ ŜǎǘƛƳŀǘƛƻƴ ƻŦ ǘƘŜ ƻǇŜǊŀǘƻǊΩǎ ƳŜƴǘŀƭ intent and provides assistance 

to achieve tasks (Millán et al., 2004, Galán et al., 2008, Carlson et al., 2012).  

DŜƴŜǊŀƭƭȅ ƛƴ ŀ ǎƘŀǊŜŘ ŀǳǘƻƴƻƳȅ ŦǊŀƳŜǿƻǊƪΣ ǘƘŜ ./LΩǎ ƻǳǘǇǳǘǎ ŀǊŜ ŎƻƳōƛƴŜŘ ǿƛǘƘ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ 

the environment (obstacles perceived by the robotΩǎ sensors) and the robot itself (position and 

ǾŜƭƻŎƛǘƛŜǎύ ǘƻ ōŜǘǘŜǊ ŜǎǘƛƳŀǘŜ ǘƘŜ ǳǎŜǊΩǎ ƛƴǘŜƴǘΦ {ƻƳŜ ōǊƻŀŘŜǊ ƛǎǎǳŜǎ ƛƴ ƘǳƳŀƴςmachine interaction 

are discussed in Flemisch et al., 2003, where the H-Metaphor is introduced, suggesting that 

interaction shƻǳƭŘ ōŜ ƳƻǊŜ ƭƛƪŜ ǊƛŘƛƴƎ ŀ ƘƻǊǎŜΣ ǿƛǘƘ ƴƻǘƛƻƴǎ ƻŦ άƭƻƻǎŜƴƛƴƎ ǘƘŜ ǊŜƛƴǎέΣ ŀƭƭƻǿƛƴƎ ǘƘŜ 

system more autonomy. Shared autonomy (or shared control) is a key component of future hybrid 

BCI systems, as it will shape the closed-loop dynamics between the user and the brain-actuated 

device so tasks can be performed as easily as possible and effectively. As mentioned above, the idea 

ƛǎ ǘƻ ƛƴǘŜƎǊŀǘŜ ǘƘŜ ǳǎŜǊΩǎ ƳŜƴǘŀƭ ŎƻƳƳŀƴŘǎ ǿƛǘƘ ǘƘŜ ŎƻƴǘŜȄǘǳŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ƎŀǘƘŜǊŜŘ ōȅ ǘƘŜ 

intelligent brain-actuated device, so as to help the user to reach the target or override the mental 

commands in critical situations. In other words, the actual commands sent to the device and the 

feedback to the user will adapt to the context and inferred goals. In such a way, shared control can 

make target-oriented control easier, can inhibit pointless mental commands (e.g. driving zig-zag), and 

can help determine meaningful motion sequences (e.g., for a neuroprostheses). A critical aspect of 

shared control for BCI is coherent feedback τthe behavior of the robot should be intuitive to the 

ǳǎŜǊ ŀƴŘ ǘƘŜ Ǌƻōƻǘ ǎƘƻǳƭŘ ǳƴŀƳōƛƎǳƻǳǎƭȅ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ǳǎŜǊΩǎ ƳŜƴǘŀƭ ŎƻƳƳŀƴŘǎΦ hǘƘŜǊǿƛǎŜΣ 

people find it difficult to form mental models of the neuroprosthetic device. 

Furthermore, thanks to the principle of mutual 

learning, where the user and the BCI are coupled 

together and adapt to each other, humans learn to 

operate the brain-actuated device very rapidly, in a 

few hours normally split between a few days (Millán et 

al, 2008). Examples of shared control applications are 

neuroprostheses such as robots and 

wheelchairs (Millán et al., 2009, Millán et al., 2004, 

Galán et al., 2008, Tonin et al., 2010, Vanhooydonck et al., 2003), as well as smart virtual 

keyboards (Müller & Blankertz, 2006, Wills et al., 2006, Williamson et al., 2009) and other AT 

software with predictive capabilities. Underlying all assistive mobility scenarios, there is the issue of 

shared autonomy. The crucial design question for a shared control system is: who τman, machine or 

bothτ gets control over the system, when, and to what extent?   

