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Executive Summary

Bran-computer interface (BCI) systems are improving in various wés trends include improved
sensors, software that is more usable, natural, and context aware, hybridization with other
communication systems (including brain/neuronal computer interfaceBNCIs), 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 BCls increasingiiactical for conventional users (persons with severe motor disabilities)

as well as numerous emerging groups. BCls are gaining more and more attention in academia,
business, the assistive technology community, the media, and the public at large.

However,despite this progress, BCls remain quite limited in realworld settings. BCls 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, ketyps configure, maintain, repair

and upgrade the BCI. Most BCls still usebgskd sensors that also require expert help to set up and
clean. Usecentered design is underappreciated, with BCls meeting the goals and abilities of the
designer rather tharuser. Integration with other assistive technologies, different BNCI systems,
other headmounted devices, and usable interfaces is just beginning.

Many infrastructural factors also limit BCI development and adoption. Most people either do not
know about B, 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 shbateghost of the

BCI community wants improved standards, reporting guidelines, certifications, ethical procedures,
terms, and other canon. Resources to facilitate BCl development remain too limited and complicated.

Amidst these challenges, expectationsarg technology experts, funding sources, and the public at
large are higlt 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 netessa
address key challenges and help ensure that BNCI development can progress quickly and effectively.

This roadmap reviews the state of the art in BCls and related systems, identifies major challenges and
trends, analyzes case scenarios reflecting défie 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
recommend&ions 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 recommendatioogs largely on
encouraging improved interaction, dissemination and support, such as fostering a BCI Society and
publicly available welbased resources. Online resources to facilitate development, such as
introductory information, telemonitoring tools,aftware platforms, data, documentation, problem
solving guides, friendly support tools, and databases of references and events could all help BCls
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 BCls, or a roadmap about them? Both of these questions can be addressed in terms of
the growing gap between the potential benefits of BCls and the actual benefits they provide. There
are many indications thathe state-of-the-art is advancing quicklyand 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 puhligeat
However, there remains considerable challenge in developing BClgrattcal realworld toolsthat

fulfill the needs, desires, and expectationseaich user The people who need BCls magbersons

who have severe disabilities that leave them hlgato effectively communicate through other
meansg are usually not getting them. This is especially problematic because the need for practical
BCls is growing, due largely to the increase in the mean age and the potentially greater benefits that
BClIs cold provide for both conventional and new user groups. That is, as BCls become more
powerful and flexible, the loss resulting from inadequate exploitation increases.

On an individual level, the lost opportunity can be seveeand is also, unfortunatelyhe status quo
G2RIFed alye LISR2YX SeygRNEYSGE20L¢$R20G SESNODAAS O2YY
This can lead to extreme dependence and social exclusion, in addition to the obvious frustration and
discomfort from this situation. Similarly, theeshands 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 infrastructarad 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 BCl or BNCI?
¢tKS OFy2yA0Ft RSTAYAMValaY et 1. F2002; Péurtsthellér ethal, 20TMHeA NI & &
latter article! statesthat:

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

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

! This article was published in an open access journal, and the entire text is available ftirifraecessible
FNRBY (GKS abSg 5ANBOngibgyas adzoilo 27F 7Fdzidz2NB
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2. Intentional control: At least one recordable brain signal, which can be intentionatiylated,
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 fearkbabout 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)arorrdte (HR)Hence,
devices such as cochlear implants or deep brain stimulators are definitely ncariioist discussed

in this roadmap.

The definitions of these terms have both evolved significantly since the beginning of this project only
twoyearst 32® ¢KS GSNXY a.b/LE ol a AYUiNRBRdIdzOSR y2i0 2y
FYR 2y32Ay3 STF2NIa G2 FAYR Fyeé RSTAYAGAZ2Y 27F
not been successful. Also, various efforts have emerged over the lasiyéars to broaden the

definition of a BCI, such as with passive, emotional, and affective BCls. To address different
expectations, this roadmap discusdasth classically defined BCls and many related systems that,

even if not BCls, are relevant to BClvelepment. For example, passive BCls, BCIl 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 BCIls, since
these deices are more prevalent and have much broader potential appeal, but discuss different
invasive systems too.

Expanding the BCl definition

{2YS 3INRdzLJA KI @S dzaSR GSN¥Ya adzOK & aLI aaix@gs ./ 1
Y2y A 2 NE ibe (deviceR that @iMektly measure brain activity, and often provide -tigsd

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

2008; Garcia Molina et al., 2008tuhl et al., 2009Nijholt et al., 2011; Zader and Kothe, 2001

Another highprofile 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).

2 . Expanding the BCI definition requires consensas only
df a BCI does nqirovide that the term must be changed, but also what exactly is
feedback there is no (and is not) a newly defined BCI. The conventional and new
Wy (i S BdE th©de\ce or definitions generally differ on whether passive monitoring
system is simply a monitar. to.ols are BCls. The at?ove definitions also generally cgnfllct
with each dher on issues such as whether realtime
interaction or enhancing humaoomputer 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 etl., 2011a, 2011b, 2011c), which asked conference attendees what they
thought about the terms and definitions used for BCls. One respondent from the first of these

© 2012 futurebnci.org
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articles commentedthaét L ¥ | . /LINPEDARS WSBB ROl O1 (GKSdBeroka y2 Y
aeadsSy Aa aayLixe I Y2YyA(G2NEO®

Developingcommon terms and definitionsis a major challenge, and FBNCI recommends strong
support for these and other infrastructural improvements. While our project has been active in
disseminating terms and encoutiag a BCIl Society that could develop and maintain a BCI
infrastructure, more work is needed (Allison, 2011; Mabertz et al., 2011; Nijboer et al., 2011,
Allison et al., 2012).

Other terms interpreted differently

There is general accord on many terms w KAy GKS ./ L f AGSNI (GdoNtBE & dzOK
a0l GSe€x 2N aFSSRol Ol ®¢ 1 26SOSNE AY |RRAGAZY (2
different definitions in the literaturé Examples include:

llliteracy: A 2007 book chapterinN2 RdzOSR (GKS GSN¥Y a. /L AftAGSNI Oe¢
users cannot use some BCls (Kubler and Miuller, 2007). Some people dislike this term because it is
unclear or implies that illiteracy reflects a failing of the end user. Other terms ficlud LIN2 FA OA Sy O&
GRSTAOASYyOeé¢ o6l tftAadz2y YR bSdzZZISNE wnanmnT . fFy1SNI

InvasivenessThis refers to whether or not surgery is needed to implant the sensors necessary to
NEFR ONIAY 2N 20KSNJ aAdylfao ¢S oftdnubed, dut dtey O & A &
GSN¥Ya adzOK |a aAYGNFONIYyALFfé YR GAYLI FY(iSRE KI ¢

Rehabilitation: BNCIs and related systems might be used for rehabilitation of stroke, autism,
epilepsy, or other disorders. The goal is not to provide communitabio control, but produce
LISNXYFYySyd 2N 4G tSradg tFraday3a OKIFIy3aSad hiKSNI
GYSdINPUGKSNI LRED® {AYAEIFNI GSOKy2t23ASa YAIKG I LL
rehabilitation but improved sleep, relaxation, 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 dedis a hybrid BCI more broadly.

Exogenous and endogenouBCls 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 reactimed active (Zander and Kothe, 2011).

Users t KSNB Aa &a2YS RSoFGS Fo2dzi GKS LINPLINARSGe 27
GRAALFOf SR LISNR2Yyaé¢> 2N 2GKSNJ 6SNya GKIFIG Y@ 068 z
GKAA NRIFRYIQIPA SyKiiSE (GASINYT aY2NB ySdziNIF € GSN¥Y GKI G
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, ahmay obscure some subtleties intended by the authors.

’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 wnjtten b

I ¢pSyiGS dzaSa GUKS g2NR GOt ASyiGér 6KAOK Aa Y2NB
area of focus for that institute.

Terminological relevance

Readers might by now recognize that discussions about terminol ,
occupy an increasing amount tifne and effort at conferences, anc OWho cares, realB’ K

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 opiniemvere 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

Ff ®X HamMmlIO0® ab2i G2 06S AYyOSYRAIFINRI¢Z (GKS NBaLRYR

From manyperspectives, 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. BCls atikeBsyktems will still
develop in tandem, heavily influencing each other, regardiésghat they are called.

In other cases, thougherms 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
FNByYy Qi NBt S it godudnen{s Aincliding oslf téxts and dlidelines 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 wisatpiossibly

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 shout@ed 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 dtsissing 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 betweeffedent components and the user. This

NREI RYFLI Ay Of dzZRSANPGHRNB FIAY 23/NIFd MALYISAOA FAO I aLIS oG 2
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aidlradsS 2F GKS NI adzYYINEzZ lFylrfeasSa 2F aGaOKIffSy3
view, and a concludintgxt 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 sectiessasdthe 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 howntifieople use
different BCls. The next four sections discuss financial and business issues, review surveys that ask
different stakeholders and users about BCls, summarize relevant research projects, and address
ethical issues. Section Xl contains our fagdrecommendations, and section XllI contains our
summaries and conclusions.

This roadmap also contains supplemental video matéridlfe representation video presents a
major BCI conference in Utrecht in May 2011. The FBNCI project also interviewedtaiahpolders

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 wkliown withinthe research community.

O10EARADIUA O AAT AP COEAA

Most people will not have the time to read this entire roadmap. Hence, most sections end with a text
02E &dzYYFNARTAY3 YIFI22N A&d4dzSa Ay GKIFEG aSOdAazyo 4
are onepage overviews. The interviews available on our website provide an alternate way of

f SENYyAyYy3a aidl1SK2f RSNAQ @OASgas yR 20KSNJI 9ARS2 Y
some of the newest BCI systems and events.

{o)

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 webdintil 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 confenee 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 componeof 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

®The Utrecht video isaessible from the Future BNCI website at futar’ OA ®2 NBH o6& Of AO1 Ay 3 2y
G!' o2dzi ./ LaAaéd ¢KS a{iGF{1SK2ftRSNIJ LYGSNWBASsasg G106 dzy RSNJ
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roadmap sections. For example, the Utrecht workshop included Isgnalip discussions with-8
people per group focused on different case scenarios.

Figurel: The left panel presents most attendeed the 2010 conference near Graz. The right panel shows
some of the attendees listening to presentation (left to right: Melanie Ware, Michel llzkovitz, Michael
Tangermann, Aureli Sori&risch, Diane Whitmer, and Clemens Brunner).

Small group discussions were one of many techniques employed during the workshops. Typically, the
small groups deveped 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 stingxioadmap text and
issues, and questieand-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
hostedad . b/ L @At ftF3IS¢ ANRdzZL) 2F SEKAOAGA la ¢Sttt | &
several evening workshops with major conferences, such as the Asilomar conference in May 2010,

the TOBI workshop in December 2010, and the Society for Neurosaienéerences 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 beganetpartners 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 {fineed the section responsibiliteeafter 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 Tremology)
lll.  Sensors, Signals, and Signal Processing (Starlab)
IV. Devices, Applications, and Interfaces for Disabled Usead€ Polytechnique Federale de
Lausanng
V. Devices, Applications, and Interfaces for Everyone (University of Twente)
VI. Case scarios (University of Twente)
VII.  Financial and Business Issues (Starlab, Graz University of Technology)
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VIIl.  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)
XIl.  Summary and Conclusions (Graz University of Technology)
XIll. Contributors (Graz University of Technology)
XIV. Glossary (Graz University of Technology)
XV. References (Graz UniversitlTeechnology)
XVI.  Appendix I: Invasive and némvasive technologies (Graz University of Technology)
XVII.  Appendix Il: Sample funding mechanisiBsdle Polytechnique Federale de Lausanne
XVIII.  Appendix llI: Followp plan (Graz University of Technology)

While each sdmn 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 betweent®ns, 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 devaded as part of the Future BNCI project, whishfunded by the Seventh
Framework of the European Commission (Project numbe248820).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 resplentr indirect support, such as developing

web resources and a book.

Future BNCI waled by a consortium of four institutions: Graz University of Technology (TU Graz or
just TUG), University of Twente (UT), Ecole Polytechnique Federale de Lausanpea(@PHtiarlab.

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

Advisory Board

The Advisory Board provided feedback about the roadmap, updated us on the most recent
developmaents, 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. ThsotglBoard 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 is@ and nofinvasive BCIs, patients and healthy users, and
different BCI approaches).

‘ttS1asS 4SS a/2yGNAOdzi2NEE F2NJ | mddtherzdntrititors./ L G SHY Y
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The H3 poject cluster

Future BNCI is part of a clusterthirteen projects that are all funded by the EC and focuB@i and
BNCI research. Future BNCI is focusetelping BICI research and theN&l community, including our
cluster partners.The other projects in our cluster focus primarily on neaientific research and
technological development, suchs aconducting new experimentgjeveloping new hardware or
software, and testing new systems with patients and other users

European Cluster

Figure2: The logo representig the H3 BNCI research cluster.

Additional roadmap contributors

This roadmap was developed over two years, with extensive interactiith 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 thissadmap, was also wish to thahk

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 admitistrative support staff at our host institutions.

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

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

7) All of the interviewes 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

Braincomputer interface (BCIl) systems allow communication withoutvenoent. BCIs may be
invasive or nofinvasive. Invasive BClIs require surgery to implant the necessary sensors, whereas
norrinvasive BCIs do not. Over 80% of BCls are-im@sive systems that measure the
electroencephalogram (EEG), which reflects the elesractivity associated with mental tasks

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

® 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
9dzNR LISFY [/ 2YYAa&dA2y 09/ b SazB NP RdzO & K LIGz& S NJG B WA S M.
This term includes ®ls as well as devices that monitor other physiological signals (not directly
NEO2NRSR FTNRBY (GKS ONIAYyO0X &adzOK a RS@OAOSa GKI G
require intentional control, but do still require realtime feedback.

Progress in each of the four components
Any BCIl has four componentssignal acquisition
(getting information from the brain); signal processir Any BCI has four components
(translating information to messages or command: Signal acquisition; signal

devices and applications (such as a speller or robc processing; devices and

device); and anapplication interface (or operatin S :
vice) ppication | (or operaling o jications; and an interface
environment) that determines how these component

interact with each other and the user (see Fig@le =Of Operating system.
BNClIs also have these four components, but the signal
may be acquired from other sources.

Signal Processing

Feature Translation
Extraction Algorithm

GRAZ
ABCDEFGHI
L4
JKLMMNOPOR|
STUVWXYZ

BACKUP

Figure3: The components of anCl system (from Allison, 2011).

Rapid progress is being made in all four components. 8Envgorsare being developed that do not

require electrode gel, which reduces preparation time and hassle and makes BCls nesssideco

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 othjeals. 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 meanof 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 andreated

for most BCI applications. Improved sensors for invasive BCIs could provide a better picture of brain
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activity in many ways while reducing the cost, time, #émelinconvenience of surgery. Furthermore,
many invasive BCls have shown they can idmveliable control years after implantation, which
helps to address concerns about letegm reliability.

a1 & 6 NRA Rambine /a B@l with another means of sending information, such as another BCI or
BNCI, another assistive technology, or conventiomé¢rface 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 ¥plore BCls as multimodal interfaces in which users can interact, in an intuitive and
natural way, using BCls as one of the communication changelsl 4 &8 A @S ¢ couldL  aead
augment our interactions with computers and other devices by assessing alertaescipation,
imagerecognition, perceived error,or other mental states based on activity from the brain, eyes,
muscles, heart, or other sources.

New signal processingapproaches have reduced training time for some BCI approaches and
improved accuracyand 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 chafleimg signal fusion
remain unexplored, due largely to inadequate communication and networking among relevant
stakeholders in both the sensor and signal processing communities.

Many new BCHevices and applicationdiave recently been validated, such as gohtof 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 thasimple 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, BCls could benefit a wide variety of
disabled and even healthy users.

New and weHldesignedapplication interfacesalso show promise. Recent work has validated BCls as

a communication channel using advanced virtual environments, which reduce training time while
improving accuracy, performaac 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
GKS ab2 /2yiNREt {GF 0S¢ Ay \@eKirfdrkatiod, Kril baladh&WNandR2 Sa y
when to present feedback.

Usercentered 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. Cquait a

GAGK ' [{ o[ 2dz DSKNAIQa RAaSIraSuv: gK2 Olyy2id Y20
disorders, and very different goals, abilities, and expectations. Tasks such as mounting a cap and later
washing the hair, which may seem trivial foealthy 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 téulkfledged, mainstream research
endeavour This emerging successapparent 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 peereviewed publications, attendance at BCI conferences and other events, and
the number of active BCI research labs. Fégushows the increase in BCI conferences. The number

of peerreviewed BCI publications has also increased significantly in the last decade, with the number
of publications more than tripling since 2001 (Schad08).

Peer-Reviewed BCI Research

180
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40
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Figure 4: Two indices of increasing BCI research. The left panel presents attendance at the five Graz
International BCl Workshops, which were held 8002, 2004, 2006, 2008, and 2D1The right panel shows
peerreviewed BCI publications. We thanRrof. Jonathan Wolpaw for permission to use the figure in the
right panel, which will appear in the introductory chapter of his upcoming bofskm Oxford University Press
(Wolpaw and Wolpaw, 2012)

Several sources also indie that commercial interest in BNCI research is increasing. Within the
business community, there has been a major increase inimasive BCI sales. According to an

email fromDr.¢ K2 Yl & {dzZ f AGFtYy FTNRBY bSdNB{(1& Ay ad NOK H/
shipped over 1 million integrated circuits that process EEG signals. This is not just in our own
KSFRaSdhaszx odzi Ay GKS KSI RWikdmhagazife agiaizMbolidcliBsyhd NB A
estimate of one million units, with sales of five lioh projected by the end of 2011The
aforementioned dry sensors have led to simple games based ontheadted 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. Gunther Edlinger from Guger Technologies reports that g.tec had an increase in annual sales of
/L SHdZALIYSYy(d 2F |o62dzi opl: LISNI myvgsdadnchediy &€& Hnnp
2009. Seventjive percent of all ENOBIO sales have been for BCI applications. Twprdfitgh

American companies devoted to invasive BCIs have been less successful. One such company,
Cyberkinetics, ceased operations in 2009, altfiouthey had some excellent people, solid
publications, and impressive BCIls. 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 likeilfys have some projects involving BCls and similar systems.

" http://www.wired.co.uk/magazine/archive/2011/07/start/minetontroller
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Enthusiasm for BCI research is also apparent through funding decisions by the EC and national
Fdzy RAy3d SyGAGASad ¢KS 9/ alLISyd Foz2dzi eoy YAffAzZ
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 BClI and BNCI research. Another is the IBeaipfoject, 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+gatld settings. The Dutch government provided
eHn YAffA2Y T Jedt)aidc@me othel matibmal ghvgrnmeiNgin 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 impressite r
American papers on invasive BCls. These figures only reflect projects that focus primarily on BCls and
BNCIs. Many other funded projects focus primarily on other efforts, such as robotic wheelchairs, but
do include some BCI or BNCI work, such asigirayone of several mechanisms to control a robotic
wheelchair system.

Finally, BCls are suddenly gaining widespread attention in the popular media. Popular printed
publications have featured cover stories about BCI research recently, including Schengfican,

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 I8C, NBC, CBS, NPR, and BBC News have also
presented work highlighting BCI research. BCls 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 XMen series.

Analytica | framework

One of the early challenges encountered when evaluating future directions is identifying all of the
FIOG2NR GKFG YAIKG AyTFitdsSyOS az2vySz2ySQa RSOAaAzZY
price and performancera 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 eéwtonal 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 laragiee dramatically.

The figure below presents amalytical framewor 2 NJ . b/ L aeadSvya o!ffArazyz:
summarize the numerous factors that affect BNCI adoption. Many of these factors are often
overlooked, and could represent underappi@ed potential roadblocks or opportunities. For
example, a new BCI that delivers particularly high information throughput might seem appealing

but what if a competing product requires less distraction and can be ready to use within minutes
without any &pert help?
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BCI Challenges
Sensors
ook ~ Key Factors
Brain Effects Cost
(financial, help, expertise, training, [}
t invasiveness, time, attention, fatigue) E
Related Disciplines Throughput -g
.
Electronics (alphabet, accuracy, <
- B speed, latency, effective throughput) T
Signal Processing — Lo]
HCl ¢ fl 'b‘IL'JtI“t)I/' bility, illi ) %
. - support, flexibility, reliability, illiteracy
Cognitive Neurosci. - %
Communications / Integration =
— (functional, distraction quotient, &
Medicine hybrid/combined BCls, usability) 8
Psychology Appearance
Manufacturing (cosmesis, style, media, advertising)

Wearable Computing

EXG Sensors

Figure5: An analytical framework for identifying factors in BCI adoption (from Allison, 2010)

Succes stories

While success within academic, commercial, and public sectors is important, one of the key
indicatorsof 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. Heeepresent 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 @ain; z < .
neuroscience lab in New York. Several years ago, he al O2dzf R )/ Qu
diagnosed with ALS. He could use an eye tracker as @ A U K2 dzii . / L)
assistive technology, but it became increasingly tiring as this with my EB courtesy
disease progressed. In 2008, he began using a P300
provided by the WadsworthCenter. He has since reliel of the Wadsworth Center
KSIgAfte 2y KAa ./ L T¥F2N O2y BrainComputer Interface §1y3 o
run my lab without BCI. | do molecular neuroscienceresea WS 8 S| NDK t NI

FYR Y& 3INIyld LI eda GKNBS LS. ol ow Lt winnmunyY3d (KA
courtesy of the Wadsworth Center Bra@onlJdzi SNJ Ly G SNF I OS wSaSI NOK t NP
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 Rinutes

8 hitp://www.cbsnews.com/stories/2008/10/31/60minutes/main4560940.shtml
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e . . ; Tim Hemmes lost control of his arms and legs after a
It's the first time I've motorcycle accident. A group of researchers from the
reached out to anybody university of Pittsburgh implanted an ECoG based BCI that

in over seven years," Mr allowed Mr. Hemmes to control a prosthetic harwlith some
training, Mr. Hemmes learned to move them in all directions

. and hit targets at nearly 100% accuradys the first time I've

to touch Katie. | never reached out to anybody in over seven years," Mr. Hemmes
got to do that before." said. "I wanted to touch Katie. | never got to do that before."
The research team plans another phase withhsisnan usery

Hemmes said. "l wanted

An artist also chose to participate in a research subject fo| . .
LINE 2SO0 GKNRBdAzZAK GKS | yADSNEA NG myfe.edbgck 3 OF ff S
This BCI system allows people to create new artistic images wi to my first BrainPaint

BClI, such as the image shown below. Titistavrote thata | S N. image; | am deeply

my feedback to my first Brain Painting image; | am deeply mo moved to tearst

G2 GSFNBA® L KI@S y204 0SSy | : F2N Y2
Several other healthy and disabled users were able to use the BrainPainting system as well
(Minssingeeet al., 2010).

Figure6: An example of a Bralainting created by a BCI user (Munssinger et al., 2(1.?10)

Hence, there certainly are examples of BCls providing real benefits to real patients in realworld
scenarios. Criticallghough, all of these stories present users who leadjoing supportfrom a local
BCI research lab, using a BCI system with one application designed for nobody in particular.

® hitp://www.msnbc.msn.com/id/44843896/ns/healtimens _health/t/paralyzeeman-usesbrain-powered
robot-arm-touch/#.TvbL8Fbv18F

1% hitp://www.frontiersin.org/neuroprosthetics/10.3389/fnins.2010.00182/fdll ! f 425 aSSé¢ &/ a8 { O
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Therefore, the main gap in BCI research is not in proving that BCls can sometinkesout 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 BCl components.

e TheFnancial and Business section reviews commercial developments.
e The Project Summaries each summarize ongoing projects within thpéam@€ommission.

e The Surveys of Stakeholders presents the different perspectives on the state of the art from
different researchers and end users.

e The FBNCI website has many sources of additional information, including downloadable
lectures from BCI class, free peetreviewed articles, and videos.
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Sensors, Signals, and Signal Processing

In this section we present a short overview of the stafé¢he-art of Sensors, Signals and Signal
Processing, including trends in research. Taking this as a stadingwe identify problems and
challenges, suggest solutions and outline a-jigar view for BNCI research on these topics.

State of the Art

BNCI signals from invasive sensors

Although invasive sensors and their associated signhals are not the primasydbthe 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 includingnagauing

from an invasive BCI perspective: "Braitachine interfaces: past, present and futuré’epedev and

Nicolelis 2006), "Sensors for BrakComputer Interfaces{Hochbeg and Donogue2006, ¢ . NA RI A y 3
GKS . NIXAYy G2 GKS 22NIRY It ®odlaghie PA0BMS "Neusal b S dzNJ
control of motor prostheses'(Scherberger, 20094 | dzY'l'y O2 NI AOFf LINRPaGKSaSa
(Ryu et al.2009) provides a balancing perspective from the clinical point of view.

To summarize the field ofvasiveBClI research, the majority has beenused 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 mulkiit recordings from nothuman primate motor

cortex, or human ECoG recordings fropilepsy 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 multunits

The first demonstration of primate closeldop 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 fhenfirst suggestion that signals recorded

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

until populations of cortical neurons in monkeys were used to move a robot arm in 3d space with
closed loop cotrol (Taylor et al., 2002and to drive natural enough movement for a monkey to feed

itself with a prosthetic arm\(elliste et al., 2008)n this time period, significant effort was devoted to
characterizing and decoding the signals of the motor cortesoeiated 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 aive at that endpoint Georgopolous et al. 1982).a G KS & LJ2 LJdzt | G A 2
O2RS¢ o0l &SR 2y &aLA{1Sa 0SOFYS | LINBYAAAY3 LI2aaioA
work was devoted to characterizing the relationships between spikes and the pememassociated

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 proebf-principle that motor corical neurons could control an external device with 1D

control was carried out with a population of single units from ré@hapin et al., 1999 Cortical
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singleunit and multtunit recordings from the primate motor cortex then became the focus of
researchinto the development of braiktontrolled motor output based on invasive signalgessberg

et al.,, 2000demonstrated that populations of neurons distributed through monkey premotor,
primary motor cortex, and parietal motor regions, could predict 4&bd D arm movement
trajectories. Shortly thereafter,Serruya et al., 2002lemonstiated 2D cursor control based on
recordings from monkey M1 neurons, afdylor et al., 2002 showed 3iline control.Carmena et
al., 2003demonstrated combined R cursor control andhand grasping force control.

One research direction in motor control BCI has been to recording from larger and larger numbers of
single neurons (Nicolelis, 199%997).Another has been to expand the number of discontinuous
brain regions that have simuit@ous implants (Nicolil et al., 2003; Hastopoulos, 200usallam et

al, 2004). Hastopoulos, 200#kemonstrated that the hierarchical organization of the motor cortex
can be used in simultaneous mulégion recordings for hierarchical decoding of movemselection

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. Mudtiea recaodings for BCI do not necessarily have to be
limited to the cortex onlyPatil et al., 2004lemonstrated that ensemble thalamic recordings can be
modulated based on visual feedback in terms of their responses to gripping force.

Until recently it has beenraopen question as to how generalizable these promising results from
healthy, intact monkey brains could be to the human patients who need BCls. The variety of
neurological conditions, for which BCls would be useful, include such diverse disorderssgsnals,

cord injury, stroke, cerebral palsy, muscular dystrophy, and traumatic brain injury, among others. The
first successful BCl in a human patient was achieved in the late 90s by Kennedy and colleagues
(Kennedy and Bakay, 1998ennedy et al., 2000sed 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 breakthrough study, neuronal ensemble activity from a-&tannel microelectrode array

over motor cortexwas successfully used to achieve continuous 2D control over a cursor by a human
tetraplegic patient who had suffered spinal cord injuffdfochberg and Donoghue, 2006A\n
extension of this study demonstrated that the same kinematic motor parameters (@ositnd
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 path\{&yscolo, 2008)
suggesting that the body of BCI research from heafthignate cortex studies can be applicable to
patients with paralysisNevertheless, a recent revie@Ryu et al., 2009admonishes the field that

these proofof-principle studies are insufficient to suggest that invasive BCls are ready for
widespread use gvy G KIF i GKSNB adGdAftf NBYFAYy o200t SySo1a
FYR LI GASYG NR&1&¢ o6Llbou ®

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

new research direction to expand beyond motor sigiax (2 GKS Ay Of dzaizy 2F 4
Cognitive prosthetics are defindda &aA3IylFfta GKFG aNBO2NR (KS O23yA
GKFy aAraaylta aaNaOiGfte NBfFGISR (G2 Y202N) SESOdziaz2
Musalam 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, evdrerwthe movement is

ultimately not executed, providing a possible shout to the BCls 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 rewar@iseket al., 2004uncovered similarly promising signals for
cognitive prosthetics from the dorsal premotor cortex, possible single neuron correlates of mental
rehearsal.Santhanam et al., 200@emonstrated that the dorsal premotor (dPM) cortex can indeed
provide a shortcut alternative to BCls 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 detoel¢arget 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 exgitaind inhibitory post
synaptic potentials of a population of neuroiislitzdorf, 1985)estimated to cover a recording
volume on the mnil scale. The use of LFPs for BCl is a relatively new research direction. The
amplitude of the spectra of LFP recorded nfrahe motor cortex can be used to decode arm
movement direction in a centreut reaching task, and the best performance is achieved by a
combination of different frequencyanges Rickert et al., 2006 Researchers pursuing the use of LFP
recordings for BIS 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 dimguarcsmn between LFP and
macro cortical surface recordings during a cerdat 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 recordingsnftbe lateral interparietal (LIP) region of

I Y2y1SeQa LRAGSNA2NI LI NASGEE O2NISE RAFTFSNByYI(A
endpoint goal of saccadic eye movements. In another study, LFPs are shown to be even more
effective at predictingeaching 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 shaveedtthiage 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 (BG), 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 thoofaedsons along

with volume conduction effects.

As the LFP researchers argue that local fields are the ideal spatial scale in theftrbdaveen

single units and scalp EEG, so argue the BCI researchers who use ECoG (Ryu et al., 2009). Although
work asearly as 1999 and 2000 suggested algorithms for Bf2e€d BCI (Levine et al., 2000), the

first demonstration of braircontrolled cursor movement via ECoG sighals was in 2004, when
Leuthardt et al., 2004 used ECoG signals frareglepsy patient to contd 1Dcursor movements in

offline processing and achieved-180% 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 alteative approach used the time domain cortical surface potentials
FNRY 9/ 2D NBO2NRAYWAARId@agd0H2 OBy HoMieREEchakdtdzt | NJ H
al., 2007)In this paradigm the local motor potentials produced better performance thanpibwer

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 2Brm movements to random tasgs 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 advantaigeesECoG 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 disadvastafjECoG are the limited control over

the placement of electrodes, since EGo&ked BCI studies currently are ethically approved only for
those patients who have subdurally implanted electrodes for other clinical purposes. The risks
associated with braisurgery (infection, complications of anaesthesia, etc.) are obvious drawbacks to
this invasive approach.

In 2011, a German startup, CorTéclaunched on the promise of practical and robust ECoG systems
with improved biocompatibility for longerm implantaion. Although not the first company to enter
this space, their technology is novel and promising.

Also in 2011, flexible ECoG arrays (Litt et2dl11) have been introduced that can adapt to the 3D
form of the cortex providing improved spatial resolutiand 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 rieaiothte motor
cortex for the control of external devices such as cursors abdtrarms through 31 space. The
generalizability of signals and algorithms from motor read, 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 osignals 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 typesafads 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 processings Alescribed earlier, there are a few studies in monkeys in which spikes
and LFP are recorded simultaneously (Pesaran et2802; Scherberger 2005). Both studies

" http://cortec-neuro.com/
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demonstrate that there are cognitive states for which the LFP is a better decoder thas.sfikere

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 tasind finds that LFPs bett predict target location in a centieut
reaching task (Mehring et aR004). Future directions in this area are:

1. Which spatial scales (single units, multits, local field potentials, or
electrocorticography) are the most useful for different BCI leapions? 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 combifed?
example, new implantable multicale electrode maages used for epilepsy research
(Worrel et al., 2008)n cognitive neurosciencgQuiroga et al., 20059ould be used for
BCl research.

Multi-scale recordings are just a specific example of multimodal brain imaging, and an important
future direction for ElIs will be the use of multiple complementary imaging modalities in the
generation of BCls. For example, a study published just this year demonstrates the combined use of
ECoG and fMRI, wherein fMRI is used in appoeessing step to localize functionabin regions for
ECo®ased 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, wkereas plasticity was previously posed as a problem in the development of robust BCls,
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 plafticimproved 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 remairextremely 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 longterm 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).

Electroencephbography (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 aretqeptual 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 localizatiwendf cu
sources in the brain that produce the pattern of activity measured on the scalp is known as the
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GAYDSNES LINE 6 f -8nilecsolutiofi.RThiskpbsis alprolyfetnyfor neuroscientists who are
studying relationships between brain structure and ftioi, 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 comparetb invasive methods), has presented itself has a viable option for the development
of BCls.

