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Abstract. A Brain-Computer Interface (BCI) is a system that éempeople to
control an external device with their brain actiyitvithout the need of any
muscular activity. Researchers in the BCI field aindévelop applications to
improve the quality of life of severely disabledipats, for whom a BCI can be
a useful channel for interaction with their enwingent. Some of these systems
are intended to control a mobile device (e. g. aeithair). Virtual Reality is a
powerful tool that can provide the subjects withagportunity to train and to
test different applications in a safe environmdiis technical review will fo-
cus on systems aimed at navigation, both in virial real environments.
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1 I ntroduction

A Brain-Computer Interface (BCI) is a system thaal@les a communication not
based on muscular movements but on brain actifigueral methods are used to
detect brain activity, some of them by using elei#ss implanted in the brain or cor-
tex. However, the most frequently used methodgtarse in which the recording of
the signals is obtained through ‘non-invasive’ ngadre., the electrodes are not im-
planted in the brain but placed superficially or Htalp. The brain signals obtained
through these methods are called Electroenceptegdbgr (EEG) signals. Several
kinds of EEG signals can be detected, resultindifierent types of BCls. Some of
them analyze the brain’s response to given stinmhbbse are the BCls based on
‘Event Related Potentials’ (ERPs) [1] and theiadiestate versions, in both the vis-
ual [2] and the auditory [3] modalitie®©ther systems process the EEG resulting from
voluntary thoughts; among those, the most usedhar®Cls based on ‘Sensorimotor
Rhythms’ (SMR). These rhythms are specific EEG aigrcharacterised by its fre-
quencies. The main objective of research in the 88 is to provide disabled peo-
ple with an alternative communication channel, In$ed on muscular activity. Due
to different causes, such as Amyotrophic Laterd¢r®sis (ALS), brain paralysis or
several brain damages, people can arrive in a statehich they lose their motor



capability (usually the control of the eyes rempimst they retain their sensory and
cognitive skills. This is the so-called ‘lockedstate’ (LIS). If all muscular control is

lost, then this state is referred to as ‘compleiekéd-in state’ (CLIS). Current re-
search is unable to conclude whether or not, it sustate, cognitive skills remain
present [4].

Researchers in this field endeavour to developeudfft applications that can im-
prove the quality of life of these patients estghilig alternative communication
channels. Research studies have been developedénat areas, such as those dedi-
cated to provide amputee patients with neuropregthaovement [5], speller devices
[6], ‘smart home’ control applications [7], EEG-¢oolled Web browsers [8], training
[9] or systems focused on the control of a mobiice (such as a wheelchair).
Among the latter, some systems allow subjects tdroba real wheelchair in an ex-
perimental scenario [10], or a small robot in d ssevironment that simulates a house
[11]. However, in most studies, the subjects pigdite in experiments with a simu-
lated wheelchair in a Virtual Environment (VE). Tobjective of this paper is to re-
view the BCI systems aimed at navigation, bothiitual and real environments.

2 BCI and Virtual Reality

Before people can use a wheelchair in a real enmient, it is necessary to guaran-
tee that they have enough control to avoid dangesduations. Virtual Reality (VR)
is a powerful tool for providing subjects with tbhpportunity to train with and to test
an application in a safe environment. Another athge of navigating through a VE
is that every detail on the environment is undenticd, so the experiments can be
carried out in many different situations and camvjite much information on multiple
aspects of subjects’ performance. On the other,h@Rdis used too in order to get a
highly immersive scenario that can affect to theuhs. Regarding the training proc-
ess, Pineda [12] cites several factors that caare#learning in a BCI: i) the sub-
ject’'s active engagement, ii) frequent interactwith the environment, iii) feedback
presence and iv) existence of links to real woddtext. VR encourages subjects to
be motivated, it allows a suitable interactioncan provide many kinds of feedback
and it can reproduce real world environments. Seraamples of BCls using VR for
reasons other than navigation are given in thevotg.

In [13], a virtual arm appears in a screen placext to where the subject’s real
arm is. The representation of movement of the aidimb is called ‘bio-feedback’. In
[14], a different kind of feedback is given; a lorés shown on a screen so that the
subjects can see their own brain activity. In thme work, two VR BCIl-games are
presented, one using MI to make a spaceship levétad the other using Steady-State
Visual Evoked Potentials (SSVEP) to keep an avaddanced. The training perform-
ance of a system using classic feedback and anogireg VR are compared in [15];
the conclusion is that VR enhances performance.widrk in [12] uses SMR to make
an avatar turn right or left in a video game, whitther movements are controlled via
a keyboard. The popular game World of Warcraft n@sn adapted to be controlled
via a BCI system [16].