 

Tele-presence robot controlled by individuals with motor-disabilities 

 Applying the above-mentioned principle of shared control allows BCI subjects to drive a mobile tele-

presence platform remotely in a natural office environment. Normally this would be a complex and 

frustrating task, especially since the timing and speed of interaction is limited by the BCI. 

Furthermore, the user has to pay attention to the BCI and the tele-presence screen and also 

remember where the place is and where he wants to go. Many difficulties emerge when developing 

such systems, from the variability of an unknown remote environment to the reduced vision field 

through the control camera. In this scenario, shared control facilitates navigation in two ways. On the 

one hand, shared control takes care of the low-level details (such as obstacle detection and 

The crucial design question for 

a shared control system is: who 

τman, machine or bothτ gets 

control over the system, when, 

and to what extent? 
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ŀǾƻƛŘŀƴŎŜ ŦƻǊ ǎŀŦŜǘȅ ǊŜŀǎƻƴǎύΦ hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ƛǘ Ŏŀƴ ƛƴǘŜǊǇǊŜǘ ǘƘŜ ǳǎŜǊΩǎ ƛƴǘŜƴǘƛƻƴǎ ǘƻ ǊŜŀŎƘ 

possible targets (such as persons or objects the user wants to approach).  

Although the whole field of neuroprosthetics targets disabled people with motor impairments as 

end-users, all successful demonstrations of brain-controlled robots or neuroprosthetics, 

except (Müller-Putz et al., 2005), have been actually carried out with either healthy human subjects 

or monkeys. In recent work, Tonin et al., 2011 report the results with two patients (suffering from 

myopathy and spinal cord injury) who mentally drove a tele-presence robot from their clinic more 

than 100 km away and compare their performances to a set of healthy users carrying out the same 

tasks. Remarkably, the system functioned effectively although the patients had never visited the 

location where the tele-presence robot was operating.  

Investigations on such tele-presence robotics would lead to products that could leverage the social 

involvement of severely disabled patients with their family or friends directly from their bed.   

 

Assisting mobility:  BCI controlled wheelchair 

In the case of brain-controlled robots and wheelchairs, 

aƛƭƭłƴΩǎ ƎǊƻǳǇ Ƙŀǎ ǇƛƻƴŜŜǊŜŘ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀ 

shared autonomy approach within the European MAIA 

ǇǊƻƧŜŎǘΦ ¢Ƙƛǎ ǊŜǎŜŀǊŎƘ ŜŦŦƻǊǘ ŜǎǘƛƳŀǘŜŘ ǘƘŜ ǳǎŜǊΩǎ ƳŜƴǘŀƭ 

intent asynchronously and provided appropriate 

assistance for wheelchair navigation, which greatly 

improved BCI driving performance [Galán et al., 2008, 

Millán et al., 2009, Tonin et al., 2010]. Although 

asynchronous spontaneous BCIs seem to be the most natural and suitable alternative, there are a 

few examples of synchronous evoked BCIs for wheelchair control (Iturrate et al., 2009, Rebsamen et 

al., 2010). The systems are based on the P300, so the system flashes the possible predefined target 

destinations several times in a random order. The stimulus that elicits the largest P300 is chosen as 

the target. Then, the intelligent wheelchair reaches the selected target autonomously. Once there, it 

stops and the subject can select another destination ς a process that takes around 10 seconds. The 

main limitation is the fact that no interaction or interruption is possible between selecting the target 

and reaching it. Therefore it is not possible to stop halfway down and change its mind to a new target 

location. In most of these BCIs, the control is based on low throughput signals; hence a shared 

control approach is necessary to control a complex system such as a wheelchair.  

aƛƭƭłƴΩǎ ƎǊƻǳǇΩǎ ŀǇǇǊƻŀŎƘ is not a P300 based BCI, but a motor-imagery based BCI. Thereby, the 

participants were able to send left/right steering commands to the wheelchair at their own pace. The 