The first motor imagery BCI (in the modern sense) was proposed by Wolpaw, McFarland and
colleagues in 1990, who demonstrated EigSed cursor control the followingear (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 abtagh performance control overIBmovement
(McFarland et al,. 2010). An interim milestone was the achievement obk&«d 2Dcursor control

in 2004 (Wolpaw and McFarland, 2004).

Since some of the earliest EEG recordings, a salient 10 Hz rhythm, noWwXEefer (2 | & & YdzZ ¢
observed in over the sensorimotor cortex and would disappear during voluntary movement. The
movementA Y RdzOSR OS&aal A2y 2F Ydz NKeiGKYsz OFffSR davYdz
with EEG, MEG, and intracranial EEG, during mem&sof 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,
Pfurtschellerand Neuper, 1994). The frequency domain equivalent of mu blocking is the relative
decrement in alpha and beta power. The movemamtuced decrements in alpha-(@ Hz) and beta

(13up 1T0 LR2GESNE NEBESNNBR RSae@ O KIS piioMdé otust ¢ 6 9 w5
signals for predicting movement and have been used forlidsed BCls.

In addition to its use for moving external effectors through space, EEG has also been used extensively
for the development of communication BCIs. Stereotyped EHfatsigs such as the visually evoked
potential and the P300 signal (Kubler 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 prathe 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 fgaency/DC shift that precedes movement, are another example of
stereotyped EEG signals that can be used for BCls.

Some examples of new and interesting research directions fortiaE&l BCls include the use of

inverse modelling to improvsignal extractionNoirhomme et al.2008), the combined use of EEG

with fMRI, and the mixing of different stereotyped EEG signals in a single BCI (Brunn&0di33).a

ySé | LIINRFOK 1y26y a aK@ONARR ./ L&aé¢ GKIFIG gAfft 08

Electromyograhy (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 electrodean 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 mewments 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 @thér 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 #leal 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 seech, 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 neveracordings. 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 stiesThere 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 staslbe Tk

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 pregses.

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 sensorplaced on the surface of the scalp. The first MEG recordings where done in
1968 at the University of Illinois by the physiddxtivid Cohen using a copper coil in a shielded room

to avoid the interference of external magnetic fields;luding the one fronthe earth (Cohen1968).
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 B devices is the one generated by synchronized
intracellular axonal currents (Barth et,&986). About 50000 neurons with a similar orientation are
required to create a signal that is detectable (Okada etLlaB3).

Functional magnetic resonance imengy (fMRI)

Functional magnetic resonance imaging (fMRI) is a-ineasive measurement of aaskinduced

blood oxygen leveiependent responseand has been a core methodology of cognitive neuroscience
research for decades. fMRI data are traditionally anrdlSR 2 FFf Ay Sz & + &aO2y NI
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 para@ym shift in the way fMRI data are analysed, as researchers have discovered what is now
NEFSNNRAY3I (2 |a GKS aRSTFldA G ySGe2N] £ 2N aNBaAi
there is no true baseline state of the brain, and that the patterdis 00 NI Ay | OG0 A @I GA2Y
actually reveal the regions of the brain that are functionally connected when the subject is merely
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domain, which may ha opened the door to analyse of fMRI in a rii@e mode which is what

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

data acquisition and processing have allowed for the feasibility oftial processing of fMRI data,

giving rise to the recent surge in reghe fMRI studies.

A number of studies in recent years demonstrate with #tgak fMRI that subjects can achieve
closed loop neuromodulation of specificain regions. For example, (Yoo et 2002) use feedback
from fMRI recordings to modulate the extent of actyvih sensory and motor cortelosse et al.
2003 demonstrated a proof of principle that amygdala activation changes on a-giagleasis in
response to selh Y RdzZOS R &l Bperazaz LXY aRwi&Yd ¢KAA -odpa F2f ¢
demonstration of closedoop neuromodulation of the anterior cingulate cortex with training
(Weiskopf et al.2003). In a later studyZaria et al.2007showed in a carefully controlled study that
viswal feedback from fMRI can be used for reale modulation of the signals in anteriomgulate
cortex. deCharms, 200temonstrated that reatime fMRIbased neuromodulation of the rostral ACC
allowed for both healthy subjects and patients of chronic paigontrol their subjective experience
of pain in response to a noxious stimuldsIRl neuromodulation for rehabilitation or functional
improvement has gained considerable attention recently, as discussed in the next section.

Nearinfrared spectroscopyNIRS)

Nearinfrared spectroscopy (NIRB)volves 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 neéafrared energy at certain frequencies is related to
specific type of molecules. When a sample of matter is exposed teinfared 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 ft@o$ 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 obtainvasine
measures related tdhe 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 asedciaith 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 mabthiedlémann et al.

2008. The main drawback is that the popenetration of the light on the brain tissues only allows
measurement of activity in cortical areas. The terms near infrared imaging (NIRI) and functional NIRS
(fFNIRS) are often used to refer to this technique.

Invasive BNCI sensors

Multi Electrode Arrag (MEA'S)

Multi Electrode Arrays (MEA's) have been widely used -witia cell cultures (noamplantable
MEAs). Nowadays there is a tendency to move frowitio to in-vivo solutions (implantable MEAS).
When used irvivo, these sensors are often usedrexord Electrocorticogram (ECoG). The reason is

© 2012 futurebnci.org




Signal Processing

; Section 3:Sensors, Signals, and
future bnci k

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.evino), since those are the ones that can be used in
potential BC applications.

There are three major categories of implantable MEAs:

e Microwire MEAsthese areusually made of stainlessteel or tungstenand are useful to
estimate the position of individual neurons by triangulation.

¢ Siliconbased MEAs: There are twpesific 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 pst at the ends of the shanks. In contrast to Michigan arrays, Utah arrays are 3
D, consisting of 100 conductive silicon nee@daynard et al., 1997)However, in a Utah
array signals are only received from the tips of each electrode, which limits thenarof
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 witpolyimide, parylene, or benzocyclobutepmvide an advantage
over rigid microelectrode arrays because they provide a closer mechanical match, as the
,2dzy3Qa Y2Rdz dza 2F aAAfAO2y A& YdzOK fF-NHSNJ GF
induced inflammation.

Most MEAs are used for studigs 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.,p2888nts results of algon based

MEA implanted in 6 living rat§. 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, 1984owed a similar rest with implants in guinea pig corteRfter

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 BRased 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 worldescribes the use of a BNCI by 5 tetraplegic subjects (Kilgore et al., 1997).
By contolling 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 aopean funded project, called
NeuroProbes?2, 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
understnding of cerebral systems, and for the treatment of the associated diseases.

2http://naranja.umh.es/~np/index.php
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as chemical sensing and stimulation of neurons. Fourteen partners, froovallEurope 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 theatment 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 gimulation. 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 projespecifically in the context of vision
NBal2Nl GA2y 2F LINRPF2dzyRfe& ofAYR LI GASY(aodé

Noninvasive BNCI sensors

Noninvasive sensors do not require surgical intervention to place the electrodes. In other words, the
electrodes are placed outside the head. Mam&®rmation can be found in the summary of signals.

Biopotential/Local Field Potentaltansducers
A local field potential transducer is a type of hardware aimed at recording brain activity. There are
two basic types: resistive contact and capacitive4sontact.

Non-polarisable metal biopotential transducers

Since these sensors are nmvasive, (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 designs83% of BCls in &on et al., 200aAre 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 diéf@rin 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 systdrave recently appeared, including those from
0.Ted3, Neuroelectrics4 and Mindmedid5. This move to wireless systems is essential and
inevitable for user friendly systems such as those that can be used at home.

B hitp:/lwvww.gtec.at

¥ hitp://neuroelectrics.com

5 hitp://mww.mindmedia.nl
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Conclusions: Signals and sensors

Another lire 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 elgctrodes in
unobtrusive physiologic recordings (Lin et al., 2009). Other, even more unobtrusive,
G§SOKy2t23ASa IINB |LIWISFENARYy3I fAGGHGES o0& tAGGE SO
the use of these innovative sensors until it has been thoroughly proliat tithin the
limiting hardware conditiong;low sampling rate, few electrodesobust results can be
obtained.

2. Capacitive electrodes (see next section). The use of capacitive electrodes also promises to
bring better levels of unobtrusiveness concerniregdware 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 ngiseveral capacitive sensors was develofigehler 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 hardviiaee,
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 &eough 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 theother 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 mavieantfacts.

There are some more recent advances in the field of capacitive electrodes (Chi et al., 2009). This
work presents anon-contact capacitive biopotential electrode with a commomwde noise
suppression circuit. The sensor network utilizes alsimpnductive 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 ovefl@H®Hz bandwidth.
Signals are digitizedirectly on board with a it ADC. The coisized electrode consumes 285uA

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

area sensor networks.

One of the most interesting developments in this fiéddthe Electric Potential Integrated Circuit
(EPIC) from the Prance group at the University of Sussex. This technology has recently been licensed
by Plessey Semiconductagfor 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 thaprior art.

18 hitp:/iwvww. plesseysemiconductors.com/epic.html
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Hybrid transducers (resistive and capacitive)

The company QUASARhas developed an innovative bioelectrode that usgbrid 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 witithe 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,&19) and (Matthewst al., 2007).

Superconducting quantum interference device (SQUID) magnetometers

These devices are used for Magnetoencephalography (MEG). David Cohen recorded the first MEG
signal back in 196Before the invention of the SQUI{Tohen, 1986)MEG devices nwadays are

based on the SQUID detectors and the signals recorded are of very good quality, i.e. comparable to
EEG signals. Presatdy MEG arrays are set in helrsdtaped dome that typically contain 300
sensors, covering most of the head.

This technologys 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 aetiggh 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 neéal 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 worklog amwise
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 targlew 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 transduaes

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 oxygenaimtiectively known as hemodynamics) in the
brain are closely linked to neural activityhis is known since 189®oy and Sherrington, 1890).
Several methods are used to record hemodynamic changes and all of them are non invasive. In the
next sections wavill 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 neurdgpalSactiei

articles have described fNIRS based BClIs (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.,®00NIRS is also promising for scientific and medical

7 hitp:/lvww.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 MagnetidResonance 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,&004 shows a BCI system that could work in real time,
providing the user a eurofeedback application. Yoo et,&004 is also done in real time. A set of
subjects is able to navigate in a 2D maze by using their thoughts.

A
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FHgure 7: Spatial and temporal resolution of most common nenvasive techniques

BNClsignal 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
dividedin 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 typesafdres used in both cases:

Single Channel TimBomain Features:
0 Autoregression

o {GrdAadAOrt FSkddNBa oYSIyz @i NJ‘\ yééz 1 dzNJi 2 & )
0 / 2NNBf I GA2Yy FSIGdz2NB& 0l dzi2z202NNBf I iA2ys O2NNEBf
o Energy

o Entropy

(0}

Fractal dimension

Single ChannelrEquencyDomain Features:

o Band Power analysis
0 Wavelet related features
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o Time Frequency related features
o Bump Analysi¢Vvialatte et al., 2009)

Synchronicity Timéomain Features:

0 Mutual information

o Cross correlation

o0 Phase synchrony

0 Synchronisation likelihab(Stam et al.2002)

Synchronicity Frequencipomain Features:
o Coherence

Multichannel Features:

0 Inverse problem resolution
0 Graph theory (Complex Networks)
0 Spatial Filters

For a review of features used in BCI applications, pleaskatezet al., 2007.

Computational intelligence methodologies for BNCI

Since some works in the analysed literature already undertake a general survey (@ag&@shati et

al.,, 2007; Mason et al., 2007ye review further approaches based on the employment of
computational inelligence (CI) techniques for Brdifeural Computer Interfaces. Computational
Intelligence, also known as S@bmputing, is a branch of Pattern Recognition that is characterized
by the combination of different complementary techniques for the implementatof real
applications. In this context, Cl 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.

e Fuzzy Computingvhich groups fuzzy logic, fuzzy sets, and fuzzy aggregation.

e Evolutionary Computation, which is formed by Genetic Algorithms, Genetic Programming
and Swarm Intelligence.

¢ Probablistic Computing, which includes sevesdtistical techniquegDuda 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 extiatti

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 &ature 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 projectionhtéques 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 componerf&ichenoura et al., 2@0attempt to give an
introduction to the wdely 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 significantlyoiraprthe 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 matthat separates the signals in a set (of lower
cardinality than the signal set) of sources. This is done by giving tballed unmixing matrix as an
output. The components of this matrix are computed through different procedures in the
aforementioned algathms 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 waynitaximized

(or minimized) as well. Infomax is based on the maximization of the differential entropy, whereas
FastiICA maximizes the negentropy. The remaining functions maximize thellesd contrast
function. It is worth mentioning that a further step f#ifentiating 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 prgbsising 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
eyemovement artifacts, a quite fragently 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 mioythm 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 papermalyses 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.

Linet 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 appbeoatif 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 s¢al features are mapped onto a drowsiness estimation through
the application of a neurfuzzy 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 usedctmique is based on Common Spatial Patterns (CSP). Coyle et
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al., 2008 presents a-@ass EE®ased braircomputer 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 describ@s detail differentCSP filters and variantdheoretical background

and implementation. It focuses particularly on singial clasification, 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 performancef CSP. Some muttlass versions of CSP have been proposed as well,
such agOne Versus the Rest (Wu et al. 2005).

Further supervised projection approaches, which are not based on CSP, are described in the
following paragraphsCoyle et al., 200presentsneural networks for a BNCI applicatidgreatures 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
(neual networks) NNs, one per class (instead of using a itlakls 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 sgatial a
spectral filtering. Neural networks are employed in a prediction based preprocessing framework,
referred to as neuralime-seriespredictionpreprocessing (NTSPP), in an electroencephalogram
(EEG)ased BNCI. NTSPP has been shown to increase featuelsdify by mapping the original
EEG signals via tinseriesprediction to a higher dimensional space. The paper implements this
temporal filtering through two different approaches, a seifjanizing fuzzy neural network, and a
multilayer neural networkrained through baclpropagation. 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 thiwakfilfering, 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 ofegormance 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 éhlynidutes of trainig data
(compared to 2660 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., 2007includes a very extensive review of features and cliessiffor BCI. The paper
focuses particularly on classification in Ei&Sed BCI. It briefly analyzes features, mentioning:
amplitude values of EEG signals, band powers (BP), power spectral density (PSD) values,
autoregressive (AR) and adaptive autoregresgi/AAR) parameters, tirfeequency features and
inverse modebased 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 nanysamples 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 ofssifier 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 astmetitured 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 (differsiarfigtrategies 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 igery 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 acpéatidata set, which can

only be assessed experimenta{uda 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. Howeverthey do not go deep enough, since their analysis is not grounded on the
particular features of the data set, but on higvel features such as BNCI paradigm, the
synchronous/asynchronous quality, and the existence or not of comparative studies of tegfiniqu
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 recommendatiatadsin 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
(regularizations 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 raghe BCls 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 isttigt 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 dependentlabetiiig 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 oppitytdor 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 clasgfisembles or muktlassifier
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 througan 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 appro&@linrhe 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 afi@mous interest.

The first approach we found in this context is this related to the BCI competition Il 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 aysed its structure (Cester et al., 2009). They make use of three
different classifiers (LDA, fuzzyn@ans, and SVM) in a bagging (Duda et al., 2001) structure. The
fusion operator is the average. Performance is only acceptable when dealing with triaficddion

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 exteatin 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 artifantoval and downsampling to deliver a 10vgae
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 thgtfacted feature sets. Interestingly, they apply

a multinomial logistic classification to these data sets, where the regularization parameter has been
previously optimized through crodsld validation. So we have eight classifiers, one per feature set,
which are hence combined. Averaging is used as a fusion operator for the ovecallexb meta
classifier. The described framework is adapted to each of the users.

We lastly comment on two recently presented frameworkazli et al., 2008une the classiérs to
subjectspecific training data in a database with 45 subjects. In this case, ssbjecific temporal

and spatial filters form the ensemble. They claim such a system is able -timeaBCl use without

any prior calibration (aka training). A $lity different approach is presented MWhite 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 differentatied neural decoders that mpahe

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 etftlassifier 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.

Cl applied to BNCI
Different classification techniques have been used in B¢ &oplication 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 neimvasive cursor control and invasive motor imagdilyey

claim the resulting system, which is qualified as ssumervised, can reduce the need for training
data. This feature characterizes spatial filtering techniques.

A further work we briefly mention is ilerman et al., 2008the performance of differenspectral
features, namely power spectral density (PSD) techniques, atomic decompositiongreiiuency
(t-f) energy distributions, continuous and discrete wavelet approaches, for nimiagery
classification are analysed in terms of classification @myu (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 784% interval.

The most complete review of classifiers for BCI applications eafound inLotte 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 statereoprovided 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 cHahges identified are:

lll-defined user segmentationAs 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 usersarjust wo categories standard users (healthy subjects, casual
gamers, disabled patients with other options) and highly motivated users (disabled patients with few
alternatives, extreme gamers, atml technophiles).Any discussion on requirements and dgsi
must take the particular user into account.

Lack of user centred desigiMany BCI systems are built in labadatested with healthy subjects.
These are not realistic conditions and the approach does not lend itself to user acceptance or
technology trasfer in generalln order to improve user acceptancetime real world the design of

BCI systemgs with any consumer device) should be usentredfrom the beginning

Poor industrial ésign:As BCls penetrate the healthy usearket; they are already &coming more
cosmetically appealingnd user friendly However, his remains a major challenger assistive
technology solutions where these aspects receive less attention.

Intrusive ensors:All availablesensorsfor BCI were reviewed and thestrengths andweaknesses
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 general§nvasive, nonintrusive
systems are still not a reality and gturemains to be done.

Performance and robustnes$roblems includepersistently low classification performance (<100%),
inadequate robustness (across days, acferent field environmentsand situations, across users.

New paradigms:HybridBCI, Self gced BCIl and @earning (Man and Machine) approachage
emerging as interesting themesVhile providing new directions to explore such approaches also
pose new problems in terms of new skill sets and lack of experience in the wider BClI community.
Advancein applied neuroscience hawtsobeen discussed such bgin stimulation techniques QS
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and TMS) and their potential influence in BCI reseafttis line of research brings with it as many
guestions as it does opportunities.

Invasive vs. Nofinvasive: This theme has been discussed for ma . o
years with a clear geographical divergence. Invasive work is far n Design and usab"'ty
widespread in the US, while nénvasive is more widespread in thc Cannot be separatec
EU. This was also noted in the 2007 WTEC report, showing thal from any discussion
is a longgnding trend. Hence, this geographic split betwee

o c o : of sensors and signe
invasive and nofinvasive research efforts is well entrenched.

processing.
Clearly these problems and challenges are not all related to sensurs,
signals and signal processing but we feel that equally clearly asdisouof these technical issues
cannot be separated from user and design aspects.

Solutions

The trend has been towardsser centred design with a broad approach to problem solving. This
takes the focus off the sensors and signal processing techniquesn@ sases and puts it squarely

on the shoulders of the application developer. The tendenayois not to develop a 100% reliable

BCI but to develop a 100% reliable application. Approaches include context awareness and hybrid
systems that use multiple modés order to improve robustness and accuracy.

SeeBrainAblé® for an example of context aware systemsT®BY for an example of multimodal
systems.

In someresearchprojects BCI has been relegated to but ooemany simple interaction modes. BCI
must conpete with other more established systems such as switches, eye tracking and newer ones
such assip/puff when being evaluated in a user centred design. This can mean that BCI is not chosen
as the primary communication channel. S8 TERI&Sr Brairf* 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 toefhtrend described above; poor classification performance and
poor robustness.

Other groups are pushing the limits of what can be done in terms of sensors. Includiugpmiact
electric field sensors and room temperature induction magnetometer systemsithedtSQUIDS and
improved biocompatibility for ECoG arrays.

In terms of solutions we believe that this leads to a iy approach:

18 hitp:/iwvww.brainable.org/en/Pages/Home.aspx

19 hitp:/iwvww.tobi -project.org/

2 hitp://www.asterics.eu/

2 hitp://www.brain -project.org/
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Shortterm:  Focus on usecentred design and intelligent systems to maximise current SoA.

Mid term: Continued basic reseeh on sensors, signals and signal processing.

Usercentred designThe manufacturers of BCI systeishould haveiser needs andserfeedback as

a top priority while designing BCI systeriibis is a crucial point independent of sensors or signal
processig and will often drive the choice and the number of sensors needed to achieve the desired
result.

Easy to use systemsk improved industrial design This point is verynuch related with the
precedingone.In order to reach a wider markéte system should éwearable, easy and fast to set

up, comfortable, unobtrusive and wirele8ompanies such as Neuroelectffand NeurofocuS are
developing easy to use, wireless, wearable systems for research applications and*Earativ
Neurosky” have recently releasedommercial 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 paradigmsThe BCI community should continue to embrace new paradigms gooiroities
provided by new researchwhile BCI is a welleveloped 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 aynthesis of the views of thoghat contributed to the roadmapWe have tried to
represent all points of view fairly and comprehensivdliere areclearlyrecurring themes in terms
of both problems and opportunities. While recognising some serious tionits in current BCl SoA
the community isvery optimistic.

This section serves as the conclusion to fast of the roadmapWe hope that it will influence
future research and research funding decisions in an area that is, we feel, on the verge of
mainstieam 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

2 hitp:/Ineuroelectrics.com/

2 hitp://lwww.neurofocus.com/

% hitp://emotiv.com

% http://www.neurosky.com/
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A Smart Systems approach shall become more and more important while becoming ubiquébus in
fields of technologyBy this we mean that context awareness and intelligent multimodal systems
shall play a significant rola the deployment of BCI beyond the I@4illan et al., 2010; Allison et al.,
2012 We expect that this shall be the case immy fields of technology dumg the next 5 years.
Starlab $ currently involved in the EU Technology Platform for Smart Systems Intedt¢E&0SS

and in promoting BCI technology to this group has received very positive feedback in terms of
applicabilityand suitability.

Through work carried out in another CH&2 27 we see a proliferation of Smart Systems and
t SN &A&AGS /2YLWziAy3d 2y G(GKS K2NAIT 2 yMoreddaSneansizOK (|
more context.

Dry sensor technologies

Many companie 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 comptmeoupled with clever design
allowing relatively stable capture of EEG without gel or conductive paste.

We expect that all manufacturse will release a dry system within the next 5 years with varying but
adequate performance. A key issue will be indastiesign and usability, rather than technology, as
the playing field levels.

However, his is not to say that technological advances will not disrupt the field.
We foresee advances in three technology fields relevant to dry sensors:

e Capacitive sensors
e Magnetic sensors
e Ultrasound sensors

Capacitive Sensorsthe 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 theenvironmental and motion aifacts 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 SQUISE] in
magnetoencephalographfEG), which may yet lead to a more user friendly device suitable for BCI.

Ultrasound sensorsResearcher at HeridtVatt are developing miniaturised ultrasound sensors with
integrated electronics that may pave the way for avable US based BCIl 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 widelysed for unusual and novel applications as well as a platform for

2 hitp://www.smart-systemsintegration.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 midnge research systems (Enobio
and gTec) in terms of performance but it is not impossible.

A new tendency that has appearednecentyears regarding general hardware development is the
so-called opensource hardware movement. Since pieceshafdware are often expensivegpen
source hardware projects providell the needed information on how to build a hardware yourself
(do-it-yourself) in a cheap manner. This is the case of the Opéfpject

Theyprovide 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 stuids Neurofeedback has shown promising results for applications in skill
learning performance and treatment df 51 5 Y2y 3 20KSNAR® 2AGK | LA
Neuromodulation we will likely see greater uptake of these techniques in the coming years.

Newtechniques

Recent work has demonstrated the use of Electrical Impedance Tomography as a technique for brain
activation detection. Although not a new techniguyser se,its use in BCl has gained some
momentum due to recent technology developmenthis recat work has provided for the first time
systems portable enougdfor this to beconsideed 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 th#rer
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 (botredt 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 foolcon
seems unlikely. What may be more likely are improvements in performance usHearoing
systems (personalised classifiers that constantly update for their user). User state classification using
connectivity maps, inverse solutions (tomography), irtbannel 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 clasgication 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 bothrrfeer 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

2 hitp://openeeg.sourceforge.net/doc/index.html
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good example showing that improving the calibration time by using computational intelligence
increases the willinggss 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 recomtizarsda
for future research and development.

Challenges:

o |ll-defined user segmentatiogtarget users are not always clearly defined

e Lack of user centred desigruser centred design is not widely applied

e Poor industrial desigg related to the previous twehallenges the design of an
systems is often poor

e Intrusive sensorg all currently used systems are intrusive by consumer go
standards

e Performance and robustnessclassification rates without assistance are belc
100% and vary across users and sciesar

Recommendations:

BNCI is considered by some to be a mature technology that has entered the appli
development phase. While this is true in the sense that powerful systems are |
developed using existing technology we believe that much reminise done at a
fundamental level. We therefore make the following recommendations:

e Fundamental research on sensors for rromtact, noninvasive measurement
mainly with noREEG sensing

e Fundamental research on sensors for biocompatible, d@ngn invasive
measurement

e Fundamental research on advanced signal processing techniques for imp
performance and robustness

e Continued application of userentred design, smart system design and mu
modal system design in order to maximise performance, utilitgesaf use and
robustness

New researchers entering the field should not accept the current SoA in sensors or !
processing before moving to the next phase of application development.
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Devices and Applications for Disabled Users

A significant number of individuals across thebe 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 persotyears (Mattew et aJ 2011, Logroscino et.aR011). A report from early this year by

the American Heart Association (AHA) provided a stunnirighat that nearly 7.00.000 Americans

above 20have had stroke (Véronique et.aR011). 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 46econds someone has a stroke. Paraplegitne impairment in motor or
sensory function of the lower extremitieBepending on the level and extent of spinal damage,
people with paraplegia may experience some, or complete loss of sensation in the affiedsd
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 sensatiand motor control. However, the cognitive abilities may be
intact. Estimates from 2002 show that nearly 250.000 Americhagse spinal cord injuryof which

52% are paraplegic and 47% are quadriplegic. Approximately 11.000 new injuries occur each year.

N ) ) ) The symptoms and progress of Ah&se been knowrfor
Letus keep IOOkmg In spite about a century, yet much has to be done to prevent
of everything. Let us keep and to improve the quality of life of people suffering
searchinglt is indeed the from them. As JeaMartin Charcot (182§1893) who

best method of finding, and first described ALS, motivateSLet us keep loking in

spite of everything. Let us keep searching. It is indeed
perhaps thanks to our efforts the best method of finding, and perhaps thanks to our

the verdict we will give such g efforts, the verdict we will give such a patient tomorrow

patient tomorrow will not be | Will not be the same we must give this man todayr

. . most cases, dependingnathe level of disability, these
the same we must give this | . : : :
individuals are currently either assisted by a family

man today." member, nurse or use assistive technology (AT) devices.
These ATs may improve mobility using robotic devices and communication capabilities using
software tools. Theseobls most often rely either on residual muscular activity or eye blinks and eye
movements.

In recent years, new research has brought the field of electroencephalographicl{&$e@)Brain
Computer Interfacing (BCI) out of its infancy and into a phaselafive maturity through many
demonstrated prototypes such as braiontrolled wheelchairs, keyboards, and computer games.
With this proofof-concept phase in the past, the time is now ripe to focus on the development of
practical BCI technologies thatrcdoe brought out of the lab and into realorld 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).
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In puraiit of more practical BCls for use outside of the laboratories, in thismmédmap, we identify

four application areas where these disabled individuals could greatly benefit from advancements in

./ L SOKy2ft238z ylLYStesr da/ 2A206VdphXi@ikiR3 ¥ 3 aP gy ENE
Gaz2zi2N) wSO20SNE¢é¢d 2SS FANBRG NBGASYG GKS OdNNByd a
while discussing the main research issues in these four areas. In particular, we expect the most
progress in the developmenof technologies such as hybrid BCI architectures, -ossrhine
FREFELIGFGAZY f32NAGKYAS GKS SELX 2AGFGA2Yy 2F dza SN
measures, the incorporation of principles in humeomputer interaction (HCI) to improve BCI

usability, and the development of novel BCI technology including better EEG devices (Millan et al

2010). Secondly, to promotine development of BCI technology towards its end users, discussions

were coordinated among several stakeholders during the FBM®rkshopheld in[ I | YA GT KI KSZ
Austria(near Gragin 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 specia@mphasis 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 disabiesers.

State of the Art

Recently, wéhave be@ 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 (Millan et al
2010;Allison et al, 2007;Pfurtscheller et a] 2010;Muller-Putz et al, 2011;Leeb et al 2011). Typical
applications of this technology are communication aids such as spelling devices (Birbaumer et al
1999; Millan, 20030bermaier 2003) and prosthesis and mobility aids such as wheelchairs (Galan et
al., 2008). These farfaces 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 (Millanakt 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, witleeeenvironment is inherently hostile

and dangerous for sronauts who could greatly benefit from direct mental telperation of
external semiautomatic manipulators (Negueruela et,a2011), and for entertainment applications

like multimedia gaming (Millan, 2003 and Nijholt, 2009) and serious games.

The mainfocus 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 deincearious application areas

that could greatly benefit to improve quality of life of these users. These areas have been recently
reviewed in by Millan et al(2011), and aré¥/ 2 YYdzy AOF A2y 9 [/ 2y GNRf QX Wa
wSO2@SNE QS W2 NZNIWVOdaiBNLGdely YSYd | yR DIF.Ybrg3Q> |y
recently, hybridBCls along with shared control techniques/e emergedWe also discusthe new

idea of a synergetic combination of BNCIs with RBREG signal based interfaces, i.e., rig/BCls

(hBCls). Sucinintegration 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 (MRilteret al 2011,

Millan et al, 2011). Below we providelaief review d each of these application areas.
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Fgure 8: Application areas of BNCI technologies for disabled individuals (e.g. such as those suffering from
ALS, stroke, gadriplegia and paraplegia etc.).

Figure 8 shows hoBNCI 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 accelerttimgehabilitation process.
Another much anticipated application is the restoration of motor function. This can be achieved by
using neureprosthetic devices (e.g., a robotic neuroprosthetic device to restoegeach 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 mobiieesand telepresence
robots that could help to socialize with family members). The use of BNCI techsologig
a2YSUGAYSEa 0S RSYlIyRAy3Id ! O0Saa G2 GKS dz&asSNRa YvYS
could be benetiial for enhancing the interaction with BNCI coupled devices. Finally, the
entertainment and gaming application areas based on BNCI ¢dahy could reduce the
dependence on the caregiver (see Millan et 2011).
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Communication and control

In ALS patients, communication difficultiesuallyresult from
progressive dysarthria, while language functions rem{
largely intact. When this stas progresses, augmentative an| COmmunicate with
alternative communication (AAC) systemshat can | devices and other peopJe
substantially improve the quality lifere needed (Andersen e
al., 2005). For ventilated patients, eypminting and eye gaze based hitgth assistive technologies
have beemproven to be useful. Similarly, a BCI cduddp users communicate with devices and other
people.Professor Birbaumer established the first communication with a lodgkguhtientin the 90s
(Birbaumer, 1999). Later, several studies aimed to show the biéigsiand to compare the
performances with healthy subjects using either slow cortical potenfidlbler, 2004) or cognitive
evoked potentials like P3Q®iccione, 2006) or motor imagery (MKlbler, 2005)Laterresearch has
further shown that personseven despite severe disabilities, may interact with computers by only
using their brain in 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 (aitiiing)
applications and surfing (browsing) the Internet.

A BCI could help users

Several spelling devices based on the voluntary modulation of brain rhythms have been
demonstrated. These systems can operate synchrondBslyra et al 2003, Birbaumer et al1999)

or asynchonously(Millan 2003, Millan et al 2004, Miiller & Blankertz, 2006, Scherer et 2004,
Williamson et al 2009, Perdikis et al2010). Mostly binary choices of the BCI were used to select
letters, e.g. in a procedure where the alphabet was iteragivaglit 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 H&xSpell(Williamson et a] 2009), which illustrates how a normal BCI can
be signiicantly improved by statef-the-art humarcomputer 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 ulyiey 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 componefftarwell and Donchin, 1988n 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 rowsd aolumns. Similar P3dgased spelling
devices have extensively been investigated and developed since themAfksgpn and Pineda, 2003;
Sellers et a) 2006, Nijboer et al 2006, Silvoni et al2009, Piccione et .ak006).Additionally,steady

state visual evoked potentials (SS®¥E€an be used for virtual keyboards. Either each character of
the alphabet or each number on a nber pad is stimulated with its own frequency and can be
selected directlf{Gao, 2003), or additional stimulation boxes (li&eows) are placed aside the
keyboard and are used for navigating left/right/up/down and selecting the ldi¥atbuena et aj
2008).
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. The first application to access the Internet via the BCI was
In the comiy years we : ) . : _
a very simple solution, by displaying web pages forexfix

anticipate more varieties of| | vy2 dzy i 2 F i A by Karid w5ad 2008), Mik S & Q
brain actuated AT products later browsers allowed a more flexible selection of links
designed specifically for 0 Wb ByaBkerisch .et al2(?07). The cr.lal'lenge of selecting a

; large amount of links with only a limited amount of BCI
disabled user group commands (mostly twp can be overcome by applying
scanning techniques, which allow a sequential switching or -awitching 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 hieraigdl approach{Perdikis et a] 2010). Nevertheless, users reported
that the correct selection can be quite demanding (Leeb et2011b). More recently, different
groups have developed Internet browsers based on P300 potentials. In the first one sabl@daks
are tagged with characterand a normal character P300 matrix (6x6 matrix) was used on a separate
screen for seleabin (Mugler et al, 2008). In a more recent approach, an active overlay was placed
over the web site that elicited the P300 bireattly highlighting the links. Hence, switching between
the stimulation device and the browsing screen was not neceg®acgio et aJ 2011).