3 Navigation in Virtual Environments

Early BCI systems aimed at navigation were ususylstem-paced or asynchro-
nous. In those systems, the subject moved through/E to fixed locations (deter-
mined by the system) and then he was asked totseleew movement. The system
showed some kind of signal to cue subjects wherattien could take place. Most
recent applications let subjects to control thartgrof the interaction. These systems
are called self-paced or asynchronous. One maiarddge of the asynchronous sys-
tems is that the freedom to move is usually highsrsubjects do not need only to
move among specific locations, but they move fréletgugh the VE.

3.1  Synchronoussystems

Among the synchronous systems, Friedman [17] facosethe experience of the
navigation in highly immersive environments (usm@ave Automatic Virtual Envi-
ronment, CAVE). Subjects carried out two experirsamding two mental tasks: they
changed their point of view in a virtual bar; oeytmoved forward in a virtual street.

A similar experiment is presented in [18]; a natiga paradigm with two mental
tasks to move through fixed paths in a virtual &pent is proposed. The right or left
hand motor imagery (MI) enabled subjects to selwad different commands at each
junction, out of three possible commands: turntrighleft and move forward.

In [19], subjects moved right or left in a virtigteet with both hands Ml tasks.

Another work that used SMR to navigate is [20], whsubjects performed one Ml
task to extend a rotating bar that pointed to fmssible commands in order to select
them; two mental tasks are mapped this way into fiavigation commands.

Bayliss in [21] randomly flashed several elememtsai virtual apartment, thus
evoking the P300 potential in the well-known oddipalradigm (necessarily synchro-
nous). After the selection, an avatar moved towtrdobject and interacted with it.

The work in [22] used the P300 to compare threferifit navigation paradigms: i)
by means of flashes over the objects, ii) selegtiogjtions of a matrix superimposed
to the VE, and iii) selecting ‘tiles’ of a virtuahage (square sections of a screen).

In [23], a comparison was established between al26Sed and a gaze-controlled
navigation system, using a screen to project theaW& another one to provide sub-
jects with a command matrix.

Chung [24] describes a SSVEP-based system thavedicsubjects to generate
low-level commands, but it registered the sequentésese basic commands in order
to provide subject-dependant high-level commands.

Finally, Faller [25] presents another SSVEP-baseddesn with three stimuli that
subjects used to move with low-level commands wirtaal apartment or in a slalom
test avoiding obstacles.

3.2  Asynchronous systems.

Self-paced systems are usually more versatile Isecdne subjects control the tim-
ing of the interaction. However, they may be moifficdilt to control because they



need to support two states: i) one in which subjdotnot generate control commands
over the system, Non-Control (NC) state; and ii) larentional Control (IC) state
where they execute control over the system.

As these systems are asynchronous, they mostlgndggenous signals, because
these signals let the subjects switch betweenwtiestates without the need to wait
for an indication from the system. Usually, theggetams rely on SMR mental tasks.

The simplest systems to control are those thatonbe two mental classes. This
can be because they only have one active mentattassified versus ‘rest’, so they
only move in one possible direction. Some examptesthe works of Leeb [26, 27],
where subjects performed feet Ml in order to adeandifferent VE.

By using more tasks, a more versatile system cachieved; it is the case of [28],
in which the classification of left and right hakll is used to turn an avatar in a VE,
and the real movement of the feet is used to momeard.

The same simple classification (both hands MI) basn used in [29] to move
through a grid of hexagons. After each turn commamel system forced an advance
in the pointed direction. The change between theadd@ IC states is achieved by
using the parameters ‘dwell time’ and ‘refractoipe’, when the brain activity must
be kept above (or under) certain threshold in otdewitch the state.

The work presented in [30] does not use VR techesgbut it shows the blueprint
of an apartment. This experiment used three Mdstasght or left hand Ml made an
avatar turn both sides, while feet Ml made it ashearThe switch from the NC to the
IC state was achieved with the feet Ml task. Afteat, subjects could choose a turn
command. After the turn, the system changed badkdoNC state and the avatar
started moving in the pointed direction; this moesm was kept until subjects
stopped it with the feet MI task (which made thetsyn change again to the IC state).

Three mental tasks were used by the Graz grouflh [n the latter study, both
hands and feet Ml made an avatar turn and moveafohwn a virtual park. Subjects
switched from the NC to the IC state when one efttiiee MI tasks was detected.

Three classes were also used in [10], which industame intelligence in the sys-
tem, providing high-level commands. The executetioacafter the selection of a
command was determined by the knowledge that teeesyhad of the environment,
so it ‘modulated’ the subject intention making there appropriate movement.

One more work that classifies three Ml classe823;[MI tasks are not directly in-
terpreted as navigation commands but they are wesetbve through a decision tree
in order to choose among several high level options

The UMA-BCI group (University of Malaga) continuedth the work started in
[20], changing the system so it supported the N& l@nstates [33]. The use of one
hand Ml in a NC interface made the system changa the NC to the IC state, and
then, with the same MI task subjects could selewirsy three navigation commands
that were sequentially pointed by a rotating bdre $election of a command involved
a discrete movement.