BCI was also combined with a shared control paradigm, so that the wheelchair pro-actively slows 

down and turns to avoid obstacles as it approaches them. Using a computer vision algorithm such as 

those described in (Carlson et al., 2010, Carlson et al., 2012), they constructed a local 10 cm 

resolution occupancy grid (Borenstein et al., 1991), which was then used by the shared control 

module for local planning. They also implemented a docking mode, additionally to the obstacle 

avoidance. These algorithms can compensate for the low information throughput from the BCI 

system. Interestingly, the computer vision part of their shared control paradigm relied just on cheap 

webcams and was not based on an expensive laser rangefinder. Such a strategy will facilitate the 

development of affordable and useful assistive devices. If we want to bring the wheelchair to 

patients, the additional equipment should not cost more than the robotic wheelchair itself. 

If we want to bring the 

wheelchair to patients, the 

additional equipment should 

not cost more than the 

robotic wheelchair itself. 
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Mental state  monitor ing 
!ƴƻǘƘŜǊ ŀǊŜŀ ƻŦ ǊŜŎŜƴǘ ǊŜǎŜŀǊŎƘ ƛǎ ƛƴ ǘƘŜ ǊŜŎƻƎƴƛǘƛƻƴ ƻŦ ǘƘŜ ǳǎŜǊΩǎ ƳŜƴǘŀƭ ǎǘŀǘŜǎ όƳŜƴǘŀƭ ǿƻǊƪƭƻŀŘΣ 

stress level, tiredness, attention level) and cognitive processes (e.g., awareness of errors committed 

by the BCI) will facilitate interaction and reducŜ ǘƘŜ ǳǎŜǊΩǎ ŎƻƎƴƛǘƛǾŜ ŜŦŦƻǊǘ ōȅ ƳŀƪƛƴƎ ǘƘŜ ./L ŀǎǎƛǎǘƛǾŜ 

device react to the user. For instance, in case of high mental workload or stress level, the dynamics 

and complexity of the interaction will be simplified, or the system will trigger the switch to stop brain 

interaction and move on to muscle-based interraction. As another example, in the case of detection 

of excessive fatigue, the tele-presence mobile robot or wheelchair will take over complete control 

and move autonomously to its base station close ǘƻ ǘƘŜ ǳǎŜǊΩǎ ōŜŘΦ tƛƻƴŜŜǊƛƴƎ ǿƻǊƪ ƛƴ ǘƘƛǎ ŀǊŜŀ ŘŜŀƭǎ 

with the recognition of mental states (such as mental workload described in Kohlmorgen, et al, 

2007), attention levels (Hamadicharef et al., 2009) and fatigue (Trejo et al., 2005) and cognitive 

processes such as error-related potentials (Blankertz et al., 2003, 2010; Ferrez  & Millán, 2005, 2008) 

and anticipation (Gangadhar et al., 2009) from EEG. In the latter case, Ferrez & Millán (2005 & 2008) 

have shown that errors made by the BCI can be reliably recognized and corrected, thus yielding 

significant improvements in performance. Recently the areas of cognitive monitoring and implicit 

human-ŎƻƳǇǳǘŜǊ ƛƴǘŜǊŀŎǘƛƻƴ ŀǊŜ ŀƭǎƻ ǇƘǊŀǎŜŘ ŀǎ ǇŀǎǎƛǾŜ ./LΩǎ ƛƴ the literature (George et al., 2010, 

Zander et al., 2011). 

 

Entertainment and gaming  
Entertainment applications that enable activities during leisure time, such as browsing social 

networks on the Internet, browsing personnel or family picture libraries and gaming would enhance 

ǘƘŜ ǇŀǘƛŜƴǘΩǎ ƳŜƴǘŀƭ ƘŜŀƭǘƘΦ ¢Ƙƛǎ ŀǇplication had a lower priority in BCI research and development, 

compared to more functional activities such as basic communication or control tasks. Several studies 

explored BCIs for controlling games (Lalor et al., 2005; Nijholt et al., 2005; Millán et al., 2003; Krepki 

et al., 2007; Tangermann et al., 2008; Finke et al., 2009; Nijholt et al., 2009; Pineda et al., 2003) and 

virtual reality (VR) environments (Bayliss, 2003; Lécuyer et al., 2008; Leeb et al., 2007; Leeb et al., 

2007b; Leeb et al. 2006; Lotte et al., 2010; Scherer et al., 2008, Ron-Angevin et al., 2009). 