After nearly 20 years of research a first commercial BCI system for

typing was released recently, called ImeéiX® (g.tec medical There is a practiegap
engineering, Schiedelberg, Austria). The system relies on VEP/ between the training
potentials to use for patients with motor disabilities. In the comi )
years we anticipate more varieties of brain actuated AT produd needed and received.
designed specifically for disail user group.

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-cmié, work and leisure (Nilsen et al, 2010).
Consequerly, 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 déngaadtive
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 prgeficbetween

the training needed and receide This inactiveperiod may account for reduced sensorimotor
capacity. This practiegap can be reduced by mentally exercising goanted actions in addition to

the physical practice awinguarlywhen physical practice is not possible.

Recentwork 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 upfetb function after stroke. Their
resultssuggested that mental practice when combined with physical practice improves -ipyer
recovery. Thignay be due tahe commonalities in the neural substrates involved in imagined and
executed movements. They also suggested taking precautions on geagaali issues of this
strategy and further research warranting who will benefit from training and the most effective
protocols etc.
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The effectiveness of these protocols could be enhanced by direct feedback of the activity of sensory
motor areas, during ampational therapy that involve mental practice or physical practice or both.
The BCls that use sensory motor rhythms are the best candidates for such muirglaseover, the

BCI feedback malelp to reduce maladaptation of the brain areas as compareditopke 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, Nilen 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 motordnacind how

these features can be used most effectively; and what are the most effective BCI approaches for BCls
aimed at improving motor functions (for instance, what guidance should be provided to the user to
maximize training that produces beneficialaciyes in brain signals). Preliminary findings suggested
that eventrelated EEG activity timgequency maps of evenklated 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 et2011, Silvoni et al

2011, Pichiorri et al 2011, Ang et al2011). Preliminary studies on stroke patients using BCI found
that the best signals wereecordedover the ipdatera (unaffected) hemispher@uch 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 sigialisn et al, 2010).

- T A —.1 The continuais monitoring of mental tasks execution based

a : as | . [ Ll 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 rhythmse B

based rehabilitation strategies could be complimented by the use of practical virtual reality

techniques as well as robotics to effectively reduce the pragege

AsPN2 FS&aa2NJ aArftty adzASSBCHtE gefirid of & ThatBhdals a lpditienticdy G a =  «
stop using a BCI soon after she/he recovered functionally. Extensive researcheégdsliifor filling

the missing knowledge of functional recovery and retention by BCI intervention. Therapeutic studies
involvinga large motor dishled populationwith various levels of functional losse needed Note

that the recovery process in some patients may be quicker than othetender time frame is

needed for completion of such studies.

Motor substitution

The restoration of grasp furions in spinal cord injured patients or patients suffering from paralysis

of upper extremities typically rglon Functional Electrical Stimulation (FES). In this context, the term
neuroprosthesis is used for FES systems that seek to restore a weak grdsgtfunction when
controlled by physiological signals. Some of these neuroprostheses are based on surface electrodes
for external stimulation of muscles of the hand and foredtjmzermann et aJ 1996, Thorsen el.,

2001, Mangold et al 2005). Otherslike the Freehand® system (NeuroControl, Cleveland, US), uses
implantable neuroprostheses to overcome the limitations of surface stimulation electrodes
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concerning selectivity and reproducibiliigeith et al, 2002), but this system is no longer availahle
the market.

Pioneering work by the groups in Heidelberg and Graz showed that a BCI could be combined with an
FESsystem with surface electrodes (Pfurtscheller et 2003). In this study, the restoration of lateral
grasp was achieved in a spinal cangured 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® sy@tiier-Putz et al, 2007). All
currently available FES systems for grasp restoration ofn e 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 useof 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
(Mller-Putz et al 2007). Thereby a low number of pulsidth codedbrain patterns are used to
control sequentially more degrees of freedom (MHRutz et al, 2010).

./ La KIFE@S 0SSy dzaSR G2 O2yaGNRt y2i 2yteé 3ANraLAY
group used the motor imagery of hand movements tanstiate the same hand for a grasping and
writing task(Tavella et a] 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 theart, 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 aiedl &prdes on all
fingers(Leeb et al 2010). This is necessary due to the very complex hand anatomy and current
limitations in FE&echnology with surface electrodes, because of which these grasp patterns cannot
be smoothly executed. The orthosis suppantd 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 atigue in longterm stimulation situations, by locking the position of the fingers and switching
the stimulation off(Leeb et a] 2010).

The current state of these FES based movement based restoration techniques are still evolving,
which in the coming y&rs may extend the number of restoration functions as well as to incorporate
improved usability and aesthetics.

Towards control of mobility: Practical BCls based on shared control techniques

Another area where BCI technology can support motor substitukich Ay FaaAadAy3 dza:
Users could move directly through braiontrolled wheelchairs or by mentally driving a tele

presence mobile robat equipped with a camera and a screaeto join relatives and friends located

elsewhere and participate in theactivities.

Driving a wheelchair or a robot in a natural environment demands a fine andlyuésdponding

control signal. Unfortunately BCls are limited by a low information transfer rate, because of the
inherent properties of the EEG. Therefore thedaegg NBEYSy Ga +yR GKS &1Affa
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 contr@Flemisch et al 2003, Vanhooydonck et.aR003, Carlson

&S5 SYANRAZ HAanyOd Ly GKS OFrasS 2F ySdNRPLINRPAGKSGAO
O2y iNRBf GKFG GF1Sa GKS 02y A yidsghoadd p®ddésiassistante2 y 2 F
to achieve taskéMillan et al, 2004, Galan et al2008, Carlson et.ak012).

7

DSYSNrfte Ay | &KIFINBR ldzizy2Ye& FNIYSgg2Nl =X GKS ./
the environment (obstacles perceived by thebotQ &ensors) and the robot itself (position and

@St 20A0GASa0 G2 o0SGGSNI SadAYlF S ( gnfachowiigdddatdn Ay Sy
are discussed iRlemisch et aJ 2003, where the HMetaphor is introduced, suggesting that
interaction skt dzf R 6S Y2NB fA1S NARAYy3I | K2NASI GAGK y2
system more autonomy. Shared autonomy (or shared control) is a key component of future hybrid

BCI systems, as it will shape the clotmap dynamics between the user arbe brainactuated

device so tasks can be performed as easily as possible and effectively. As mentioned above, the idea

Aa G2 AYyGS3INIGS GKS dzaSNRa YSydlt O2YYlIyR&a Al
intelligent brainactuated device, so as tcelp 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 targetoriented control easier, can inhibit pointless mental commands (e.qg. drivirgpgig and

can help determine meaningful motion sequences (e.g., for a neuroprostheses). A critical aspect of
shared control for BCI is coherent feedbackhe behaviorof the robot should be intuitive to the

dzZAaSNJ I yR GKS NRo20G &aK2dzZ R dzyl YOATIdz2dzaf & dzy RSNE
people find it difficult to form mental models of the neuroprosthetic device.

Th ial desi ion f Furthermore, thanks to the principle of mutual
e crucial design question fol learning, where the user and the BCI are coupled

a shareccontrol system is: Whg together and adapt to each other, humans learn to

T man, machine or both gets | operate the brairactuated device very rapidly, in a

few h lly spli f ilna
control over the system, when| ew hours normally split between a few d%Mil ah et
al, 2008). Examples of shared control appliaai@are

and to what extent? neuroprostheses such as robots and
wheelchairgMillan et al, 2009, Millan et a) 2004,
Galan et al 2008, Tonin et al 2010, Vanhooydonck et .al2003), as well as smart virtual
keyboardgMdller & Blankertz, 2006, Wills et.alR006, Williamso 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: maa, machine or

botht gets control ovethe system, when, and to what extent?

Tele-presence robot controlled by individuals with motedisabilities

Applying the abovenentioned principle of shared control allows BCI subjects to drive a mobile tele
presence platform remotely in a natural @ 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-peésence screen and also
remember where lie place is and where he wants to go. Many difficuléeserge when developing
such systemsfrom the variability of an unknown remote environment to the reduced vision field
through the control camera. In this scenario, shared control facilitates napigatitwo ways. Othe

one hand, shared control takes care of the imwel details (such as obstacle detection and
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F@2ARFYOS F2NJ a4l FSGe NBlFazyaooe hy (GKS 20KSNI KIy
possible targets (such as persons or otgebe user wants to approach).

Although the whole field of neuroprosthetics targets disabled people with motor impairments as
endusers, all successful demonstrations of bradimtrolled robots or neuroprosthetics,
except(Mller-Putz et al, 2005), havéeen actually carried out with either healthy human subjects

or monkeys. In recent worlonin et al, 2011 report the results with two patients (suffering from
myopathy and spinal cord injury) who mentally drove a {@lesence robot from their clinic nme

than 100km 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 telgpresence robot was operating.

Invegigations on such telpresence robotics would lead to products that could leverage the social
involvement of severely disabled patients with their family or friends directly from their bed.

Assiging mobility: BCI controlled \weelchair

) In the case oforain-controlled robots and wheelchairs,

If we want to bring the aAftty0a INBdAJ KEa LIAZ2ySSNBR
wheelchair to patients, the | shared autonomy approach within the European MAIA
additional equipment ShOUId LINE2SOGd ¢KAA NBasSIkNOK ST¥F2NJI
intent asynchronously and provided appropriate
assistane for wheelchair navigation, which greatly
robotic wheelchair itself. improved BCI driving performan¢@alan et al 2008,

Millan et al, 2009, Tonin et al 2010]. Although
asynchronous spontaneous BCIs seem to be the most natural and suitable alternative, there are a
few exampleof synchronous evoked BCls for wheelchair cor{ttatrate 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 thatstice 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 destinatiom process that takes around 10 seconds. The

main limitation is thefact that no interaction or interruption is possible between selecting the target

and reaching it. Therefore it is not possible to stop halfway down and etitgind to a new target

location. In most of these BCIs, the control is based on low througbigmals; hence shared

control approach is necessary to control a complex system such as a wheelchair.

not cost more than the

aAfftyQa 3INBdotJRE300bhdedNECH BuUKa mebmragery basedCl Thereby the
participants were able to send left/right steering corands to the wheelchair at their own pace. The
BCI was lao combined with a shared control paradigm, so that the wheelchairgutively slows
down and turns to avoid obstacles as it approaches them. Wsimgnputer vision algorithm such as
those describd in(Carlson et al 2010, Carlson et .al2012), they constructed a local tth
resolution occupancy griBorenstein et aJ 1991), which was then used by the shared control
module for local planning. They also implemented a docking mode, additiomaliet 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 andvas not based on an expensive las@ngefinder. Sucla 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.
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Mental state monitor ing

l'Yy20KSNJ F NBF 2F NBOSyld NBaASIENODK Aa Ay GKS NBO213
stress level, tiredness, attention level) and cognitive processes (e.g., awareness of errors committed

by the BCI) will facilitate interaction and redic 4 KS dzA SNR& 023y AGA GBS STTF2NI
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 switctoflsrain

interaction and move on to muscleasedinterraction. As another example, ite case of detection

of excessive fatigue, the tefgresence mobile robot or wheelchair will take over complete control

and move autonomously to its base stationclése ( KS dzaSNR& 06SRd® t A2y SSNAYy
with the recognition of mental states (such as mental workload described in Kohlmorgen, et al,
2007), attention levelgHamadicharef et gl 2009) and fatigu€Trejo et al, 2005) and cognitive

processs such as errerelated potentialgBlankertz et a) 2003,2010;Ferrez & Millan, 2005, 2008)

and anticipationGangadhar et al2009) from EEG. In the latter case, Ferrez & M{R2@05 & 2008)

have shown that errors made by the BCI can be reliablggmized and corrected, thus yielding
significant improvements in performance. Recently the areas of cognitive monitoring and implicit
humanO2 Y LJdzi SNJ Ay G SNI Ol A2y | NBthelittrate (GasrdeletaS2R10,F & LI &
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 family picture libraiesand gaming would enhance
GKS LI GASyidQa YoBodtibn Had akidverfpripftybin BICKras&arch add development,
compared to more functional activities such as basic communication or control tasks. Several studies
explored BCls for controlling gamislor et al, 2005;Nijholt et al, 2005;Millan et al, 2003;Krepki

et al, 2007;Tangermann et gl 2008;Finke et al 2009;Nijholt et al, 2009;Pineda et al] 2003) and

virtual reality ¥R) environments (Bayliss, 20Q&cuyer et aJ 2008 Leeb et al 2007 Leeb et al

2007k Leeb et al 2006 Lotte et al, 2010; Scherer et a] 2008, RormAngevin et a] 2009).
Importantly, patients have mentioned entertainment as one of their needs, although it is indeed a
need with a lower priorityZickleretaE H AN v ® a2NBE2OSNE ./ LA NWBEE 0!
cognitive or emotional state in reéime and use that information to opportunely adapt human
computer interactio (Nijholt, 2009;Zander et al 2011). A recent overview of HCI, BCI and Games
can be found if{PlassOude 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 B&omputer Interfaces for disabled people
should allow them to use all their remaining functiditias 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 funaihality) are enhanced by BCI technology, leads to what is called a hybrid BCI

movement

(hBCI).
Brain
Eye
movement
Facial y
muscles ‘\6 Mouth

~ Heart

Residual activity

muscles

Figure9: The concept of hybrid BCI (hBCI): One way of building the hBCI system using purely brain signals.
¢ KS dza SNDa Ay orélyramivarigus Ednyfive dt&tes Aiidh $ould 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 builtdoynbining 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 eyacking can be used) anddart activity (i.e., using ECG).

As a general defition, a hBCl is a combination of two or more different input signals including at
least one BCI chann@Millan et al, 2010, Pfurtscheller et al, 2010, Allison et al, 20002; Miller-

Putz et al, 2011). Thus, it could be a combination of two BCI clemmn& combination of a BCIl 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 BCls. Some are based on multiple brain signals
alone. One such hB{Slbased uporthe combination of motor imagery based BCI with error potential
(ErrP) detection and correction of false mental commafiesrez & Millan, 2008). A second example

is the combination of motor imagery with steady state visual evoked poter{&3%EP) (Allison et al,

201G Brunner et al, 201,0201). Other hBCls 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 giwsers the ability to use the BCI only when they want or need to
dzaS AdG® ' fGSNYyFrGA@Stes yR F2tft2¢gAy3 GKS ARSI 2
Leeb et al(2011) fused EMG with EEG activity, so that the subjects could achieve aayuoal of

their hBCI independently of their level of muscular fatigue. Finally, EEG signals could be combined
with eye gaze (Danoczy et al, 2008). Pfurtscheller e2@10) recently reviewed preliminary
attempts, and feasibility studies, to develop HBCombining multiple brain signals alone or with
other biosignals. Millan et al2010) review the state of the art and challenges in combining BCI and
assistive technologies.
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Analyses

BNCI technology is flourishing and has the potential of spreadingottiety by addressing the needs

of various user groups under different application scenarios ranging from AT and rehabilitation tools
for disabled people to tools for augmenting capabilities of healthy users and to the entertainment
sectors. In the passeveral prototypes have been demonstrated by a number of groups across the
globe. The number of these research groups and industrial partners (stakeholders) are increasing
every year. However, due to diverse interests, the lack of standards, common rplatfand
validation standards is likely to dampen the development of BNCI technologies in the right direction.
Furthermore, synergetic collaboration across various stakeholders working for different user groups
is necessary to bring BNCI products fromthél (2 dza SNDa K2YS o -maNd alLISOA
is aimed at preparing recommendations for bringing this technology to the disabled user group to
use in daily living conditions.

Apart from these coordination related challenges, there are otherlehgks associated with the
NBfAlFLoAfTAGE 2F ./ L G(GSOKy2f23e> YINJSG SyiaN® IyR
issueswe conducted a 3 day workshop with various stakehd@eross the world from well known

BCI teams and industrial partneysS 1 NJ DNJ T o[ FJ yAGT KI KS0 = | dz&a G NA |
workshop, we discussed urgent and long term problems and challenges in bringing BNCI devices to
address the needs of disabled users. Several interesting issues emerged in this aedair tre

following sectionswe list a few important ones along with preferred solutions. Note that these

issues were discussed again with the remaining FBNCI consatidnkey stakeholderto ensure

general accord.

Challenges

BNCIs and ATS he AT products (@. eyetracking mouth-mouse control etc.) are already in the
market. Can BNCI products replace existing ATs? Or can BNCI technologies complement existing ATs?
What would be a fair strategy that ensures sustained R&D of the young BNCI technologiesup cope

with the competition from the standard ATs?

Invasive ornoninvasive:The solutions based on invasive and fiovasive fall at the different sides

of a riskcostperformance triangle. While the nenvasive approaches are cheaper and easier, they
suffer from the problem of reliability due to very low SNR (sigoatoise ratio). On the other hand,
invasive approaches are expensive and associated with the need of surgical procedures, which are
risky but provide better SNR. Which approaches are suitabla given user group and under what
circumstances?

User groupsBNCIs have the capability of integrating into many application sectors for both disabled
and healthy user groups. The corresponding user groups range from healthy individuals to patients
who have suffered from stroke or other neurological conditions. What is the appropriate mapping
between user groups and applications? Which combinations should be favored? Which medical
applications should be immediately favored to addréssneeds of dishled people?
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Limitations of BCI technologyQurrent BCls not only suffer from low throughput, but also other
usability issues, such as poor reliability, inadequate automation of BCI devices, unsupervised
hardware and electrode failures, the need for eRpsupport and the preparation time required for
setting up a BNCI. Which issues have to be tackled to bring BCI applications to the standards of
usability? In addition, due to lack of standards in the current R&D community and associated
industries, portability of software & hardware is a big issue. How can the community ensure
portability for effective development?

Reliability-Speed tradeoff:Not all the users are able to control BNCI devices. This inability was
O2AYSR | a WiKS . FALOASYQEASNIIORD WO WLy LI RINROIAZ2Y S
control show variability in the performance across sessions. What are the key factors Ibeisind
reliability-speed tradeoff?

Usability issues: Dry or wet? Reliability vs. setup time&he setip time for wet electrodes takes

more than 20 minutes. It is important to note that a typical occupational therapeutic session lasts
20SNI np (2 pn YAydziSa oAy O2YYSNOAIFE GSN¥az Wiaa
are promising for reduog the setup time drastically. However, are the dry electrodes as reliable as

the wet in respect of acquiring brain activity?

Standards and certificationsThe lack of standardization across the R&D teams and associated
industrial stakeholders due to #ir disparate interests could be detrimental for the efficient
exchange of software, hardware and applications. What strategies have to be taken to ease all the
stakeholders to go through this tough process?

Case scenarios for the market entryhich isthe best strategy for bringing BNCI technology into the
market for sustained business that nurtures the R&D as well?

Solutions and trends

BNCls and AT# direct comparison of the market potential of the young BNCI technology with more
matured ATs wouldoe harsh. CurrentlyBNClIs have still some constraints of low throughput,
cumbersome hardware setup, software issues and preparation related challenges. The comparison of
LISNF2NXYIFyOSa 2F (GKS .b/LQa ¢6A0GK ! ¢a @eRRAB 0S dz
Therefore, BNGlannot and must noéndeavor toreplace the available AT solutiondthin the next

several years Furthermore, BNCIs offer an alternative and novel way to control devices and
applications that can help the users complete varitasks For exampleif a patient already relies

on an AT device, the BNCI could engage him/her with other additional activities such as picture
browsing. The BNCI technology based rehabilitation and entertainment devices could be deployed to

utilize the pacticegap for stroke patients. Yet another trendy deployment of BNCI devices is in a
synergetic integration with conventional ATs (e.g. based on muscular activitgigvta O f {-SR WK & ¢
./ LQ FNIYSE2N] @
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FigurelO: Invasiveor non-invasive? A correct decision for a given user depends on the traffeamong
several factors and risk, coshd performance are the key ones.

Invasive or NoninvasiveBoth invasive and nemvasive approaches have their own advantages and
disadvanages. The adaption of one of the technologies for a given user must be based on a good
balance between the needs and risk@stperformance triangle (sed-igure 10).An invasive
approach could be an option when namvasive approaches fail to address theeds of a given user.
Nevertheless, we should be aware that it is still unclear what the full potential ofim@sive
approaches is. Furthermore, a comparison of invasive versusimasive is user and task
dependent. Many different potential users, $uas healthy users, elderly and patients with residual
motor control are not targets for invasive solutions. To have a complete assessment of both
approaches§potential, the better solution would be to encourage research groups that work 4rand

hand towads addressing the needs of the users. As when the ethical perspectives improve as well as
risk factors reduce, invasive BCls may be helpful to more users.

User groups:BNCIs have the potential to enter into many application segments. However, not all
segnents may lead to sustained R&D of BNCI. Furthermore, a few segments have great market
potential (e.g., gaming, neunmarketing etc.) but can be disruptive, interesting only darindividual

investor rather than for the whole society. Consider the exangfl@ recent video demonstrating

controlling a real car with the Emotive electrode SefAlthough, the video claims to report a mind

control technology, it is unclear to what extent the electreskt records brain activity as compared

to facial muscular divity. Yet anotherexampS A& (G KS aAyRCf SEn 3l YAy3a (2
Of FAYa (2 dzaS (GKS oOoNIAYyQa LIRgSNI Ay O2y(iNRffAy3
demonstrated in a TV interview that the game could be controlled even with a mannequin or a
spongé’. Often, BNCI gaming products are toys and use very small number of electrodes, which may

not necessarily rely on the brain signals alone. Hence, due to overpromise, media hype and fragile
nature, the development of such products may not necessarily benefit tireldpment of products

% http://www.youtube.com/watch?v=iDV_62QoHjY

*'se YouTube video demonstratidrtp://www.youtube.com/watch?v=HsmLA9PqTGM
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for disabled user group. The medical products that aim to reach disabled persons in the home and
hospital require more reliabilityas well as standards and certification.

The development of BNCI technologies was originally intendedfer ATs for disabled users. In the

past years several research labs have demonstrated various prototypes that can offer
communication and control capabilities atite potential for rehabilitation. These prototypes were

restricted to the laboratorybut recently, a few groupsbegantesting in collaboration with hospitals

to better understand the needs of the disabled users. However the current state of these prototypes

is premature (e.g., cumbersome hardware & software-lget need for an expert etc.and need

a2YS Y2NB RS@St2LISyidlrt OeodoftSa (2 FdAdte SydaSNI |
daily living areas.

For these developmental cycles, a special emphasis has to be made for users with severe disabilities
who could greatly beneffrom BCI technologies. This means that the early involvement of patients in

the design of appropriate devices and applications is critical. Furthermore, the feedback and
evaluation from the early users has a strong impact on the possible future acceptainedly, if

applicable, the industrial perspectives should be also embedded in the ddsige.1: What is the

bestcase scenario for the development of BCI devices/applications that couldibpaténts? The
A0SYINRA2 Ydzald O2yaARSNI WgKAOK FTNB GKS akK2NI &S
NBaSINOK YR RS@St2LISyid 2F LINRPRdzOGA F2NJ LI G§ASy

Scenario Currently Preferre@

Completelylocked in patients Not preferred
Motor -rehabilitation Preferred
Cognitive impairment Preferred

Monitoring mental state Preferred
Healthy dderly Varies with application

Tabe 1: What is the bestcase scenario for the development of BCI devices/applications that could bienef
LI GASyiaK ¢KS aOSylINR2 Ydzad O2yaARSNI WgKAOK | NB GKS a
NEaSFNOK FyR RS@St2LIYSyld 2F LINRPRdzOG& F2NJ LI GASyGaoQ

As a longerm goal, the BNCI devices should be capable of helping completely {ochatients to
communicate with the world. However, the challenge associated with these patients is beyond the

reach of current technology, mainly due to the challenges associated with them (i.e., current BNCI
devices are not 100% perfect, and due to unavailgbdif ground truth from these patients it would

be extremely difficult for the validation)Moreover, complete locked in syndrome could lead to
GSEGAYOlA2Y 2F (K2dzAKGié3Z 6KAOK ¢2dzZ R AsNBhGE dzRS |y
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term goal, oher reachable user groups have to be considesetth as stroke patients, quadriplegia
and paraplegia. The BNCI devices for mo@trabilitation must be favored due to the availability of
scientific knowledge and ground truth

For mtients with cognitivampairments €.g. such as those in auti3nBNCI technology could offer a
neuro-feedback based therapy but with feedback of #bpwn processing such as anticipation, error
processing and emotiongPineda et al., 2008)Since the neurdeedback market is sdady
established and big, it would ease the market entry of BNCI and its R&D by such application areas.

Another area of recent research is in the recognition ddth dza SNRa YSy dmeéntala i (S a
workload, stress level, tiredness attention levelgXt and cognitive processes (e.g., awareneks

errors made by a BNCI). Such monitoring will facilitate interaction and reduce theQoagnitive

effort by making the BNCI assistive/rehabilitation device react to the user mental states.
Development of deices with such capabilities will definitdbgnefit almost all user groupsncluding

many groups of disabled users.

There had been suggestions in developing BNCI tools for-gyainike applications for elder{pther

than disabled individualsHoweve these tools will be similar to entertainment and toy like gaming
devices for healthy user group. The needs of this user group are different from that of disabled users.
Hence, the development in this direction may not fully support the disabled users.

Limitations of BCI technologyThe usability of current BNCI devices is far from perfect. The
technology suffers from long preparation and setup times. The electrode caps are not aesthetic
enough to be worn without being the center of attention. Researclsiine carried out to enhance

the usability of hardware and software so that the whole device willépkig and plag. The
operation must cope up with the needs of a laypersdmo does not have any technical background.
The following directions of researshould be favored:

1. Development of a reliable and cosmetically appealing dry electrode set
2. Work directly with usersconsider user evaluations and ussgntered design principles.

3. Development of software and hardware that is almost invisible to -esels (i.e.,
development of a transparent BCI).

Reliability-Speed tradeoff:BNCls suffer low throughput due to inherent noise associated with the
measurement of signals nenvasively (i.e. low SNR). However, from discussions with experienced
stakeholders (wddng with patients) we found that the reliability is more important than speed. The

current day BNCI devices are not very reliable. In additddferent groups report that some (~20%)

of healthy subjects and patients could not gain proficiency in cdiigph BNCI device (Guger et al.,

2003, Kubler and Muller, 2007; Allison et al., 20Alison and Neuper, 2010; Blankertz et al., 2010;
+ARFdZNNE SO FfdX HanmnOd ¢KAA AylLoAtAdGe G2 dzasS |
problem. In adition, even subjects who have good control of a BCIl device show variable
performance over time and days. The roots of the problem could be thestationary nature of
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brain signals. New directions have to be taken in solving this issue, by exploriaigosapessing and
machine learning techniques (e.g., adaptation, mutual learning etc).

Figurell: Depending on the applications, reliability and speed may play different roles. For example, in the
case of virtual keyboard aplications for typing messages, both the reliability and speed are unlikely as
critical because errors do not lead to any danger. Whereas, in applications such as a prosthesis or a
wheelchair, reliability but also speed are both key issues!

However, not dl applications require similar needs of reliability and speed (Sigeire 11).For
example, a virtual keyboard for typing a message is unlikely to be very risky if the reliability is low.
The speed has to be just enough for a user to be able to conveysaage in a certain time limit.
Language models and context can help enhance the overall typing performance even when the
reliability of the BCI is low. However, applications like a prosthetic arm forfeetfing or a
wheelchair requirea different balanceof reliability and speed, due to the associated risk. Standards
could be derived based on the risk factors for each of these application scenarios. Furthermore, as
discussed in the state of the art section, shared control techniques and hBCI approacstesemu
favored to ensure reliability.

Usability issues: Dry or wet? And reliability vs. setup timehe gel based electroderrangement
offers a decent signal qualitgt the cost oflong setup times. Recently, a fewystems from different
companies (eg. §SO0Ua aIP{! | ! w! & and §ystdmslIrdmiseliraSkydadd/ Quaskrp ¢
develop dry electrodes to replace the wet electrodes, which could not only drastically decrease setup
time, but also havegreater aesthetic appeal. Recently, watbased electrodesvere developed

which do not require washing after use. However, these electrode setups need to be validated
ensue the signal quality to be similar to the gehsed electrodes. The besase scenario would be

to have dry electrodes that are as goodvest electrodes in terms of performance and signal quality

as well as aesthetics and usability. Both hardware and software should be designed in such a way
that a BNCI device must be mobile and should be able to connect to any conventional assistive
technobgy devices (e.g., a powered wheelchair). The interface shouligsignedn such a wayhat
anon-computer specialist (e.g., a family member or care giver) should ba@bfeerateit easily and
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quickly. Furthermore, in hospital like environments theswices should be compatible with existing
treatments (e.g., ventilator support).

Standards and certificationsThe lack of standards across various R&D teams across the globe and
associated industrial stakeholders leads to poor exchangeability of theomdts (e.g., hardware,
software and files and formats). There is a clear need for deriving standards to facilitate the rapid
growth of R&D. These standards could cope up with the existing standards of ATs. For example,
every BNCI product should have samerface protocol and should be able to connect to any device
such as a Television (see a recent prgpay MullerPutz et al, 2011)0One such successful industrial
a0l yRIFINR Aa (GKS W yA@SNRERIfT {SNALIFf . dzd idatioh. 0Q RS
protocol that is standard across computers and various electronic devices. We expect a similar level
of standardzation for biomedical devices in general and BNCI devises in partiGdandardized
benchmarking tests could not only help crgdatform comparisons but also make it more difficult to
misrepresent the capabilities of a BNCI system.

Case scenarios for the market entrfhe BNCI industry should not have the strategy of entering big

market first and filling in the remaining marketsdaton. As an example, consider a market such as

the gamesndustry, which has a big share. Entering such a market could bring substantial revenue to

the growing consumer BNCI industry, but the development of devices for patients by such strategies
isqueshk 2yl 6f S® ¢KAA NBO2YYSYyRIFIGA2y Aa YlIAyfe RdzS
application sector. Most of these gaming devices are toys based on very small number of sensors and

in the majority of the cases just on one sensor. The reason for thesesensor solutions in gaming

FLILIX AOFdA2ya A& (GKS aidNraGS3e 2F YAYAYATAy3d GKS |
f Saa Sy2dAK AYyF2NNIGA2YS gKE& | RR Y2NB -ginSnga 2 NE |
applications, and importantl for applications aimed at disabled user groups, the goals are of course
different (e.g. reliability is one of the most important facghrHence advancements in gaming like

big markets may not advance the development of BNCI devices for disabled users

On the other hand, the workshopdentified that the entry point should be mature markets such as
neuro-feedback, epilepsy, sleemalysis and rehabilitation. These markets are using conventional
hardware with sufficiently high number of sensors. Furthereyosome of these hardware and
software systems have already attained (or are well on their way toward) successful validations and
positive evaluations from both patients and therapissggnificant progress with rehabilitation could
also facilitate markeentry, even if there is inadequate progress with improved sensors.

Five Year View

Many new BCI devices and applications have currently gone through validation procedures, such as
control of smart home or virtual environment, games, prosthetic device$ sscartificial limbs,
wheelchairs, and other robotic devices among different research labs in Europe. A whole new
category of BCI applications is being developed: devices for rehabilitation of disorders, rather than
simple communication and control. Theared other emerging applications are expected to address

the needs of disabled user groups and have dramatic changes in their quality of life.

Because othe progress of BNCI technology and its yet to be unveiled application potential, new
devices will erarge to address the needs of other user groups (e.g., elderly, cognitively impaired
such as autism and healthy users etc.). The classic user group consists of severely disabled patients:
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persons who cannot communicate through other means. These usersdséxpict modest progress

in the next several years. Why? For ramasive BCls, relevant improvements will largely involve
practical electrodes, hybridization with other systems, and improved software that makes BCls more
flexible and easier to use withde support. Invasive BCls are likely to see significant developments
that improve information transfer rate and expand the vocabulary of BNClIs.