On a later experiment [34], the same navigatiomagigm was used to provide con-
tinuous movements: after the selection of a comnthadnovement was kept while
the MI task was above certain threshold.



Finally, a new version of the same paradigm wag@sed in [35], in which the
visual interface was replaced by auditory cues.

4 Navigation in Real Environments

Some the works involving BCIs and robots are priglary studies preceding the
use of the system in a real wheelchair, whereaasrgtire robot-oriented applications
in which the robot can complete different actiams, just move in the environment.

41 Robots

ERP potentials are often used in this kind of systéke [36], where the user
watched a screen with the subjective vision of ribigot in the environment. Some
items were superimposed in the image, which coelddlected through an oddball
paradigm. These items represented the discretébpities of movement.

A similar paradigm, but based on SSVEP potentilssied in [37] to control a car
equipped with a video camera.

Some applications let subjects control a robotadgsm specific actions, not to
move freely in the environment. That is the casg38], where ERP potentials were
used to control a robot that manipulated differ@jects.

The system in [39] maps two MI tasks into thregigation commands: subjects
generated different patterns of Ml tasks that gpoaded to the three commands.

Three MI tasks are used in [40] to move a humaraliat in a labyrinth.

Another study that uses Ml task is [41]; four Mékta made the robot move for-
ward, stop, turn right and turn left with discretevements.

In [42], the same paradigm used in [35] (first wisand then auditory) provided
four commands to move a robot in a small maze afidars with both discrete and
continuous movements.

Some experiments are based on high-level commaetlis)g the system move
with intelligence to better perform the action, deging on the specific scenario. In
[43], subjects used three mental tasks to selggiatiential commands. The mapping
from three tasks into six commands was achievezltir a ‘finite state machine’.

Halfway between the low and the high-level commaargsthe hybrid systems that
can adapt their commands. An example is [44], wisetgects started performing
low-level actions through SSVEP. Once a seriesonfroands had been validated, it
was included as a high-level action.

4.2  Wheelchairs

Most part of the systems controlling a wheelchaiefk the use of-high level com-
mands with some intelligence applied to the wheafch

The IDIAP group continued using the paradigm mewtbefore [43] to control a
real wheelchair. In [45] the probabilities thataronand had to be selected depended
not only on subjects intention (through SMR-relatesks) but also on the position of
the wheelchair regarding obstacles, enabling a&sha@ontrol.



Another work that uses MI, but with low-level commais is [46]. Three MI tasks
moved the wheelchair forward or made it turn. Hogrethis is a hybrid systems
because it relied on the actual movement of thelcfer the stop command.

The system presented in [47] is hybrid too: bothdsaMI tasks were used to make
the wheelchair turn, feet Ml to make the advanceentent slower, and the potential
P300 to accelerate.

The group from the University of Zaragoza used ¢hme paradigm described in
[36] to control an intelligent wheelchair [48]: Wwithe potential P300 subjects select-
ed fixed positions from a tri-dimensional reconstien of the real environment.

The P300 is used in [49] to select different objest pre-known by the system.

The study in [50] describes a SSVEP-controlled Wdiesr with four possible low-
level commands.

Four commands are used too in [51], but the comrathieved with P300.

Finally, the work of [52] will be mentioned herehi$ system is hybrid, providing
subjects with high-level commands that could bdaegx by low-level commands in
case the subjects wanted to assume the contradpedific situation.

5 Summary

Several navigation systems have been mentionedsevikbaracteristics will be
briefly described next.

Regarding two classifications, there are endogeraogs exogenous systems, as
well as synchronous and asynchronous. The endogemudi asynchronous systems
are those that better fit the control model of =igetion device, as subjects execute
the control in a direct way (because of being eedogs) and they can do it at any
moment they want (because of being asynchronous).

The mentioned systems use high-level commands $t@oght and turn right on
the next corner’ or ‘go to the kitchen’, for examphnd low-level commands (‘turn
left’). The first are easier to control becausejscis do not need to indicate every
single movement. On the other hand, the systenedba@s low-level commands allow
users to move with more autonomy, because theygoao any point in the environ-
ment, without the limitation of moving among prefided locations. Adaptive sys-
tems use low-level and high-level commands in diffié situations.

The more versatile systems are those that provibgests with more navigation
commands. Those cases in which subjects can onl inoone direction (‘forward’)
or are controlled with only two commands (‘turntlahd turn right’) provide subjects
with little range of action. Systems with three more commands use to bind the
number of commands with the number of mental taskesl to control them. Howev-
er, as deduced from [53, 54], an increase on timebeu of mental tasks can reduce
the classification accuracy. On the other hand,eseystems use less mental tasks to
control a device with a higher number of commaritisoigh a mapping of some
mental tasks into more commands at the cost afwes|control.

The research in this field is relatively recentpeweer, the currents works show the
interest of the different groups, who keep achigyginromising results.
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