Importantly, patients have mentioned entertainment as one of their needs, although it is indeed a 

need with a lower priority (Zickler et al.Σ нллфύΦ aƻǊŜƻǾŜǊΣ ./LΩǎ Ƴŀȅ ōŜ ǳǎŜŘ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ǳǎŜǊΩǎ 

cognitive or emotional state in real-time and use that information to opportunely adapt human-

computer interaction (Nijholt, 2009; Zander et al., 2011). A recent overview of HCI, BCI and Games 

can be found in (Plass-Oude et al., 2010).  

 

Hybrid BCI ( hBCI) 
Despite the progress in BCI research, the level of control is still very limited compared to natural 

communication or existing AT products. Practical Brain-Computer Interfaces for disabled people 

should allow them to use all their remaining functionalities as control possibilities. Sometimes these 

people have residual activity of their muscles, most likely in the morning when they are not 

exhausted. In such a hybrid approach, where conventional AT products (operated using some 
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residual muscular functionality) are enhanced by BCI technology, leads to what is called a hybrid BCI 

(hBCI). 

 

Figure 9: The concept of hybrid BCI (hBCI): One way of building the hBCI system using purely brain signals. 

¢ƘŜ ǳǎŜǊΩǎ ƛƴǘŜƴǘƛƻƴ Ŏŀƴ ōŜ ƛƴŦŜrred from various cognitive states, which could be combined to improve the 

overall interaction performance. For example, a hBCI can be built with a combination of motor imagery 

recognition with error potential detection. Other hBCI systems can be built by combining brain activity with 

other physiological signals such as EMG of residual muscular activity (body muscles, facial muscles, eye 

muscles) from eye movements (EOG and/or eye-tracking can be used) and heart activity (i.e., using ECG). 

As a general definition, a hBCI is a combination of two or more different input signals including at 

least one BCI channel (Millán et al, 2010, Pfurtscheller et al, 2010, Allison et al, 2010, 2012; Müller-

Putz et al, 2011). Thus, it could be a combination of two BCI channels or a combination of a BCI and 

other biosignals (such as electromyography (EMG), etc.) or special AT input devices (e.g., joysticks, 

switches, etc.). There exist a few examples of hybrid BCIs. Some are based on multiple brain signals 

alone. One such hBCI is based upon the combination of motor imagery based BCI with error potential 

(ErrP) detection and correction of false mental commands (Ferrez & Millán, 2008). A second example 

is the combination of motor imagery with steady state visual evoked potentials (SSVEP) (Allison et al, 

2010; Brunner et al, 2010, 2011). Other hBCIs combine brain and other biosignals. For instance, 

Scherer et al. (2007) combined a standard SSVEP BCI with an on/off switch controlled by heart rate 

variation. Here the focus is to give users the ability to use the BCI only when they want or need to 

ǳǎŜ ƛǘΦ !ƭǘŜǊƴŀǘƛǾŜƭȅΣ ŀƴŘ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƛŘŜŀ ƻŦ ŜƴƘŀƴŎƛƴƎ ǇŜƻǇƭŜΩǎ ǊŜǎƛŘǳŀƭ ŎŀǇŀōƛƭƛǘƛŜǎ ǿƛǘƘ ŀ ./LΣ 

Leeb et al. (2011) fused EMG with EEG activity, so that the subjects could achieve a good control of 

their hBCI independently of their level of muscular fatigue. Finally, EEG signals could be combined 

with eye gaze (Danoczy et al, 2008). Pfurtscheller et al. (2010) recently reviewed preliminary 

attempts, and feasibility studies, to develop hBCIs combining multiple brain signals alone or with 

other biosignals. Millán et al. (2010) review the state of the art and challenges in combining BCI and 

assistive technologies.  




































































































































































































































































































































