BCls could also aid in communication for less disabled users, and provide rehabilitation for users with
other conditions such as stroke, addiction, autism, and emotional disorders. BCls also show promise
for healthy users in specific situations, for example when the conventional interfaces are unavailable,
cumbersome, or do not provide the needed information. Farthore, BCls might supplement other
interfaces to create a mixed system with greater bandwidth, more flexibility, and/or improved
usability compared to each interface in isolation. Examples of such systems are video games
controlled by a mixture of conveiainal control tools (keyboard, joystick,ifVtogether with a BCI.
Another example is a smart word processor that automatically detects when users think they made a
mistake, or software that adaptis interface when users are tired, confused or even ftirated.

| SHtadKe LS2LXS 2FGSy SELSNASYOS waaddza GdAzylf R
unavailable, or inadequate (Allison, 2010, Negueruela et al, 2011). Drivers, cell phone users, gamers,
surgeons, soldiers, mechanics, and many other userg want an interface that does not require

their hands or voices

* PBease see the following secti@rDedrices, Applications, and Interfaces®0o@ S NE 2 y S ¢ @

© 2012 futurebnci.org




for Disabled Wers

; Section 4Devices and Applications
future bnci k

Summary: Challenges and Recommendations

Major challenges inctie:

e HowcanBNCI products cope with competing and existing AT market such dsaeking
mouth-mouseetc.? Which strategy must BNCls take to nurttireir developmen® How
should BNCI products enter consumer masket

e |nvasive or nofinvasive BNCIs?

o Whatare the short term and lonterm preferences in terms of user groups for sustaini
R&D of BNClIs for disabled users?

e Current BNCI devices suffer from low throughgtibw could we improve it? Should we
aim for reliability or speed?

e How to improve usabilitpf current BNCI prototypes fdhe disabled?

e BNCils need to evolve beyond standalone systems. Which signal combination(s) is b
each user, in different situations, for specific tasks? How can context awareness and
ambient intelligence best supplemeBNCIs?

e How can BNCIs become simple, usable, transparent systems with minimal support?
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We recommend:

e The BNCI technologies should reiideavorto replace existing ATs, but instead off
alternative and novel ways to complemetitem. The blooming hybridBCI approaches
that integrate existing ATs with BNCI technologies must be favored. Furthermore,
products should not be aimed abrneringbig markets such afie gaming industry. But
instead other existing markets such as neurofeedback, sleep analysis and ep
detection products should be the entry point.

e Risk, cost and performance are the three key factors behind deployment of invasi
nor-invasive approaches for a useagiven the nture and severity of the disability. T
have a complete assessment of both approaches potential, the better solution wou
to encourage research groups that work hanehand towards addressing the needs
the users.

e As a shorterm goal, the user grqus that require motor rehabilitatiorand assistive
devices offer communication and controprovide cognitive enhancement anperform
mental state monitoring are preferred over bragym applications fohealthyelderly or
completely lockedn. However, a a longterm goal the remaining user groups al
definitely interesting.

e Most BNCI applications require more reliability than speed alone. Along with g
processing, mathematical and algorithmic approaches, the techniques such as g
control and cotext awareness should be favored to ensure more reliable B
applications.

e Invest R&Din practicalsensors that could significantly reduce the setup. The hardw
setup should aesthetic enough to be invisible. Furthermaoreerface standards must bg
derived and enforced across research groups such that a novice can use a BNCI d
I adadidtaB L @ ¢ LINPRdzOG FyR O2yy SOl téeisiab2 y
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Devices and Applications for Everyone

For yearsBrainComputer Interfaes were considered emerging technologies for users with physical
disabilities. Yet, while science is struggling to bring BCls as assistive technology from the lab to the
homes of users with disabilities, the market has already picked up on BCls pultedntioesociety.

In addition, BCIs have become more visible to computer science and the konguter
interaction (HCI) community. Stamp companies and 8 D departments of large ICT companies now
also try to exploit and investigate the commercial pb#sies of this new technology. New
companes such as Emotiv and Neurosky well as establishecompanies like IBM and Microsoft
have become active in this field. Rather than aiming at medical applicatlmas look at the much
bigger market of noftisabled and healthy persons. Consumer products are being offered, but until
now these are mainly games, toys, and gadgets. This is not bad; the game markeutlithalion
dollar market and still growing. But clearly, companies alsooggmrtunitiesto introduce BCI into
domestic and professional environments where an added modality to interact with an application
will make the interaction more intuitive and enjoyable.

In this miniroadmap we first present the stater-the-art of BCI applications and deggfor users
without disabilitiesin the academic community. Second, we analyze the challenges that need to be
addressed to spur development of BCls for large user groups and, third, we provide
recommendations for future research.

State-of-the-Art

BCls for control in interactive systems

Games

Research on Brai@omputer Interfacing for games is ongoing in academia and industry. We first
summarize some research efforts. Pineda and colleagues introduced a game in which subjects
navigate through a first perso shooter (FPS) type of game with a combination of imagined
movements and keyboard comman(Rineda et al. 2003) alor and colleagues described an SSVEP
game in which users moved a character across a tightrope with visual attéhttor et al. 2005)In
(Martinez et al. 2007pne can find an example of another SSVEP BCI game that allowed users to
move a car around a racetrack. Pl&¥sde Bos and colleagues used alpha waves in the EEG for
automatic adaptation of the avatar shape (bear or elf) in the ®etwn game World of Warcraft®
(PlassOude Bos et al. 201Mijholt et al. 2009) Similarly, Scherer and colleagues developed a self
paced 3class ERD/S approach for playing World of Warcraft® (Scherer et al., 2011). Congedo and
colleagues describa BGbhased Space Invador game (Congedo et al., 2011). A recent overview of
HCI, BCIl and Games can be foun@PlassOude Bos et al. 2010)

The industry has also developed many gareesntertainment based on BCI or BNCI technolagies
Companies which invest in game development are Neurosky, Emotiv, Uncle Milton, MindGames, PLX
Devices, Mattel, MindTechnologies, Interactive Productline and OCZ technology (Nijboer et al., 2011
see Figee 12 for an overvielv However, many of these games are probably partly controlled by
electromyograophic or electrocular input and t§ & OASYGATFTAO QI fisAchRlyie 27
guestioned. Some researchers fear that negative experiences of consuafters using these
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products might be detrimental to the field. Nevertheless, these prodbetge also boosted public
interest in BCls.
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Figurel2: Overview of companies and some over their products for general consumers

Virtual worlds

The increasing availability of virtual reality (VR) technology has awakened increasing interest in using
BCI applications in virtual environments (VESs). BCI systems may overcome an important limitation of
VESs, which is that one has to use ifiégees such as mouse or keypad for e.g. navigating thraugia
Several studies have looked at using-B&3ed interaction with virtual worlds (Groenegress et al.,
2010; Guger et al., 2010; Leeb et al., 2007; Lotte et al., 2008, 2010; Scherer et al.2IR)7,
However, these studies mostly focus on users with physical disabilities whilst the exploration of
virtual environments could also be an interesting application for general consumers.

Creative Explorations

Creative expression is viewed by many gsigely human ability and skill. The creative process allows
humans to express their identitgC$ can be used in a unique way for creative expression. The BCI
can provide a direct link between the brain, from which creativity sprouts, and a work &fartus
projects have already used BCfor artistic expression in the direction of music, dance, sculptures
and paintings.

An example of the use of BCI in sonification of brain signals is the exposition Staalhemel (Boeck,
2010) created by Christoph de &ik. Staalhemel is an interactive installation with 80 steel segments
ddzALISYRSR 20SNJ GKS @QraAirdzNnRa KSIR Fa KS grfla
patterns on the steel plates, activated by the brainwaves of the visitor who wears a portatdle E
scanner.
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Figurel3: A disabled user creates music with brain signals. Fridiiranda et al., 2011)

Another approach is the Braitomputer Music Interfac€Miranda et al,2011) a research project at

the University of Plymouth. Another one is the orchestral sonification of brain signals and dancers
RFEFYOAYy3a G2 GKSANI 26y AGoO0NIAY YdzaAOE 61 Ay idSNDSNES
Makeig, and colleagues from UC Saegb gave a public demonstration of a BCl music system to the

entire plenary session at the BCI Meeting 2010 in Asilomar.

G¢2RFEFE L F3FAY K
stomach, a feeling that | have
missed for so mug so much. | was
so sad, | was plagued by fears of
loss, | was in shock because | coult
not paint. For me the picture | have
created is so typical for me, no othe
paints in my style, and despite five
Fgure 14: Brainpaintingg The painting in the years of absence; | am SimIO|y an
background is produced with a BCI. aNIIAad | Al ijzT f LACF

Another aesthetic aplication was created in
the Braindance project (Hinterberger, Braindance). In this project a dancer equipped with a wireless
EEG headcap danced on and interacted with the sonification of her brain signals.

Prof. Kubler and colleagues developed the Braimitey system, which allows abled and disabled

users to paint with a BCl (Munssinger et al., 2010). One female participant, who was severely
disabled due to amyotrophic lateral sclerosis, commented on what the BraimRagyistem meant

to her (personal cmmunication with Prof. A. Kiibler: 1 SNX A a4 Y& FSSRol O]l G2 Y¢
image; | am deeply moved to tears. | have not been able to paint for more than 5 years. Today | again

had butterflies in my stomach, a feeling that | have missed for so nsocmuch. | was so sad, | was

plagued by fears of loss, | was in shock because | could not paint. For me the picture | have created is

so typical for me, no other paints in my style, and despite five years of absence, | am simply an artist
'3+ Ay T tdl@@EM thank thd Uni Wiirzburg, Harry, Adi and Prof. Kiibler. | thank you with your
O2y GNROGdziA2Y (GKFG. gAff FFFSOG Ylye LIS2LX S¢
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An fNIRS based brain painting device has been developed by Archinoetics Inc (Archinoetics Inc.). This
device was used bipe late artist, Peggy Chun. Other creative directions, such as sculpture and BCI
are also exploredi¢r example, by the artistsloeslé?).

Figure15: A sculpture which depicts the EEG measurement of Jorg Immendorff, a famous Germarepaint
who had amyotrophic lateral sclerosis, while he observed his own work

To conclude, BCI applications which allow-sgffression are appealing to both ablbddied as well

as disabled users. Moreover, users have equal opportunities to create art wiaigtbuild a bridge
between these groups. However, BGbr creative expression are just emerging and there are many
opportunities to improve interfaces and environments.

BCls for enhancing human -computer interaction
Interactive technologies are deeply @mtwined in our daily T
lives. They help us do our work, navigate new environments,
locate people in our social network, plan meetings and makEnUSt be contextaware

informed decisions. Interfaces increasingly develop int@nd useraware.

contextaware systems. For example, your car knows whetthe

is raining or not and automatically switches on the window wipers for you. However, interfaces are
not yet clever enough to read our mental staf@chnology in the futurenust becontextaware and
useraware. Recent BCI research has focused cnabed passive braktomputer interfacing. A
passive BCI derives its outputs from arbitrary brain activity arising without the purpose of voluntary
control, for enriching humacomputer interaction with implicit information on the actual user state
(Zander ad Kothe, 2011). Based on this definition a new form of interaction is defined as passive
input (Cutrell and Tan, 2008). This is an inherently different approach then cognitive user state
monitoring as the use of information provided te passive BCI iaterpreted automatically and is
restricted to improving the current interaction in a defined hurraachine system.

echnology in the future

A broad spectrum of user states could hypothetically be accessed with passive BCIs, for example:
latent cognitive state such as arousal é8él et al., 2006), fatigue (Cajochen et al., 1996), vigilance
(Schmidt et al. 2009), working memory load (Grimes et al., 2008), visual/auditory/tactile/cross
modality attention focus (Kelly et al., 2005).

32 hitp://www.retrogradist.de
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Similarly, passive braitomputer interfacing cold be used to enhance humanobot interaction. The
more robots can learn from their users, the better they learn to show appropriate behavior.

Thus, BGI can be used for other purposes than control. Rima¢ processing of user states with
automatic adapon of the application to the user could significantly enhance hue@mnputer
interaction and humasobot interaction.

Brain -Computer Interfacing offers novel tools for science

The field of BrairfComputer Interfacing traditionally aims at applying neuiesce b develop
neurotechnologies for(mostly) disabled users. However, throughout the development of the BCI

field, new tools and algorithms have emerged which have been integrated in neuroscience research.

For example, BCI methodology has been usedsitudy which evaluated the effect of different sleep

stages by disrupting certain sleep stages of human particigafais Der Werf et 312009) The sleep
adlF3Sa 6SNBE RSGSOGSR az2yftAySé GKNRdAAK ./ L YSikK2
BCI research are now increasingly implemented in neuroscieneetificial intelligence and vice

versa.

Summary

Early BCI research focused on simply getting a BCI to work with a disabled user. More recent research
has also focused more heavily on application interfaces and environments. Newer work has explored
applications for healthy users and new directions with disabled users. New applications, devices, and
user groups require new application interfaces and environments. There are many challenges
involved with each of these new directions, as well as many chaltewiih existing directions. These

are worth considering within the context of FBNCI as possible opportunities and/or roadblocks.

On the other hand, the recent new work has addressmue questions. For example, BGhave been
validated with games and wiral reality, which can yield substantial benefits over denapplication
interfaces. BGl have allowed creative expression such as music or paintingcand lead to new
tasks for BGl Passive BCI interfaces could contribute to many fields well degGh, such as human
computer confluence, ambient living and affective computing. The key conclustbati8Cé$ can
now be seen as intelligent sensors rather than only control signals.

Analyses

Challenges

The knowledge gap

While technology is advancimgpidly, fundamental knowledge on the brain is lagging behind. To

develop applications and devices for general consumers, which go beyond the currently available

toys and games, the field needs much more insight into the neural correlates of mental states
dzZASNER GKSYy Aa Odz2NNByidfte F@FrAftlFoftSd LG-richdHbut2FiSy
GKS2NER LIR22NEDP ¢KS alyYS al @Ay 3-cobdutgr interfacing. LThét A SR
upcoming challenge is to have more theahyven reseach to complement the current datdriven

approach in braircomputer interfacing.
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Shifting the focus on usability and user experience

At the moment BGI are almost exclusively usedlab settings. In order for BElo be successful
interaction paradigmghe top level challenge is: Successfully migrating BCI out of the lab into the
everyday and working lives of people.

. For most current and future user8ClI isjust oneof many available
User experience interaction paradigmsso usershave alternatives which they can use
and usability play parallel or in a sequential manner. Hence, they can and will choose
a prominent role based on the usability and usexperience of the provided BLIFor
instance a gamer can choose a BCI due to nbeelty, increased
: i challenge and richer user experience, although theliability and
migration from information transfer rate (technical issue) are much lower than for a
the lab to society. traditional input device.

in successful

For other users, fomstance lockedn patients, BGI may be the only way to communicate. Although
0KSaS dzaSNE R 2sfiltliey pkelerdibvicds th&d Kré isébfe, look good gmbvide a
pleasant experienceOtherwise the assistive technology will end up in the closet, not being used
(Scherer, 2000).

Thus, successful migration requires not only reliability, but also usability arasaple usr
experience. Most current BE€hre notreliable at all timesinefficient, and difficult to learn and use

Thus, the challenges in usability are multifold. How can BCls be designed to be more usable? Can
usability requirements of users be madengoatible with neurerequirements of the BCI? How can

we create pleasant user experierscir users with a BCI? Also, how can we measure usability and
user experienceof BCls?Conventional tools of the HCI field for measuring usability and user
experience e not necessarily suited for BCI applications (Van de Laar et al., 2011; Girkok et al.,
2011; Plas®ude Bos et al., 2011). It is a challenge in itself to develop tools to measure the usability
of BCI technologies. Finally, if we build¢haologies thatricorporate B&, how can we make such
systems safe? What BCI paradigms are easy to learn and hard to forget?

Multimodal interfaces

Using only BCI input to control a system is probably not desirable. BCI input should be an additional
input modality to intgact with an interface. Other input modalities could be a keyboard, speech or
eye gaze. A first challenges that arises when designing such a system is data fusion. How does the
system fuse information from different input modalities? A second challengeldsed to the first

one. How does a system differentiate between information? Speech generation interferes with EEG
signals and the system might have difficulty differentiating information.

Creating a robust and universal BCI

Although we plead for a fars shift to usability rather than reliability, robustness is still a key
challengeto be tackled for B&lin daily life. BCls should let you do the thing you want to do in a
predictable way and with a known accuracy. Currently, users need weekly, if it likelp from
experts froma nearbyuniversity to continuously update algorithms and fix bugs. Systems with
integrated BCI technology should work every time you use them. Also, general consumers need
systems that are universal. That is, systems shoultebly be transferable from user to user.
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Plug & Play systems

As already mentioned in the state-the-art, rapid technologization of society calls for natural,
intuitive interaction between users and technology. In most labs a BCI consists of g mptjgarate
computer screen, a headset and many wires in between. Also theeB@d software is very visible
and not integrated with existing software. In future we need to find ways to let the BCI components
disappear and to create a natural experierfor the user. Basically, the challenge is to develop a plug
& play system.

One very closely related challenge is unobtrusive sensing. The attractiveness -basBCI
technologies for everyone will depend heavily on the comfort of the system. Many aitigerand
companies are actively researching and developing dry sensors or sensors that only need water.
However, if we consider the potential for BCI technologies in ambient intelligent environments, then
in future the challenge arises how we can senkgslogical signals from users from a distance. For
example, how can we have reliable recordings of the heart beat from sensors embedded in the bed
of a user with heart problems? Or, how have sensors embedded in the head support of the seat in a
car to measure the workload of a driver? Thus, the real challenge in unobtrusive sensing consists of
making sensors invisible, reliable and possibly even dislocated from the user.

BCI as intelligent sensors

Since current BCI technologies have such poor reliakitity robustness the BCI field is more and

more shifting away from the idea of using a BCI as a control input tienaittive systems. Instead,

BCA | NBX AYyONBlIaAiAy3ate dzAaSR a AyaSttAaAasSyid aSyazN
system and infer ser states to adapt humacomputer or humarrobot interaction. This new

application area for BCls challenges researchers to understand how information about the user state
should support HCI and humawabot interaction. What constitutes opportune supportw does

the feedback of the changing HCI and hurnabot interaction affect brain signalsddlany research

challenges need to be tackled here.

Ethical challenges

Above we have listed scientific and technological challenges, but a key factor in devebgping
products for general consumers is the acceptance of these products in society. Acceptance is directly
determined by the ethical and societal issues related to the research and development of such
systems. Ethical issues related to BCls for the gepeltdic include for example safety, sidéfects,

privacy of mind, social stratification and communication to the media. Thus, in the coming years we
are challenged to address these ethical issues.

Solutions and t rends

Ambient Intelligence

Ambient intelB Sy OS X LISNBIF AA @S O2YLIziAy3s dzoAljdzaG2dza O2
names that have been introduce to describe the research domains in which we assume that we live

or will live in senseequipped environments, that sensors will be embeddéd; they will have local
intelligence, and that the information they collect and process can be distributed to other intelligent
sensors and computing devices. Obviously, there are already seqagped environments, but, as

long as their design is tudeto rather specialized applications, they will certainly not achieve their

full potential. In ambient intelligence environments, sensors can be used to detect and interpret
human behavior and activities, to anticipate certain activities or desires irr ¢oderovide realtime
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support, and to allow explicit control of the environment by its inhabitants by providing feedback and
appropriate actions on commands of the inhabitants. These views have led to an increase in
attention for sensors in general, inding sensors that allow us to issue commands, for example for
games and domestic applications, through BCI devices and systems.

HumanComputer Confluence

G dz¥/h Y LIz SNI / 2y F€ dz2Sy 0S¢ o1/ /0 Aa | NBOSydG 9dzNp

how theemerging symbiotic relation between humans and computing devices can enable new forms
of sensing, perception, interaction, and understanding. The main goal of HCC is to develop a
disappearing interface, in other words an interface that feels so natuedlytbu do not even notice it

is there. Three main research lines can be distinguished:

W HCC DataPerception and interaction with massive amounts of data. How can users interact
with massive amount of data in future?

W HCC TransitSmooth transition fran physical to virtual/augmented reality

W HCC SenseNew forms of perception and action. What are new forms eéxperiencing
oneself or experiencing being others, how can we experience environments and new senses or
abstract data spaces?

Two European mjects on these topics include CEEDS and VERE . Both projects also make use of
BrainComputer Interfacing technologies. Also, there is a cost and support action called HCC , in
which Stephen Dunne (Starlab) is involved.

Similarly, as mentioned in the s$&of-the-art, new perspectives in the field of BraBomputer
Interfacing have emerged on what BCls are and thus how they could be applied. BCls need not only
produce voluntary selfegulated signals with the purpose of voluntary control of an interface.
Rather, BCls could extract involuntary, automatically generated {activity and extract information
Fo2dzi GKS dzaASNDa YSydlt adGlkdS ¢ A (ridachin iSterdclitaNl.J2 & S
to the user (Nijholt and Tan 2008; Nijboer et al. 20B8nder et al., 2010; Zander and Kothe 2011).

This new research area is referred to as passive ®ramputer Interfacing (Zander and Kothe,
2011). Passive bratomputer interfacing closely ties in with affective computing, ambient
intelligence and humawomputer confluence.

Physiological measurements in HCI

Measuring cognitive load is the standard example of what interface designers are interested in
(Nijholt, 2011). They need to know how an interface works for a particular user. There has always
been inerest in using (neurd) physiological measurements to learn about the cognitive load
associated with performing certain tasks using a particular interface. This kind of information is
meant to rethink, to redesign, and to rémplement the interface in awler that it should perform

better for a particular user or group of users. However, in recent years many more methods have
become available to measure experience. Computer vision, speech analysis, and eye tracking are
among them, and this has led to a mmf interest, methods and devices, including BCI devices, that
not only measure user experience for redesign and performing tasks more efficiently, but also look at
'tasks' that do not necessarily require efficiency but rather aim at providing posiperiences such

as fun, game experience, relaxation, and edutainment. And, moreover, use the information that is
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sensed in real time to adapt the interface, the task (e.g., the game level) and the interaction
modalities tothe user and context.

Social medh and games

People love to connect with other people. Europeans spend many hours on social media (e.g.
Twitter, Facebook, Google+) and playing social games (e.g. Wordfeud). The consulting company
Insites performed a study covering more than 90000 citizeos 35 countrie¥’. Seventythree

percent of Europeanare amember of at leasbne social network (mostly Facebook, Twitter and
MySpace) There are about 1 billion social media usevsridwide. Video games are increasingly
social and based in the interhe Some of those games araore cooperative (e.gFarmVille on
Facebook) and some mommpetitive (e.g. World of Warcraft, Quake). Industry quickly picked on
these trends and it has shifted branding efforts more and more to social media.

Changing inputhannels

Closely related to the disappearing interface is the trendidals changing input channels. Users
moved from using command lines input computers to using joysticks, mouse and keyboard.
Currently, users are movirtgwardstouch and strokes to inputvith interactive screen (e.g. smart
phones, tablets). Moreover, first initiatives have shown that users can use body movements to input
to a system (e.g. Kinect). A possible kagn goal might be the direct input frorthe brain into
computer.

Five Year View

In the next 5 yearswe first will have developed better theories on brasomputer interfacing and

more knowledge about neural correlates of cognitive and affective states of users. Secondl| we
have mergedhe fields of humarcomputer interactionwith brainrcomputer interfacingand new

tools will have been developed to measure usability and user experience of BCI technologies.
Researcherwill have shifted their focus tasability rather than reliability, while still aiming to make

.1 LQa tlasiposkiled ded BClwill no longerbe used as the sole input modality for interactive
systems but as an additional input modality. Thus, we will see more multimodal interfaces that rely
partly on brain signals. Fourth, we expect researchersarronv down their fociand create more
robust and universal BCI prototypes for tigeneral public. These systems will prig & play
systems. The BCI technology will be made invisible for the user. Fifth, we will see an increase in
interest to use BCls as inligent sensors rather thraas acontrol signal. BGIwill be used as adaptors

for humancomputer and humasmobot interaction. This will bring about closer cooperations
between the field of braircomputer interfacing, the field of robotics and the field ambient
intelligence. Finally, ethical, legal anat&l issues will be more and more evidesntd we will see an
increase in efforts to address these issues

¥ 6Social media arounthe world 201, a study by Insites Consulting. Please see
www.slideshare.net/stevenvanbelleghem/socrakdiaaroundthe-world-2011
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Summary: Challenges and Recommendations
Our recommendations are grouped according to major challenges:

Shifting the focus on usability and user experience
o Fostercooperation betwen the field of humarcomputer interaction and brain
computer interfacing.
e Develop tools to measure usability and user experience of BCI technologies.
e Hucidate what factors determinBClusablity and user experience

DevelopingMultimodal/hybrid BCs:
e UseBCl input in combination with other input modalities.

Creating a robust and universal BCI
e Support benchmarking studies to determine which brain signals, sens
algorithms and software systems are most robust.
o Createlarge databases of brain sigedb investigate if a large dataset can lead
dzy A SNE I f & LIshhht W&iid it BiBusers. T 2 NJ . / L
e Encourageadditional research lines that purposefully measure brain signal
noisy, real life situations to ensure ecological validity.

BuildingPlug & Play systems
e EmbedBCl technology in existing interactive syste®€$ should be invisible fol
the user.
e t dza K T dzNIi KdyNeledirédesy (Newrs)phssiolOgical sensing needs tc
as unobtrusive as possible

BCsas intelligent sensors
e Development of BGI as intelligent sensors to enhance hur@mputer
interaction and humasobot interaction.
e Encourage theory-driven BCIl research toward better understanding a
detection of mental states of users
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Case Scenarios

Expanding the Horizon for BCI A pplication s

The field of BraifComputer Interfacindpas existed for decades, since the early worgioheers such

as Walter, Fetz, Vidal,Birbaumer andLutzenberger.Yet until recently,research was almost
exclusively focused owne scenarig in which a BCI cdéd be applied for a usewith physical
disabilities BClcontrolled assistive technology. Thus, BCI researchers targeted 1 user group which
consisted of persons with severe physical disabilities or in the leicksthte. The goal of these
researchers, maby psychologists, neuroscientists and physicians, was to help patients.

Noble as this goal may be, a more systematic and epenled approach is needed to exploit the full

potential of BrairComputer Interfaces. The field of Human Computer Interacti@)deals with the

design and development of interactive systems. Without proper dessgatems may never be

accepted by users. Systems need to meet the needs and requirements of users. Requirements of
users need to be translated into system specificati@nd the design of the system involves the

iterative testing of the product with endsers. Somehow it seems that the field of Br@iomputer

Interfacing has skipped the wholeser centereRSa A 3y LINRP OS&dad aGWdza (¢ o NRAY3
a patient 4 home does not equal system developmeand it does not mean that products are ready

for the market.

Another lesson that can be learned from HCI and the field of assistive technology is that stakeholders
FNB y20 NBFSNNBR (2 2ING GoOIABYSyaESRE ¢oKd3l O3 OBdziIS NEEF:
active persons who have their own wishes and demands, whereas the concept of patients is too
YSRAOIT YR 2FGSy o0gNRy3IFdzA teo aa20AF0SR gA0GK C
decisifyaé¢ > AGKStLX Saasédaod tS2LXS gAGK RAaAFOATAGASE R2
clients and they demand good products. Thus, it istofostimportance that BCdlevelopers take a
usercentered approachand design and develop Blidsed systemto meet the needs of users

Moreover,many emerging BCI users do not hgbgsical impairments. Emerging users cdatdude
gamers, students, neuroscientists, pilots, air traffic controllers or elderly persons.

In this section we present:

1) Our methads to explore novel application areas andeacenarios for BCI
2) An overview of aplication areas

3) A surveyon promising pplication areas

4) Novel case sawrios
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Methods to Explore Novel Application Areas and Case

Scenarios
The main principle und®ing the exploration of novel application areas and the creation of new case
scenarios was the iterative consultancy of many stakeholdersHgaees ).

August/Sept. 2010 May/June 2011 Sept-Nov. 2011

EnhERY Advanced Final

application areas & application areas & application areas &
case scenarios case scenarios ] case scenarios

Figurel6: Iterative process of developing valid case scenarios

Step 1:Before and during the workshopn 6ALJLIE A OF A2y AYGiSNFI OSa | yR Sy
conference in Graduring September 2010a broad overview of application areas was discussed and

8 preliminary case scenarios were written with participants {N=see Figure 1§. In addition,

participants developed a technologgsessment surveyrhe purpose of the technology assessment

survey was to evaluate the case scenarios on a number of dimensions (e.g. low hanging fruit,
scientific feasibility, value faociety and so on). Deliverable 4n@ludesa full report of the outcome

of this workshop.

- L b N e

=

Figurel7.! £ f o0dzi 2yS LI NILGAOALIYy(Ga 2F GKS g2NJ] aK2L) a! LILX A Ol
conference in Graz in Septeber 2010

Step2:!! & GKS $2N)] aK2L) dal 22NJ AadadzSa AyinMay 2011NBa S+ NJ
participants (N=15) further explored and assessed different application areas for BCI technologies.

Also, we refined the case scenarios and discuséed value and content of the technology
assessment questionnair€hese discussions continued during the attached Utrecht conference.
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Figurel8:t NI AOA LI yiG& |G GKS ¢2NJ] aK2L) dal 22NJ AadaadzSa Ay . /|

Step 3: During the last half of 2011he application areas were finalized throughrail, telephone
conferences and fae®-face meetings with persons who previously attended the workshops. In
addition, the advisory board was consulted.

Step 4:In October 2011he most promising application areas, as perceived by the BCI researchers,
were identified and further defined.

Step 5:Final case scenarios were written for the top 5 most promising areas.

Overview of Application Areas

We have identified several areaad subareas where BCI technologies can be appliedHger 19).
Research and development of BCI technologies ltavee a long wayn some of these areas, but
a2YS | NBI a asSssS Yhe boliayiiparagrapfpfoNde Rréoderview ofifferent aress.

assitive addiction
technology  disorders -
therapy neuroeconomics

monitaring Health Financial neuromarketing
prevention sector sector

;ﬁz:t\iigﬂeeﬁ Science —_— BNCI N — Educational serlous games
technologies sector

wellness

Entertainment Human-Computer
sector '
geming Interaction affective computing
art Safety & mulimaodal
Security interaction
ambigent
proces intelligence

forensics  military

control

Figure19: Overview of possible application areas for BNCI technologies.
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Health

Subarea

addiction disorders

Concept

To detect craving in redime
and give immediate feedba
to patients with addictits
about their brain activity.

Section 6: Case Scenarios

Potential user group
persons with obesity
drug addicts

alcohol addicts

assistive technology

To provide AT to physically
disabled persons.

persons with tetreor
quadriplegia

lockedin patients

therapy

To provide neurofeedbad
which  could initate or
accelerate brain plasticity i
damaged or disordered cortig
networks.

ADHD
autism
epilepsy
cortical stroke
Al zhei mer 0s
schizophrenia

depression

psychopathy

d

monitoring

To monitor and classify brai
statedn reaktime.

acute trauma

Alzhei mer 6 s di

Parki nsonos

S

d

diagnosis

To make better diagnos
based on neurophysiologic
markers.

lockedin state
vegdative statefoma

mild cognitive impairment

prevention

To provide neurofeedbac
which could slow dowr
neurodegeneration.

Alzh e i
mild cognitive impairment

elderly persons

mer 6 s di

S

wellness

To trigger more  brair
plasticity than normally woulg
occur and thus, may boo
mental performance q
emotional well being. This i
also known as cognitiv

all users
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enhancement.

Table2: Health.

Science

Subarea Concept Potential user group

realtime analyses To better understand the brai| neuroscientists
neurologists
neuropsychologists

Table3: Science.

Entertainment sector

Subarea Concept User group

gaming To provide new interactiof gamers

stylesthrough active B& or
enhance game experience
through passive BGI

art To provide new interaction artists

styles in art.
all users

Table4: Entertainment seabr.

Safety and security
Subarea Concept Potential user group

forensics To help monitor criminal police
knowledge or intent.

prisons
military To augment and monitd soldiers
mental performance i
soldiers
process control To monitor attention levels if air traffic controllers

controllers and determin
opportune moment to delivg
information to the user

train controllers

attention critical situations

Table5: Safety and security
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Human Computer Interaction (HCI)

Subarea Concep Potential user group

multimodal interaction To provide interfaces with al all
extra input modality

pilots

situational disability

affective computing To provide interfaces with all
information about the use
state in order to suppo
customtailored human
computer interaction (als
referred to a

ambient intelligence To provide user information t{ architects
contextaware systems thg
seamlessly incorporat all

relevant information about th
system, environment, ar
user.

Table6: Human Computer Interaction.

Educational sector
Subarea Concept Potential user group

serious gaming To provide new interaction all
styles in serious games, and
interactive educational syste
to facilitate learning an(
increase brainlpsticity.

Table7: Educational sector.

Financial sector
Subarea Concept Potential user group

neuroeconomics To provide novel tools tq scientists
study in how humans mak
financial decisions.  Sinc
classification is possible i
reaktime new experimentg
setups can be made.

marketers

banks

neuromarketing To provide novel tools tq all
study in how humans react
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advertisement, products marketers
media. Since classification
possible in reatime, new| Panks
experimental setups can
made
Table8: Financial sector.
Nutrition
Subarea Concept Potential user group
nutrition To provide novel tools tq nutritional scientists

study in how humans proce _
food related stimuli in th¢ 100d & beverages industry
brain. Since classification i
possiblein reaktime, realtime
feedback could facilitate ne
experiments or therapies.

persons with obesity

Talde 9: Nutrition.

Perceptions on Promising Application Areas
We aimed firsto identify of the top 5 most often mentioned areas in the top 10. Second, we wanted
to identify the five most promising application areas for BNCI technology.

Partidpantsin previous workshops were asked to participate in a small survey. They wena sho
Hgure 19, which consists of 19 application areas. Yheere then asked to choose the ten most
promising areas for BNCI technology. Then, respondents were asked to rank these 10 areas. (1= most
promising). Twentfour participants completed the surveyWe evaluated the rank per area
weighted for the number of persons who ranked that ar@dat is we multiplied the number of
respondents who ranked an area with ¢idnk). Figure20 overviewsof the results. The length of
eachbar reflects how many persomankedthis areaasimportant.
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nutrition
N

24 Erank 1

neuramarketing
Financial

sector Brank 2

NEUroeconamics

Educational
sector

SEroUS games Orank 3

multimodal interaction

ambient intelligence
Human- Orank 4
Computer
Interaction affective conmputing Mrank 5
process control Orank B
Safety &
ilit
Security rrilicary Brank 7
forensics
Orank 8
Entertainment art
Sector garring Wrank 8
realtime analysis
Science ‘[ v ®rank 10
wellness
prevention
rmonitoring
Health
sector therapy

assistive technology

addiction disorders

0 40 a0 120 160 200

Figure20: Overview of areas perceiveds promising by the respondents.

First, the 5 most often

mentioned areas are: Top 5 most often mentioned applicatioareas

1. BCI for therapy

2. BCI for gaming

3. BCI for assistive technology
4. BCI for monitoring

5. BCI for realtime analyses
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Second, we asked whtite o . .
most promising application Top 5 most promising appllcatlon areas

area was. Whit application
areas are most often given a

rank 1 in the survey? 2. BCI for gaming

1. BCI for assistive technology

3. BCI for real time affective computing
4. BCI for real timanalysis in science

5. BCI for therapeutic purposes (neurofeedback)

Many respondents commented that some subareas seemed synonymous to them, and others noted
GKFIG GLINBYAAAY3TIE O2dd R 0SS ONRBFRtf& RSTAYySRo ! 7F
proY AaAy 3 | NBI &Toys ardl NdeSdames aie Beré. | think wellness applications are the

next most promising in term for consumer devices. These would be things like sleep aids (like Zeo),
medication coaches, and serious games. They don’t nedgssauire medical device approvals, but

they could be used by people to improve their own health. Long term, | am bullish on neurofeedback
therapies for ADD and autism, and diagnostics for diseases (for example measuring cognitive decline

in Alzheimer or effectiveness of a drug on depressibrg) Ly GKS F2ftt2gAy3a aSO(
final scenarios that combine these areas.
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Novel Case Scenarios

BCisupported user interfacdor communication, affectexpressionand enhanced
human-computer interactionin lockedin patients:

George is a 39ear old formerlawyer. He suffered a brairesth stroke 4 years ag(
which left him in the lockedh state. He can still raise one eyebrow and blink
eyes when he wants, but otherwise he is completely paralyzed. He lives in a
for assisted living. Since he no longer has a steady income, hengs tgostart a
course on writing in an online university. His objective is to write a book about is
related to intellectual property in the biomedical field, which is his speciality.

He has applied for and been granted a novel assistive technologyrsyBhe system
supports multimodal interaction. That is, George can control the system usin
eye gaze, his eye blinks, his eyebrow raise and his brain activity. Several comfg
wearable and wireless sensors are placed in the vicinity of hisayken his scalp
daily by a nurse.

The system also measures George’s affective state in the brain activity and pr
his mood or affective state as ambilight attached to his computer, which is praq
given that George’s face no longer expresses amotin daily communication, this
screen helps other people in the home and elsewhere to understand him
communicate with him.

Finally, the information from his brain is used to enhance hut@mputer
interaction. If George notices that the interfaceiléal to do what he wants, thg
system automatically detects the “alarm™ in his brain activity and corrects the
action. Also, the system goes in standby when it notices that George is dozing @

© 2012 futurebnci.org
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Persuasive rehabilitation after strakwith a BCI game:

Mrs. De Luca is@R2 year oldlady living in Rome. She suffered a stroke 3 months
that left her arms paralyzed. She also has slurred speechsante problems
concentrating. Finally, just like many stroke survivors, she has developed depr
symptoms. She initially did not want to do the daily rehabilitation requiring seVv
hours. However, the hospital purchased a novel rehabilitation systéiohaoffers a
holistic rehabilitation program to its users.

Mrs. De Luca still has to do the same physical arm training, but now it does no
like training anymore; it is fun! Her arm is placed in a robotic device which assis
movement. She sits front of a large computer screen and has to play a card g:
Ottt SR atlidASyOSé¢d {KS Oly TFtALI I G
over it. The robot arm is not only controlled by Mrs. De Luca’s attemj
movement, but also by the relatefbatures in her ECoG signal. Directly after |
stroke, surgeons implanted her with a temporary micro ECoG grid which wirel
transmits to the robot arm. The game challenges Mrs. De Luca to train her arn
the damaged cortical areas. It also rewardsr lat opportune moments for her
achievements or adapts the difficulty level of the game depending on her mq
state. The engaging game, combined with support from both the robot arm anc
own brain, persuades Mrs. De Luca to do her daily rehabilitedimoh reduces the
time she needs to stay in the hospital.
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BCI tools for neuroscience

Davidis a postdoc at a renowned Institute for Cognitive Neurosciehigestudies the
difference in attention processes between healthy persons and persons
schizoffirenia. In one of his experiments, healthy subjects perform a continu
attention test where they have to attend certain stimuli (n=200) and press a butto
fast as they carDavid is mainly interested in the times the subject failed to respon(
the gimuli. What happened in the moments before the stimuli was presented? Was
subject distractedDavid is very happy he can now use new methods and tools 1
BrainComputer Interfacing to analyze his dat& former days, he would have t
average all fals in which the subjects failed to respond and look at the averaged
Now he can investigate brain activity on a single trial basis and evetimgalwhile the
subject is sitting in front of him.

More importantly, he can setup a flexible experimentiesign which adapts to thé
4dz02800 Qa8 oNIAyd 1S OFy I|fGSNI &GAYd
characteristics of different brains. This could help scientists identify disorders
quickly and reliably, develop Bldsed better treatmentsand improve therapy.

The development of Case Scenarios showed that:

e BNCiIs are still mentioned prominently as assistive technologies.

o However, BNClIs for healthy users are overshadowing other user groups, notably ¢
and affective computing.

e BNCI tehnology is also gaining attention for other applications such as rehabilitation
scientific research.

e As applications and user groups expand, providing the right BCI for each user
importance. A BCI that satisfies one user may be totally inadeqt@tanother user,
depending on whether the BCI helps the user accomplish a goal.

e Challenges and opportunities also vary for different BCls. Practical sensors may be
for casual gaming, but less of a barrier to entry for stroke rehabilitation.
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Financial and Business Issues

Market Overview

Potential users and applications -the changing landscape

Until recently, most BCI research focused on providing assistive communication for people with
severe disaltities. There are many ways that persons with different disabilities or conditions might
benefit from a BCI. The conventional BCI target market has been people who have severe movement
disabilities that render them unable to effectively use other commaition and control mechanisms.

t SNE2yad 6AGK &a0GNRB{1SZI [2dz DSKNARIQA 5AasSrasS o![{0;
(TBI), and some innate conditions such as cerebral palsy have used BCls. However, due primarily to
the need for expert helgo use a BCI, the number of patients who actually rely on a BCI for
communication is on the scale of dozens. As BCls become cheaper and more powerful, the number
of potential users in these groups may increase, and new users with mild disabilities maégdt pr

BCls over other assistive technologies in combination with them. Also, if BCIs gain acceptance for
functional improvement (such as reducing the cognitive or motor deficits resulting from stroke), then
the disabled user market could become muchrenengaged.

Figure 21shows the dfect of lowering costs on market segments (this can also be thought of as
improving performance for a given cost). In gengethke trend towards cheaper and better BCI
technology will carry all application areas towardsager numbers of users.

As costs drop markets
will move in this
direction

Number

!l
of
potential *
users -

v

Cost

Figure21: Impact of lowering costs

Now, however, commercial interest in terms of investment and numbers is focused casssiive
applications intended for healthy users. Nearly all BCls and relsystems sold are relatively
inexpensive no#invasive devices. Although the number of electrodes and signal quality in such
systems often precludes some conventional BCI signals, inexpensive systems can provide some
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usable information. On the other hanawasive BCI systems have been less successful commercially,
despite promising recent research advances.

Noninvasive BClIs and related systems
Neurosky’ is a company that licenses BCI systems g=< :
chips for massnarket applications. They have sold ov{ ThiS trend towards consumer

one million chips used in BCI applications, mainly to] devices will drive progress in
and_ predict 5 million by the end of 20¥1Dr. hqmas | various fields, particularly
Sullivan from Neurosky elaborat&a azs H .

publicly that we have shipped over 1 million integratg related to practlcal electrodes
circuits that process EEG signafis is ot just in our | and ease of use and will

own headsets, but in the headsets of our partners lii continue to drive down costs.
al 005t ©&, another Zampadly in this space;
markets a consumer level EEG system with an eye on the gaming and research markets. Another
article puts the number of headsets sold #2,005° units in late 2010. Both Neurosky and Emotiv
encourage developers to produce new applications, which could foster innovation in many different
ways. Both of these companies have raised over 10 million in venture capital.

Other companies producingCllike systems are also doing well with nassistive technologies.
Advanced Brain Monitoring, which develops tools to monitor sleep, alertness, and memory, was
recently named one of the top 100 growing healthcare companies by Inc. malazine
Neuromarkéing companies such as Emsefisand Neurofocu8 have developed or bought
hardware solutions for their services. While the former company ceased operations, the latter was
recently acquired by Nielsen, demonstrating a serious interest in this technologhamabssibilities

it offers.

Despite the trend toward BCls and related devices asassistive technologies, with less expensive
and demanding sensor systems, the market for conventional systems remains strong. g.tec, which
produces more expensive higimd recording systems, has reported annual sales increases of about
35% per annum since 2065

3 hitp://www.neurosky.com/Default.aspx

3 http://www.wired.co.uk/magazine/archive/2011/07/start/minetontroller

% Source: email from Dr. Sullivarom Neurosky on 29 March 2011 (reprinted here with permission)

37 hitp://emotiv.com/

38 hitp://www.wired.co.uk/magazine/archive/2011/07/starthind-controller

39 hitp://www.b -alert.com/news.html

O hitp://www.emsense.com/

L hitp://www.neurofocus.com/

*2Source: quote from DiGunther Edlinger, éBEO of g.tec, September 2011 (reprinted here with permission)
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Invasive BCls and related systems

On the other hand, two higprofile American companies devoted to invasive BCIs that have been
less successful. One such compaCyberkinetics, ceased operations in 2009, although they had
some excellent people, solid publications, and impressive*B@isother company, Neural Signals,
has (like Cyberkinetics) encountered considerable trouble with the costs necessary for device
approval. The following text is an email from the CEO of Neural Sfyméisreply is itvold italicized

text, and is reprinted with his permission.

2) Which invasive BClIs are approved? Neural Signals = yes, right? Cyberkinetics sought
FDA approval, buthe company does not exist any more and thus has no relevant
approvals, right?

NSI's approval is suspended until we can become compliant with the new rules. This is
extremely expensive. And there is no way to finance it. So we are stuck.

On 26 SeptembeR011, another key stakeholder provided the following anonymous
quote:

/| @0 SNyJAYySGAOa NBOSAYGSR (o2 L59& FT2NJ . NAyDFGS
and associated hardware used in the BrainGate research also has 510(k) clearance,

issued to Cyberkirtecs/Blackrock, for use for < 30 days (known as "NeuroPort"). This is

increasingly being used for epilepsy research.

Therefore, while both invasive and noninvasive BCIs h
gained attention and made progress in many ways, ther 1€ reason there are no

a schism in terms of eomercial success. Noninvasive B| intracranial BCl companies
companies are generally doing better than invasive B not the expense but the
companies. Aside from obvious reasons, such as .

financial costs, invasive BCls face much greater demg uncertainty of the market.
for device approvals; a noninvasive Neurosky system intgnfe healthy users is much less
LINEOESYFGAO GKIY |y Ay@lFairigdsS RSOAOS AyGiSyRSR I a
reason there are no intracranial BCl companies is not the expense but the uncertainty of the market.

The market will become cleance we know what intracranial systems can achieve. If invasive BCls

can provide robot arm control with multiple degrees of freedom, this would benefit amputees, a

much larger market than lockedl y dzd S NE @€

There are also several reputable groups currerdigveloping a fully implantable device for
commercialization, including the Braingdtesystem and the University of Pittsburg (USA), Medtronic

EU (Netherlands), Minatec (France), and Osaka University (Japan). Thus, while the invasive BCI
industry remainsiascent, it will probably grow in the near future.

BeKS & Ayaffutbre-tndzorgh lyadt dzRSa + aSO0GAz2y OFff SR at 2Lz F NI Y
presents the system developed by this company along wileaechers from Brown University.

* Source: email from Dr. Phil Kennedy dated 19 Sep 2011, reprinted with permission.
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Appealing to different users

Thinking of BCI in the traditional sense as a communication and control tool, there are major
challenges in penetrating the healthy user market. Conventional communicatigsuély cheaper,
FILa0dSNI YR SIFAASNY | 26SOSNE KSHfGKe LIS2LX S N dzi A
are temporarily unable to use other means of communication and hence might benefit from
technologies used by disabled persons. Drivarschanics, pilots, soldiers, surgeons, gamers, and

cell phone users are all examples of people in situations that limit their ability to send command and
control signals through normal output pathways. Users may adopt technology that can provide a
supplemental or replacement communication channel, which could be a BCI or BNCI (Allison and
Graimann, 2008; Nijholt et al., 2009; Blankertz et al., 2010).

' ASNJ ANRdzLJA QDI NE AYy Ylye ¢gleéa 0Se2yR GKSANI FoAf )
and needs are also important. Some patients may depend on a BCI for all communication and
control, while others just need it as an additional device to support them in their daily lives. User
adoption also varies for BCls and BNCIs. BNCI systems are morly biefated and may appeal to

more users. For example, a BCI alone may not be useful enough for a particular client, but a system

that combines a BCI with an eye tracker and voice recognition system (which is a BNCI) would be
useful.

A further group of uers are those interested in what we call wellness. Here we have products such
as the Ze® where sleep quality is tracked based on the users EEG. This is not traditional BCI and is
not a medical application; the devices are sold as a means of monitoringoyau sleep quality so

that you can try to modify your behaviour. The Quantified “8eliovement has grown up around
people who are interested in tracking their physiological data on a regular basis for its own sake and
for the potential health/wellness besfits.

There has long been an interest in neurofeedback companies that sell products to facilitate
concentration, relaxation, or foster other changes. These systems can work in some situations, and
neurofeedback remains an active research area. Adoptiaa been hampered partly by poor
publicity and some instances of misrepresentation or use by poorly trained staff.

This relates to a potential emerging market, involving systems that incorporate BClIs for rehabilitation
of stroke or other conditions (Pfurtkeller and Neuper, 2006; Birbaumer and Cohen, 2007; Pineda et
al.,, 2008; Grosse/entrup et al., 2011; Kaiser et al., 2011). These devices are similar to wellness
systems in that the overall goal is to produce a lasting change within the nervous systdmtiigh
system may involve BCls for communication, neurofeedback, passive monitoring, and/or diagnostic
tools, these components all serve the overall goal of facilitating various changes. This could emerge
as a major disruptive technology, but more resgais needed.

* http://www.myzeo.com/sleep/

“® hitp://quantifiedself.com/
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Companies in the BCI market

As the market potential changes, driven by new application fields and approaches, we see a wide
variety of players with very different goals entering the market. Not all are developing traditional BCI
systems butthe investment in consumer products will no doubt have a significant impact on
technology, costs and above all usability. This will feed back into the traditional BCl community
allowing ever more user friendly and useful assistive devices which in tuamégphe potential user

base.

Entertainment
& Performance

Figure22: BCI technology sectors

Figure 22 identifieshe major sectors where BNCI technologies are in use or under development.
Each of these sectors has specific goals and constraints in tdrorser acceptance, usability and
performance. In many cases they are not interested in BCI but in the technology itself and the data it
can provide.
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Table 10 presents list of @mpanies working in each sector.

Entertainment &
Performance

Neuroeedback
Safetly & Security

Health &
Education
Research
Financial &
Marketing

Advanced Brain Monitoring

Ambient

BitBrain Technologies

Brain Actuated Technologies

Brain Fingerprinting Technologie!

BrainMaster Tehnologies

BrainProducts

Biosemi

Cortech Solutions

Coretec

PLX Devices

EEG info

EEG spectrum

Emotiv

Emsense

g.Tec
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Neuroeedback
Safetly & Security
Entertainment &
Performance

Health &
Education
Research
Financial &
Marketing

Interactive Productline

Interaxon

IBVA

Mattel

MegaEMG

MindGames

Mind Technologies

Neural Signals

Neuroelectrics

Neurofocus

Neuro-insight

NeuroMatters

Neurosky

Neurovigil

No Lie MRI

OCZ (EOL)

PLX Devices
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Entertainment &
Performance

Neuroeedback
Safetly & Security

Health &
Education
Research
Financial &
Marketing

Quasar

Sand Research

Smart Brain Technologies

Starlab

The Mind Lab

TMSi /
Zeo /

TaHde 10: Companies g sector.

Most of these companies hawentered the market in the last

five years. A subset of these companies has provided datg Thisis a growing area, and

their origins. Of those formed in the EU, 3 out of 6 hal DY far the greatest share of

participated in EU projects in the early stages. Ma sales and investmenafls
companies otside of the EU also relied heavily o

government grant support.

outside of traditional BCI
activities like AT.

Company EU funding

Advanced Brain
Monitoring

BitBrain Technologies Spain

Cortech Solutions 2001 us No

g.Tec 1999 Austria ND*

Mega Electronics 1983 Finand Yes

Mindgames 2009 Iceland No
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Mindlab 2005 England No

Neuroelectrics 2011 Spain No

Neurosky 2004 us No

NeuroVigil 2007 usS No

Sands Research 2008 us No

Starlab 2000 Spain Yes

TMSi 1999 Netherlands Yes

TaHe 11: BCI conpany data (*ND = Data not available)

How many people are using a BCI-System in 20117

Among patients who need BCls to communicate, perhaps several dozen people use a BCl at home
fairly regularly. This rough estimate is based on discussions with diffeesearch groups and
companies with relevant patient contact. This should increase to hundreds in the next five years, due
partly to efforts described in egoing and upcoming EU and other projects. At the FBNCI workshop

in September 2011, Theresa Vaughfamm the WadsworthCenter introduced the first large scale
(about 25 subjects) effort to get BCls to disabled users in home and hospital settings. Another large
scale effort is being developed through groups in Michigan and Pittsburgh.

Until recently, sverely disabled clients without expe -
support have not adopted commercial systems. Most patief Practical electrodes,

who use a BE3ystem today are participants of a resear{ Improved software, better,
project. They get the systems from an institute or a univerg support for norexperts,
and use it during the research styd Without ongoing
support from both carers at home (to help with the electrog
cap and software setup) and experts from a research cerl could all facilitate wider
(for troubleshooting and updating), home BCI use is very r3 adoption_

and more trained experts

However, this dependence on support is changing bseatommercial products to help patients
without expert support are finally available. The new Intendix system from g.Tec has sold over 30
units. Some of these sales are for demonstration systems, but other sales were to patients. Starlab
has released a weable wireless system for BCI research but as of yet no consumer products have
been released. Business are also starting to emerge that focus omsemd and service, such as
BitBrain and InteraXon.

Among healthy users, the aforementioned NeuroSky siatisivershadow other numbers, with over

one million units sold and a projection of 5 million for 2011. Most of these sales are not complete
NeuroSky systems, but chips that were used in other BCI products, notably the Star Wars Force
Trainer. This is a wersimple system compared to BCI assistive technologies, and may reflect a
growing trend toward cheaper, simpler BCls, at least within healthy user groups.
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Estimated Sales
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Figure23: Estimated global sales of BCI devices

Regulatory Issues

For any company entering the market with a BCI device a major factor will be the regulatory
flyRAOFKLIS (KIFIG GKSe@ FTAYR (GKSYaStgSa Ayd ¢NIFRAGA
but now that BCls are becoming mainstream the numbers of heakbysunay increase significantly.

This will likely lead to a revaluation of the regulatory issues. In the following section we highlight

some of the issues that will affect companies entering this market.

Every manufacturer decides the intended use ofpitsduct, and the intended use determines the
kind of device. For the regulatory environment, a product can be graded into three groups:

1. Medical device
2. Assistive device
3. Consumer device

Currently academic BCI research is carried out in all three but Viditus on assistive devices.

Medical or nonmedical BCI?

Right now, no no#invasive BCls are licensed as medical devices. This refers to classically defined BCls
for communication, and not (for example) neurofeedback training systems. In the United ,States
bSdzN}Yf {A3Iylrta LyO®d NBLRNI& GKIFIG ab{LUa I LILINRJI §
yS6 NHz S&ad ¢ KAa X'Lyb&knétsNeBdieehno®ay | Ssiermsiw@sSam American
company that launched the first mulite pilot clinicaltrial of an intracorticallybased BCI.
Cyberkinetics made possible human use of the "Utah" implantable microelectrode array and
associated recording hardware that was previously manufactured for laboratory use by Bionic
Technologies. Cyberkinetics recaivisvo IDEs for its BrainGate studies, and 510(k) clearance for use

of the array and other parts of the recording system for less than 30 days (known as "NeuroPort").
When Cyberkinetics ceased operations in 2009, the manufacturing division of Cyberkieetose
Blackrock Microsystems, which continues to manufacture the array, recording equipment, and

*" Source: Email from Dr. Phil Kennedy, CEO of Neural Signals, Inc., 18 Sep 2011. Reprinted with permission.
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associated hardware for BCI research and clinical use. For more information on Medical Device
certification ®e: Medical device regulationsotpal overview ad guiding principles, WHO, 2083EC
Directive 93/42/EEC Medical Devi¢&sEC Directive 90/385/EEC Active Implantable Medical Devices
0 andThe future of medical devices in EuropeFor the most part, traditional nemedical BCls
would be classified a&ssistive Deviee

According to the definition provided in ISO 9999:7681! &8 4 A a G A S LINR RdzOG & T2 NJ L
-/ fFAaATFTAOFGAZ2Y YR GSNX¥YAy2f238¢é> | aAA40GA0S t NP
devices, equipment, instruments, tegology and software) specially produced or generally available,

for preventing, compensating for, monitoring, relieving or neutralizing impairments, activity
limitations and participation restrictions. Assistive Technology is technology used by indiwidtial

disabilities in order to perform functions that might otherwise be difficult or impossible. Assistive
technology can include mobility devices such as walkers and wheelchairs, as well as hardware,
software, and peripherals that assist people with athidities in accessing computers or other
information technologies. In 2009 a report foley Of dza A2y A GK (GKS GAGES aly
European assistive technology ICT industmwas published and focuden five topics.

e Hearing aids

e Braille dsplay

e Environmental control systems
e Software

e Communication device

BCI is not explicitly mentioned but we are clearly dealing with applications that fall under the last 3
categories. For consumer devices such as the Neurosky based toys we are notwlitalmegdical

or assistive devices and no certification beyond standard safety is required. Specific applications of
BCI technology may indeed be classed as medical devices but for the most part this is not the case.
We can conclude that the extra burdefaped on companies to comply with regulatory requirements

is not a key factor in the commercialisation of AHomasive BCI technology.

48 www.who.int/medical _devices/publications/en/MD_Regulatiopf

“http://ec.europa.eu/enterprise/policies/europeastandards/documents/harmonisestandards
legislation/listreferences/medicatlevices/index _en.htm

*http://ec.europa.eu/entaprise/policies/europearstandards/documents/harmonisestandards
legislation/listreferences/implantablemedicaldevices/index_en.htm

* hitp://www.epc.eu/prog_forum_details.php?cat_id=6&pub_id=1096&forum_id=7&prog_id=2

52 hitp://Iwww.iso.org/isoliso_catalogue/catalogue_tc/catalogue detail.hntm?csnumber=50982

%3 http://ec.europa.eulinformation society/newsroom/cf/itemlongdetail.cfm?item_id=4897
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European Union vs. United States

The European Unio(EU) contains 27 member States. All of these member states ofutop&an

Union have different legal systems, regulations, procedures, traditions, infrastructures, per capita
income, etc. The United States (US) contains 50 states. While the different states vary in many ways,
the interstate differences in many factorseafairly minor. Many legal guidelines and regulations are
established at a federal level, and there is a stronger tradition of interstate mobility and trade.
Hence, in some ways, market analyses within the European Union must account for greater regional
distinctions than analyses within the US.

This is nortrivial and gives significant advantage to those launching medical devices in the US.
However, if for the most part we are dealing with rotedical devicesthe importance of this
distinction will be educed.

Reimbursement

For any medical or assistive device a major consideration will always be the reimbursement
landscape in the country of sale. As with regulatory issues this will vary country by country and in the
case of the US depends on the inswra provider rather than state, and hence can vary significantly

in a single geographical area.

Intellectual Property

For many starups one of the major obstacles to protecting IPR is simply the elevated cost of the
process. The cost of outsourcing BU patent application can be as highe&®00 which can be
significant in the very early stages of a compdnternational patent applications, other types of IP
protection, and legal maneuvering can substantially increase costs.

Support for IPR proteion would be very welcome in this first phase of development.

Ethical Aspects

Ethical aspects will gain importance as we see more and more products hit the Mahkehort,

some ethical challenges related to commercial BCI devices need to be resobred~so example,

there is inadequate research on the short and long term side effects of using some types of BCls and
related systems. Hence, there is some risk that a commercial product, such as a home gaming or
wellness system, will produce negative sigifects. Another concern is confidentiality. As more
people use devices that monitor physiological data, technology allows researchers to learn more and
more from EEG and other data, the risks associated with data theft increase (Allison, 2010). New
ethical guidelines could mitigate these and other problems, which entails support for projects that
develop and disseminate ethical guidelines.

** Please seéEthics.
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Looking Forward

LG A& y2Gd OfSIN AF 6S |INB SELSNASYyOAy3dI GKS &
neurotechndogy. We are clearly seeing mainstream interest and investment in what was previously

a niche market, with a high value proposition but limited scope for growth due to the small number

of potential clients for traditional BCI assistive technologies.

Therehave been promising developments in 2011 alone. Both Neurosky and Emotiv have received
over $10 million in VC funds and NeurO\"}?giaised VC funds at a valuation of over $200 million,
which is greater than both Facebook and Google together at the sange’$tdhe Nielsen group
acquired NeuroFocus, a Neuromarketing company that in turn has acquired wireless EEG technology
from German starup Nouz2’. Neurodevices recorded revenues of $7.98 billion with 13% annual
growth in 2016,

Likely impacts of this ingément and subsequent volume production on BCI hardware and software
are:

¢ Improved usability (including reliability and more usable software)
e Improved robustness
e Lower costs

We will also see novel applications beyond those currently under developmenth whicirn may
lead to further improvements.

However, this assumes that these companies are successful and find theiel®@ht Kkiller
applications. If not their impact may be shdisted. Development may also be slowed by negative
publicity, misrepresetation, excess hype, and inadequately qualified staff, much like neurofeedback
(Allison, 2011).

Many researchers are not convinced that current consumer technology is good enough for BCI
applications and therefore doubt the scope of application developmpassible with such
G§SOKy2t23ex gKAES (K2adS RS@GSt2LAy3a Ald O2dzyd SNJI |
applications and will lead to Leand disruptiori®. If these companies survive, the quality of the

hardware and software will no doubt impreyand costs will drop further driving development.

A significant investment has been made in European BCI technology via various EU funded projects
and we are starting to see the benefit in terms of EU companies competing at international level.
However,we have not yet fully capitalised on @oing research. Much more can be done in terms of
support for startups and spiroffs atthe European level.

%5 http://www. neurovigil.com/

%6 hitp://mobihealthnews.com/10855/neurovigilandsventure-fundingimpressivevaluation/

5 http:// www.neurofocus.com/

%8 hitp://www.neuroinsights.com/

% http://en.wikipedia.org/wiki/Disruptive technology
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We recommend support for:

Contact and effective interaction witiCs

e |P protection, especially for smaller SMEs

e Basic research in both invasive and fiomasive technologies

e Tech transfer, including support for startups and spinoffs

e Research beyond traditional fields of assistive technology and medical applications
e Posgtive media representations

e Making BCls more independent through improved software and online support tools

e Infrastructural improvements such as benchmarking, standards, and certifications

© 2012 futurebnci.org
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Surveys of Stakeholders in BCI Research

What do different groups think adut different issues in BCI research? This question has become
increasingly complex over the last few years, as new groups have joined our research field and new
issues have emerged or developed. Fortunately, some recent surveys helped answer this question

This section of the roadmap presents some examples of recent surveys of people involved in BCI
research. We first overview our video interviews, which surveyed stakeholders on major questions
we explore in our roadmap. We then present other surveys gxplore the needs and expectations

of target user groups. Next, we summarize our survey of 145 participants of the 2010 BCI Conference
in Asilomar, California. These are only some examples of surveys, and most published surveys have
argued that more sumys are needed. Also, many more surveys assess related issues like assistive
technology in general.

Video Surveys of Stakeholders

We havebeen interviewing key stakeholders in BCI research who kindly volunteered to answer some
guestions about their backgund and about major issues in BCI research. The stakeholders reflect a
mix of different sectors (academia, business, medical, governmantd nonprofi}, disciplines
(neuroscience, psychology, engineering, mathematics, etc.), projects (Brain, Tobi, aBrainG
BrainAble, Asterics, etc.), countries (Germany, Holland, Austria, Spain, USA, China, etc.), target users
(different groupsof patients and healthy usexsand invasive and noninvasive sensor types (cone
electrodes, ECoG, fMRI, fil§JRnd EEG electroddbased on gel, water, or dry contact).

These interviews havbeen conducted at the Utrecht, Graz, aBdrcelona BCl workshap8hese
interviews are publicly available on the fBNCI website (linked to youtube and vimeo channels) and

could be of interest tomany different groupsWe also developed a short video about the 2011
conference irUtrechf®> g KA OK A& 2y 2dzNJ 6S0aAGS dzyRSNJ 6a+A RS2

We did not tell the interviewees what questions would be asked. Hence, their answers are
spontaneous. We asked all peoplee same ten questions, and sometimes added one or a few
additional questions specific to each interviewee:

1. How did you get involved in BCI research?

2. What are some of your favorite memories from your BCI research career?
3. Who has influenced you most ioyr career, and how?

4. What would you most like to accomplish in your career?

5. What are the biggest problems and challenges in BCI research?

% http://www.bci2011.eu
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6. What are the most promising trends and solutions in BCI research?

7. Do you see any major disruptive technologiesggroundbreaking developments that would
dramatically increase BCI use?

8. Until recently, BCI research focused heavily on severely disabled users. Which new user groups
do you expect to emerge, and why would they use BCIs?

9. Do you think that invasive and noninvasiBCls are both promising directions?

10. Do you have any other comments about BCls, promising funding directions, or major issues?

Producing these videos would normally cost tens of thousands of euros, including flight and hotel
costs, equipment rental, saries, and various production costs. Some of these costs were borne by
the FBNCI Project. However, we also wish to thank other sources of help. We are grateful to other
entities and projects that contributed to travel costs: Utrecht Medical Center, g3eglab, and the
BrainGain project. We also thank the two veteran filmmakers who donated their time and use of
professional equipment: Bl Anna Sanmarti, an awawdnning filmmaker with a strong interest in
BCls, and Dr. Valjamae, a former postdoctoraeegcher at TUG and experienced editor, director,
and technical contributor. We also wish to thank all interviewees.

Figure24: An interview conducted at the 2011 Utrecht conference. Nick Ramsey (left) prepares to answer
guedions from Brendan Allison (right) while Anna Sanmarti (center) checks his microphone cable.
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Overview of Recent Surveys

End user surveys

A recent survey asked 61 persons with ALS a variety pf a = p
guestions relating to BCI use (Huggins et al., 2011; sedzalss P J IEI‘D A 9}: I:JII )/ ¢

et al., 2011%". Participants indicated that their main concernsA )f Of dZRSR &I

g SNB 4 O dpzidplizdyZstaddiyimode reliability and up simplicity, standby
F@FAflrofS FdzyOlAzyascdod Lyi éNﬁéd%’réfliélSnﬁ)Fandj KS adzNBS
desired BCI performance. Respondents indicated that thely Gl Aflof S 1

prefer a system with 90% accuracy, at12 letters per minute,
within 2-5 training sessions and 21n YAy dzi Sa &aSGdzld GAYS LISNJ aSaaaiz
meet all of these criteria simultaneously, particularly for home use, but such BClIs are ndigtisrea

in the near future. For example, a P300 BCI for home use with a dry electrode system could allow
above 90% accuracy, at several letters per minute, with no training and a few minutes of setup time.
However, it would only work for some users, and \bstill require a carer to mount the electrode
apparatus. Respondents were generally open to an invasive BCI, and recovery time was a major
factor in their decision.

In a followup study, a focus group asked 8 individuals with ALS and 9 of their casefgivdiscuss
factors that determined their acceptance of BCls for use in dmime environment. Participants
were generally optimistic about BCls as assistive technologies and highlighted some important
development priorities, such as a more convenienyv@a sense brain signals, increased support to
facilitate independence for both users and carers, improved reliability and robustness to distraction,
and more usable interfaces (Blain et al., 2012).

The BRAIN project also completed surveys of end u3és.resulting documents were circulated
throughout the consortium, and contained useful insights. For example, when asked about
preferences for home automation control, control of heating and audio/video rated very high,
whereas users did not care much @azda O2y i NRBf f Ay3 f A 3IKICGadBrainK A &
Computer Interfaces Become Practical Assistive Devices in the Comréunity R Yl & o6S |
request from BRAIN.

)
gl A

, Survey respondents
The AsTeRICS project surveyed end users to assess the needs and .

desires of targe users. 33 subjects with motor disabilities @ Fy
completed a questionnaire that asked them what they would likél LJ2 &
t,o acAcompIishAwith assis'Eive 'Eechnolog,ief. R?sult,s §h9wed thﬂﬁdepq/
UKS dzaSNBR 6SNB AYyUuSNBaul SRynyy , %Yél
and learning via intmet/IT-based technologies, communication

ca
0p)
> T

‘i

L While these aiitlesare copyrighted, a summary is publicly available online:

http://www.umresearchgrowthnet/pmr/about/raeabstracts/Speakers%202011/Digital%20Posters/Huggins,%
20J.%26/020Poster%20for%20James%20Rae%20Day%202011.pdf
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with friends and family, obtaining information about the local environment and leisure activities like
playing videogameored K2 LILJAYy 3 2y (GKS Ay (iSNYySaé 6bdza aol dzy 8§

The TOBI project has also surveyssVerely disabled users through different research efforts. A

recent journal article described a survey of four severely disabled persons who used a BCI and then
answered questions about their experiences (Zickler et al., 2011). Zickler and colleaguestexbnd

other surveys of severely disabled BCI end users, and presented their results at conferences in 2009
and 20182 Among other results, they showed that users especially wafitdzy” O (i Ad2Ly2I af AAA(08AEE ZA
2T AYRSLISYRSY( dzi Siétheir asyidiive te@holodieg.Sda 2 F dza Sé

Recently, investigators at the VA Pittsburgh Healthcare System conducted a survey of 57 military
veterans with spinal cord injury regarding their priorities for restoration of function and their
preferences for brairtomputer nterface technolgy (Collinger et al., in review)rhe majority othe
participants felt that a BCI would be very helpful for controlling an FES device for arm and hand
function, bladder/bowel function, or standing and walking. Fewer individuals feltfC| would be

very helpful for controlling other technologies like a computer or wheelchair. This was in line with
their top priorities for functions that, if restored, would have the greatest impact on quality of life.
Noninvasiveness and being able operate the device independently were the most important
design criteria for a BCI, however more than half would consider having surgery to implant a BCI.
Different user groups are likely to have unique priorities for BCI design criteria as wellvelsidh
devices they would like the BCI to interface with in order to address specific functionafheeds

Stakeholder survey

In MayJune 2010, the Wadsworth Research Center coordinated a major international BCI
conference in Asilomar, California. Thienference drew over 200 attendees, including many
established stakeholders from around the world. The stakeholders also had different backgrounds
(such as medicine, engineering, or neuroscience), different levels of experience (from students to the
most enior people), and represented different sectors (including academia, business, medicine,
government, and nonprofit). Hence, the conference provided an excellent opportunity to survey a
broad range of people.

The Asilomar survey was such a large effort tie results have so far occupied three published
papers, and the results cannot be summarized here. Instead, key points that relate to roadmap issues
and recommendations are highlighted below.

Additional details of the Asilomar survey are available. fiaerial relating to ethical issues was
published in an opesaccess journal, and hence is available online for free (Nijboer et al., 2011a).
wSAaSIFNOKSNBEQ 2LAYA2ya Fo2dzi GKS YIFENJSdOGFoAtAGeE 2
This work was prented as a talk at the Fifth International BCI Conference in Graz in 2011 (Nijboer et

al., 2011b). This presentation was videotaped and will be made available through the FBNCI website.

52 http://www.tobi -project.org/publications/

% This paragraph was contrited by the first author of this study via email dated 16 December 2011.
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An online version of the material presented is avail&blerhe Asilorar survey also asked
NBASINDKSNBRQ 2LIAYA2Yya [o2dzdi RAZEASYAYl GAZ2Y

End user surveys indicate that:

The Asilomar survey indicated that:

Major issues include independence, simplicity/usability, reliability/acoupseformance,
and functionality.

Desired applications include smart home control, bodily functions, communication,
entertainment. Different surveys showed different priorities.

The majority of users, but not all, would consider using an invasive BCI

There is considerable disagreement about the definition of a BCI, although some a
are less controversial than others.

Respondents generally felt that invasive BClIs could offer benefits that outweigh the 1

Ethical issues were considered pressing, and most respondents favorespe@ic
ethical guidelines and certifications within five years.

Respondents strongly felt that scientists should moderate their enthusiasm when tg
to the media, be responsié for fact checking, and speak out against inaccurad

However, respondents were divided over the appropriateness of speculating about
term visions.

The majority of respondents felt that BCls for healthy users and as assistive technd
were onthe market now or would be viable within five years, while the majority felt t
BCls for prosthetic control were more feasible beyond five years.

® http://prezi.com/nnuig5ke aia/themarketabilityof-brain-computerinterfaces/
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Project Summaries

This roadmap aims to inform and educate people about different BCI research efforts, and help
develop realistic expectations about what to expect from different projects. For a policymaker
considering funding a project, or a taxpayer unsure whether funds are well spent, this section
provides several examples to help show how much progress is reétistsmall, medium, and large
projects. The projects in this section range from smaller projects to huge multinational efforts with
dozens of partners and tens of millions of euros in funding.

This section is composed primarily of material providedBNEI by other projects. We asked many

t N22S0O0 / 22 NRA y3page BBEnmaries of ik pojeigttludé m project overview,

summary of accomplishments (except for new projects), the project website, and at least one
paragraph with your recommelations foN\J . / L Fdzy RAy3 RANBOGAZ2YyadéE ¢KS
be found in the rest of this section.

Overview of H3 Research Cluster

Future BNCI is part of the H3 Cluster of projects funded within the Information and Communication
Technologies Theenby the Seventh Framework Programme in the European Comnfiissidmis
cluster has thirteen projects. Three of these projects (Brain, Tremor, and Tobi) began in 2008, seven
others (including Future BNCI) began around Jan 2010, and three other projectsB@®&8ome,

and Way) are just beginning, with launch dates near December 2011. This section includes
summaries of these projects, along withe following tables and figures that overview the activity in

our cluster.

European Cluster

Figure25: The logo representig the H3 BNCI research cluster.

% http://ec.europa.eulinformation_society/activities/einclusion/research/bnci/fp7 _cluster/index_en.htm
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Section 9: Project Summaries

ABC BACKHOME WAY Zpartici- Country CO

Instrument STREP  STREP STREP  STREP STREP CA | STREP STREP STREP IP STREP STREP STREP pations total
2ur Férdetung der Integration.. AT  C 1 1
Guger Technologies. AT P P P P 4 0
Technische Univ. Graz AT P P P c P P P 7 1
Fachhochschule Technikum Wien AT P 1 0
Technische Univ. Wien AT P 1 o
14
Space Applications Services N.V. BE C 1 1
Univ. Libre Bruxefles BE P P 2 0
Univ. Lige BE P 1 0
4
Ecole Palytechnique Fédérale de Lausanne CH P c 2 1
Ekdgendssische Technische Hochschule Zrich CH P 1 0
HOCOMAAG CH P 1 0
QualiLife CH P 1 0
Schweizerische Unfallversicherungsanstalt; Clinique Romande de Réadapt... CH P 1 0
Scuola Univ. Prof. della Svizzera ltaliana CH P 1 0
7
University of Cyprus cY P 1 0
1
INSTITUT MIKROELEKTRONICKYCH APLIKACI S R.0. (CZ) cz P 1 0
1
ANT/e-imaging DE P 1 0
FRAUNHOFER-GESELLSCHAFT ZUR FOERDERUNG . DE P P 2 0
Technische Univ. Berlin DE P P 2 0
Univ. Bremen DE o 1 1
Stiftung orthopaedische Univ.kliniek Heidelberg DE P 1 0
Diakonie: fiir DE P 1 0
Univ Tiibingen DE P P P P P 5 0
Julius-Maximilian Univ. Wilrzburg DE [ P P 3 1
16
AALBORG UNIVERSITET DK P P 2 0
2
Consejo Superior de Investigaciones Cientificas ES [+ o] P 3 2
Fundacio Privada Barcelona Digital Centre Tecnologic ES Cc Cc P 3 2
Fundacit Privada Insfitut de Neurorehabilltacio Gutmann ES P 1 0
FUNDACION INSTITUTO GERONTOLOGICO MATIA - INGEMA ES P 1 0
INSTITUTO DE BIOMECANICA DE VALENCIA ES P P o 3 1
Startab Barcelona SL ES P P 2 0
Technaid Es P P P 3 0
TELEFONICAINVESTIGACION Y DESARROLLO SA ES P 1 0
Universitat Pompeu Fabra, Institute of Audiovisual Studies ES P 1 0
PLUX ES P 1 0
19
0OSSUR ic P P P 3 0
3
ASSOCIATION DU LOCKED-IN SYNDROME FR P 1 0
Université Pierre et Marie Curie FR P 1 0
2
ABACUS SRL i P 1 0
Assaciazione Italiana per Iassistenza agli spastici provincia di Bologna T P 1 0
CF CONSULTING FINANZIAMENTI UNIONE EUROPEA SRL T P 1 0
COMNGREGAZIONE DELLE SUORE INFERMIERE DELLADDOLORATA 1T P 1 0
Fondazione Sanla Lucia FSL m P P P P P 5 0
POLITECNICO DI MILANO T c 1 1
Sculoa Superiore di Studi Santa Anna T C 1 1
Smartex IT P 1 0
UNIVERSITA DEGLI STUDI ROMA TRE i P 1 0
13
TU Delft NL P 1 0
Maastricht Univ NL P 1 0
Philips Electronics NL P 1 0
Twente Medical Systems Int NL P 1 0
Univ. Twente NL P P 2 0
6
Harpo Sp.z 0.0, PL P 0
Univ. Warsaw PL P 0
2
Meticube Sistemas de Informagao, Comunicacao e Mulimedia, Lda. PT P 1 0
1
MASA POPOVIC PR - UNA SISTEMI SB P 1 0
1
Umea Universitet SE P 1 0
1
UNIVERZAV MARIBORU SL P 1 0
1
AbiltyNet UK P 1 0
MEDICAL RESEARCH COUNCIL UK P 1 0
Cedar Foundation UK P P 2 0
Sensory Software Lid UK P 1 0
Univ. Glasgow UK P 1 0
Univ. Ulster UK P 1 0
Telehealth Solutons UK P 1 0
mean: 8
Number individual beneficiaries 7 9 9 7 7 9 4 9 9 7 12 8 6 6 102 13
Number of MS/FP7 assoc. countries 7 total no.of beneficiaries: 65
Max EC funding (rounded, in M€E) 2.65 325 267 23 28 05 3.35 249 275 905 245 311225 39.62

INFSO H3 BNCI research cluster: Project name ASTERICS BETTER BRAIN BRAINABLE DECODER F-BNCI MUNDUS TREMOR MINDWALKER TOBI ABC BACKHOME WAY Zparticip MS total CO

Tale 12: Funding in the INFSO HEBNCI Researc@luger.
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Project name BCl signal (EEG) BNCI and other signals (n&EG)
used already intetmluse used already intetmluse
Asterics motor imagery P300, SSVEP Acceleration,
webcam EMG,
EOG, assistive
devices
ABC N/A EMG, eye tracker,
GSR
BackHome P300, SSVEP, MI  --- EOG, ECG, EMG
Better ERD/S, MRCPs EMG, fNIRS, force gaze tracking
velocity
Brain SSVEP, ERD/S abandoned P300 eye tracker
Brainable P300, M SSVEP EMG, EOG,
eye tracker,
WiiRemote
Decoder P300, ERD, SSEP ---
SSVEP
FBNCI
Mindwalker MI, SSVEP EMG Inertia
Mundus P300,MlI eye tracker, not
simultaneously
with EEG
TOBI Ml, P300 EMG, assistive
devices (buttons,
joysticks)
Tremor MI hdEMG, inertial IEMG
sensors
Way N/A EEG, EOG, or EM

TaHe 13: The EEG (blue background) and RBEG signals (red background) within the projects in the H3
cluster, subdividedaccording to signals that have already been used, and signals that will be used. FBNCI is a
support action and thus does not develop new scientific or technical outcomes. Since ABC, BackHome, and
Way are just beginning, these projects have not used anyalg yet and for some no information was

available (N/A).

© 2012 futurebnci.org
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W Evc
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SSVEp @ acceleration/inertia
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32% @ other

14%
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Figure26: The left panel summarizes thaistribution of EEG signals within the projeciis the H3 clusterand
the right panel presents othesignals.

Project name| Number | Project duration Website
ASTERICS 247730 | January 2010December 2012 |www.asterics.eu/index.php?id=2
BETTER 247935 | February 2010 January 2013 www.iai.csic.es/better/

BRAIN 224156 | September 2008 December 2013 www.brain-project.org/

BRAINABLE | 247447 |January 2010December 2012 | www.brainable.org
DECODER 247919 | February 2010 January 2013 www.decoderppject.eu

FBNCI 248320 | January 2010December 2011 | future-bnci.org

MINDWALKE| 247959 [January 2010December 2012 | https://mindwalker-project.eu/
MUNDUS 248326 | March 2010 February 2013 http://www.mundus-project.eu/
TOBI 224631 | November 2008 Januarn2013 http://www.tobi -project.org/
TREMOR 224051 | September 2008 April 2010 http://www.iai.csic.es/tremor/

TaHe 14: Summary information about the ten established projects in our clustéhe three new projects
(ABC, BackHomend Way) have just begun and do not have websites yet.

H3 Research Cluster Project Summaries

Future BNCI is part of the H3 Cluster of projects funded within the Information and Communication
Technologies Theme by the Seventh Framework Programme in the damrdpommission. This
cluster has thirteen projects. Three of these projects (Brain, Tremor, and Tobi) began in 2008, seven
others (including Future BNCI) began around Jan 2010, and three other projects (ABC, BackHome,
and Way) are just beginning, with latindates near December 2011.

© 2012 futurebnci.org
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ABC

The ABC project just began in November 2011, shortly before this roadmap was completed. The
project does not yet have a logo, website, or major accomplishments. This section reprints the
official project summary for th&uropean Commission.

ABC aims at increasing human capabilities by means of Brain/Neural Computer Interfaces (BNCI). The
project will develop applications addressed primarily to persons with Dyskinetic Cerebral Palsy (DCP).
Due tothe particular conditionsassociated wittDCP, BNiased systems present a huge potential

for improving the quality life and promatig independent livindor this target group. In particular,

the project outcomes will specifically focus on the augmentation of the capabilitietedel®
communication, learning, social participation and control of devices. The ABC system will be
composed of four independent modules based on the latest advancements in BNCI signal processing,
Affective Computing, Augmented Communication and Biosigioalitoring. The reference European
research institutions in each field will lead the R&D work. DCPusats and care professionals will

be involved in R&D tasks from design to validation. To involve effectively persons with DCP into the
design process, me usercentred design methods will be developed. The project will deliver a
functional prototype of the ABC system validated and working inoddéb contexts. Two industrial

SMEs will also be involvéladroughoutthe project in order to facilitate the tmasition from prototypes

to commercial products and shorten the tint@e-market of the ABC system. The modular structure of

the ABC system and the independence of its components will extend its exploitation potential
beyond the initial DCP niche. Differerdngbinations of the modules could be integrated into other
assistive product niches such as for people with multiple sclerosis or quadriplegia. Moreover, the ABC
modules (both combined or starmlone) have the potential to become part of mainstream
applicatons benefitting from the augmentation of human capabilities, such as gamilegareing,

work safety or driving assistance among others.

© 2012 futurebnci.org
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AsTeRICS

AsTeRICS

AssistiveTechnologyRapid Integrationand Construction Set

More than2.6 million people in Europ have problems with their upper limbsand therefore many

of them depend on Assistive Technologies (AT). As the potential of the individual user is very specific,
adaptive ICIbased solutions are needed to let this population group participate in moderietyo

Such solutions are rarely available on today's market.

AsTeRIC®ill provide aflexible and affordable construction setfor realisinguser driven ATby
combining emerging sensor techniques like B@emputer Interfaces and computer visual
percepton with basic actuators. People with reduced motor capabilities will get a flexible and
adaptable technology which enables them to access the Hukhachinelnterfaces (HMI) of the
standard desktop but also of embedded systems like mobile phones or sntag Hevices.

AsTeRICS will implement a sebaflding blocks for the realisation of AT

e Sensorswhich allow the individual to exploit any controllable body or mind activity for
interacting with human machine interfaces (HMI).

e Actuatorsfor interfacingwith standard IT, embedded systems and the environment

e AnEmbedded Computing Platforrthat can be configured to combine sensors and actuators
to tailored ATFsolutions which support the full potential of an individual user.

The core of the software suite wille provided asOpen Source The complete system will be
affordable for many people who cannot benefit from leading edge supportive tools todag.
following figure outlines the concept of the AsTeRICS construction set, which consists of several
modules ad a software suite for configuration of the overall system:

‘ Display, Touchscreen

(optional)

A
‘
v
AsTeRICS

Personal Platform
embedded computing system

Communication modules
USB, Bluetooth, etc.
i

v

Environment
and Services
Mobile Phone,
Personal Computer,
Smart Home etc.

Actuator modules
Gateway, HID, Gripper, etc.

Sensor modules
EMG, accelerometer, switch, etc.

Figure27: The AsTeRICS construction set.

Configuration Suite
| running on Personal Computer
| (optional)
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AsTeRICS revolutionises the concept of AT today mostly focuses on a certain task or situation.
Due to the growing impodnce of the PC, AT has been oriented towards standard Hi@oamputer

(HCI) or desktop interfaces. AsTeRICS respects the strong need for flexible, adaptable AT
functionalities accompanying people with disabilities away from the desktop, enabling them to
interact with a diverse and fast changing set of deeply embedded devices.

Major AccomplishmentsWork in the first 6 months of the project was largely focussed on user
involvement and system architectueand specification. A user survey was performed witimgriy as

well as secondary users and experts. Data were analysed and technical requirements were derived
from the results.

A further source of input for the system requirements was a thorough siftle-art analysis and of

course an analysis of basictgtR f 2 3ASa GKIFG NS 2F 06Sad dasS a2 |0

many end users as possible.

In project month 6 the system specification and architecture for the first prototype were finalised
and soft and hardware development work were startedhel topic of IPRssues has also been
considered before starting actual development work. The second half of the first and the first half of
the second project period were dominated by technical development on the-lzrdvell as on the
software side.

On the hardware side the AsTeRICS hardware platform prototype 1 was developed as well as a
general purpose input/output module and an analogoedigital/digitatto-analogue converter
module. The firmware for the latter two has been finalised in project mdrttand 7 pieces of both

have been manufactured for the prototygk tests. In the remaining months of the Prototype 1
period a core expansion interface module has been developed, manufactured and integrated with
the chosen embedded PC into the functionat$®nal Platform. Additionally accelerometer and IMU
sensors and an HID actuator were designed. The strategy for the development of the Smart Vision
Module has been refined. Furthermore a pneumatic Gripper on a mstith has been developed

and tested.

On the software side the AsTeRICS Runtime Environment (ARE), the AsTeRICS API (ASAPI), the
AsTeRICS Configuration Suite (ACS) and the AsTeRICS BNCI Evaluation Suite have been developed,
tested, refined and integrated. Models can be created on the configuratuite, transferred to the

runtime environment by using the ASAPI and furthermore can be started, paused, continued and
stopped on the runtime environment. It is also possible to store different models on the ARE to easily
select them later. First stepgwwards the easy configuration of certain parameters directly on the

ARE have been made. Furthermore an interface to cert4ipa8ty software has been developed

0 abHGAIGSL € 0 | Y R-sciedh Keybodrdr (by S2ngeBpftware) has been successfully
integrated to work with AsTeRICS and serve as a keyiniseiace.

After the integration of all system parts, the first prototype of AsTeRICS was finalised. Together with
several sensors and actuators (some of which were also developed in the contbgtmbject) the
prototype has been thoroughly testeddmany models have been put together for this purpose. In
June 2011 the prototype 1 user tests were started in Austria and Poland. Tests in these two
countries, as well as in Spain, continued until tinel f July 2011. The results from these tests have
now been used to steer prototype 2 design decisions.

© 2012 futurebnci.org
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Manyof the actuatorsthat have been interfaced to the AsTeRICS systeund be very interesting for
the BNCI community e.g. to apply existing BNCI cwal channels in system showcases,
demonstrators and most important- useful applications for endsers. Thesactuatorsinclude local
and remote cursor and keyboard control, the KNX home automation gateamyindividually
configurablelnfrared Remotecustom actuators like the pneumatic gripper, the Abotic Door Opener
system and other generic actuators which can be interfaced via relays or open collector oAtputs.
these features can be integrated into existing BBiGtems very easilyy making a plgin or using a
communication channel to the ARE.

Challenges and recommendation$he development of AsTeRICS exemplifies a perfect playground
for testing BNCI technologies out of the lab, which constitutes one of the most important future
goals for the father development of this application field, because of the intrinsic project nature.
Hence BNCI technologies can be developed on its own but also in combination with assistive
technologies. But additionally, the resulting systems are tested by a widep gobwsers with
disabilities both in computecentric and general daily scenarios. As a result of these tests we can
issue the following recommendations for BNCI future funding.

Our funding recommendations are grouped around different types of targets:
e Sensors, signals, and algorithms:

e Currently the variability of BNCI performance among different subjects is very la
This means BNCI algorithms have to be trained amdgnalized for each subject to
show a feasible performance, which anyway is not come close to 100%. So, if
opinion, there is a great need to overcome such variability through t
development of new algorithms particularly targeting this problem.

¢ The nost reliable methodologies for the analysis of evoked potentials are based
averaging, which makes the system slow and often impractical. Theref
algorithms based on single trial classification should be further developed.

e There is a general need foxtending the number of degreesf freedom in BNCI
modalities. Focusingn the case of motor imagery, the algorithms perform at
reasonable level only if the number of modalities is reducedind to select the
best signalsfor each subject. One way ofing four freedom degrees is based ol
extensive training but normal users are so discouraged by initial bad results
they do not try again. So data analysis algorithms for motor imagery should
improved and/or new modalities should be sought
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e Almostall BNCI modalities work on a detected/ndatected basis, which are
able only to generate binary output signals. Therefore new modalities able
generate realalued signals should be explored and furthered developed.

o Affective computing and the integtion of user state in BNCI systems shoul
be further developed in order to improve the user friendliness of existent BN
systems. Methodologies for data analysis and performance evaluation are
very early stage of research in these fields.

e BNCI systas:

e There is a lack of systematic and overall accepted performance evalua
procedures and measures for the simplest algorithms working with EMG, §
EOG. The field needs standardized performance measures, which vary
among research groups, and o#fking realworld scenario aspects into
consideration, e.g. sensitivity, variability with respect to subject state.

e Nowadays there is no systematic view on how to develop BNCI hybrid syste
This applies both to computing frameworks and the related teabgiek. As a
consequence these fields should be further developed.

e BNCI technologies and tools:

e Few works have been focused on the technological background on how
include algorithms of increasing complexity for its recall in -tieaé
applications as m&t assistive technologies do. So computational intelligen
and machine learning methodologies have to be revisited from this point
view.

e BNCI tools written in redlme and embeddable programming languages af
rare. If they exist, they are too generdtameworks that hinder their
integration in particular applications. Hence modular tools that can easily
integrated in more general applications as the ones being developed
assistive technologies should be developed in the future.

e |t is worth pointhg out the need to support the further development of BNC
recording hardware. In this context dry electrodes for BNCI are still
important future milestone. This should be followed by the creation ¢
frameworks that allow seamless integration of HW &M/ algorithms and
their interconnection with modules for HCI (customizable mouse / keybog
emulation) and environmental control systems, e.g. AsTeRICS platform.

e One of the main problems for BNCI engineers within the project works and assig
technolagies community is the lack of knowledge both from most technical staff a
almost all end usersfdNCI technologies. Hende our opinion dissemination among
other technological fields has to be improved in order for a wider community to
aware of BNQlesearch capabilities and achievements.
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BackHome

BackHome
()

Brainneural computer interfaces on track to homeDevelgment of a practical generation of
BNCI for independent home use

Motivation and Need The long term goal of rehabilitation for the individual with an acquired brain
injury is resettlement back in the community away from institutional care. The ideahsoen that

the person will return to their previous home and life roles; however it may be necessary for
supported housing options to be considered. Ideally, in the early phasedgmtarge additional

home care is provided to support the individual &hdir family. However, this is not always the case

and if provided it is often not long enough to achieve the maximum possible independence. The
transition to the home is often very difficult and traumatic. The family must take care of persons with
functional diversity, often with help from paid carers. There is little or no support for transitional
rehabilitation systems, telenonitoring or tools to keep in touch with key people. Often, the
communication and control solutions that patients have learnedely on do not work, and nobody

can help them. We have encountered many cases where communication and interaction were hardly
possible simply because AT were not provided or not optimally adapted.

Therefore, there is a clear need to identify and addrgsscific problems relating tbringing BNCls

out of the lab and into the homeBackHome develops around opportunities from other FP7 grants,
GKAOK KI @S LISNF2N¥SR NBt{SOlIyld .b/L RS@GSt2LIVSyida
and field expaence®. This means that we do not need to focus on developing entirely new BCI
systems, but can focus on making existing systems more flexible and uSéte.projects outside

of our clusterhave also surveyed users to assesrtheeds (e.g., Huggins et,&011]. This work has

further confirmed that patients do not need BCls that are dramatically faster or more powerful.
Existing BNCI systems can provide many useful functions. Instead, what users want are BNCls that
work, reliably, at home, without extens? support. Based on these surveys, and our experience, we
RSGSNN¥AYSR (KFG GKS LI GASYdaQ YFEAYy ySSRa | NB LINY

Project overview The main goal of BackHome is to advance existing BNCI systems into a more
practicd solution for home use. BackHome will address this goal through (1) software and hardware
development, (2) applied research for defining outcome measures and (3) basic research into BNCI
elicited brain plasticity that may foster maintenance and restomatiof cognitive and physical
functioning. BackHome will lay the foundations for a more efficient BNCI in a community setting. In
addition, more commercially competitive products are proposed. To attain these goals, the primary
focus will be on practical ettrodes, telemonitoring and software support, and e&syse
applications to facilitate activities of daily living and entertainment and thus, improve social
integration and quality of life.

% SeedSurveys of Stakeholdersd
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Figure28: A schematic overview of the BackHonsgstem that will be developed.

The main goal of advancing existing bragural computer interface (BNCI) systems into a more
practical solution for home use can be expressed as several general objectives:

G.1. Tostudy the transition from the hospital to the home, focusing on how people use BNCIs in
both settings

G.2. To learn how different BNCls and other assistive technologies work together

G.3. To learn how different BNCls and other assistive technologiebaarclinicians, people with
functional diversity and family in the transition from the hospital to the home

G.4. To reduce the cost and hassle of the transition from the hospital to the home by developing
improved products and disseminating informatifor different developers and users.

G.5. To produce applied results, developing:

i) a new and better integrated practical electrode system
ii) friendlier and more flexible BNCI software

iii) better telemonitoring and home support tools

iv) a better suppat infrastructure

© 2012 futurebnci.org
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Figure29: BackHome will use information about the environment, user, device state, etc to improve its
context awareness. This will facilitate more natural, intgjint interaction with each user.

Major accomplishments:The BackHome project will begin in January 2012, shortly after this
roadmap is published. BackHome will soon develop a project website. For more information, please
contact the Project Coordinator, Felip Miralles.

ROADMAP RECOMMENDATIONS
In addition to our recommendations for BrainAble, we recommend:

1) Practical electrodes Sensors that do not require gel could dramatically imprqg
comfort and setup time, and reduce the burden on carers.

2) BCls with existing device8Cls should be able to seamlessly communicate with o
devices, using Universal Reta Control, Universal Smart Home, and other technologi

3) Passive monitoring Using information about cognitive and emotive state, such
whether a user is fatigued or confused, to improve overall interaction.

4) Automated configuraton tools Uses need automatic software that identifies th
best parameters for each user and configures a BCI to individual needs without has

5) Improved telemonitoring and telesupport tools It should be easier to interact witl
users in their homes, diagnose jptems, and provide support.

6) Increased engagement with end usersBackHome will feature Open Houses &
other events to connect with target users, carers, and medical personnel.

© 2012 futurebnci.org
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SETTER BETTER

BrainNeural Computer Interaction for Evaluation and Testing of Physical Therapies in Stroke
Rehabilitation of Gait Disorders.

Motivation: Most promising interventions to restore walking function are based on robotic systems
that intend to restore function by focusing on actions e periphery of the body (a Bottorip
approach). By imposing gdike movements, such robotic devices are thought to provide many of
the afferent cues critical to retraining locomotion. There is no conseimstedation to the functional
benefits of these approaches.

Figure30: Scenarios of application of BETTER therapies

BNClbased tools to assist physical therapies delivered at two rehabilitation stages: Joint mobilization
(with wearable exoskeletons) and gait training (with body weight support with robotic assistance).

BETTER proposes a multimodal BM@isemain goal is to explore the representations in the cortex,
characterize the user involvement and modify the training.

Feedback BETTER develops new rehabilitation therapies
> O with tools that provide functions under a
ﬁ ------ novel TopDown approach The robotic
' : physical stimulationat the periphery can be
: delivered as a function of targetedeural
s T Rapid :The,aplst gctivation patterns (related_ to u_ser
@ Y Pg’l:’tglr’r'r"‘g 5 involvement) that can be estimated with a
i novel BNCI system. This interventishould
: help reorganizethe cortex. Such Tepown
: therapeutic treatment should encourage
plasticity of the affected structures to
improve motor function.

Figure31: BNCI system conceyit
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BETTER therapies are desigrand developed for existing and new robotic rehabilitation devices.
The BETTER BNCI, integrated with such robots, integrates multimodal information from
electroencephalogram (EEG), electromyogram (EMG), functionalimieared spectroscopy (fNIRS),
and mechanical information (from inertial mechanical units, IMUS) to assess the patient's cortical
patterns, motor recovery, compliance, and effort.

Case scenario IDuring joint mobilization, novel feedback features (based on EMG, EEG and fNIRs
are researchednd developed to support the therapy and increase recovery. The patient is able to
adapt and improve the quality of the locomotor pattern during training joint movement

2 Monitor
Front : Back R > Ankie Angle
EETERET Gastrocnemius ‘
Tibialis — |__— muscle—__|
anterior
Peroncus ;Ol"ulb
longus e
Extensor f Ankle Veloci
Peroneus . - s o
aoncy hallucis €
brevis .
longus
Extensor Achilles
digitorum 5‘:( tendon
longus = )
Calcaneus :| EMG pattern
rf/ (heel bone) | : = :
— i DryElectrodes A, EAL, G, S

Figure32: Case scenario 1: BETTER NCI for joint matltitim with ambulatory exoskeleton

Case scenario During gait training, novel feedback is generated (estimated from EMG, EEG and
IMU signals) to drive the robotic intervention, assess compliance and improve patient performance
and involvement.

AR
vy

gait cycle

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

auadiceps blceps femore ;x gait cycle !
LA \

) lAmé(s) :

Figure 33: Case scenario 2: BETTER BNCI for gait training withanapulatory exoskeleton.

Major accomplishments:At the halfway point in the duration of project, a first prototype of the
functional BNCI system to be used in tHeTBER projettas been developedrhe first prototype of
the functional BNCI system has a passive role, in the sense that it provides information to both the
patient and the therapist, but it does not provide direct control over the robotic trainer. In, titr
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will provide new signals for immediate or periodic adaptation of the therdased on the first
findings of testing with stroke patients, the outputs of the BNCI system will be used to activate or
modulate the robotic trainers.

1 The system provides means to assess compliance through a multimodal BNCI. The
proposed BNCI combines CNS and PNS data with biomechanical data.

2 It will make it possible to investigate whether adding lower limb tasks to robotics devices
improves restoration ofower limb fundgion.

3 BETTER is generating tools for objective evaluation of the-ld€dl physical rehabilitation
therapy and its usability and acceptability.

The current functions of the BETTER BNCI prototype include: monitoring cortical reorganization,
detection of novement intention, detection of posinovement beta rebound, assessment of muscle
activation and assessment of compliance. Additional functions are under research and development,
such as detection of involuntary movement with EEG/EMG and assessment dfasarevith novel
video-based measurement systems.

A nonambulatory robotic gait trainer has been integrated with the first BNCI prototype and enables
a number of studies with control subjects. Scientific papers on the foundations of the therapy and
neurophysiology of human walking have been published and are under developmeigseminate

the knowledge that BETTER brings to the community.

A novel exoskeleton prototype for ambulatory (unrestricted movement) therapy, to train uniarticular
and biarticularmovements has been prototyped and is under integration and functional testing of
partial components.

From the current experience in BETTER we envisage a number of directions for FP8:

- Further use and adaptation of the novel BNClisabat enable breakthroughs in the motd
control field.

- Specific tools for assisting training concrete patient groups should be delivered asffsy
results of multimodal BNCls.

- Clustering with projects and researchers in the field of biomechanicsu@at for the
success of BNClIs applied for motor recovery. A strong biomechanical background
support initiatives to integrate current and novel movement analysis tools in n
activities.

- Promoting infrastructure and project instruments that etalarge scale clinical evaluatig
to produce sound evidences and benchmarking is crucial for thettong sustainability of
the different BNCI research efforts.

© 2012 futurebnci.org
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BRAIN % Sl

BRAIN (BCls with Rapid Automated Interfaces for Nonexperts) deveBipis into practical assistive
and ICT tools to enhance inclusion for a gaof different disabled users.

BRAIN improves BCI reliability, flexibility, usability, and accessibility while minimizing dependence on
outside help. These improvements entail upgrades to all four components of a BCl systgral
acquisition, operatingprotocol, signal translation, and application. BRAIN has developed hardware
and software components of a new practical BCI system through four scientific and technical
objectives: convenient setup, individualised BCI, application suite, and evaluation.

Covenient setup: BClsetup normally requires about 20 minutes. After each session, at least 20
YAydziSda FFNB ySSRSR (2 glakK GKS OFLI YR (KS LISNHE
St SOGUNRRSaz &aONI LIS (GKS LISNA2Y @éctrodeSmpRdancel addJt & St
ARSY(GAFe o6FR 2NJ YAaL}il OSR St SOGNRPRSad .w!LbQa 3
straightforward EEG acquisition system that can be easily mounted on the head without expert
supervision, reducing both setup and afeip time to only several seconds, and greatly improving
accessibility and usability. To this end, BRAIN upgraded two aspects of the system needed to acquire

data from the user: electrodes artie measuring system. The EEG serggguroach that has been

deweloped is a newvater based EEGensorsystem that makes preparation much faster and easier,
eliminating the need for unpleasant conductive gel or expert help. The water electrodes function for

at least eight hours if regular tap water is applied. Unlikeventional electrodes, the new water

system does not require abrading the skin, applying electrode gel, washing the cap, or shampooing

the hair. The water electrode system has been integrated into an easy theaskwrap(seeFigure

34). Improved ampliér hardware from TMSi, including a new wireless highedanceamplifier to

allow effective operation despite noise, completes the BRAIN acquisition system.

Figure34: SSVEP head wrap

Individualized BCITo maximize BCI infaration throughput for each subject without assistance,
BRAIN has developed automatic tools that identify the best BCl parameters for each subject and
customise the BCI accordingly. Two BCI approaches were explored within BRAIN: SSVEP and
ERD/ERS. F&RD/RS a new mathematical approach and software were developed to determine
best individual frequency ranges, relevant electrode sites, spatial filters and relevant features to train
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a multinomial logistic regression classifier for the detection of differantor imagery classes (e.g.,

right hand, left hand, and feet). Our findings during software evaluation runs revealed the relatively
small share of (neuro)psychological factors (e.g. power of imagination, degree of attention, type of
operant conditioning) whin the operational effectiveness. To a greater degree, physiological
parameters seem to determine the capacity to proper handling of a sensorirgoicgn BCI. In
particular the amplitude values of various endogenous rhythms in the background EEGdutried

be suitable predictors for a subsequent ERD/ERS performance. Beyond, the presence of such
characteristics obviously provides the basis for a measurable improvement of the individual
achievements. Accordingly, subjects that were lacking the phygeabrequirements consistently
failed to enhane their performance, even during several sessions of training. In the caS&WEP

while the stateof-the-art uses stimulation frequencies lower than 30 Hz, the approach in BRAIN has
been to apply flickerig frequencies in the high frequency range (>30 Hz) in order to diminish the
stimulus annoyance and lower the risk for photo induced epilepsy. New algorithms based on spatial
filtering have been developed to enable detection of such SSVEPs in the EE®.dededtion of the
optimal flickering frequency, a BCI testing front end has been developed. This software is a friendly,
straightforward softwarewizard that walks the user through a series of tests to determine optimal
parameters within two BCIl approaeh (SSVEP and ERD/ERS). Selecting various stimulation
frequencies is especially challenging in tigh frequencyrange because only few of them can elicit
sufficiently high SSVEPs for BCI purposes. Experience has shown that the underlying resonance
phenomenon evolves extremely selectiyavith strong responds to predetermined frequencies. As a
matter of fact we detected specific EEG oscillators in the high frequency range that were already
observed in similar studies (Herrmann 2001; Wang et al., 200@)cylarly 32 and 40 Hz. However,
despite these stable cortical reactions we had to move away from one of BRAINSs original objectives,
namely a calibration procedure that leads to an individualized parameterrseisable over at least

a transitory period.The preferred induced driving responses turned out to be subject to high
intraindividual variations. Consequently, a personalizedd high frequency SSVEP system seems to
require regular (in terms of daily) repeated calibration sessions. To bypassntitetibn it was
proposed to use a single stimulation frequency but several phases. This approach was successfully
applied into the BRAIN system. Since only one flickering frequency has to be consulted, the selection
process can be arranged more efficignin particular however not exclusively on the basis of the
above mentioned preferred resonance frequencies.

Figure35: SSVEP testing in the community (a) High Frequency SSVEP operation at Cedar Residential Home
and (b) HighFrequency SSVEP phase testing at Cedar Training Centre.

Intuitive Universal Interface and ApplicationBCls typically use a simple, conventional interface
that is identical for all users. BRAIN focused on the application architecture and modes of user
interaction for customisable, practical and user friendlysBOlur solution rested upon offering a
wrapper for unifying and integrating diverse domotic standards and protocols accompanied by an
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intuitive and extendible graphical user interface that can bstemised to the user needs. That is a
more intuitive universal interface (IUl) and applications that are easier to learn and usdUIThe
consists of two main components and allows BCI control of environmental devices, communication
and entertainment utities. The first IUl component is the intuitive graphical user interfaG&JJ,

which is the visual aspect of the design that the user interacts with and may be tailored to the users
in terms of the BCI paradigms that they find effective, their overglabdities, and the applications

that they need. The IGUI provides an on screen menu structure showing the actions available to the
user at any given time and reacts to the user selections made through the BCI system. That is it
interacts with BCl componés coming from BCI2000. An example of the IGUI screen customised for
ERD/ERS and using three mental tasks is presenteigjume 36alcons have been used to promote
usability. The IGUI architecture allows forway or 3way interaction, as appropriate td K S dza SNID &
capabilities. Feedback provides an indication of current status of the interaction. The architecture has
permitted interaction with signal processing options (other than BCI2000), which promotes
generalisation, and could facilitate uptake by etlprojects.

Figure36: (a) ERD/S IGUI interfagb) Handling domotic devices with the BCI.

The second component is the universal application interfab®l)( from which the IGUI can interact

with applications for environmeil control and also PC based packages such as media players and
communication devices. The UAI provides a generic platform on which to incorporate new
applications, and forms the bridge between the BCI platform used here (BCI2000), IGUI, and
applicationsand devices. The objective of the UAI is to make available to the user different
applications that he/she can control through the IGUI. Due to the limited interaction that the BCI
allows, all applications have to be designed as a collection of simple catsnthat the user can
select as icons in the IGUI. The UAI is also resporisitiee execution of the commands. In many
cases these commands require interaction with a variety of devices. UPnP has been selected as the
communication protocol used ithe BRAIN middleware layer, due to the following advantages: UPnP
provides an interoperable specification with common protocols to other technologies, offering the
possibility of wrapping other technologies, it is extendable and widely used by manufactures and
vendors. Applications were implemented as OSGi bundles for easy installation and management. A
multi-media server recognises devices connected and disconnected to the network without need of
configuration.Figure 36b showa participant who controls diffent domotic devices with the SSVEP

BCI.

Evaluation: All BRAIN deliverables emphasise usability across a range of different users with
disabilities and limitations. Deliverables have been tested with healthy persons and specific persons
who have impairmentgaused by brain injury. Testing formally took platéhe Cedar Foundation

and Telefonica 1+D. Within the scope of the BRAIN project two high impact research studies with 86
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and 71 subjects from voluntearisitors to the BRAIN booth were carried outthe International
exhibition Hannover Fairin April 2010 andCeBITin March 2011, respectively. The first study
examined correlations among BCI performance, personal preferences, and different subject factors
such as age or gender for two sets of SSVERilstione in the medium frequency range and another

in the high frequency range. Results showed that most people, despite having no prior BCI
experience, could use the SSVEP BCI system in a very noisy field setting. Moreover, demographic and
other parametes did not have significant effect on the SSVEP performance. The second study
evaluated new hardware and software components with regard to BRAIN superior objectives,
namely the practicability and the individualisation of an envisaged final BCI system.

From the experience gained in BRAIN, we propose that BNCI has the following paths to follg

1) Technical

a. Further improvement of signal processing algorithms: e.g. quick screening to asc
whether further testing $ likely to be beneficial (for both SSVEP, but espec
ERD/ERS).

b. Further improvement of the aesthetics of the system: smaller amplifier, headca
robust package, easy set up software. This should address acceptance.

c. Open BCIl. We should encourage ailipons, code etcto be put into the public
domain under GNU licence for exampko that the community can benefit from it.

2) User Population testing

a. As a broad tool; integration with eye tracker systems for a multi modal hybrid in
general Assistive Tanology Domains.

b. As a more specific tool; Identification of specific clinical groups that BCI will
exclusively (beyond ALS but with clinical support). A stable state of the art sy
should be deployed and there should be no attempt to change amgratipnal
parameters. This would be a controlled intervention to assess BCI in a more re
user population than BRAIN.

3) Emerging BCI application&s communication restoration tools, use of BCIs is limited t
small percentage of the population. BE€thnology however, can be applied for a wider rar
of applications including sleep enhancement, cognitive enhancement, and affective h
computer interfaces.

4) BNCI solutions for home based diagnosBNCIs have unique property of having access 1
the activity of the CNS. As such, BNCI technology can be used for early diagn
neurophysiological disorders such as dementia, schizophrenia, and Parkinson.
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BrainAble

BrainAble

Autonomy and social inclusion through mixed reality BraGomputer Interfaces: Connecting the
disabled to their physical and social wiak.

Motivation and Need Motor disabilities of people arising from any originvkaa dramatic effect on

their quality of life. Some examples of neurologic nature include a person suffering from a severe
brain injury resulting from a car collision or individuals who have suffered a brain stroke. For years,
the severely disabled havedmed to cope with their restricted autonomy, impacting on their daily
activities like moving around or turning on the lights dhdir ability for social interaction.

USER CASE SCENARIO

Veronika is a 22 years old girl who suffered an accident last year while driving her
motorbike to the University, which resulted in a truly traumatic outcome, because
she suffered a spinal cord injury which left her with a 90% of functional disability.

She spent most of last year in the hospital and doing neural rehabilitation, and
now that she is trying to recover daily life, she feels that she needs constant
assistance from her family to carry out daily activities like moving around and
opening a door. Moreover, she feels socially excluded because she needs assistance
to call her friends and sees no way to take up her studies again.

[

Figure37: One example of a person who could benefit froBrainAble technology.

The project BrainAble is about empowerivigronika and others like her taitigate the limitations of

the everyday lifehat they encounter Our initiative is to research, design, implement and validate an
ICTFbased HCI (Human Computinterface) composed of BNCI (Brain Neural Computer Interface)
sensors combined with affective computing and virtual environments.

Project overview In terms of HCI, BrainAble improves both direct and indirect interaction between

the user and his smarhome. Direct control is upgraded by creating tools that allfow the
controllingof A Y Y SNJ F YR 2dzi SNJ SY@ANRYYSy(iad dzaAy3a || aKe&oN
able to take into account other sources of information such as measures of boredorusion,

frustration by means of the scalled physiological and affective sensors.

Furthermore, interaction is enhanced by means of Ambient Intelligence (Aml) focused on creating
proactive and contexaware environments by adding intelligence to the sér & dzZNNE dzy RA y 3 & ¢
main purpose is to aid and facilitate the user's living conditions by creating proactive environments

to provide assistance.

HumanrComputer Interfaces are complemented by an intelligent Virtual Readised user interface
with avatars and scenarios that will help the disabled move around freely, and interact with any sort
of devices. Even more the VR will provide -s&lfression assets using music, pictures and text,
communicate online and offline with other people, play games tonteract cognitive decline, and

get trained in new functionalities and tasks.

© 2012 futurebnci.org
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Figure38: The BrainAble approach uses BCI and BNCI technology integrated with ambient intelligence in
virtual environments
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Figure39: The top panels present one of the BrainAble virtual reality displays. The bottom section shows the
BrainAble architecture

Major accomplishmentsAt the end of the first year, BrainAble finished the first ypeototype that
demonstratesan Aml smart home system controlled via a BNCI interface. The protptgpéleda
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proof-of-concept of the BrainAble systenwhich includes a BNCI to interact with: (1) inner
environment functionalities such as controlling a commercial television and (@jrg virtual avatar

AY | @ANIdzZ- £ Y2RSt 25 outérfedironzerd Ndng mdte2 parBicipationyinR 0 0 0
today's modern social networks with access to the miglagging service Twitter

The main scientificand technicalachievementsinclude the development of a novel interfac®

switch betweenBNClapplications the HexO-Select Ambient Intelligent techniques such as the
Context Facilitation for BCI interfaces which was presented in international congresses; and
incorporation of the URC/UCstandard that facilitates the integration of new services or devices.
Several scientific papers about hybrid BCI, adaptive BClIs, and BCI in virtual reality environments have
been published.

The BrainAble project has been demonstrated and disseminatedlozens of conferences,
workshops, conventions, and other professional events. For example, BrainAble had a booth and
demonstration at the Brussels ICT Expo 2010, Third International meeting on Technology and
Innovation for Persons with Disabilities in S2@olo, and the First Innovation Convention 2011 at
Brussels. BrainAble work has been presented all over the world, including at the Society for
Neuroscience conferences in San Diego and Washington, DC, the Gao lab in Beijing, and the Second
Workshop on Adstive Technologies in Qatar.

FiguredO.A@A aA G 2NJ G2 GKS . NIXAy!oftS 022K 4 GKS . NdzzaaSta +

As an outcome, our initiative will produce a commercial product and a set of technolotgesied

to assist people with severe physical disabilities. The technology has the potential to assist those with
special needs such as individuals living with Motor Neurone Disease or dockedients. The
modular architecture and middleware utilizedy lBrainAble to conme usercentered interactive
immersive environments tametworks of devices and peoplave many applications ihightech

home automation devices and intelligent and integrated smart homes.

© 2012 futurebnci.org
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BrainAble recommends these directions for FP8:

1) BCls combied with other systems
a. Hybrid BClIs that use information from the brain, heart, eyes, muscles, and
inputs. Hybrid BCls that combine different BCls are also important.
b. Using BCI and BNCI as part of an assistive technology system together wi
trackers, Wii based controllers, EMG switches, or other tools.
c. Combining BCls with ambient intelligence and context aware computing.
d. Using virtual reality to enhance more natural interaction

2) Testing with target users in realworld settings
a. Work with partnerswho have access to target users in realworld settings
experience working with them.
b. Integrate feedback within the duration of the project.

3) Clustering with projects inside and outside the clustéany relevant projects and discipline
outside of the cluster are not well known within BCI research groups. Examples in
projects focused on rehabilitation support technologies, smart homes, device cof
interface development and HCI, teletherapy, and telemonitoring.

4) Infrastructure: Many aspects ned to be developed, including better standards, support
end users and their carers in field settings, benchmarking tools, file formats, uniy
interfaces, and more conferences and workshops focused on specific issues.

© 2012 futurebnci.org
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DECODER

DECODER

BCi and Detection of Consciousness

DECOBR is a European collaborative project that will deploy Brain
Computerinterfaces (B@) for the detection of consciousness in halsponsive patients.

DECODER will develop BCls into sisgiech based systems to practically enhance inclusion of
patients who have otherwise only little or noability to interact with their environment and share
Information and Communicatiohechnologies (ICT).

Motivation and Need: Each year, a large number of people are diagnosed with a disorder of
consciousness or a dis@dleading to motor impairment. Such people are then confronted with two
sewere gaps of knowledge:

e Firstly, there is a likelihood of up to 40% that they will be misdiagnosed
o Secondly, if motor impairment becomes permanent a shsgich device independent
of motor output is not readily available

We may classify neresponsive patients according to their aetiologtoitwo large groups:

1. Patients who fail to respond due to low arousal, lack of intention or short attention span;
the motor system may maintai a certain repertoire of function in those patients.
Examples for such diseases are:

e Unresponsive wakefulness syndrome, e.g. after traumatic brain injury, stroke, or
anoxia

e Minimally conscious state, e.g. traumatic brain injury, stroke or anoxia

e Akineticmutism, e.g., after lesions in the anterior cingulate cortex

e t I NJAyaz2yQa RA&SIFAS

2. Patients who do not respond due to failure of the motor system, in presence of a
preserved awareness. Examples of such disease are:
e Highlevel spinal cord injury
e Amyotropht lateral sclerosis
e Multiple sclerosis
e Muscular dystrophy
e Stroke (brainstem and cerebellar)

Brain disorders (psychiatric, neurological) are amongst the leading causes of disease and disability.
Data from WHO suggest that brain disorders cause 35% of thdebuwof all diseases in Europe.
Among brain disorders, those of interest in DECODER can represent the cause of the most severe
levels of disability.

It is important to mention that it is not only the patients themselves who are affected by these
diseases.The uncertainty of diagnosis strongly affects partners and relatives of patients and the
inability to communicate poses a tremendous burden for those who are caring for the patients. Thus,
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the diagnostic battery and the ssBCI with its applications develdpe DECODER will bring a
significant improvemento the quality of life of patients and their families.

Project AimsThere are two equivalent primary aims of DECODER:

1. Overcome the diagnostic gapy promoting and establishing diagnostic tools for non
responsive patients which will be easy to handle, to apply and the results of which will be
unequivocal. A hierarchical approach to cortical processing and consciousness will be
developed and established mainly on the basis of the EEG as it providesatlgBolution
in time of brain activity. Ashe spatial resolution of the EEG is less fine grattegh is
possible by imaging technology, this gap will be bridged with optical imaging. Current
diagnostic tools on the basis of functional magnetic resoadantaging will be transferred to
2LIGAOFE AYFIAY3I O0ySIENIAYFNINBR aLISOGNR&AO2LRY

2. Overcome the output gapby further developing and adapting existing BCl systems and
applications to singkswitch BCI control. Asurrently funded projects (TOBI and BRAIN) will

Background Passive Evoked Potentials voluntary modulation
EEG-Rhythms Evoked Potentials w/ instructions of brain activity

Figure4l: Cognitive performance will be assessed passively and actively thereby constituting a hierarch
approach which will be realised with EEG and imaging technology.

provide practical assistive BCI, we will focus on adapting this technologrpvtale single
switch control. This is important as it can be envisaged thatnesponsive patientseven
after rehabilitation will not be able to recover motor or cortical functioning to such an extent
that they will be able to control mukswitch devices or hybrid BSCTThus, DECODER is aiming
at promoting singleswitch BCI for inclusion by developing new software tools for the
recognition of intention in brain activity and for translating this intention into commands for
singleswitch BCtontrol.

In addition, DECODER lays a strong focuesvaluation and disseminatiorf its results.

© 2012 futurebnci.org
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With a strong patient oriented focus, DECODER proposes BNCI:

e To focus on its potential user bas People with motor impairments and/or cognitiv
impairments represent a strong potential user group for BCls. We believe it therg
essential to evaluate new developments in brain computer interfaces in these grq
An application in psychiatric dissss is promising (e.g., in ADHD and depression)

e To focus on usability Being systems in constant development, many BCls are
cumbersome to use from an endserpoint of view. However, if BCls are to makeg
difference they must be easy to use by tlaeget group.

e To focus on availability and disseminatiorbroad dissemination requires broa
education and easy application including remote monitoring. Thus, BNCI and
health must be connected.

© 2012 futurebnci.org
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Future BNCI .
Future Directions in Brai/Neuronal Computer Interaction Future bnci

Future BNCI is a Coordination and Support Action (CSA) funded

by the European Commission. CSAs, unlike some other projects, are not responsible for producing
original scientific research nor technical achievements. Inst€&#s are support actions, devoted to
helping other projects and facilitating an improved infrastructure. Future BNCI ran from January 2010
until December 2011. Future BNCI attained these goals through various means, and produced several
lasting outcomesgch as a website, several peaviewed articles and conference contributions, a
book that will soon be released through Springer Publishing, and this roadmap.

Motivation and Need:BCIl and BNCI systems are at a critical point in their development. Ehere
tremendous attention to research and increased opportunity for progress. However, expectations
are high and there are serious problems emerging within the BNCI research community. The
community needs some support to communicate more effectively, devalbptter infrastructure,

and better capitalize on emerging opportunities. FBNCI is motivated by this need.

Project Aims:The vision of Future BCI wado support a thriving, efficient, wetonnected BC
community. This vision entailgtie following goals

1. Develop clear standardized terminology;

Identify specific opportunities and roadmaps;

3. Encourage discussion and collaboration among key academic and commercial
stakeholders;

4. Disseminate knowledge and strategic objectives to established and new grodp® an
the public at large.

N

Future BNCI addresd these goals through four objectives:

1. A thorough literature review of relevant academic references and commercial developments
to consolidate existing knowledge and establish what is known and not known;

2. Targeted discussion with the top academic and commercial stakeholders through email,
informal discussion, and thether mechanisms to establish a common framewanion
which aBNCkommunity can be built;

3. Organisation of events including a conference, worksh@nd special sessions to encourage
participation, disseminate the findings of the targeted discussions, and stimulate further
discussion;

4. Establishment of electronic resources such a single centralized website with definitions, a
database of key articteand research groups, relevant news from businesses and the popular
media, a discussion forum, lists of relevant conferences and other examdspaterials from
classes ahat BCls and related topid® provide a starting point for a common EU BNCI
commurity and engage stakelders and the public at large.
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Future BNCdought todisseminate information to many groups:

e Existing and new academic stakeholders, including established researchers and students
e Existing and new commercial stakeholders
e Medical pactitioners, including doctors, nurses, therapists, and caregivers
e Popular media sources, including magazines, webzines, and news programs
o Different user groups, including:
o Conventional BCI users (persons with severe motor disabilities)
o Persons withdss severe motor disabilities
0 Persons seeking rehabilitation of disorders including autism, stroke, and emotional
disorders
0 Healthy users
e The public at large

Expected resultsFBNCI was supposed to produce several visible results:

e Feluary2010: Websi infrastructure in place

e April 2010: Website updated with content

e Juruary2010: State of the ameportscompleted’

e Sepgember2010November2011: Numerous workshops and events

e March 2011: Summaries of Sep 2010 conference workshops publicly aviilable
e De@mber 2011: Roadmap completed and publicly available.

e December 2011: Book chapters sent to publisher

Figure42: Twophotos fromFBNCI eents in September 2010. In the left panel, Febo Cincotti and Christa
Neuper talk during he FBNCI conference. The right panel shows the FBNCI booth at the Brussels Expo, which
we shared with our cluster projects BrainAble and Brain as well as the BrainGain project. A group of local
students (wearing red caps) visited the booth to learn morealt BCls and BCI research groups.

7 http://future -bnci.org/index.php?option=com_content&view=article&id=58&Itemid=59

®8 http://future -bnci.org/index.php?option=com_content&view=category&layout=blog&id=84&Itemid=87
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Accomplishments: FBNClattained all of these results on time. In addition, we exceeded the
requirements in various ways. We were required to host only two workshops in 2011, but hosted
TAGSD 28 | faz2 K2AGSRI SeE2 (LNBIa Sy .Gl 1I3 SEKAOGAGAZ2Y A
session at the ICT Exposition in Brussels in September 2010. We coordinated several informal evening
discussions, a cluster teleconference, and other events. These events provided considdddile
opportunity to interact with stakeholders. No publications were required, but the project produced
several peereviewed publications in established journals (e.g., Allison, 2011; Nijboer et al., 2011a,
2011b, 2011c; Allison et al., 2012). We gaveeds of talks presenting FBNCI and cluster work. We
hired a graphic artist and developed the logo for our H3 cluster, through consultation with other
LINE2SOG&a YR GKS 9dz2NRPLISIY [/ 2YYA&daArAzyod 2SS YIRS
including theGao lab in Beijing, Philips Research in Eindhoven, and the US Army lab in Aberdeen,
generally at their expense, to see their results firsthand and discuss major issues with them. We
helped present the 2011 BCI Award during the 2011 Graz BCI conferengas®ésl out countless

flyers from cluster projects, and brought posters representing these projects to some events such as
the Utrecht 2011 BCI conference. The video documentaries and interviews were never mentioned in
the project proposal, and were addedithg the second year thanks to our collaboration with the
filmmaker, Ms. Sanmatrti.

\

Figure43: The left image shows posters from H3 cluster projects at the Utrecht 2011 BCI conference. FBNCI
set up many of these posters to faitdte dissemination. The right image shows some FBNCI team members
discussing the roadmap. From left to right: Anton Nijholt (U Twente), Brendan Allison (TU Graz), Gangadhar
Garipelli (EPFL), Femke Nijboer (U Twente), Stephen Dunne (Starlab), and RoblertHRFL).

Although the FBNCI project ended, some impact will still occur. Our book through Springer publishing
will be available in early 2012. We have another article in review that may be published next year.
EPFL plans an additional workshop to focadatiow-up issues, and we plan to present the roadmap

at the TOBI workshop in March 2012. We have been very active trying to encourage a BCI Society and
will continue these efforts. Dr. Nijboer will extend the ethical materials, and the TOBI project will
take over other aspects of the project. We may produce additional video materials. And, since many
of us remain interested in BCls and concerned with relevant issues, we will continue some of our
efforts to advance the technology and improve the infrastcue.

We have not provided a summary of our project recommendations here, since they are summarized
elsewhere in this roadmapPlease also feel free to contact the Project Coordinator, Dr. Alisorf®.

% Until 31 March 2012: allison(at)tugraz.at then ba2k2(at)yahoo.com
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MINDWALKER

-s0 g
© MIND
Mind controlled orthosis and VR training environment for WAI—KER

walk empowering

Motivation and Need:Sensordechnologies and electronic systems computing powasimproved
drastically in the last decade. In particular, a number of potential robotics applicahams
progressively became more and more concrete and plausible. In the same manner, research work
related to BNCI recently turned into more and more promising and applicable results with new
potential applications.

MINDWALKER is an initiative that aims at investigating how those technologies can be integrated and
effectively applied for the purpose of Bstituting to wheelchairs, in the case of people being
affected by spinal cord injuries (SCI) resulting in partial or complete locomotion disability.

In short, MINDWALKER aims at making use of the natural brain signals usually assuitiated
walking, in oder to directly control a robotic lower limbs orthosis worn by the disabled person. The
approach is expected to empower the wearer with walking ability, without the need for crutches.

MINDWALKER is a research project, and therefore does not aim at uhgjie@y commercial grade
product at the end of the project. It is rather intended to investigate promising approaches to exploit
brain signals for the purpose of controlling advanced orthosis, and to design and implement a
prototype system demonstrating eéhpotential of related technologies.

The developed technologies will be assessed and validated in the third year of the project with the
support of a clinical evaluation procedure involving SCI subjects. This willtalaweasuring the
strengths and weakesses of the chosen approach and to identify improvements required to build a
future commercial system.

System componentsThe MINDWALKER system will consist of:
1. Alightweight, dry EEG cap perceiving the brain signals related to the locomotion

2. ABNCI chin, allowingthe acqusition of BNCI signals (EEG and EMG) and to process them in
order to generate kinematic control signdts the legs

3. Avrobotic lower limbs orthosis (aka. exoskeleton ) to be worn by the user, and perform the
locomotion, along with acomputing unit hosting the BNCI chain processes and the
exoskeleton motion control processes

4. A dedicated training environment: specific training approashwill be needed for
MINDWALKER. Training tools simulating the walk in a virtual environment (theaap is
called Virtual Reality ) will be developed, so that the users can conveniently get acquainted
with the system before safely wearing and making use of MINDWALKER in real
environments.
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Figure44: MINDWALKER general pdiples.

BNCI 8bsystem:The BNCI aims at recording and interpreting the brain signal so that it can control
the orthosis the way it would be done if the spinal cord was not injured, i.e. ideally without requiring
the user to concentrate on the movemerior that purpose, a cap to record the brain signals is being
prototyped to be used in everyday life. A novel specific device, with dry electtbdearesimple to

use, is being developed in the MINDWALKER project.

© Universi€ Libre de Bruxelles
=t =

ERSP(6B)
5
s B o
== s
10
To0 75000
ERSP(68)
~ 5
o

© eemagine

Frequency ()
388

Frncy )
, 8888

dry electrode cap

&

4| = 5
B~ 8T i 8i _—]
X ¥ i
\

Frquancy (4e)
28es

as,\[‘/-_’
T
4 1
W

close up on electrode

Figure45: Left image: Dry Electrode EEG Cap Prototype (called SWEEBS). Right image: Motor cortex EEG
sample obtained during walking trials

The BNCI processing chain is implemented within the OpenVIBE open source setup. A Dynamic
Recurrent Neural Network (DRNN)garticular is a core component of the BNCI processing chain. A
Central Gait Pattern Generator (CPG) has been developed, with the abilggnerat walking
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patterns in a tunable manner. This is intended to be used both as a reference, and possiblyyas a wa
to smooth (convolution) kinematics control commands issued by the BNCI &raB®SVEP based
approach is investigated as a possible mean to address states transition events in the control chain
(e.g. starting/stopping). In addition, EM@om the shouldes has been demonstrated in the
MINDWALKER experiments to be exploitable for generating kinematic control signals.

© Fondazion&anta Lucia
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Figure46: Prediction of walking kinematics from shoulders EMG with arms swing

Robotic Lower Limbs Orthosis Ssystem The purpose of the robotic lower limb orthosis, also called
the exoskeleton, is to support the user and enable different walking modalities and gaits. It is a
mechanical structure with sensors and actuators providing the power of walking and dyaigmi
stabilizing the humamxoskeleton system. Specific actuators with springs (series elastic) are
implemented to optimize the energy consumption of the exoskeleton.

Lower limbs exoskeleton mechatronic structure and actuatéssociated with a portableomputer,

Al A& O2yiNRffSR (KNRddzZAK GKS .b/L OKIFIAYy TSR o8&
exoskeleton relies on a Model Predictive Controller (MPC) that includes both the human model and

the exoskeleton model, along with a model of thigiteraction. The predictions allow refinirad the

kinematic control commands as issued by the BNCI chain, taking into account the forces and torques
YSF&d2NBR 6AGK (GKS SE2a1StSi2yed Ly OFasS 27F LISNI dzN
generate mitigation control commands to recover from the situation.
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Figure47: Lower limbs exoskeleton kinematic model and control parameters

In addition to the low level controller, a supervisory controller component iseid@ed in the
project, as a way to improve the safety of the users while using the system. It consists of a computing
unit and a lightweight sensor for real time 3D environment model building that is translated in
digital elevation map (DEM).

© SpaceApplications Services

Figure48: Environment modeling and obstacles detection in the supervisory controller

Obstacles presenting a risk for the user are identified in the map and notified to the low level

controller that takes them into account within itsodels. This allows e.g. stepping above an obstacle

to prevent a collision with the foot. These safety enhancing behaviors are expected to improve the
overall usability, both in reducing the risks for the users and increasing their confidence in the
system It is a complementary safeguarding layer to the BNCI chain that can occasionally mitigate the
consequences of shortcomings in the BNCI, for the sake of safety.

Virtual Reality Training EnvironmenMINDWALKER makes use of Virtual reality to stimulate and
support the patient while he/she is trained on how to use and control the system. 3D environment
simulation supports twaraining phases, with a large 3D display screen to facilitate immersion.
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Figure49: Components of the Vftual Reality Training Environment.
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Figure50: Upper body real time motion capture (kinect based) and VR rendering

Major outcomes:The project has completed its second year out of thilgee esults include:

Early in the pject, important efforts have been devoted to collecting user requirements with a
rather wide community of end users (a total of 42 SCI subject contributed, and 15 medical staff).

Multiple BNCI approaches have been researched, with applicable resultsticufar based on

SSVEP and shoulder EMG for the kinematics control of the lower limbs exoskeleton. Further
results on visual motor cortex stimulation (virtual reality based) have been obtained, tibegh

are not considered reliable enough atifistagefor the targeted application. Related work with

Gol ft1Ay3a ARSIGA2YyEé KIFa 0SSy LISNF2N¥YSRI YR Aa
that, at the current stage, is not yet mature enough for the targeted application in the project.

A lower limbs goskeleton has been designed and partially manufactured and assembled. This
exoskeleton is designed to allow real time balance control, and should allow the wearer to stand

up and walk without crutches

© 2012 futurebnci.org




Future bnci‘, Section 9: Project Summaries

A model based controller for the exoskeleton has bdewmeloped and is being further improved

for the proper control of the developed lower limbs exoskeleton. In a simulation setup, the
current version of the controller is able to notice discrepancies with respect to an ideal behavior
(perturbation), and isble to trigger balance recovery actions.

An exoskeleton supervisory controller stage has been developed for the purpose of adding a
safety layerto the system. This component performs modeling of the environment in the vicinity
in real time (digital elew#on map), and allows triggering behaviors to mitigate risks for the user
(e.g. limitingthe speedwhen getting close to an obstacle, or stepping over an obstacle if
feasible).

I @ANIdz-r £ NBFtAGE GNFAYAyYy3I Sy OdA NBpénbsay inotidgh & 6SS
capture and near real time physics simulation and visual rendering of a 3D manikin along with
the model ofthe developed exoskeleton and contact with the ground.

A dry electrodes EEG cap and optimized electronics for signal acquisiidieen manufactured,

with EEG acquisition performances comparable to those of traditional wet caps as available on
the market. Ergonomic aspects are being further addressed and improved, to make it more
useable and acceptabfer end users.

ROADMAP RECOMMENDATIONS AND PROPOSED BNCI ORIENTATION

For concrete BNCI applicatis aimed at the control of a robotic system, it is stron
recommended to favor mukimodal BNCI approaches rather than a single BNCI track.
approach may prove to perform better under certain environmental conditions and ce
situations. The chkdnge is then to properly characterize and scope the contexts and situa
for which particular approaches perform better.

C2NJ NPo20GAO O2yiNRBf | LIX AOFGAZ2yasx SalLlSOo
advised to have BNCI controlmponents be complemented with safeguarding processes f
can build up a certain awareness of the context, and that can either inhibit incompatible
level control requests coming from the BNCI components, or trigger by itself safegua
processes tomitigate situations considered as risky. However, it is also advised that
GLINR I OGUA@SySaaeg 2F adzOK LINRPOS&aasSa oS idy
¢ bold users may prefer relying exclusively on the BNCI system (which is faid ge@BNCI
control approach be very transparent from a user point of view), while other users may ¢
relying on additional safety warranties from the system (to prevent collisions or falls, i
case of MINDWALKER).

Norrinvasive, highly transparergt.e. with usage it becomes unnoticealyjeboth for the user
and for people in his/her surroundings) BNCI based control of systems is a very high
objective for the close future. Such systems should moreover ideally have the capabi
evolve and dapt with the user own evolution and changes.
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MUNDUS

MUNDUS is an assistive framework for recovering the dir

interaction capability of severely motor impaired people based 3

arm reaching and hand function. Most of the solutions provided \
Assistive Technology for supporting ipdedent life for severely

impaired people completely substitute the natural interaction with world, reducing their acceptance.
Human dignity and sedsteem are more preserved when restoring missing functions with devices
safeguarding self perception anidst hand interaction while guaranteeing independent living.

MUNDUS uses any residual control of the -eisdr, and thus it is suitable for long term utilization in
daily activities. Sensors, actuators and control solutions adapt to the level of sevepitggression
of the disease, allowing the disabled person to interact voluntaniturally and ata maximum
information rate.

MUNDUS targets are the neurodegenerative and genetic neuromuscular diseases and high level
Spinal Cord Injury.

MUNDUS is andaptable and modular facilitator, which follows its user along the progression of the
disease, sparing training time and allowing fast adjustment to new situations. The MUNDUS
controller integrates multimodal information collected bglectromyography bioimpedance
head/eye tracking and eventually brain computer interface commands. MUNDUS actuators
modularly combine a lightweight and nenumbersomeexoskeleton compensating for arm weight,

a biomimetic wearablaeuroprosthesisfor arm motion, andsmall andlightweight mechanismsto
assist the grasp of collaboratifenctional objectsidentified by radio frequency identification. The
lightness and non cumbersomeness will be crucial to applicability in home/work enviroement
Specific scenarios imome and work environmens will be used to assess, subjectively and
guantitatively, the usability of the system by real eusers in the living laboratory facility. More
information isavailableon our website: http://www.mundusproject.eu/.
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CONTROLLERS

SENSORS

Figure51: Schema othe MUNDUS concept
MUNDUS examples

This section contains pdbte examples of modules built che MUNDUS platform, along with the
corresponding sketch of the user conditid®ed body districtgeflect impaired regions while green
ones are still working.

SITUATION 1:

The person has some residual control of the muscles of the arm and of the hand b
voluntary contraction is not sufficiently strong. MUNDUS biomimetic NMES arséted&ton
are used to increase the force @nassure task accomplishment. Control of NMES
proportional to the voluntary residual contraction.

Passive anu
residual EMG
arm
residual EMG
W hand
residual head
gaze control

o
-Vq = =

Figure52: MUNDUS situation one.

© 2012 futurebnci.org




Future bnci‘k Section 9: Project Summaries

SITUATION 2:

The person does not have any residual muscular activity in the upperTine tigger of the
movement intention and end point positioning is controlled by head/gaze rotation
addition RFID allows the recognition of objects to drive grasping.

N Object Rfid

exoskelton gaze control
{ J
capabilities
/ o )
Arm NMES control b
Bioimpedance

Hand NMES
Figure53: MUNDUS situation two.

Passive anti
gravity

SITUATION 3:

The person has no more control of any muscles, and only limited gaze exists, albeit ¢
preserved, so that brain signals are used to control the movement task. MUNDUS will cont
hand position along a prdefined trajectory thanks to BCI signalad RFID will be used t
recognize objects and drive grasping.

Object Rfid

anti
ty

gravi
exoskelet
" »
capabilities brain control (4 .
Ammm:"“ | ’ '«
Bioimpedance '.Ui.

Hand NMES

Figure54: MUNDUS situation three.

Major accomplishments:MUNDUS aims at developing a composite system able to support task
performance driven by a voluntarpput, according to controlling solutions tailored to the specific
capabilities of the single uselUNDUS achievements are related to the following 7 goals:

1. Integrate sensors, actuators and NP to restore and/or augntleatcapabilities of disabled
people.
2. Exploit ICT methods for developing a new generation of arm NP.
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w

Advance current BCI systems by extracting linear control information evolving with the
pathology and including NMES for BCI training.

Develop light, passive arm exoskeleton for gravity cengation.

Advance current AT devices by adding environment based hand assistance.

Advance iramultimodal, adaptive control and self learning approach.

Evaluate acceptability by engsers in home and work scenarios.

NOo Ok

ROADMARRECOMMENDATIONS
The future of BNCI systemsrist easy to predict, but these are the research lines we cons
promising and would be most interested in developing:

1) BCI as a tool to study the brainVe believe that the signal processing tools developed
applied in the BCI field can be usedpecifically designed closéolop experiments to gain a bette
understanding of cognitive processes and of the functioning of the brain.

2) BCI as a tool for moterehabilitation: Due to the ability of BClI methods to detect subthresh
motor activity, ths is a promising direction for clinical applications of BCIs.

3) BCI technology as a tool to introduce neuroscientific analysis in the development of prody
Sophisticated EEG analysis can be used to assess the quality of products in developmbeir g
usability. This shows a clear perspective for neurotechnology to penetrate into the industry.
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TOB /\/\/M

tobi

tools for brain-computer interaction

TOBI (Tools from BraiComputer Interaction)is a large European
integrated project which will develop practical technology for brasomputer interaction (BCI)
that will improve the quality of life of disabled people and the effectiveness of rehabiiita

TOBI will develop practical technology for brammputer interaction; i.e., noinvasive BCI
prototypes combined with other assistive technologies (AT) that will have a real impact in improving
the quality of life of disabled people. These Aamasve BCIl are based on electroencephalogram
(EEG) signals. TOBI seeks to develop BCI assistive technology endowed with adaptive capabilities that
augment those other AT they are combined with. In such a hybrid approach users can fuse brain
interaction and msclebased interaction or can switch between different channels naturally (based

on monitoring of physiological parameters or mental states).

In TOBI we have identified 4 application areas where BCI assistive technology can effectively support
people withmotor disabilities, namely:

1 Communication & Control,
2 Motor Substitution,
3 Entertainment, and
4 Motor Recovery.

For each of these application areas the project has developed a number of BCI prototypes. At the
beginning of the third year of the project we hafireished testing the first versions of our prototypes
with end users. Based on the collected results and feedback from end users, we have kept the
following prototypes for further development and testing:

5 Hybrid P300 Text Entry (Communication & Control),

6 Hybrid Ml Text Entry (Communication & Control),

7 FES Orthosis (Motor Substitution),

8 Telepresence Robot (Motor Substitution),

9 Connect4 (Entertainment),

10 Photobrowser (Entertainment),

11 Music Player (Entertainment), and

12 Motor Rehabilitation (Motor Recovery).
Importantly, new versions of all these prototypes are now compliant with the common
implementation platform of our hybrid BCI architecture and implement the different interfaces
developed in TOBI. Furthermore, following the usentered approached adoptedh ithe project,
first versions of the prototypes were thoroughly redesigned or fine tuned following the evaluation
with and by end users. The final versions of the prototypes have started to be tested with end users,

a work that willform the focus of our eientific activities during the fourth year of the project. Initial
results are quite positive.

During the third year of the TOBI project the main objective has been to demonstrate the degree of
robustness of our work and prototypes to all our target amdies. To do so, we have invested a large
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amount of resources in giving a number of live demos of our prototypes in different settitvgsive

live demos in this third year. As a highlight, we can mention that we participated in the opening of
the Europearfuture Technologies Conference and Exhibition (FET11) in Budapest iay 2011,

¢ KSNEB ¢ h-cdnifbbied teldplegente robot brought to the Commission \Reesident Ms.
Neelie Kroes a red push button for her to press and officially open the FERhfdrence (see
Figure55). Members of the TOBI team also demonstrated this and several other-twainolled
devices during the 3 days of the exhibition.

Figure55:¢ h . L Q aontoNdd fel¢presence robot brought to the @nmissioner a red push button for her
to press and officially open the FET11 conference

These demonstrationare a continuation of our effort initiated in year 2, in particular the live demos
our TOBI exhibit presented of six prototypes during the IQiibEwn 2010 held in Brussels on
September 2729, 2010. Visitors were also allowed to interact with the demos. In the first three
demos, people controlled software for communication (text entry andeb browser) and two
physical devices for motor substtion (@an FES neuroprosthesis aad assistive telepresence robot)

by using their spontaneous brain activity. The next two prototypes exploited natural brain responses
to items appearingn the computer for entertainmenta(photo browser and brain paintingThe last
demo was a new commercial wireless helmet made of dry electrodes that visitors could wear to
immediately visualisetheir brain state. Figur&6 gives a snapshot of our ICT stand while two demos
were running in the presence olie media and pubt (the BCI subjects are occluded by visitors).
Figure57 showsanother ICT demonstration: brain painting, where a subject composes a piece of art
through a P30ased BCI.

Live demos have attracted large media coverage and attention, adsmireinforce the scientific
visibility of TOBI and its members. Two indicators proving so are the large number atpiesved
papers published during the third year of the project (41 journal papers, 31 conference papers, and
13 posters) and, perhaps more impressive, keynote/invited talks given by TOBI members at
different meetings (mainly international and not only in Europe). Furthermore, research conducted in
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the framework of TOBI has been covered by the journal Science three times, two on occasion of the
particA LI GA2y TG 111 {Qmwm

Apart from demonstrating the robustness and maturity of the BCI technology developed in TOBI
through extensie live demonstrations of our prototypes, which is also a direct evidence of the
progress in the state of the art achieved imetproject, another scientific objective for this year
concerned the further development of the hybrid BCI (hBCI) architecture and its components in order
to come up with fully integrated prototypes. All prototypes are now compliant with the common
implementation platform of our hybrid BCI architecture and implement the different interfaces
developed in theroject’”. A complete BCI system can thus now be embedded in generic interfaces.

Figure56: Snapshot of our stand at theBssels ICT Exposition in 2010 while two demos were running in the
presence of media and public (the BCI subjects are occluded by visitors)

70 (a live chat, http://www.tobi -projed.org/2011/02/22/live-aaasolaf-blankeand-jose-dekr-millan-robotics
and a podcasthttp://www.tobi -project.org/2011/02/23/podcastusingthoughtscontrolrobots) and a third
time after the publication of the first results of the test of our telepresence robot with -esers
(http://www.tobi -project.org/2011/0906/ sciencemagazinedisabledpatientsmind-meld-robots).

™ Furthermore, various EEG processing platforms (EEGLab, OpenVIBE, FieldTrip, XBCI) have already agreed on
using the tools implemented by TOBI or have expressed their interest. We also contineergacts with
companies willing to make their data transmission compatible with our standaditionally, our common
implementation platform will be used by two new EC funded projects, ABC and BackHome

Opensource reference implementations of all loe¢ mentioned interfaces are available on
http://sourceforge.net/p/tools4bci/ _home/ (reachable also from the TOBI website hattp:/www.tobi -
projectorg/download.

© 2012 futurebnci.org



http://www.tobi-project.org/2011/02/22/live-aaas-olaf-blanke-and-jose-del-r-millan-robotics
http://www.tobi-project.org/2011/02/23/podcast-using-thoughts-control-robots
http://www.tobi-project.org/2011/09/06/%20science-magazine-disabled-patients-mind-meld-robots
http://sourceforge.net/p/tools4bci/%20home/
http://www.tobi-project.org/download
http://www.tobi-project.org/download

Future bnci‘k Section 9: Project Summaries

Figure57: Live demonstration of brain painting at the ICT Exhibition 2010. The satijo the right composes
a piece of art through a P36based BCI

We have also accelerated the integration of other components developed in the research WPs in the
different prototypes according to their needs. In particular, a few prototypes are usimgdnsignals

T a combination of EEG and EMG, or several EEG comporentsy | YSf & Wl @80 NAR t ony
Wl @8oNAR alL ¢SEG 9yiNBOY WER{ WaRlR NI AVaIXc oW/t AYiy
LINAR Y OALX S& | NB AyO2NLERNIL SKRSEl QKENELONE (RaiBiLBLEANS
WadAAO tflI@SNRd CAylLfftes a2YS | RHeLINR G2 8 ¢ LISHRA POR
al ¢SEG 9YUNRQS WC9{ hNIK2aAaQr we¢eStSLINBaSyOS w2

Project Coordinator:
Professor Jasdel R. Miln

RECOMMENDATIORSR FUNDING

In agreement with our Advisory Board, it is agvdi to do more basic research to understand bett
the underlying electrophyslogy in order to improve the BCI systems. Also, priority should be d
to basic research in novel BCI principles leading to robust and efficientdomairolled devices
over long periods of time.
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TREMOR

An ambulatory BGHriven tremor suppression system based on functional electrical stimulation

Motivation and Need Tremor is the most common movement disorder and it is strongly increasing
in incidence and prevalence with ageing. More than 65% of the population with upper limb tremor
presents serious difficulties in performirthe activities of daily living (ADL). Tremor is not-life
threatening, but it can be responsible for functional disability andial inconvenience. It is typically
managed by means of drugs, surgery (thalamotomy), and deep brain stimulation, but treatments are
not effective in approximately 25% of patients.

Project Objective:The mainobjective of the project is to validate, teoically, functionally and
clinically, the concept of mechanically suppressing tremor through selective Functional Electrical
Stimulation (FES) based on a (BiairComputer Interaction) B&@lriven detection of involuntary
(tremor) motor activity:

- The systm will detect and monitor involuntary motor activity (tremor) through a multimodal
BCI. The proposed BCI will combine CNS (Electroencephalography, EEG) and PNS
(Electromyography, EMG) data with biomechanical data (Inertial Measurement Units, IMUS)
in a sesor fusion approach. It will model and track tremor and voluntary motion.

- It will also include a mukthannel array FES system for selective stimulation of muscles for
tremor suppression while reducing the influence on voluntary motion.

- For a potential ammercial exploitation the embodiment must fit potential user expectations
in terms of cosmetics, functionality and aesthetics.

TREMOR proposes a multimodal BCI in which the main goal is identifying, characiewzirarking
involuntary motor bioelectical activity as a command to trigger a biomechanical suppression of
tremor. Figureb8illustrates the general concept of TREMOR.

EEG » | WP4 - RT Multimodal BCI:

= WPs:
Tremor onset detection .
EMG —» - Inverse Dynamics
Tremor frequency estimation .
. . Muscle Model |
MU - Tremor amplitude estimation

| sensors
Y
‘WP6 - Tremor Suppression Strategies:

> 1) Muscle impedance modulation
2) Muscle out-of-phase stimulation

Multi-channel
FES patterns

Multi-Channel - -

FES -«

CGarment-hased embodiment

Figure58: Conceptof the TREMOR system

The BNCI comprisdke recording of electroencephalogpaic (EEG) and electromyographic (EMG)
activity, together with motion capture with inertial measurement units (IMUs). Each sensor modality
aims at extracting certain information, following a hierarchical integration scheme. In more detail,
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the implementaton of the mHRI is as follows (see Fig. 1). The EEG exploits the direct measurement
of the planification of movement in order to naturally trigger the system. However, the anticipation
with which movement can be predicted from ERD analysis varies both betamd within subjects,

and thus a positive detection of movement intention needs to be maintained for a pasigd, rto
guarantee that the sEMG has time to detect the onset of both the voluntary muscle activity and the
concomitant tremor. This in turrtriggers the stimulation, which is modulated based on the
instantaneous tremor amplitude and frequency deriveaoi the inertial sensors, since the sEMG wiill

be contaminated by the physiological artifacts that appear due to FES. In addition, SEMG sndicate
the specific locus of the tremor, a piece of information that is used by the controller to select the
optimal stimulation site, and yields the tremor frequency of the muscles, which is employed by the
inertial sensor algorithm for its initialization. Ehiierarchical integration scheme is summarized in
Figureb9.
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Figure59: Diagram that illustrates the mHRI to drive a neurorobot for tremor suppression. The figure shows
the normal performance of the system (thick boxes), atite redundant and compensatory mechanisms
(thin boxes). Redundant (dashed line) and normal (solid line) flows of information are also differentiated)

The EEG algorithm runs in overlapping windoswsgqQ of durationTegs At the same time, the SEMG
algorthm is executed in windows of duratiofxycand overlappingvene The latter is increased to
OVemc_hoduring the periodt,.q after a positive detection of the EEG classifier to accelerate the
identification of the concomitant voluntary and tremulous migsactivity; simultaneously, the EEG
algorithm goes idle, and the voluntary movement filter of the inertial sensors starts running, to
minimize its settling time. In the presence of tremor, the sEMG algorithm provides the inertial
sensors with an estimatioof tremor frequency fEM@nd the stimulation starts.
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Figure60: An example of tremor characterization during a volitional task with the mHRI. The plots show from
top to bottom: 1) a few EEG channels, 2) the output of theGEElassifier (black) and the normalized and
rectified reference voluntary movement (gray), 3) a few EMG channels from wrist extensors, 4) tremor onset
as detected by EMG analysis of wrisktensors(black) and flexors (gray), 5) tremor frequency as estimet
from EMG analysis at the time of detection, for wrist extensors (black) and flexors (gray), 6) the raw wrist
flexion/extension recorded with inertial sensors, 7) the estimation of tremor (black) and voluntary
movement (gray) derived from the inertial seors, and 8) the tremor frequency estimated from the inertial
sensor€data.

Figure60 shows a representative example of the multimodal Human Robot Interface (mHRI). The
plot depicts both, the raw signals acquired by the different sensor modalities tredtitute it (the

first, third and sixth plots), and how the different algorithms are triggered and executed. First, the
EEG classifier (second plot) predicts the intention to move (anticipation time 0.44 s). This triggers two
events: i) the EEG classifgwes idle for 2.5 s, and ii) the overlapping of the analysis windows of the
SEMG algorithm is increased. During this interval, the SEMG algorithm detects the onset of tremor in
the presence of concomitant voluntary activity (fourth plot), and yields aimesion of tremor
frequency (fifth plot). At this moment the neurorobot begins to actuate, and it relies entirely on the
tremor parameters derived from the inertial sensogstantaneous amplitude (the estimated
tremor is shown in the seventh plot) ande§uency (eigtt plot)¢ to modulate its control action.
Noticethat the inertial sensor algorithm is initialized to the tremor frequency provided by the SEMG.

In summary, the results indicate that the mHRI is capable of consistently anticipating thedntent

move (in those patients that exhibit ERD), and that the onset of tremor in the presence of
concomitant voluntary movement is rapidly detected (average delay for all patients is 1.11 + 1.39 s
for voluntary movement detection, and 0.76 * 0.45 s foentor detection), and hence the
neurorobot starts assisting withshort delay. Moreover, the delay in the detection of both voluntary
movement and tremor increases considerably in the patient without -B&®Bd movement
anticipation (average delay 1.83 #/1.s and 1.79 + 0.91 s or the voluntary activity and the tremor
respectively) when compared to the other patients (average delay in all trials 0.88 + 0.45 s and 0.77
0.45 s for the voluntary activity and the tremor respectively). On the other hand, atectiacking of

tremor amplitude (average RMSE 0.18 + 0.17 rad/s) and frequency (average CV of the RMSE 0.77 £
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0.71) is achieved, and importantly for the controller, with almost zero phase. As a matter of fact, the
average delay of the tremor estimation tirespect to theoffline reference is 3-16 + 6-10" s,
calculatedthe from maximization of the crossorrelation function.

Regarding the movement anticipation, we observe, as expected, notablesubgect differences.
Moreover, remarkable intrgubjed differences appear, as suggested by the, in general, large
standard deviation. As a matter of fact, larger anticipation was found in bimanual tasks.
Nevertheless, the EEG classifier provides, for all of them, a good performance in terms of movement
antidpated (Recall), and robustness to false activations (Specificity).

Major accomplishmentsin the framework ofthe TREMOR project a multimodal BCI for t@ak
characterization of tremorous and concomitant voluntary movements to drive a tremor suppression
neurorobot was developed. This multimodal BNCI is implemented in a hierarchical approach, as
described in the document, and implements the cognitive interaction (cHRI) between the user and
the neurorobot developed in TREMOR.

Results shown demonstrate thability of the cHRI to predidhe dza SNRa Ay GSydGAzy (2
volitional movement, to detect the presence of tremor from sEMG, and to estimate its instantaneous
amplitude and frequency out of kinematic information. Moreover, a number of features thiat wi

serve to enhance the reliability of the neurorobot were developed, for example: 1) taking advantage

of the sEMG algorithm to estimate the onset of voluntary movement, to compensate for BCI based
classification errors, 2) using the frequency estimatidatamed by the IHT algorithm as an initial

guess for the IMU based algorithm to track tremor features, 3) implementing machine learning
techniques to adjust the parameters of the Bayesian classifier online, based on the execution of a
voluntary movement.

This multimodal approach represents a step forwardhia BCI field. The novelty of our concept is:

-  The TREMOR concepittempts to implement a seHraining process through correlation of
EEGEMG. In our approach, the EEG baseline associated with the nenmeav status is
updated online based on the information provided by EMG sensors.

- The algorithm to detect movement intention that we have develdgonstitutes a step
forward in BCI Systems since: 1) it is an asynchronous online system, 2) it does et requi
subject training, and 3) it has been validated with patients with neurological conditions, i.e.
different types of tremors.

- The multimodal BCI increases robustness of classical BCI systems through the use of
redundant information at different stages tfe neuromotor process: EEG (CNS), EMG (PNS)
and IMU (biomechanics).

- The fusion of EEG and IMU modalities implemented learning mechanisms for the single trial
EEG classifier. The Bayesian classifier resulted in an adaptive system that tries to cope with
the variability in EEG. This approach improves the performance of the asynchronous classifier
andcompensates for the nestationary characteristics of EEG.

- The fusion of EMG and IMU information provides precise characterization of both voluntary
and tremobus movements in real time for every upper limb joint.

-  The TREMOR concept reduc#lse computational burden as each modality is prone to
provide different kinds of knowledge in a computationally inexpensive manner: EMG for
tremor onset, EEG for intentiongli of limb motion, IMUs for tremor amplitude and
frequency. This allowed the implementation of a truly REahe system.
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RECOMMENDATIORSR FUNDING

Please see the recommendafica FTNBY 2dzNJ . SGGSNE LINR 2S(
recommend applying BNCI technology to scientific research (particularly in motor control),
for training specific patient groups, improved clustering and interaction with relevant grougs
improved infrastructure, particularly benchmarking and standardized evaluation and comp4g
YSGNRAO&aDd 2SS [ faz2z SyO2dzNIF IS GKeoNARRE . b/ L
other physiological signals for each user and situation.
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Way

Way is a new project, scheduled to begin right around the completion of this roadh@pproject
does not yet have a logo, website, or major accomplishments. This section reprints the official
project summary for the European Commission.

This project addresses the scientific problem of recovery of hand function after amputation, or
neurological dishilities like spinal cord injury, brachial plexus injury, and stroke. It introduces several
conceptual novelties which explicitly take into account and overcome the limited -ttt in

actual BrailNeural Communication Interfaces (BNCI). WAY demonstradoe able to restore a
physiological bidirectional link between artificial aids and patients, and will be shown in clinical
studies to improve the ability of users to perform activities of daily living (ADL) and thus to attain
enhanced autonomy and qualiof life. In other words, the project investigates new WAYs to link the
brain with upper limb aids. This result is obtainable by employing already available sensorized hand
assistive devices within the consortieandexterous prosthesis and an exoskelesord by developing
norn-invasive wearable interfaces designed for bidirectional data flow of sensory information and
motor commands. The BNCI of WAY range in location, directionality, and working principles: efferent
ones will implement biosignal processiagploiting machine learning for predicting user intentions
(EEG, EOG, or EMG), while afferent ones will generate-madtal stimulation patterns (vibro and
electrotactile). The core of the system is the controller that dynamically processes sensor signals
generated by the users and the device and drives efferent channels. The main novel feature is that
the controller communicates with the user by means of temporally discrete signals that represent
either commands or functional goal accomplishments and e¢hgrmimics highevel control in
normal humans. The demonstrators will thus minimize the cognitive load of the users while providing
necessary feedback for adequate control. WAY bridges several currently disjointed scientific fields
and is therefore critially dependent on the collaboration of engineers, neuroscientists and clinicians.
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Other Projects
The H3 Cluster includes only thirteen projects. There

are many other projects that focus primarily on BNC(A‘S BICI research becomes more
research around the world, and other projectsath ~global, fragmentation and

include BNCI development as part of a project with gduplication may increase.

different focus. For example, some projects focused

on robotics, rehabilitation, or assistive technology may incorporate relevant technology, and may not
be well connected with other relevant researefiorts.

This section includes short summaries of other projects that are not part of the H3 Cluster. Since the
H3 Cluster includes only multinational European projects focused on noninvasive BNCIs, we made an
effort to include other types of projects. €se include multinational projects funded by the EC
outside of our cluster, national (not multinational) projects, invasive efforts, and projects funded
outside of the EU.
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BrainGain

Neurotechnologies for health, welbeing, and
entertainment.

BrainGén is a Dutch research consortium consisting of
researchers, industry and potential users of Brain
Computer and ComputeBrain Interfaces. The
consortiumstarted in September 2007 and is funded by®
SmartMix, a Dutch initiative to support applied research.
BrainGain is researching applicat®omor both ill and
healthy users, and aims taevelop both excellent ¢
scientific knowledge andff-the-shelf productsor ready
to-use therapies

There arethree main topics:Brain-Computer interfaces,
neurostimulation andneurofeedback (see Figurél).
These topics are divided over 7 projects. .

1. Brain-Computer Interfacing

rehabilitation

Figure61: Three main topics of BrainGain.
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3. Neuro-stimulation and

Section 9: Project Summaries

Q?Brcuin(;clin..

Fact sheet:

21 partners (industry, universities,

patient organizations)

Total budget: 24 million Euro (+ 3¢
million USD)

Run time: 200013

Funded bySmart Mix Program of
the Dutch Ministry of Economic
Affairs and the Ministry of
Education, Culture and Science
112 BrainGainers

Produces more than 15 peer
reviewed papers per year

Two patents

1 spinoff company up and running
2 aninnff camnanie<g 1iIndennav

2. Neurofeedback
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BrainGain consists of seven projects:

Project 1:Control and communication for patients by BCI

In this poject, BrainComputer Interface solutions are investigated for patient groups with severe
disabilities to interact with their surroundings. Applications include controlling devices such as
wheelchairs, ambient controls and language interfaces, but algctdinuscle stimulation.

Project 2: BCI applications for healthy users

Applications for healthy users include entertainment, such as computer games, but also systems that
support users in situations of information overload. Detecting from brain measuremdrat
someone is seeing or experiencing is useful in many settings, such as when monitoring visual
attention or evaluating an interface.

Project 3: The power of intracranial EEG for BCI

Measuring brain activity directly from the cortex, instead of frora #talp, has many advantages in
developing applications that eventually will not need surgical intervention. Increased measurement
resolution allows for more precise use of our knowledge of the brain in the applications that are
being developed.

Project 4 Modulation of abnormal brain activity by neurostimulation

Deep Brain Stimulation (DBS) has shown proragsa new treatment method for several illnesses.

For instance, in Parkinson Disease, tremor can sometimes be completely suppressed when applying
DBS.These methodsnd other rehabilitation toolsre being researched and further developed in

this project.

Figure62: These three images present work from the first, third, and fourth BrainGain projects.

Project 5: Selinodification of brain activity by feedback and training

This project critically evaluates the effect of conventional EEG neurofeedback in patients with ADHD
and develops and examines the effects of innovative fMRI neurofeedback. Furtherrerbrain
activity correlates of mindfulness therapy and intensive cognitive training are examined in order to
develop new and effective training programs for cognitive and mental problems in patients and
healthy controls.
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Project 6: System integration and software dee@ment
To advance the statef-the-art BCI, this projectlevelos and integrate the
necessary hardware, software tools and analysis meth&isdardizationof
reaktime communication protocol&nd the dissemination of new methodology
and software toad for advanced realime signal processing will benefit both
companies and research institutionshe two core products are the FieldTrip
toolbox for offline analysis htp://www.ru.nl/donders/fieldtrip) and the

BrainStream platform for realtime analysikttp://www.brainstream.nd). This project facilitate

overall valorization by contributing key enabling

technologies and consultancy services (see also proj

7) to the partners involved with the individual work

packages in projectsa.

‘winStream::.

Project 7: Dissemination and Valorisation
Societal Value

BrainGain aims to communicate and translate its research into societal value as widely as possible:

¢ Communication tosciencethrough for example conferencpresentations journal papers
andresearch visits.

e Education of master and PhD studetitsough for exampleBCIl and neurofeedback courses
at four Dutch universities, master and PhD theses, summer schools

e Communication to th general public® C2NJ SEI YL SY NB&SI NOKSNDa
primary and secondary schools, medigosure.

e Communication to theuser population Newsletters for patient organisations, lectures at
stakeholder workshops.

Commercial Value

Figure63: The BrainGain plan to generate commercial value.
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